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ABSTRACT
In search of a novel class of compounds against Alzheimer’s disease (AD), a new series of 7-chloro-
aminoquinoline derivatives containing methylene spacers of different sizes between the 7-chloro-4-
aminoquinoline nucleus and imino methyl substituted phenolic rings, and also their reduced ana-
logues, were designed, synthesized and evaluated as neuroprotective agents for AD in vitro. In spite of
the multifaceted feature of AD, cholinesterases continue to be powerful and substantial targets, as
their inhibition increases both the level and duration of the acetylcholine neurotransmitter action. The
compounds presented inhibitory activity in the micromolar range against acetylcholinesterase (AChE)
(imines and amines) and butyrylcholineterase (BChE) (amines). The SAR study revealed that elongation
of the imine side chain improved AChE activity, whereas the reduction of these compounds to amines
was crucial for higher activity and indispensable for BChE inhibition. The most promising selective
inhibitors were not cytotoxic and did not stimulate pro-inflammatory activity in glial cells. Kinetic and
molecular modeling studies indicated that they also show mixed-type inhibition for both enzymes,
behaving as dual-site inhibitors, which can interact with both the peripheral anionic site and the cata-
lytic anionic site of AChE. They could therefore restore cholinergic transmission and also may inhibit
the aggregation of Ab promoted by AChE. Additionally, one compound showed promising anti-inflam-
matory activity by reducing the microglial release of NO� at a concentration that is equivalent to the
IC50 against BChE (30.32±0.18mM) and 15-fold greater than the IC50 against AChE (1.97± 0.20mM).
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Introduction

Alzheimer’s disease (AD) is a fatal disorder characterized by
marked atrophy of the cerebral cortex and loss of basal fore-
brain cholinergic neurons (Mesulam, 2009). The major patho-
logical features of AD are related to neuronal degeneration
and include extracellular deposition of amyloid beta (Ab) pla-
ques, intracellular formation of neurofibrillary tangles, which
are made up of hyperphosphorylated tau protein, and neuro-
inflammation (Guzm�an-Martinez et al., 2013; Millington
et al., 2014).

Recent technological progress made possible the develop-
ment of tests and techniques to diagnose AD even at the
prodromal stage, when early symptoms emerge. ‘Biomarker’
tests like those searching for Ab and tau proteins in the
blood and cerebrospinal fluid and also functional imaging
techniques, such as specialized positron emission tomog-
raphy and magnetic resonance imaging scans (Caldwell
et al., 2015) have emerged, opening the possibility for an
eventual intervention in the preclinical stage of AD. In

contrast, the current available drug therapy consisting of
three anticholinesterase drugs (galantamine, donepezil and
rivastigmine) and an N-methyl-D-aspartate receptor antagon-
ist (memantine) is not effective in disrupting the progression
of established AD and is unable to address the multifactorial
nature of AD. Therefore, it is imperative to discover new
drugs capable of restoring neurotransmission and preventing
the processes that lead to neurodegeneration. The design
and synthesis of compounds guided by biological assays has
been an important tool in the search for effective multitarget
drug candidates.

The quinoline nucleus is an important natural and syn-
thetic class of heterocyclic compounds well known for hav-
ing a broad spectrum of pharmacological activities, such as
anti-cancer, anti-tubercular, anti-fungal, anti-convulsant, anti-
inflammatory, cardiovascular activities, anti-bacterial, anti-
viral, anti-obesity and anti-malarial (Hastings et al., 2002;
Kumar et al., 2009; Marella et al., 2013). Only a few com-
pounds containing a quinoline ring have been investigated
in the context of AD (Ikram et al., 2012; Mantoani et al.,
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2016) and the 4-aminoquinoline nucleus has been shown to
be a good starting core for the design of novel cholinester-
ase inhibitors (Chen et al., 2016).

We recently reported (Zanon et al., 2019) the first 7-
chloro-4-aminoquinoline derivatives (HL) with acetylcholin-
esterase (AChE) inhibitory activity (3a–5a, see Scheme 1),
which motivated us to continue working on this template as
a strategy to obtain more potent compounds able to inhibit
both AChE and butyrylcholinesterase (BChE) and that may
serve as prototypes for the development of drugs for the dif-
ferent stages of AD.

Herein we report the design, synthesis, molecular docking,
the cholinesterase inhibitory activities, including the kinetic stud-
ies, neurotoxicity and neuroprotection of a new series of imines
containing the 7-chloro-4-aminoquinoline nucleus 3a–11a and
their reduced amine derivatives 3b–11b (Scheme 1).

Results and discussion

Chemistry

Considering the good AChE inhibition activity of imines 3a,
4a and 5a (Scheme 1; Zanon et al., 2019), we decided to
explore further this hybrid skeleton to investigate the influ-
ence of the alkyl side chain length on the activity. Hence the
reactions of diamines 1 and 2 with the substituted salicylal-
dehydes (R¼H, Br and CH3) in ethanol yielded the Schiff
bases 3a–11a in fair to excellent yields (36–81%). In order to
confer higher flexibility and improve their solubility, these
compounds were subsequently reduced to the correspond-
ing secondary amines 3b–11b (42–96%) by using sodium

borohydride in ethanol (Scheme 1). All compounds were
characterized by physical (melting point), spectral (1H and
13C NMR and IR spectroscopy; supporting information
Figures S1–S45) and analytical (elemental analysis) data (see
Experimental section).

The presence of a singlet around d 8.40, attributed to the
imine proton in the 1H NMR spectra of 3a–11a, confirmed
the synthesis of the imines. The disappearance of this peak
and the appearance of a singlet between d 3.9–4.1 in the
spectra of 3b–11b confirmed the reduction of the com-
pounds. In all spectra, the aromatic protons of the 7-chloro-
quinoline and the phenol rings appeared between d 6.3 and
8.6 and the aliphatic protons, at d 3.7–1.4. The aromatic
and aliphatic carbons appeared, respectively, at d 155.0–99.6
and d 58.6–19.8 in the 13C NMR spectra of all compounds,
whereas the carbon resonance frequency of the CH¼N
group was detected at d 164.8–167.0 in the spectra of
imines. In the IR spectra of 3a–11a, the characteristic imine
C¼N stretching vibration was observed around 1630 cm�1

and was absent in the spectra of the reduced compounds
3b–11b. Furthermore all compounds exhibited the bands
associated to the 7-chloroquinoline nucleus, including the
strong C¼N band, at around 1610, and C¼C bands at 1580
and 1540 cm�1 (Ekengard et al., 2015).

Cholinesterases inhibitory activities

In our recent report (Zanon et al., 2019) we showed that all
the investigated 7-chloro-4-aminoquinoline derivatives (of
which 3a–5a, Table 1) presented interesting specific

Scheme 1. Synthesis of 7-chloro-4-aminoquinoline derivatives 1, 2, 3a–11a and 3b–11b.
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inhibition of Electrophorus electricus ACHE (EeAChE) activity,
with IC50 values varying from 4.61 to 9.31 mM. These results
inspired us to continue working on this template, and there-
fore, based on the most potent compounds (3a, 4a and 5a),
we developed a series of imines containing different methy-
lene spacers (n¼ 4 and 6; R¼H, Br and CH3) between the
quinoline nucleus and the phenolic ring (compounds
6a–11a), and also a series of their reduced analogues (com-
pounds 3b–11b; Scheme 1), in order to evaluate the contri-
bution of the double bond of the imine to the inhibitory
potency of the compounds. Enzymes of non-human origin
namely EeAChE and Equine serum BChE (EqBChE) were used
for the screening, because of their lower cost and high
degree of similarity with their respective human enzymes.
The results are shown in Table 1.

The results reveal that the presence of a six-methylene
spacer (n¼ 6) in place of the ethylene or butylene (n¼ 2, 4)
ones resulted in significant increase of the inhibitory potency
of all compounds. Thus, imines 9a, 10a and 11a (n¼ 6)
were, respectively, 6, 2 and 3 times more potent AChE inhibi-
tors than imines 3a, 4a and 5a (n¼ 2), and amines 9b, 10b
and 11b (n¼ 6) were 8, 93 and 6 times better AChE inhibi-
tors than compounds 3b, 4b and 5b (n¼ 2), respectively.
Furthermore, imines with two and four methylene spacers
inhibited only AChE, whereas except for 10a, those with a
six-methylene spacer, 9a and 11a, inhibited both AChE and
BChE in a concentration-dependent manner. The anticholi-
nesterase potency of donepezil-based agents (Li et al., 2016)
and o-hydroxyl-benzylamine-tacrine hybrids (Mao et al.,
2012) has been previously associated to the spacer length.

In general, the amines were the most potent AChE inhibi-
tors and differently from the imines, they all inhibited both
AChE and BChE. The effect of the double bond on the

enzymatic selectivity of the compounds is clear when compar-
ing the inhibitory activities of amines 3b, 4b and 5b and
imines 3a, 4a and 5a. The amines inhibited both enzymes in a
concentration-dependent manner and were more selective for
AChE, with the exception of 4b, which showed nonselective
inhibition. Furthermore, the larger the size of the amine spa-
cer, the higher was the inhibitory potency of the amines for
both enzymes, independently of the substituent (R¼H, IC50
values for 9b< 6b< 3b; R¼ Br, IC50 values for 10b< 7b< 4b
and R¼CH3, IC50 values of 11b< 8b< 5b).

The data in Table 1 show no clear correlation between
the nature of the substituent and the inhibitory activity of
both imines and amines. In general, the unsubstituted imines
containing two- and six-methylene spacers (3a and 9a) were
better AChE inhibitors than their substituted counterparts
(4a, 5a and 10a, 11a, respectively). However, the six-methy-
lene spacer CH3-substituted imine 11a was better BChE
inhibitor than the unsubstituted 9a.

For the amines, the nature of the R group has little or no
influence on the AChE inhibition potency of the compounds,
except for those containing two-methylene spacers, which
we associate to the low solubility of 4b (R¼ Br) compared
with 3b and 5b. In contrast, R-substituted amines were bet-
ter BChE inhibitors than the unsubstituted ones, independ-
ently of the spacer. CH3-substituted amines containing two-
and six-methylene spacers (5b and 11b, respectively) were
the most active compounds of each series, whereas of the
amines containing the four-methylene spacer, the Br-substi-
tuted compound (7b) was the most potent inhibitor.

None of the compounds was better cholinesterase inhibitor
than tacrine (Table 1), but they present inhibitory profiles close
to those found for donepezil and galantamine in the same
enzymatic species evaluated in this work (Li et al., 2016).
Compounds 7b, 10b and 11b were as effective in inhibiting
BChE as donepezil, while compounds 5b–11b were all more
potent inhibitors of AChE and BChE than galantamine.

The results show that the experimental design performed to
increase the inhibitory activity of the compounds was quite sat-
isfactory. In general, both the reduction of the double bond and
the increase of the alkyl chain have been shown to contribute
to the increase of the inhibitory potency of the compounds.

It has been reported that during the development of AD the
BChE activity increases by 40–90% in the temporal cortex and
hippocampus, whereas at the same time AChE activity
decreases by up to 45% (Greig et al., 2001; Guillozet et al.,
1997). Consequently, both AChE and BChE are important targets
in the therapy of AD. Thus, compounds capable of inhibiting
one or both of the enzymes are interesting prototypes for the
development of anti-AD drugs. For this reason, we chose for fur-
ther studies the compounds with IC50 values � 2lM, that is, 9a,
3b, 5b–11b. All were more selective for AChE (Table 1) in the
following order of selectivity: 9a (80�), 9b (24�), 3b (15�), 6b
(14�), 8b and 10b (7�), 11b (6�), 5b (5�), 7b (3�).

Toxic effects on glial cells

Astrocytes, the most abundant cell type in the central ner-
vous system (CNS), are crucial for the development and

Table 1. IC50 values of EeAChE and EqBChE inhibition of compounds 3a–11a
and 3b–11b.

Compound n R
EeAChE IC50

a

(mM)
EqBChE IC50

a

(mM)
Selectivity for

EeAChEb

3ac 2 H 4.61 ± 0.48 >100 –
4ac 2 Br 7.17 ± 0.43 >100 –
5ac 2 CH3 7.34 ± 0.06 >100 –
6a 4 H 5.51 ± 0.59 >100 –
7ad 4 Br – – –
8a 4 CH3 3.06 ± 0.27 >100 –
9a 6 H 0.73 ± 0.04 58.38 ± 5.52 80.0
10a 6 Br 3.65 ± 0.04 >100 –
11a 6 CH3 2.25 ± 0.08 33.47 ± 1.36 14.9
3b 2 H 1.97 ± 0.20 30.32 ± 0.18 15.4
4b 2 Br 24.17 ± 2.10 21.54 ± 0.64 0.9
5b 2 CH3 1.70 ± 0.08 8.39 ± 0.26 4.9
6b 4 H 0.57 ± 0.03 8.15 ± 0.11 14.3
7b 4 Br 1.01 ± 0.15 2.77 ± 0.39 2.7
8b 4 CH3 0.99 ± 0.05 7.47 ± 0.33 7.5
9b 6 H 0.26 ± 0.01 6.13 ± 0.75 23.6
10b 6 Br 0.26 ± 0.05 1.75 ± 0.14 6.8
11b 6 CH3 0.26 ± 0.02 1.58 ± 0.01 6.1
Tacrine 0.041 ± 0.0002 0.0045 ± 0.0005 1.1
Donepezile 0.035 ± 0.003 2.32 ± 0.10 66.3
Galantaminee 2.67 ± 0.18 12.7 ± 0.3 4.8
aIC50: 50% inhibitory concentration (means ± SD of three experiments, each
one in three replicates).
bSelectivity for EeAChE is determined as ratio EqBChE IC50/EeAChE IC50.
cZanon et al. (2019).
dInsoluble.
eLi et al. (2016).
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maintenance of neurons in the brain (Stellwagen et al., 2019;
Valori et al., 2019). Astrocyte cultures were treated with dif-
ferent concentrations of the compounds, which were
selected based on the half maximal inhibitory concentration
(IC50) values for the inhibition of AChE and BChE, including
concentrations that are lower than and 10 times higher than
the IC50 value for AChE and at least twice higher than the
IC50 value for BChE, for 24 and 48 h. The cells remained
viable in the presence of all compounds at the IC50 values
for AChE, both after 24 and 48 h of treatment (Figure 1(a–i)).
Compounds 9a (100 lM), 3b (60lM), 5b (20 lM), 10b
(30lM) and 11b (10 and 30 lM) impaired the viability of
astrocytes only at twice or more the IC50 value or higher for
BChE (Figure 1(a–c and h), respectively). Compounds 6b (6, 8
and 16 lM), 7b (5 and 10 lM), 8b (8, 10 and 16 lM) and 9b
(10 and 30 lM), however, were toxic to astrocytes at the con-
centration close to the BChE inhibitory IC50 value (Figure
1(d–g, i)).

N9 microglial lineage activation

Microglial cells, the CND defense cells, were used for this
experiment. Microglial activation was analyzed for nitric
oxide (NO�) production after 48 h incubation with com-
pounds that showed no toxic effects at their AChE and BChE
inhibitory IC50 values (9a, 3b, 5b and 10b; Figure 2). The
concentrations used for this experiment were defined as 10
times the IC50 values for AChE and once that of BChE.
Lipopolysaccharides (LPS) were used as positive control of
nitric oxide release. N9 microglial lineage cells were viable
during the experiment performance. This result suggests that
the compounds were unable to induce activation of micro-
glial cells and promote pro-inflammatory responses through
secretion of neurotoxic factors, such as NO�, and did not
present anti-inflammatory activity, except for 3b that showed
the ability to reduce NO� release at 30lM. Thus, this com-
pound shows promising anti-inflammation activity.

Kinetics of enzyme inhibition

To determine the mechanism of enzyme inhibition, kinetic
studies were performed using 3b as representative com-
pound (Figure 3). The relative velocity of the enzyme was
determined at 6 increasing concentrations of the substrate,
in the absence and presence of the inhibitor. The mechanism
of inhibition was graphically determined by applying the
Lineweaver–Burk plot, using the reciprocal of velocity and
substrate concentration. Based on the plots obtained for
both substrates, acetylthiocholine iodide (ATCI) and butyr-
ylthiocholine iodide (BTCI), a mixed-type inhibition mechan-
ism was established for the compound (Figure 3, left). Using
the Lineweaver–Burk secondary plot (Figure 3, right), Ki val-
ues were obtained.

The pattern of the Lineweaver–Burk plots indicated that
3b is a mixed-type inhibitor of AChE (Ki ¼ 3.05 lM) and
BChE (Ki ¼ 20.41lM), therefore suggesting that it may be
capable of binding to the peripheral anionic site (PAS) and
catalytic anionic site (CAS) of both enzymes. Kinetic studies

were also performed for compounds 9a, 5b and 10b and a
mixed-type inhibition mechanism for both enzymes was also
established for the three compounds (supporting information
Figures S46–S48).

It has been shown that AChE promotes amyloid fibril for-
mation by interaction through the PAS giving stable
AChE–Ab complexes, which are more toxic than single Ab
peptides (Reyes et al., 2004). Dual-site inhibitors, which can
interact with both the CAS and PAS, could not only restore
cholinergic transmission, but also inhibit the production or
the aggregation of Ab promoted by AChE (Fern�andez-
Bachiller et al., 2012; €Ozturan €Ozer et al., 2013). Therefore,
dual-site inhibitors may contribute significantly to delay the
progression of AD and emerge as promising drug candidates
for the treatment of AD.

Prediction of blood–brain barrier (BBB) permeability

The following parameters associated with solubility and per-
meability for imine 9a and amines 3b, 5b–11b were pre-
dicted by using SwissADME server (http://www.swissadme.
ch/index.php; Daina et al., 2017) and are gathered in Table 2:
average of predictions of theoretical octanol/water partition
coefficients (Log P), molecular weight (MW), the number of
H-bond donors (HBD—expressed as the sum of OHs and
NHs) and the number of acceptors (HBA—the sum of Ns and
Os). Lipinski’s rule of five for CNS penetration, used to pre-
dict the suitability of orally administered drug candidates,
states that CNS penetration is likely if MW < 400, HBD � 3,
HBA � 7 and Log p� 5 (Pajouhesh & Lenz, 2005). The results
indicate that all compounds, with the exception of Br-substi-
tuted 7b and 10b, satisfy the criteria of the Lipinski’s rule of
5 for CNS and are BBB permeable.

Docking studies

The best redocking results presented random mean square
deviation (RMSD) values of 1.19 and 0.53 Å for EeAChE and
EqBChE, respectively. This is enough to validate our docking
protocol once the literature considers a RMSD value below
2.50 Å as acceptable for this purpose (Kontoyianni et al.,
2004). The protein–ligand interaction energies were calcu-
lated in order to compare the best poses obtained for each
compound and also to verify the residues contributing for
the stabilization of each ligand inside the enzymes.
Furthermore, the dockings were expected to provide insight
into molecular recognition for the cholinesterase inhibition
assays. The results are gathered in Table 3.

Results from the Chemicalize server (https://chemicalize.
com/) showed that the most prevalent chemical species of
the ligands should be positively charged at pH 7.4, bearing
the NH close to the protonated phenolic ring. The only
exception was amine 9a, for which the most prevalent spe-
cies at pH 7.4 pointed by the server (https://chemicalize.
com/) is the neutral molecule. The docking studies are in
agreement with the experimental results that evidenced
selectivity towards EeAChE, since all compounds presented
lower values of intermolecular energy inside EeAChE

4 V. S. ZANON ET AL.
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Figure 1. Viability of astrocytes under incubation for 24 and 48 h (MTT Assay) with 9a (a), 3b (b), 5b (c), 6b (d), 7b (e), 8b (f), 9b (g), 10b (h), 11b (i). The results
present the average values ± standard deviation from three experiments in triplicate. ���� p< 0.0001 relative to control (CTR).
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Figure 2. The compounds did not induce NO� secretion by N9 microglial lineage cells. N9 cells were incubated for 48 h in the presence of DMEM-F12 without
serum (control¼ CTR). LPS (1mg.mL�1) was used as positive control. Compound concentrations were based on the IC50 values for AChE and BChE. The culture
medium of each sample was collected for further analysis of NO� production (Griess reaction). The results present the average values ± standard deviation from
three experiments in triplicate. Note that 3b reduced the release of NO� at 30 lMþ LPS. ���� p< 0.0001 relative to control (dimethyl sulfoxide (DMSO) þ LPS).

Figure 3. Kinetic study of the mechanisms of EeAChE (top) and EqBChE (bottom) inhibition by compound 3b. (Left) Lineweaver–Burk reciprocal plots of the cholin-
esterase initial velocity at increasing substrate concentrations. (Right) Secondary plot of slope (Km/Vmax) versus compound concentration.
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compared to EqBChE (see Table 3). We suppose that the
ligands fit better inside the smaller cavity of EeAChE (149.50
Å3) than in the almost three times larger cavity of EqBChE
(414.72 Å3), whose volumes were calculated by using MVDVR

(Thomsen & Christensen, 2006). In the latter, appropriate
anchoring and further binding to the active sites are prob-
ably less effective than in the EeAChE cavity, reflecting in
less negative energy values.

As illustrated in Figures 4, S49, and S50, the best poses of
compounds 9a, 3b and 9b show interactions with the resi-
dues belonging to several sub-sites of the active site gorges
of EeAChE and EqBChE (Nuthakki et al., 2019), including PAS
and CAS. This is in line with the aforementioned experimen-
tal data that indicated mixed type inhibition of these com-
pounds towards both AChE and BChE.

For imine 9a (see supporting information Figures S49(a,b))
H-bonds were observed with Gly120 (oxyanion hole) and
Tyr337 (anionic sub-site) of AChE, and with Ser79 and His438
(CAS) of BChE, whereas p-p interactions were observed with
Trp86, which is the key residue of the anionic subsite of
AChE, and with Trp82 (anionic site) of BChE. Besides, the
quinoline ring of 9a docked close to the AChE aromatic resi-
dues Tyr124 (PAS), Phe295 and Phe297 (acyl binding pocket),
Tyr341 (PAS) and Phe338 (anionic subsite), and between resi-
dues Trp82 (anionic site) and His438 (CAS) of BChE.

Amine 3b (see Figure 4(a,b)) established H-bonds with
residues Gly120 (oxyanion hole) and Tyr124 (PAS) of AChE,
and Ser198 and His438 (both from CAS) of BChE. This

compound also established p-p interactions with Trp82
(anionic sub-site) and Trp286 (PAS) of AChE, and with Trp82
(anionic site) of BChE. The quinoline ring of 3b accommo-
dated among the aromatic residues Trp286 (PAS), Phe295
and Phe297 (both from the acyl binding pocket) and Tyr337
and Phe338 (anionic sub-site) of AChE, and Trp82 (anionic
site) and His438 (CAS) of BChE.

Compound 9b (see supporting information Figures
S50(a,b)) established H-bonds with Gly120 (oxyanion hole)
of AChE and Leu286 of BChE (acyl binding pocket). p-p
stacking interactions were observed with Trp286 (PAS) of
AChE, and Trp82 (anionic site) of BChE. The quinoline ring
of this compound accommodated among residues Tyr124
and Trp286 (both from PAS), and Phe297 (acyl binding
pocket) of AChE, whereas inside BChE, it appears between
residues Trp82 (anionic site) and His438 (CAS), with the
phenolic ring between residues Trp231 and Phe329
(anionic site).

Conclusion

In this work, a series of 7-chloro-4-aminoquinoline deriva-
tives containing methylene spacers of different sizes
between the 7-chloro-4-aminoquinoline nucleus and imino
methyl substituted phenolic rings (imines 6a–11a) and their
reduced analogues (amines 3b–11b) were investigated as
multifunctional cholinesterase inhibitors. Compounds 9a, 3b,
5b and 10b inhibited both cholinesterases, being more
selective for AChE. Both the reduction of the double bond
and the increase of the alkyl chain have been shown to
contribute to the increase of the inhibitory potency of the
compounds. Kinetic and molecular modeling studies indi-
cated that these compounds show mixed-type inhibition of
both enzymes, binding simultaneously to the active and
peripheral sites therein. They were non-cytotoxic and did
not stimulate pro-inflammatory activity in glial cells.
Interestingly, while the remaining compounds were unable
to prevent the inflammatory response stimulated by LPS,
compound 3b (30 mM) showed promising anti-inflammatory
activity by reducing the microglial release of NO� at a con-
centration that is equivalent to the IC50 of BChE and 15-fold
greater than the AChE IC50. Nitric oxide secretion is one of
the neurotoxic and pro-inflammatory factors attributed to

Table 2. Molecular descriptors of compounds 9a, 3b, 5b–11b, tacrine, done-
pezil and galantamine.

Compound MW LogP HBD HBA

9a 381.90 4.72 2 3
3b 327.81 3.28 3 3
5b 341.83 3.66 3 3
6b 355.86 3.94 3 3
7b 434.76 4.58 3 3
8b 369.89 4.23 3 3
9b 397.94 4.56 3 3
10b 462.81 5.18 3 3
11b 397.94 4.91 3 3
Tacrine 197.28 2.59 1 1
Donepezil 379.49 4.00 0 4
Galantamine 287.35 1.91 1 4

Table 3. Docking results.

Ligand

EeAChE EqBChE

Energy
(kcal.mol�1)

H-bond
interactions

EH-bond
(kcal.mol�1)

Energy
(kcal.mol�1)

H-bond
interactions

EH-bond
(kcal.mol�1)

Donepezil(EeAChE)
Tacrine (EqBChE)

–96.38 Tyr124 –2.50 –89.65 – 0.00

9a –159.21 Gly120 Tyr337 –1.76 –125.64 Asp70 Ser79 His438 –5.45
3b –153.73 Gly120 Tyr124 –5.00 –129.64 Ser198 His438 –1.70
5b –153.02 Gly120 Tyr124 –4.02 –136.57 Asn68 Asp70(2�) Ser79 Asn83 Tyr332 –6.36
6b –162.07 Gly120 Tyr337 –2.11 –137.90 Ser287 His438 –1.62
7b –158.22 Gly120 Tyr124 –2.72 –142.13 Asp70 Ser287 –2.46
8b –157.59 Gly120 Tyr124 Tyr337 –7.16 –138.01 Ser287 His438 –2.77
9b –163.13 Gly120 –2.50 –139.91 Leu286 –0.07
10b –164.76 Gly120 Tyr124 –2.89 –149.63 Asp70 Tyr332 His438 –1.75
11b –164.95 Gly120 –1.76 –152.84 Ser198(3�) Tyr332 –4.83
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inflammation-mediated neurodegeneration (Wyss-Coray &
Mucke, 2002). In in silico calculations 3b showed the best
ability to cross BBB. Taken together, 3b emerges as a pos-
sible prototype with multi-target actions, as a dual-site
inhibitor of AChE and anti-neuroinflammatory, and can be
very useful in the prevention of neurodegeneration. In add-
ition, imine 9a and amines 3b, 5b and 10b are potent dual-
site inhibitors of AChE and have high potential for being
evaluated in other targets of AD, such as beta amyloid, tau
protein and also on neuronal nicotinic acetylcholine receptor
alpha7 (a7nAChR).

Experimental

Chemistry

4,7-Dichloroquinoline (97%), ethane-1,2-diamine (99%), 1,4-
diaminobutane (99%), 1,6-hexanediamine (98%), 5-bromo-2-
hydroxybenzaldehyde (98%), 2-hydroxy-5-methylbenzalde-
hyde (98%), sodium borohydride (98%) were purchased from
Sigma-Aldrich and 2-hydroxybenzaldehyde, from Merck
(>99%). All other reagents were purchased from Sigma-
Aldrich or Vetec chemicals and were used without further
purification. The precursors N-(7-chloro-4-quinolyl)-1,4-

Figure 4. (a) Selected interactions of the best poses of 3b inside EeAChE (left) and EqBChE (right). H-bonds are shown in blue dotted lines. (B) Interactions of the
best poses of 3b inside EeAChE (left) and EqBChE (right).
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diaminobutane (1) and N-(7-chloro-4-quinolyl)-1,6-diamino-
hexane (2) were prepared as described in the literature and
its identity and purity were confirmed by mp, IR and 1H NMR
spectroscopy (Natarajan et al., 2008). Schiff bases (E)-2-((2-(7-
chloroquinolin-4-ylamino)ethylimino) methyl)phenol (3a), (E)-
4-bromo-2-((2-(7-chloroquinolin-4-ylamino)ethylimino)methyl)
phenol (4a) and (E)-2-((2-(7-chloroquinolin-4-ylamino)ethyli-
mino)methyl)-4-methyl phenol (5a) were previously synthe-
sized (Zanon et al., 2019).

CHN elemental analyses were carried out using a Perkin-
Elmer 2400 at Universidade de S~ao Paulo (USP-SP), Brazil.
NMR spectra were recorded on a Varian VNMRS (1H at 300 or
500MHz, 13C NMR 125 or 75MHz) spectrometer with
dimethyl sulfoxide-d6 (DMSO-d6) or chloroform-d (CDCl3) as
the solvent. FTIR spectra were measured using a Varian 600
FTIR spectrometer equipped with a Pike ATR Miracle acces-
sory (diamond/ZnSe crystal, resolution: 4 cm�1) at room tem-
perature in the range between 4000 and 600 cm�1 with
32 scans.

General method for the synthesis of imines

Salicylaldehydes were stirred overnight with 1 in ethanol, at
room temperature, whereas their reactions with 2 were
stirred at 50 �C for 3 h, and then kept at room temperature
also overnight. In the absence of a precipitate, the solvent
was removed under reduced pressure yielding the product.
The compounds were washed with diethyl ether.

(E)-2-(((4-((7-Chloroquinolin-4-yl)amino)butyl)imino)me-
thyl)phenol, 6a
The yellow powder 6a was obtained from 2-hydroxybenzal-
dehyde (0.73 mL, 0.70mmol) and 1 (125mg, 0.50mmol).
Yield: 79% (140mg). Mp: 165 �C. Elemental analysis (%) calcd.
for C20H20ClN3O: C 67.89, H 5.70, N 11.88, found: C 67.57, H
5.65, N 11.75. 1H NMR (300MHz, CDCl3): d 13.46 (OH), 8.52
(1H, d, J¼ 5.3 Hz), 8.37 (1H, s), 7.95 (1H, d, J¼ 2.1 Hz), 7.64
(1H, d, J¼ 8.9 Hz), 7.35–7.29 (2H, m), 7.25 (1H, m), 6.65 (1H,
dd, J¼ 7.5, 0.6 Hz), 6.89 (1H, td, J¼ 7.5, 1.0 Hz), 6.41 (1H, d,
J¼ 5.3 Hz), 4.98 (1H, NH), 3.68 (2H, m), 3.37 (2H, m), 1.88 (4H,
m). 13C NMR (125MHz, DMSO-d6): d 166.2, 161.3, 152.3,
150.5, 149.6, 133.8, 132.6, 132.0, 127.9, 124.5, 124.4, 119.1,
118.8, 117.9, 116.9, 99.1, 58.4, 42.6, 28.4, 25.9. IR (ATR, mmax/
cm�1): 3329, 2954, 2883, 1633 (C¼N imine), 1610 (7-chloro-
quinoline), 1581 (7-chloroquinoline), 1537 (7-chloroquinoline),
1489, 1456, 1375, 1333, 1290, 1198, 1155, 1076, 1026, 895,
868, 812, 760, 738.

(E)-4-Bromo-2-(((4-((7-chloroquinolin-4-yl)amino)butyl)imi-
no)methyl)phenol, 7a
The yellow powder 7a was obtained from 5-bromo-2-hydrox-
ybenzaldehyde (190mg, 0.95mmol) and 1 (187mg,
0.75mmol). Yield: 71% (307mg). Mp: 182 �C. Elemental ana-
lysis (%) calcd. for C20H19BrClN3O.3/5 diethyl ether: C 54.55,
H 4.71, N 9.36, found: C 54.99, H 4.30, N 9.14. 1H NMR
(500MHz, CDCl3): d 13.45 (OH), 8.53 (1H, d, J¼ 5.2 Hz), 8.29
(1H, s), 7.96 (1H, d, J¼ 2.1 Hz), 7.64 (1H, d, J¼ 8.9 Hz), 7.39

(1H, dd, J¼ 8.7, 2.4 Hz), 7.36 (2H, m), 6.86 (1H, d, J¼ 8.7 Hz),
6.41 (1H, d, J¼ 5.2 Hz), 4.96 (1H, NH), 3.69 (2H, m), 3.37 (2H,
m), 1.85 (4H, m). 13C NMR (125MHz, DMSO-d6): d 165.0,
161.2, 152.3, 150.6, 149.6, 135.1, 133.8, 133.8, 128.0, 124.5,
124.4, 120.7, 119.6, 118.0, 109.2, 99.2, 58.0, 42.6, 28.3, 26.0. IR
(ATR, mmax/cm

�1): 3209 (N-H), 3061, 2957, 2870, 1637 (C¼N
imine), 1610 (7-chloroquinoline), 1577 (7-chloroquinoline),
1550 (7-chloroquinoline), 1479, 1450, 1428, 1365, 1333, 1278,
1205, 1137, 1080, 1035, 895, 865, 848, 808, 766, 690,
642, 624.

(E)-2-(((4-((7-Chloroquinolin-4-yl)amino)butyl)imino)-
methyl)-4-methylphenol, 8a
The yellow powder 8a was obtained from 2-hydroxy-5-meth-
ylbenzaldehyde (95.2mg, 0.70mmol) and 1 (125mg,
0.50mmol). Yield: 79% (145mg). mp: 176 �C. Elemental ana-
lysis (%) calcd. for C21H22ClN3O: C 68.56, H 6.03, N 11.42;
found: C 68.84, H 6.04, N 11.32. 1H NMR (300MHz, CDCl3): d
13.19 (OH), 8.51 (1H, d, J¼ 5.3 Hz), 8.32 (1H, s), 7.95 (1H, d,
J¼ 2.1 Hz), 7.64 (1H, d, J¼ 8.9 Hz), 7. 34 (1H, dd, J¼ 8.9,
2.1 Hz), 7.13 (1H, dd, J¼ 8.4, 2.1 Hz), 7.03 (1H, d, J¼ 2.1 Hz),
6.87 (1H, d, J¼ 8.4 Hz), 6.40 (1H, d, J¼ 5.3 Hz), 4.99 (1H, NH),
3.67 (2H, m), 3.36 (2H, m), 2.29 (3H, s), 1.87 (4H, m). 13C NMR
(125MHz, DMSO-d6): d 166.4, 158.8, 152.3, 150.5, 149.6, 133.8,
133.3, 131.8, 127.9, 127.4, 124.5, 124.4, 118.8, 117.9, 116.7,
99.6, 58.6, 42.6, 28.5, 25.9, 20.3. IR (ATR, mmax/cm

�1): 3389,
3242 (N-H), 3059, 2932, 2853, 1633 (C¼N imine), 1610 (7-
chloroquinoline), 1581 (7-chloroquinoline), 1538 (7-chloroqui-
noline), 1498, 1450, 1369, 1354, 1330, 1284, 1242, 1159,
1139, 1078, 1405, 886, 868, 843, 808, 785, 640.

(E)-2-(((6-((7-Chloroquinolin-4-yl)amino)hexyl)imino)me-
thyl)phenol, 9a
The yellow powder 9a was obtained from 2-hydroxybenzal-
dehyde (100 mL, 1.00mmol) and 2 (278mg, 1.00mmol). Yield:
82% (313mg). mp: 113 �C. Elemental analysis (%) calcd. For
C22H24ClN3O: C 69.19, H 6.33, N 11.00; found: C 68.73, H 6.15,
N 10.60. 1H NMR (500MHz, DMSO-d6): d 13.66 (OH), 8.53 (1H,
s), 8.36 (1H, d, J¼ 5.4 Hz), 8.26 (1H, d, J¼ 9.0 Hz), 7.76 (1H, d,
J¼ 2.2 Hz), 7.40 (2H, td, J¼ 9.0, 2.2 Hz), 7.31 (1H, m), 7.25 (1H,
NH), 6.87 (2H, m), 6.44 (1H, d, J¼ 5.4 Hz), 3.59 (2H, t), 3.25
(2H, m), 1.67 (4H, m), 1.42 (4H, m). 13C NMR (75MHz, DMSO-
d6): d 166.2, 161.5, 152.3, 150.7, 149.7, 133.8, 132.6, 131.9,
128.0, 124.5, 124.3, 119.1, 118.7, 118.0, 117.0, 99.4, 58.5, 42.9,
30.7, 28.3, 26.8, 26.8. IR (ATR, mmax/cm

�1): 3230 (N-H), 3062,
2933, 2860, 1635 (C¼N imine), 1611 (7-chloroquinoline),
1577 (7-chloroquinoline), 1544 (7-chloroquinoline), 1452,
1426, 1365, 1335, 1321, 1281, 1226, 1200, 1134, 1080, 1038,
978, 960, 895, 865, 847, 798, 754, 732, 636.

(E)-4-bromo-2-(((6-((7-chloroquinolin-4-yl)amino)hexyl)imi-
no)methyl)phenol, 10a
The yellow powder 10a was obtained from 5-bromo-2-
hydroxybenzaldehyde (200mg, 1.00mmol) and 2 (278mg,
1.00mmol). Yield: 81% (372mg). mp: 126 �C. Elemental ana-
lysis (%) calcd. for C22H23BrClN3O: C 57.34, H 5.03, N 9.12;
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found: C 57.31, H 5.18, N 9.12. 1H NMR (500MHz, DMSO-d6) d
13.83 (OH), 8.52 (1H, s), 8.37 (1H, d, J¼ 5.4 Hz), 8.26 (1H, d,
J¼ 9.0 Hz), 7.76 (1H, d, J¼ 2.2 Hz), 7.62 (1H, d, J¼ 2.5 Hz), 7.44
(2H, m), 7.24 (1H, NH), 6.82 (1H, d, J¼ 8.8 Hz), 6.44 (1H, d,
J¼ 5.4 Hz), 3.60 (2H, t), 3.22 (2H, m), 1.67 (4H, m), 1.42 (4H,
m). 13C NMR (125MHz, DMSO-d6): d 164.8, 161.2, 152.3,
150.6, 149.6, 135.1, 133.8, 128.0, 124.5, 124.3, 120.7, 119.7,
118.0, 109.2, 99.1, 58.2, 42.9, 30.6, 28.3, 26.8, 26.7. IR (ATR,
mmax/cm

�1): 3230 (N-H), 3064, 2935, 2856, 1631 (C¼N imine),
1612 (7-chloroquinoline), 1579 (7-chloroquinoline), 1547 (7-
chloroquinoline), 1477, 1453, 1430, 1365, 1332, 1320, 1281,
1200, 1136, 1080, 1016, 960, 898, 866, 812, 765, 698,
642, 625.

(E)-2-(((6-((7-Chloroquinolin-4-yl)amino)hexyl)imino)-
methyl)-4-methylphenol, 11a
The yellow powder 11a was obtained from 2-hydroxy-5-
methylbenzaldehyde (163mg, 1.20mmol) and 2 (278mg,
1.00mmol). Yield: 36% (140mg). mp: 108 �C. Elemental ana-
lysis (%) calcd. for C23H26ClN3O.1/3 H2O: C 68.73, H 6.69, N
10.45; found: C 68.99, H 6.43, N 10.46. 1H NMR (500MHz,
DMSO-d6): d 13.31 (OH), 8.46 (1H, s), 8.37 (1H, d, J¼ 5.4 Hz),
8.26 (1H, d, J¼ 9.0 Hz), 7.76 (1H, d, J¼ 2.2 Hz), 7.42 (1H, dd,
J¼ 9.0, 2.2 Hz), 7.23 (1H, NH), 7.19 (1H, d, J¼ 1.9 Hz), 7.12
(1H, dd, J¼ 8.3, 1.9 Hz), 6.76 (1H, d, J¼ 8.3 Hz), 6.44 (1H, d,
5.4 Hz), 3.58 (2H, t), 3.25 (2H, m), 2.23 (3H, s), 1.66 (4H, m),
1.42 (4H, m). 13C NMR (75MHz, DMSO-d6): d 165.2, 158.4,
151.7, 150.0, 149.0, 133.2, 132.7, 131.2, 127.3, 126.8, 123.9,
123.8, 118.2, 117.4, 116.1, 98.8, 58.2, 42.3, 30.2, 27.6, 26.2,
26.2, 19.8. IR (ATR, mmax/cm

�1): 3251 (N-H), 3062, 2933, 2854,
1635 (C¼N imine), 1612 (7-chloroquinoline), 1577 (7-chloro-
quinoline), 1549 (7-chloroquinoline), 1468, 1493, 1427, 1363,
1334, 1319, 1281, 1255, 1198, 1142, 1080, 1039, 1016, 957,
899, 865, 847, 806, 796, 781, 763, 732, 672, 635.

General method for the reduction of the imines

To an ice-cold solution of the Schiff base in ethanol NaBH4

was added in portions. The reaction was followed by thin
layer chromatography (TLC) using CH2Cl2/methanol 1:1 as
eluent. After complete disappearance of the starting material,
the reaction mixture was quenched by careful addition of
HCl (6mol.L�1) until pH 1. The solvent was removed under
reduced pressure and water was added (20–40mL). The
resulting aqueous solution was basified with NaOH
(4mol.L�1) until pH 10, and then extracted with CH2Cl2. The
organic layer was dried over anhydrous MgSO4, filtered and
concentrated under reduced pressure to yield the products
as white powders.

2-(((2-((7-Chloroquinolin-4-yl)amino)ethyl)amino)methyl)-
phenol, 3b
3b was obtained from 3a (162mg, 0.50mmol) and NaBH4

(26.4mg, 0.70mmol). Yield: 76% (125mg). mp: 146 �C.
Elemental analysis (%) calcd. for C18H18ClN3O.1/4H2O: C
65.06, H 5.61, N 12.64; found: C 65.28, H 5.38, N 12.51. 1H
NMR (500MHz, CDCl3): d 8.52 (1H, d, J¼ 5.4 Hz), 7.95 (1H, d,

J¼ 2.1 Hz), 7.75 (1H, d, J¼ 8.9 Hz), 7.40 (1H, dd, J¼ 8.9,
2.1 Hz), 7.20 (1H, td, J¼ 8.0, 1.0 Hz), 7.02 (1H, dd, J¼ 7.4,
0.8 Hz), 6.88 (1H, dd, J¼ 8.0, 0.8 Hz), 6.82 (1H, td, J¼ 7.4,
1.0 Hz), 6.38 (1H, d, J¼ 5.4 Hz), 5.30 (1H, NH), 4.10 (2H, s),
3.47 (2H, m), 3.07 (2H, m). 13C NMR (75MHz, DMSO-d6): d
157.5, 152.3, 150.6, 149.5, 133.8, 129.1, 128.3, 127.9, 124.8,
124.5, 124.5, 119.0, 118.0, 115.8, 99.2, 50.4, 46.8, 42.6. IR (ATR,
mmax/cm

�1): 3307, 3189 (N-H), 3043, 2931, 2843, 2698, 2559,
1610 (7-chloroquinoline), 1579 (7-chloroquinoline), 1547 (7-
chloroquinoline), 1492, 1446, 1426, 1371, 1348, 1331, 1269,
1250, 1231, 1196, 1134, 1099, 1082, 1036, 968, 906, 868, 814,
804, 780, 750, 730, 681, 618.

4-Bromo-2-(((2-((7-chloroquinolin-4-yl)amino)ethyl)amino)-
methyl)phenol, 4b
4b was obtained from 4a (121mg, 0.30mmol) and NaBH4

(19.0mg, 0.50mmol). Yield: 67% (82.5mg). mp: 167 �C.
Elemental analysis (%) calcd. for C18H17BrClN3O.1/3 CH2Cl2: C
50.62, H 4.09, N 9.66; found: C 50.34, H 4.28, N 9.51. 1H NMR
(500MHz, CDCl3): d 8.45 (1H, d, J¼ 5.3 Hz), 7.88 (1H, d,
J¼ 2.1 Hz), 7.65 (1H, d, J¼ 8.9 Hz), 7.34 (1H, dd, J¼ 8.9,
2.1 Hz), 7.21 (1H, dd, J¼ 8.6, 2.4 Hz), 7.07 (1H, d, J¼ 2.4 Hz),
6.68 (1H, d, J¼ 8.6 Hz), 6.32 (1H, d, J¼ 5.3 Hz), 5.18 (1H, NH),
3.98 (2H, s), 3.42 (2H, m), 2.99 (2H, m). 13C NMR (75MHz,
DMSO-d6): d 156.6, 152.3, 150.6, 149.7, 133.8, 131.5, 130.6,
128.2, 128.0, 124.4, 124.3, 118.0, 117.9, 110.2, 99.2, 49.4, 47.0,
42.7. IR (ATR, mmax/cm

�1): 3215 (N-H), 3014, 2940, 2845, 2771,
1610 (7-chloroquinoline), 1581 (7-chloroquinoline), 1557 (7-
chloroquinoline), 1534, 1496, 1448, 1427, 1385, 1372, 1345,
1329, 1275, 1233, 1215, 1196, 1175, 1134, 1086, 1039, 1019,
997, 974, 906, 870, 843, 806, 769, 659, 621.

2-(((2-((7-Chloroquinolin-4-yl)amino)ethyl)amino)methyl)-
4-methylphenol, 5 b
5b was obtained from 5a (170mg, 0.50mmol) and NaBH4

(26.4mg, 0.70mmol). Yield: 76% (129mg). mp: 154 �C.
Elemental analysis (%) calcd. for C19H20ClN3O: C 66.67, H
5.90, N 12.29; found: C 66.47, H 5.75, N 12.01. 1H NMR
(500MHz, CDCl3): d 8.50 (1H, d, J¼ 5.3 Hz), 7.94 (1H, d,
J¼ 2.1 Hz), 7.74 (1H, d, J¼ 8.9 Hz), 7.38 (1H, dd, J¼ 8.9,
2.1 Hz), 6.99 (1H, dd, J¼ 8.1, 1.7 Hz), 6.82 (1H, d, J¼ 1.7 Hz),
6.78 (1H, d, J¼ 8.1 Hz), 6.36 (1H, d, J¼ 5.3 Hz), 5.34 (1H, NH),
4.05 (2H, s), 3.45 (2H, m), 3.05 (2H, m), 2.24 (3H, s). 13C NMR
(125MHz, DMSO-d6): d 155.1, 152.3, 150.6, 149.5, 133.8, 129.6,
128.5, 127.9, 127.3, 124.5, 124.5, 118.0, 115.6, 99.1, 50.4, 46.7,
42.6, 20.5. IR (ATR, mmax/cm

�1): 3303, 3198 (N-H), 2914, 2846,
2569, 1610 (7-chloroquinoline), 1583 (7-chloroquinoline),
1548 (7-chloroquinoline), 1510, 1495, 1446, 1429, 1385, 1373,
1344, 1333, 1263, 1234, 1211, 1194, 1136, 1099, 1084, 1034,
964, 920, 901, 872, 810, 777, 683, 654, 638, 620.

2-(((4-((7-Chloroquinolin-4-yl)amino)butyl)amino)methyl)-
phenol, 6b
6b was obtained from 6a (88.5mg, 0.25mmol) and NaBH4

(17.0mg, 0.45mmol). Yield: 78% (70mg). mp: 109 �C.
Elemental analysis (%) calcd. for C20H22ClN3O.1/3H2O: C
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66.38, H 6.31, N 11.61; found: C 66.38, H 6.07, N 11.22. 1H
NMR (500MHz, CDCl3): d 8.46 (1H, d, J¼ 5.3 Hz), 7.89 (1H,d,
J¼ 2.1 Hz), 7.59 (1H, d, J¼ 8.9 Hz), 7.29 (1H, dd, J¼ 8.9,
2.1 Hz), 7.11 (1H, td, J¼ 8.0, 1.7 Hz), 6.92 (1H, dd, J¼ 7.4,
1.7 Hz), 6.77 (1H, dd, J¼ 8.0, 1.1 Hz), 6.72 (1H, td, J¼ 7.4,
1.1 Hz), 6.32 (1H, d, J¼ 5.3 Hz), 4.96 (s, NH), 3.95 (2H, s),
3,28–3,24 (2H, dd, J¼ 6.9 Hz), 2.70 (2H, t, J¼ 6.9 Hz),
1.80–1.73 (2H, m), 1.64 (2H, m). 13C NMR (125MHz, DMSO-
d6): d 157.2, 151.6, 149.9, 148.9, 133.1, 128.2, 127.5, 127.2,
123.9, 123.7, 123.6, 118.1, 117.3, 115.1, 98.6, 50.5, 47.7, 42.1,
26.4, 25.5. IR (ATR, mmax/cm

�1): 3281, 3241, 3061, 2958, 1611
(7-chloroquinoline), 1578 (7-chloroquinoline), 1565 (7-chloro-
quinoline), 1550 (7-chloroquinoline), 1492, 1477, 1467, 1451,
1426, 1379, 1361, 1338, 1320, 1280, 1248, 1216, 1207, 1145,
1105, 929, 894, 863, 847, 759, 749, 716, 629.

4-Bromo-2-(((4-((7-chloroquinolin-4-yl)amino)butyl)amino)-
methyl)phenol, 7b
7b was obtained from 7a (130mg, 0.30mmol) and NaBH4

(19.0mg, 0.50mmol). Yield: 42% (55mg). mp: 126 �C.
Elemental analysis (%) calcd. for C20H21BrClN3O.1/7 H2O: C
54.93, H 4.91, N 9.61; found: C 55.37, H 4.76, N 9.19. 1H NMR
(500MHz, CDCl3): d 8.53 (1H, d, J¼ 5.3 Hz), 7.96 (1H, d,
J¼ 2.1 Hz), 7.66 (1H, d, J¼ 8.9 Hz), 7.36 (1H, dd, J¼ 8.9,
2.1 Hz), 7.25 (1H, dd, J¼ 8.6, 2.4 Hz), 7.10 (1H, d, J¼ 2.4 Hz),
6.71 (1H, d, J¼ 8.6 Hz), 6.39 (1H, d, J¼ 5.3 Hz), 3.98 (2H, s),
3.33 (2H, m), 2.75 (2H, t, J¼ 6.9 Hz), 1.79–1.85 (2H, m),
1.74–1.68 (2H, m). 13C NMR (125MHz, DMSO-d6): d 157.2,
152.3, 150.6, 149.7, 133.8, 131.2, 130.6, 128.0, 127.7, 124.5,
124.3, 118.0, 117.9, 109.9, 99.1, 50.2, 48.5, 42.8, 27.2, 26.2. IR
(ATR, mmax/cm

�1): 3292, 3223, 3073, 2933, 2860, 1612 (7-
chloroquinoline), 1578 (7-chloroquinoline), 1557 (7-chloroqui-
noline), 1470, 1451, 1432, 1396, 1383, 1368, 1358, 1337,
1319, 1257, 1207, 1178, 1165, 1142, 1121, 1111, 1080, 1039,
1014, 933, 981, 952, 898, 871, 846, 812, 800, 766, 740, 641,
622, 564.

2-(((4-((7-Chloroquinolin-4-yl)amino)butyl)amino)methyl)-
4-methylphenol, 8b
8b was obtained from 8a (92.0mg, 0.25mmol) and NaBH4

(17.0mg, 0.45mmol). Yield: 96% (88mg). mp: 163 �C.
Elemental analysis (%) calcd. for C21H24ClN3O.1/6 CH2Cl2: C
66.20, H 6.39; N 10.94; found: C 66.40, H 6.15, N. 10.61. 1H
NMR (500MHz, CDCl3): d 8.46 (1H, d, J¼ 5.4 Hz), 7.89 (1H, d,
J¼ 2.1 Hz), 7.60 (1H, d, J¼ 8.9 Hz), 7.29 (1H, dd, J¼ 8.9,
2.1 Hz), 6.91 (1H, dd, J¼ 8.2, 2.4 Hz), 6.73 (1H, d, J¼ 2.4 Hz),
6.67 (1H, d, J¼ 8.2 Hz), 6.32 (1H, d, J¼ 5.4 Hz), 3.91 (2H, s),
3.26 (2H, t, J¼ 7.0 Hz), 2.70 (2H, t, J¼ 7.0 Hz), 2.17 (3H, s),
1.80–1.74 (2H, m), 1.60–1.68 (2H, m). 13C NMR (75MHz,
DMSO-d6): d 155.5, 152.3, 150.6, 149.7, 133.8, 129.5, 128.6,
128.0, 127.2, 124.5, 124.3, 124.3, 118.0, 115.7, 99.2, 51.1, 48.5,
42.9, 27.1, 26.2, 20.5. IR (ATR, mmax/cm

�1): 3271, 3216, 3020,
2949, 2922, 2877, 2837, 1611 (7-chloroquinoline), 1579 (7-
chloroquinoline), 1546 (7-chloroquinoline), 1508, 1488, 1469,
1448, 1426, 1381, 1368, 1329, 1275, 1242, 1209,1166, 1147,
1134, 1108, 1071, 1057, 1027, 1008, 983, 973, 957, 923, 897,
877, 854, 824, 812, 801, 778, 766, 747, 722, 655, 623, 604.

2-(((6-((7-Chloroquinolin-4-yl)amino)hexyl)amino)methyl)-
phenol, 9b
9b was obtained from 9a (191mg, 0.50mmol) and NaBH4

(26.6mg, 0.70mmol). Yield: 69% (133mg). mp: 76 �C.
Elemental analysis (%) calcd. for C22H26ClN3O.1/4 CH2Cl2: C
65.96, H 6.59, N 10.37; found: C 66.40, H 6.56, N 10.16. 1H
NMR (500MHz, CDCl3): d 8.45 (1H, d, J¼ 5.4 Hz), 7.88 (1H, d,
J¼ 2.1 Hz), 7.61 (1H, d, J¼ 9.0 Hz), 7.26 (1H, dd, J¼ 9.0,
2,1 Hz), 7.12–7.08 (1H, td, J¼ 8.0, 1.8 Hz), 6.92 (1H, dd, J¼ 7.6,
1.8 Hz), 6.76 (1H, dd, J¼ 8.0, 1.3 Hz), 6.71 (1H, td, J¼ 7.6,
1.3 Hz), 6.33 (1H, d, J¼ 5.4 Hz), 3.93 (2H, s), 3.22–3.26 (2H, m),
2.63 (2H, t, J¼ 6.9 Hz), 1.73–1.66 (2H, m), 1.55–1.48 (2H, m),
1.39 (4H, m). 13C NMR (75MHz, DMSO-d6): d 158.2, 152.3,
150.7, 149.7, 133.8, 128.8, 128.2, 128.0, 124.6, 124.5, 124.3,
118.8, 118.1, 115.9, 99.1, 51.4, 48.6, 42.9, 29.4, 28.3, 27.0, 26.9.
IR (ATR, mmax/cm

�1): 3264, 3061, 2938, 2859, 1613 (7-chloro-
quinoline), 1576 (7-chloroquinoline), 1542 (7-chloroquinoline),
1478, 1470, 1451, 1424, 1364, 1332, 1320, 1279, 1247, 1201,
1184, 1164, 1139, 1101, 1079, 1035, 997, 966, 927, 901, 885,
866, 846, 807, 760, 748, 718, 641, 621.

4-Bromo-2-(((6-((7-chloroquinolin-4-yl)amino)hexyl)ami-
no)methyl)phenol, 10b
10b was obtained from 10a (230mg, 0.50mmol) and NaBH4

(26.6mg, 0.70mmol). Yield: 54% (126mg). mp: 131 �C.
Elemental analysis (%) calcd. for C22H25BrClN3O.1/4 CH2Cl2: C
55.21, H 5.31, N 8.68; found: C 55.51, H 5.23, N 8.80. 1H NMR
(500MHz, CDCl3): d 8.44 (1H, d, J¼ 5.4 Hz), 7.88 (1H, d,
J¼ 2.1 Hz), 7.60 (1H, d, J¼ 8.9 Hz), 7.27 (1H, dd, J¼ 8.9,
2.1 Hz), 7.18 (1H, dd, J¼ 8.6, 2.4 Hz), 7.03 (1H, d, J¼ 2.4 Hz),
6.63 (1H, d, J¼ 8.6 Hz), 6.33 (1H, d, J¼ 5.4 Hz), 3.89 (2H, s),
3.22–3.26 (2H, m), 2.61 (2H, t, J¼ 7.0 Hz), 1.73–1.66 (2H, m),
1.54–1.47 (2H, m), 1.44–1.34 (4H, m). 13C NMR (75MHz,
DMSO-d6): d 157.4, 152.3, 150.7, 149.7, 133.8, 131.2, 130.6,
128.0, 127.7, 124.5, 124.3, 118.0, 118.0, 109.8, 99.1, 50.4, 48.6,
42.9, 29.4, 28.3, 26.9. IR (ATR, mmax/cm

�1): 3265, 3200, 3058,
2929, 2879, 2851, 2813, 1611 (7-chloroquinoline), 1578 (7-
chloroquinoline), 1543 (7-chloroquinoline), 1479, 1448, 1427,
1390, 1366, 1332, 1299, 1278, 1252, 1227, 1200, 1175, 1161,
1143, 1134, 1111, 1097, 1075, 1031, 1019, 980, 959, 936, 917,
895, 869, 818, 808, 763, 720, 637, 623, 602, 569, 548.

2-(((6-((7-Chloroquinolin-4-yl)amino)hexyl)amino)methyl)-
4-methylphenol, 11b
11b was obtained from 11a (119mg, 0.30mmol) and NaBH4

(19.0mg, 0.50mmol). Yield: 95% (121mg). mp: 131 �C.
Elemental analysis (%) calcd. for C23H28ClN3O.1/2H2O: C 67.88,
H 7.18, N 10.33; found: C 67.75, H 6.85, N 10.17. 1H NMR
(500MHz, CDCl3): d 8.45 (1H, d, J¼ 5.4 Hz), 7.88 (1H, d,
J¼ 2.1 Hz), 7.62 (1H, d, J¼ 9.0 Hz), 7.26 (1H, dd, J¼ 9.0, 2.1 Hz),
6.90 (1H, dd, J¼ 8.1, 1.8 Hz), 6.73 (1H, d, J¼ 1.8 Hz), 6.66 (1H, d,
J¼ 8.1 Hz), 6.34 (1H, d, J¼ 5.4 Hz), 5.04 (1H, s), 3.88 (2H, s), 3.25
(2H, m), 2.62 (2H, t, J¼ 6.9 Hz), 2.17 (3H, s), 1.73–1.66 (2H, m),
1.54–1.48 (2H, m), 1.45–1.34 (4H, m). 13C NMR (75MHz, DMSO-
d6): d 155.0, 151.6, 149.9, 148.9, 133.1, 128.7, 127.8, 127.2,
126.4, 123.7, 123.6, 123.3, 117.3, 114.9, 98.3, 50.5, 47.8, 42.2,
28.6, 27.6, 26.2, 26.1, 19.8. IR (ATR, mmax/cm

�1): 3230, 3289,
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3233, 3061, 2927, 2854, 1610 (7-chloroquinoline), 1577 (7-
chloroquinoline), 1537 (7-chloroquinoline), 1497, 1449, 1427,
1366, 1331, 1279, 1250, 1214, 1203, 1170, 1136, 1079, 1005,
964, 937, 899, 876, 850, 807, 727, 643, 623, 599, 555.

Biological assays

Cholinesterase inhibitory activity
In order to determine the anticholinesterase activity, the
modified Ellman’s test (Lima et al., 2009) for a 96-well plate
was used (Ellman et al., 1961). The velocities of substrate
hydrolysis by AChE and BChE as function of sample concen-
tration were evaluated for EeAChE and EqBChE. EeAChE,
EqBChE and Ellman’s reagent (5,50-dithiobis-2-nitrobenzoic
acid—DTNB) were prepared in phosphate buffer (100mM,
pH 7.4). Acetylthiocholine iodide (ATCI), and BTCI were pre-
pared in distilled water. Stock samples (500mM) were pre-
pared in dimethyl sulfoxide (DMSO) or ethanol (only
compound 9b) and appropriately diluted in phosphate buffer
to the desired concentrations immediately before use. All sol-
utions were kept on ice during the experiments. All experi-
ments were performed at 25 �C±1 �C. All experimental wells
received EeAChE (0.01U/mL) or EqBChE (0.05U/mL), DTNB
(0.25mM), and phosphate buffer (control–activity) or sample
solutions (0.01–100lM). The mixture was incubated for
10min. Then, ATCI (0.5mM) or BTCI (1.0mM) was added to
all wells and the plate was read immediately during 5min in
a spectrophotometer (Spectramax 340PC, Molecular
DeviceVR ). The spontaneous hydrolysis of the substrate was
evaluated by replacing enzyme for buffer. The solvents
(DMSO or ethanol) were evaluated at the highest concentra-
tion (0.2%) used in the experiment. All concentrations refer
to the final values. The samples were tested in at least five
different concentrations. The enzyme activity
(absorbance.min�1) in a sample solution was determined by
comparison with the control (mixture without sample) and
expressed as the change in the optic deviation at 405 nm.
EeAChE, EqBChE, ATCI, BTCI and DTNB were purchased from
Sigma-Aldrich (Brazil).

Kinetics of enzyme inhibition
The same modified Ellman’s test of spectrophotometric ana-
lysis was used to determine the type of inhibition. Kinetic
parameters were determined using the Lineweaver–Burk
double reciprocal method (Lineweaver & Burk, 1934) at
increasing concentrations of substrate (0.1; 0.3; 0.5; 1.0; 1.5;
2.0mM) below and above Km, keeping a fixed amount of
enzyme in the absence or in the presence of inhibitor. The
inhibitors concentrations were kept close to one which corre-
sponds to the IC50 and their inhibitory kinetics were eval-
uated by the Lineweaver and Burk method (Lineweaver &
Burk, 1934).

Animals
This study was approved by the Ethics Committee of the
Health Sciences Center at the Federal University of Rio de
Janeiro (Universidade Federal do Rio de Janeiro, UFRJ;

protocol n.: A6/19-001-16). The ‘Principles of laboratory ani-
mal care’ (NIH publication No. 85–23, revised 1996; NIH,
2011) guidelines were strictly followed for all experiments.
Swiss mice were obtained from the Biomedical Sciences
Institute, UFRJ, Brazil).

Astrocyte cultures
Astrocyte cultures were prepared from mixed primary brain
cultures obtained from the cerebral cortices of newborn
mice (Lima et al., 2007). The primary brain cells were
obtained by dissociating the cerebral cortices until they
turned into a suspension of cells, which were cultivated in
Dulbecco’s modified Eagle medium/F12 (DMEM-F12) and
supplemented with glucose (33mM), glutamine (2mM),
sodium bicarbonate (3mM), penicillin and streptomycin
(0.5mg.mL�1), Fungizone (2.5 g.mL�1) and 10% of fetal
bovine serum (FBS, v/v) for 12 days (Lima et al., 2007). After
this period, the cells were detached from the culture flasks
by exposure to 0.25% Trypsin to obtain mostly astrocyte cells
and they were seeded at the density required for the experi-
ment. The cells were maintained at 37 �C in 5% CO2 and
95% air atmosphere. Astrocytes were identified by immunos-
taining using glial fibrillary acidic protein antibody (DAKO),
attesting the efficiency of the culture method (not shown).

Maintenance of the N9 microglial lineage cells
The mice N9 microglial lineage cells were cultivated in
DMEM-F12 with 10% FBS (v/v). The culture flasks were main-
tained at 37 �C in 5% CO2 and 95% air mixture. Cells display-
ing exponential growth were detached from the culture
flasks with ethylene-diamine tetraacetic acid (EDTA) and
seeded at the density required for the experiment.

MTT cytotoxicity assay
Cytotoxicity was assessed by the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) assay. Astrocytes were
plated on a 96-well plate in a density of 1.104 cells per well
with DMEM-F12 with 10% FBS. The next day the cells were
washed three times with DMEM-F12 without serum and
treated with different concentrations of the compounds
based on the IC50 values of each compound for AChE and
BChE as follows: 3b (0.5, 2, 20, 30 and 60 lM), 5b (0.5, 2 and
20 lM), 6b (0.2, 0.6, 6, 8 and 16 lM), 8b (0.2, 1, 8, 10 and
16 lM), 7b (0.2, 1, 5 and 10 lM), 9b (0.06, 0.3, 3, 10 and
30 lM), 11b (0.06, 0.3, 3, 10 and 30 lM), 10b (0.06, 0.3, 3, 10
and 30lM), 9a (0.2, 0.7, 7, 60 and 100lM).

All compounds were dissolved in DMSO and then dis-
solved in serum-free DMEM-F12 to be incubated with the
cells for 24 and 48 h. The viable cells were detected by the
ability to convert MTT into insoluble formazan as previously
described (Gardner, 1974). The absorption was measured at
595 nm relative to the control (serum-free DMEM-F12) using
a Wallac Victor3 1420 Multilabel Counter of Perkin Elmer.
Absorption at the reference wavelength was subtracted from
the absorption at the test wavelength.
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N9 microglial lineage production of NO
N9 cells were cultured in 96-well plate at the density of 5.104

cells per well and treated for 48 h with 9a (7lM; 60 lM), 5b
(10lM), 3b (20 lM; 30 lM), 10b (3lM; 10 lM). The concen-
trations were based on the IC50 values for AChE and BChE,
respectively, that did not present toxic effect on the astro-
cyte culture. LPS from Escherichia coli (Sigma; 1 lg.mL�1) was
used as positive control. Nitric Oxide (NO�) production was
evaluated by determining the nitrite levels using the colori-
metric Griess method (Sun et al., 2003).

Statistical analysis. The data were analyzed by one-way
ANOVA, followed by Dunnett’s multiple comparison test,
using the software GraphPad PrismVR . The results correspond
to average with standard deviation of three experiments,
each one made in triplicate.

Docking energy calculations
Aqueous equilibrium studies at pH 7.4 were performed on all
ligands using the Chemicalize server (https://chemicalize.
com/) in order to determine their protonation states under
physiologic pH. The most abundant chemical species of each
compound was, then, selected for the docking studies. Their
tridimensional structures were constructed using the soft-
ware PC Spartan ProVR (Hehre & Deppmeier, 1999) and their
partial atomic charges were calculated through the RM1
(Recife Model 1) semi-empirical method (Rocha et al., 2006).

The structure EeAChE complexed with donepezil was con-
structed through homology modeling from the crystallo-
graphic structure of human AChE (HssAChE) complexed with
donepezil, available in the RCSB PDB Protein Data Bank
(http://www.rcsb.org/pdb/home/home.do), under the code
4EY7 (Cheung et al., 2012), while the structure of EqBChE,
complexed with tacrine was built through homology model-
ing from the crystallographic structure of human BChE
(HssBChE) complexed with tacrine, available in the RCSB PDB
Protein Data Bank (http://www.rcsb.org/pdb/home/home.do),
under the code 4BDS (Nachon et al., 2013).

The docking energies of the ligands inside the active sites
of EeAChE and EqBChE, were obtained using the software
Molegro Virtual Docker (MVD)VR (Thomsen & Christensen,
2006). The docking grids for both enzymes were restricted
into spheres with a radius of 12 Å centered on donepezil (for
EeAChE) and tacrine (for EqBChE). Residues inside these
spheres were considered flexible. Due to the stochastic
nature of the docking algorithm, about 10 runs were per-
formed for each compound with 30 poses (conformation and
orientation of the ligand) returned to the analysis. This proto-
col was validated through re-docking of donepezil and tac-
rine over its experimental structures from HssAChE and
HssBChE, respectively. The best pose of each compound
inside EeAChE and EqBChE, was selected according to the
lowest binding energies, the hydrogen bonds (H-bond) inter-
actions observed and the superposition to donepezil (for
EeAChE) or tacrine (for EqBChE).
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