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A B S T R A C T

Cadmium (Cd), a worldwide occupational pollutant, is an extremely toxic heavy metal, capable of damaging
several organs, including the brain. Its toxicity has been related to neurodegenerative diseases such as
Alzheimer's and Parkinson's diseases. The neurotoxic potential of Cd has been attributed to the changes induced
in the brain enzyme network involved in counteracting oxidative stress. On the other hand, it is also known that
trace elements, such as zinc (Zn) and selenium (Se), required for optimal brain functions, appears to have
beneficial effects on the prevention of Cd intoxication.

Based on this protective effect of Zn and Se, we aimed to investigate whether these elements could protect
neuronal cells from Cd-induced excitotoxicity. The experiments, firstly carried out on SH-SY5Y catecholami-
nergic neuroblastoma cell line, demonstrated that the treatment with 10 μM cadmium chloride (CdCl2) for 24 h
caused significant modifications both in terms of oxidative stress and neuronal sprouting, triggered by en-
doplasmic reticulum (ER) stress. The evaluation of the effectiveness of 50 μM of zinc chloride (ZnCl2) and
100 nM sodium selenite (Na2SeO3) treatments showed that both elements were able to attenuate the Cd-de-
pendent neurotoxicity. However, considering that following induction with retinoic acid (RA), the neuro-
blastoma cell line undergoes differentiation into a cholinergic neurons, our second aim was to verify the zinc and
selenium efficacy also in this neuronal phenotype.

Our data clearly demonstrated that, while zinc played a crucial role on neuroprotection against Cd-induced
neurotoxicity independently from the cellular phenotype, selenium is ineffective in differentiated cholinergic
cells, supporting the notion that the molecular events occurring in differentiated SH-SY5Y cells are critical for
the response to specific stimuli.

1. Introduction

Cadmium (Cd) is the seventh most toxic heavy metal as per Agency
for Toxic Substances and Disease Registry - ATSDR ranking (ATSDR,
2017) among the environmental pollutants with which humans and
animals can potentially come in contact. Given that Cd is widely dis-
tributed in natural and industrial sources (Mead, 2010), exposure to
cadmium can occur in occupations such as mining, electroplating or in
the vicinity of Cd-emitting industries or incinerators where it is pro-
duced or used. In fact, Cd levels in ambient range from 0.1 to 5 ng/m3

in rural areas, 2–15 ng/m3 in urban areas, and 15–150 ng/m3 in in-
dustrialized areas (ToxGuide™ for Cadmium, 2012). Nevertheless, nu-
merous studies have reported health effects of daily cadmium exposure
in the general population also in the absence of specific industrial ex-
posure, the main source of exposure being food and tobacco smoke. It
was reported that the average Cd intake from food generally varies
between 8 and 25 μg per day (Bérglund et al., 1994; MacIntosh et al.,
1996; Thomas et al., 1999; Ysart et al., 2000; Larsen et al., 2002; Olsson
et al., 2002; Llobet et al., 2003; Egan et al., 2007), and that normal
smokers present twice the levels in their body than non-smokers and

https://doi.org/10.1016/j.tiv.2018.01.007
Received 20 July 2017; Received in revised form 8 January 2018; Accepted 11 January 2018

⁎ Corresponding author at: Department of Experimental and Clinical Medicine, Anatomy and Histology Section, University of Firenze, Largo Brambilla 3, 50134 Firenze, Italy.
E-mail address: jacopojuniovalerio.branca@unifi.it (J.J.V. Branca).

Toxicology in Vitro 48 (2018) 159–169

0887-2333/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08872333
https://www.elsevier.com/locate/toxinvit
https://doi.org/10.1016/j.tiv.2018.01.007
https://doi.org/10.1016/j.tiv.2018.01.007
mailto:jacopojuniovalerio.branca@unifi.it
https://doi.org/10.1016/j.tiv.2018.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tiv.2018.01.007&domain=pdf


this values are four times higher in heavy smokers (Järup and Akesson,
2009; ATSDR, 2017). The half-time for Cd in the whole body in humans
is> 26 years and in general population the Cd normal human level in
the blood (indicative for a recent exposure) is 0.315 μg/L, whereas the
urine level (indicative for previous exposure) is 0.185 μg/L (ToxGuide™
for Cadmium, 2012).

Many evidences highlighted the correlation between environmental
pollutant (in particular heavy metals) and chronic brain inflammation
and neurodegeneration (Calderon-Garciduenas et al., 2002; Calderon-
Garciduenas et al., 2003). In particular, Cd is included among the
etiopathogenetic factor of some neurodegenerative diseases such as
Alzheimer's disease (AD), Parkinson's disease (PD), and autism spec-
trum disorder (ASD) (Thatcher et al., 1982; Marlowe et al., 1983;
Panayi et al., 2002; Barnham and Bush, 2008).

Cadmium-induced neurotoxicity involves the generation of reactive
oxygen species (ROS) and free radicals, disturbances in calcium/zinc-
dependent processes, dysregulation of cell repair systems, epigenetic
modifications and oestrogen-mimicking effects (Wang et al., 2004;
Bertin and Averbeck, 2006; Monroe and Halvorsen, 2009; Kim et al.,
2013; Yuan et al., 2016). Indeed, Cd is known to block calcium channels
in mitochondria, inducing a membrane potential decrease and the
consequent release of cytochrome c, eventually leading to the activation
of the apoptosis cascade (Fern et al., 1996; Xu et al., 2011; Yuan et al.,
2013). Furthermore it has been demonstrated that Cd induces ER stress
(Chen et al., 2015), leading to cell death by a non-mitochondrial de-
pendent pathway (Hitomi et al., 2004).

The most commonly used therapeutic strategy for heavy metal
poisoning is chelation therapy to promote metal excretion. However
chelators are reported to have a number of different safety and efficacy
concerns, and none of these therapies have yet been approved for
clinical use (Goyer and Clarkson, 2001; McCarty, 2012). Recent studies
have shown that essential metals dietary supplements play important
roles in protecting against Cd even because they are expected to have
very few side effects compared to the chelators (Zhai et al., 2015).

One of the most well studied essential metal is zinc (Zn), possessing
similar chemical and physical properties to Cd, competing for the
binding sites of metal absorptive and enzymatic proteins (Bridges and
Zalups, 2005). Moreover, Zn induces the synthesis of the CNS specific
metallothionein III (Suzuki et al., 1990; Aschner et al., 1997; Jin et al.,
1998; Hidalgo et al., 2001), a low molecular weight, cysteine-rich
protein that has high affinity for Cd and causes detoxification by
binding Cd (Nordberg and Nordberg, 2000; Hartwig, 2001). Moreover,
Zn intake has been reported to alleviate the oxidative stress caused by
Cd and lead exposure (Amara et al., 2008; Prasanthi et al., 2010).

On the other hand, a considerable number of studies have shown
that selenium (Se) administration is protective against Cd toxicity
within a range of different organs of mice, including the brain (Newairy
et al., 2007; Cardoso et al., 2015). Selenium is a cofactor of the anti-
oxidant enzyme glutathione peroxidase (GPx) and it contributes to the
antioxidant defence system, reducing the Cd-induced oxidative stress
and enhancing the antioxidant capacity of the host (Luchese et al.,
2007; Liu et al., 2013).

Therefore, the first aim of this study was to investigate the neuropro-
tective properties of Zn and Se against Cd-induced neurotoxicity in SH-
SY5Y neuroblastoma cell line, a widely used catecholaminergic in vitro
model for studies on neurotoxicity of compounds affecting the nervous
system (Faria et al., 2016; Heusinkveld and Westerink, 2017). However, in
addition to the catecholaminergic system (Gupta et al., 1990), Cd has been
shown also to affect glutamatergic (Borges et al., 2007; Borisova et al.,
2011), monoaminergic (Ali et al., 1990; Gutierrez-Reyes et al., 1998;
Abdel Moneim et al., 2014), as well as cholinergic system where it blocks

the cholinergic transmission inducing a more pronounced cell death (Del
Pino et al., 2014). Furthermore, many studies have evidenced significant
degree of interplay between catecholaminergic and cholinergic system in
the regulation of CNS activity (Raevskii et al., 1993). Since un-
differentiated dopaminergic SH-SY5Y human neuroblastoma cells can be
differentiated by retinoic acid (RA) in mature cholinergic neurons
(Presgraves et al., 2004; Lopes et al., 2010; Kovalevich and Langford,
2013), the second aim of the present study was to evaluate if the treat-
ments with Zn and Se show different efficacy against Cd-induced neuro-
toxicity in undifferentiated catecholaminergic cells with respect to the
cholinergic neuronal phenotype.

2. Materials and methods

2.1. Cell line and treatments

Human neuroblastoma SH-SY5Y cell line, was purchased by Istituto
Zooprofilattico dell'Emilia e della Romagna (Brescia, Italy). Cells were
routinely cultured in DMEM High Glucose/Ham's F12 Mixture Medium
(1:1) supplemented with 10% foetal bovine serum (FBS), 2 mM L-
Glutamine (EuroClone S.p.a., Milano, Italy) at 37 °C, 5% CO2 in humi-
dified atmosphere. The growth medium was changed every 2–3 days.

In order to reproduce in vitro conditions that could mimic a chronic
human Cd intoxication, we decide to use a concentration of 10 μM of
CdCl2 (Sigma Aldrich, Milano, Italy) and a time of exposure of 24 h as
reported by Del Pino (Del Pino et al., 2014) and further confirmed by
dose-response curves (Supplementary Fig. S1 – Panel A).

Aimed to evaluate the effect of Zn and Se supplementation at doses
corresponding to the human physiological levels, the concentration of
100 nM Na2SeO3 and of 50 μM ZnCl2 (Sigma Aldrich, Milano, Italy)
were chose on the basis of previously reported data (Szuster-Ciesielska
et al., 2000; Barayuga et al., 2013; Hendrickx et al., 2013) and of dose-
response curves performed for both essential metals (Supplementary
Fig. S1 – Panels B and C).

All treatments were performed in starvation medium because ma-
nipulating Se and Zn content of culture medium is impaired by the
presence of these essential elements in FBS. The timeline with the entire
experimental procedures were reported in Supplementary Table S1.

2.2. SH-SY5Y differentiation

Human neuroblastoma SH-SY5Y cell line was differentiated with
10 μM all-trans RA (Sigma Aldrich, Milano, Italy) for 48 h in their ap-
propriate medium (DMEM High Glucose/Ham's F12 Mixture Medium
(1:1), 2 mM L-Glutamine) supplemented with 1% FBS. Briefly, in all the
experiment reported below, the cells were seeded in each support for
24 h in their complete growth medium. The day after, cells were starved
in 1% FBS medium for 48 h and differentiated by adding RA 10 μM.
After two days of differentiation, the cells were starved in 0% FBS
medium for 24 h and then stimulated for 24 h in starved medium (0%
FBS) as reported above. The stimuli and the different time of each
treatment, was the same described for each experiment both for un-
differentiated and differentiated SH-SY5Y.

2.3. Cell viability assay

Cell viability was evaluated by the reduction of 3-(4,5-di-methyl-
thiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as an index of
mitochondrial functional activity. Briefly, SH-SY5Y cells were seeded
into 96 well plates at a density of 20,000 cells/well in complete growth
medium for 1 day. Differentiated and undifferentiated cells were
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treated with CdCl2 (for 24 h) in the absence or after the pre-treatment
with ZnCl2 or Na2SeO3 (for 24 h). After removing the medium with
different stimuli, 1 mg/mL MTT was added into each well and in-
cubated for at least 20min at 37 °C. Following the removing of the
chromogenic solution, the formazan crystals were dissolved in 50 μL of
dimethyl sulfoxide (DMSO) and the absorbance was measured at
595 nm by a Multiscan FC photometer (ThermoFisher Scientific,
Milano, Italy). Three independent experiments were conducted and
each experiment was performed in quintuplicate.

2.4. Measurement of intracellular ROS

To detect intracellular ROS production, SH-SY5Y cells seeded on
glass cover slips were loaded with 10 μM 2,7-dichlorodihydro-
fluorescein diacetate for 10min (CM-H2DCFDA, ThermoFisher
Scientific, Milano, Italy), as previously described (Capitini et al., 2014).
Cell fluorescence was analysed by the motorized Leica DM6000 B mi-
croscope equipped with a DFC350FX camera (Leica, Mannheim, Ger-
many). The full-specimen thicknesses were acquired as z-stack series,
deconvolved using Huygens Professional software (SVI, Hilversun, The
Netherlands), and displayed using ImageJ software. The microscope
was set at optimal acquisition conditions, and settings were maintained
constant for each analysis. Five microscopic fields for each experi-
mental point were analysed. Three independent experiments were
conducted and each experiment was performed in triplicate.

2.5. Western blotting analysis

SH-SY5Y cell line, at the density of 107 cells/well, were plated in
Petri dishes in complete growth medium and treated as reported. After
each treatment, the medium was removed and two washes with PBS
(phosphate buffered saline) were performed. The cells were scraped
from the surface of the dishes and the cell suspensions were centrifuged
at 1000 rpm for 10min at room temperature (RT). The supernatant was
discarded and the pellets were treated with lysis buffer (TRIS 50mM,
pH 7; NaCl 150mM; 1% TRITON X-100; EDTA 1.5mM; 0.25% SDS)
containing protease inhibitors cocktail (Sigma Aldrich, Milano, Italy)
for 30min at 4 °C. The homogenates were centrifuged at 4 °C for 10min
at 12000 rpm and the supernatants were used to evaluate the protein
concentration by Bradford method. Equal amounts of proteins (30 μg)
were analysed on a 12% polyacrylamide gel and then transferred onto
nitrocellulose membrane (Porablot NPC, MACHEREY-NAGEL, Milano,
Italy). After 1 h blocking with 3% bovine serum albumin (BSA) in Tris-
buffered saline containing 0.1% Tween 20 (T-TBS) at RT, the blot was
incubated overnight at 4 °C with 1:500 mouse monoclonal anti-GAP-43
(B-5), 1:300 rabbit polyclonal anti-BAX (P-19), 1:300 rabbit polyclonal
anti-pro-caspase-3 antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), 1:500 rabbit polyclonal anti-GRP78 antibody
(ThermoFischer Scientific, Milan, Italy), and then with 1:5000 goat
anti-mouse (for GAP-43) and goat anti-rabbit (for BAX, GRP78 and pro-
caspase-3) HRP secondary antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) for 1 h at RT. GAP-43 as well as BAX were detected with
the Amersham ECL Plus Western Blotting Detection Reagent (GE
Healthcare, Milano, Italy). Protein expression levels were quantified by
ImageJ64 analysis software (ImageJ, National Institute of Health, USA,
http://imagej.nih.gov/ij, 1.47 t) and expressed as percentage of control.

All data were obtained by three independent experiments; each
experiment was performed in triplicate.

2.6. Caspase-3 enzymatic activity

SH-SY5Y cell line was plated in 6-well plates (7×105/well) in
appropriate complete growth medium. The following day, cells were
treated as reported in Table S1. After each treatment, cells were scraped
in 100mM lysis buffer (200mM Tris–HCl buffer, pH 7.5, containing 2M
NaCl, 20mM EDTA, and 0.2% Triton X-100). Fifty μL of the super-
natants were incubated with 25 μM fluorogenic peptide caspases 3
substrate rhodamine 110 bis-(N-CBZ-L-aspartyl-L-glutamyl-L-va-lyl-L-
aspartic acid amide) (EnzChek® Caspase-3 Assay Kit, Molecular Probes,
Milano, Italy) at 25 °C for 30min. The amount of cleaved substrate in
each sample was measured in a 96-well plate fluorescent spectrometer
(Perkin-Elmer; excitation at 496 nm and emission at 520 nm). Three
independent experiments were conducted and each experiment was
performed in triplicate.

2.7. Immunofluorescent staining

SH-SY5Y cells were seeded in 6 well plates at the density of 7× 104

cells/well or 105 cells/well (differentiated and undifferentiated, re-
spectively) on cover slip slides. As described above, differentiated and
undifferentiated cells were treated with different concentration and
exposure time of CdCl2 and/or ZnCl2 or Na2SeO3. At the end of each
treatment, the starvation medium containing stimuli was removed and
two washes with cold PBS were performed. The cells were then fixed
with 1mL of 4% paraformaldehyde for 10min at RT. After three washes
with cold PBS (5min each wash), the cells were permeabilized with
0.1% TRITON X-100 in PBS for 10min. at RT. Cells were then washed
three times with PBS and incubated for 15min in a blocking solution
(1% BSA in PBS) at RT. Each cover slip was incubated overnight at 4 °C
with 1:200 mouse anti-β3 tubulin or rabbit anti-cytochrome c anti-
bodies (Santa Cruz Biotechnology). The day after, cells were washed
three times with PBS and each cover slip was incubated with 1:200
Alexa Fluor 647 goat anti-mouse (for β3 tubulin) or goat anti-rabbit (for
cytochrome c) immunoglobulin G (IgG) secondary antibodies, respec-
tively (ThermoFisher Scientific) for 1 h at RT. After secondary antibody
incubation, two washes were performed with PBS and DAPI (4′,6-dia-
midin-2-fenilindolo; 1:2000 dilution; ThermoFisher Scientific) was
added for 5min at RT to each cover slip. Eventually, after two more
washes in cold PBS and one more in distilled water, cover slip glasses
were mounted using Fluoromount anti-fade solution (ThermoFischer
Scientific) on cover slides. Digitalized images were collected at 200×
or 400× total magnification (five microscopic fields for each experi-
mental point) by a motorized Leica DM6000B microscope equipped
with a DFC350FX. Five microscopic fields for each experimental point
were analysed.

Image analysis of β3 tubulin staining was performed counting the
total number of neurite. Fluorescence intensity in cytochrome c im-
munostained cells was processed by ImageJ64 analysis software and the
results were expressed as percentage of control.

All data were reported after normalization for the total number of
cells per field. Three independent experiments were conducted and each
experiment was performed in triplicate.

2.8. Statistical analysis

Statistical analyses were performed by Two-way ANOVA followed
by the Mann–Whitney test. All assessments were made by researchers
blinded to treatments. Data were analysed using “Origin 9” software
(OriginLab, Northampton, USA). Differences were considered sig-
nificant at p < 0.05.
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3. Results

3.1. SH-SY5Y differentiation

In order to determine the RA-dependent differentiation of SH-SY5Y
cells, an immunofluorescent staining against β3 tubulin, a neuronal
marker known to be overexpressed in differentiated neurons
(Hernandez-Martinez et al., 2017), was performed at different exposure
time. As shown in Supplementary Fig. S2, the neurite sprouting from
cell bodies increased in a time-dependent manner comparing to un-
treated cells (control). As previously reported (Cheung et al., 2009;
Sallmon et al., 2010; Dwane et al., 2013; Pak et al., 2014) 10 μM RA
increased the number and the length of cytoplasmic elongation in a
time-dependent manner up to 72 h. At prolonged exposure time (120 h)
a RA-dependent increase of mitochondrial permeability and the con-
sequent cytochrome c release into the cytoplasm (Rigobello et al., 1999;
Xun et al., 2012) were observed (Supplementary Fig. S3). Thus, we
decided to induce SH-SY5Y differentiation for 48 h.

3.2. Evaluation of cell viability

To validate SH-SY5Y cell viability after treatments with CdCl2 in the
absence or in the presence of ZnCl2 and/or Na2SeO3, the MTT assay was
performed. As shown in Fig. 1 (panel A), cell viability was significantly
(p < 0.05) decreased after treatment with 10 μM CdCl2 for 24 h. On the
other hand, both Na2SeO3 and ZnCl2 were able to prevent the decrease
of SH-SY5Y viability when used as pre-treatment for 24 h before CdCl2
addition (Fig. 1 – panel A, right histograms). When Na2SeO3 and ZnCl2
were tested as co-treatment with CdCl2 stimulation, only ZnCl2 was able
to counteract the decrease in cell viability induced by the heavy metal
(Fig. 1 – panel A, left histograms).

Furthermore, in RA differentiated SH-SY5Y cells (Fig. 1, panel B)
while ZnCl2 was able to prevent the effects induced by CdCl2 both
during pre-treatment and co-treatment, the presence of Na2SeO3 did not
induce any significant change in cell viability (Fig. 1 – Panel B, left and
right histograms). Taking into account these results, we decided to
perform the other sets of experiments only with ZnCl2 or Na2SeO3 pre-
treatment (24 h) conditions.

Fig. 1. SH-SY5Y cell viability (MTT) assay.
Effect of CdCl2, ZnCl2, and Na2SeO3 on SH-SY5Y cell viability. Panel A. cell viability was determined by MTT assay after co-treatment (left histograms) and pre-treatment (right
histograms) of undifferentiated SH-SY5Y cells with 10 μM CdCl2 for 24 h in the presence of 50 μM ZnCl2 or 100 nM Na2SeO3. A Cd-dependent significant reduction of cell viability was
seen (⁎p < 0.05 vs control cells). A Zn significant prevention on Cd neurotoxicity was evidenced in both treatment types, whereas Se significantly counteracted the Cd-dependent
decrease of cellular viability only during pre-teratment (#p < 0.05 vs 10 μM CdCl2 treated cells). Panel B. Cell viability in RA differentiated cells. Left histograms (co-treatment) reflected
the same results evidenced for undifferentiated cells, as well as Se showed no effect in preserving the decrease in cell viability (#p < 0.05 vs 10 μM CdCl2 treated cells). Untreated cells
were taken as 100%. Results are expressed as mean value ± S.E.M. The data shown represent the typical data from three independent experiments that yielded similar results. Each
experimental point was performed in quintuplicate.
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3.3. Cd-dependent ROS production

In order to evaluate the effects of Se and Zn on Cd-induced oxidative
stress and ROS generation, undifferentiated and RA differentiated SH-
SY5Y cells were treated with 10 μM CdCl2 for 24 h in the presence or in
the absence of 50 μM ZnCl2 or 100 nM Na2SeO3. The quantitative
analysis of ROS levels (Fig. 2 – histograms) revealed that Cd-treated
cells exhibited a significative (⁎p < 0.05 vs control) increase in reactive
oxygen species in respect to control cells, confirming that Cd neuro-
toxicity may be associated with its induction of ROS as previously re-
ported (Chen et al., 2008a, 2008b; Yuan et al., 2013; Liu et al., 2014;
Chen et al., 2014; Xu et al., 2017). However, the results clearly show
that only a pre-treatment with Zn is effective in the prevention of Cd-
induced ROS formation (#p < 0.05 vs CdCl2 treated cells) in both
undifferentiated and differentiated cells. On the other hand Se is ef-
fective only in undifferentiated cells.

3.4. Cd-dependent apoptotic pathway

To better understand the Cd-induced ER stress, we evaluated the
expression of GRP78, a chaperone well known to be induced by ER
stress (Lee, 2005), in RA differentiated and undifferentiated cells.
Fig. 3A (left panel) clearly shows how CdCl2 treatment is able to evoke

the over-expression of GRP78 in undifferentiated SH-SY5Y. Such ad-
verse events were prevented by the presence of Na2SeO3 or ZnCl2 pre-
treatment.

Furthermore, since Cd is well known to induce oxidative stress and
to activate the apoptotic pathway (Watjen and Beyersmann, 2004), the
expression level of the pro-caspase-3 (Fig. 3A, middle panel) the cas-
pase-3 enzymatic activity (Fig. 3B), as well as the expression levels of
the pro-apoptotic protein BAX (Fig. 3A, right panel), were investigated
in the presence of 50 μM ZnCl2 or 100 nM Na2SeO3 in undifferentiated
cells. Our results showed that Cd induced a two-fold increment in BAX
expression level, and the decrease of pro-caspase-3 expression, paral-
leled by the increase of the caspase-3 activity, that were partially pre-
vented by the presence of Zn and Se (Fig. 3A and B). In RA differ-
entiated SH-SY5Y cells (Fig. 4A and B), the treatment with CdCl2
induced similar results to those evidenced in undifferentiated cells.
Interestingly, while ZnCl2 was able to partially restore GRP78, pro-
caspase-3 and BAX levels, Na2SeO3 did not show any protective effect
against Cd-induced neurotoxicity (Fig. 4A and B).

To verify the effect of BAX protein overexpression during the
treatment with 10 μM CdCl2 for 24 h, the immunofluorescent staining of
cytochrome c was performed (Fig. 3C). In undifferentiated cells, 10 μM
CdCl2 clearly increased the expression of cytochrome c that was poorly
labelled around the nuclei in untreated cells (control). When cells were

Fig. 2. ROS production in SH-SY5Y cells.
SH-SY5Y cells were pre-treated with 50 μM ZnCl2 or 100 nM Na2SeO3 in the presence of 10 μM CdCl2 for 24 h and then underwent to evaluation of ROS expression by the 2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) probe. Panel A. Representative fluorescent microscope images showing intracellular ROS levels in undifferentiated cells; fluores-
cence semi-quantitative analysis (histograms in Panel A) showed that Se and Zn treatments hindered the Cd-dependent ROS formation. Panel B. Representative fluorescent microscope
images showing intracellular ROS levels in RA differentiated cells; semi-quantitative fluorescence analysis (histograms in Panel B) confirmed that only Zn treatment was able to partially
prevent ROS formation. Representative images are shown. Total magnification: 400× and scale bar= 50 μm. The intracellular ROS-derived fluorescence is expressed as the percentage of
fluorescence compared with untreated cells. Data are expressed as mean ± S.E.M. (⁎p < 0.05 vs control; #p < 0.05 vs CdCl2 treated cells).
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pre-stimulated with ZnCl2 and Na2SeO3, before CdCl2 addition, cyto-
chrome c remained barely expressed nearby the nuclei indicative for a
mitochondrial membrane integrity.

As regards Zn-dependent prevention of CdCl2-dependent cyto-
chrome c mitochondrial extrusion, similar results were obtained on RA

differentiated cells. Fig. 4C shows the high diffusion and expression of
cytochrome c in the soma of cells treated with 10 μM CdCl2 for 24 h. On
the contrary, in differentiated cells Na2SeO3 pre-treatment did not
prevent cytochrome c overexpression, evidenced by immuno-
fluorescence peri-nuclear localization.

Fig. 3. Undifferentiated SH-SY5Y apoptotic pathway: GRP78, caspase-3, BAX, and cytochrome c analysis.
Panel A. Cd-dependent apoptotic pathway in undifferentiated cells. Western blotting analysis showed that CdCl2 significantly (⁎p < 0.05 vs control) increase SH-SY5Y ER stress, up-
regulating GRP78 expression level (left panel). Concurrently with the increase of GRP78, Cd-treated cells showed a significant (⁎p < 0.05 vs control) decrease of pro-caspase-3 levels
(middle panel) paralleled by an increase in its enzymatic activity (Panel B), and of BAX protein expression (right panel). The pre-treatment with Zn and Se significantly (#p < 0.05 vs
CdCl2 treated cells) prevented all these cellular stressor markers. β-actin was used as an internal control. Control cells were taken as 100%. Results are expressed as mean ± S.E.M. The
data shown represent the typical data from three independent experiments that yielded similar results. Each experiment was performed in triplicate. (⁎p < 0.05 vs control; #p < 0.05 vs
CdCl2 treated cells). Panel C. Cytochrome c immunofluorescent staining. The semi-quantitative cytochrome c analysis evidenced a significative (⁎p < 0.05 vs control) increase in
immunofluorescent labelling in CdCl2 treated cells. The presence of ZnCl2 or 100 nM Na2SeO3 significantly (#p < 0.05 vs CdCl2 treated cells) prevented the cytoplasmic increase of
cytochrome c in the cell soma. Control cells were taken as 100%. Results were expressed as mean ± S.E.M. The data shown represent the typical data from three independent
experiments that yielded similar results. Each experiment point was performed in triplicate. (⁎p < 0.05 vs control; #p < 0.05 vs CdCl2 treated cells). Total magnification: 400× and scale
bar: 50 μm.
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3.5. Cd effect on neurite outgrowth: evaluation of GAP-43 and β3 tubulin

In order to determine the effects of Cd on neuronal sprouting, we
evaluated the expression of GAP-43 in RA differentiated and un-
differentiated SH-SY5Y cells. As shown in Fig. 5A Cd-treated cell ex-
tracts exhibited decreased cross-reactivity with the GAP-43 antibody
when compared to control extracts (⁎p < 0.05 vs control). Never-
theless, when SH-SY5Y cell line was pre-treated for 24 h with ZnCl2 or
Na2SeO3, the densitometric analysis revealed a significantly
(#p < 0.05 vs CdCl2 treated cells) higher expression of GAP-43. These
data suggest that both ZnCl2 and Na2SeO3 are key elements directly

involved in neuronal branching and neurite regeneration during Cd-
induced neuronal damage.

Immunofluorescent staining of β3 tubulin (Fig. 5B) validated and
reinforced the data obtained by western blotting analysis concerning
GAP-43 expression. The untreated cells (control), as well as cells treated
with 50 μM ZnCl2 or 100 nM Na2SeO3 for 24 h, clearly showed neuronal
sprouting from the cell soma with cytoplasmic elongation that extended
in order to reach close neuronal clusters. The neuronal branches sig-
nificantly (⁎p < 0.05 vs control) decreased when the cells were treated
with 10 μM CdCl2 for 24 h (Figs. 5B and 6B). Interestingly, concerning
CdCl2 treatment Figs. 5B and 6B shows that, even though the neurite

Fig. 4. RA differentiated SH-SY5Y apoptotic pathway: GRP78, pro-caspase-3, BAX, and cytochrome c analysis.
Panel A. Effects of Zn and Se on the expression of GRP78, pro-caspase-3, and BAX, as well as on the enzymatic proteolytic activity of caspase-3 (Panel B) in RA differentiated SH-SY5Y cells.
β-actin was used as an internal control. Quantitative analysis showed that the presence of Zn was able to prevent the Cd-dependent onset of the ER apoptotic pathway (#p < 0.05 vs
CdCl2 treated cells), whereas Se was ineffective to prevent Cd neurotoxicity. Control condition was arbitrarily set as 100% and results are expressed as mean ± S.E.M. The data shown
represent the typical data from three independent experiments that yielded similar results. Each experiment point was performed in triplicate. (⁎p < 0.05 vs control; #p < 0.05 vs CdCl2
treated cells). Panel C. The semi-quantitative cytochrome c analysis evidenced a significative (⁎p < 0.05 vs control) increase in immunofluorescent labelling in CdCl2 treated cells. The
presence of Zn (#p < 0.05 vs CdCl2 treated cells) but not Se prevented the cytoplasmic increase of cytochrome c in the cell soma. Five microscopic fields for each experimental point were
analysed. Control cells were taken as 100%. Results are expressed as mean ± S.E.M. The data shown represent the typical data from three independent experiments that yielded similar
results. Each experiment was performed in triplicate. (⁎p < 0.05 vs control; #p < 0.05 vs CdCl2 treated cells). Total magnification: 400× and scale bar= 50 μm.
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was not present and the cell number was decreased, β3 tubulin signal
was clearly evident and abundant in the neuronal soma, alongside the
nuclei. When SH-SY5Y cells were pre-treated with 50 μM ZnCl2 or
100 nM Na2SeO3 for 24 h before the stimulation with 10 μM CdCl2, the
β3 tubulin distributed along neurite length, partially preventing the
alteration of the neuronal networks.

Similar results were observed on RA differentiated SH-SY5Y cells
(Fig. 6 panels A and B). As expected, both the number and the length of
neurite was increased in control, ZnCl2, and Na2SeO3 treated cells. As
undifferentiated cells, 10 μM CdCl2 induced a visible retraction of cy-
toplasmic elongations as well as a high localization nearby the cell
nucleus; the pre-treatment with 50 μM ZnCl2 prevented neuronal da-
mage, maintaining almost intact the neuronal network. On the other
hand, pre-treatment with 100 nM Na2SeO3 poorly prevented neurite
loss during CdCl2 treatment.

4. Discussion

Cadmium is found in the earth crust primarily and is released to the
biosphere form both natural sources and anthropogenic sources. Since
Cd is not degraded in the environment, the risk of human exposure is
constantly increasing because Cd also enters the food chain (ATSDR,
2017). Chronic exposure to Cd has been found associated with diseases
of the lung, prostate, pancreas and kidney (Howard, 2002; Beyersmann
and Hartwig, 2008). In the central nervous system, it has been de-
monstrated that cadmium can increase permeability of the BBB in rats
(Shukla and Chandra, 1987; Shukla et al., 1996) and accumulate in the

brain of developing and adult rats (Méndez-Armenta and Rios, 2007;
Gonçalves et al., 2010), leading to cellular dysfunction, and cerebral
oedema. For this latter feature, Cd has been taken into consideration as
a possible etiopathogenic factor for neurodegenerative disorders such
as AD, PD and ASD (Thatcher et al., 1982; Marlowe et al., 1983; Panayi
et al., 2002; Barnham and Bush, 2008).

Cadmium permeates the cell membrane mainly through the same
pathways of Ca2+ influx, interacting with voltage gated calcium
channels (VGCC) on the membrane surface (Snutch et al., 2000–2013;
Usai et al., 1999). Once inside neuronal cells, Cd induces oxidative
stress by ROS production triggering a molecular cascade passing
through mitochondria dysregulation and leading to apoptosis. Fur-
thermore, it induces a membrane depolarization as demonstrated by
Polson et al. (2011) causing the release of cytochrome c from mi-
tochondria. These latter data were also supported and better explained
by data demonstrating that the regulation of BAX protein by JNK
pathway is essential for mediating the apoptotic release of cytochrome c
from mitochondria (Papadakis et al., 2006; Zhang et al., 2017).

Our results confirmed the role of Cd-induced ROS production,
leading to the upregulation of BAX protein passing through the mi-
tochondrial membrane depolarization and the consequent cytochrome c
release.

Although mitochondria may play a central role in stress induced
neuronal apoptosis, growing evidences suggest that endoplasmic re-
ticulum may also regulate neuronal apoptosis in stress conditions
(Hitomi et al., 2004; Galehdar et al., 2010). GRP78, which is an un-
folded protein response (UPR)-related protein, sensor of ER stress, is

Fig. 5. Undifferentiated SH-SY5Y neurite outgrowth.
Panel A. 50 μM ZnCl2 or 100 nM Na2SeO3 significantly (#p < 0.05 vs CdCl2 treated cells) prevented the CdCl2-dependent downregulation of GAP-43 expression levels (⁎p < 0.05 vs
control). Control cells were taken as 100%. Results are expressed as mean ± S.E.M. Panel B. The quantitative evaluation of β3 tubulin staining evidenced a strong and significative
(⁎p < 0.05 vs control) decrease of cytoplasmic elongations in 10 μM CdCl2 cells, that was partially prevented by the presence of 50 μM ZnCl2 or 100 nM Na2SeO3 (white arrowheads).
Results are expressed as mean ± S.E.M. All data shown represent the typical data from three independent experiments that yielded similar results. Each experiment was performed in
triplicate. (⁎p < 0.05 vs control; #p < 0.05 vs CdCl2 treated cells). Total magnification: 200× and scale bar= 100 μm.

Fig. 6. RA differentiated SH-SY5Y neurite outgrowth.
The Cd-dependent decrease of GAP-43 expression levels (Panel A) and the β3 tubulin cytoplasmic elongations, as well as the protective (#p < 0.05 vs CdCl2 treated cells) effects of Zn
treatment reflects the results obtained in undifferentiated cells (see Fig. 5). Conversely, 100 nM Na2SeO3 was not able to hinder the Cd neurotoxicity (Panel B). Results are expressed as
mean ± S.E.M. Data were analysed as reported in Fig. 5 legend.
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highly upregulated during ER stress (Hitomi et al., 2004; Lee, 2005;
Kim et al., 2006; Yokouchi et al., 2008).

We observed a Cd-induced upregulation of GRP78 protein level
which paralleled with caspase-3 activation and BAX expression levels
increment, suggesting a linkage between ROS-induced ER stress, cas-
pase activation and apoptosis. Moreover, these results strongly suggest
that the Cd-induced ROS-dependent apoptosis could involve both the
mitochondrial and the ER stress apoptotic pathway.

On the other hand, increasing evidences suggest also that Cd alters a
plethora of signaling cascades (Thévenod, 2009), taking place directly
or indirectly by ROS formation, that affects also gene transcription. In
fact, Pak and coauthors (Pak et al., 2014) have demonstrated a Cd-
dependent downregulation of GAP43 expression, a crucial player of
neurite outgrowth, during SH-SY5Y cells differentiation. Here we
showed that this downregulation, did not occur only during neuro-
blastoma differentiation, but that it is also evident in both un-
differentiated and differentiated cells. In addition, our results on the
immunodistribution of β3 tubulin, a protein involved in neurogenesis
and axon guidance and maintenance, showed that the consequence of
lowering the GAP43 levels caused an altered (cytoplasmic instead of
axonal) distribution of this protein in both RA differentiated and un-
differentiated neuroblastoma cells. Moreover, compared to the work of
Pak (Pak et al., 2014), we can hypothesized that the GAP43 down-
regulation can be ascribed not only to a Cd-dependent transcriptional
failure, but also indirectly to an impairment of ER functionality.

Interestingly, our experiments evidenced a Se-dependent significant
upregulation of GAP43 expression both in undifferentiated and RA
differentiated cells. According with these results there are evidences
that Se, as well as RA, can induce a neuronal differentiation of SH-
SY5Y, presumably through TrxR1 (thioredoxin reductase 1 splice var-
iant) activation that regulates the expression of genes associated with
differentiation and adhesion (Nalvarte et al., 2015). It is important to
underlie that the Se-induced differentiation results in a phenotype more
closely resembling dopaminergic neurons (Barayuga et al., 2013),
whereas the RA differentiated cells, as well as the RA differentiated
cells treated with sodium selenite, showed a cholinergic neuronal
phenotype (Nalvarte et al., 2015; Kovalevich and Langford, 2013).

On the other hand, it was also reported that RA differentiation, in
addition to genomic action, also occurs by the activation of extranucler
RA receptors, eliciting a signaling pathway (Liao et al., 2004; Cañón
et al., 2004; Chen et al., 2008a, 2008b) that results in the growth of
axonal cone (Farrar et al., 2009). Therefore, upon RA action GAP43 is
highly expressed and translocated into the growing neurite (Lu et al.,
2013; Buizza et al., 2013). These results are in agreement with our
results showing a GAP43 overexpression in differentiated cells during
ZnCl2 treatment, where the presence of RA is sufficient to increase
GAP43 expression levels in respect to the undifferentiated cells.

With regard to the capacity of Zn to revert the cadmium-dependent
toxicity it has been demonstrated that, given the chemical similarity to
Cd (Cotzias et al., 1961), they compete with one another for a variety of
ligands (Pulido et al., 1966; Gunn et al., 1968). Moreover, Zn possesses
known anti-oxidant properties, which meet to cadmium-induced oxi-
dative stress (Ebadi et al., 1995; Volpe et al., 2011).

Following this reasoning and given the fully demonstrated sele-
nium-dependent inhibition of oxidative stress, we should expect a si-
milar response in the presence of selenium; on the contrary, this metal
has protective effects against cadmium only in undifferentiated cells. In
our opinion, this behavior is strictly dependent on the cellular pheno-
type. In fact, seleno-glutathione peroxidase (GPx) is one of the most
abundant antioxidant enzymes in the brain (Flohé, 1982) in which Se is
incorporated; moreover, it has been demonstrated that it is expressed in
undifferentiated SH-SY5Y cells, and that in serum-free media with de-
fined supplement of Se there is a GPx upregulation (Barayuga et al.,
2013). However, Trepanier and coauthors (Trépanier et al., 1996) re-
vealed that catecholaminergic neurons express GPx protein in the adult
mouse brain, whereas some subsets of cholinergic neurons lack this

expression and are more susceptible to oxidative stress. These findings
suggest that the reason for which Se is not effective in preventing Cd
neurotoxicity could be related to the low expression of GPx. Never-
theless, further studies are needed to address this hypothesis. Anyway,
our results are further supported by the results of Becker and coauthors
(Becker et al., 2012) which evidenced a RA-dependent downregulation
of apoER2 (apolipoprotein E receptor 2), a receptor predominantly
expressed by neurons throughout the brain (Clatworthy et al., 1999)
that serves to selenium for entering the cell.

In conclusion, our results strongly suggest the efficacy of Zn and Se
in counteracting the effects of Cd neurotoxicity and the resultant oxi-
dative stress. These results also suggest that these metals have an ability
to inhibit the Cd-dependent intracellular signaling pathway leading to
oxidative stress and neuronal disfunction. Nevertheless, given that Se is
ineffective in counteracting the Cd neurotoxicity in cholinergic neu-
rons, our results show that the efficacy of essential metals is closely
related to the neuronal phenotype. Therefore, further studies are re-
quired to better elucidate the relationship between intracellular sig-
naling pathways triggered by Cd and the different neuroprotective
agents in order to devise new preventive therapeutic strategies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tiv.2018.01.007.
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