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Five synthetic sulfonamides derived from carvacrol, a natural product and a small molecule with druglike

properties, were evaluated with respect to their effects on the cognitive deficits of animals with

streptozotocin (STZ)-induced Alzheimer's disease (AD). Memory, ambulation, anxiety and oxidative stress

were evaluated. In vitro assays were performed to assess the inhibition of acetylcholinesterase (AChE), and

the data were combined with molecular docking for the establishment of structure–activity relationships.

The memories of animals treated with the compounds derived from morpholine (1), hydrazine (3) and

2-phenol (5) were improved. Compound 3 was the most promising, yielding excellent results in the

inhibitory avoidance test. Moreover, the compounds did not exhibit any deleterious effects on the animals'

ambulation in the open field test. Molecular docking confirmed the results obtained in the AChE inhibition

assay. In short, compounds 1, 3 and 5 can reduce STZ-induced deficits and show potential for the

treatment of Alzheimer's. In addition, these agents produce significant anxiolytic and antioxidant effects.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder,
characterized by irreversible and progressive memory loss,
which decreases daily task performance and reduces speech
abilities and visual perception, ultimately culminating in
total dementia.1,2 AD affects thousands of people worldwide
regardless of ethnicity or socioeconomic conditions.
Currently, 35.6 million people are affected by AD, and it is
most common in the population above 60 years of age,
making it more prevalent in Latin American countries (8.5%)
and less prevalent in South Africa (2–4%).1,3,4

Commonly, the first cerebral structure to be affected by
AD is the hippocampus. As the disease progresses, other
cerebral structures are damaged, leading to symptoms such
as impulsiveness, incoherent judgment, and difficulty in
learning, talking and writing.5,6

Some of the medicines available for the treatment of
AD are acetylcholinesterase (AChE) inhibitors, such as
rivastigmine, donepezil and galantamine. AChE is an enzyme
responsible for acetylcholine (ACh) hydrolysis. By inhibiting
the enzyme, those drugs increase cerebral ACh levels.7,8 In
some patients, the adverse and/or collateral effects are so
intense that they lead to poor or no adherence at all to the
treatment.9,10 Therefore, molecules with anti-Alzheimer's
potential that act not only by attenuating the symptoms but
also the characteristics of the disease, for example on its
progression, are urgently needed. In this context, diverse
chemotypes have been studied with regard to their
therapeutic potential against AD.9

Natural products and their molecular frameworks have a
long tradition as valuable starting points for medicinal
chemistry and drug discovery.10,11 In this context, carvacrol
(2-methyl-5-isopropyl-phenol), a small molecule with druglike
properties and no stereogenic centers, is a monoterpene
phenol found in the essential oils of the family Labiatae,
including Origanum, Satureja, Thymbra, Thymus, and
Corydothymus species, which can serve as an interesting basic

RSC Med. Chem., 2020, 11, 307–316 | 307This journal is © The Royal Society of Chemistry 2020

a School of Health Sciences/Graduate Program in Pharmaceutical Sciences,

UNIVALI, Rua Uruguai, 458 F6 lab 206 Campus I, centro, Itajai, SC, 88302-202,

Brazil
b Laboratory of Medicinal and Computational Chemistry, Center for Research and

Innovation in Biodiversity and Drug Discovery, Institute of Physics of São Carlos,

University of Sao Paulo, Av. João Dagnone, 1100 – Santa Angelina, São Carlos, SP,

13563-120, Brazil
c Department of Chemistry, Federal University of Santa Catarina, R. Eng.

Agronômico Andrei Cristian Ferreira, s/n – Trindade, Florianópolis, SC, 88040-900,

Brazil
d Department of Exact Sciences and Education, Federal University of Santa

Catarina- Campus of Blumenau, Rua João Pessoa, 2750 – Velha, Blumenau, SC,

89036-256, Brazil. E-mail: aldo.sena@ufsc.br

Pu
bl

is
he

d 
on

 1
4 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

8/
17

/2
02

0 
10

:5
3:

17
 A

M
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d0md00009d&domain=pdf&date_stamp=2020-02-21
http://orcid.org/0000-0001-7760-4484
https://doi.org/10.1039/d0md00009d
https://pubs.rsc.org/en/journals/journal/MD
https://pubs.rsc.org/en/journals/journal/MD?issueid=MD011002


308 | RSC Med. Chem., 2020, 11, 307–316 This journal is © The Royal Society of Chemistry 2020

scaffold onto which substituents can be introduced.12,13

Carvacrol is characterized by possessing several biological
properties, among which are antioxidant14 and AChE
inhibitory abilities.15–17

To carry out the study reported in this article, molecular
docking studies were conducted to clarify the inhibition
mode of the active compounds using carvacrol and the
structure of human AChE (PDB ID 4M0E). Fig. 1 shows the
binding conformation of carvacrol in the active site of AChE.

Carvacrol forms a hydrogen bond between the hydroxyl
group and the side chain of ASP74 and a π–π interaction with
the side chain of TYR341. Although it is a low potency
inhibitor with low affinity for AChE, carvacrol is a good
compound for the study of structure–activity relationships,
since it does not present any violation of Lipinski's rules
(mlog P = 3.81; MW = 150.22; HBA = 1; HBD = 1). To find
compounds potentially more active than carvacrol in
enzymatic inhibition and based on the experience of the
group in synthesis, the production of a series of
sulfonamides was planned.

The choice of the synthesis of sulfonamides derived from
this natural product is justified by the fact that new
therapeutic activities have been discovered for sulfonamides,
in addition to their use as probes with photoaffinity,
prevention of beta secretase from acting, inhibition of the
formation and aggregation of beta-amyloids, and free radical
stabilization.18 In regard to AD, Brodney et al.19

demonstrated that heterocyclic sulfonamides could reduce
β-secretase action, the enzyme responsible for incorrect
amyloid precursor protein (APP) cleavage; this activity
culminates in the production of β amyloid peptides, which
are senile plaque constituents. Recently, a novel series of
multifunctional anti-Alzheimer's agents based on
N-substituted aryl sulfonamides were designed and
synthesized.20 This series of compounds exhibited in vivo
activity, which was correlated with the modulation of some
selected biochemical markers of AD during behavioral
assessment.20

Considering the AChE in vitro activity of the compounds
synthesized herein, the use of similar agents in AD therapy,

and the literature findings on the new pharmacologic
properties of the sulfonamides, we have investigated
compounds 1, 2, 3, 4 and 5 with respect to their protective
effects against cognitive deficits on animal models of AD. In
addition to the in vivo assays, we have correlated the
enzymatic inhibitory activity with molecular docking data to
rationalize the predominant structure–activity relationships.

Results and discussion
Chemistry

The purpose of this article is not to report the synthesis of
sulfonamides derived from carvacrol, since this procedure
has already been published recently by our research group.21

A series of 35 compounds were synthesized, of which 5
compounds were selected that exhibited greater activity
in in vitro assays (antioxidant and acetylcholinesterase
inhibition) especially as a measure to rationalize the number
of animals, in line with international protocols. The chosen
compounds were synthesized in good yields (83–93%) using
the procedure illustrated in Scheme 1.

The sulfonyl chloride of carvacrol (ChS) was obtained by
reacting carvacrol with six equivalents of chlorosulfonic acid.
The excess of acid in reactions of this type, chlorosulfonation
of aromatic systems, has been studied previously due to the
reversibility that exists in the mechanisms proposed for this
reaction. It was also verified that the excess of six equivalents
is the ideal quantity to obtain the best yields.21

AChE inhibitory activity

All studied compounds were evaluated as AChE inhibitors.
The concentration of the tested compounds that inhibits
substrate hydrolysis by 50% (IC50 – Table 1) was determined
by plotting the inhibition percentage against the sample
solution concentration. The sulfonamides showed high
percentages of inhibition of AChE, with all of them being
more active than galantamine (Reminyl®, a drug used for the

Fig. 1 Intermolecular interactions of carvacrol in the enzymatic cavity
of the AChE enzyme. Scheme 1 Synthesis of sulfonamides derived from carvacrol.
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treatment of AD), but all had lower inhibition compared to
donepezil. These results demonstrate the potential of these
compounds as novel AChE inhibitors.

The most active compound in the series was compound 1,
which is derived from morpholine and was 50 times more
active than carvacrol; the least active was compound 3, which
was derived from hydrazine and is still approximately 30
times more active than carvacrol. All the compounds were
able to inhibit the catalytic activity of the enzyme. For a
better understanding of the activity observed in the AChE
assay, molecular modeling studies were performed, the
results of which are shown below.

Molecular modelling

Structure–activity relationship (SAR) studies were carried out
with compounds 1, 2, 3, 4 and 5. To that end, molecular
docking runs were conducted using the structure of human
AChE (PDB ID 4M0E).22 The inhibitors were docked into the
same binding site occupied by the cocrystallized ligand
dihydrotanshinone.

Fig. 2 shows the binding conformations of sulfonamides
1, 2, and 5 in the active site of AChE. These inhibitors were
observed to maintain similar binding patterns, including a

hydrogen bond between the ligands' hydroxyl groups and the
side chain of Asp74 and a π–π interaction with the side
chains of Tyr341 and Trp286. Fig. 3 illustrates the
intermolecular interactions of compounds 3 and 4 in the
active site of AChE.

For compound 3, the same interactions described
previously for the side chains of Tyr341 and Asp 74 are
observed. Additional hydrogen bonds were observed for the
side chains of Phe295 and Ser293. Analogously, for
compound 4, all interactions predicted for compounds 1, 2, 3
and 5 were maintained, in addition to an additional
interaction of hydrogen bonds with Arg296.

The differences in the IC50 values measured in the AChE
assay were not substantial. Substitution of the cyclic
substituents at the sulfonamide group in compounds 1, 2, 4
and 5 by the amine in compound 3 decreased the biological
activity against the enzyme by approximately 2-fold. Overall,
the molecular docking results point out that the binding of
the inhibitors to the AChE active site is mainly driven by π–π

contacts and hydrogen bonds.

In vivo assays

Open field test. Table 2 shows that none of these
compounds or galantamine when administered to animals
produced changes in behavioral parameters such as crossings
and rearing when compared to the control group (p > 0.05).
These results indicate that there were no sedative or
stimulant effects in mice, as assessed by the open field
apparatus (Table 2).

These effects on locomotor activity were investigated to
rule out the possibility that the effect of the compounds on
the animals subjected to the inhibitory avoidance task could
be a consequence of increased locomotor activity. However,
it should be emphasized that drugs that induce
hyperlocomotion may produce a false positive effect in this
test, whereas drugs that decrease locomotion may produce a
false negative result.23

Table 1 AChE inhibitory activity for sulfonamides

Comp. IC50
a (μM)

1 5.64 ± 0.33
2 7.34 ± 0.31
3 9.24 ± 0.12
4 6.99 ± 0.28
5 8.74 ± 0.02
Carvacrol 283.60 ± 0.12
Galantamine 17.10 ± 0.23
Donepezil 0.006 ± 0.001

a The assays were performed in triplicate and the values were
obtained from the means.

Fig. 2 Intermolecular interactions of compounds 1, 2 and 5 in the enzymatic cavity of the AChE enzyme.
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Elevated plus maze test. The effects of the sulfonamides
on the anxiety behavioral parameters of the animals subjected
to the elevated plus maze test are presented in Table 3.
Interestingly, treatment with the sulfonamides caused
detectable emotional changes in this test, which is frequently
used to detect and evaluate the anxiolytic/anxiogenic
properties of drugs.24 These results are consistent with data
reported in the literature on the anxiolytic potential of imidic
compounds.25,26 These results are important for molecules
with anti-Alzheimer's potential because patients with this
pathology develop neuropsychiatric disorders such as anxiety
and depression as the disease progresses.27–29 The
thiocholinesterase agents used in the treatment have no effect
on such disturbances. The results demonstrate that all the
compounds produced anxiolytic-like effects by increasing the
open arm permanency time when compared to the vehicle
group (p < 0.01 and p < 0.001). Sham and naive did not have
pharmacology profiles distinct from the vehicle group.

Effects of the compounds on the behaviors of animals
with streptozotocin-induced Alzheimer's disease. The effects
of the compounds on the memory of the animals with

Alzheimer's disease induced by streptozotocin are shown in
Table 4 and Fig. 4. The results demonstrate that compounds
1, 3 and 5 (Fig. 4) promoted a statistically significant reversal
of the cognitive deficit induced by STZ when compared to the
vehicle group (p < 0.01 and p < 0.001) in the inhibitory
avoidance test session. Furthermore, the results also show
that the animals treated with the vehicle did not learn the
inhibitory avoidance task, proving that STZ generated
cognitive deficits in the mice. Additionally, galantamine used
as a positive control was effective in reverting those deficits,
as expected (p < 0.001). The results also point out that sham
and naive animals exhibited the same behavioral profile in
the inhibitory avoidance test; in other words, they learned
the task because there were significant training and test
session differences. Equally important, the chirurgical
practice for STZ i.c.v. administration did not interfere in the
animals' behavioral patterns, as demonstrated by the sham
group. In addition, the result demonstrates that compound 3
has a nootropic activity similar to galantamine.

Effect on brain oxidative stress. The results demonstrate
that STZ i.c.v. markedly enhances the oxidative stress due to
the increase of TBARS (thiobarbituric acid reactive
substances) and reduction of the GSH levels in the brains of
the animals (Fig. 5) when compared to the naïve group. As
can be observed, galantamine and all investigated compounds
(except for 4) significantly decrease TBAR levels and increase
GSH levels when compared to the vehicle (Fig. 5).

As previously reported, AD is a neurodegenerative disease
characterized by progressive loss of memory, cognitive
impairment, decline of language function, and several
behavioral changes including paranoia, delusions, and
impaired social functioning.1,2 Particularly, this pathology
characteristically presents four alterations that have been
studied to obtain a possible treatment: senile plaques
originated from the deposition of abnormally produced beta-
amyloid (Aβ) protein, neurofibrillary tangles30 created by the
hyperphosphorylation of tau protein,31,32 drastic changes of

Fig. 3 Intermolecular interactions of compounds 3 and 4 within the AChE active site.

Table 2 Effect of the administration of compounds (30 mg kg−1, and
galantamine at 0.5 mg kg−1, i.p.) on animal behaviour in the open field
test

Compound Crossinga Rearinga

Vehicle 114.00 ± 3.12 53.60 ± 1.62
Sham 112.20 ± 2.14 47.10 ± 2.20
Naive 123.56 ± 1.81 42.23 ± 3.18
1 116.30 ± 2.34 43.80 ± 1.31
2 108.34 ± 1.67 50.17 ± 2.22
3 98.45 ± 4.20 44.18 ± 2.21
4 102.45 ± 1.17 46.17 ± 3.21
5 107.00 ± 2.51 44.56 ± 4.31
Galantamine 122.50 ± 1.45 54.23 ± 2.31

a Data are presented as the means ± S.E.M. N = 8–10 per group. The
data for compounds do not differ from the vehicle.
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cholinergic neurotransmission, neuroinflammation and
oxidative stress.33

Genetic and environmental factors seem to contribute to
the development of AD.34 Age, traumatic brain injury,
depression, diabetes, exposure to toxic substances, and
deficiency of neurotrophic factors may also be determinants
for the development of this pathology.35

Most pharmacological therapies currently available are
based on anticholinesterase drugs. These drugs only ease the
symptoms and do not revert the pathologic condition. In
addition, therapeutic approaches produce collateral effects
caused by increased levels of ACh, not only in the peripheral
and central areas but also in locations that have compatible
cholinergic receptors. Occasionally, such adverse effects are
so intense that they lead patients to abandon the treatment.
In this context, the discovery of new anti-AD agents is
urgently needed. Compounds with nootropic and antioxidant
properties and that inhibit AChE-derived ACh degradation, as
observed for the sulfonamides investigated herein, have the
most suitable profile for further development.

Several pharmacological models have been used for the
study of potential AD therapeutic agents. The AD model
adopted in this study used streptozotocin. STZ is a
nitrosourea-glucosamine compound originally identified as

an antibiotic. Its administration into animals through routes
such as i.c.v. causes them to develop insulin-resistant
brains, which causes beta-amyloid aggregates, tau protein
deposits, and cognition reduction, a pathologic condition
similar to human AD.36 In addition to the symptoms and
biochemical and histopathological changes common to AD,
behavioral and emotional changes such as anxiety are
observed in this animal model.37 In the present study,
animals submitted to this AD model had significant
cognitive deficits and anxiety. Parameters of oxidative stress
were also observed, such as increased lipid peroxidation and
decreased GSH activity.

AD diagnosis is mainly based on gradual memory loss.
Initially, the patient has spatial memory loss, since the
hippocampus is the first cerebral structure to be
compromised. With the disease's progression, other memory
types such as episodic declarative and semantic memories
are affected.6 To evaluate the cognitive deficits in a
preclinical study, some tests on animals are used.7

The memory model used in the present study is that of
inhibitory avoidance. This test occurs over two days, training
being the first one, when the animal is placed in a platform
above bars and the latency of its complete descent is timed.
This is only considered when the animal places its four paws
in the bronze grid; when this happens, the mouse receives
electric shocks (0.4 mA0) enduring for 2 seconds until it
returns to the platform. On the next day, the test session is
conducted while repeating the same procedure already
described, except with the absence of shocks. The differences
between both sessions are considered the memory index –

the longer the animal takes to climb down from the platform
on the second day, the better the effect of the tested

Table 4 Inhibitory avoidance test session descent latency of animals
treated with the test compounds and/or vehicle submitted to a
streptozotocin-induced Alzheimer's model

Compound Median of avoidance latency descenta (s)

Vehicle 14.00 (08–16)
1 116.50 (53–178)
2 80.00 (25–126.3)
3 130.00 (87–180)
4 72.00 (33–96.25)
5 107.00 (49–180)
Galantamine 122.50 (57–180)

a Median data following interquartile intervals (25% and 75%).

Fig. 4 Effects of compounds 1, 2, 3, 4 and 5 (30 mg kg−1 i.p.) and
galantamine (0.5 mg kg−1 i.p.) after inducing AD with STZ on mice
tested in the inhibitory avoidance test. Asterisks denote significant
differences when compared to the same treatment training and test
sessions. Hash symbols denote statistically significant differences when
compared to the control (vehicle) in the test session. Each column
represents the experiment median followed by the interquartile
interval (25–27). The last chart represents the results referring only to
the test session and comparing all treatments to the vehicle, and G is
the utilized test model representation.

Table 3 Effects of treatment on animals subjected to the elevated plus
maze test

Compound
Open arm
frequencya (%)

Open arm time
permanencya (%)

1 25.11 14.30
2 47.70 19.30
3 43.31 17.10
4 69.44*** 76.00**
5 41.90** 42.00**
Sham 79.40** 52.60***
Naive 67.34** 38.7**
Vehicle 51.17** 37.6***
Galantamine 22.30 6.60

a Effects of compounds 1, 2, 3, 4 and 5 (30 mg kg−1 i.p.) and
galantamine (0.5 mg kg−1 i.p.) after inducing AD with STZ on mice
tested in the elevated plus maze test. Asterisks denote significant
differences when compared to the vehicle group (**p < 0.01, ***p <
0.001).
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compound on that animal's memory. The model is broadly
used in memory preclinical tests because of its simple
execution. In addition, it requires only one training session,
which is advantageous compared to the Morris water maze
model, for example.38

The obtained results in the inhibitory avoidance test
demonstrated memory improvement of animals with STZ-
induced Alzheimer's upon treatment with compounds 1, 3
and 5. These outcomes were expected, since these
compounds exhibited in vitro anticholinesterase and oxidant
effects.39 Compound 3 presented the best results.

During AD progression, several psychiatric symptoms can
manifest, among which anxiety is the most common. Recent
studies show that the higher the beta-amyloid accumulation,
the more severe the anxiety degree will be.40 This factor can be
used as an AD preclinical diagnosis; that is, early use, which
would make the treatment significantly more effective, could
slow and considerably decrease the disease's damage. In
relation to the compounds' effects on anxiety, the plus maze test
was applied. The model explores the conflict between the
rodents' natural tendency to explore new environments and
aversion based on natural fear that they show of open spaces

and heights.22,23 The studied compounds had anxiolytic-like
effects, 3 being the one that exhibited the best results regarding
this aspect.

Cyclic imides have been studied in relation to this property
and have produced promising results in anxiety treatment,
which would be very advantageous not only to the patients with
AD but also to those suffering from Parkinson's disease.
Indeed, the anxiolytic effects of imidic compounds have
already been reported in the literature; for example, Aazza and
collaborators (2011)16 obtained positive results for this property
and anticonvulsant characteristics in specific pharmacology
experiments. Hassanzadeh and collaborators41 also detected
these effects in a phthalimide series. Another consideration
that can be related to the results for compounds 1, 2, 3 and 5
in the memory tests is their chemical structures. All the studied
compounds that manifested change in streptozotocin-induced
cognitive deficit and anxiolytic effects have electron donating
groups, which can influence the anxiolytic activity and,
consequently, the anti-Alzheimer's effect.

Calculation of molecular properties. To further evaluate
the pharmacokinetic potential of compounds 1 through 5,
their physicochemical and topological properties were
calculated. Table 5 presents the octanol–water partition
coefficients, mlog P, polar surface area (tPSA), number of
atoms, molecular weight (MW), number of H-bond acceptors
(HBA), number of H-bond donors (HBD), number of
rotatable bonds (NRB), number of violations of Lipinski's
rules and molecular volume. The descriptors obtained in
silico were compared with the filters for the prediction of
the solubility and permeability of drug candidates after oral
administration as described by Lipinski,55 Oprea56 and
Veber.57

The results show that all of the sulfonamides evaluated
are in accordance with Lipinski's rules: molecular weight
(MW) ≤ 500, HBD ≤ 5, HBA ≤ 10 and log P ≤ 5.0 (Table 5).
According to Lipinski, a compound whose data do not adhere
to the rule will likely be poorly bioavailable because of poor
absorption or permeation.55 The values for the compounds
were MW 344.32–321.40 Da, HBD 1–4 and HBA 5–6.

The sulfonamides derived from carvacrol also satisfied
Oprea's criteria, which additionally include: the number of
rings ≤5 and mlog P in the range of −2.0 to 4.5. The
compounds possessed between one and two rings, and their
mlog P values were in the range of 1.72–3.77. To complement

Table 5 Molecular properties of compounds 1 through 5

Properties 1 2 3 4 5

mlog P 2.43 2.45 1.72 3.14 3.77
tPSA (Å2) 66.84 92.18 92.42 79.29 86.62
N atoms 20 21 16 21 22
MW 299.39 307.38 244.32 306.39 321.40
HBA 5 6 5 5 5
HBD 1 2 4 2 3
N violations 0 0 0 0 0
NRB 3 4 3 4 4
Molar volume (Å3) 268.14 265.50 213.69 269.66 281.83

Fig. 5 Effects of compounds 1, 2, 3, 4 and 5 (30 mg kg−1 i.p.) and
galantamine (0.5 mg kg−1 i.p.) on brain TBARS levels and GSH activity.
Bars represent means ± S.E.M. N = 8–10 per group; ***p < 0.001
compared with naive, and ##p < 0.01 or ##p < 0.001 compared with
the vehicle. STZ infusion leads to significant alterations in the activities
of the antioxidant enzyme (GSH) and TBARS in the hippocampus. Pre-
treatment of compounds and galantamine significantly increased the
activity of this enzyme and decreased lipid peroxidation. Sham = group
of animals that received no treatment with STZ.
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the previously mentioned results, Veber proposed a filter of
two properties: the number of HBD and HBA ≤ 12 (tPSA ≤
140 Å2), and the number of rotatable bonds (NRB) ≤ 10. All
sulfonamides (1 to 5) meet the above criteria. It is postulated
that limited molecular flexibility, expressed as the NRB, and
low polar surface area (tPSA) are important predictors of oral
bioavailability, independent of the molecular weight. The
results reported herein show that the compounds analyzed
would have favorable pharmacokinetics on application; that
is, the compounds exhibit solubility and permeability after
the oral administration of drug candidates.

Conclusions

As previously reported, AD is a neurodegenerative disease
characterized by progressive loss of memory, cognitive
impairment, decline of language function, and several
behavioral changes including paranoia, delusions, and
impaired social functioning.1,2 Particularly, this pathology
characteristically presents four alterations that have been
studied to obtain a possible treatment: senile plaques
originated from the deposition of abnormally produced beta-
amyloid (Aβ) protein, neurofibrillary tangles30 created by the
hyperphosphorylation of tau protein,31,32 drastic changes of
cholinergic neurotransmission, neuroinflammation and
oxidative stress.33 Genetic and environmental factors seem to
contribute to the development of AD.34 Age, traumatic brain
injury, depression, diabetes, exposure to toxic substances, and
deficiency of neurotrophic factors may also be determinants
for the development of this pathology.35

Most pharmacological therapies currently available are
based on anticholinesterase drugs. These drugs only ease the
symptoms and do not revert the pathologic condition. In
addition, therapeutic approaches produce collateral effects
caused by increased levels of ACh, not only in the peripheral
and central areas but also in locations that have compatible
cholinergic receptors. Occasionally, such adverse effects are
so intense that they lead patients to abandon the treatment.
In this context, the discovery of new anti-AD agents is
urgently needed. Compounds with nootropic and antioxidant
properties and that inhibit AChE-derived ACh degradation, as
observed for the sulfonamides investigated herein, have the
most suitable profile for further development.

Considering the findings of this study, the evaluated
sulfonamide compounds have promising effects that could be
beneficial in the treatment of AD. All the sulfonamides
synthesized were more active than galantamine and more active
than the natural product carvacrol, which was used in synthesis.
The results obtained in the in vivo experiments are consistent
with previous in vitro investigations on the anticholinesterase
and antioxidant characteristics that are essential to AD
treatment. Moreover, some pharmacokinetic parameters were
calculated, and all the investigated sulfonamides derived from
carvacrol would have favorable pharmacokinetics on application
and possess drug-like properties.

Experimental section
Chemistry

The preparation of sulfonamides derived from carvacrol,
whose detailed description is not the objective of this article,
was described recently by our research group,21 was
performed in two steps, and all the solvents used were
analytically pure.

AChE inhibitory activity

The enzymatic inhibition was measured using the method
described by Oliveira and collaborators.39 Briefly, 90 μL of 50
mmol L−1 Tris-HCl buffer pH 8.0 and 30 μL of a buffer
solution containing the compound (0.1 mg mL−1) dissolved
in MeOH and 15 μL of an AChE solution containing 0.25 U
mL−1 were dissolved in 50 mmol L−1 Tris-HCl pH 8 buffer
containing 0.1% bovine serum albumin, and then the
solution was incubated for 15 min. Then, 25 μL of an
acetylthiocholine iodide solution (15 mmol in water) and 140
μL of Ellman's reagent (3 mmol L−1 in Tris-HCl pH 8.0 buffer
containing 0.1 mol L−1 NaCl and 0.02 mol L−1 MgCl2) were
added, and the final mixture was incubated for another 30
min at 28 °C. The absorbance of the mixture was measured
at 405 nm. The same solvent in which the sample was
dissolved, considered to have 100% AChE activity, was used
as the negative control. The inhibition (%) was calculated as
follows, in which Asample is the absorbance of the sample and
Acontrol is the absorbance without the sample:

I(%) = (100 − Asample/Acontrol) × 100

Animals and treatment

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
“Laboratório de Farmacologia Experimental in vivo” from the
“University of Vale do Itajaí” and approved by the Animal
Ethics Committee under the number 045/14 CEUA/Univali.
The testing was conducted according to Fig. 6. In the
pharmacology experiments, 3 month old female mice (25.0–
30.0 g) were used, and they were maintained at 22–27 °C with
free water and food access with a light/dark cycle of 12 : 12
hours, except during the tests. The number (N) of animals for
each experimental group was approximately 8 to 10.

Streptozotocin Alzheimer's induction model

The streptozotocin model was used to induce Alzheimer's
disease. The procedures were realized as described by
Pinton,24 with some modifications. The mice, previously
anesthetized with xylazine/ketamine (1.0 mg mL−1 i.p.), were
subjected to a small chirurgic procedure in order to remove
the cutaneous tissue, exposing the cranium. For this purpose,
before the procedure, a local anaesthetic agent with
epinephrine vasoconstrictor (Xylestesin 2% s.c.) was
administered. Posteriorly, the animals were subjected to the
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intracerebroventricular infusion of 3 μL of STZ (2.5 mg mL−1)
solution. After 48 hours of the first STZ infusion, the method
was repeated. The infusion location was based on the bregma
fissure, wherein the injection site was 1 mm to the right or
left from the cranial fissure central point, directly in the
cerebral ventricle. The instrumentation utilized for the i.c.v.
injection constituted one hypodermic needle coupled in a 5
μL Hamilton syringe. After the induction period, the animals
were treated and evaluated in the memory, ambulation and
anxiety test models.

Effects of compounds on behaviors of animals with
streptozotocin induced Alzheimer's disease

Subsequent to the AD induction, the animals were separated
into distinct groups and treated until the 12th day. The
following were designated as experimental groups: naïve
group, animals that received no STZ i.c.v. infusion; sham
group, animals that receive no STZ i.c.v. infusion but suffered
the surgical procedure; 5 groups that received STZ i.c.v.
infusion and were treated with compounds 1, 2, 3, 4 and 5
(30 mg kg−1, i.p.); a positive control group that received STZ i.
c.v. infusion and was treated with galantamine (0.5 mg kg−1,
i.p.). After the last treatment day, the animals were subjected
to the behavioural tests as shown in Fig. 6.

Open field test

To verify the effects of treatment with compounds upon
locomotor activity, the animals were placed for 5 min in the
open field arena. The apparatus, made of wood, had a black
floor of 30 cm × 30 cm (divided by white lines into nine
squares of 10 cm × 10 cm) and transparent walls, which were
15 cm high. The experiments were conducted in a sound-
attenuated room under low-intensity light (12 lx). Each
mouse was placed in the center of the open field, and the
numbers of squares crossed (crossings) and exploratory
behaviors (rearings) were registered.42

Elevated plus maze test

With the objective of verifying whether the animals' anxiety
rates could influence the compound effects in the memory
tests, the animals were also tested in the elevated plus maze
(EPM).24 The animals were individually placed in the EPM
center, pointed to one of the closed arms and observed for 5
min. During this time, the period that the animals spent
exploring the open and closed arms, and their entry
frequencies were registered. The entrances were considered
as when a mouse was positioned with all four paws on the
visited arm.43

Inhibitory avoidance test

The tool used for normal animal memory evaluation was a 50
cm length, 25 cm width and 25 cm height box, with a grid
base of 1 mm diameter and space of 1 cm bronze bars. In
the training session, the animal was placed on the platform
and the latency that it took to climb down from it (with four
paws on the bronze grid) was timed. When that occurred, the
animal received an electric shock (0.4 mA°) for 2 seconds and
was waited until it returned to the platform. On the next day,
each trained animal was subjected to the same procedure
already described, but omitting the electric shocks, and the
time of latency to descent the platform was measured.23

Biochemical determinations

One day after the last behavioural analysis, the animals were
killed by cervical dislocation; the brains were removed and
homogenized in phosphate buffer (pH of 7.4). The
homogenates were then centrifuged at 3000g for 15 min. The
supernatants of the homogenates were used for biochemical
estimations using the methods described below.

Estimation of the brain thiobarbituric acid reactive species
(TBARS) level

Lipid peroxidation is measured by the production of
malondialdehyde (MDA), achieved spectrophotometrically by
the method of Ohkawa et al. (1979)44 with some
modifications,45 using 1,1,3,3-tetraethoxypropane as the
standard and expressed as nmol per mg protein. The
reagents, 1.5 ml acetic acid (20%) at pH 3.5, 1.5 ml
thiobarbituric acid (0.8%) and 0.2 ml sodium dodecylsulfate
(8.1%), were added to 0.1 ml of the processed sample. This
mixture was then heated at 100 °C for 60 min, then cooled
under tap water, and 5 ml of n-butanol : pyridine (15 : 1% v/v)
with 1 ml of distilled water was added. The mixture was
shaken vigorously using a vortex. After centrifugation at
4000g for 10 min, the organic layer was withdrawn, and
absorbance was measured at 532 nm.

Estimation of the brain reduced glutathione (GSH) level

The whole brain GSH level was measured by the method of
Beutler et al. (1963),46 with slight modifications (Amoah
et al., 2015).45 The absorbance was measured at 412 nm

Fig. 6 Diagram of the experiments performed.
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(DU640B spectrophotometer, Beckman Coulter Inc., CA,
USA). Different concentrations of the GSH standard were
processed similarly to prepare a standard curve (5–50 μg).
Results were expressed as nmol of GSH/mg of protein.

Computational modeling

Ligand preparation. The 2D structural representations
were constructed on Canvas.47 To simulate the molecular
docking, it is relevant to prepare the ligands in their 3D-
dimensional conformation. Thus, LigPrep48 was used to
convert the 2D representations into 3D. First, the protonation
states of the ligands at pH 8.0 were predicted by Epik.49 Next,
the energy minimization process was performed by applying
water as a solvent and the OPLS3 force field.50 The OPLS3
force field was chosen because it has a good charge model
and good accuracy in the torsion parameters compared to
the conventional force fields.50

Preparation of human AChE. In molecular docking
studies, the structure of human acetylcholinesterase (PDB ID
4M0E,22 2 Å resolution) was selected. The selection of this
structure was based on the presence of a cocrystallized
compound at the active site and on the resolution of the
structure. Molecular docking was used to generate the poses
of the ligands in the active site and to extract the information
relevant to the structure–activity relationship (SAR) studies.
The protein was prepared using the Protein Preparation
Wizard module.51 The high occupancies were selected. The
preparation of the protonation states of the amino acid side
chains was carried out by the Jensen method52 at pH 8.0.
Finally, the macromolecule was minimized using the OPLS3
force field.50

Molecular docking. In the molecular docking runs, GOLD
5.2 (Cambridge Crystallographic Center, Cambridge) was
used.53 The software uses a genetic algorithm to generate the
binding conformations within the binding site.53 Based on
the centroid of the cocrystallized compound, the active site
was defined as a sphere of radius 4 Å. The previously
prepared ligands were submitted to genetic algorithm
parameters such as population size, selection pressure,
operation number, island number, niche size, crossing
frequencies and mutation, and migration frequency of 100,
1.1, 100 000, 5, 2, 95 and 10, respectively. The predicted
docking modes were evaluated by the force-field-based fitness
function GoldScore.54 The top conformations were
considered by considering the best scoring values and were
analyzed in the SAR studies.

Calculation of molecular properties. The ChemSketch tool
was used to draw all the molecules. Multiple tools and online
servers such as Molinspiration (http://www.molinspiration.
com/) and Molsoft (http://www.molsoft.com/mprop/) were
employed to check the chemoinformatics properties of these
compounds.

Statistical analysis. For the parametric tests (open field
and EPM), the obtained data were presented as the means
followed by the respective standard error of the mean, and

the data were subjected to variation analysis (ANOVA); when
necessary, Tukey's multiple comparison tests were utilized
through the GraphPad INSTAT® software. For the non-
parametric test (inhibitory avoidance), the Mann–Whitney
post hoc test was employed. The results were presented as
median values followed by the interquartile intervals. p values
smaller than 0.05 (p < 0.05) were considered as statistically
significant.45
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