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ABSTRACT

The endogenous neurotransmitter acetylcholine (ACh), found in vertebrates, stimulates cholinergic (muscarinic and nicotinic) receptors to
mediate cholinergic neuronal transmission. ACh has a short half-life, as it is rapidly hydrolysed in the neuronal synaptic cleft by the
enzyme acetylcholinesterase (AChE). Modulation of cholinergic function has been recognised as a therapeutic target in some disease
states and one approach to achieve this is to prolong the action of ACh through the use of AChE inhibitors. Consequently, AChE inhibitors
have been investigated for a number of therapeutic applications including glaucoma, myasthenia gravis, anti-muscarinic poisoning and
dementia. Many inhibitors of AChE have been derived from natural sources, with alkaloids generally being the most potent, although
other compounds including some terpenoids have also been shown to inhibit AChE. It is particularly interesting that of the four drugs
currently licensed in Europe to alleviate cognitive symptoms in Alzheimer’s disease, two (galantamine and rivastigmine) are derived from
natural sources. Natural products continue to be investigated for anti-AChE activity to identify compounds that may have therapeutic
potential, or that provide templates for the development of new drugs, with a particular focus on the alleviation of cognitive disorders.
Many plants reputed to enhance cognitive function in a variety of traditional practices of medicine have been investigated to determine
any pharmacological basis for their historical uses, and some of the extracts from these plants have shown promising AChE inhibitory
effects, although for some plants the active compounds are yet to be elucidated. There are a number of other plants that are not associated
with a traditional use related to cognitive disorders but their extracts have also been shown to inhibit AChE. Some of those plant extracts
and compounds of natural origin that have shown inhibitory activity against AChE, and their therapeutic relevance, are discussed.
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INTRODUCTION from choline and acetyl coenzyme A, an action catalysed by

the enzyme choline acetyltransferase (ChAT) (Marshall and
The endogenous neurotransmitter acetylcholine (ACh),  Parsons 1987). ACh is stored in synaptic vesicles and is
found in vertebrates, stimulates cholinergic (muscarinic and  released upon neuronal stimulation into the synaptic cleft
nicotinic) receptors to mediate cholinergic neuronal trans-  (Marshall and Parsons 1987) and so binds to the receptor.
mission. ACh is synthesised presynaptically in neurons  However, ACh is rapidly hydrolysed (at the ester bond to
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yield choline and acetate) under the action of the enzyme
acetylcholinesterase (AChE) resulting in the loss of receptor
stimulation and consequently modulates cholinergic neuro-
transmission. Cholinergic function has been recognised as a
therapeutic target in some disease states and one approach
to achieve this is to prolong the action of ACh through the
use of AChE inhibitors. Consequently, AChE inhibitors
have been investigated for a number of therapeutic applica-
tions including glaucoma, myasthenia gravis, anti-mus-
carinic poisoning and dementia.

There are numerous examples of chemically diverse
compounds that have shown AChE inhibitory activity, with
many of these compounds being of natural origin. These
include compounds that are obtained directly from natural
sources and those, both semi-synthetic and synthetic, which
have chemical structures based on a natural compound. For
example, two of the four drugs licensed to alleviate symp-
toms in dementia (the AChE inhibitors galantamine and
rivastigmine) are both derived from natural origin. Galanta-
mine is an alkaloid originally isolated from some Amaryl-
lidaceae species and physostigmine, which is also an alka-
loid but from Physostigma venenosum Balf. (Leguminosae),
was used as a template to develop rivastigmine.

Natural products continue to be a source of compounds
that show anti-AChE activity and some have been inves-
tigated for their potential for use in disorders that involve
cholinergic dysfunction in the underlying pathology.
Although AChE inhibitors have a number of therapeutic
applications, most studies have focused on their potential to
alleviate symptoms in cognitive disorders, particularly
dementia. Many plants reputed to influence cognition in
various traditional practices of medicine have been inves-
tigated to determine any pharmacological basis for their
historical uses, with some extracts from these plants
showing promising AChE inhibitory effects. Other plant
extracts that are not associated with a traditional use related
to cognitive disorders have also been shown to inhibit
AChE. For some of the plants studied for AChE inhibitory
effects the active compounds are unknown, but structural
elucidation of many active compounds has been described,
with many of these compounds providing templates for the
development of new AChE inhibitors. These naturally-
derived anti-AChE compounds, and their therapeutic rele-
vance, are discussed.

Acetylcholinesterase (AChE)

ACHE is a large glycoprotein and is mainly distributed in
neurons, muscles and erythrocytes in vertebrates and it
occurs as different molecular forms (Brimijoin 1983; Mas-
souli¢ ef al. 1993; Giacobini 2004). AChE is a complex o/f3
hydrolase-fold type protein with an overall ellipsoid shape
containing a deep gorge about 20 A in depth. At the bottom
of this gorge are four main subsites known as the “esteratic
site”, the “oxyanion hole”, the “anionic subsite” and the
“acyl pocket” and it is in this region where ACh hydrolysis
appears to occur, although the initial binding of ACh is
thought to occur at an outer region known as the “peripheral
site”, located near the active site gorge (Massouli¢ et al.
1993; Houghton et al. 2006). Cholinesterases are among the
fastest hydrolytic enzymes known (Massouli¢ ef al. 1993).
Other functions of AChE include a role as an adhesion
protein, a bone matrix protein, and it is associated with
neurite outgrowth, apoptosis and the promotion of f-amy-
loid assembly to form amyloid fibrils, which are charac-
teristically found in the brain tissue of Alzheimer’s disease
(AD) patients (Zhang 2004; Inestrosa et al. 2008; Jiang and
Zhang 2008; Johnson et al. 2008; Massoulie et al. 2008).
Another type of cholinesterase (ChE) is butyrylcholines-
terase (BChE), which is mainly found in serum and glia,
and it hydrolyses toxic esters such as cocaine and it is
considered to have a detoxifying action (Giacobini 2004),
although its role has not been clearly defined, and no endo-
genous natural substrate has been identified. Cholines-
terases may also play a role in the immune responses, which
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has been suggested to occur in myasthenia gravis (MQG),
and they have been implicated in the pathogenesis of AD
and cancer (Massouli¢ et al. 2008; Mufioz-Torrero 2008).

Inhibitors of AChE: Applications

Since AChE inhibitors can prolong the half-life and there-
fore availability of ACh in the neuronal synaptic cleft, they
have been investigated for a number of therapeutic applica-
tions for disorders associated with cholinergic dysfunction.
Memory loss in dementia is associated with a deficit of
ACh, which influences cognitive function, and a cholinergic
deficit has been correlated with the severity of AD, the most
common type of dementia and estimated to affect 27
million people worldwide in 2006 (Perry et al. 1978; Perry
1986; Giacobini 1990; Grossman et al. 2006; Barten and
Albright 2008). AD is a progressive, neurodegenerative
disease that mainly affects the elderly population and the
symptoms associated with cognitive dysfunction include
loss of memory and recognition skills (Forstl ef al. 1995;
Desgranges et al. 1998; Grossman et al. 2006). The patho-
logical features of AD include senile plaques (amyloid
depositions) and neurofibrillary tangles (tau), oxidative and
inflammatory processes and neurotransmitter disturbances
in the central nervous system (CNS) (Cavalli et al. 2008),
although the pathophysiology of AD is not completely
understood. Dementia can also occur in patients with a
variety of other diseases including Huntington’s disease,
Parkinson’s disease (PD), Lewy body disease, Pick’s dis-
ease and vascular disease (Berman and Greenamyre 20006;
Grossman et al. 2006). Although PD involves a progressive
loss of dopaminergic neurons and is typically characterised
by tremor, dyskinesia and bradykinesia, approximately 24—
31% of PD patients develop dementia (Dodel ef al. 2008).

It was therefore rational that inhibitors of AChE were
explored for their potential to modulate the cholinergic
system and provide symptomatic relief in dementia. In
recent years some AChE inhibitors (donepezil (Arlcept ),
rivastigmine (Exelon®) and galantamine (Reminyl® ) have
been licensed for the symptomatic relief of dementia in AD
or PD. Although modulation of cholinergic neurotransmis-
sion is the principal therapeutic action of AChE inhibitors,
some AChE inhibitors are reported to interfere with B-
amyloid metabolism and thus could play a role in the pre-
vention of senile plaque formation in AD (Castro and
Martinez 2006; Pakaski and Kalman 2008) and some have
been associated with neuroprotective effects (Mufioz-
Torrero 2008; Sugimoto 2008). It is also hypothesised that
AChE inhibitors act by improving cerebral blood flow, an
effect assumed to enhance cognition, since basal forebrain
cholinergic neurons have projections to cerebral blood
vessels and ACh is a vasodilator (Claassen and Jansen
2006). However, further research is required to substan-
tiate this cholinergic-vascular hypothesis, particularly as
other studies suggest that AChE inhibitors may decrease a7-
nicotinic ACh receptor-mediated vasodilation in the cereb-
ral circulation (Mozayan et al. 2006).

MG is a chronic autoimmune disorder that affects
neuromuscular transmission, causing skeletal muscle weak-
ness, and it is estimated that approximately 80-85% of
patients show autoimmunity against postsynaptic nicotinic
receptors (Maggi et al. 2008). In MG, anti-ChE drugs
increase the availability of ACh and therefore enhance
neuromuscular transmission in voluntary and involuntary
muscles. This provides temporary symptomatic relief, but
excessively high doses may impair neuromuscular trans-
mission and cause a depolarising block leading to ‘choli-
nergic crisis’ (Mehndiratta ef al. 2008). AChE inhibitors
that have been used to treat symptoms in MG include
neostigmine, pyridostigmine and distigmine. In anaesthesia,
ACHE inhibitors such as neostigmine are used to reverse the
effects of the non-depolarising (competitive) neuromuscular
blocking drugs.

Glaucoma is an ocular disorder, characterised by the
loss of the visual field associated with damage to the optic
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nerve, usually due to raised intra-ocular pressure. Drugs
that can reduce the intra-ocular pressure are therefore used
in the treatment of glaucoma. The AChE inhibitor physo-
stigmine has been used alone and in combination with other
miotic drugs such as pilocarpine to cause contraction of the
ciliary muscle, which opens up the drainage channels to
decrease intra-ocular pressure in glaucoma, although physo-
stigmine is rarely used now for this purpose due to contact

L. (deadly nightshade), Datura stramonium L. (jimsonweed
thorn apple, locoweed) (Solanaceae)) can induce anti-choli-
nergic effects when administered at clinical or toxic doses.
AChE inhibitors such as physostigmine have been used to
reverse these toxic effects, although they are not used
routinely for this purpose.

AChE inhibitors have also been investigated for their
efficacy in some other disorders that involve cholinergic
dysfunction. Although disruption of the cholinergic system
is considered one of the mechanisms that occur in delirium,
there is no convincing evidence to date that AChE inhibitors
are an effective treatment and further studies to determine
any potential therapeutic role are needed (Bourne e al.
2008; Overshott et al. 2008). AChE also degrades ACh in
the insect synapse and inhibition of AChE is the primary
target for some insecticides, particularly the organophos-
phates and the carbamates, which are potent AChE inhib-
itors (Hassall 1990; Denholm ef al. 1999; Jett 2008).

sensitivity reactions (Neal 1992). Some drugs (e.g. some
anti-histamines, atropine) or plants (e.g. Atropa belladonna CEQ
’ N

ALKALOIDS AS INHIBITORS OF ACHE
Indole alkaloids

Physostigma venenosum Balf. (Leguminosae) seeds, com-
monly known as calabar beans, were traditionally used in
Africa for ritual deaths associated with the funeral of a chief
and as an ordeal poison, believed to establish the guilt or
innocence of persons accused of a crime; rapid death indi-
cated that the suspect was guilty, perhaps due to nervous
sipping by guilty suspects enabling greater absorption of the
toxic compounds (Houghton et al. 2006). The adverse
effects of the calabar bean (also known as the ordeal bean
or chopnut) include bradycardia, muscle cramps, salivation,
nausea, respiratory failure and CNS effects, actions asso-
ciated with cholinergic stimulation. It is now known that an
alkaloid with a pyrroloindole skeleton, physostigmine (Fig.
1), from P. venenosum seeds is a potent, short-acting and
reversible inhibitor of AChE (Julien and Pikl 1935; Kamal
et al. 2000) and can explain the toxic effects.

It is the carbamate in the physostigmine structure that is
responsible for the ChE inhibition, since hydrolysis of the
ester bond produces the inactive eseroline (Houghton ef al.
20006). It is the carbonyl group of physostigmine that inter-
acts with the OH of a serine in AChE to form an ester with
the urethane part of the molecule, consequently interfering
with AChE activity (Houghton et al. 2006). Physostigmine,
also known as eserine, inhibits both G, and G4 AChE forms,
the main AChE isoenzymes present in mammalian CNS
(Ogane et al. 1992). In addition, physostigmine inhibits
BChE with similar potency, an enzyme that has been im-
plicated in the pathology of AD (Greig et al. 2001). Since it
is an inhibitor of ChE, physostigmine has been investigated
for therapeutic potential in some cognitive disorders. Stu-
dies show physostigmine to protect mice against cognitive
impairment caused by oxygen deficit and to improve lear-
ning, and to antagonise scopolamine-induced impairment of
cognitive function in rats (Yoshida and Suzuki 1993). In
human studies, physostigmine produced significant cogni-
tive benefits in both normal and AD patients (Sitaram et al.
1978; Shu 1998). As physostigmine can penetrate the
blood-brain barrier, it has been used to reverse the CNS
effects of poisoning with anti-muscarinic agents, but is not
primarily used for this purpose now.

Attempts have been made to develop analogues of phy-
sostigmine to optimise the potency of AChE inhibition and
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Fig. 1 Indole alkaloid derivatives that inhibit AChE.

modify the pharmacokinetic profile, particularly to identify
compounds which have a longer half-life than physostig-
mine and which are sufficiently lipophilic to enable the
blood-brain barrier to be crossed and so target the CNS.
Structure-activity relationship studies have enabled a series
of carbamate derivatives to be developed that potently and
selectively inhibit AChE (Tumiatti et al. 2008). Substitution
of the carbamoylmethyl group in position 5 of the side
chain of physostigmine with a carbamoylheptyl group yiel-
ded a compound, eptastigmine (heptyl-physostigmine tar-
trate) that inhibits both AChE and BChE (Braida and Sala
2001). Although eptastigmine could improve cognition in
AD patients, haematologic adverse effects prevented further
clinical investigations (Braida and Sala 2001). Cymserine is
a synthetic analogue of physostigmine and it potently and
concentration-dependently binds with human BChE (Kamal
et al. 2006a), and bisnorcymserine (N-demethylated cym-
serine) potently inhibits BChE in vitro (Kamal et al. 2006b),
although the therapeutic potential of these compounds
requires further study.

Phenserine is a third-generation derivative of physostig-
mine that inhibits both AChE and B-amyloid precursor
protein (Butler 2008). (-)-Phenserine is less toxic than phy-
sostigmine and the synthetic AChE inhibitor tacrine, and it
enhanced cognition in vivo (Loizzo et al. 2008). A small-
scale clinical study in 20 AD patients (30 mg/day) showed
phenserine to improve cognition (Kadir et al. 2008) how-
ever, phase III trials did not show this drug to differ to the
effects of the placebo in AD patients; the (+)-enantiomer
(Posiphen™) has also been investigated in phase I trials but
additional trials are not planned (Butler 2008). A related
compound is tolserine, which only differs in structure from
phenserine by methyl substitution in the C2' position, and it
has improved selectivity for AChE compared to BChE
(Loizzo et al. 2008). Various other methyl, dimethyl and tri-
methyl substituted derivatives of physostigmine and phen-
serine have also been investigated for their ChE inhibitory
potency (Loizzo et al. 2008), although none of these com-
pounds appears to have been considered for clinical studies.
Xanthostigmine is also based on the structure of physostig-
mine and is a potent inhibitor of AChE; derivatives of this
compound have been developed that not only inhibit the
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catalytic activity of AChE, but also inhibit AChE-induced
B-amyloid aggregation (Cavalli et al. 2008). The carbamate
type reversible AChE inhibitor rivastigmine (Fig. 1) is also
derived from physostigmine. Rivastigmine inhibits AChE in
the cortex and hippocampus and preferentially inhibits the
G form of AChE (Polinsky 1998); it also potently inhibits
both AChE and BChE in Alzheimer’s plaques and tangles
(Eskander et al. 2005). In AD patients it improved cognition,
an effect correlated with the level of AChE inhibition (Agid
et al. 1998; Cutler et al. 1999; Kumar et al. 1999; Gross-
berg and Desai 2001). Since there has been clinical evi-
dence of efficacy and appropriate safety, rivastigmine is
now licensed for use in Europe for the symptomatic treat-
ment of mild to moderate dementia in AD or PD.

Since other neurotransmitter disturbances in addition to
the cholinergic changes can also occur in AD, some com-
pounds have been developed that combine the propargyl-
amine pharmacophore of the monoamine oxidase (MAO)
inhibitor selegiline with physostigmine, with the aim of
producing compounds with both AChE and MAO inhibitory
activities. One compound based on this type of structure (an
imino 1,2,3,4-tetrahydrocyclopent[]indole carbamate) in-
hibited both AChE and MAO-A, but was not developed
further due to poor oral bioavailability and brain penetration
when administered in vivo (Fink et al. 1996). Other com-
pounds synthesised include structural features of rivastig-
mine and fluoxetine, a serotonin transporter (SERT) inhib-
itor, with the aim of providing compounds with cognitive
and anti-depressant actions. One of these compounds, (S)-
RS-A259, has shown some promise since it could inhibit
AChHE and SERT in vitro and in vivo (Cavalli ef al. 2008).

Other physostigmine analogues in clinical use include
neostigmine, pyridostigmine and distigmine. Unlike physo-
stigmine (a tertiary amine) these compounds contain a qua-
ternary N within their structures, thus restricting their
ability to cross the blood-brain barrier, so are not considered
as useful candidates for treatment of cholinergic disorders
of the CNS. They are however, licensed drugs for the
treatment of symptoms in MG, and distigmine is also used
for urinary retention and neurogenic bladder.

Rutaecarpine and dehydroevodiamine (Fig. 1) are
indole alkaloids from the plant described as Evodia rutae-
carpa (Juss.) Benth. (Rutaceae) in the Pharmacopoeia of the
People’s Republic of China (2005), which is used in tradi-
tional Chinese medicine (TCM) for its reputed cardiotonic,
restorative and analgesic effects (Chinese Pharmacopoeia
Commission 2005). Both dehydroevodiamine and an extract
from E. rutaecarpa inhibit AChE in vitro, and reverse
scopolamine-induced memory impairment in rats (Park ef al.
1996). Attempts to exploit the anti-ChE properties of this
plant have included studies to modify the rutaecarpine and
dehydroevodiamine chemical structures to develop new
compounds with structural components of these alkaloids
with those of the synthetic AChE inhibitor tacrine. The syn-
thetic analogues developed, (82)-5,6-dihydro-8 H-isoquino
[1,2-b]quinazolin-8-imine,  5,8-dihydro-6H-isoquino[1,2-
b]quinazoline, 5,7,8,13-tetrahydroindolo[2’,3":3,4]pyrido
[2,1-b]quinazoline and N-(2-phenylethyl)-N-[(122)-7,8,9,10
-tetrahydroazepino[2,1-b]quinazolin-12(6H)-ylidene]amine,
inhibited AChE and BChE in vitro, with the latter two com-
pounds showing greater affinity for BChE (Decker 2005).
In contrast, the dibenzo-analogue of dehydroevodiamine
(13-methyl-5,8-dihydro-6 H-isoquino[ 1,2-b]quinazolin-13-
ium chloride) showed greater selectivity for AChE, com-
pared to BChE (Decker 2005).

Tabernaemontana divaricata (L.) R.Br. ex Roem. &
Schult. (Apocynaceae) root is used traditionally in Thai
medicine for its reputed rejuvenating and neurotonic effects
(Ingkaninan et al. 2003). A methanolic extract of the root
showed the most potent inhibition of AChE in vitro of 32
different Thai plants studied, and this effect was suggested
to be due to the alkaloids present in the root (Ingkaninan et
al. 2003). Subsequent studies revealed that the root and
stem extracts from 7. divaricata inhibited AChE (99.7 and
94.7% inhibition, respectively) more potently than leaf and
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flower extracts (41.8 and 51.8% inhibition, respectively) at
0.1 mg mL" in virro (Ingkaninan ez al. 2006a). Of four
bisindole alkaloids isolated from the root, only 19,20-
dihydrotabernamine and 19,20-dihydroervahanine inhibited
AChE more potently than galantamine in vifro; conodurine
and tabernaelegantine A were inactive (Ingkaninan et al.
2006a). An ethanol extract of the roots also inhibited
cortical AChE activity in vivo (Chattipakorn et al. 2007),
but the individual alkaloids from this plant have yet to be
investigated for their effects in vivo. Studies on a different
species, T. australis Miill. Arg. (synonym: 7. catharinensis
A.DC.), showed the indole alkaloids coronaridine, voacan-
gine, voacangine hydroxyindolenine and rupicoline (Fig. 1)
isolated from the stalks to inhibit AChE (Andrade et al.
2005). Indole alkaloids from 7. laeta Mart. stalks show
inhibitory activity against AChE (coronaridine and 19-epi-
isovoacristine), BChE (heyneanine and N,-methylvoachalo-
tine), or both (conodurine) (Vieira et al. 2008).

An aqueous extract of Desmodium gangeticum DC.
(Leguminosae) inhibited AChE in the CNS and produced
anti-amnesic effects in vivo (Joshi and Parle 2006), sug-
gesting that compounds from this plant may modulate cho-
linergic function. Investigations on the compounds respon-
sible for the observations in vivo show indole alkaloids
from both D. gangeticum and D. pulchellum Benth. to in-
hibit AChE, with the most potent being legucin A (Hough-
ton et al. 2006). Other indole alkaloids that inhibit AChE
are the glucoalkaloids turbinatine and desoxycordifoline
from the bark and leaves of Chimarrhis turbinata DC.
(Rubiaceae), which produce moderate inhibition in vitro
(Cardoso et al. 2004).

Isoquinoline and quinoline alkaloids

The alkaloid galantamine (also known as galanthamine)
(Fig. 2) was originally isolated in the mid twentieth century
from Galanthus woronowii Losinsk. (Amaryllidaceae),
commonly known as the ‘snowdrop’ but has now also been
isolated from some species of Narcissus (Amaryllidaceae)
and Leucojum aestivum L. (Amaryllidaceae) (Heinrich and
Teoh 2004). The AChE inhibitory activity of galantamine is
well-documented. It binds at the base of the active site
gorge of AChE (Torpedo californica AChE) and interacts
with both the choline-binding site and the acyl binding
pocket, and the tertiary amine is suggested to form an H-
bond (via the N-methyl group) near the top of the gorge (to
Asp-72) (Greenblatt et al. 1999). Galantamine is more
selective for AChE than BChE, and is well-absorbed from
the gastrointestinal tract (Bickel ef al. 1991; Fulton and
Benfield 1996). A number of clinical, multi-centre, ran-
domised, controlled trials, show galantamine to be well-
tolerated and to significantly improve cognitive function
when administered to AD patients (Wilcock er al. 2000;
Wilkinson and Murray 2001) and it is a licensed drug for
treating symptoms of mild to moderate dementia in AD.
Some studies suggest that galantamine may also be of some
therapeutic value in vascular Lewy body dementia (Small et
al. 2003; Edwards et al. 2007) and in schizophrenia, since it
improved memory and attention (Schubert et al. 2006).
Synthetic galantamine derivatives have been developed in-
cluding quaternary ammonium derivatives, esters and car-
bamates of 6-O-demethylgalantamine (Loizzo et al. 2008).
Structure-activity relationship studies revealed that some
heterodimeric alkylene linked bis-galantamine derivatives
were more potent than galantamine in the inhibition of
AChE, and that the length of the alkylene link and the pre-
sence of an iminium function were important for inhibitory
potency (Loizzo et al. 2008).

Other alkaloids from species of Narcissus have been
investigated for their anti-ChE activity. In one study, 26 ex-
tracts from different species of Narcissus and 23 Amaryl-
lidaceae alkaloids were tested, but only seven of these
alkaloids, either galantamine or lycorine (Fig. 2) structural
types, inhibited AChE (Lopez et al. 2002). This study
showed 11-hydroxygalantamine (Fig. 2) to have similar in-
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Berberine

Fig. 2 Isoquinoline alkaloid derivatives that inhibit AChE.

hibitory potency to galantamine, epinorgalantamine (Fig. 2)
was less potent and sanguinine (Fig. 2) was even more
potent than galantamine, an effect attributed to the
additional hydroxyl group in this structure, for interaction
with AChE (Lépez et al. 2002). Assoanine (Fig. 2) was the
most active AChE inhibitor of the lycorine-type alkaloids,
but it was still four-fold less potent than galantamine (Lopez
et al. 2002). When 23 Amaryllidaceae alkaloids were tested
for AChE inhibition in a separate study, the lycorine-type
alkaloids showed greater activity than the crinine- and
tazettine-type alkaloids, with 1-O-acetyllycorine being two-
fold more potent than galantamine (Elgorashi et al. 2004).
Other studies show the alkaloid ungiminorine from the Nar-
cissus cultivar ‘Sir Winston Churchill’ to be a relatively
weak AChE inhibitor (Ingkaninan et al. 2000), but ungere-
mine, isolated from Nerine bowdenii W.Watson (Amaryl-
lidaceae) and from species of Galanthus and Narcissus
showed stronger AChE inhibition than galantamine (Lab-
rafia et al. 2002; Rhee et al. 2004; Berkov et al. 2007).

An investigation of the bulb extracts from Crinum jagus
(J.Thomps.) Dandy and C. glaucum A.Chev. (Alliaceac),
plants used traditionally in Nigeria for treating memory loss,
showed the bulb extracts and some alkaloids isolated from
C. glaucum (hamayne and lycorine) to inhibit AChE, but
less potently than physostigmine (Houghton et al. 2004).
There are also several isoquinoline alkaloids from the
corms of Colchicum speciosum Steven (Colchicaceae) that
are reversible inhibitors of both AChE and BChE in vitro
(Rozengart et al. 2006).

Benzylisoquinoline alkaloids from various plant fami-
lies, including members of the Berberidaceae, Papaveraceae,
Ranunculaceae and Menispermaceae have been investigated
for ChE inhibition. Of these compounds berberine, palma-
tine and sanguinarine are reported to inhibit AChE and
BChE, with the latter considered the most potent inhibitor
(Schmeller et al. 1997). However, a later study showed
berberine, palmatine and coptisine (Fig. 2), which occur in
Coptis chinensis Franch. (Ranunculaceae) (Howes and
Houghton 2003; Howes et al. 2003), to potently inhibit
AChHE but not BChE (Shigeta ef al. 2002), an indication that
the inhibitory potency of some compounds appears to vary
between different studies. Although, a further study con-
firmed the AChE inhibitory potency when of four alkaloids
isolated from the aerial parts of the TCM plant Corydalis
speciosa Maxim. (Papaveraceae), berberine and palmatine
were the most potent, with corynoxidine and protopine
being less active (Kim et al. 2004a). Other alkaloids from

Palmatine
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Corydalis species have been tested for their effects on
AChE and those most active include epiberberine, pseudo-
dehydrocorydaline, pseudocoptisine and pseudoberberine
(Kim 2002; Hung ef al. 2008a). The anti-ChE activities of
pseudoberberine and pseudocoptisine were considered to
explain the ability of these alkaloids to alleviate scopola-
mine-induced memory impairment in rodents (Hung et al.
2008a and 2008b). In another study, berberine and sangui-
narine were more potent AChE inhibitors than chelidonine,
alkaloids that occur in numerous plants including Chelido-
nium majus L. (Papaveraceae) (Kuznetsova et al. 2002).
The related compounds 8-hydroxydihydrosanguinarine and
8-hydroxydihydrochelerythrine, also from Chelidonium
majus, show selective inhibition of AChE compared with
BChE (Cho et al. 2006). (£)-Meptazinol is an opioid anal-
gesic (Tumiatti e al. 2008), with a structure based on the
natural alkaloid morphine, from Papaver somniferum L.
(Papaveraceae). Although the (R)-(+)-enantiomer of mepta-
zinol is a more potent analgesic than the (S)-(-)-enantiomer,
the latter shows more potent anti-AChE activity (Tumiatti ez
al. 2008).

Other alkaloids in this class have been isolated from
Stephania species (Menispermaceae). S. suberosa L.L.For-
man is reputed to be rejuvenating and to show neurotonic
effects in Thai medicine (Ingkaninan ef al. 2003). A metha-
nolic extract of the root potently inhibits AChE in vitro, an
effect suggested to be due to the alkaloids present (Ingka-
ninan et al. 2003). Studies on the compounds from a dif-
ferent species, S. venosa Spreng. (also used in traditional
Thai medicine) showed the alkaloids stepharanine, cyclano-
line and N-methyl stepholidine to inhibit AChE more
potently than stepholidine and corydalmine (Ingkaninan et
al. 2006b). Thus, it was concluded that the positive charge
at the nitrogen of the tetrahydroisoquinoline portion, steric
substitution at the nitrogen, planarity of the molecule or
substitutions at C-2, -3, -9 and -10 can modify the AChE
inhibitory effects of protoberberine alkaloids (Ingkaninan ez
al. 2006b). Stephaoxocanidine, also from Stephania species,
has been used as a template to synthesise analogues that
inhibit AChE in vitro and one such compound, 5,6-dime-
thoxy-7H-8-oxa-1-aza-phenalen-9-one, was as active as a
galantamine-enriched Narcissus extract (Bianchi et al.
2005). The bisbenzylisoquinoline alkaloids fangchinoline,
atherospermoline and fenfangjine E from S. tetrandra
S.Moore root and five bisbenzylisoquinoline alkaloids from
Cocculus pendulus Diels (Menispermaceae) also inhibit
AChE (Houghton et al. 2006; Markmee et al. 2006).
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Lindoldhamine is a bisbenzylisoquinoline alkaloid from
Triclisia sacleuxii Diels (Menispermaceae) leaves and it
inhibits AChE in vitro, but less potently than galantamine
(Murebwayire et al. 2009).

Some quinoline alkaloids from the aerial parts of Skim-
mia laureola (DC.) Dcne. (Rutaceae) include methyl iso-
platydesmine, 3-hydroxy,2,2,6-trimethyl-3,4,5,6-tetrahydro-
2H-pyrano[3,2-c] quinoline 5-one and ribalinine, which are
linear mixed type AChE inhibitors, and the latter two
compounds also show this type of inhibition against BChE;
methyl isoplatydesmine was identified as a non-competitive
inhibitor of BChE (Rahman ez al. 2006).

Quinolizidine alkaloids

A TCM remedy prepared from Huperzia serrata (Thunb.)
Trevis. (Lycopodiaceae) is reputed to alleviate memory loss
(Howes and Houghton 2003). Alkaloids isolated from H.
serrata include huperzines A and B (Fig. 3), which are
related to the quinolizidine alkaloids. A number of studies
in vivo have shown huperzine A to improve cognition (Lu et
al. 1988; Wang et al. 2000; Zhou et al. 2001). The main
mode of action to explain the cognitive benefits of huper-
zine A is reversible inhibition of AChE, which has been
shown both in vitro and in vivo (Laganiére et al. 1991;
McKinney ef al. 1991; Ashani ef al. 1992), with the natural
(-)-isomer being a more potent inhibitor of AChE than the
(+)-isomer (Zhang et al. 2000). Huperzine A also shows
greater selectivity for AChE than BChE, which may provide
some explanation why it was less toxic than the synthetic
AChE inhibitors donepezil and tacrine, and it significantly
improved memory and behaviour in AD patients in a multi-
centre, double-blind trial (Small ez al. 1997; Shu 1998). In
phase IV clinical trials, huperzine A improved memory in
elderly, AD and vascular dementia patients, with few ad-
verse effects (Wang et al. 2006). Pharmacokinetic studies
have indicated that huperzine A is rapidly absorbed, widely
distributed in the body and is eliminated at a moderate rate
(Wang et al. 2006). In 1996, the drug ‘Shuangyiping’, a
tablet formulation of huperzine A, was developed and used
for symptomatic treatment of AD in China; huperzine A is
also marketed in the USA as a dietary supplement as pow-
dered H. serrata for memory impairment (Ma et al. 2007).
Huperzine B is a less potent and selective AChE inhibitor
than huperzine A (He ef al. 2007).

A series of structural analogues of huperzines A and B
have been developed with the aim of identifying more

potent AChE inhibitors that could have therapeutic potential.

One study investigated 5-substituted huperzine A analogues,
with the C-5 amino group in huperzine A substituted with
either a hydroxyl group, a fluoro group or an acetoxyl group
(Zhou and Zhu 2000). However, none of these 5-substituted
analogues were as potent as huperzine A in the inhibition of
AChE in vitro, indicating that the C-5 amino group is

important for the inhibitory potency, perhaps because it
forms a quaternary ammonium under physiological condi-
tions to imitate ACh (Zhou and Zhu 2000). The significance
of the C-5 amino group is also demonstrated by a study in
which the synthetic (F)- and (Z)-5-desamino huperzine A
derivatives were more potent than the 5-fluoro and 5-
hydroxyl derivatives, but were not as potent as huperzine A
in the inhibition of AChE in vitro (Zhou and Zhu 2000;
Hogenauer et al. 2001). Other huperzine A derivatives
include (£)-14-fluorohuperzine A, synthesized with the aim
of enhancing the H-bond between the C-14 methyl of
huperzine A and the backbone carbonyl of His440 on AChE.
However, this was unsuccessful as the 14-fluorohuperzine A
racemate inhibited AChE in vitro 62-times less potently
than huperzine A (Zeng et al. 1998). Other fluorinated ana-
logues of huperzine A have been developed ((£)-12,12,12-
trifluorohuperzine A, (£)-14,14,14-trifluorohuperzine A,
(¥)-12,12,12,14,14,14-hexafluorohuperzine A and (%)-12-
fluorohuperzine A) but disappointingly were less potent
AChE inhibitors than huperzine A (Kaneko et al. 1996 and
1997). Another synthetic derivative (-)-dimethylhuperzine A
(DMHA) showed comparable AChE inhibitory activity to
(-)-huperzine A, but the enantiomer (+)-DMHA was inac-
tive (Rajendran et al. 2000).

Pharmacomodulation of huperzine A and the synthetic
AChHE inhibitor tacrine has provided compounds that
include a combination of the carbobicyclic substructure of
huperzine A and the 4-aminoquinoline substructure of tac-
rine (Badia ef al. 1998; Carlier et al. 1999). Of these com-
pounds, rac-(E)-12-amino-13-ethylidene-6,7,10,11-tetra-
hydro-9-methyl-7-11-methanocycloocta[b]quinoline hydro-
chloride, was shown to be less potent than tacrine in the
inhibition of AChE, but it was more active than the (2)-
stereoisomer (Badia ef al. 1998). Other synthetic derivatives
which lack the ethylidene substituent are rac-12-amino-
6,7,10,11-tetrahydro-9-methyl-7,11-methanocycloocta[b]
quinoline hydrochloride and rac-12-amino-9-ethyl-6,7,10,
11-tetrahydro-7,11-methanocycloocta[b]quinoline  hydro-
chloride, which promisingly were more potent AChE inhib-
itors than tacrine (Badia et al. 1998).

Some other synthetic compounds related to huperzine A
are the huprines X, Y and Z (Fig. 3). Huprine X ((-)-12-
amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-7,11-methano-
cycloocta[b]quinoline hydrochloride) showed affinity for
ACHE that was 180-times that of huperzine A, 1200-times
that of tacrine and 40-times that of donepezil (Camps et al.
2000) and it binds to AChE in a similar way to huperzine A
and tacrine at the acylation site in the active site gorge, and
it interferes with the binding of peripheral site ligands
(Camps et al. 2000). Both (£)-huprine X and (+)-huprine Y
((¥)-12-amino-3-chloro-9-methyl-6,7,10,11-tetrahydro-7,
11-methanocycloocta[b]quinoline hydrochloride) increased
the level of ACh in the synaptic cleft more effectively than
tacrine (Ros et al. 2001). Both (+)-huprines Y and Z, which
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differ in structure by the halogen at position 3 (chlorine and
fluorine, respectively), are more potent inhibitors of AChE
than BChE and could inhibit brain AChE (ex vivo), but ()-
huprine Y was approximately 5-times more potent than (+)-
huprine Z (Alcalé et al. 2003). Other synthetic huperzine A
hybrids feature structural properties of E2020 (donepezil).
These synthetic hybrids were developed to promote an
interaction between the 5,6,7,8-tetrahydroquinolinone of
huperzine A and the active site of AChE, and an interaction
between the benzyl piperidine of E2020 and the peripheral
binding site of AChE, however these hybrids were not as
potent as E2020 in the inhibition of AChE in vitro (Zeng et
al. 1999). A pro-drug of huperzine, Debio 9902 (ZT-1), was
shown to be safe and effective when administered once
daily to AD patients in a phase Ila clinical trial and further
trials are now in progress (Butler 2008).

Some analogues of huperzine B have also been synthe-
sised but although some of these analogues are reported to
be up to 4-fold more potent than huperzine B, they were not
as potent as huperzine A in the inhibition of AChE (Rajen-
dran et al. 2002). One dimer derivative of huperzine B not
only potently inhibits AChE, but is also neuroprotective
against PB-amyloid and it could improve scopolamine-
induced spatial performance deficits in rodents (He et al.
2007; Muifioz-Torrero 2008), suggesting this compound
may have potential to alleviate memory loss and protect
against neurodegeneration in cognitive disorders, although
it does not appear to have been investigated further.

Carinatumins A, B (Fig. 3) and C, which are structu-
rally related to huperzines A and B, have been isolated from
the club moss Lycopodium carinatum Poir. (Lycopodia-
ceae); only carinatumins A and B were potent inhibitors of
AChE in vitro (ICsy 4.6 and 7.0 uM, respectively), but they
were still not as potent as huperzine A (ICsy 0.8 pM) in the
inhibition of the enzyme (Choo et al. 2007). Also struc-
turally related to the huperzines are the lycoparins A, B and
C from L. casuarinoides, but only lycoparin C (Fig. 3)
(which lacks the carboxylic acid at C-15 and the N-methyl
groups that occur in lycoparins A and B), showed inhibitory
activity against AChE in vitro (Hirasawa et al. 2008). From
L. annotinum L., different alkaloids that also inhibit AChE
have been isolated, including annotine (Halldorsdottir and
Olafsdottir 2006).

Piperidine alkaloids

The piperidine alkaloids (-)-spectaline and the (-)-3-O-ace-
tyl derivative from Cassia spectabilis DC. (Leguminosae)
flowers contain structural features similar to that of ACh,
thus were selected as templates to design compounds with
AChE inhibitory potential. Two of these compounds
((2R,3R,6S)-2-methyl-6-(13-oxotetradecyl)-piperidin-3-yl
acetate hydrochloride (LASSBio-767) (Fig. 4) and fert-
butyl (2R,3R,6S5)-2-methyl-6-(13-oxotetradecyl)-piperidin-
3-yl carbonate hydrochloride (LASSBi0-822)) inhibited rat
brain AChE more selectively than BChE, and also reversed
scopolamine-induced amnesia in mice without producing
toxic effects (Viegas et al. 2005; Castro et al. 2008). Further
investigations suggested these compounds non-competi-
tively inhibit AChE and interact with the peripheral anionic
site rather than the catalytic triad (Castro et al. 2008). Con-
sequently, the piperidine alkaloids isolated from C. specta-
bilis and the semi-synthetic derivatives including LASSBio-
767 have been patented as AChE inhibitors with potential to
treat pathologies affecting the cholinergic system (Tumiatti
et al. 2008).

Extracts from the whole plant of Haloxylon salicorni-
cum Bunge ex Boiss. (Chenopodiaceae) have yielded the
piperidine alkaloids haloxylines A and B (Fig. 4), which
inhibit both AChE (ICsy 25.3 and 20.2 pM, respectively)
and BChE (ICsy 19.0 and 14.7 uM, respectively) in vitro,
but neither compound was as active as galantamine (ICs,
0.5 and 8.5 pM, against AChE and BChE, respectively)
(Ferheen et al. 2005). Juliflorine (Fig. 4), from the leaves of
Prosopis juliflora DC. (Leguminosae), is an alkaloid con-
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sisting of two piperidine rings connected with a dihydro-
indilizine moiety and it inhibits both AChE and BChE in
vitro (ICsy 0.42 and 0.12 uM, respectively) (Choudhary et
al. 2005a). Molecular docking studies indicate that the more
hydrophobic dihydroindilizine moiety penetrates deep into
the aromatic gorge of AChE whilst the piperidine rings
remain at the top of the gorge, enabling interactions with
the peripheral anionic and quaternary ammonium binding
sites, but it was not shown to extend to the catalytic triad
(Choudhary et al. 2005a). Cryptadines A and B, which each
consist of a piperidine ring and two octahydroquinoline
rings, have been isolated from the club moss Lycopodium
cryptomerinum and inhibit AChE in vitro, with the latter
being the most potent inhibitor (Koyama et al. 2007). A
related compound lycoperine A, from L. hamiltonii, also
inhibits AChE (Hirasawa et al. 2006).

Steroidal and terpenoid alkaloids

A number of steroidal alkaloids from Sarcococca and Buxus
species (Buxaceae) have shown anti-ChE activities (Dev-
kota et al. 2008). These include epoxynepapakistamine A,
funtumafrine C and N-methylfuntumine from the leaves of
S. coriacea Sweet, which showed greater inhibitory selec-
tivity against BChE than AChE in vitro, but none were as
active as physostigmine (Kalauni ez al. 2002). It has been
suggested that the anti-ChE steroidal alkaloids from Sarco-
cocca species show greater selectivity for BChE compared
to AChE due to the wider aromatic gorge in BChE, which
could accommodate these bulky steroid structures more
efficiently than AChE (Khalid et al. 2004a). Some steroidal
alkaloids from the whole plant of S. saligna Miill. Arg. also
appear to show greater selectivity for BChE than AChE
(Atta-ur-Raman et al. 2004; Khalid et al. 2004b). In one
study, none of the seven alkaloids from S. saligna tested
were as active as galantamine in the inhibition of AChE, but
three of these alkaloids, 16-dehydrosarcorine, sarcovage-
nine C and salignarine C, were more potent than galanta-
mine in the inhibition of BChE (Atta-ur-Raman et al. 2004).
Other relatively weak anti-ChE steroidal alkaloids from this
species include isosarcodine, sarcorine, sarcodine, sarcocine
and alkaloid C (Khalid ef al. 2004b; Gilani et al. 2005). The
nitrogen substituents at C-3 and C-20 (protonated at physio-
logical pH) were associated with the inhibitory potency of
these alkaloids. The presence of electron-withdrawing sub-
stituents is considered important for AChE inhibition when
positioned at C-3 rather than C-20, as isosarcodine, which
has acetamide substitution at C-3, was a more potent inhib-
itor of AChE (ICsy 10.3 uM) than sarcodine (ICsy 49.8 uM),
which has acetamide substitution at C-20 (Khalid et al.
2004b). Molecular docking studies suggest ring A of the
steroidal skeleton and the C-3 substituents of these com-
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pounds are positioned at the bottom of the aromatic gorge
of AChE, while C-20 substituents remain outside the gorge
(Khalid et al. 2004b). Other structure-activity relationship
studies on the anti-AChE steroidal alkaloids from S. saligna
consider the A-ring of the steroid nucleus as important for
inhibitory activity (Zaheer-ul-Haq et al. 2003).

Steroidal alkaloids from the whole plant of S. hookeri-
ana Baill. were inhibitory against AChE and BChE activity
in vitro, but were not as active as galantamine in the inhib-
ition of AChE; their inhibitory potencies against AChE
were hookerianamide H > dictyophlebine > sarcovagine C
> N,-methylepipachysamine D > hookerianamide 1 (Dev-
kota et al. 2007). In another study, nine steroidal alkaloids
from the same species inhibited AChE and BChE in vitro,
but even the three most potent inhibitors of AChE, hookeri-
anamide F, sarcovagenine C and sarcovagine D (Fig. 5)
(ICso 1.6, 1.5, 2.2 uM, respectively) were less active than
galantamine (ICsy 0.5 uM) (Choudhary et al. 2005b). The
structural features of these alkaloids that were associated
with inhibitory activity were the tigloylamino group at posi-

tion C-3 and the carbonyl moiety in ring A (Choudhary et al.

2005b).

Buxamines B and C (Fig. 5) (from Buxus papillosa
C.K.Schneid. and B. hyrcana Pojark. (Buxaceae)) concen-
tration-dependently and non-competitively inhibit AChE
(ICso 74 uM and 7.5 puM, respectively) (Khalid et al. 2005).
The substitutions at C-3 and C-20 are the only structural
differences between these two compounds and it is pro-
posed that the amino substituents at C-20, and C-3 are
particularly important for the anti-ChE effects. Docking
studies suggest that buxamine C is a more potent inhibitor
because it penetrates deeper into the AChE gorge than
buxamine B and the positioning of the C-3 tertiary amino
group resembles the quarternary ammonium group of ACh
or decamethonium better than the secondary amino group
of buxamine B (Khalid er al. 2005). The alkaloids buxa-
kashmiramine, cycloprotobuxine C, cyclovirobuxeine A,
cyclomicrophylline A, buxakarachiamine and buxahejra-
mine from B. papillosa leaves inhibit BChE more selec-
tively than AChE, except for the latter two compounds
which were only tested for AChE inhibition (Atta-ur-Raman
et al. 2001). Buxakashmiramine (ICsy 25.4 pM) was the
most active AChE inhibitor in this study but it was not as
potent as physostigmine (ICso 0.04 pM) (Atta-ur-Raman et
al. 2001). Other steroidal alkaloids from B. hyrcana that
inhibit AChE activity include (+)-benzoylbuxidienine, (+g-
buxapapillinine, (+)-buxaquamarine, (+)-irehine, (+)-O°-
buxafurandiene and (+)-7-deoxy-O°-buxafurandiene; the
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latter two compounds were the most potent of those tested,
possibly due to the tetrahydrofuran ring in their structures
(Babar et al. 2006). Steroidal alkaloid derivatives synthe-
sised from N-3-isobutyrylcycloxobuxidine F, a compound
isolated from B. balearica Lam., are recorded in a patent as
ACHE inhibitors (Tumiatti et al. 2008). These semi-syn-
thetic alkaloids are suggested to bind simultaneously to
both the catalytic and peripheral sites of AChE (Sauvaitre et
al. 2007).

Impericine, forticine, delavine, persicanidine A and
imperialine, steroidal alkaloids from the bulbs of Fritillaria
imperialis L. (Liliaceae), show both anti-AChE and anti-
BChE activities in vitro, but were less active than physo-
stigmine (Atta-ur-Raman et al. 2002). Several steroidal
alkaloids isolated from other Fritillaria species have been
evaluated for their ability to inhibit both AChE and BChE
in vitro. N-Demethylpugqietinone, hupeheninoside (from F
monantha Migo; synonyms: F. pugiensis GD.Yu &
G.Y.Chen and F. hupehensis P.K.Hsiao & K.C.Hsia), ebeie-
dinone (from F ebeiensis var. purpurea G.D.Yu & P.Li),
yibeinoside A (from F. pallidiflora Schrenk) and chuan-
beinone (from F. delavayi Franch.) inhibited both AChE and
BChE, with N-demethylpugietinone showing greater selec-
tivity for AChE and hupeheninoside and chuanbeinone were
more selective for BChE (Lin ef al. 20006).

Steroidal glycoalkaloids occur in some members of the
Solanaceae and may act as defense compounds, protecting
the plants that contain them from pests and diseases. The
toxicity of the green parts of Solanum species, such as the
potato, is mainly attributed to these toxic alkaloids, and this
has implications for food safety. Solanine and chaconine,
steroidal glycoalkaloids based on the aglycone solanidine,
occur in Solanum species and have a moderately strong
anti-AChE effect, which might explain why consumption of
plant material containing high amounts of these compounds
produces gastrointestinal and CNS disturbances (Roddick et
al. 2001; Houghton et al. 2006). Some other alkaloids also
inhibit AChE but have not been considered for further study
as potential drug candidates due to their relatively weak
ChE inhibitory activities, compared to other more promi-
sing naturally derived compounds. These include a stigma-
stane type steroidal alkaloid, 4-acetoxy-plakinamine B,
isolated from the sponge Corticum sp., which is a mixed-
competitive inhibitor of AChE, but was approximately six-
fold less active than galantamine (Langjae ef al. 2007).
Aconitum falconeri Stapf (Ranunculaceae) has been used
traditionally in India as a sedative and to treat neuralgia and
two diterpenoid alkaloids, faleoconitine and pseudaconitine,
from the roots are moderate inhibitors of AChE (Atta-ur-
Rahman et al. 2000). From another species, 4. hetero-
phyllum Wall., the diterpenoid alkaloids heterophyllinins A
and B from the roots were more selective (13-fold) for
inhibition of BChE compared to AChE (Nisar et al. 2009).

Other alkaloids

Menispermum dauricum DC. (Menispermaceae), a plant
used in TCM for some inflammatory disorders including
rheumatic pain (Chinese Pharmacopoeia Commission 2005),
is a source of some oxoisoaporphine alkaloids. It is sug-
gested that the 1-azabenzanthrone moiety in the chemical
structures of these alkaloids can bind to the peripheral
anionic site of AChE, thus inhibiting its activity (Tumiatti ez
al. 2008). It is therefore not surprising that semi-synthetic
derivatives of these alkaloids show anti-AChE activity and
some are being investigated further for potential use as AD
treatment (Tumiatti ez al. 2008).

Tapsine is a particularly interesting protoalkaloid from
Magnolia x soulangiana Soul.-Bod. (Magnoliaceae) leaves,
as it produced long-acting and concentration-dependent
inhibition of AChE (ICs, 0.3 uM), and was more active than
galantamine (ICs, 3.2 puM); molecular docking studies
suggest tapsine binds closely to the catalytic triad in AChE
via m-stacked interactions between the planar aromatic
ligand and Trp84 and Phe330 of AChE, anchoring of the
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cationic side chain with His444 reaching into the catalytic
site and H-bonding with active site water molecules and
Ser122 (Rollinger et al. 2006). Sinapine, an ester of sinapic
acid and choline, is present in a number of plants including
Raphanus sativus L. (Brassicaceae) and it shows potent
ACHhE inhibition in vitro and in brain tissue (Tumiatti et al.
2008).

In addition to plants, some marine organisms have been
investigated for bioactive compounds that inhibit ChE. One
compound from the marine sponge Petrosia n. sp., a penta-
cyclic pyridoacridine alkaloid petrosamine, was six-fold
more potent than galantamine in the inhibition of AChE in
vitro, and molecular docking studies suggest that the quater-
nary ammonium group of petrosamine is responsible for the
major interactions with the amino acid residues of the
catalytic triad of the AChE gorge (Nukoolkarn et al. 2008).
The AChE inhibitory potency of this compound suggests it
has potential for therapeutic use, but further studies are
required to assess relevant activities and toxicity in vivo.

Arecoline is a reduced pyridine derivative and is the
major alkaloid in Areca catechu L. (Arecaceae), commonly
known as betel nut (Houghton and Howes 2005). Arecoline
improved scopolamine-induced cognitive impairment and
passive avoidance performance in vivo, indicating a choli-
nergic action (Carey er al. 1992; Riekkinen et al. 1993).
When administered to AD patients, arecoline enhanced ver-
bal memory (Soncrant et al. 1993) and it improved cogni-
tive function and recognition skills (Tariot er al. 1988;
Raffaele ef al. 1996). The suggested cholinergic action may
be due to arecoline acting as an M;/Mj partial agonist (Lim
and Kim 2006) or by binding to M, muscarinic receptors
(Yang et al. 2000). However, anti-ChE activity could also
explain the cognitive improvements observed with are-
coline. To investigate this, an extract and fractions from 4.
catechu were assessed for AChE inhibitory activity in vitro
and were found to be active, however, when some of the
known constituents, including arecoline, arecaidine and
catechin, were tested for anti-AChE activity they were
inactive (Gilani et al. 2004). In contrast, a more recent
study shows that arecoline competitively inhibits AChE in
vitro and in the nervous tissue of the mollusc Lymnaea
acuminata, suggesting that plants containing arecoline may
be useful molluscicides (Jaiswal et al. 2008).

MONOTERPENOIDS, SESQUITERPENOIDS AND
OTHER ESSENTIAL OIL COMPONENTS AS
INHIBITORS OF ACHE

Sage (Salwa species (Lamiaceae)) is documented in 16"
and 17" century English herbals to improve the memory
(Perry et al. 2001). In the 16™ century English herbal by
Gerard, sage is described to be ‘Singularly good for the
head and brain and quickenethe the nerves and memory’
and Culpeper wrote of sage 50 years later that ‘It also heals
the memory, warming and quickening the senses’, and in
the 18™ century, Hill suggests that ‘Sage will retard that
rapid progress of decay that treads upon our heels so fast in
latter years of life, will preserve faculty and memory more
valuable to the rational mind than life itself” (Perry et al.
2001). Studies to investigate if the reputed cognitive effects
of sage in traditional medicine could be explained by AChE
inhibitory activity have focused on extracts and essential
oils from S. officinalis L. and S. lavandulifolia Vahl. The
steam-distilled oils from both of these species and an etha-
nol extract from S. officinalis inhibit AChE in vitro (Perry et
al. 1996) and studies in vivo show positive effects of Salvia
species on cholinergic function and cognition (Perry et al.
2002; Eidi et al. 2006). When administered orally to rats, S.
lavandulifolia oil decreased AChE activity in the striatum
and the hippocampus, when compared with control rats,
suggesting the oil constituents or their metabolites could
cross the blood-brain barrier (Perry et al. 2002). The main
compounds responsible for the anti-AChE activity of the S.
lavandulifolia oil are considered to be 1,8-cineole and o-
pinene (Fig. 6), as these cyclic monoterpenoids inhibited
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AChE in vitro, although other oil constituents may also
have contributed, perhaps synergistically (Perry et al. 2000;
Savelev et al. 2003). Although some interesting activities in
relation to AChE and cognition have been observed with
Salvia species and the essential oil constituents, the mono-
terpenoids are cons1derab1y less potent AChE inhibitors (by
a factor of at least 10”) than the alkaloid inhibitors such as
physostigmine (Perry et al. 2000).

Studies on the anti-ChE effects of Narcissus species
(Amaryllidaceae) have focused on the active alkaloids,
particularly galantamine and related compounds (Lopez et
al. 2002; Ingkaninan et al. 2003; Elgorashi et al. 2004).
However, the absolute obtained from N. poeticus L. has also
been explored and it selectively inhibits BChE more pot-
ently than AChE and some of the constituents have been
reported as ChE inhibitors (Okello ef al. 2008). The compo-
nents of this absolute included the monoterpenoids geranial,
neral, linalool and cineole, which reversibly and competi-
tively inhibit electric eel AChE in vitro (Ryan and Byrne
1988; Picollo et al. 2008), but these were only minor
components of the absolute (detected at < 0.4%). Geraniol
(detected in the absolute at 0.1%) and linalool (Fig. 6)
inhibit human erythrocyte AChE, although these monoter-
penoids were not as potent as 1,8-cineole (Perry ef al. 2000).
Other known inhibitors of AChE that were minor com-
ponents in this absolute (detected at < 0.2%) were cymene
(Miyazawa and Yamafuji 2006) and the phenylpropanoid
eugenol (Picollo ef al. 2008; Kumar ef al. 2009). Since
these known inhibitors of AChE were only minor com-
ponents in the N. poeticus absolute they may not have
contributed significantly to the observed anti-ChE activities,
although a synergistic action may provide some explanation.
Some studies have investigated potential synergism between
essential oil components for AChE inhibition. In one study
the sesquiterpenoid caryophyllene oxide was a relatively
weak AChE inhibitor alone, but a synergistic inhibition of
AChE was observed when it was combined with 1,8-cineole
(Savelev et al. 2003). The three main compounds identified
in the N. poeticus absolute were benzyl benzoate, benzyl
alcohol and phenylethyl alcohol but the latter two com-
pounds only showed moderate inhibition of AChE (Okello
et al. 2008) and an earlier study showed benzyl alcohol to
inhibit AChE only at very high concentrations (> 150 mM)
(Tanaka et al. 1984).

Tea tree (Melaleuca species (Myrtaceae)) oil is used as
an alternative treatment to conventional medicines for head
lice (Pediculus humanus capitis) infestation and studies
have investigated the insecticidal mode of action of this oil.
It was found that two of the main monoterpenoid consti-
tuents of tea tee oil, terpinen-4-ol and 1,8-cineole, can
inhibit AChE in vitro (ICsy 10.3 and 0.04 mM, respectively)
which might explain the insecticidal action (Mills et al.
2004). However, although 1,8-cineole was the most effec-
tive AChE inhibitor of twenty monoterpenoids investigated,
this activity was not correlated with head lice intoxication
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suggesting that a different mode of action might explain the
pediculicidal activity of monoterpnoids such as 1,8-cineole
(Picollo et al. 2008). Another insecticidal monoterpenoid
that inhibits AChE is pulegone-1,2-epoxide from Lippia
stoechadifolia (L.) Kunth (Verbenaceae) (Howes et al.
2003).

Structure-activity relationships for anti-ChE monoter-
penoids have been investigated and studies show some
bicyclic monoterpenoids with a pinane skeleton (hydro-
carbon compounds such as (-)-a-pinene) to be more potent
AChHE inhibitors than alcohol or ketone monoterpenoids
such as (-)-verbenone and (-)-myrtenol, and for bicyclic
monoterpenoids with a carane or pinane skeleton, the posi-
tion of the C = C double bond was associated with the
potency of AChE inhibition (e.g. (+)-3-carene was more
active than (+)-2-carene) (Miyazawa and Yamafuji 2005).
These in vitro studies also revealed that (+)-a-pinene, (-)-o-
pinene, (+)-2-carene and (+)-3-carene are uncompetitive
AChE inhibitors and (-)-B-pinene, (+)-fenchol, (+)-fen-
chone and (-)-fenchone are competitive AChE inhibitors
(Miyazawa and Yamafuji 2005).

Leontopodium alpinum Cass. (Asteraceae) is used
traditionally in alpine folk medicine for various conditions.
A root extract from this plant increased extracellular ACh in
rat brain and inhibited AChE in vitro (Hornick et al. 2008).
Some sesquiterpenoids isolated from the root also increased
extracellular ACh in rat brain, but only silphiperfolene
acetate showed weak AChE inhibitory activity in vitro
(Hornick et al. 2008). Sesquiterpenoids of the agarofuran
and dihydroagarofuran types from aerial parts of Maytenus
disticha Urb. and seeds of M. boaria Molina (Celastraceae)
are also inhibitors of AChE (Céspedes ef al. 2001; Alarcon
et al. 2008). Several compounds from the marine organism
Cladiella have also been tested to identify those responsible
for AChE inhibition, but only the sesquiterpenoid cladidiol
was a moderate AChE inhibitor (Ata et al. 2004).

Acorus calamus L. (Acoraceae) root has been used in
Ayurvedic medicine for various indications including
memory disorders and is also reported to improve cognition
in some in vivo studies (Mukherjee et al. 2007a). The
traditional use of this plant may be explained by an AChE
inhibitory action, since hydroalcoholic extracts and the
essential oil from this plant inhibited AChE in vitro, with
the latter being the more potent (Mukherjee ef al. 2007b).
Two of the active AChE inhibitory components from the
essential oil were identified as a- and B-asarone (Mukherjee
et al. 2007b). Other essential oils that inhibit AChE include
those from Melissa officinalis L. (Houghton et al. 2007),
Mentha suaveolens Ehrh., Lavandula angustifolia Mill., L.
pedunculata (Mill.) Cav. (Lamiaceae) (Ferreira et al. 2006),
Eucalyptus camaldulensis Dehnh. (Myrtaceae) (Siramon et
al. 2008), Cymbopogon schoenanthus Spreng. (Poaceae)
(Khadri et al. 2008) and Thymus vulgaris L. (Lamiaceae)
(Loizzo et al. 2008). The AChE inhibitory potency of the oil
and constituents of 7. vulgaris is thymohydroquinone >
carvacrol > thymoquinone > essential oil > thymol > lina-
lool (monoterpenoid chemical structures are shown in Fig.
6) (Loizzo et al. 2008). The essential oil from Angelica
sinensis (Oliv.) Diels (Apiaceae) contains (Z)-ligustilide,
which is associated with some interesting effects in vivo, as
it prevents hypoperfused cognitive deficits that may be
mediated by cholinergic effects, since it increased ChAT
activity and inhibited AChE activity in ischemic brain
tissues (Kuang et al. 2008).

OTHER TERPENOIDS AND STEROIDAL
DERIVATIVES AS INHIBITORS OF ACHE

Diterpenoids

A number of diterpenoids that occur in members of the
Lamiaceae have shown AChE inhibitory activities. The first
diterpenoids to show AChE inhibitory activity were isolated
from an anti-AChE extract from Salvia miltiorhiza Bunge
root (Ren et al. 2004; Houghton et al. 2007). S. miltiorhiza
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(also known as Chinese sage or ‘dan shen’) has been used
in TCM to stabilise the heart and calm the nerves and to
treat circulatory disorders, insomnia and neurasthenia (Tang
and Eisenbrand 1992; Huang 1993); the Pharmacopoeia of
the People’s Republic of China (2005) includes the root as a
remedy for fidgets and insomnia, amongst other indications
(Chinese Pharmacopoeia Commission 2005). Of the four
AChE inhibitory diterpenoids from this plant, the most
active were dihydrotanshinone and cryptotanshinone (Fig.
7) (Ren et al. 2004). These dihydrofurans were more active
than the furans, tanshinones I and Ila (Fig. 7), indicating
that the more flexible dihydrofuran improves the binding
affinity to the active site of the enzyme (Ren et al. 2004).
There is a lack of pharmacokinetic studies regarding these
compounds, but tanshinone Ila has poor bioavailability
(Hao et al. 2006) and penetration of cryptotanshinone
across the blood-brain barrier may be limited in vivo (Yu et
al. 2007). However, oral administration of tanshinones I and
IIa, cryptotanshinone and 15,16-dihydrotanshinone could
reverse scopolamine-induced cognitive impairments in mice,
and both cryptotanshinone and 15,16-dihydrotanshinone
inhibited AChE activity for 3 — 6 h in an ex vivo study (Kim
et al. 2007a), suggesting that the poor pharmacokinetic pro-
file suggested for these compounds may not limit efficacy
in vivo. More extensive studies on the pharmacokinetics in
relation to efficacy and toxicity for these diterpenoids are
needed to assess their therapeutic potential.

Three cis-clerodane diterpenoids, limbatolides A (Fig.
7), B and C, isolated from the roots of Otostegia limbata
(Benth.) Boiss. concentration-dependently inhibit both
AChE and BChE, with the strongest inhibitor of AChE
being limbatolide A (ICsy 38.5 uM), possibly due to the lac-
tone ring at position C-4/C-6, which is absent in limbato-
lides B and C (ICsy 47.2 and 103.7 uM, respectively), and
substitution of the methoxy group at C-15 with an H-atom
could also reduce activity, as the least potent of these diter-
penoids was limbatolide C (Ahmad et al. 2005). Melissoi-
desin (Fig. 7) is an ent-kaurane diterpenoid from the leaves
of Isodon wightii (Benth.) H.Hara and it inhibits AChE in
vitro, but not as potently as physostigmine (ICsy 215 and
143 pg mL™", respectively) (Thirugnanasampandan ez al.
2008). Other diterpenoids from members of the Lamiaceae
include four obtained from the whole plant of Ajuga
bracteosa Wall. ex Benth. that inhibit AChE (ICs, 14.0—
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35.2 uM) and BChE (ICsy 10.0-19.0 uM) in a concentra-
tion-dependent manner (Riaz et al. 2007) and (16S)-coleon
E, which inhibits AChE by 61% at 1 mg mL" and may
partly explain the anti-AChE activity of Plectranthus bar-
batus Andrews leaf extract (Falé et al. 2009).

The fruit of Detarium microcarpum Harms (Legumi-
nosae) is used in African traditional medicine for a variety
of disorders and for magical treatments. Some clerodane
diterpenoids (3,4-epoxyclerodan-(13E)-en-15-oic acid, 5a,
80-(2-oxokolavenic acid), 3,4-dihydroxyclerodan-(132)-en-
15-o0ic acid and 2-oxokolavenic acid) from the fruit inhibit
AChE (Cavin et al. 2006). The most active of these diter-
penoids was 50,80-(2-oxokolavenic acid) but it was still 10-
fold less potent than galantamine (Cavin ef al. 2006). From
the leaves of Hypoestes serpens R.Br. (Acanthaceae) two
isoprimarane diterpenoids showed AChE inhibitory activity
in a TLC bioautographic assay, but quantities required for
inhibition were 50- and 20-fold higher for 7p-hydroxyiso-
pimara-8,15-dien-14-one and 140-hydroxyisopimara-7,15-
dien-1-one respectively, than for galantamine (Rasoami-
aranjanahary et al. 2003).

Triterpenoids and steroidal derivatives

Some studies on Polygala tenuifolia Willd. (Polygalaceac)
root extract may explain the use of this plant in TCM for
CNS effects (Howes and Houghton 2003). Root extracts
reversed scopolamine-induced cognitive impairment and to
some extent, improved memory and behavioural disorders
induced by CNS lesions in rodents, they showed a neuro-
protective action against glutamate and amyloid precursor
protein and dose-dependently inhibited AChE activity in
vitro (Park et al. 2002; Chen et al. 2004; Lee et al. 2004a),
indicating a cholinergic effect in addition to other modes of
action that may be relevant to alleviate cognitive disorders.
Tenuifolin, a triterpenoid glycoside from the roots of this
plant, improved learning and memory in aged mice, an
effect associated with decreasing AChE in the hippocampus
of treated mice (Zhang et al. 2008). Thus, tenuifolin may
explain the reputed and observed biological activities of P.
tenuifolia, but other compounds that may be responsible for
enhancing cognition require investigation.

The Indian medicinal plant Cliforia ternatea L. (Legu-
minosae) has a reputation for promoting intellect (Warrier et
al. 1995; Misra 1998) and some pharmacological studies
offer some explanation for the traditional uses. Alcoholic
extracts from both aerial parts and roots attenuated memory
deficits in rats, with the latter being the most active (Tara-
nalli and Cheeramkuzhy 2000). Although the cognitive
effects of extracts were not directly correlated with AChE
inhibition (Taranalli and Cheeramkuzhy 2000), a triter-
penoid from C. fernatea, taraxerol (Fig. 8), inhibits AChE
both in vitro and in the brain of rodents in vivo, but was not
as potent as physostigmine (Lee et al. 2004b; Kumar et al.
2007).

Most of the anti-ChE compounds from Lycopodium
species (Lycopodiaceae) are alkaloids (Halldorsdottir and
Olafsdottir 2006; Choo et al. 2007; Hirasawa et al. 2008).
However, one study identified the triterpenoid a-onocerin
from L. clavatum L. as a moderately potent inhibitor of
AChHE (Orhan et al. 2003), although a subsequent study did
not show this compound to inhibit AChE (Rollinger et al.
2005). Ononis spinosa L. (Leguminosae) is also a source of
a-onocerin, but the anti-AChE triterpenoid isolated from
this plant was identified as the tetracyclic lyclavatol (Fig. 8),
although AChE inhibition was weak (Rollinger ez al. 2005).
Weak AChE inhibitory activity was also observed with the
triterpenoid cycloart-23-ene-3,25-diol, from the leaves of
Trichilia dregeana Harv. & Sond. (Meliaceae) (Eldeen et al.
2007). A more promising group of triterpenoids are some
jujubogenin glycosides that have been used as templates to
design semi-synthetic derivatives that inhibit AChE, which
are described in a patent for this purpose (Tumiatti et al.
2008). Other triterpenoids reported to inhibit AChE include
ursolic acid, found in many species including Origanum
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majorana L. (Lamiaceae), and argentatins A and B (Fig. 8)
from Parthenium argentatum A.Gray (Asteraceae) (Hough-
ton et al. 2000).

The use of the Ayurvedic remedy Withania somnifera
(L.) Dunal (Solanaceae) root, also known as ‘ashwagandha’
in Sanskrit, dates back almost 4000 years and it is classed
among the ‘Rasayanas’, the rejuvenative tonics (Howes and
Houghton 2003; Howes et al. 2003). Steroidal derivatives
isolated from the root display a number of interesting acti-
vities relating to cognitive function (Ghosal et al. 1989;
Bhattacharya et al. 1995). These include the sitoindosides
IX and X which augment learning acquisition and memory
in young and old rats (Ghosal et al. 1989), an action asso-
ciated with modulation of cholinergic function. When admi-
nistered to rodents, the sitoindosides VII-X and withaferin
A both enhanced and decreased AChE activity in different
brain regions, in addition to increasing muscarinic receptor
binding (Schliebs et al. 1997). AChE inhibition was shown
in vitro with root extracts (Houghton et al. 2007; Vinutha et
al. 2007) and some withanolides inhibit AChE and BChE;
withaferin A, 2,3-dihydrowithaferin A and 5f,6B-epoxy-4f3-
hydroxy-1-oxowitha-2,14,24-trienolide were more active
against AChE activity (Choudhary et al. 2004 and 2005c).

Haloxylon recurvum Bunge ex Boiss. (Chenopodiaceae)
has been used traditionally in Pakistan for a variety of
neural disorders and several alkylated sterols extracted from
the whole plant concentration-dependently inhibit AChE
and BChE (Ahmed et al. 2006). Of these sterols, the most
potent inhibitors of AChE were haloxysterols B and C (ICs,
0.9 and 1.0 uM, respectively) but were not quite as active as
galantamine (ICsy 0.5 uM) (Ahmed et al. 2006). Cynatro-
side B was the most potent AChE inhibitor (dose-dependent,
reversible and non-competitive inhibition) in vifro of seve-
ral pregnane glycosides obtained from roots of Cynanchum
atratum Bunge (Asclepiadaceae), which may explain why
this compound could ameliorate memory impairment in
vivo (Lee et al. 2005).

MEROTERPENOIDS AND MYCOTOXINS AS
INHIBITORS OF ACHE

Arisugacins A and B (Fig. 9) from Penicillium species are
selective inhibitors of AChE, but not BChE and are 200-
fold more potent inhbitors of AChE than tacrine in vitro
(Omura et al. 1995; Otoguro et al. 1997). Binding of arisu-
gacin A to AChE is suggested to be due to electron-donating
and electron-withdrawing interactions, in particular, electron
density from the dimethoxy group coupled with the electron-
withdrawing 2-pyrone ring, a moiety considered crucial for
anti-AChE potency (McGlacken and Fairlamb 2005). Terri-
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trems B and C from Penicillium species also inhibit AChE
and are structurally related to the arisugacins, each consis-
ting of naphtha[2,1-b]pyrano[3,4-e]pyran and benzene (Shi-
omi ef al. 1999). Isoterreulactone A, which is biogenetically
related to the arisugacin meroterpenoids, and terreulactones
A-D (Fig. 9) are meroterpenoids from Aspergillus terreus
and they dose-dependently and selectively inhibit AChE in
vitro (Yoo et al. 2005). The meroterpenoids colletochlorin B,
colletorin B, ilicicolins C, E, and F, as well as the phyto-
toxin a, B-dehydrocurvularin, from liquid cultures of the
phytopathogenic fungus Nectria galligena (Hypocreaceae),
moderately inhibit AChE, with the most active being col-
letochlorin B and ilicicolins C and E (Gutiérrez et al. 2005).
Although demonstrating some promising AChE inhibitory
effects, none of these fungal metabolites appear to have
been assessed or pursued for clinical use.

Aflatoxin B; is a mycotoxin produced by Aspergillus
flavus which non-competitively and dose-dependently in-
hibits mouse brain AChE, the G, and G4 molecular isoforms
in particular (Cometa et al. 2005). However, this toxin is
associated with carcinogenic, mutagenic, hepatotoxic and
cholinergic effects, the latter possibly related to the anti-
ChE activity (Cometa et al. 2005), and is therefore not a
potential therapeutic compound without structural modifica-
tions to reduce the risk of toxic effects.

SHIKIMATE-DERIVED COMPOUNDS AS
INHIBITORS OF ACHE

In flowering plants the shikimic acid pathway is a biosyn-
thetic route for the production of compounds that are usu-
ally phenolic and derived from one or more phenylpropa-
noid units, which may be combined with compounds pro-
duced from other metabolic pathways (Houghton et al.
2006). Shikimic acid derived compounds include some fla-
vonoids, coumarins and tannins.

Flavonoids, xanthones and anthraquinone
derivatives

Compared to alkaloids, a relatively low number of flavo-
noids have been reported to inhibit AChE. Flavonoids from
Buddleja davidii Franch. (Buddlejaceae) leaves have been
identified as AChE inhibitors and the structure-activity
relationships of these and other flavonoids were invest-
tigated. Of 17 flavonoids tested for AChE inhibition, only
linarin and tilianin (Fig. 10) were active and it was con-
cluded that important structural features of flavonoids for
ACHE inhibition are the presence of a 4'-OMe group and a
7-O-sugar, and the length of the interglycosidic links of the
sugar chain (Fan ef al. 2008). A separate study confirmed
that linarin (acacetin-7-O-B-D-rutinoside) from the flower
extract of Mentha arvensis L. (Lamiaceae) selectively and
dose-dependently inhibits AChE (Oinonen et al. 2006).
Although none of the flavonoid aglycones tested, including
the flavanone naringenin (Fig. 10), inhibited AChE in the
study by Fan et al. (2008), a separate study showed narin-
genin (from Citrus junos Siebold ex Tanaka (Rutaceae)) to
dose-dependently inhibit AChE in vitro, which might
explain why this flavanone could ameliorate scopolamine-
induced amnesia in rodents (Heo ez al. 2004). Quercetin
(Fig. 10), quercitrin, 3-methoxy quercetin and tiliroside,
flavonols from Agrimonia pilosa Ledeb. (Rosaceae), inhibit
AChHE but were not as active as tacrine and berberine; how-
ever, tiliroside and quercetin were almost two-fold more
active than the alkaloid dehydroevodiamine in this study
(Jung and Park 2007). The flavone luteolin (Fig. 10) also
moderately inhibits AChE (ICso > 0.1 mM) (Choi et al.
2008). Scutellarein 4'-methyl ether 7-O-glucuronide inhibits
ACHE by 50.5% at 1 mg mL™" and was considered to con-
tribute to the anti-AChE activity of Plectranthus barbatus
Andrews (Lamiaceae) leaf extract (Falé ef al. 2009). Lico-
rice is the root of Glycyrrhiza species (Leguminosae) and it
is widely used in TCM and reported to enhance memory
(Cui et al. 2008). The isoflavan glabridin from the roots
antagonised scopolamine-induced amnesia in mice, an
effect that could be explained by it reducing brain ChE acti-
vity (Cui et al. 2008).
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Fig. 10 Flavonoids and xanthones that inhibit AChE.
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Some phytoestrogens are associated with cognitive
improvements in both animal and clinical studies, and are
suggested to protect against AD (Pan ez al. 2000; File et al.
2001; Kim et al. 2001), although the mode(s) of action to
explain these observations have not been elucidated. How-
ever, it is interesting to consider that a diet of soy isofla-
vones for 16 weeks in aged male rats produced AChE inhib-
ition in the cortex, basal forebrain and hippocampus (Lee et
al. 2004c), suggesting that anti-ChE activity might be one
mechanism to explain why some isoflavones show cogni-
tive benefits.

In general, of the various flavonoids that have been
assessed for AChE inhibitory effects, none appear to have
stimulated a particular interest for clinical development.
However, there are some xanthones that show more promi-
sing ChE inhibitory effects that could be subjected to more
extensive tests to assess any relevance for clinical use. Gen-
tiana campestris L. (Gentianaceae) leaf extract and some of
the component xanthones, bellidin, bellidifolin (Fig. 10),
bellidin 8-O-B-glucopyranoside (norswertianolin), and belli-
difolin 8-O-B-glucopyranoside (swertianolin), inhibit AChE
and interestingly, bellidifolin showed similar inhibitory
potency to galantamine (Urbain er al. 2004). For these
xanthones, inhibitory activity was enhanced when a gluco-
pyranosyl was absent and a methoxy group was present in
position C-3 (Urbain ef al. 2004). When 45 non-alkaloidal
natural compounds were screened for AChE inhibitory
activity six of the seven active compounds were xanthones.
The most potent of these had an additional cyclic compo-
nent and a hydrophobic side-chain which was considered
important for inhibitory activity as the other active xan-

thones lacked these structural components (Brithlmann ef al.

2004). Garcinia species (Clusiaceae) are a source of isopre-
nylated xanthones and some of the xanthones from the
wood of G polyantha Oliv. inhibit BChE (1,3,5-trihydroxy-
xanthone, 1,5-dihydroxyxanthone, 1,6-dihydroxy-5-me-
thoxyxanthone; ICsy 93.0, 2.5, 74.4 uM, respectively) and
polyanxanthone B inhibits both BChE (ICsq 25.5 uM) and
AChE (ICsp 46.3 pM), but none of these particular xan-
thones were as active as galantamine (Louh ez al. 2008). A
xanthone, paeciloxanthone (Fig. 10), isolated from the
marine fungus Paeczlomyces sp. also inhibits AChE in vitro
(ICsp 2.25 g mL™") (Wen e al. 2008).

Anthrone derivatives from Psorospermum glaberrimum
Hochr. (Clusiaceae) stem bark have been assessed for their
ability to inhibit AChE and BChE, but showed more potent
inhibition of BChE compared to AChE, with the most
potent AChE inhibitor identified as bianthrone 1a (ICsy 63.0
uM), which was 126-fold less potent than galantamine
(Ndjakou Lenta et al. 2008). The anthraquinone derivative
aloe-emodin is also a relatlvely weak inhibitor of AChE
(57 % inhibition at 1 mg mL" ") (Orhan et al. 2008a).

Coumarins and furanocoumarins

Bergapten, scopoletin (Fig. 11), 4-methylumbelliferone and
a furanocoumarin mixture from Heracleum crenatzfolmm
Boiss. (Apiaceae) inhibited AChE (> 50% at 1 mg mL™),
while the latter three, in addition to umbelliferone and 8-
methoxypsoralen, also inhibited BChE (>50%at 1 mgmL™)
(Orhan et al. 2008a). Using pharmacophore modelling in a
virtual screen study, the coumarins scopoletin and its gluco-
side scopolin (Fig. 11) were identified as potential anti-ChE
compounds so were isolated from Scopolia carniolica Jacq.
(Solanaceae) rhizomes to investigate the predicted effects
on AChE. Both coumarins dose-dependently inhibited
AChE only moderately, but significantly they increased
extracellular ACh concentrations in rat brain when tested in
vivo (Rollinger et al. 2004). In another study scopoletin,
obtained from the twigs of Vaccinium oldhami Miq. (Eri-
caceae), was shown to inhibit AChE dose-dependently and
non-competitively in vitro (Lee et al. 2004b). The AChE
inhibitory potency of simple coumarins such as umbellife-
rone and scopoletin is considered to be moderate to low,
and substitutions in position C-7 of the coumarin nucleus by
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small groups (e.g. hydroxyl and methoxy) reduce AChE
inhibition compared to larger substituents (e.g. benzyloxy)
(Fallarero et al. 2008).

The coumarins murranganone and paniculatin (Fig. 11),
isolated from Murraya paniculata (L.) Jack (Rutaceae)
leaves, show moderate AChE and BChE inhibitory activity,
with paniculatin showing some selectivity for AChE; nei-
ther compound was as potent as physostigmine (Choudhary
et al. 2002). Twelve coumarins isolated from roots of
Angelica gigas Nakai (Apiaceae), a plant used in traditional
Korean medicine and reputed to have anti-amnesic effects,
showed inhibitory activity against AChE, with the most
potent of these being the d1hydr0pyranocoumar1n decur-
sinol (Fig. 11) and the furanocoumarins isoimperatorin,
nodakemn marmesm and xanthotoxm (IC50 2.8 x 107, 3. 6.9

x 107, 6.8 x 107, 6.7 x 107 and 5.4 x 10° M, respectlvely)
(Kang et al. 2001) Both decursin (Fig. 11) and nodakenin
reversed scopolamine-induced cognitive impairments in
mice, an effect attributed to their ability to inhibit AChE
(Kang et al. 2003; Kim et al. 2007b). Other naturally
derived coumarins that inhibit AChE include marmesin and
columbianetin (Tumiatti ef al. 2008).

Psoralen and isopsoralen, furanocoumarins from Pso-
ralea species (Leguminosae), alleviate scopolamine-
induced amnesia in rats which was attributed to their AChE
inhibitory effects (Wu et al. 2007), although the toxicity of
these compounds may limit any therapeutic potential for
cognitive disorders. The furanocoumarin, feronielloside,
and three coumarin glycosides from Feroniella Ilucida
Swingle. (Rutaceae) roots inhibited AChE in vitro, but this
study did not compare the inhibitory activities of these
coumarins with any positive controls such as physostigmine
(Phoopichayanun et al. 2008). In general, the AChE inhib-
itory potency of furanocoumarins such as bergapten is
considered to be moderate to low, but potency may be
increased by substitution with large groups at positions 5
and 8 of the furanocoumarin nucleus (Fallarero ez al. 2008).

As several coumarins have shown inhibitory activity
against AChE, it is logical to explore the AChE inhibitory
potential of synthetic coumarin derivatives, to optimise
inhibitory potency. Ensaculin is a coumarin analogue that
not only inhibits AChE but also modulates dopaminergic,
serotonergic and adrenergic neurotransmitter systems in
addition to being an N-methyl-D-aspartate (NMDA) recep-
tor antagonist (Teismann and Ferger 2000). Consequently,
ensaculin (as the HCI salt: KA-672) has been explored for
clinical use in AD and has been used as a template for the
development of a series of coumarin analogues including
those with various substitutions of a phenylpiperazine
moiety, which are inhibitors of AChE (Shen et al. 2005;
Zhou et al. 2008). Although the synthetic coumarin deriva-
tive AP2243 showed promising anti-AChE activity in vitro
(ICso 0.018 uM), attempts to modify the structure and
improve AChE inhibitory activity by synthesising amidic
nonpeptidic derivatives yielded compounds that inhibited
AChE less potently but were more potent inhibitors of -
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secretase, also a potential therapeutic target in AD (Piazzi et
al. 2008). Another coumarin derivative, 3-chloro-7-hydroxy-
4-methylcoumarin, also inhibits both AChE and BChE in
vitro (Simeon-Rudolf et al. 1999).

OTHER PHENOLIC COMPOUNDS AS INHIBITORS
OF ACHE

In traditional European medicine Melissa officinalis L.
(Lamiaceae) has been used as a remedy for over 2000 years,
and it is reputed to treat melancholia, neuroses and hysteria
and the plant was acclaimed for promoting long life and
restoring memory (McVicar 1994; Kenner and Requena
1996; Wichtl 2004). John Hill (1751) reported that M.
officinalis was ‘Good for disorders of the head and sto-
mach’ (Crellin and Philpott 1990). In other traditional
practices of medicine M. officinalis is reputed to treat
depression (Arabic medicine) (McVicar, 1994) and hysteria
(Greek medicine) (Malamas and Marselos 1992). The pos-
sible modes of action, including ChE inhibition, to explain
both reputed and clinically observed effects of M. officinalis
on cognitive function have been investigated. Both an
essential oil and an ethanolic extract from M. officinalis
weakly inhibit AChE (Ferreira et al. 2006) but another
study did not show an AChE inhibitory effect with aqueous
and methanolic extracts of M. officinalis (Adsersen et al.
2006). Although chemical variation in M. officinalis plants
from different sources may explain differences in AChE
inhibitory activities, it could also be suggested that the
active compounds may be concentrated in less polar ex-
tracts or the essential oil. To investigate this, an ethanolic
extract of the leaves was fractionated and nine of twelve
fractions inhibited AChE, with the majority being more
potent than the original crude extract (Dastmalchi et al.
2009). Compounds that were tentatively identified in the
most potent fraction included rosmarinic acid (Fig. 12) and
two of its derivatives (Dastmalchi et al. 2009). A study
using NMR spectroscopy suggested that rosmarinic acid,
and also salvianolic acid, could bind to AChE (Yin ef al.
2008). The ChE inhibitory activity of rosmarinic acid, also
found in other members of the Lamiaceae such as Rosma-
rinus officinalis L., has been confirmed in other studies.
Rosmarinic acid inhibited AChE and BChE (47 and 86%
1nh1b1t10n respectively) but only at high concentrations (1
mg mL™) (Orhan et al. 2008b). Other studies also show ros-
marinic acid (ICs > 0.1 mM and 0.44 mg mL™" in separate
studies) and extracts from Plectranthus species (Lamiaceae)
that contain rosmarinic acid, to moderately inhibit AChE
(Choi et al. 2008; Falé et al. 2009). Ferulic acid (Fig. 12) is
a competitive inhibitor of AChE and this action is one
mechanism considered to explain the molluscicidal effect of
plants containing ferulic acid (Kumar et al. 2009). Tacrine-
ferulic acid hybrids have been synthesised, with the aim of
exploiting the anti-AChE effect of tacrine with the anti-
oxidant properties of ferulic acid, rather than its AChE in-
hibitory properties, to develop novel compounds for poten-
tial use in dementia, and some of these hybrids were more
potent inhibitors of AChE than tacrine and were also anti-
oxidant (Fang et al. 2008).

Of several polyphenolic compounds from Hopea haina-
nensis Merr. & Chun (Dipterocarpaceae) stem bark, hopea-
hainol A showed comparable AChE inhibitory activity to
huperzine A (Ge et al. 2008). Other polyphenolic com-
pounds are vitisin A and y-viniferin, extracted from Vitis
vinifera L. (Vitaceae), which have been suggested to be
useful in the prevention and treatment of some diseases, as
these compounds could inhibit AChE in vitro at relatively
low concentrations (ICso 7.5 and 15.6 uM, respectively)
(Tumiatti et al. 2008). Polyphenols from green tea (Camel-
lia species (Theaceae)) also inhibit AChE (Kim et al.
2004b; Chung et al. 2005) and when green tea extract was
administered to aged rats it improved learning and memory
and decreased AChE activity in the cerebrum (Kaur et al.
2008). A polyphenol-rich extract from blueberries (Vac-
cinium angustifolium Benth. (Ericaceae)) improved learning
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and memory in rodents administered (i.p.) this extract, an
effect that was associated with both anti-oxidant and anti-
AChE effects (Papandreou ef al. 2009).

CONCLUSION

Numerous species particularly from the plant kingdom have
been used in various traditional practices of medicine to
alleviate symptoms associated with cholinergic dysfunction,
including some cognitive disorders such as memory im-
pairment, and have been used for their medicinal properties
for a long time, and some of these continue to be used for
these and other purposes. Some of these species have been
subjected to scientific studies to establish any pharmacolo-
gical basis for their historical uses, and for a number of
these, their ability to inhibit ChE has been proposed to
explain their uses in traditional medicine. One example is a
TCM remedy prepared from Huperzia serrata which is
reputed to alleviate memory loss (Howes and Houghton
2003). It was discovered that some alkaloids, huperzines A
and B, isolated from H. serrata can inhibit AChE which
might explain the traditional use of this moss, and since
huperzine A in particular has been extensively studied and
showed therapeutic potential for use in cognitive disorders,
it was developed as a pharmaceutical in China to provide
symptomatic treatment of AD (Ma et al. 2007). There are
also many examples of plants that have been used tradi-
tionally for other purposes, including other medicinal uses
not considered to be related to cholinergic function, and as
poisons. Many of these plant species have also been inves-
tigated for their biological activities and some have been
shown to inhibit ChE. For example, Galanthus species and
Physostigma venenosum were not used traditionally for
cognitive disorders, yet the alkaloid galantamine from
Galanthus species is one of the most potent and well-
characterised inhibitors of AChE, and physostigmine from P.
venenosum showed interesting anti-AChE activity and
modification of its chemical structure enabled the develop-
ment of a more therapeutically promising compound,
rivastigmine. Both galantamine and rivastigmine are now in
clinical use to alleviate cognitive symptoms in dementia.

The extent to which species that show AChE inhibitory
activity have been investigated varies considerably. For
some species, some of the active constituents have been iso-
lated and characterised but for many plants the compounds
responsible for any observed inhibitory effects on AChE
remain to be elucidated. The majority of naturally derived
inhibitors of AChE are alkaloids and most investigations to
identify new AChE inhibitors with therapeutic potential
have focused on this structural class of compounds. There
have been numerous attempts to chemically modify alkaloid
structures to optimise AChE inhibitory potency and reduce
toxicity, and in some cases compounds have been synthe-
sised to achieve a dual mode of action that combines anti-
AChE activity with another action that may be relevant to
alleviate a particular cognitive disorder.

In recent years there has been an interest in developing
new AChE inhibitors from natural origin for both therapeu-
tic and insecticidal purposes and consequently a wide range
of plants and some marine organisms have been investi-
gated and a diverse array of structural types of compounds
have been described as inhibitors of AChE. There are poten-
tially many other natural sources of AChE inhibitors that
have yet to be explored, but advances in the understanding
of the pathology of diseases and their treatments will influ-
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ence how useful AChE inhibitors will be for therapeutic use
in the future.
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