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A B S T R A C T

Manganese (Mn) and iron (Fe) are trace elements that are essential for proper growth and physiological func-
tions as both play critical role in a variety of enzymatic reactions. At high concentrations, however, they can be
toxic and cause neurodegenerative disorders, particularly Parkinson-like syndromes. Nicotine, on the other
hand, has been shown to have neuroprotective effects against various endogenous or exogenous toxins that
selectively damage the dopaminergic cells. These cells include neuroblastoma-derived SH-SY5Y cells which
express significant dopaminergic activity. However, practically no information on possible neuroprotective ef-
fects of nicotine against toxicity induced by trace elements is available. Therefore, in this study we investigated
the effects of nicotine on toxicity induced by manganese or iron in these cells. Exposure of SH-SY5Y cells for 24 h
to manganese (20 μM) or iron (20 μM) resulted in approximately 30% and 35% toxicity, respectively.
Pretreatment with nicotine (1 μM) completely blocked the toxicities of Mn and Fe. The effects of nicotine, in
turn, were blocked by selective nicotinic receptor antagonists. Thus, dihydro-beta erythroidine (DHBE), a se-
lective alpha 4-beta 2 subtype antagonist and methyllycaconitine (MLA), a selective alpha7 antagonist, as well as
mecamylamine, a non-selective nicotinic antagonist all dose-dependently blocked the protective effects of ni-
cotine against both Mn and Fe. These findings provide further support for the potential utility of nicotine or
nicotinic agonists in Parkinson's disease-like neurodegenerative disorders, including those that might be pre-
cipitated by trace elements, such as Fe and Mn. Moreover, both alpha4-beta2 and alpha7 nicotinic receptor
subtypes appear to mediate the neuroprotective effects of nicotine against toxicity induced by these two trace
metals.

1. Introduction

Parkinson's disease (PD), associated with loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc), is the second
most common progressive neurodegenerative disorder following
Alzheimer's disease (Cacabelos, 2017). Main symptoms include motor
deficits characterized by akinesia, rigidity, resting tremor and postural
instability (Sveinbjornsdottir, 2016). Although its exact etiology re-
mains elusive, involvement of various neurotoxicological agents as well
as excess accumulation of trace elements such as manganese and iron
have been suggested (Tanner et al., 2011; Wang et al., 2016; Andrade
et al., 2017; Vaccari et al., 2017). The most common treatment consists
of dopamine replacement (e.g. levodopa= L-DOPA), which not only
loses its full efficacy in a few years but may also induce severe dyski-
nesia (Picconi et al., 2017). Hence more studies on etiology as well as

development of more efficacious interventions aiming at neuroprotec-
tion are urgently needed.

Manganese (Mn), an activator or cofactor for a variety of me-
talloenzymes, is a transition metal that is essential for normal cell
growth and development (Yousefi Babadi et al., 2014; Caito and
Aschner, 2015; O'Neal and Zheng, 2015; Peres et al., 2016; Andrade
et al., 2017). The enzyme or co-enzymes utilizing Mn play critical role
in important biological functions such as gluconeogenesis, suppression
of oxidative stress (Mn-superoxide dismutase, SOD) and conversion of
glutamate into glutamine (glutamine synthetase) (Aschner and Gannon,
1994; Burton and Guilarte, 2009). Thus, Mn deficiency may lead to
impaired reproductive function, retarded growth including skeletal
abnormalities and seizures (Roth and Garrick, 2003; Aschner and
Aschner, 2005). Excessive exposure to Mn, on the other hand, may also
cause impaired reproductive function (McMillan, 1999) as well as
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severe neurotoxicity leading to Parkinson's disease-like syndrome
(Peres et al., 2016; Andrade et al., 2017).

Iron (Fe), like Mn is also a critical component of a variety of en-
zymes or co-enzymes including catalases and cytochromes that mediate
cellular processes and drug metabolism. Fe is best recognized as an
essential element in hemoglobin synthesis, where its deficiency is re-
flected in wide-spread iron-deficiency anemia (Anand and Gupta,
2018). Excess iron (or iron overload), on the other hand, may lead to
conditions such as diabetes, increased infection risk as well as severe
neurotoxicological symptoms including Parkinson-like syndrome
(Wang et al., 2016; Zhang and Rawal, 2017; Ganz, 2018). Indeed,
substantia nigra, where the selective loss of dopaminergic neurons oc-
curs, is the primary region in the brain where iron is deposited Dexter
et al. (1989); Riederer et al. (1989)].

Cellular models of substantia nigra dopamine containing neurons
include neuroblastoma-derived SH-SY5Y cells. We and others have used
this cell line extensively to investigate mechanism of neurotoxicity as
well as potential novel neuroprotective agents (Manavalan et al., 2017;
Getachew et al., 2018; Omura et al., 2018). In this regard, protective
effects of nicotine or curcumin against toxicity induced by selective
dopaminergic toxins, including salsolinol and rotenone have been ob-
served (Copeland et al., 2005; Qualls et al., 2014). Whereas rotenone is
a synthetic pesticide, salsolinol is an endogenous compound that is
generated from the condensation of dopamine and aldehydes and is
selectively toxic to dopaminergic cells (Collins, 1988; Naoi, 2004;
Segura-Aguilar and Kostrzewa, 2004). It was shown that protective
effects of nicotine against salsolinol are mediated via nicotinic receptors
because mecamylamine, a non-selective nicotinic antagonist, could to-
tally block the effects of nicotine (Copeland et al., 2005). In addition,
many other in-vitro and in-vivo studies have provided evidence of ni-
cotine's protection against toxicants that lead to neurodegenerative/
neurological consequences including PD. These studies, summarized in
recent reviews, include genetically modified mice and non-human pri-
mates where protective effects of nicotine against neuronal damage
induced by 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), paraquat, methamphetamine, glutamate
and β-amyloid were reported (Tizabi, 2016; Tizabi and Getachew,
2017). Indeed, the findings with neuroprotective effects of nicotine has
led to the suggestion of initiating pulsatile nicotine trials in patients
suffering from PD (Tizabi and Getachew, 2017).

To better characterize the utility of nicotine in PD-like symptoms
that might be brought about by excess exposure to trace elements such
as Mn and Fe, we hereby evaluated the effects of nicotine against
toxicity brought about by these two metals in SH-SY5Y cells. Moreover,
we aimed to determine the involvement of specific nicotinic receptors
in potential protective effects of nicotine.

2. Materials and methods

Manganese sulfate, iron sulfate, nicotine (bitartrate salt), dihydro-
beta-erthroydine (DHBE). methyllycaconitine (MLA), selective antago-
nists for alpah4-beta 2 and alpha7 nicotinic receptor subtypes, respec-
tively, mecamylamine (MEC), a non-selective nicotinic antagonist, and
other analytical reagents were purchased from Sigma Chemical
Company (Sigma-Aldrich, St. Louis, MO). The SH-SY5Y human

neuroblastoma cell line were purchased from American Type Culture
Collection (ATCC, Manassas, VA). 3, (4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) reagent was purchased from Fisher
Scientific (Pittsburgh, PA).

As reported in detail previously (Manavaln et al., 2017; Getachew
et al., 2018) and briefly here, SH-SY5Y cells were cultured in a 1:1
mixture of Dulbeccos Modified Eagle Medium (DMEM) and Ham's F12
supplemented with 10% fetal bovine serum, penicillin/streptomycin
(100 IU/ml), and gentamicin (50μg/ml) at 37 °C in 95% O2/5% CO2

humidified incubator. The cells were trypsinized when confluent and
plated in 96 well plates (1.2× 104 cells/well). Cells were allowed to
adhere to bottom surface for 24 h. Then, fresh media containing various
concentrations of Mn, Fe, nicotine and nicotinic antagonists were added
to the carefully aspirated wells.

We first conducted concentration-response experiments to de-
termine the levels of toxicity of Mn and Fe. Once a suitable toxicity
level was obtained, that concentration of Mn or Fe was used in sub-
sequent studies. This was followed by a concentration-response ex-
periment involving nicotine and Mn or Fe. Here also, once an optimal
concentration of nicotine (one that totally blocked the effects of Mn or
Fe) was obtained, that concentration was used in subsequent studies
involving nicotinic antagonists. Thus, various concentrations of DHBE,
MLA or MEC were added 1 h prior to nicotine, which was added 1 h
prior to Mn or Fe. In all cases, the control group consisted of cells that
were maintained in media alone and without any drug treatment. All
treatments were carried out for 24 h and the effects on cell viability
were determined following the 24 h incubation. Each cell viability
study was run in sextuplicate (i.e., 6 replicates) and a minimum of 4
assays were conducted for each experimental manipulation.

Determination of cell viability was done by 3, (4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay ac-
cording to the manufacturer's protocol as described previously
(Manavalan et al., 2017; Getachew et al., 2018). Briefly, the yellow
MTT tetrazolium salt (0.5 mg/ml) was dissolved in phosphate-buffered
saline (PBS) with 10mM (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES). 30 μl of MTT was added to each well
and incubated for 3 h at 37 °C. The live cells cause a reduction of the
yellow salt to insoluble purple formazan crystals. The wells were then
aspirated, and 50 μl of dimethyl sulfoxide (DMSO) was added to the
wells to solubilize the crystals, and the plates were placed in a shaker
for an hour. The plates were then read spectrophotometrically at
570 nm with a background of 630 nm in a plate reader. Cell viability
was determined by subtracting the test results from the background and
is presented as a percentage of the control.

Data is expressed as mean ± standard error of the mean (SEM).
Statistical differences within and between treatment groups were de-
termined by one-way analysis of variance (ANOVA) followed by post-
hoc Newman–Keuls Multiple comparison test, where P < 0.05 was
considered statistically significant. Data were analyzed using Graphpad
Prism 3 (Graphpad Software, Inc., San Diego, CA).

3. Results

Fig. 1 depicts the effect of various concentrations of Mn on SH-SY5Y
viability. We used the highest concentration of 20 μM because it is

Abbreviations:

ACh acetylcholine
DHBE dihydro-beta-erthroydine
Fe iron
L-DOPA levodopa
MEC mecamylamine
MLA methyllycaconitine

Mn manganese
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MTT 3, (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
NIC nicotine
PD Parkinson's disease
SNpc substantia nigra pars compacta
6-OHDA 6-hydroxydopamine
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equivalent to what would be a toxicological exposure in the environ-
ment (Caito and Aschner, 2015; O'Neal and Zheng, 2015). As seen, this
concentration caused the highest toxicity of approximately 30% [F
(4,20)= 16.1, p < 0.01], and hence was used in all subsequent stu-
dies.

Fig. 2 depicts the effect of various concentrations of Fe on SH-SY5Y
viability. We used the highest concentration of 20 μM here also because
it is equivalent to what would be a toxicological exposure in the en-
vironment (Dexter et al., 1989; Fine, 2000). As seen, this concentration
caused the highest toxicity of approximately 35% [F(4,20 )= 16.8,
p < 0.01], and hence was used in all subsequent studies.

Fig. 3 depicts the effects of various concentrations of nicotine
against Mn-induced toxicity in SH-SY5Y cells. As seen, there was a
concentration-dependent protection of Mn-induced toxicity by nicotine
(NIC), where 1 μM NIC completely blocked the effects of Mn [F(5,25 )
= 12.6, p < 0.01]. Thus, this concentration of NIC was used in sub-
sequent studies to investigate the effects of nicotinic antagonists.

Fig. 4 depicts the effects of various concentrations of nicotine
against Fe-induced toxicity in SH-SY5Y cells. As seen, there was a
concentration-dependent protection of Fe-induced toxicity by nicotine
(NIC), where 1 μM NIC completely blocked the effects of Fe [F
(5,25)= 12.8, p < 0.01]. Thus, this concentration of NIC was used in
subsequent studies to investigate the effects of nicotinic antagonists.

Fig. 5 depicts the effects of various concentrations of MLA (selective
alpha7 antagonist); DHBE (selective alpha 4-beta 2 antagonist) and
MEC (non-selective nicotinic antagonist) against protective effects of
NIC on Mn-induced toxicity in SH-SY5Y cells. All three antagonists
concentration-dependently blocked the effects of NIC, where 1 μM of
each antagonist completely abolished the effects of NIC [F
(11,48)= 9.3, p < 0.01]. None of the antagonists by themselves had
any effect on cell viability (data not shown).

Fig. 6 depicts the effects of various concentrations of MLA, DHBE
and MEC against protective effects of NIC on Fe-induced toxicity in SH-
SY5Y cells. All three antagonists concentration-dependently blocked the
effects of NIC, where 1 μM of each antagonist completely abolished the
effects of NIC [F(11,48 )= 10.1, p < 0.01]. None of the antagonists by
themselves had any effect on cell viability (data not shown).

4. Discussion

The results of this study provide novel evidence on protective effects
of nicotine against trace elements-induced toxicity in SH-SY5Y cells,
which further support the potential utility of nicotinic intervention in
PD. This contention is based on the ability of nicotine to block the
damage that is induced by toxicological concentrations of manganese
and iron, two essential elements, implicated in pathophysiology of PD

or PD-like symptoms. The protective effects of nicotine against these
two elements was observed in SH-SY5Y cells, which express nicotinic
receptors (Gould et al., 1992; Lukas et al., 1993; Elnagar et al., 2018)
and are commonly used as a model of substantia nigra dopaminergic
neurons that are primarily affected in PD (Brown et al., 2014;
Manavalan et al., 2017; Getachew et al., 2018).

Indeed, a number of studies have identified the presence of nicotinic
cholinergic receptors in the substantia nigra. These include earlier ex-
periments utilizing autoradiography (Clarke and Pert, 1985) and im-
munohistochemistry (Göldner et al., 1997; Sorenson et al., 1998). More
recently potential roles of these receptors in this area (Fature et al.,
2014) as well as in nigrostriatal terminals (Inden et al., 2016) have been
provided. In addition, it has been suggested that nicotine, by inhibiting
astrocytes activation in the substantia nigra pars compacta (SNpc), can
protect dopaminergic neurons against degeneration (Jurado-Coronel
et al., 2016). Interestingly, both DHBE and MLA, selective antagonists
to nicotinic receptor subtypes, alpha 4-beta 2 and alpha7, respectively,
appear to equally mediate the effects of nicotine. This is because both of
these antagonists at equivalent concentrations, totally blocked the ef-
fect of nicotine. Further confirmation of both receptor involvement was
provided by results of mecamylamine, a non-selective nicotinic receptor
antagonist, which also equi-potently blocked nicotine's protective ef-
fects.

It is of relevance to note that nicotine's main targets are nicotinic
receptors that belong to the ionotropic class of receptors, which directly
regulate the opening of a cation channel in the neuronal membrane.
The endogenous ligand for these receptor is the important neuro-
transmitter acetylcholine (ACh), hence these receptors are commonly
referred to as nAChRs. Currently, 11 neuronal nAChR subunits: alpha2-
alpha7, alpha 9, alpha 10, beta 2-beta4, which assemble into penta-
meric complexes and provide subtype diversity and distinct anatomical,
physiological, and pharmacological characteristics have been identified
(Changeux et al., 1998; Dani, 2015). The most predominant and ex-
tensively studied subtype in the brain is formed from α4 and β2 sub-
units and is commonly referred to as high-affinity binding site because
of its high binding affinity to nicotine and ACh. The other major class
with a high affinity for α–bungarotoxin but low affinity for nicotine is
formed from α7 homomeric subunits and is commonly referred to as
low-affinity binding site. These receptors have been directly implicated
not only in nicotine addiction (Tizabi et al., 2002, 2007; Meyerhoff
et al., 2006; Picciotto and Mineur, 2014; Liu and Li, 2018), but also in a
variety of central functions such as cognitive and attentional processes
(Tizabi, 2007; Proulx et al., 2014), mood regulation (Hurley and Tizabi,
2013; Lewis and Picciotto, 2013), pain (Campbell et al., 2006; Bufalo
et al., 2014), neuronal plasticity (Serres and Carney, 2006; Antonelli
et al., 2012; Barreto et al., 2015; Fuenzalida et al., 2016) and neuronal

Fig. 1. Effect of various concentrations of Mn on SH-SY5Y cell viability. Cells
were treated with various concentrations of Mn for 24 h and cell viability was
determined by MTT. Values are mean ± SEM. *p < 0.05, **p < 0.01
compared to control. N = 5 per treatment.

Fig. 2. Effect of various concentrations of Fe on SH-SY5Y cell viability. Cells
were treated with various concentrations of Mn for 24 h and cell viability was
determined by MTT. Values are mean ± SEM. *p < 0.05, **p < 0.01
compared to control. N = 5 per treatment.
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protection (Das and Tizabi, 2009; Dineley et al., 2015; Quik et al., 2015;
Tizabi and Getachew, 2017). Although in some cases a specific receptor
subtype might be mediating the action of nicotine (e.g. beta2 con-
taining subunit for its addictive property) (Picciotto and Mineur, 2014;
Miller et al., 2018; Liu and Li., 2018) or alpha7 for its antipsychotic
effects (Freedman, 2014; Wallace and Bertrand, 2015; Wadenberg
et al., 2017; Jones, 2018), here, the protective effects of nicotine against
Mn and Fe toxicity, appear to be mediated by both alpha 4-beta2 and
alpha7 subunits. This finding is similar to observation of nicotine pro-
tection against glutamate or beta-amyloid-induced toxicity in cell cul-
ture, where both of these nicotinic receptor subtypes were implicated
(Kihara et al., 1998; Akaike et al., 2010; Yu et al., 2011).

Interestingly, both Mn and Fe appear to target primarily the basal
ganglia, which includes the globus pallidus and substantia nigra, the
latter being the primary site of damage leading to PD (Erikson and
Aschner, 2003; Rajagopalan et al., 2016). Thus, manganism associated
with increased Mn levels, particularly in basal ganglia, may manifest
PD-like symptoms (Peres et al., 2016; Andrade et al., 2017). Although
the pathological mechanisms associated with Mn neurotoxicity are
poorly understood, several reports have implicated oxidative stress as
well as inflammatory processes as important contributory factors
(Santos et al., 2012; Dusek et al., 2015). Similarly, iron-induced neu-
rodegenerative diseases including PD has been at least partially as-
cribed to increases in oxidative stress as well as neuroinflammatory
factors (Salvador et al., 2011; Dusek et al., 2015). On the other hand, it
has been hypothesized that neuroprotective effects of nicotine are also
likely to involve suppression of oxidative stress and pro-inflammatory
cytokines (Perez et al., 2010; Chatterjee et al., 2012; Hurley and Tizabi,
2013; Barreto et al., 2015; Tizabi, 2016). Hence, it may be suggested
that similar mechanisms play a role in protective effects of nicotine
against trace metal induced toxicity. Curiously, it has been shown that
in regard to damage induced by other metals such as copper, nicotine's
protective mechanism may involve regulation of metal homeostasis.
Thus, it has been demonstrated that copper-induced beta-amyloidosis
can be attenuated by nicotine via reduction of this metal level in both
in-vivo and in-vitro studies (Zhang et al., 2006). Therefore, it would be
of significant interest to determine whether nicotine may have a similar
effect on Mn and/or Fe. Another important undertaking would be to
determine whether the combination of trace metals including tin,
copper, zinc, etc. with Mn and/or iron would exacerbate the neurode-
generative condition (Lee et al., 2006; Andrade et al., 2017) and
whether nicotine would be equally effective.

It should also be noted that death/survival signaling mechanisms

Fig. 3. Effect of various concentrations of NIC on Mn-induced toxicity in SH-
SY5Y cells. Cells were treated with various concentrations of NIC 1 h prior to
Mn (20 μM) and cell viability was determined by MTT 24 h later. Values are
mean ± SEM. **p < 0.01 compared to control. †† p < 0.01 compared to Mn
alone. N=5 per treatment.

Fig. 4. Effect of various concentrations of NIC on Fe-induced toxicity in SH-
SY5Y cells. Cells were treated with various concentrations of NIC 1 h prior to Fe
(20 μM) and cell viability was determined by MTT 24 h later. Values are
mean ± SEM. **p < 0.01 compared to control. †† p < 0.01 compared to Mn
alone. N=5 per treatment.

Fig. 5. Effects of various concentrations of MLA,
DHBE and MEC against protective effects of NIC on
Mn-induced toxicity in SH-SY5Y cells. Cells were
treated with various concentrations of the antago-
nists 1 h prior to NIC (1 μM), which was applied 1 h
prior to Mn (20 μM) and cell viability was de-
termined by MTT 24 h later. Values are
mean ± SEM. **p < 0.01 compared to control. ††
p < 0.01 compared to Mn alone. $p < 0.05,
$$p < 0.01 compared to NIC + Mn. N = 5 per
treatment.

B. Getachew et al. Neurochemistry International 124 (2019) 19–24

22



have been implicated in the action of nicotine (Wei et al., 2011). Thus,
a role for ERK-MAPK and JNK (Dineley et al., 2001; Xue et al., 2014; Li
et al., 2015), a role for caspase pathways (Ramlochansingh et al., 2011;
Lu et al., 2017), and more recently a role for Wnt/β-catenin signaling
(Liu et al., 2017) in protective effects of nicotine have been provided.

In summary, the results of this study provide evidence for neuro-
protective effects of nicotine against toxicity induced by Mn or Fe in a
cellular model of PD. Moreover, both high and low affinity nicotinic
receptors (i.e., alpha 4-beta 2 and alpha7 subtypes) appear to mediate
the effects of nicotine. Thus, utility of nicotine or nicotinic agonists in
trace element-induced Parkinson-like syndrome may be suggested.
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