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We have theoretically studied new potential candidates of acetylcholinesterase (AChE) inhibitors
designed from cardanol, a non-isoprenoid phenolic lipid of cashew Anacardium occidentale nut-shell
liquid. The electronic structure calculations of fifteen molecule derivatives from cardanol were per-
formed using B3LYP level with 6-31G, 6-31G(d), and 6-311 + G(2d,p) basis functions. For this study we
used the following groups: methyl, acetyl, N,N-dimethylcarbamoyl, N,N-dimethylamine, N,N-diethyl-

amine, piperidine, pyrrolidine, and N,N-methylbenzylamine. Among the proposed compounds we
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identified that the structures with substitution by N,N-dimethycarbamoyl, N,N-dimethylamine, and
pyrrolidine groups were better correlated to rivastigmine, and represent possible AChE inhibitors against

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is characterized by the progressive
impairment of cognitive functions, often accompanied by behav-
ioral disturbances [1]. Unfortunately, the causes of AD have not
been completely elucidated and no disease-modifying treatment is
available yet. However, the most successful approach for the
symptomatic treatment of AD is based on the cholinergic hypoth-
esis, that the cognitive deficit is a consequence of deficiency in
acetylcholine (ACh) and decreased cholinergic neurotransmission
[2-4].

Whitehouse et al. [5] showed that AD could also be associated
with the reduction of the quantity of presynaptic nicotinic and
muscarinic (M2) receptors of ACh, with retention of postsynaptic
muscarinic receptors (M1 and M3) [6]. Besides ACh, Storga et al. [7]
and Coyle et al. [8] verified that the levels of other neurotrans-
mitters, such as serotonin, noradrenaline, dopamine, glutamate and
substance P, are significantly reduced. The effects of ACh are
terminated by acetylcholinesterase (AChE), which hydrolyzes ACh
via an acylenzyme mechanism that involves nucleophilic (serine)
and general acid base (histidine) elements [9-11]. Thus an AChE
inhibitor (AChEI) may improve cholinergic neurotransmission and
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could be used as a natural therapeutic strategy in order to attenuate
the cognitive deficit in AD [3,4,12,13]. Therefore, several experi-
mental and theoretical methods have been applied to study
acetylcholinesterase, as well as novel candidate AChEIs [14-19].

Anticholinesterasic compounds such as tacrine and donepezil,
as well as the alkaloids galantamine, physostigmine, huperzine and
acetyl-spectaline showed promising activity for AD treatment [20].
Another centrally acting and slowly reversible cholinesterase
inhibitor, called rivastigmine, was approved for AD by the FDA [20].
Rivastigmine increases the concentration of ACh through a long-
lasting carbamoylation of acetylcholinesterase, enhancing cholin-
ergic function.

In searching for new compounds useful for AD treatment, we
designed new candidate AChEIs from non-isoprenoid phenolic
lipids (NIPLs) of Anacardium occidentale [21]. Anacardic acids, car-
dols, cardanols and methylcardols are the main NIPL components of
the cashew nut-shell liquid (CNSL) and have been used for potential
bioactive compounds generation [22-24]. The phenolic lipid
derivatives have electronic, structural and hydrophobic character-
istics relevant for the molecular recognition of AChE. In a recent
work [21] we have compared the electronic properties (HOMO,
LUMO, HOMO -1, LUMO -1, energies and derived values) of
modified phenolic lipids against rivastigmine, using semi-empirical
and RHF methods. The molecular pattern used involves the
hybridization between the primary pharmacophoric subunit of
rivastigmine and the secondary subunit of an alkyl side chain of
acetyl-spectaline.
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Fig. 1. Schematic representation and notation used for the compound series obtained from the cardanol pattern with substitution of R1 and R2 groups.

In the present study new properties were included, e.g.,
charge of aromatic ring, carbon and nitrogen, using B3LYP level
with 6-31G, 6-31G(d), and 6-311 +G(2d,p) basis functions.
These properties, taking into account correlation effects, were
used in the Principal Components Analysis (PCA), a multivariate
statistical method [25]. In order to improve this analysis, the
PCs were obtained in a three-dimensional PCA model. There-
fore, these B3LYP results complement our previous study [21].
Furthermore, these results could improve the knowledge of
important properties for AChE inhibition.

This paper is organized as follows. In Section 2, we present the
methodologies for the electronic property calculations of CNSL
phenolic lipid derivatives and for the three-dimensional PCA in
order to correlate with the rivastigmine structure. The results and
their discussion are given in Section 3. In Section 4 we present the
main conclusions.

2. Methodologies

We have recently [21] proposed a new set of AChEI molecules
based on the substitution of hydrogen from the phenolic group of
cardanol (R1 in Fig. 1) by groups such as (a) methyl, (b) acetyl, and
(c) N,N-dimethylcarbamoyl, as well as substitutions at the benzylic
carbon from the side chain (R2 in Fig. 1) by secondary amines, e.g.,
(1) N,N-dimethylamine, (2) N,N-diethylamine (3) pyrrolidine,
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Fig. 2. Contribution of E(LUMO + 1) versus C-Ng, for the cardanol derivatives and
rivastigmine.
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Table 1

Notation used for the substitution of hydrogen from the phenolic group of cardanol
(R1 in the Fig. 1) and benzylic carbon from the side chain (R2 in the Fig. 1). CA stands
for cardanol.

Compound number Structure
01 CA_a_1
02 CA_a_2
03 CA_a_3
04 CA_a 4
05 CA_a 5
06 CA_b_1
07 CA_b_2
08 CA_b_3
09 CA_b_4
10 CA_b_5
1 CA_c1
12 CA_c 2
13 CA_c_3
14 CAc 4
15 CA_c 5
16 Rivastigmine

(4) piperidine, and (5) N,N-methylbenzylamine. The variations
obtained from the substitutions yielded fifteen structures of car-
danol derivatives. Table 1 shows the notation used for the cardanol
derivative compounds used in this work.

Geometries of these fifteen structures as well as rivastigmine
were taken from the optimized results [21] using the semi-empir-
ical AM1 and PM3 methods. Conformational analysis of minimum
energy was performed using the potential energy surface maps
(Fig. 3 of Ref. [21]). These minimum structures were fully optimized
and the procedures for this study used the following steps:

e The single point electronic property calculations, i.e., energies
of the two highest occupied molecular orbitals ECHOMO) and
E(HOMO — 1), energies of the two lowest unoccupied
molecular orbitals E(LUMO) and E(LUMO + 1), charge of
aromatic ring (see Fig. 1 for the notation), charge of C1; (C-Cy1),
charge of Osg (C-0s56) and charge of nitrogen belonging to R2
group (C-Ng3) were performed using B3LYP method with the
following basis sets: 6-31G, 6-31G(d) and 6-311 + G(2d,p).

e From these electronic data we next derived the GAP
[E(LUMO) — E(HOMO)], GAP + 1 [E(LUMO + 1)-E(HO
MO —-1)], AH-1 [E(HOMO)-EHOMO —1)] and AL+1
[E(LUMO + 1) — E(LUMO)] properties.

The calculations were carried out using Gaussian03 computa-
tional program [26].

In order to compare the electronic properties obtained from the
fifteen cardanol derivatives with rivastigmine, we have used PCA.
This method reduces the initial parameter set (electronic proper-
ties) to the most relevant ones regarding the ability to select
compounds that are more similar to rivastigmine. The PCA data
were auto scaled using the average values of each electronic
property as zero and the related standard deviation as unit. This
procedure was used in order to eliminate artificial effects, where
some electronic properties with large values could dominate the
analysis. The next step was to analyze each property of fifteen
derivatives with the aim of selecting compounds that most
resemble rivastigmine. We have also analyzed pairs of electronic
property relationships among the fifteen compounds. This last
analysis was important to yield the most relevant variables in
relation to rivastigmine. For example, Fig. 2 shows the contribution
of E(LUMO + 1) versus C-Ng, for the cardanol derivatives and
rivastigmine. From these preliminary data, the electronic variables
used for the PCA calculation were modified and then classified into

Fig. 3. Optimized geometry of rivastigmine. The HOMO — 1 orbital of rivastigmine at
B3LYP/6-311 + G(2d,p) level is also shown.

the principal components (PCs) in order of significance. The first
component is a linear combination of electronic properties with the
highest variance of data in relation to the others.

3. Results and discussion

The values for the studied properties taken from the fifteen
structures were very close for all basis sets considered. Conse-
quently, throughout the text we have reported only the most
extended basis set 6-311 + G(2d,p) in order to better represent the
final results.

The HOMO — 1 orbital of rivastigmine at B3LYP/6-311 + G(2d,p)
level using AM1 optimized geometry (Fig. 3) shows a main
contribution from the m orbital of the aromatic ring. The same
contribution of HOMO — 1 orbital is found for all calculated struc-
tures, i.e., the contributions are centered mainly in the fragment
analogous to rivastigmine for all compounds.

Table 2 presents the results of HOMO — 1, HOMO, LUMO and
LUMO + 1 energies, and also the charge of benzyl ring, Cy1, Osg, and
Ng2 of cardanol derivatives and rivastigmine.

A systematic study was performed considering binary analysis
of all properties, PC variance and weight of the calculated electronic
data. Fig. 2 shows the E(LUMO + 1) versus C—Ng; for the CA_c_1 and

Table 2

Electronic structure values for E(HOMO — 1), E(HOMO), E(LUMO), E(LUMO + 1),
charge for ring, C-Cq3, C-0s6 and C-Ng; of fifteen compounds derived from cardanol
and rivastigmine (16).

Orbital energies (eV) Charge

HOMO-1 HOMO LUMO LUMO+1 Ring Cy Os6 Ng2
01 -6.13 -574 -037 -015 0.20 035 -038 -046
02 -6.16 -545 -038 -0.11 0.22 015 -036 -0.64
03 -6.18 -543 -040 -0.09 029 -0.08 -035 -043
04 -6.11 -550 -035 -0.12 0.21 031 -038 -0.62
05 -6.11 -577 -049 -035 0.04 040 -035 -045
06 -6.77 -581 -0.55 -0.50 0.28 041 -054 -047
07 —6.50 -581 -0.78 -0.36 0.27 033 -052 -0.70
08 -6.83 -553 -056 —0.51 0.35 015 -054 -047
09 -6.67 -554 -0.50 -042 0.29 035 -054 -0.59
10 -6.80 -587 -0.59 -0.58 0.34 031 -054 -041
1  -6.76 -580 049 -048 0.21 048 -043 -0.46
12 -6.62 -556 -034 -0.28 0.19 046 -045 -0.73
13 -6.78 -545 -0.51 -045 034 -010 -044 042
14 -6.59 -550 -039 -0.26 0.21 026 -044 -—0.65
15 -6.67 -569 -061 -0.57 0.33 005 -043 -035
16 -6.64 -599 -049 -044 0.19 033 -039 -042
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CA_c_3 cardanol derivatives (Table 1) that most resemble
rivastigmine.

Initially, we have used the properties of all structures in the PC
analysis. Then we have excluded some of the properties from this
analysis trying to find their relevance. This allowed us to find the
three most significant properties divided into three cases, named
cases I, II and III (Fig. 4). We identified that the descriptors
E(HOMO — 1), E(LUMO + 1) and C-0Osg are common to the three
cases. They appeared to be the main properties for a good clustering
among the structures best correlated to rivastigmine. Besides these

I
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properties we also identified C-Ng», used in cases I and III, LUMO,
used in cases Il and IIl, and AL+ 1, used in case II, as suitable
descriptors. Table 3 presents the variance of each component (PC1,
PC2, and PC3), with its respective percentage. In case Il we had the
highest percent value for PC1 and we had the best percent of
cumulative variance, nearly 97.5%, for the first three PCs in cases I
and II. Table 4 shows the weights of the most significant properties
for the first three PCs. We found from the PCA analysis (Fig. 4) that
the structures that are best correlated to rivastigmine are the
dimethylcarbamates 11 (CA_c_1) and 13 (CA_c_3) for all three cases
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Fig. 4. Score plots of sets I, I, and III obtained from the PCA, showing the separation of cardanol derivatives and rivastigmine.
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Table 3
Variance, percent and cumulative in cases I, Il and III of PC1, PC2 and PC3 obtained with PCA.
Case I Case Il Case III
Variance Percent Cumulative Variance Percent Cumulative Variance Percent Cumulative
PC1 39.35 65.59 65.59 51.00 68.00 68.00 47.01 62.68 62.68
PC2 16.48 2747 93.06 16.46 21.95 89.95 16.50 22.00 84.68
PC3 2.65 4.41 9747 5.87 7.82 97.77 8.13 10.84 95.52

studied. These results indicated the substituents most likely to yield
promising candidates to the development of AChE inhibitors for the
treatment of AD from cardanol.

The predictions of the analysis were then evaluated experi-
mentally for the series of dimethylcarbamates 11-15. The
compounds were synthesized from cardanol as hydrochlorides,
using standard methods. Enzyme inhibition was assayed as
previously described [31], except that purified AChE from Elec-
trophorus electricus was used instead of tissue homogenates.
Compounds 11-13 inhibited AChE in a concentration-dependent
manner (Fig. 5), while 14 and 15 showed little activity, inhibiting
the enzyme by less than 25% at 100 uM. The dimethylamino 11
was the most potent, with an ICs5g of 50.0 uM, followed closely by
the pyrrolidinyl 13 (84.3 pM) and the diethylamino 12 (251.1 pM).
Thus, the PCA procedure correctly selected the two most potent
compounds in the series.

According to the literature [27-29] rivastigmine reaches the
bottom of the active-site gorge where it interacts with the Ser200
residue of the catalytic triad Ser200-His440-Glu327 through its
carbamoyl moiety while the aromatic and the ammonium groups
are addressed to interact with the conserved residue Trp84 (adja-
cent to the catalytic triad) and a second aromatic residue, Phe330,
which seems to be involved in cation-m aromatic or hydrophobic
interactions. By a common mechanism of inhibition, the carbamoyl
group is covalently linked to the active-site serine, while the
leaving group, (—)-S-3-[1-(dimethylamino)-ethyl]phenol (NAP),
itself a competitive AChE inhibitor, remains in the active-site gorge.
Bar-On and co-workers demonstrated that phenol group of NAP is
within hydrogen bonding distance to interact with the backbone of
the Gly118 residue, while aromatic and methyl groups make
hydrophobic-aromatic and m-7 interactions with Trp84 and
Phe330 [27].

Considering the possibility that the cardanol derivatives are
able to penetrate deeply until reaching the bottom of the active-
site gorge in the same way of rivastigmine and taking into account
the results previously described by Sterling and co-workers [30]
that showed a 30-fold higher AChEI activity of the N,N-
dimethylcarbamoyl analogue of rivastigmine in comparison with
the N,N-ethyl-methylcarbamoyl moiety, we expect a better access
of the Ser200 residue to the N,N-dimethylcarbamoyl moiety of
CA_c_1 (11) and CA_c_3 (13) resulting in the carbamoylation of
this residue. In order to evaluate the influence of the hydrophobic
contribution as well as conformational freedom of the ammonium

Table 4
Weight of electronic properties ECHOMO — 1), E(LUMO + 1), C-Osg, C—Ng, E(LUMO)
and AL+ 1 of PC1, PC2 and PC3 in cases I, I and III, obtained with PCA.

Case I Case I Case III

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

E(HOMO-1) 058 012 0.61 051 -015 -022 050 010 -0.52
E(LUMO+1) 059 -017 013 052 -0.04 044 054 -018 -0.10

C-0s6 0.51 044 -0.72 046 023 -0.74 047 043 -0.09
C-Ng2 -023 087 030 -020 088 0.05
E(LUMO) 036 066 043 044 003 0.84
AL+1 036 -0.69 018

moiety, the dimethylamine (11) and its conformationally con-
strained bis-homologue pyrrolidine (13) groups were selected. In
this case, the increase of a hydrophobic region in the pyrrolidine is
expected to interact with the Trp84 and Phe330 residues better
than dimethylamine, unless there is a steric restriction in the
adjacent catalytic triad region delimiting the volume accessible to
the pyrrolidinium group. Concerning the long aliphatic side chain,
we expected it to accommodate along the gorge, where there are
possible interactions with complementary hydrophobic/aromatic
aminoacid residues.

On the other hand, Castro and co-workers [31] using flexible
docking experiments pointed out that derivatives of the natural
piperidine alkaloid (—)-spectaline were not likely to interact with
the active-site triad, possibly due to the volume of long aliphatic
side chains. In a similar manner, if the volumes of the long aliphatic
side chain of CA_c_1 (11) and CA_c_3 (13) do not allow the deriv-
atives to reach the bottom of the active site, they might be able to
interact similarly to spectaline or even donepezil [15] by cation-7
and m-m aromatic interactions of the ammonium groups and the
aromatic moiety with the aromatic residue Phe330, Trp84 halfway
up the active-site gorge or Trp279 at the peripheral anionic site
(PAS), while hydrogen bonds are expected to occur with ammo-
nium and carbamate groups from the backbone of the aromatic and
hydrophobic and hydrogen bond donors at the PAS residues, e.g.,
Tyr70, Tyr121 and Trp279, and Phe288, Phe290, Phe331, Arg289
and Ser286 above the PAS at the top of the gorge as well as water
molecules [15]. Since the walls of the gorge are lined predominantly
by aromatic residue side chains, hydrophobic interactions from the
long aliphatic chain of these cardanol derivatives are expected to be
a significant contribution in the recognition by AChE and modula-
tion of their activities.

AChE V., (%)

0 L) L) L) L]
0.1 1 10 100 1000

10000
Concentration (uM)

Fig. 5. Acetylcholinesterase inhibiton curves for selected cardanol derivatives. Symbols
are means + SD (n = 3) of E. electricus AChE maximum reaction velocity (Vimax) relative
to control (without inhibitor). The solvent had negligible effects at the concentrations
tested. The lines depict the regression function for the standard single-site complete
inhibition model.
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4. Conclusions

The aim of this work was to investigate newly designed candi-
dates AChE inhibitors based on cardanol derivatives using a multi-
variate analysis.

For the achievement of our purpose we have used the B3LYP
method with the 6-31G, 6-31G(d) and 6-311 + G(2d,p) basis func-
tions. Final results were reported using the extended 6-311 + G(2d,p)
basis set. The analyses of the proposed structures were performed by
pairs in order to find the main descriptors, based on the correlation
with rivastigmine. The most relevant electronic properties emerging
from the PCA were E(HOMO — 1), E(LUMO + 1), C-0Os6, C-Ngo,
E(LUMO) and AL + 1.

The PCA also showed that compounds 11 and 13 are better
correlated to rivastigmine. The analyses predicted a possible
activity of these compounds as inhibitors of AChE and this was
confirmed by synthesis and phamacological testing. Efforts to
further clarify the mechanism of enzyme inhibition of these
compounds are currently under way.
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