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Abstract
Parkinson’s disease (PD) is a neurodegenerative pathology characterized by resting tremor, rigidity, bradykinesia, and loss of
dopamine-producing neurons in the pars compacta of the substantia nigra in the central nervous system (CNS) that result in
dopamine depletion in the striatum. Oxidative stress has been documented as a key pathological mechanism for PD.
Epidemiological studies have shown that smokers have a lower incidence of PD. In this aspect, different studies have shown
that nicotine, a chemical compound found in cigarette, is capable of exerting beneficial effects in PD patients, but it can hardly be
used as a therapeutic agent because of its inherent toxicity. Several studies have suggested that the use of nicotine analogs can
have the same benefits as nicotine but lack its toxicity. In this study, we assessed the effects of two nicotine analogs, (E)-
nicotinaldehyde O-cinnamyloxime and 3-(pyridin-3-yl)-3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole, in an in vitro model of PD.
Initially, we performed a computational prediction of the molecular interactions between the nicotine analogs with the α7
nicotinic acetylcholine receptor (nAChR). Furthermore, we evaluated the effect of nicotine, nicotine analogs and rotenone on
cell viability and reactive oxygen species (ROS) production in the SH-SY5Y neuronal cell line to validate possible protective
effects. We observed that pre-treatment with nicotine or (E)-nicotinaldehyde O-cinnamyloxime (10 μM) improved cell viability
and diminished ROS production in SH-SY5Y cells insulted with rotenone. These findings suggest that nicotine analogs have a
potential protective effect against oxidative damage in brain pathologies.
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Introduction

Parkinson’s disease (PD) is a relatively common disorder of the
Central Nervous System (CNS) that is characterized by a

selective and progressive degeneration of dopaminergic neurons
and the presence of Lewy bodies in the substantia nigra pars
compacta, causing dopamine depletion in the striatum [1]. PD
patients suffer from tremors, slowness of movements, gait
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instability, and rigidity. These patientsmay also present function-
al disability, reduced quality of life, and rapid cognitive decline.

It has been shown that nicotine, and derivatives such as
cotinine, exert beneficial effects in patients suffering from dis-
eases such as PD, Alzheimer’s disease, anxiety, schizophrenia,
and other pathologies affecting the CNS [2–10]. Moreover,
previous studies have demonstrated an inverse relationship be-
tween smoking and the risk of developing PD, an association
that has been observed in more than 40 independent studies
made by different researchers in the last 50 years [11, 12].
However, nicotine has the potential to cause damage to cardio-
vascular and gastrointestinal systems and is capable of affecting
sleep cycles as well as causing addiction and dependence [11,
13]. The dose-limiting side effects emanating from an indis-
criminate activation of many types of nicotinic receptors, tox-
icity, and addictive properties limit the application of nicotine as
a therapeutic agent. For these reasons, several nicotine analogs
have been developed with the aim of retaining the beneficial
effects of the parent compound but lacking its toxicity [14–18].

Efforts have been made to remove reactive oxygen species
(ROS) or prevent their formation as a therapeutic strategy in PD
[19–21]. In this aspect, nicotine analogs could be useful in the
treatment of neurodegenerative diseases through different
mechanisms including stimulation of dopamine release in the
striatum and activation of HIF-1a, which is related to ROS
homeostasis [22, 23]. Different experimental compounds have
been used in PD research, including several inhibitors of mito-
chondrial electron transport chain that affect ROS production
[24–27]. In this regard, rotenone is a pesticide that induces
symptoms similar to PD in animal models, and it has been
suggested to increase the risk of PD in humans as well [25].
This substance is a naturally occurring ketone derived from the
roots of tropical leguminous plants, which rapidly crosses the
cell membranes and act as an inhibitor of complex I of the
respiratory chain, that causes degeneration of dopaminergic
neurons and motor dysfunction associated with PD.
Furthermore, rotenone neurotoxicity is also associated with in-
creased ROS generation and mitochondrial dysfunction [1,
24–26, 28–30]. In the present study, we assessed the pos-
sible protective effects of the nicotine analogs (E)-
nicotinaldehyde O-cinnamyloxime, and 3-(pyridin-3-yl)-
3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole on the dopami-
nergic SH-SY5Y cell line subjected to rotenone by
modulating cell survival and ROS production.

Materials and Methods

Computational Studies

First, all of the analogs’ structures were drawn by Avogadro
using MMFF force and it was ensured that chirality is correct.
The calculations were carried out using the Gaussian09

program package using dispersion-corrected B3LYP level of
theory and cc-PVDZ basis set. In order to find the minimum
energy conformation, eight analogs and nicotine were opti-
mized at the DFT B3LYP/6-31G level, and later, a semi-
empirical PM6 level conformational analysis was carried out
on the rotations. Theminimum energy conformation found for
the analogs was used as the initial model for the optimization.
No imaginary vibrational frequencies were found at the opti-
mized geometries, indicating that they are true minima of the
potential energy surface.

Preparation of Nicotine and Its Analogs for Docking

Our laboratory initially had a list of different nicotine analogs
presenting varied structural conformations, of which two pre-
sented the possible best interaction with the nicotinic receptor
(see methods below). In this regard, a series of three molecules
were employed in the present study: two nicotine analogs and
nicotine. The chemical structures are shown in Fig. 1. The
initial structures of these compounds were sketched on
ACD/ChemSketch and energetically minimized using the
OPLS 2005 force field, with a charge located on the nitrogen
of the pyrrole cycle. Structure of nicotine was retrieved from
the Protein Data Bank and sketched and minimized using the
Epik method in Maestro 9.5.

Structure Refinement and Molecular Docking

The initial structure of nAChR α7 was taken from the crystal
structure of the ligand-binding domain of a pentameric
Alpha7 nicotinic receptor complexed with epibatidine at
3.10Å (PDB: 3SQ9). The water molecules and the epibatidine
were removed and hydrogens were added to the system.

Fig. 1 Nicotine and nicotine analogs used in our study. aNicotine; b (E)-
nicotinaldehyde O-cinnamyl oxime (analog 1); c 3-(pyridin-3-yl)-
3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole (analog 2)
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A putative binding pocket was determined according to the
published result of [31]). In this paper, the authors generated a
series of chimeras by combining the sequences from α7 with
those from Acetylcholine binding protein (AChBP), and the
final construct shared 64% of sequence identity and had 71%
similarity with native α7 [31]. The pocket is situated in the
extracellular side of the neuron with residues from loops A–C
of the principal subunit and loops D–E of the complementary
subunit. The cavity is mainly composed of the conserved res-
idues Tyr91 from loop A, Trp145 from loop B, Tyr184 and
Tyr191 from loop C, Trp53 from loop D, and Leu106, Gln114
and Leu116 from loop E.

The geometry of the receptor was optimized using the MM2
molecular mechanic force field of the MAESTRO molecular
modeling package (Maestro, version 9.5, Schrödinger). The
effect of ionization states of docked compounds to the binding
scores has been previously reported [32]. Since ionization states
of docked compounds have not yet been determined experi-
mentally, the neutral and ionized states (aliphatic amine and
carboxylic acid groups of compounds to be docked) were pro-
tonated and deprotonated separately.

Before docking, conformational analysis was applied to the
ligands using the Maestro 9.5. This option locates the minimal
energy available for a set of molecules, stored in a database by
randomly perturbing torsions, minimizing, and eliminating
the duplicates. The maximum number of conformers for each
molecule was set to 30 and the top 10 lowest energy con-
formers were used in docking simulations, and only the best
docked complex was considered for further analysis.

The advanced molecular docking program AutoDockVina
1.1.2 [33], which uses a powerful Lamarckian genetic algo-
rithm (LGA) method for conformational search and docking,
was applied for the automated molecular docking simulations
[34]. Briefly, the LGA described the relationship between the
antagonists and the receptors by the translation, orientation,
and conformation of the antagonists and can handle ligands
with more degrees of freedom than other methods, being the
most efficient, reliable, and successful [34]. The whole
docking scheme could be stated as follows:

First, the receptor molecules were checked for polar
hydrogen and assigned for partial atomic charges, the
PDBQS file was created, and the nicotine analogs were
coupled in the interface between 2 α subunits, focusing
grid: 31.216 in X-axis, 4.296 in Y-axis, and 8.615 in Z-
axis. The size of the grid box was 16 in X, Y, and Z and
was used as a spacing of 1 Å between grid points in the
ligand-binding site. A series of the docking parameters
were set on. The atom types, generations, and the run
numbers for LGA algorithm were properly assigned ac-
cording to the requirement of the Amber force field. Free
energy scores for ligands were calculated using the scor-
ing function in Autodock, and finally, the docked com-
plexes of analogs–receptor were selected according to the

criteria of interacting energy combined with geometrical
matching quality. These complexes were used as the
starting conformation for further energetic minimization
and geometrical optimization before the final binding
models were achieved.

Experimental Studies

Cell Cultures

Human neuroblastoma-derived cell line SH-SY5Y (Code
ATCC CRL-2266) was grown on 75-cm2 culture dishes, in
DMEM/F12 medium (Sigma®) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic-antimycotic Lonza®
solution of penicillin/streptomycin (10 U penicillin/10 μg
streptomycin/25 ng amphotericin). Cells were incubated at
37 °C, 5% CO2, and 95% of air (v/v). The medium was re-
moved and replaced every 2 days and subcultures were made
every 7 days. These cells have adrenergic phenotype, express
dopaminergic markers, and have been widely used in PD
studies [24–26, 28–30].

Chemistry

Synthesis of (E)-nicotinaldehydeO-Cinnamyloxime (1) and 3-
(Pyridin-3-yl)-3a,4,5,6,7,7a-Hexahidrobenzo[d]Isoxazole (2)
Compounds 1 and 2 (Fig. 1) were synthetized using stan-
dard procedures employed in the laboratory of organic syn-
thesis at Pontificia Universidad Javeriana [35]. All used
reagents and solvents were purchased from Sigma-Aldrich
and J.T. Baker and used as received. NMR spectra were
acquired in a Bruker Avance spectrometer operating at
300 MHz (1H) and 75 MHz (13C). LR-MS analyses were
performed in an Agilent 6850 series II, coupled to a mass
spectrometer Agilent 5975B VL (EI, 70 eV).

A mixture of nicotinaldoxime (0,200 g, 1.64 mmol) and
NaOH (0.131 g, 3.28 mmol) in acetone (2.3 mL) was refluxed
during 30 min. After this time, cinnamil bromide (0.37 g,
1.80 mmol) was added and the resulting mixture was refluxed
during 3 h. The reaction was quenched by the addition of
acetic acid, extracted with ethyl acetate, and dried with
Na2SO4. The organic solvents were evaporated at low pres-
sure and the residue was chromatographed using silica-gel
130–270 mesh and eluted with 10% ethyl acetate/hexane to
yield the compound (E)-nicotinaldehyde O-cinnamyl oxime
as a yellow oil (293 mg, 75%).

1H NMR (300 MHz, CDCl3) δ 4.88 (dd, J = 6.4, 1.3 Hz,
2H, OCH2), 6.44 (dt, J = 15.9, 6.3 Hz, 1H, PhCH =CH), 6.72
(dt, J = 15.9, 1.4 Hz, 1H, PhCH =CH), 7.40–7.24 (m, 4H, H-5
Py, H-3,4,5 Ar), 7.49–7.41 (m, 2H, H-2,6 Ar), 8.00 (dt, J =
8.0, 2.0 Hz, 1H, H-4 Py), 8.16 (s, 1H, CH =NO), 8.62 (dd, J =
4.8, 1.7 Hz, 1H, H-6 Py), 8.77 (dd, J = 2.2, 0.8 Hz, 1H, H-2
Py). 13C NMR (75 MHz, CDCl3) δ, 75.30 (OCH2), 123.65
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(C-5 Py), 124.72(CH = CHPh), 126.62 (C-2,6 Ar), 127.95(C-
4 Ar), 128.33(C-3 Py), 128.60(C-3,5 Ar), 133.48(C-4 Py),
133.83 (CH = CHPh), 136.47(C-1 Ar), 145.89 (C = NO),
148.75 (C-2 Py), 150.67 (C-6 Py). LR-MS (EI), m/z (Irel,
%): 238.1 [M]+ (6).

3-(Pyridin-3-yl)-3a,4,5,6,7,7a-Hexahidrobenzo[d]Isoxazole (2)
A mixture of nicotinaldoxime (0.122 g, 1.0 mmol) and cyclo-
hexene (0.166 g, 2.0 mmol) in CH2Cl2 (4 mL) was cooled and
stirred in an ice bath. A 5.25% aqueous solution of NaOCl
(4 mL, 2.8 mmol) was added dropwise and the resulting mix-
ture was stirred during 3 h. The reactionmixture was extracted
with CH2Cl2, dried with Na2SO4, and the organic solvents
were evaporated at low pressure. The residue was
chromatographed using silica gel 230–400 mesh and eluted
with 10% ethyl acetate/hexane to yield compound 3-(pyridin-
3-yl)-3a,4,5,6,7,7a-hexahydrobenzo[d]isoxazole as a brown
oil (121 mg, 60%).

1H NMR spectrum, δ, ppm (J, Hz): (300 MHz, CDCl3) δ
1.11–1.27 (m, 2H, H-4eq, H-5ax), 1.50–1.62 (m, 1H, H-6eq),
1.64–1.73 (m, 2H, H-5eq, H-6ax), 1.76–1.85 (m, 1H, H-7eq),
1.97–2.06 (m, 1H, H-4ax), 2.30 (dm, J = 15.2, 1H, H-7ax),
3.32 (td, J = 9.9, 7.2 Hz, 1H, 3a), 4.55 (dt, J = 7.2, 3.4 Hz,
1H, 7a), 7.36 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H, H-5 Py), 8.10
(ddd, J = 8.0, 2.2, 1.7 Hz, 1H, H-4 Py), 8.64(dd, J = 4.8,
1.7 Hz, 1H, H-6 Py), 8.87(d, J = 2.0 Hz, 1H, H-2 Py), 13C-
NMR (75 MHz, CDCl3) δ, 20.1(C-6), 22.1 (C-5), 24.9 (C-7),
26.2 (C-4), 43.6 (C-3a), 80.9 (C-7a), 123.7 (C-5 Py), 125.7(C-
3 Py), 134.2(C-4 Py), 148.0(C-2 Py), 150.7(C-6 Py), 161.5
(C-3 Isoxazole). LR-MS (EI), m/z (Irel, %): 202.1 [M]+ (100).

Treatment Preparation

Nicotine and nicotine analogs were diluted in dimethyl sulfox-
ide (DMSO) to 100% before being diluted in FBS-free culture
medium. For biological assays, the final concentrations of nic-
otine and nicotine analogs were 1, 10, 50, and 100 μM. In
control group, DMSO was added to the FBS-free culture me-
dium. Rotenone assays were made to determine the IC50 of this
pesticide, i.e., time and concentration wherein the substance
produced cell death in 50% of cells, in order to obtain time
and concentration of treatment with rotenone for use in next
bioassays. With Y = 100/(1 + 10^ ((X-LogIC50)) formula,
GraphPad Prism 5 determined the rotenone IC50 at 24 h of
treatment. In every assay, we used DMSO (0.01%) as control
(which was the solvent where analogs were diluted) at a con-
centration of 0.01%.

Cell Viability Assays

Cell viability was tested using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, St
Louis, Missouri, USA). These assays were performed to

determine the concentration at which nicotine analogs were
toxic and discard that concentration in following assays and to
determine rotenone IC50. Additionally, we established which
were the best protective conditions of the nicotine analogs
against rotenone (co-treatment, pre-treatment, or post-treat-
ment) (Suppl. Material). Cells were seeded into 96-well plates
in DMEM/F12 culture medium containing 10% bovine fetal
serum at seeding density of 20,000 cells per well, incubated
for 36 h until they reach confluence. After this period of time,
medium was removed and replaced with FBS-free medium.
This was performed to avoid an experimental error where cell
viability was influenced by serum and not by nicotine analogs.
Cells were left without FBS for 12 h, and subsequently, cells
were treated according to different experimental paradigms.
Viability was assessed and standardized at 24, 48, and 72 h,
following treatment with nicotine or nicotine analogs (1, 10,
and 100 μM), and with rotenone (1, 10, 50, and 100 μM), by
addingMTTsolution at the final concentration of 5 mg/mL for
4 h at 37 °C in order to allow the formation of formazan
crystal. The cells were then lysed by the addition of DMSO.
The blue formazan product was evaluated in a plate reader at
595 nm, and then, the values were normalized to the value of
control cultures without treatment, which was considered as
100% survival. Each assay was performed with a minimum of
eight replicate wells for each condition. In addition, cells were
stained with propidium iodide (PI, 50 μg/mL) and cell viabil-
ity was assessed through flow cytometry.

Determination of Reactive Oxygen Species

ROS production was evaluated by flow cytometry. Briefly,
cells were seeded at a density of 100,000 cells per well into
24-well plates in DMEM/F12 culture medium containing
10% FBS and were then treated according to each experimen-
tal paradigm in the next day. To measure the effect of nicotine
and nicotine analogs on superoxide anions (O2

−) and hydro-
gen peroxide (H2O2) production, cells were treated in the dark
at 37 °C for 30 min with 5 μM dihydroethidium (DHE;
Sigma) or 10 μM 2′,7′–dichlorofluorescein diacetate
(DCFDA), respectively. The cells were then washed in PBS
and trypsinized (Trypsin/EDTA 500 mg/L: 200 mg/L-
LONZA, Walkersville, USA) for flow cytometry analysis.
Cells were analyzed in a Guava EasyCyte™ (Millipore,
Billerica, Massachusetts, USA) cytometer. Each assay was
performed with a minimum of six replicates for each condi-
tion. The experiment was repeated three times.

Statistical Analysis

Data obtained from this study were tested for normal distribu-
tion using Kolmogorov-Smirnov test and for homogeneity of
variance using Levene’s test. Data were then examined by
one-way analysis of variance (ANOVA), followed by
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Dunnett’s post hoc test for comparisons between controls and
treatments and Tukey’s post hoc test for multiple comparisons
between the means of treatments and time points. Data are
presented as mean ± SEM of three independent experiments.
A statistically significant difference was defined at p < 0.05.

Results

Determination of the Best-Docked Nicotine
Analog-α7-nAChR Binding Interaction

It is important to point that we initially used computational
tools to address whether nicotine analogs bind to α7-nAChR
as similar as to the endogenous molecule, nicotine. In this
regard, the structures of the nicotine analogs that were built
and modeled in ACD/ChemSketch are shown in Fig. 1, along
with the nicotine structure. These models were validated in
Maestro 9.5, which yielded the most stable structure with
the lowest free energy of each nicotine analogs using the
OPLS2005 field force (Fig. 2a, b). Later, these structures were
used in the simulation of the ligand-receptor interaction. The
crystallographic structure of the α7-nAChR ligand binding

domain (PDB: 3SQ9) was obtained from the Protein Data
Bank (Fig. 3).

There is a ligand-binding site in each of the five interfaces
between the subunits of the pentameric structure of α7-
nAChR [32]; therefore, the grid box was centered precisely
on one of those interfaces when using Autodock Vina 1.1.2.
The binding free energy function had a period of desolvation
(removing a solvent from amaterial in solution) that calculates
the impact of the dissolvent in the binding with the ligand
[32]. To validate the coupling results, the binding free energy
obtained with the nicotine analogs was compared with that of
the nicotine molecule. This molecule was obtained from the
X-ray structure of the binding complex between nicotine and
the acetylcholine binding protein (AChBP) (PDB: 1UW6)
and was re-coupled on the previously obtained structure of
the α7-nAChR ligand binding domain.

To explore the binding mode of the nicotine analogs to the
α7-nAChR, they were examined in the first instance in the
solvent accessible surface areas, on the interfaces of the recep-
tor close to the ligand binding sites. In the structure of the α7-
nAChR ligand-binding domain, the conserved residues form a
narrow hydrophobic pocket. Analogs 1 and 2 were coupled to
the α7-nAChR (PDB: 3SQ9). Nine best conformations of
each ligand were settled through Autodock Vina 1.1.2 with

Fig. 2 Nicotine analogs with the
most stable structure and lower
free energy assessed by Maestro
9.5. a Analog 1, b analog 2
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respect to the binding site on the receptor. The best of these
conformations were chosen for constructing its schematic rep-
resentation in Maestro 9.5.

The respective binding energies were also obtained with
Autodock Vina (Table 1), which indicated that the two nico-
tine analogs had a minor binding energy relative to that of the
nicotine molecule, thus demonstrating that these nicotine an-
alogs were possibly interacting with the receptor with a higher
affinity. The binding affinities of the two nicotine analogs
studied with the binding site of the α7-nAChR are listed in
Table 2 in relation to the binding site of the α7-nAChR, in
units of the dissociation constant, which is used to describe the
affinity between a ligand and its receptor. This constant de-
fines how closely or strongly a ligand binds to a particular
protein, and this affinity is influenced by the non-covalent
intermolecular interactions existing between the two mole-
cules, such as the hydrogen bonds, the electrostatic interac-
tions, and the hydrophobic and Van der Waals forces [36, 37].

The resulting complexes of the binding of the best confor-
mation of each of the nicotine analogs with the α7-nAChR

ligand-binding domain are shown in Fig. 4. It was possible
with Maestro 9.5 to obtain the receptor residues with which
nicotine analogs interact in order to observe strong similarities
and small differences (Fig. 4). The residues of the α7-nAChR
binding site interacting with analog 1 were THR101, PRO97,
VAL99, LYS96, PRO102, and GLN103. In the interaction
between analog 2 and the α7-nAChR, the binding sites were
implicated by the residues PRO79, SER81, GLN103,
THR101, and PRO102. On the other hand, it was found that
on the ligand binding site on the interface between 2 α sub-
units, the protonated amino groups of these ligands were
bound to one of the α subunits and the other parts of the
nicotine analogs were bound to the other α subunit. The cou-
pling of analog 1 and 2 to α7-nAChR indicated that both
compounds formed 2 hydrogen bonds with the receptor resi-
dues, and next, they will be tested in in vitro assays to address
their possible protective actions.

Effect of Nicotine Analogs on Cell Viability

We assessed whether nicotine analogs affected SH-SY5Y cell
viability under normal culture conditions. MTT cell viability
assay indicated that analog 1 at the concentrations of 1 and
10 μMdid not affect cell survival in any of the three evaluated
timepoints (24, 48, and 72 h) when compared with the control
group. However, a concentration of 100 μM of this nicotine
analog decreased cell viability by 44.46 ±13.09% (p < 0.05) at
24 h and by 34.82 ±17.67% (p < 0.05) at 48 h (Suppl Fig. 1A).
Otherwise, none of the analog 2 concentrations affected cell
viability at 24 h. However, this nicotine analog at the concen-
tration of 100 μM decreased cell viability by 40.17 ±17.37%
(p < 0.05) at 48 h of treatment (Suppl Fig. 1B). On the other
hand, we observed that 10 μM of this nicotine analog in-
creased cell viability by 32.92 ±40.72% (p < 0.05) at 72 h
(Suppl Fig. 1B).

Effect of Rotenone on Cell Viability

In the next experiment, we investigated the time and concen-
tration at which rotenone caused 50% cell death, in order to
use this timepoint and concentration in the subsequent assays.
For this purpose, we performed a MTT cell viability assay

Fig. 3 3D structure of α7 nAChR ligand binding domain. Each of the
five α subunits are displayed in different color

Table 1 Binding energies of nicotine analogs withα7-nAChR ligand-binding domain

Molecule Affinity (kcal/mol)

1 2 3 4 5 6 7 8 9

(E)-nicotinaldehyde O-cinnamyl oxime (analog 1) − 4.2 − 3.9 − 3.8 − 3.8 − 3.8 − 3.6 − 3.5 − 3.5 − 3.5
3-(pyridin-3-yl)-3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole (analog 2) − 4.2 − 4.1 − 3.8 − 3.8 − 3.6 − 3.5 − 3.4 − 3.3 − 3.3
Nicotine − 3.3 − 3.2 − 3.2 − 3.1 − 3.0 − 2.9 − 2.9 − 2.9 − 2.8
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which showed that at 48 h, all rotenone concentrations (10,
100, and 200 μM) decreased cell viability relative to the con-
trol cells (39.04 ±43.54%, p < 0.05; 51.29 ± 17.01%, p < 0.05
and 70.12 ± 13.55%, p < 0.05, respectively). At 72 h, all con-
centrations of rotenone decreased cell viability by more than
50% relative to the control (79.08 ±6.295% (p < 0.05) by
10 μM, 81.31 ±8.68% (p < 0.05) by 100 μM, and
78.78 ±14.48% (p < 0.05) by 200 μM). We used these results

to determine the rotenone IC50 at 48 h, because at 72 h, cell
death was above 50%. For this procedure, we used GraphPad
Prism 5 software [Y = 100/ (1 + 10^ ((X-Log IC50))] and de-
termined that IC50 after 24 h of treatment was 27.18 μM, a
concentration that was approached to 30 μM in order to be
used in the subsequent assays (Suppl Fig. 2).

Impact of Nicotine and Nicotine Analogs
on the Viability of SH-SY5Y Cells Insulted
with Rotenone

Next, we investigated if pre-treatment, co-treatment, or
post-treatment with nicotine or nicotine analogs improved
cell viability in rotenone-treated SH-SY5Y cells. Through
the MTT assay, it was found that a 24-h pre-treatment with
1, 10, 50, and 100 μM of nicotine improved cell viability
(Suppl Fig. 3) and a pre-treatment with 1 and 10 μM of
analog 1 reduced cell death compared to the group of cells

Table 2 Binding affinities (Ki, nM) of analog 1, analog 2, and nicotine
attached to α7-nAChR

Molecule Ki (nM)

α7

(E)-nicotinaldehyde O-cinnamyl oxime (analog 1) 1600

3-(pyridin-3-yl)-3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole
(analog 2)

1900

Nicotine 3000

Fig. 4 Complexes resulting from
the binding between the best
conformation of each nicotine
analog with α7 nAChR, and α7
nAChR residues that interact
mainly with nicotine analogs
evaluated in this research. a
Analog 1; b analog 2
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that were not pre-treated (Fig. 5a). Cells pretreated with
1 μM of analog 1 had an increased cell viability of
15.04 ±8.38% (p < 0.0001) compared with the rotenone-
treated cells. In the same manner, cells pretreated with
10 μM of the analog 1 showed an average cell viability of
27.91 ±10.36% (p < 0.0001) greater than the non-pretreated
cells (Fig. 5a). Thus, the 10-μM pretreatment with nicotine
and the nicotine analog 1 was chosen to be used in the
subsequent oxidative stress and ROS production experi-
ments. It was observed that non-pretreated cells also had
an abnormal morphology and were more likely to detach
from the culture flask. None of the concentrations used in
pre-treatments with analog 2 showed a significant differ-
ence in cell viability compared with the non-pretreated
group of cells (Suppl Fig. 4).

Co-treatment with nicotine did not reduce cell death in SH-
SY5Y cells insulted with rotenone at the IC50 dose (Suppl
Fig. 5). Likewise, co-treatment with analog 1 (Suppl Fig. 6)
or analog 2 (Suppl Fig. 7) did not reduce cell death in SH-
SY5Y cells insulted with rotenone at the IC50 dose either.
Moreover, post-treatment with nicotine did not reduce cell
death in SH-SY5Y cells insulted with rotenone at the IC50

dose (Suppl Fig. 8). Neither post-treatment with analog 1
(Suppl Fig. 9) nor with analog 2 (Suppl Fig. 10) reduced the
cell death in SH-SY5Y cells insulted with rotenone IC50.
Unexpectedly, post-treatment with 50 and 100 μM of analog
1 decreased cell viability by 9.024 ±9% (p = 0.0024) and
9.378 ±8.773% (p = 0.0029), respectively (Suppl Fig. 9).

To confirm if a pre-treatment with 1 and 10 μM of analog 1
was able to improve cell viability in SH-SY5Y cells insulted
with rotenone at the IC50 dose, we conducted a flow cytometry
assay with propidium iodide (Fig. 5b). Our results showed sig-
nificant differences between the mean fluorescence intensity
(MFI) of rotenone-treated cells pre-treated with 1, 10, and
50 μM concentrations of analog 1 and control cells. Pre-
treated cells with analog 1 presented a lower MFI and therefore
less cell death, confirming that these concentrations of this

nicotine analog are capable of decreasing cell death. There
was a MFI difference of 21.24 ±1.004% (p = 0.0169) between
the cells that were not pre-treated and those pre-treated with
1 μM of analog 1, a difference of 24.5 ±2.479 (p = 0.0173)
between the cells that were not pre-treated and those pre-
treated with 10 μM, and a difference of 13.96 ±7.868% (p =
0.0399) between the cells that were not pre-treated and those
pre-treated with 50 μMof the nicotine analog 1 (Fig. 5b). There
were no significant differences between the cells pre-treated
with 100 μM and the cells that were not pre-treated.
Moreover, no significant differences were found between the
MFI of cells pre-treated with 1, 10, and 50 μM of analog 1,
showing that all of the three concentrations were equally bene-
ficial in improving cell viability (Fig. 5b).

Oxidative Stress Assessment

Oxidative stress was assessed by flow cytometry using
dihydroethidium (DHE) and 2′,7′-dichlorofluorescein diacetate
(DCFDA) to measure the effect of pre-treatment with nicotine
(10 μM) or analog 1 (10 μM) on the superoxide anion (O2

−)
and hydrogen peroxide (H2O2) production in SH-SY5Y cells
insulted with rotenone at the IC50 dose. We observed that nic-
otine reduced O2

− production by 66.43 ±26.45% (p = 0.0061)
compared with the rotenone-treated cells. Moreover, pre-
treatment with nicotine analog 1 was capable of reducing O2

−

production by 49.24 ±6.515% (p = 0.0104) compared with the
non-pre-treated cells (Fig. 6a). There were no significant differ-
ences in ROS production between cells pre-treated with nico-
tine and those pre-treated with the nicotine analog 1.
Additionally, wemeasured peroxide production by flow cytom-
etry using 2′,7′-dichlorofluorescein diacetate (DCFDA). Both
nicotine and the nicotine analog 1 were able to reduce peroxide
production by 37.98±8.998% (p = 0.0071) and 54.06 ±6.455%
(p = 0.0132), respectively. There was no significant difference
in peroxide production between the cells pre-treated with nico-
tine and nicotine analog 1 (Fig. 6b). These combined results

Fig. 5 The effect of a pre-treatment with analog 1 on cell viability. a Cell
viability assay with MTT. Independent experiments were performed in
triplicate. Results are presented as cell viability percentage and SEM. The
effect of a pre-treatment with analog 1 (before the application of rotenone

IC50 (30 μM)) on cell viability was confirmed in SH-SY5Y cells through
flow cytometrywith propidium iodide (b). Independent experiments were
performed in triplicate. Results are presented as the mean fluorescence
intensity (MFI) and SEM
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suggested that nicotine analog 1 was able to reduce ROS pro-
duction in an in vitro PDmodel, imitating the action of nicotine,
and decreasing oxidative stress and cell death (Fig. 6).

Discussion

Nicotine analogs may play an important role in preventing
or reducing the deleterious effects caused by excessive ROS
production during PD development [24, 38]. This role
might be due to their actions on mitochondria and their
antioxidant properties that reduce the disruptive effects of
oxidative stress in the CNS. Moreover, nicotine and its an-
alogs are useful in eliminating excessive H2O2 and forming
nicotine-pirroliniloxide groups or complexes with iron
through the pyridine nitrogen [38]. It has been demonstrated
that nicotine analogs and other α7 nAChR agonists could
exert neuroprotective effects [12, 39]. On the other hand,
nicotine produces dependence and acts as a toxic agent that
damages cells and tissues in the human body. For this rea-
son, we assessed the possible beneficial effect produced by
two synthetic nicotine analogs not previously studied, (E)-
nicotinaldehyde O-cinnamyl oxime (analog 1) and
3-(pyridin-3-yl)-3a,4,5,6,7,7a-hexahidrobenzo[d]isoxazole
(analog 2), on cell viability and oxidative stress in SH-
SY5Y cells insulted with rotenone. Initially, we conducted
a molecular docking study between nicotine analogs and
α7-nAChR. Molecular docking studies are very useful for
understanding the interactions between ligands and putative
receptors that could be useful in the research of novel ther-
apeutic compounds [40, 41]. According to our results, the
binding free energy of both nicotine analogs was lower than
that of nicotine, indicating a possible higher affinity for α7-
nAChR. This fact suggests that the studied nicotine analogs
require a lower concentration in comparison with the

nicotine concentration required to achieve a beneficial ef-
fect on cell viability and ROS generation. Our results also
showed that the most important residues in the interaction
between the α7-nAChR binding site and both nicotine ana-
logs were THR101, PRO102, and GLN103. Both nicotine
analogs are neo-compounds for which there is no previous
information on interaction with nAChRs. Interestingly,
Dukat et al. [42] tested two nicotine analogs synthesized
by a replacement at the position 5 of 5-bromonicotine and
5-metoxinicotine [42]. This study showed that both analogs
had high affinity for nAChRs (although about 3 to 6 times
lower than that of nicotine). Furthermore, other nicotine
analogs that have been developed as nAChRs agonists for
PD treatment have been able to exert neuroprotection, in-
crease cell viability, and reduce ROS production and oxida-
tive stress [17, 42]. As previously demonstrated by Yuan
and Petukhov [32], an increase in the number of atoms
connecting pyrrolidine and pyridine rings and an introduc-
tion of the alkyl substituent on the pyridine ring affect the
binding and produce a change in the selectivity of these
ligands to nAChRs [32]. Additionally, modeling studies
performed by Yuan and Petukhov [32] coincide with the
findings in our investigation with nicotine analogs. The li-
gands bind in the interface between the two neighboring
subunits within the receptor, with the protonated amino
group of nicotine analogs coupled in the conserved aromatic
pocket of the receptor. Since these two nicotine analogs
presented the best interaction with the nAChR α7 receptor,
we hypothesized whether they could exert any protective
effect in cells exposed to rotenone in vitro.

We performed experimental studies to assess the impact of
synthetic analogs on cell viability and ROS production.
Rotenone is considered as a useful tool for the study of PD
in in vitro and in vivomodels [24–26, 43]. It induces a chronic
and systemic inhibition of complex I of the mitochondrial

Fig. 6 The effect of a pre-treatment with nicotine or analog 1 on ROS
production. a Superoxide anion levels using flow cytometry for DHE
(*p = 0.0104, **p = 0.0061). b Hydrogen peroxide were assessed in
SH-SY5Y cells by flow cytometry for DCFDA (*p = 0.0132, **p =

0.0071). Independent experiments were performed in triplicate. Results
are presented as a the percentage of staining with DHE (ROS levels)
relative to control, along with SEM, and b the percentage of staining
with DCFDA (ROS levels) relative to control, along with SEM
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respiratory chain and causes highly selective degeneration of
nigrostriatal dopaminergic neurons followed by decreased
ATP production and increased ROS production and oxidative
stress, which ultimately lead to cell death [43, 44].
Nevertheless, according to Douna et al. [44], it was confirmed
that it is the large amount of ROS production which causes
cell death, and not the decreased ATP production [44].
Moreover, rotenone increases the generation of superoxide
anions, which are highly toxic to cells as they allow the escape
of electrons from complex I [38]. Rotenone has advantages
over other neurotoxins such as MPTP and 6-OHDA in that it
is capable of inducing accumulation of α-synuclein, which is
among the PD hallmarks [44]. Additionally, we used SH-
SY5Y cell line as it has a catecholaminergic phenotype and
expresses nicotinic receptors [45].

Our results showed that IC50 dose of rotenone in SH-SY5Y
cells was 30 μM at 24 h of treatment. This result differs from
those reported by Nakamura et al. [46], who found that rote-
none caused cell death in SH-SY5Y cells in a concentration-
dependent and time-dependent matter and that rotenone IC50

was only 1 μM [46]. According to this study, rotenone acts in
SH-SY5Y cells through degradation of caspases 3 and 9, after
which a cleavage of the poly (ADP-ribose) polymerase oc-
curs, leading to DNA fragmentation and cell death [46]. In
the present study, only analog 1 at the concentrations of 1
and 10 μM mimicked the beneficial action of nicotine and
improved cell viability in rotenone-insulted cells.
Experimental concentrations of 1 and 10 μM of analog 1 are
similar to concentrations of nicotine used in previous studies
that demonstrated same beneficial effects [45, 47–49]. For
example, Peng et al. [47] found that 40 μMof nicotine, a dose
much higher than used in our study, protected primary cultures
of mice dopaminergic neurons, thus increasing cell viability
by 57% when compared with untreated cells [47].
Furthermore, Riveles et al. [45] found that concentrations of
nicotine between 0.1 and 10 μMprotected the SH-SY5Y cells
against the toxic effects of 6-OHDA [45]. Indeed, Quik et al.
[48, 50] showed that nicotine administration exerted partial
neuroprotection against 6-OHDA and MPTP in rats, mice,
and primates [48, 50]. Finally, Takeuchi et al. [49] demonstrat-
ed that nicotine pre-treatment protected the striatum and
substantia nigra of rotenone-treated mice [49]. The ability
of analog 1 to increase the cell viability in our PD model with
rotenone could be due to the action of a signaling pathway
hypothesized by Shimohama [51], where α7nAChR is acti-
vated and in turn stimulates the Src family, which activates the
phosphatidylinositol 3 kinase (PI3K) and phosphorylates Akt.
Once phosphorylated, Akt transmits a signal causing an up-
regulation of Bcl-2 and Bcl-x. According to Shimohama [51],
this upregulation could prevent neuronal death caused by ro-
tenone [51]. Therefore, the PI3K-Akt cascade contributed to
the neuroprotective effect of nicotine (and probably of its an-
alogs), and the Bcl-2 family was subsequently activated

working as a factor that prevented neuronal death caused by
rotenone. Moreover, Takeuchi et al. [49] found that PI3K-Akt/
PKB inhibitors blocked the neuroprotective effects of nicotine
in primary cultures of dopaminergic neurons exposed to rote-
none [49], thus confirming Shimohama hypothesis and dem-
onstrating that rotenone-induced toxicity is inhibited by α4β2
nAChR activation or by activation of the signaling pathway
that involves α7 receptor and PI3K-Akt/PKB [51]. These re-
searchers found that rotenone toxicity and nicotine neuropro-
tection occurred mostly after 24 h of treatment, similar to what
we observed in our research where a 24-h pre-treatment with
analog 1 showed neuroprotection and the highest rotenone
toxicity was reached 24 h after this pre-treatment. However,
further experiments are needed in order to identify the signal-
ing pathways activated by nicotine analog 1 that confer pro-
tection against rotenone in SH-SY5Y cells.

Another hypothesis suggests that nicotine and some of its
analogs are able to increase the number of nAChRs in the
brain, thereby exerting neuroprotection. According to Peng
et al. [52], nicotine upregulates the α3 nAChR (by 500–
600%) and α7 nAChR (by 30%) in SH-SY5Y cells, and nic-
otine EC50 values required for an upregulation of α3 and α7
receptors in SH-SY5Y cells were 100 and 65 μM, respective-
ly [47]. NAChR upregulation and increased cell viability were
achieved after 24 h of treatment. Further research could be
important to determine if increased cell viability caused by
analog 1 in SH-SY5Y cells is accompanied by an increase in
the number of nAChR receptors.

It is possible that nicotine and its analogs could prevent or
delay the onset of PD through other signaling cascades. For
example, nAChR activation by nicotine or its analogs triggers
the release of dopamine and is involved in the neural modu-
lation of inflammation. On the other hand, this anti-
inflammatory mechanism involves a decrease in tumor necro-
sis factor α (TNF-α) and inducible nitric oxide synthase
(iNOS) synthesis, which contribute to the neuroprotective ef-
fects of nicotine [12]. This anti-inflammatory action should be
further investigated in future studies. It is also important to
investigate the in vitro and in vivo PD models and other neu-
roprotective pathways such as those related to the activities of
monoamine oxidases A and B (MAO-A and MAO-B), which
decreases by nicotine treatment. This decrease in MAO activ-
ity causes a decrease in dopamine oxidation [53]. It is also
probable that nicotine and its analogs could exert neuropro-
tection of dopaminergic neurons by stimulating the liberation
of fibroblast growth factor-2 (FGF-2) [12].

Given that in PD, there is an increase of ROS, we investi-
gated the antioxidant potential of analog 1 against rotenone-
induced ROS generation. It was found that 10 μM of this
nicotine analog had the capacity of reducing superoxide anion
(DHE assay) and hydrogen peroxide (DCFDA assay) produc-
tion in SH-SY5Y cells insulted for 24 h with rotenone at the
IC50 dose. This finding is consistent with several studies that
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have shown that nicotine is capable of decreasing superoxide
anion generation and reducing oxidative stress by affecting the
Fenton reaction [38, 54].

In conclusion, our results demonstrate that nicotine and
nicotine analogs may protect SH-SY5Y cells against the rote-
none insult, possibly through the activation of antioxidative
elements and counterbalancing oxidative stress. However, ad-
ditional studies are needed in order to deeply understand the
mechanisms and the signaling pathways activated by nicotine
and its analogs.
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