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Lead Finding for Acetyl Cholinesterase Inhibitors from Natural Origin:
Structure Activity Relationship and Scope
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Abstract: Acetylcholinesterase (AChE) inhibitors are considered as promising therapeutic agents for the treatment of
several neurological disorders such as Alzheimer’s disease (AD), senile dementia, ataxia and myasthenia gravis. There are
only few synthetic medicines with adverse effects, available for treatment of cognitive dysfunction and memory loss asso-
ciated with these diseases. A variety of plants has been reported to possess AChE inhibitory activity and so may be rele-
vant to the treatment of neurodegenerative disorders such as AD. Hence, developing potential AChE inhibitors from bo-
tanicals is the need of the day. This review will cover some of the promising acetylcholinesterase inhibitors isolated from
plants with proven in vitro and in vivo activities with concern to their structure activity relationship.
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INTRODUCTION

Work on new bioactive compounds from medicinal
plants has led to the isolation and structure elucidation of a
number of exciting new pharmacophores. Alzheimer’s dis-
ease (AD) is one of the most common forms of dementia
affecting so many elderly people. Besides the neuropa-
thologic hallmarks of this disease, namely neurofibrillary
tangles and neuritic plaques, it is characterized neurochemi-
cally by a consistent deficit in cholinergic neurotransmission,
particularly affecting cholinergic neurons in the basal fore-
brain [1]. Principal role of acetylcholinesterase (AChE) is
the termination of nerve impulse transmission at the cho-
linergic synapses by rapid hydrolysis of acetylcholine (ACh).
Inhibition of AChE serves as a strategy for the treatment of
Alzheimer’s disease (AD), senile dementia, ataxia, myasthe-
nia gravis and Parkinson’s disease [1]. Even though mankind
always relies on nature for their basic requirements, redis-
covery of the connection between plants and health is re-
sponsible for launching a new generation of botanical thera-
peutics that include plant-derived pharmaceuticals, multi-
component botanical drugs, and plant-produced recombinant
proteins. There is great interest in finding better AChE in-
hibitors from natural product showing low toxicity, good
brain penetration and high bioavailability. Natural products
have inspired many developments in organic chemistry lead-
ing to advances in synthetic methodologies in developing
several therapeutically potential analogues of lead com-
pounds. The research lead on ayurvedic drugs yielded nu-
merous drug candidates that are prevailing in the market.
There are several plants of ayurvedic origin with potential
therapeutic activity, which are widely used as ayurvedic
medicine. Nature has provided several leads as potential
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AChE inhibitors from plant sources, including those for
memory disorders. This article highlights several aspects of
lead identification for Acetyl cholinesterase Inhibitors, their
structure activity relationship and potential uses.

NATURAL REMEDIES FOR AD

Natural sources genetic codes contain the recipes for
chemical compounds of potential value in pharmaceutical
products. Pharmaceutical research in natural products is
more often intended to develop leads and to identify those
plants, which can be used in unmodified form. Plant made
pharmaceuticals (PMPs) are the result of a breakthrough
application of biotechnology on plants to enable them to
produce therapeutic proteins that could ultimately be used by
the medical community to combat life-threatening illnesses
[2]. The leads from plants are promising molecules that must
be modified to increase efficacy or reduce side effects. Based
on these aspects several works on the search for natural
AChEI has been reported from our laboratory [3-6].

Alzheimer's disease (AD) is the fourth leading cause of
death among the elderly worldwide, accounting for the most
common form of dementia diagnosed after the age of 60.
Currently, several kinds of AChE inhibitors, such as donepe-
zil (Fig. (1a)), galantamine (Fig. (3b)), and rivastigmine
(Fig. (2e)) are available for the symptomatic treatment of
patients with mild-to-moderate AD.

There are a number of approaches to the treatment of the
cholinergic deficit in Alzheimer’s disease, most of which
have initially focused on the replacement of ACh precursors
(choline or lecithin) but these agents failed to increase cen-
tral cholinergic activity. Other studies have investigated the
use of AChE inhibitors that reduce the hydrolysis of ACh for
example, physostigmine. Further researches are being con-
ducted in order to find a suitable remedy for this ailment.
The most recent investigational compounds for treatment of
cholinergic deficit include specific M1 muscarinic or nico-
tinic agonists, M2 muscarinic antagonists, or improved “sec-
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ond generation” AChE inhibitors [7]. This type of cholines-
terase inhibitors are found in abundance in natural products
which encourages the researchers towards lead finding for
AD from the natural products.

Although a variety of AChE inhibitors have been devel-
oped as potential treatments for Alzheimer’s disease, their
pharmacological activities differ. One of the most fundamen-
tal differences between them is in the mechanism of ChE
inhibition. For example, enzyme kinetic studies have shown
that tacrine (Fig. (1¢)), an acridine compound, and donepezil,
a novel piperidine class agent, are “mixed type” reversible
inhibitors of ChE. These compounds inhibit ChE via both
non-competitive (by blockade of the deacetylation process)
and ACh competitive mechanisms [7].

STRUCTURE-ACTIVITY RELATIONSHIP OF NAT-
URAL ACETYLCHOLINESTERASE (AChE) INHIBI-
TORS

The ethno medicinal plant used in the treatment of AD
contains numerous molecules, they exhibit inhibitory effect
due to the potential structural characteristics of the individual
molecule and due to the synergistic action of the molecules
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collectively. As the phytochemicals can be structurally clas-
sified based on their chemical groups, it will be useful to
study the effect of these molecules based on the groups un-
der which it can be classified. Several potential molecules
has been isolated from various ethnomedical plants and stud-
ied for their AChE inhibitory activity. Activities of some
therapeutically active phytochemical groups have been dis-
cussed in the following sections:

ALKALOIDS

Many alkaloids like physostigmine (Fig. (2a)), eseroline
(Fig. (2b)), neostigmine (Fig. (2¢)), pyridostigmine (Fig.
(2d)), rivastigmine (Fig. (2e)), eptastigmine (Fig. (2f)), as
shown in Fig. (2) have been proved to possess AChE inhibi-
tory activity. The plant alkaloid galantamine is a phenan-
threne similar to codeine, which has been isolated from Gal-
anthus nivalis L., the European daffodil or common snow-
drop [8, 9]. Galantamine is the last drug approved for the
treatment of AD. It is a tertiary alkaloid with a unique, dual
mode of action. It is a reversible, competitive AChE inhibi-
tor, and also an allosteric modulator of nicotinic acetylcho-
line receptors [10, 11]. The efficacy of galantamine has been
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extensively studied in clinical trials that have demonstrated
that a dosing regimen of 16-24 mg/day consistently pro-
duced beneficial effects on cognitive and non-cognitive AD
symptoms. Galantamine exhibits favorable pharmacokinetic
characteristics including predictable linear elimination kinet-
ics at the recommended maintenance doses (16 and 24
mg/day), a relatively short half-life (approximately 7 h), and
high bioavailability, and side effects include the predictable
gastrointestinal upset which is transient with mild intensity,
and easily controllable using the recommended slow dose-
escalation scheme [12,13].

Physostigmine, prototype acetylcholinesterase inhibitor
(also known as serine) is isolated from the seeds of
Physostigma venenosum Balf (Papilionaceae). The structure
of physostigmine was determined and shown to have a pyr-
roloindole skeleton. Physostigmine is distributed throughout
the body and produce general cholinergic effect. Because of
its polarity it is not distributed in large concentrations in the
CNS. In bovine erythrocytes, it showed AChEI activity with
ICs0 of 0.25 uM. it was found that the carbamate portion is
essential for cholinesterase inhibitory activity. When the
ester link is hydrolyzed to the product eseroline inhibitory
activity was not observed. However, the carbonyl group in-
teracts with the hydroxyl (-OH) of a serine to form ester in
the AChE with urethane part of the molecule. The ester form
is slowly hydrolyzed and regenerates the active parent form,
which interfere the AChE activity of the enzyme. The car-
bamate moiety has been a key factor in the use of eserine as
a lead molecule for dramatization or synthesis of longer-
lasting or more selective drugs, insecticides and other agents.
To make a possible binding the presence of an aromatic ring
and an N atom is required.

Two alkaloids, taspine (Fig. (2g)) and asimilobine (Fig.
(2h)) were detected in Magnoliax soulangiana Hort extract.
Of these two, taspine showed significantly higher effect on
AChHE than galantamine and selectively inhibited the enzyme
with time and concentration-dependant manner with an ICs
value of 0.33+ 0.07 uM. Further studies also have showed
that the ligand bind in an alternative orientation when com-
pared to galanthamine. It was also found to be stabilized by
sandwich like m stacking interaction between the planar aro-
matic ligand and the Trp84 and Phe330 of the enzyme, es-
teratic site anchoring with the amino acid side chain and hy-
drogen bonding network [14-16].

1. Amaryllidaceae Alkaloids

Twenty three pure amaryllidaceae alkaloids shown in
(Fig. (3a-3w)) and 26 extracts from different species of the
genus Narcissus were tested for their acetylcholinesterase
inhibitory activity using galanthamine as a standard. Among
them seven alkaloids, belonging to the galantamine and ly-
corine skeleton types, exhibited cholinesterase inhibitory
effect. When compared with galantamine (ICs= 0.33 uM),
sanguinine (Fig. (3a)) was observed to be most active (ICsy =
0.72 uM). An in vitro structure-activity relationship study
involving sanguinine and other synthetic analogues of galan-
tamine indicated that properly placed hydrophilic groups on
galantamine contribute to its effective binding to the AChE
molecule [15-17].
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The structural features of the amaryllidaceae alkaloids
have been explained by Lo pez et al, [19]. It has been shown
that the relatively tight binding in the structure appears to
come from a number of moderate to weak interactions with
the protein, including classical and non-classical hydrogen
bonds. Therefore, the extra hydroxyl group of sanguinine
available for potential interaction with AChE can explain the
strong inhibitory activity of this alkaloid. Assoanine, oxoas-
soanine has been reported as the most active amongst the
lycorine-type alkaloids, which could be due to the aromatic
ring C which gives a certain planarity to those molecules
[18, 19].

The acetylcholinesterase inhibitory effect of 23 amarylli-
daceae alkaloids has been reported [20]. Among them, the
alkaloid, 1-O-acetyllycorine (Fig. (3a;)) (ICsp: 0.96+0.04)
was found to show significant inhibitory activity in micro
molar concentration. Beside these, compounds shown in
(Fig. (3by), (3¢3), (3dy), (3es), (3fc), (387), (3hs), (3i9), (3j10),
(3k11), (3l12), (3my3), (3nyy) and (3a;) were also found to
have weak activity. It seems that lycorine was found to be a
potent inhibitor of AChE because of the different ring type
when compared with that of other alkaloids. Further the
presence of an acetoxy group and a hydroxyl group at posi-
tions 1 and respectively are required in 1-O-acetyllycorine
for proper binding and inhibition of activity of the enzyme.
On the other hand, the aromatic ring C that gives certain pla-
narity to assoanine and oxoassoanine explains the higher
activity of the molecules in comparison with lycorine type
alkaloids. In Crinine type alkaloids, the stereochemistry of
5,10 b-ethano bridge has no effect whereas 15-carbon ring
system of crinine is important for their activity.

2. Indole Alkaloids

Andrade et al. (2005) reported ten indole alkaloids from
the chloroform extract of stalk of Tabernaemontana aus-
tralis Miers, as depicted in (Fig. (4a-4j)) were studied for
their acetylcholinesterase inhibitory activity. Of these the
first four showed potent acetylcholinesterase activity. The
activity of these alkaloids seems to be related to their an-
tagonist effect in subtype a3b4 nicotinic receptors (nChRs),
binding with low affinity to other types of receptors, includ-
ing a4f32 nChRs. [21].

Compounds shown in (Fig. (4k-4q)) are the fungal me-
tabolite isolated from Aspergillus terreus. Among this terri-
trem B (TRB) (Fig. (41)), shown to be a potent and irreversi-
ble inhibitor of acetylcholinesterase (AChE). Omura’s group
additionally showed that several analogs of territrem isolated
from rice culture broth of Penicillium sp. FO-4259, called
arisugacins, which are highly specific and potent AChE in-
hibitors [22, 23]. Both territrems and arisugacins are com-
posed of a basic structure that includes a benzyl group, a
pyran, and a terpenoid. The mechanism of TRB AChE inhi-
bition using both kinetic and molecular modeling studies
indicates that TRB does not form a covalent bond with the
enzyme. It is consistent with its lack of a carbamate and a
phosphate moiety, which could otherwise react with the ac-
tive serine of the enzyme. By searching for a probable bind-
ing mode between TRB and AChE through extensive dock-
ing simulations, a structural model of their complex was de-
rived. The notable absence of nitrogen in these compounds is
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Fig. (3). Amaryllidaceae alkaloids.

unlike other known AChE inhibitors. It was found that the
inhibition of TRB on AChE is mediated by a tight non cova-
lent binding that is kinetically irreversible, at least within the
time duration of our experiments.

3. Isoquinoline Derivatives

Cocculus pendulus (J. R. & G. FORST.) results two new
alkaloids namely kurramine-2’-f -N-oxide (Fig. (5a)), kur-
ramine-2’-a-N-oxide (Fig. (5b)), and three known bisben-
zylisoquinoline alkaloids (1,2-dehydroapateline (Fig. (5 ¢)),
cocsoline (Fig. (5d)) and cocsuline (Fig. (Se)) during phyto-
chemical investigation. Compounds (Fig. (5d)) (ICso 6.1uM)
and (Fig. (5e)) (ICsp 12.0 uM) were found to be active
against butyrylcholinesterase, while compounds (Fig. (5a))
(ICs0 10.0uM) and (Fig. (5d)) (ICso 47.6uM) have inhibited
acetyl cholinesterase significantly [24]. The activity of the
bisbenzylisoquinoline alkaloids is found to be associated
with the quaternary nitrogen group present in the com-
pounds. Quantitative structure-activity relationship studies
have shown that the inhibitory potency of isoquinoline de-
rivatives was determined by steric, rather than electrostatic,
properties of the compounds. Tubocurarine isolated from
Chondodendron tomentosum Ruiz & Pav (Menispermaceae)
is a classical example for the potential activity of the ben-
zylisoquinoline ring. A number of other bisbenzylisoquino-
line (BBIQ) alkaloids; such as fangchinoline (Fig. (5f)),
atherospermoline (Fig. (5g)), and fenfangjine E (Fig. (5h))
isolated from root of Stephania tetrandra S. Moore, Menis-
permaceae family, were also found to inhibit acetylcho-
linesterase enzyme in micro molar range [25].

4. Lycopodium Alkaloids

Three lycopodium alkaloids isolated from the club moss
Lycopodium casuarinoides Spring were tested for their in-
hibitory activity against acetylcholinesterase. Lycoparins A
(Fig. (6a)) and lycoparins B (Fig. (6b)) possessing a carbox-
ylic acid at C-15 and one or two N-methyl groups did not
show such activity (ICso > 200 uM) . Whereas lycoparin C
(Fig. (6¢)) was found to inhibit acetylcholinesterase with the
1Cs0 25 uM. [26]. Carinatumins A (Fig. (6d)), B (Fig. (6e))
and C (Fig. (6f)), another three lycopodium alkaloids iso-
lated from the club moss Lycopodium casuarinoides were
also studied. Among this, carinatumins A and B inhibited
acetylcholinesterase with ICsy 4.6 and 7.0 uM, respectively,
whereas carinatumin C did not show such activity (ICsy >
100 uM). Carinatumin A possessing a hydroxyl at C-10
showed less potent inhibition compared with huperzine A
(ICso 0.8 uM), while carinatumin B showed inhibition of
acetylcholinesterase comparable to that of huperzine B, ICs
8 uM [27].

5. Pregnane Alkaloids

Choudhary et al. [28] reported that Sarcococca hookeri-
ana contains four new pregnane type of alkaloids as shown
in (Fig. (7a -7¢).This has been reported by bioassay guided
isolation and the same showed wide variation in AChE in-
hibitory activity with ICsy values ranging from 1.5 to 148.2
nM.

The mechanism of inhibition of acetylcholinesterase en-
zymes by 23 pregnane-type alkaloids including compounds
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as shown in Fig. (7e-7z), (7z;) were isolated from the Sarco-
cocca saligna (D. Don) Muell. From the study, it was estab-
lished through SAR that, the major interaction of the en-
zyme-inhibitor complexes are due to the hydrophobic and
cation - interactions inside the aromatic narrow passage of
these cholinesterases.

Khalid et al. [29] has reported that the structures with
amino nitrogens at C-3 and/or C-20 positions are the most
important features that determine the inhibitory potency of
these compounds, which are expected to be protonated at
physiological pH. This finding has further established the
fact that the replacement of any of these two amino substitu-
ents with oxygen function, as in compounds 2-
dydroxysalignarine-E and salignamine exhibit decrease in
the ICs and Ki values against AChE. C-20 amino group may
remain close to the aromatic rings of Tyr-70 and Trp- 279,
near the top of the narrow passage, thus allowing the sub-
strate to be accommodated at the active site of the enzyme.
The most active members of this series were found to be
compounds axillaridine-A (Fig. (7y)), sarsalignone (Fig.
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(7z)) and sarsalignenone (Fig. (7z;)). They have a carbonyl
or acetoxy substituents at C-4 (29).

When compared to the compounds containing aliphatic
side chain such as tigloyl or sencioyl groups at C-3, ben-
zamide  moieties at C-3 of compounds 2f-
Hydroxyepipachysamine-D (Fig. (7g)), axillarine-C (Fig.
(7j)) and epipachysamine-D (Fig. (7u)) appears to cause a
steric hindrance, which may result in some decrease in the
activity. The steric effect of C-3 benzamide substituent may
be due to the limited possible flexibility of the molecule
within the aromatic narrow passage of the enzyme. This
study proves that the affinity of the compound which is bulk-
ier than the existing inhibitors could be rationalized by their
flexibility [29, 30].

6. Protopine

A total methanolic extract of tuber of Corydalis ternate
Nakai (papaveraceae) was found to have anti cholinesterase
activity. An alkaloid, protopine (Fig. (8a)) was isolated and
it was found to be responsible for the acetylcholinesterase
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inhibitory activity in a dose dependant manner. The ICsg
value was 50 uM protopine was found to be specific, re-
versible and competitive inhibitor of acetylcholinesterase.
Protopine was also proved to have an efficacy almost identi-
cal to a marketed tacrine derivative, velnacrine [31-34].
Similarly, protopine derived from Korean natural resource
Corydalis speciosa through bioactivity guided isolation,
showed acetylcholinesterase activity in a dose-dependent
manner, with 1Cso values of 16.1 uM [33].

7. Steroidal Alkaloids

Methanolic extract of the aerial parts of the Sarcococca
coriacea (Hook f.) gave two new steroidal alkaloids, shown
in (Fig. (9a -9b)) and two known compounds funtumafrine C
[(20S)-20-(N,N-dimethylamino)-5a-pregna-3-one] (Fig.
(9¢)) and N-methylfuntumine (Fig. (9d)). The compounds
epoxynepapakistamine-A (ICsp>200), funtumafrine C (ICs
45.7541.122) and N-methylfuntumine (97.61+1.731) were
found to have cholinesterase inhibitory activity [35]. Two
new cevanine steroidal alkaloids, impericine (Fig. (9¢)) and
forticine (Fig. (9f)) along with known bases delavine (Fig.
(92)), persicanidine A (Fig. (9h)), and imperialine (Fig. (9i))
were isolated from the bulbs of Fritillaria imperialis Rubra.
These steroidal bases also showed anti-acetylcholinesterase
and anti-butyrylcholinesterase inhibitory activity [36, 37].

FLAVANONES

Hispidone (Fig. (10a)), a new flavanone, has been iso-
lated from Onosma hispida WALL. In addition, (2S)-5,2’-
dihydroxy-7,5’- dimethoxyflavanone, benzoic acid, and 4-
hydroxy benzoic acid are also reported for the first time from
this species. Both compounds hispidone and (2S)-5,2’-
dihydroxy-7,5’- dimethoxyflavanone were found to be po-
tent cholinesterase inhibitors and inhibited enzymes in a
concentration-dependent manner with the ICs, values 11.6
and 28.0 pM against AChE and 15.7 and 7.9 pM against
BChE, respectively. The activity of these compounds de-
pends upon the structure of the flavanone. The SAR of
flavanones shows that the inhibitory efficiency of the com-
pounds depends on the hydroxyl group and their potential
[38].

PREGNANE GLYCOSIDE

It is reported that, cynatroside B was isolated from the
methanol extract of the roots of Cynanchum atratum Bunge
(Fig. (11a)), and it significantly inhibited the AChE activity.
Cynatroside B was found to be the most potent of these iso-
lated pregnane glycoside inhibitors and its mode of AChE
inhibition was also characterized. Cynatroside B inhibited
AChE activity in a dose-dependent manner and its ICs, value
was 3.6 uM. The mode of AChE inhibition by cynatroside B
was reversible and non-competitive. Therefore, cynatroside
B has anti-AChE activity that may ultimately hold signifi-
cant therapeutic value in curing certain memory impairments
observed in Alzheimer's disease [39].

TERPENOIDS
1. Monoterpenoids

Monoterpenes were first reported to exhibit AChE inhibi-
tory activity by Perry et al [40]. The essential oil of Salvia
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lavandulaefolia Vahl. was reported to exhibit uncompetitive,
reversible inhibition of AChE in erythrocytes. This study
confirmed, the low molecular weight compounds inhibit
AChE. Similar reports of AChE inhibitory activity has been
exhibited by oil of Salvia (Sage) species. The phytochemical
constituents present in the oil (21.5%) such as 1,8 cineole
exhibited marked AchE activity at ICsy value of 0.06+£0.007
mg/ml. From the dose response curve plotted against 1,8
cineole, it was concluded that 1,8 cineole produced only
20% inhibition of AChE, hence it could be reasoned out that
the synergistic activity exerted by other phytoconstituents
could have provided a high ICs, values.

2. Diterpenoids

Four inhibitory compounds dihydrotanshinone (Fig.
(12a)), cryptotanshinone (Fig. (12b)), tanshinone I (Fig.
(12¢)) and tanshinone I1A (Fig. (12d)) were isolated from the
dried roots of Salvia miltiorhiza Bunge called as Danshen in
China [41]. Among these, the activity of dihydrotanshinone
and cryptotanshinone were found to be dose dependant with
ICs¢ values of 1.0 and 7.0 pM respectively, while tanshinone
I and tanshinone II A showed an weaker inhibition at >50
and >140 pM concentration. The structures of dihydrotan-
shinone differs only by double bond and dihydro furan ring
with tanshinone, which reflects the activity of the compound.
Cryptotanshinone and tanshionone ITA show similar differ-
ence of activity, so it proves that dihydro furan ring is ac-
countable for the acetylcholinesterase activity. Further, the
hydrophobicity clogP values of dihydrotanshinone, crypto-
tanshinone, tanshinone I and tanshinone IIA were calculated
as 2.4, 3.4, 4.8 and 5.8 respectively. This indicates that the
compounds have the potential to penetrate blood-brain bar-
rier [41].

Seven abietane and seco-abietane diterpenes were iso-
lated from the methanolic extract of aerial part of Salvia
candelabrum Boiss [38]. Besides these several terpenes like
those shown Fig. (12e-12k) were also isolated from Salvia
candelabrum. The enzyme dependent assay were performed
for diterpenes candesalvoquinone (Fig. (12e)), candelabro-
quinone (Fig. (12f)), candesalvone B methyl ester (Fig.
(12h)), candelabrone (Fig. (12i)), candesalvone B (Fig.
(12j)) and candesalvolactone (Fig. (12k)). The effects were
measured for enzyme dependent assay and was found to in-
dicate  similar  inhibitory  activity, while 12-O-
methylcandesalvone B (Fig. (12g)) showed weak inhibitory
activity. The 1Csy values were found to be 3.49-10.42 uM
[42].

AChE inhibiting properties of natural products buxam-
ine-B (Fig. (121)) and buxamine-C (Fig. (12m)) isolated
from Buxus papillosa CK. Schneider and Buxus hyrcana
Pojark species were studied. The buxamine-B and buxamine-
C have been found to inhibit AChE noncompetitively in a
concentration dependent fashion. The ICs, values of buxam-
ine- B and buxamine-C were 74 and 7.5 uM respectively.
Buxamine- B and buxamine-C have two amino groups situ-
ated at both ends of the cyclopentanophenanthrene ring sys-
tem. The structures of these compounds differ only at the C-
3 and C-20 amino substituents. Structurally similar triterpe-
noidal compounds lacking the C-3 and C-20 amino groups
could not inhibit the AChE (Torpedo californica) in concen-
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(a): R'=a-CHj3, R>= -0, R’*=H  kurramine-2’-B -N-oxide, (ICsy 10.0uM)
(b): R'= B-CHs, Rzza-O, R’=H kurramine-2’-a-N-oxide

(¢): R'=CHj, R>=R’=CHj

1,2-dehydroapateline

(d) R=H Cocsoline, (ICs5y 47.6uM)
(e) R=CHj3 Cocsuline, (ICsp 12.0 uM)

Compound R! R?
Fangchinoline CH; CH;
Atherospermoline CH; CH;
Fenfangline E CH; H

Fig. (5). Isoquinoline derivatives.

OH OH
o
b \
JNH
RLlNH o) HoN
R2

(a) R1=R2=CH3 Lycoparin A
(b) R1=CH3,R2=H Lycoparin B

HO
\ HO

JNH
HN  \__ /=0

(d) Carinatumins A, ICsy 4.6 uM) (e) Carinatumins B, ICsy 7 uM)

Fig. (6). Lycopodium alkaloids.

trations up to 1 puM, which demonstrates the importance of
these amino groups on the inhibitory activities of these com-
pounds. The distances of C-3 amino nitrogen in both alka-
loids and quaternary ammonium of decamethonium are 2.8
and 1.2 A°, respectively. Therefore, it can be predicted that
the C-3 tertiary ammonium of buxamine-C is better posi-
tioned as compared to secondary amino group of buxamine-
B [43,15].

(h)

/NH
O

(c) Lycoparin C , (ICs0 25 uM)

(f) Carinatumins C, (IC50 > 100 pM)

3. Triterpenoids

The ethanol extract of Origanum majorana L. was
screened for its inhibitory activity on acetylcholinesterase. It
showed the highest inhibitory effect on AChE in vifro among
the herbs, edible plants and spices screened. By sequential
fractionation of Origanum majorana L., the active compo-
nent was identified as ursolic acid (3 -Hydroxyurs-12-en-28-
oic acid) (Fig. (13a)). The ursolic acid of Origanum
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Fig. (7). Pregnane alkaloids.
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(a) Protopine, ICsp 50 uM

Fig. (8). Protopine.

majorana L. inhibited AChE activity in a dose-dependent
and competitive/non-competitive type. The Ki value (repre-
senting the affinity of the enzyme and inhibitor) of
Origanum majorana L. ursolic acid was 6 pM, and that of
tacrine was 0.4 nM. The ICs, value of the active compound is
7.5 nM and tacrine was 1 uM.

From the Km and Vmax value it was found that the com-
pound inhibited the acetyl cholinesterase in a mixed (com-
petitive / non-competitive) manner [44].

Mukherjee et al.

The methanolic extract of the twigs of Vaccinium old-
hami Miquel, a Korean natural product was found to have
significant acetylcholinesterase (AChE) inhibitory activity.
Bioassay-guided fractionation of the extract resulted in the
isolation of two compounds, taraxerol (Fig. (13b)) and sco-
poletin as active constituents. These compounds were found
to inhibit AChE in a dose-dependent manner, and the ICsg
values of compounds taraxerol and scopoletin were 33.6 (79
uM) and 10.0 (52 uM) mg/mL, respectively. These com-
pounds exhibit good activity due to their low molecular
weight, as they can easily reach the site of action by crossing
the blood-brain barrier [45].

4. Meroterpenoid

A seven-membered lactone type meroterpenoid isoterreu-
lactone A (Fig. (14a)), was isolated from the solid state fer-
mentation of Aspergillus terreus [46]. Meroterpenoids such
as pyripyropene and oxalicine, and seven- membered lactone
type terpenoids such as andilesins, anditomin, fumigatonin,
and obacunol have been isolated from fungi [47,48]. Isoter-

OH
4
o H B-Ho-H CH; H CH;
OH
/"/
 H B-HB-H H CH; CH;
OH
(hy ‘H oH B-H H CH; H
G —O B-HB-H OH CH; CHs

Fig. (9). Steroidal Alkaloids.

R” R®

H o-H Forticine

H o-H Delavine

CH;
H o-H Imperialine

o-H Persicanidine A
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o ,—OCH;

OH O
(a) Hispidone, (ICsp 11.6 uM)

Fig. (10). Flavanones.

H,CO

OCH,4

reulactone A inhibited acetylcholinesterase with an I1Csg
value of 2.5 uM while did not inhibit butyrylcholinesterase
even at 500 pM. Isoterreulactone A inhibited acetylcho-
linesterase in a dose-dependent mode with an ICsy (uM)
value of 2.5. Anti-acetylcholinesterase activity of isoterreu-
lactone A was 10 times weaker than that (0.23 uM) of terreu-
lactone A, which suggested the important role of the ring A
in acetylcholinesterase inhibitory activity.

STEROLS

Haloxysterols A (Fig. (15a)), B (Fig. (15b)), C (Fig.
(15¢)) and D (Fig. (15d)) have been isolated from the chloro-
form soluble fraction of Haloxylon recurvum Bunge ex
Boiss, along with five known sterols, and all of them were
found to inhibit AChE and BChE enzymes in a concentra-
tion-dependent manner. They found a non-competitive type

O cH,

SO

(e}

Hs

(a) Dihydrotanshinone, (ICso 1 pM)

(d) Tanshinone ITA, (ICso>140 uM)

R' R’
(g) H CH3 12-O-methylcandesalvone B
(h) CH; H  Candesalvone B methyl ester

G) H H  Candesalvone B

(1) Buxamine-B, R'=H, R’=H, (ICso 74 pM)
(m) Buxamine-C R'-CHj, R*=H, (ICs 7.5 uM)

Fig. (12). Diterpenoid.

(b) Cryptotanshinone, (ICso 7.0 uM)

(e) Candesalvoquinone

(i) Candesalvone
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HO
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"

CHs CHs
o} /,—o )*O
o) \] CH, o\/.
HO MeO OMe
OMe

(a) Cynatroside B, (ICsy 3.6 uM)
Fig. (11). Pregnane glycoside.

of inhibition. Their similar binding mode is not surprising
because all of them have almost similar structures with mi-
nor differences only in the basic skeleton of the compounds.
The inhibitory potential of these compounds can be the cu-
mulative effect of hydrogen bonding and n-m stacking inter-
actions. The hydroxyl moieties present can be involved in
hydrogen bonding with the amino acid residues of the active
site of the AChE [49].

STILBENES
Two active stilbene oligomers o —viniferin (Fig. (16a))

and kobophenol A (Fig. (16b)) were isolated from the un-

O  cH
o 3
g%
SO

Hs
(c) Tanshinone I, (ICso>50 uM)

(f) Candelabroquinone

(k) Candesalvolactone
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(a) Ursolic acid, (ICso 7.5 nM) (b) Taraxerol, (ICso 79 uM)

Fig. (13). Triterpenes.

derground parts of Caragana chamlague LAMRK (Legumi-
nosae). Both o —viniferin and kobophenol A inhibited AChE
activity in a dose-dependent manner, and the ICs, values
were found to be 2.0 and 115.8 mM respectively. Among the
two, the AChE inhibitory activity of o —viniferin was found
to be specific, reversible and noncompetitive. o — viniferin
has an appropriately bulky structure that masks AChE and
was supposed to prevent acetylthiocholine iodide from bind-
ing to AChE in a noncompetitive manner. In contrast, in the
case of kobophenol A, while it has a bulky structure, its ac-
tivity may be lowered due to the simple difficulty of accessi-
bility to AChE [50].

OCH;

(a) Isoterreulactone A,( ICsp 2.5 M)
Fig. (14). Meroterpenoid.

WITHANOLIDES

The withanolides are a group steroids present in, with a
lactone-containing side chain of nine carbons attached at C-

HO

Haloxysterols A

P

Haloxysterols C

Fig. (15). Sterols.

17. A total of six withanolides were isolated from the whole
plant of Withania somnifera (L.) Dunal. Their structures
were characterized as shown Fig. (17a-17y), respectively.
Compounds 5b, 6b -epoxy-4b, 17a, 27-trihydroxy-1-
oxowitha- 2, 24-dienolide, withaferin-A, 6a,7a-epoxy-Sa,
20b -dihydroxy-1-oxowitha- 2,24-dienolide and 5b, 6b -
epoxy-4b-hydroxy-1-oxowitha-2,14,24-trienolide displayed
inhibitory potential against butyrylcholinesterase, but only
compounds withaferin-A, 2,3-dihydrowithaferin-A and 5b
,6b -epoxy-4b -hydroxy-1-oxowitha-2,14,24-trienolide were
found to be active against acetylcholinesterase. Compounds
(17a-17f) were screened for their anti-cholinesterase activity
in a mechanism-based assay. Compounds 5b, 6b -epoxy-4b,
17a, 27-trihydroxy-1-oxowitha- 2,24-dienolide (ICso 161.5
uM), withaferin-A (ICso 84.0 uM), 6a,7a-epoxy-5a,20b -
dihydroxy-1-oxowitha- 2,24-dienolide (ICso 50.5 pM), and
5b ,6b -epoxy-4b -hydroxy-1-oxowitha-2,14,24-trienolide
(ICsp 124.0 uM) were found to be active against AChE.
Similarly, compounds withaferin-A (ICso 125.0 uM), 2,3-
dihydrowithaferin-A (ICso 500. uM), and 5b,6b -epoxy-4b -
hydroxy-1-oxowitha-2,14,24-trienolide (ICsp 62.5uM) inhib-
ited the activity of BchE significantly [S1].

XANTHONES

The methanol extract of Gentiana campstris (L.) DC
leaves were found to exhibit significant inhibition of AChE
activity. Four xanthones as shown in Fig. (18a-184) were
found to be responsible for the activity. It was found that all

OH

HO

Haloxysterols B

HO :
OH

OH

Haloxysterols D
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(a) a—Viniferin, ( ICsp 2.0 mM)
Fig. (16) Stilbenes.

(a) R=OH

(b) Kobophenol A, (ICsy 115.8 mM)

(6a,7a-epoxy-3b,5a,20b -trihydroxy-1-oxowitha-24-enolide)

(e) R=H, A** (6a,7a-epoxy-5a,20b -dihydroxy-1-oxowitha- 2,24-dienolide), (ICso 50.5 pM)

(b) R'=R?=0H, A ** ( 5b ,6b -epoxy-4b ,17a,27-trihydroxy-1-oxowitha- 2,24-dienolide), (ICs5,161.5 pM)

(c) R'=0OH, R*=H, A **
(d) R'=OH, R*=H

(withaferin-A), (ICso 84.0 uM)
(2,3-dihydrowithaferin-A), (ICsy 50.5 pM)

(f) R'=R*=H, A*®, A'"*" (5b ,6b -epoxy-4b -hydroxy-1-oxowitha-2,14,24-trienolide), (ICso 124.0 uM)

Fig. (17). Withanolides.

the xanthones inhibited the enzyme at less than 0.5ug and
bellidifolin was more active than bellidin and bellidin 8-O-
Bglucopyrnoside was more active than belllidin 8-O-f-
glucopyranoisde suggesting the significance of methoxy
group in position C-3 [52, 3].

OH
0 oR'
U0
OR, O OH
(a) R' =CHj3, R, = B-glucopyranosyl
(b)R'=R,=H

(c)R'=CH;, R, =H
(d) R'=H, R, = B-glucopyranosyl
Fig. (18). Xanthone.

ZEATIN

Zeatin (Fig. (19)) is a member of the plant growth hor-
mone family known as cytokinins. The methanol extract
from Fiatoua villosa (Thunb.) Nakai among 100 traditional

edible plants tested were showed the most potent inhibitory
effect (51%) on acetylcholinesterase in vitro. Zeatin was
isolated from this extract and tested for acetylcholinesterase
inhibitory activity, which could easily reach the site of action
after oral or transdermal administration, because the mole-
cule could cross the blood-brain barrier. Thus this active
component could slow down the decline of cognitive func-
tion and memory in some patients with mild or moderate AD
[53].

NZ NN
|\
Sy
H

Fig. (19). Zeatin.

CONCLUSION

Alzheimer’s disease (AD) is one of the most common
forms of dementia affecting a large number of geriatric
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population, which is due to the depletion of ACh. The ACh
has a very short half-life due to the presence of large
amounts of acetylcholinesterase (AChE), an enzyme which
hydrolyses the ester bond in the molecule, thus leading to
loss of stimulatory activity. Even though amyloid pathway is
also a suggested pathway for the disease, AChE pathway is
so far the most promising hypothesis. The cholinergic hy-
pothesis of Alzheimer’s disease is based on the presynaptic
deficits found in the brains of patients with Alzheimer’s dis-
ease and studies of the role of ACh in animal and human
behaviour. Although it is now clear that cholinergic dysfunc-
tion may not cause cognitive impairment directly, but rather
indirectly, by interfering with attentional processing, the
hypothesis predicted that cholinomimetic drugs would im-
prove cognitive function. This prediction was not fully real-
ized with compounds because the emergence of side effects
that may have constrained the dosing regimen to sub-
efficacious doses. Poor tolerability seems to be less of an
issue for the second generation compounds of the type now
being licensed for the treatment of Alzheimer’s disease.
With improved diagnosis, careful patient selection, and
fewer side effects, such compounds will establish its choli-
nomimetic therapy. Moreover, the emerging relation be-
tween neurotransmission and metabolism of two key pro-
teins involved in Alzheimer’s disease, APP and tau, raises
the possibility that second generation ChE inhibitors may
alter disease pathology and progression. However, acetyl-
cholinesterase inhibitors have been accepted to be the most
effective for the treatment of AD, up to the present. The ef-
fect on the activities of AChE not associated with nervous
transmission is more difficult to predict, but inhibitors of
these aspects of its function have been predicted as worth
exploring in the search for novel drugs.

Ethno medicinal plants have been a huge resource for
AChE inhibition activity [3, 54] and thus used widely for the
treatment of Alzheimer’s disease. The search for the plant
derived molecules has accelerated in view of the benefits of
these drugs not only in the treatement of AD but in other
forms of dementia also [55-58]. More likely is the fact that
discovery of AChE inhibitory compounds in traditional
remedies, may explain their use in improving memory and
other cognitive functions associated with cholinergic stimu-
lation. Several phytomolecules from therapeutically potential
plants play major role as AChE inhibitors. These phyto-
molecules of different chemical classes act by binding to
various active sites of the receptor. The structure of these
phytomolecules plays a major role in this type of inhibition.
The use of the enzyme kinetics for determining the inhibition
by isoenzymes with known variations and mutations in the
amino acid sequence has helped the comparison of several
binding areas. This has been especially facilitated by the use
of molecular modeling programs. By using these techniques
it has been clarified that the positively-charged nitrogen in
these phytomolecules binds to the active site, even though
several molecules have potential activities even in the ab-
sence of nitrogen. Further this was confirmed by earlier hy-
potheses about the structural features necessary for a mole-
cule to have such type of inhibitory effects.

The data concerning AChE inhibitors isolated from the
plants are complicated by the complexity of their molecular

Mukherjee et al.

forms. In spite of the deficiencies in the literature concerning
the correlation of structure with its activity the overall obser-
vation of current status in the research in this regard provide
necessary inputs for boosting strategies to develop a valuable
and more useful molecule from the ethno medicinal re-
sources. Though a good number of AChE inhibitors have
been developed from plants, the present drugs available for
the treatment of AD possess some side effects and are effec-
tive only against the mild type of AD. Hence it is required to
develop a potential phytomolecule from the yet to be ex-
plored ethnomedicinal plants. A potential molecule can be
developed at ease when the relationship between the struc-
ture and their activity is well understood. With this in their
mind scientists will have to look towards nature for another
diverse molecule with a novel mode of action to tackle this
alarming disease.

ACKNOWLEDGEMENTS

The author wishes to express their gratitude to the De-
partment of Science and Technology, Government of India
for financial support through SERC project grant [F. No.-
SR/SO/HS-11/2008. Thanks are also due to the University
Grant Commission [UGC], Government of India, for provid-
ing the financial assistance to the School of Natural Product
Studies, JU. File No 33-119/2007 (SR).

REFERENCES

[1] Raskin, I.; Ribnicky, D.M.; Komarnytsky, S.; Ilic, N.; Poulev, A.;
Borisjuk, N.; Brinker, A.; Moreno, D.A.; Ripoll, C.; Yakoby, N;
O'Neal, J.M.; Cornwell, T.; Pastor, I.; Fridlender, B. Plants and
human health in the twenty-first century. Trends. Biotechnol.,
2002, 20, 522-531.

[2] Mukherjee, P.K.; Venkatesh, M.; Kumar, V. An overview on the
development in regulation and control of medicinal and aromatic
plants in the Indian system of medicine. Bol. Latinoam. Caribe.
Plant. Med. Aromaticas., 2007, 6, 129 — 136.

[3] Mukherjee, P.K.; Kumar, V.; Mal, M.; Houghton, P.J. Acetyl cho-
linesterase inhibitors from plants. Phytomedicine, 2007a, 14, 289-
300.

[4] Mukherjee, P.K.; Kumar, V.; Houghton, P.J. Screening of Indian
medicinal plants for acetyl cholinesterase inhibitory activity. Phy-
tother. Res.,2007b, 21, 1142-1145.

[5] Mukherjee, P.K.; Kumar, V.; Mal, M.; Houghton, P.J. Some Phar-
macognostical Characteristics of Asparagus recemosus Willd
Roots. Planta Med.,2007c, 73, 283-285.

[6] Mukherjee, P.K.; Ahamed, N.; Kumar, V.; Mukherjee, K.; Hough-
ton, P.J. Protective effect of biflavones from Araucaria bidwillii
Hook in rat cerebral ischemia/reperfusion induced oxidative stress.
Behav. Brain. Res., 2007d, 178,221-228.

[7] Francis, P.T.; Palmer, A.M.; Snape,M.; Wilcocke, G.K. The cho-
linergic hypothesis of Alzheimer's disease: a review of progress. J.
Neurol. Neurosurg. Psychiatr., 1999, 66, 137-47.

[8] Moraes-Cerdeira, R.M.; Burandt, C.L. Jr.; Bastos, J.K.; Nanayak-
kara, D.; Mikell, J.; Thurn, J.; McChesney, J.D. Evaluation of four
Narcissus cultivars as potential sources for galanthamine produc-
tion. Planta. Med., 1997, 63, 472-274.

[9] Viladomat, F.; Bastida, J.; Codina, C. Narcissus Alkaloids. XVII.
Obesine, a novel alkaloid from Narcissus obesus. J. Nat. Prod.,
1992, 55, 804-806.

[10] Schrattenholz, A.; Pereira, E.F.; Roth, U.; Weber, K.H.; Albuquer-
que, E.X.; Maelicke, A. Agonist responses of neuronal nicotinic
acetylcholine receptors are potentiated by a novel class of allosteri-
cally acting ligands. Mol. Pharmacol., 1996, 49, 1-6.

[11] Coyle, J.; Kershaw, P. Galantamine, a cholinesterase inhibitor that
allosterically modulates nicotinic receptors: effects on the course of
Alzheimer’s disease. Biol. Psychiatry., 2001, 49, 289-299.

[12] Tariot, P. Current status and new developments with galantamine
in the treatment of Alzheimer’s disease. Expert. Opin. Pharma-
cother., 2001, 2,2027-2049.



Lead Finding for Acetyl Cholinesterase Inhibitors from Natural Origin

[13]

[17]

[18]

[19]

[20]

[21]

[27]

[33]

[34]

Lilienfeld, S. Galantamine - a Novel Cholinergic Drug with a
Unique Dual Mode of Action for the Treatment of Patients with
Alzheimer's Disease. CNS. Drug. Rev., 2002, 8, 159-176.
Thomsen, T.;Kewitz, H. Selective inhibition of human acetylcho-
linesterase by galanthamine in vitro and in vivo. Life. Sci., 1990,
46, 1553-8.

Houghton, P.J.; Rena, Y.; Howes, M. Acetylcholinesterase inhibi-
tors from plants and fungi. J.Nat. Prod. Rep., 2006, 23, 181-199.
Rollinger, J.M.; Schuster, D.; Baier, E.; Ellmerer, E.P.; Langer, T.;
Stuppner, H. Taspine: bioactivity-guided isolation and molecular
ligand-target insight of a potent acetylcholinesterase inhibitor from
Magnolia x soulangiana. J. Nat. Prod., 2006, 69, 1341-6.

David, M.; Pickering, A.T.; Perry, Elaine K. Medicinal Plant Ex-
tracts for the Treatment of Dementia: A Review of their Pharma-
cology, Efficacy and Tolerability. CNS. Drugs., 2000, /3,201-213.
Greenblatt, H.M.; Kryger, G.; Lewis, T.; Silman, I.; Sussman, J.L.
Structure of acetylcholinesterase complexed with (-)-galanthamine
at 2.3 A resolution. FEBS. Letters., 1999, 463, 321-6.

Lo’pez, S.; Bastida, J.; Viladomat, F.; Codina, C. Acetylcho-
linesterase inhibitory activity of some Amaryllidaceae alkaloids
and Narcissus extracts. Life. Sci., 2002, 71, 2521-2529.

Elgorashi, E.E.; Stafford, G. L.; Staden J van. Acetylcholinesterase
Enzyme Inhibitory Effects of Amaryllidaceae Alkaloids. Planta.
Med., 2004, 70, 260-262.

Andrade, M.T.; Lima, J.A.; Pinto, A.C.; Rezende, C.M.; Carvalho,
M.P.; Epifanio, R.A. Indole alkaloids from Tabemaemontana aus-
tralis (Muell. Arg) Miers that inhibit acetylcholinesterase enzyme.
Bioorg. Med. Chem., 2005, 13,4092-4095.

Omura, S.; Kuno, F.; Otoguro, K.; Sunazuka, T.; Shiomi, K.; Ma-
suma, R.; Iwai, Y. Arisugacin, a novel and selective inhibitor of a-
cetylcholinesterase from Penicillium sp. J. Antibiot. (Tokyo)., 1995,
48, 745-746.

Otoguro, K.; Kuno, F.; Omura, S. Arisugacins, selective acetylcho-
linesterase inhibitors of microbial origin. Pharmacol. Ther., 1997,
76,45-54.

Rahman, A.-U.; Wahab , A.T.; Nawaz, S.A.; Choudhary, .M. New
cholinesterase inhibiting bisbenzylisoquinoline alkaloids from
Cocculus pendulus. Chem. Pharm. Bull. (Tokyo), 2004, 52, 802-6.
Markmee, S.; Ruchirawat, S.; Prachyawarakorn, V.; Ingkaninan,
K.; Khorana, N. Isoquinoline derivatives as potential acetylcho-
linesterase inhibitors. Bioorg. Med. Chem. Lett., 2006, 16,2170-72.
Hirasawa, Y.; Kato, E.; Kobayashi, J.; Kawahara, N.; Goda, Y.;
Shiro, M.; Morita, H. Lycoparins A-C, new alkaloids from Lycopo-
dium casuarinoides inhibiting acetylcholinesterase. Bioorg. Med.
Chem., 2008, 16,6167-71

Choo, C.Y.; Hirasawa, Y.; Karimata, C.; Koyama, K.; Sekiguchi,
M.; Kobayashid, J.; Morita, H. Carinatumins A-C, new alkaloids
from Lycopodium carinatum inhibiting acetylcholinesterase.
Bioorg. Med. Chem., 2007, 15, 1703-07.

Choudhary, M.1.; Devkota, K.P.; Nawaz, S.A.; Ranjit, R.; Rahman,
A.-U. Cholinesterase inhibitory pregnane-type steroidal alkaloids
from Sarcococca hookeriana. Steroids, 2005, 70, 295-303.

Asaad, K.; Zaheer-Ul-Haq.; Shazia, A.; Riaz, K.M.; Rahman, A.-
U.; Choudhary, M.I. Kinetics and structure-activity relationship
studies on pregnane-type steroidal alkaloids that inhibit cho-
linesterases. Bioorg. Med. Chem., 2004, 12, 1995-2003.

Rahman, A-U.; Zaheer-ul-Haq, Khalid, A.; Anjum, S.; Khan, M.R.;
Choudhary, M. 1. Pregnane-type Steroidal Alkaloids of Sarcococca
saligna: A New Class of Cholinesterases Inhibitors. Helv. Chim.
Acta., 2002, 85, 678-88.

Jewers, K.; Manchanda, A. H. The proton magnetic resonances
spectra of protoberberium salts. J. Chem. Soc. Perkin II., 1972,
1393-1396.

Tani, C.; Nagakura, N.; Sugiyama, N. Studies on the alkaloids of
Papaveraceous plants. XXI. Alkaloids of Corydalis speciosa Ma-
xim. (1). The isolation of the tertiary bases by the multi-buffered
D.C.C.C. Yakugaku Zasshi, 1975, 95, 838-842.

Kim, D.K.; Lee, K.T.; Baek, N.I.; Kim, S.H.; Park, H.W.; Lim,
J.P.; Shin, T.Y.; Eom, D.O.; Yang, J.H.; Eun, J.S. Acetylcholine es-
terase inhibitors from the aerial parts of Corydalis speciosa. Arch.
Pharm. Res., 2004, 11, 1127-1131.

Adsersen, A.; Kjolbyea, A.; Dalla, O.; Jager, A. K. Acetylcho-
linesterase and butyrylcholinesterase inhibitory compounds from
Corydalis cava Schweigg. & Kort. J. Ethnopharmacol., 2007, 113,
179-182.

[35]

[40]

[43]

[44]

[47]

(48]

[49]

[50]

Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 3 261

Kalauni, S.K.; Choudhary,M.I.; Khalid, A.; Manandhar,M.D.;
Shaheen, F.; Rahman, A-U.; Gewali, M.B. New cholinesterase in-
hibiting steroidal alkaloids from the leaves of Sarcococca coriacea
of Nepalese origin. Chem. Pharm. Bull., 2002, 50, 1423-6.
Rahman, A-U.; Akhtar, M.N.; Choudhary, M. 1; Tsuda, Y.; Sener,
B.; Khalid, A.; Parvez, M. New Steroidal Alkaloids from Fritillaria
imperialis and Their Cholinesterase Inhibiting Activities. Chem.
Pharm. Bull., 2002, 50, 1013-1016.

Li, H.J.; Jiang, Y.; Li, P. Chemistry, bioactivity and geographical
diversity of steroidal alkaloids from the Liliaceae family. Nat.
Prod. Rep., 2006, 23, 735-752.

Ahmad, 1.; Anis, I.; Malik, A.; Nawaz, S. A.; Choudhary, M.I.
Cholinesterase Inhibitory Constituents from Onosma hispida.
Chem. Pharm. Bull., 2003, 51,412-414.

Lee, K.Y.; Yoon, J.S.; Kim, E.S.; Kang, S.Y.; Kim, Y.C. Anti-
acetylcholinesterase and anti-amnesic activities of a pregnane gly-
coside, cynatroside B, from Cynanchum atratum. Planta. Med.,
2005, 71,7-11.

Perry, N.S.L.; Houghton, P.G.; Theolad, A.E.; Jenner, P.; Perry,
E.K. In-vitro inhibition of human erythrocyte acetylcholine esterase
by Salvia lavandulaefolia essential oil and constituent terpenes. J.
Pharm. Pharmacol., 2000, 52, 895-902.

Yuhao, R.; Houghton, P. J.; Hider, R.C.; Howes, M.J .R. Novel
Diterpenoid Acetylcholinesterase Inhibitors from Salvia miltio-
rhiza. Planta. Med., 2004, 70,201-204.

Janicsak, G.; Hohmann, J.; Zupko, I.; Forgo, P.; Redei, D.; Falkay,
G.; Mathe,-1. Diterpenes from the aerial parts of Salvia candela-
brum and their protective effects against lipid peroxidation. Planta.
Med., 2003, 69, 1156-9.

Khalid, A.; Azim, M.K.; Parveen, S.; Rahman, A-U.; Choudhary,
M.I. Stuctural basis of Acetylcholinesterase inhibition by triterpe-
noidal alkaloids. Biochem. Biophys. Res. Commun., 2005, 331,
1528-1532.

Chung, Y.K.; Heo, H.J.; Kim, E.K.; Kim, HK.; Huh, T.L.; Lim,
Y.; Kim, S.K.; Shin, D.H. Inhibitory effect of ursolic acid purified
from Origanum majorana L on the acetylcholinesterase. Mol.
Cells., 2001, 11,137-43.

Lee, J.H.; Lee, K.T.; Yang, J.H.; Baek, N.I.; Kim, D.K Acetylcho-
linesterase inhibitors from the twigs of Vaccinium oldhami Miquel.
Arch. Pharm. Res., 2004, 27, 53-56.

Yoo, I.D.; Cho, K.M.; Lee, C.K.; Kim,W.G. Isoterreulactone A, a
novel meroterpenoid with anti-acetylcholinesterase activity pro-
duced by Aspergillus terreus. Bioorg. Med. Chem. Lett., 2005, 15,
353-356.

Omura, S.; Tomoda, H.; Kim, Y.K.; Nishida, H. Pyripyropenes,
highly potent inhibitors of acyl-CoA:cholesterol acyltransferase
produced by Aspergillus fumigatus. J. Antibiot., 1993, 46, 1168—
1169.

Simpson, T. Applications of multinuclear NMR to structural and
biosynthetic studies of polyketide microbial metabolites. J. Chem.
Soc. Rev., 1987, 16, 123-160.

Ahmed, E.; Nawaz, S.A.; Malik, A.; Choudhary, M. L. Isolation and
cholinesterase-inhibition studies of sterols from Haloxylon recur-
vum. Bioorg. Med. Chem. Lett., 2006, 16, 573-580.

Orhan, D.D.; Orhan, N.; Ergun, E.; Ergun. F.J. Hepatoprotective
effect of Vitis vinifera L. leaves on carbon tetrachloride-induced
acute liver damage in rats. J. Ethnopharmacol. 2007, 112, 145-151.
Choudhary, M.L; Yousuf, S.; Nawaz, S.A.; Ahmed, S.; Rahman,
A-U. Cholinesterase inhibiting withanolides from Withania somnif-
era. Chem. Pharm. Bull., 2004, 52, 1358-1361.

Urbain, A.; Marston, A.; Queiroz, E.F.; Ndjoko, K.; Hostettmann,
K. Xanthones from Gentiana campestris as New Acetylcho-
linesterase Inhibitors. Planta. Med., 2004, 70, 1011-1014.

Heo, H.J.; Hong, S.C.; Cho, H.Y.; Hong, B.; Kim, HK.; Kim,
E.K.; Shin, D.H. Inhibitory effect of zeatin, isolated from Fiatoua
villosa, on acetylcholinesterase activity from PC12 cells. Mol
Cells., 2002, 13;113-117.

Mukherjee, P.K.; Evaluation of Indian Traditional Medicine. Drug.
Inf. J., 2001, 35, 620.

Mukherjee, P.K.; Rai, S,; Kumar, V.; Mukherjee, K.; Hylands, P.
J.; Hider, R. C.; Plants of Indian origin in Drug discovery. Expert
Opin. Drug Discov., 2007, 2, 633 -657.

Mukherjee, P.K.; Wahile, A.; J. Leads from Indian medicinal
plants with hypoglycemic potentials. J. Ethnopharmacol., 2006,
103,25-35.



262 Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 3

[57] Satheesh Kumar, N.; Mukherjee, P.K.; Bhadra, S.; Saha, B.P. Ace-
tylcholinesterase enzyme inhibitory potential of standardized
extract of Trigonella foenum graecum L and its constituents Phy-
tomedicine, 2010, 17,292-295.

[58]

Mukherjee et al.

Satheesh Kumar, N.; Mukherjee, P.K.; Bhadra, S.; Saha, B.P.; Pal.
B.C. Acetylcholinesterase inhibitory potential of a carbazole alka-
loid, mahanimbine, from Murraya koenigii. Phytother. Res., 2010,
24, 629-631.

Received: August 25,2010 Revised: September 14,2010 Accepted: January 05,2011



