
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

8:
10

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A new guanylhyd
aChemistry Department, Military Institute o

22290-270, Praia Vermelha, Rio de Janeiro,

+55 21 2546 7057
bInstitute of Biosciences – Federal University

Janeiro, Brazil

† Electronic supplementary information (E
graphs, IR and NMR spectra are ava
comprehension of the results. See DOI: 1

Cite this: RSC Adv., 2017, 7, 33944

Received 12th April 2017
Accepted 9th June 2017

DOI: 10.1039/c7ra04180b

rsc.li/rsc-advances

33944 | RSC Adv., 2017, 7, 33944–3395
razone derivative as a potential
acetylcholinesterase inhibitor for Alzheimer's
disease: synthesis, molecular docking, biological
evaluation and kinetic studies by nuclear magnetic
resonance†

Denise Cristian Ferreira Neto, a Marcelle de Souza Ferreira, a Elaine da Conceição
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The development of pharmacological agents for the treatment of Alzheimer's Disease (AD) is very relevant

since this is the most common type of dementia. The inhibition of acetylcholinesterase (AChE) is important

to increase the low levels of acetylcholine (ACh) neurotransmitter observed in sick people, which is

associated with the memory loss. In this work, a new guanylhydrazone was designed and synthesized as

an AChE inhibitor. This new compound was compared to tacrine and other guanylhydrazones. All of

them were studied by molecular docking and tested in vitro as AChE inhibitors by Ellman's test and Fig-

NMR method. A high inhibition of AChE by the new compound was observed, showing that this

compound has great potential for the treatment of AD.
Introduction

Alzheimer's Disease (AD) is characterized by the loss of
cholinergic function and a chronic and progressive neurode-
generative disorder affecting memory, cognition and
behavior.1,2 It is the most common cause of dementia in old
people, it being estimated that there were around 46.8 million
cases worldwide in 2015.3,4

Due to the increase in life expectancy, a signicant increase
in the number of cases is expected for the next years. This
number will almost double every 20 years, reaching 74.7 million
in 2030 and 131.5 million cases in 2050.3,4 Usually, AD takes
about 8 to 10 years from the rst symptoms to death, its diag-
nosis being mainly done through predetermined clinical
criteria with the exclusion of other causes of dementia.5–7

Currently, the most accepted hypothesis is that some of the
symptoms of AD result from changes due to the deciency of
neurotransmitters that are responsible for the transmission of
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nerve signals from one neuron to another. The progression of
AD occurs through the decline in the level of neurotransmitters
including the cholinergic neurons and the forebrain.8,9 Patients
with AD have a remarkable alteration of the cholinergic system,
with decreasing activity of the choline acetyltransferase, mainly
in the cerebral cortex and hippocampus. Also the activity of
acetyl coenzyme A is decreased which leads to a very important
decrease in the acetylcholine (ACh) levels. This is known as
cholinergic hypothesis and reveals that a possible treatment,
which has been quite effective in reducing the symptoms, is the
use of inhibitors of acetylcholinesterase (AChE) to prevent the
breakdown of acetylcholine (ACh).10–12

The current therapy of AD is based on three pillars:
improving cognition, slowing the progression of the disease
and relieving the symptoms and behavioral changes.13–15

Currently, six drugs are approved by the Food and Drug
Administration (FDA). Four of them are AChE inhibitors:
donepezil, galantamine, rivastigmine, and tacrine.16–18 Tacrine
was the rst commercial drug approved by the FDA, in 1993, for
the treatment of AD.17,18 However, its use is associated with
increased risk of hepatotoxicity observed in 30% to 50% of the
cases. Nowadays it is used only when other drugs do not show
good results in treatment. Its structure, however, has been
widely used for the design of many other bioactive analogs with
different levels of selectivity and lower toxicity17–27 and has
motivated the development of analogues to improve the phar-
macokinetic prole.22,24
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The structure of guanylhydrazones 2, 3, 4, 5, 6 and 7 designed for the treatment of Alzheimer's disease.
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In this work, we synthesized a new guanylhydrazone (2) that
showed high inhibition of AChE. This new compound was
compared to tacrine and other guanylhydrazones previously
synthesized by our group28–30 (Fig. 1). The guanylhydrazones
represent a class of compounds that presents a great variety of
biological activity, and have been successfully used as antihyper-
tensive,31 trypanocidal,32,33 antineoplastic,34 antibacterial35 and
more recently as very effectives inhibitors of HuAChE for AD.36

These synthesized compounds were tested as inhibitors of
the AChE enzyme by NMR test (Fig-NMR)37 and the results were
compared to the Ellman's test.38
Results and discussion
Chemistry

In order to interact with the active site of the AChE ligands
should have groups with positive charge. In previous studies by
our research group using molecular modeling and inhibition
tests it has been found that the cationic site of guanylhy-
drazones are appropriate to interact with the anionic region of
the AChE active site and compete with acetylcholine.39,40 For this
reason, a new guanylhydrazone (2) having some structural
similarity with tacrine was prepared. Its guanidine group,
a cationic group, can interact with the anionic site of the active
site of the enzyme, and NMR results showed that this new
guanylhydrazone is a more efficient inhibitor than tacrine.

The synthesis of compound 2 involved two steps: (i) the
reaction of 2-amino-3,5-dibromobenzaldehyde with dimedone to
obtain compound 1 (5,7-dibromo-3,4-dihydro-3,3-dimethylacri-
din-1(2H)-one) (Scheme 1); (ii) reaction between (1) and amino-
guanidine hydrochloride (H2N–NH–C(NH2)$HCl) giving
compound 2 (Scheme 1) with yield of 80%. For this reaction,
Scheme 1 Synthesis of compounds 1 and 2 from the reaction between

This journal is © The Royal Society of Chemistry 2017
there are two different step mechanisms. In the rst one, the
dimedone reacts with the C]O of the benzaldehyde; it follows
the reaction of the –NH2 group with the C]O of dimedone. The
second one would be the reaction between the –NH2 group from
the benzaldehyde and one of the carbonyl groups of dimedone,
followed by the reaction of the –CH2 group of dimedone with the
C]O group of the benzaldehyde. This mechanism is illustrated
in the ESI (Scheme S.1†).

The other guanylhydrazones (3, 4, 5, 6 and 7) were prepared
by the reaction of aminoguanidine hydrochloride with some
aldehydes (see ESI, Scheme S.2†), as previously described.28–30

Although guanylhydrazones 3–7 have already been reported in
the literature, they had not been tested yet as AChE inhibitors.

The NMR data and IR spectra for compounds 2–7 are given
in the ESI (Fig. S.1–S.21†).
In silico bioactivity study

Structure optimization of compounds and calculation of
pharmacokinetic and toxicological properties. For the minimi-
zation calculations, the RM1 method was used because it
generates smaller calculation errors than the AM1 and PM3
methods.41 For the calculation of the energy the ab initio
method of Hartree–Fock with 6-31G* base function was used.
This set possesses a polarization function for heavy atoms, i.e.,
atoms other than hydrogen, to obtain descriptors that may be
correlated with the experimental biological activity. The opti-
mized structures for the molecules are shown in Fig. 2.

For development of AChE inhibitors with enhanced phar-
macological prole, the prediction of physicochemical proper-
ties is the most emphasizing parameter. Molecular descriptors
and drug likeliness properties of compounds were analyzed
2-amino-3,5-dibromobenzaldehyde and dimedone.

RSC Adv., 2017, 7, 33944–33952 | 33945
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Fig. 2 Optimized structures of compounds 2–7 (showed in Fig. 1) and tacrine (TAC) obtained from Spartan'10 program. The structures were
designed and submitted to the conformational analysis usingMMFF force field, to explore the energetically favorable forms of themolecules. The
most stable conformation showed in this figure was selected for the docking studies.
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View Article Online
using the tool Molinspiration and Osiris Property explorer,
based on the Lipinski Rules of ve42,43 (see ESI, Table S.1†). The
solubility (clog S) of synthesized compounds was found in an
acceptable range (<4). All compounds showed lipophilicity
(clog p) <5, indicating that they have a good drug-likeness
prole.43,44 They also showed a low molecular weight (<500)
which means that drug molecules can be easily transported,
diffused and absorbed compared to heavy molecules.42,43 The
topological polar surface area (TPSA) is the sum of the van der
Waals surface areas of the polar atoms (oxygen and nitrogen)
and it is related to the evaluation of cellular permeability and
the in vivo bioavailability of a therapeutic agent. The synthe-
sized compounds 2 and 7 showed TPSA < 90 Å (see ESI, Table
S.1†), indicating that they have good bioavailability by oral
route.42,43 In this study, drug-likeliness property44–46 and toxicity
were studied using Osiris tools. Results indicated no toxicity
risks (mutagenicity, tumorogenicity, irritation, reproduction),
and revealed a good score when compared to the control tacrine
(see ESI, Table S.1†).

Molecular docking studies

For the study of the interaction between the guanylhydrazones
and the enzyme AChE by molecular docking, AutoDock 4.2
soware was used. The results were compared to the molecular
33946 | RSC Adv., 2017, 7, 33944–33952
docking of tacrine (used as a reference). To perform molecular
docking, it was necessary to validate the Grid Box. This was
done through molecular redocking with the enzyme TcAChE
and tacrine, since the three-dimensional structure of that
protein (cod: 1ACJ, PDB) was co-crystallized with this ligand
(Fig. 3).

The RMSD obtained for the redocking of tacrine inside of the
3D structure of TcAChE was 0.61, conrming the effectiveness
of AutoDock 4.2. Aer that, docking for compounds 2–7 and
tacrine (TAC) was performed. Results (Table 1) show the
possible interactions between the enzyme and the binder, such
as binding and intermolecular energies and inhibition
constant. Negative values of free energy and intermolecular
energy are observed for all compounds, indicating they all have
affinity for the active site of the enzyme. Guanylhydrazones 2
and 7 form the most stable complexes, showing these
compounds should have a higher affinity with the enzyme.

The results obtained for possible hydrogen bonds and van
der Walls interactions are listed in Table S.2 (ESI†) and in Fig. 4
showing the docking model for compounds 2–7 and tacrine.

The coupling results (Fig. 4) showed that, like tacrine, gua-
nylhydrazone 2 interacts with His440 that is located in the
catalytic triad at the entrance of the active site. Interaction with
Asp72, Ser122 and Phe330 residues of the peripheral anion site
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Redocking of tacrine in Torpedo californica AChE (cod: 1ACJ, in PDB) was done in the AutoDock 4.2 program for validation of the Grid
Box.; in orange, tacrine from the crystal and in magenta, tacrine generated by redocking.47

Table 1 Binding and intermolecular energies from molecular docking
for compounds 2–7 and tacrine (TAC)

Compound
Binding energy
(kcal mol�1)

Intermolecular energy
(kcal mol�1)

2 �10.44 �10.74
3 �7.06 �8.26
4 �7.93 �8.52
5 �6.96 �7.85
6 �7.74 �8.63
7 �10.45 �10.75
TAC �8.01 �8.01
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(PAS) was also observed. The Phe330 residue is directly involved
in the recognition of quaternary linkers.46–48 This residue is very
exible and adopts different conformations through p–p

stacking or cation p interaction with the ligands that bind to it.
The PAS ligand that is stacked between the side chains of the
Phe330 residue clogs the active site cavity. Thus, binding of
a ligand at this position blocks the substrate inow and outlet
of the active site base, having a great functional importance.49

Guanylhydrazone 2 has a cationic group (the guanidine group)
that showed interaction with the residues Trp84, Glu199 and
Gly441 at the anionic site of the active site of the enzyme.

Compounds 4–7 also showed interaction with His440, being
this interaction crucial for the hydrolysis of the ACh substrate.
Exception is observed for compound 3, that can indicate this
compound would not be a good AChE inhibitor. It is also
observed for all compounds an interaction involving Phe330
and Trp84. Silva et al.46 showed the importance of this binding
because Phe330 is responsible for the stabilization of tacrine in
the active site, which also enables the interaction with Trp84.
This amino acid is located in the catalytic cavity, close to the
catalytic triad (Ser200–His440–Glu327).48 It has been used as an
important marker for successful molecular docking studies due
to the cation–pi interaction between its indole ring and the
quaternary salt group from acetylcholine.50

According to the docking results, the interactions observed
for compounds 2 and 7 are very important and could guarantee
the good degree of inhibition indicating that they are promising
inhibitors in the treatment of AD.
This journal is © The Royal Society of Chemistry 2017
Biological evaluation and kinetic study by Ellman's test and
NMR methods

To evaluate the inhibition potential of the compounds, two
different methodologies were used: the NMR method (Fig-
NMR)37 and Ellman's test38 using tacrine as reference. The AChE
from E. electricus (EeAChE) was chosen as it displays an identical
active site and a very similar activity to the human enzyme.51,52

Typically, enzyme inhibition studies are conducted using UV-
visible spectroscopy, which is fast, very cheap and has high
sensitivity. However it has some disadvantages. As it is a color-
imetric method, analysis using colored compounds (this is the
case of the synthesized compounds) can lead to conicting
results. In other cases, in order of observing the results, UV
analysis requires the use of a second enzyme, which is used to
convert the substrate of the primary enzyme into a secondary
one. This is the case of Ellman's test, commonly used for kinetic
studies of AChE, which uses acetylthiocholine instead of
acetylcholine (ACh) as substrate for the test.38

For these reasons, it is important to perform other methods
of analysis in parallel. In this work, in addition to the traditional
Ellman's test, we also used the NMR kinetics test37 for the
inhibition studies of the compounds with AChE. This method is
simple and can be applied using acetylcholine as substrate to
test all kinds of inhibitor compounds, including the colored
compounds of this work (ESI, Fig. S.39†). Knowing that in the
hydrolysis of acetylcholine by AChE two compounds are formed,
the acetic acid (or acetate, due to the aqueous medium) and
choline, the methyl groups of those two compounds were
monitored. This is because these signals absorb as distinct
singlets in the 1H-NMR spectrum. Because of the stoichiometric
ratio (1 : 1), for each mole of acetylcholine that is consumed in
the reaction, onemole of acetate is formed. So direct integration
of the two signals can be directly used in the analysis.

Table 2 shows an important agreement between the results for
both methods, conrming that NMR is a very good and useful
method for the biological evaluation of acetylcholinesterase
inhibitors. NMR also allowed the kinetic study and the deter-
mination of the inhibition percentage for all compounds (see
Fig. S.29–S.35 in ESI†). By comparing the results between the
methods, it is interesting to observe that by NMR compound 2 is
a better inhibitor when compared to tacrine.
RSC Adv., 2017, 7, 33944–33952 | 33947
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Fig. 4 Molecular docking results for compounds 2–7 and tacrine with EeAChE. All compounds interact with Phe330 and Trp84, important
residues for the stabilization in the active site. Compound 3 is the only one that doesn't interact with the catalytic triad (Ser200–His440–Glu327).
Compounds 2 and 7 show pi stacking when interacting with the enzyme. For more details, see text and ESI, Fig. S.22–S.28†.

Table 2 Results for the inhibition of EeAChE by Ellman's and NMR
tests

Compounds
Ellman's test
EeAChE inhibition (%)

NMR test EeAChE
inhibition (%)

2 93.49 � 0.52 94.31 � 0.60
3 14.93 � 2.66 29.63 � 2.91
4 40.12 � 1.22 47.08 � 1.12
5 89.77 � 0.45 81.76 � 1.07
6 37.50 � 2.56 38.81 � 3.73
7 88.77 � 1.35 92.55 � 1.97
TAC 100.00 � 0.42 93.50 � 5.42
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Guanylhydrazones 3 and 4 showed inhibition of 29.63% and
47.08% respectively, by the NMR method (Table 2). These
compounds are not good EeAChe enzyme inhibitors, as ex-
pected from the energy values from docking results (Table 1).
33948 | RSC Adv., 2017, 7, 33944–33952
Also by NMR, the guanylhydrazone 5 showed 81.76% inhi-
bition (Table 3 and Fig. S.32 in ESI†) and the guanylhydrazone
6, 38.81% (Table 2 and Fig. S.33 in ESI†).

Docking results demonstrated that both compounds
exhibited the same interactions with those residues (see ESI,
Table S.2†). However, also from docking results, the obtained
energies (Table 1) suggested that compound 5 should not be
a better inhibitor than compound 6. This can be explained
because sometimes docking studies (theoretical) show different
results from in vitro experiments due to program limitations.
Despite of these compounds (5 and 6) having a similar struc-
tures (by changing only the nitro substituent by the amino
group in the molecule), in vitro results suggest that an electro-
negative substituent, such as the nitro group of compound 5,
may favor the inhibition process. This happens by shiing the
electron cloud and leaving the oxygen of the molecule less
polarized and consequently themolecule has a stronger positive
charge. This could induce an increasing interaction with the
amino acid residues of the active site. To conrm this
This journal is © The Royal Society of Chemistry 2017
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Table 3 Nuclear charge of some atoms in compounds 5 and 6. The
presence of –NO2 group decreases the electron density in oxygen
atoms 5 and 7

Atoms Nuclear charge of 5 Nuclear charge of 6

2 �0.034 0.310
4 �0.206 �0.615
7 �0.200 �0.604
13 0.544 0.876
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statement, using Spartan'10 program, we measured the values
of the natural atomic charge of some atoms of the two mole-
cules (Table 3). The results indicate that the oxygen in
compound 5 has a lower electron density than the oxygen in
compound 6, thus conrming that the density in that region
decreased with the presence of the –NO2 group. These obser-
vations are important for the development of new and more
effective compounds for inhibiting the enzyme AChE.

The IC50 for the compounds that showed better inhibition of
the EeAChE enzyme (Table 2) by both methods (NMR and Ell-
man) was calculated. They were 1.97 � 0.28 mM (compound 2),
6.54� 0.61 mM (compound 7) and 7.77� 0.73 mM (compound 5).
The inhibition curves are available in the ESI (Fig. S.36–S.38†).
Fig. 5 AChE inhibition by compound 2 using NMR test. The concentratio
and Ac (see text for more information). As ACh is consumed (black),
(compound 2), the reaction doesn't take place: ACh is not consumed (b

This journal is © The Royal Society of Chemistry 2017
According to these results, guanylhydrazones 2, 5 and 7 are good
inhibitors, while the others do not show a good inhibition.

Looking at the NMR results, the new guanylhydrazone 2
inhibited about 94.31% (Fig. 5) showing greater inhibition than
tacrine (93.50%). It is the most active guanylhydrazone in this
study (IC50 1.97 � 0.28 mM). This novel guanylhydrazone has
a cationic group, which is the guanidine group that interacts
with the residues Trp84, Glu199 and Gly441 at the anionic site
of the active site of the enzyme. All those interactions have been
conrmed by molecular docking and are very important as they
can guarantee the good inhibition of the compound, indicating
that it is a promising inhibitor in the treatment of AD.
Conclusion

In this work some guanylhydrazones were synthesized and tested
as AChE inhibitors. Docking studies and kinetic tests by Ellman's
and NMR test were performed. Both in vitro tests showed similar
results, proving that NMR method is appropriate for inhibition
studies. Also the structure–activity relationship (SAR) of all
compounds was studied. All results revealed that compounds 2
and 7 are very promising drugs. These compounds show inter-
action with the amino acid His440 (catalytic triad), important for
avoiding the hydrolysis of ACh. It was also observed interaction
with Trp84 (catalytic cavity), which has been widely used as an
important marker for successful molecular docking studies with
AChE. The results presented here indicated that some gua-
nylhydrazones can very effective drugs for the treatment of Alz-
heimer's disease and can be a promising drug class for AD. The
new guanylhydrazone from 5,7-dibromo-3,4-dihydro-3,3-dime-
thylacridin-1(2H)-one, compound 2, was proven to be a very good
inhibitor of EeAChE. Despite of having similar inhibitory activity,
SAR studies showed compound 2 is better than tacrine, but
biological experiments should be performed for conrming the
theoretical results.
ns were determined from direct integration of the methyl peaks of ACh
Ac is formed (red). However, in the presence of the good inhibitor
lue) and, consequently, no Ac is formed (green).

RSC Adv., 2017, 7, 33944–33952 | 33949
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Materials and methods
Chemistry

Solvents (methyl alcohol, ethyl alcohol 95%, butyl alcohol,
dioxane) were purchased from VETEC (Brazil) and used with
further purication. All other reagents were purchased from
Merck and Sigma-Aldrich (Brazil) and used without further
purication. Reactions were monitored by TLC using DCAlu-
folien Kieselgel 60 F254 (Merck, Darmstadt, Germany). All NMR
measurements were performed at 25 �C on a Varian Premium
COMPACT™ 600 MHz (soware VNMRJ version 3.2) spec-
trometer using a 5 mm NMR probe and dimethyl sulfoxide-d6
(DMSO-d6) and deuterium oxide (D2O). Chemical shis are
given in ppm (d) with TMS as an internal standard. J values were
given in Hertz. Abbreviations for 1H NMR data quoted are as
follows: s (singlet); d, (doublet); t, (triplet); q, (quartet); m,
(multiplet); bs, (broad singlet). IR spectra of the compounds
were recorded on a Spectrum 100 spectrometer. All IR and NMR
spectra are available in the ESI.†
Synthesis of the compounds

5,7-Dibromo-3,3-dimethyl-3,4-idroacridin-1-(2H)-one (1). In
a 100 mL ask, 3 mmol of dimedone and 3 mmol of 2-amino-
3,5-dibromobenzaldehyde were added in 30 mL of dioxane.
The solution was stirred and heated under reux for 24 hours.
The solid obtained aer eliminating the solvent under vacuum
was recrystallized from ethanol. The pure product (1) was ob-
tained in 80% yield being a yellow solid. mp: 145–147 �C; IR
(KBr) lmax/cm

�1: 3094, 3055, 2947, 2870, 1690, 1597, 1458, 1389,
1227, 1172, 864, 779, 702, 563; 1H NMR (600 MHz, DMSO-d6): d/
ppm 8.90 (1H, s), 8.54 (1H, d, J¼ 2.1 Hz), 8.41 (1H, d, J¼ 2.0 Hz),
3.19 (2H, s), 2.69 (2H, s), 1.06 (6H, s); 13C NMR (150 MHz,
DMSO-d6): d/ppm 197.5; 162.5; 145.8; 138.3; 136.0; 131.4; 128.8;
126.65; 125.4; 119.9; 52.6; 47.3; 32.9; 28.5.

Guanylhydrazone from 5,7-dibromo-3,3-dimethyl-3,4-idroa-
cridin-1-(2H)-one (2). In a 50 mL ask it was added 1 mmol of
compound (1) in 15 mL of butyl alcohol and 5 drops of HCl (6 M).
The solution was stirred and heated for 10 min. Then it was
added 1 mmol of amino-guanidine hydrochloride in 10 mL of
BuOH and allowed to stir and reux for 24 h. The solid obtained
aer eliminating the solvent under vacuum was recrystallized
from ethanol. Physical appearance: yellow solid with yield of
80%.mp: 257–259 �C. IR (KBr) lmax/cm

�1: 3140, 3102, 2947, 2886,
1667, 1612, 1458, 1420, 1265, 1119, 995, 864, 787. 1H NMR (600
MHz, DMSO-d6): d/ppm 11.28 (1H, s), 9.38 (1H, s), 8.30 (1H, d, J¼
1.9 Hz), 8.15 (1H, d, J ¼ 1.9 Hz), 7.89 (4H, br s), 3.03 (2H, s), 2.67
(2H, s), 1.04 (6H, s). 13C NMR (150 MHz, DMSO-d6): d/ppm 159.9,
155.9, 148.6, 143.0, 135.6, 132.4, 130.3, 128.9, 126.7, 124.6, 118.4,
45.9, 39.2, 30.6, 28.0.

Guanylhydrazone from 3,4-dihydroxybenzaldehyde (3).
1 mmol of 3,4-dihydroxybenzaldehyde in 10 mL of 95% ethanol
and 5 drops of HCl (6 M) were added to a 50 mL ask. The
solution was stirred and heated for 10 min. Then it was added
1 mmol of aminoguanidine hydrochloride in 10 mL of ethanol
and le under stirring and reux for 6 hours. The solid obtained
aer eliminating the solvent under vacuum was recrystallized
33950 | RSC Adv., 2017, 7, 33944–33952
from ethanol. Physical appearance: yellow solid and yield of
78%. mp: 195–197 �C. IR (KBr) lmax/cm

�1: 3456, 3317, 3255,
1674, 1627, 1519, 1442, 1357, 1288, 1195, 1172, 1103, 956, 856,
802, 779, 609. 1H NMR (600 MHz, DMSO-d6): d/ppm 11.49 (1H,
s), 7.96 (1H, s), 7.53 (4H, br s), 7.25 (1H, d), 7.08 (1H, dd), 6 79
(1H, d). 13C NMR (CDCl3, 150 MHz): d/ppm 155.1, 148.2, 147.6,
145.5, 124.8, 120.5, 115.4, 114.2.
General procedure for guanylhydrazones (4–6)

1 mmol of aminoguanidine hydrochloride was dissolved in 15
mL of 95% ethanol; the corresponding aldehyde (1 mmol) and 8
drops of HCl (6 M) were added to a 50 mL round-bottom ask.
The solution was stirred and heated under reux for 72 h. The
solid obtained aer eliminating the solvent under vacuum was
recrystallized from ethanol.

Guanylhydrazone from 1,3-benzodioxole-5-carboxaldehyde
(4). Physical appearance: yellow-white solid and yield of 90%.
mp: 222–224 �C. IR (KBr) lmax/cm

�1: 3348, 3194, 3163, 3078,
2985, 2916, 2785, 2692, 2044, 1836, 1681, 1635, 1597, 1550,
1489, 1442, 1365, 1249, 1203, 1141, 1111, 1041, 933, 810, 678,
648, 588. NMR (600 MHz, DMSO-d6): d/ppm: 11.99 (1H, s), 8.07
(1H, s), 7.94 (2H, br s), 7.65 (1H, d), 7.63 (br s, 2H), 7.20 (1H, dd),
6.96 (1H, d), 6.08 (1H, s). 13C (APT) NMR (150MHz, DMSO-d6): d/
ppm 155.3, 149.3, 147.9, 146.3, 127.9, 124.2, 108.1, 105.5, 101.5.

Guanylhydrazone from 6-nitro-1,3-benzodioxole-5-carboxal-
dehyde (5). Physical appearance: yellow solid and yield of
88%. mp: 294–296 �C. IR (KBr) lmax/cm

�1: 3402, 2924, 1682,
1635, 1520, 1335, 1273, 1119, 1026. 1H NMR (600 MHz, DMSO-
d6): d/ppm 11.87 (1H, s), 8.14 (1H, s), 8.00 (2H, br s), 7.51 (2H, br
s), 7.31 (1H, s), 6.90 (1H, s), 6.06 (2H, s). 13C NMR (150 MHz,
DMSO-d6): d/ppm 155.0, 149.6, 146.2, 143.4, 133.4, 114.8, 108.8,
101.9, 101.3.

Guanylhydrazone from 6-amino-1,3-benzodioxole-5-
carboxaldehyde (6). Physical appearance: pink solid and yield
of 79%. mp: 245–247 �C. IR (KBr) lmax/cm

�1: 3372, 3202, 2785,
1636, 1497, 1412, 1273, 1227, 1034, 926.1H NMR (600 MHz,
DMSO-d6): d/ppm 11.75 (1H, s), 8.84 (1H, s), 8.11 (2H, s), 7.19
(2H, s), 7.09 (1H, s), 6.69 (1H, s), 5.98 (2H, s). 13C NMR (150
MHz, DMSO-d6): d/ppm 159.1, 154.8, 149.8, 147.8, 141.1, 111.0,
109.0, 101.4, 99.1.

Guanylhydrazone from phenanthrenequinone (7). In a 100
mL round bottom ask it was added a mixture of phenan-
threnequinone (1.0 mmol), aminoguanidine hydrochloride
(1.2 mmol), 20 mL ethanol 95% and few drops of HCl (6 M). The
reaction was reuxed for 4 h. The solid product obtained aer
the solvent elimination by vacuum was washed with acetone
and ltered to afford the pure solid. Physical appearance:
orange solid and yield of 93%. mp: 245–246 �C. IR (KBr) lmax/
cm�1: 3033, 1681, 1634, 1568, 1509, 1447, 1278, 1167, 1020, 757.
1H NMR (600 MHz, DMSO-d6) d/ppm 14.15 (1H, s), 8.89 (2H, br
s), 8.75 (2H, br s), 8.61 (1H, d, J ¼ 8.0 Hz), 8.37 (1H, d, J ¼ 7.5),
8.31 (1H, d, J ¼ 7.5 Hz), 8.18 (1H, d, J ¼ 8.0 Hz), 7.85 (1H, t, J ¼
7.5 Hz), 7.58 (1H, t, J¼ 7.5 Hz), 7.57 (1H, t, J¼ 8.0 Hz), 7.47 (1H,
t, J¼ 8.0 Hz); 13C NMR (150 MHz, DMSO-d6) d/ppm 181.7, 156.2,
136.1, 135.8, 134.8, 130.3, 129.8, 129.4, 129.3, 128.9, 128.6,
128.3, 125.9, 123.9, 123.8.
This journal is © The Royal Society of Chemistry 2017
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In silico bioactivity study

Oral bioavailability, physicochemical properties and toxicity
activity were evaluated for all synthesized compounds and
tacrine. Lipophilicity (c-log p), water solubility (c-log S), molec-
ular weight (MW), polar surface area (PSA), drug likeness and
toxicity were calculated using online Molinspiration
Cheminformatics (http://www.molinspiration.com/cgi-bin/
properties) property calculation toolkit and online OSIRIS
Property explorer (http://www.organic-chemistry.org/prog/peo/).
The bioactivity score and drug likeness properties of the tested
compounds were compared to tacrine.
Molecular docking studies

The three-dimensional structures of the ligands were built
using Spartan'10 program, and the conformer distribution with
molecular mechanics using 100 conformers was examined. The
partial atomic charges were calculated using the RM1 semi-
empirical method, and the molecular energies were calculated
using Hartree–Fock 6-31G*. The ligands' rotatable bonds and
atomic charges were dened. As the EeAchE is not reported in
the literature involving complexes ligands/enzymes, the TcAchE
(Torpedo californica AChE, PDB Code: 1ACJ) was used for
docking studies. To validate the docking protocol, it was rst
performed the docking simulation of tacrine against the active
site of TcAchE and then the result was compared to the crys-
tallographic structure. The interactions between ligands and
the active site of TcAChE were performed using AutoDock 4.2,
using each ligand with 50 poses and grid points of 48 � 38 � 42
with 0.375 Å spacing. The gures were generated using a PyMOL
Molecular Graphics System and AutoDock Tools.
Biological evaluation

Kinetic study by Ellman's test.38 AChE activity was monitored
spectrophotometrically (Spectramax 340 PC, Molecular
Device®) at 412 nm with a modied52 Ellman assay. AChE stock
solution (stock A) (25 units per mL) was prepared in phosphate
buffer (100 mM, pH 7.4). An aliquot of stock A was then diluted
50 times with phosphate buffer to give stock B. ATCI (20 mM)
was prepared in distilled water. The 5,50-dithiobis-(2-nitro-
benzoic acid) (DTNB) (10 mM) was prepared in phosphate
buffer (100 mM, pH 7.4). Samples (dissolved in distilled water)
were prepared at a concentration of 50 mM and diluted in
distilled water to the desired concentrations immediately before
use. All solutions were kept on ice during the experiment. All
experiments were performed at 37 � 1 �C. All assays were per-
formed in triplicate in a 96-wells plate.

In vitro inhibition of AChE. For the inhibition all solutions
were prepared using phosphate buffer 100 mM, pH 7.4, as
solvent. Samples were prepared bymixing 20 mL of EeAChE, 5 mL
of DTNB (10 mM), 100 mL of the compound being tested
(200 mM, with nal concentration of 100 mM), and 55 mL of
phosphate buffer (100 mM, pH 7.4). Aer 10 min, 20 mL of
acetylthiocholine iodide (ATCI) (5 mM) were added. The reac-
tion was followed at 412 nm for 5 min for determining the
reaction rates.
This journal is © The Royal Society of Chemistry 2017
Enzyme activity determinations (IC50). All experimental
wells received AChE stock B, DTNB (0.25 mM), and phosphate
buffer (control – enzyme activity) or sample solutions (0.1 to 100
mM). The mixture was incubated for 10 min at 37 �C. Then, ATCI
(0.5 mM) was added to all wells and the plate was read imme-
diately for 5 min. The spontaneous hydrolysis of the substrate
was evaluated by replacing enzyme for buffer. Inhibition is
given relative to the control. All concentrations refer to nal
concentrations. The volume of the sample in each well was
0.2 mL.

Statistical analyses. All calculations were performed using
Graph Pad Prism 5 soware (San Diego, CA, USA). The results
were analyzed by analysis of variance (ANOVA). p values less
than 0.05 were considered statistically signicant. The results
were expressed as means � SD of three independent assays,
each one performed in triplicate.

Kinetic study by NMR (Fig-NMR).37 All NMR analyses were
performed on a Varian Premium COMPACT™ 600 MHz spec-
trometer using a 5 mm probe at 25 �C. 2 mL of EeAChE 10 mM in
phosphate buffer (100% D2O, pH 7.4) and in the presence of 1%
bovine serum albumin was used. This enzyme solution was
mixed with 30 mL of acetylcholine (100 mM in D2O), and then it
was diluted to 600 mL using phosphate buffer (100 mM, 100%
D2O, pH 7.4) in the NMR tube (nal concentration¼ 5mM). This
sample was immediately inserted in the magnet for locking and
shimming, allowing for the observation of the rst 1H spectra
exactly 5 min aer the introduction of acetylcholine. All of the
next 1H spectra were acquired every 5 min with a single scan over
80min. For testing the new compounds, the same procedure was
performed, including the addition of 5 mL of each potential
EeAChE inhibitor (nal concentration of the inhibitor in the
NMR tube ¼ 10 mM) before the addition of acetylcholine. The
concentrations of acetylcholine and acetate were determined by
the integration of the methyl signals (acetylcholine, Ch, at
2.24 ppm and acetate, Ac, at 2.16 ppm). All analyses were per-
formed in triplicate (see ESI, Fig. S.39†).

Accession codes

Ordinate and structure factors were deposited to the PDB code
for Torpedo californica AChE: 1ACJ.
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