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Abstract Human neuroblastoma SH-SY5Y cells have been
used as an in vitro model for neurodegenerative disorders such
as Parkinson’s disease and can be induced to a mature neuro-
nal phenotype through retinoic acid (RA) differentiation.
However, mechanisms of RA-induced differentiation remain
unclear. Here, we investigate the role of reactive species (RS)
on SH-SY5Y neuroblastoma cells under RA differentiation,
using the antioxidant Trolox® as co-treatment. We found that
RA treatment for 7 days reduced the cell number and prolif-
erative capacity and induced the expression of adult
catecholaminergic/neuronal markers such as tyrosine hydrox-
ylase (TH), β-III tubulin, and enolase-2. Evaluation of intra-
cellular RS production by DCFH oxidation assay and quanti-
fication of cell non-enzymatic antioxidant activity by TRAP
demonstrated that RA increases RS production. Furthermore,
mitochondrial NADH oxidation showed to be inhibited under
differentiation with RA. Cells subjected to co-treatment with
antioxidant Trolox® demonstrated a remaining proliferative ca-
pacity and a decrease in the pro-oxidant state and RS production.
Besides, antioxidant treatment restores the mitochondrial NADH

oxidation. Importantly, Trolox® co-treatment inhibited the ap-
pearance of morphological characteristics such as neurite exten-
sion and branching, and decreased the expression of TH, β-III
tubulin, and enolase-2 after a seven-day differentiation with RA,
indicating that RS production is a necessary step in this process.
Trolox® also inhibited the phosphorylation of Akt and ERK1/2,
which are involved in differentiation and survival, respectively,
of these cells. Altogether, these data indicate the presence of a
redox-dependent mechanism in SH-SY5Y RA-differentiation
process and can be a useful insight to improve understanding
of neuronal differentiation signaling.

Keywords Retinoic acid . Neuronal differentiation .

SH-SY5Y . Oxidative stress . Tyrosine hydroxylase

Introduction

Parkinson’s disease (PD) is the most common movement dis-
order, affecting approximately six million people worldwide
[1] and is highly connected to oxidative stress, with increased
lipid peroxidation, decreased glutathione, abnormalities in
iron homeostasis, and protein aggregation [2]. Cellular models
are often used to understand pathways and molecular events
of pathological processes. In vitro research emerged as first
choice for preliminary studies on the molecular action, cyto-
toxic and genetic events of neurodegenerative diseases, in-
cluding PD [1]. The human neuroblastoma SH-SY5Y cell line
has been largely used in neuroscience studies, particularly to
generate different PD cell models [3–6]. Originally derived as
subclone of the neuroblastoma cell line SK-N-SH, SH-SY5Y
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cells have been frequently used either in an undifferentiated
condition or in a neuron-like state after inducing the cells into
a functional and morphological neuronal phenotype. Retinoic
acid (RA) is a signaling molecule and exerts a major role in
neuronal differentiation and patterning [7]. Differentiation
with RA has been shown to induce morphological and meta-
bolic changes that confer neuronal-like features [5] and also
induces cell cycle arrest, neurite outgrowth, and differentiation
into catecholaminergic phenotype [6, 8–10]. Administration
of RA in therapeutic protocols for neuroblastoma treatment
had promising clinical results [10, 11]. Also, neurons derived
from SH-SY5Y treatment with RA for 7 to 10 days express
specific neuron markers, such as tyrosine hydroxylase (TH),
enolase-2, and β-III tubulin, enabling this model for molecu-
lar studies on cell replacement therapy, neuronal differentia-
tion, disease modeling, and drug screening [8, 12].

RA is the main active metabolite of retinol, from the reti-
noid family of related compounds (which includes vitamin A)
and may influence the oxidant status of the cell due to intrinsic
redox-active properties [13, 14]. Classically, RA effects are
mediated by the nuclear retinoic acid receptors (RAR) and
retinoid X receptors (RXR) [9, 10, 14]. More recently, new
mechanisms of action triggering cellular events not related to
retinoid receptor activation were identified, and these events
have been referred to as non-genomic, non-classical, or extra
nuclear effects of retinoids [15, 16]. Several studies reported
non-genomic actions by retinoids, and some of these are de-
pendent on reactive species (RS) production and redox mod-
ifications [17–21]. Although it is known that RAR-/RXR-me-
diated gene transcription exerts an important role in neuronal
differentiation, the necessity of high concentrations (5 to
10 μmol/L) of RA to induce SH-SY5Y differentiation [5]
suggests the participation of RAR-/RXR-independent
mechanisms.

RA-induced differentiation of SH-SY5Y cells has been re-
lated with resistance to oxidants and xenobiotics, possibly due
tomodulation of RS production and oxidative stress responses
[8, 22, 23]. In previous works, it was observed that SH-SY5Y
cells expressing Nrf2, a transcription factor responsible for the
activation of key genes in antioxidant response and xenobiotic
detoxification, enhanced the expression of markers associated
to neurite outgrowth, such as neurofilament-M and
microtubule-associated protein 2 (MAP2) when treated with
RA for up to 4 days [24]. This result indicated that up-
regulation of antioxidant defense was essential to RA-
induced differentiation in SH-SY5Y cells. Besides, the obser-
vation that RA enhances NADPH oxidase expression in SH-
SY5Y cells and that pharmacological inhibition of this en-
zyme inhibits both MAP2 expression and morphological dif-
ferentiation [25] indicates that RS production may be an es-
sential step in RA-induced neuronal differentiation.

Here, we evaluated the role of RS production and oxidative
stress during RA differentiation using the neuroblastoma SH-

SY5Y cell line. Using both undifferentiated (proliferative) and
differentiated SH-SY5Y cells, we characterized the redox-
dependent effects of RA on SH-SY5Y cell viability, prolifer-
ation and cell cycle, cellular morphology, expression of spe-
cific neuronal proteins, and activation of signaling pathways.
Synthetic antioxidant Trolox®, a vitamin E analog, was used
to evaluate the effect of oxidative stress during differentiation.
Therefore, in the present study, we provide valuable insight
into the mechanisms of action of RA on SH-SY5Y cells, spe-
cifically on the role of RS and oxidative stress as necessary
events taking place in the signaling cascade evoked by RA
during neuronal differentiation.

Materials and Methods

Cell Culture and Treatments

Human SH-SY5Y neuroblastoma cell line was obtained from
the European Collection of Cell Cultures (ECACC). Cells
were grown in 1:1 mixture of Ham’s F12 and Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
2 mM L-glutamine, 0.28 mg/mL of gentamicin, 250 μg
amphotericin B, and 10 % heat inactivated fetal bovine serum
(FBS) in a 5 %CO2-humidified incubator at 37 °C. Cells were
seeded at an initial density of 104 cells/cm2 in culture dishes
for 24 h (TPP Techno Plastic Products AG). Differentiation
was induced in 1 % FBS medium by 10 μM all-trans-retinoic
acid (RA). The culture medium was replaced every 3 days,
and the cells were maintained under differentiation for 7 days.
Antioxidant treatment was carried by adding Trolox®
(100 μM). Two different control groups were considered for
different purposes: proliferating cells cultured in 10 % FBS
(proliferative cells) were used as standard for proliferative,
undifferentiated cells; and cells exposed to 1 % FBS medium
(non-proliferative cells) were used as control in relation to the
cells submitted to differentiation with RA 10 μM in 1 % FBS.
Besides, a zero time group was used as control of the starting
point of differentiation, in which cells were briefly exposed to
RA in 1 % FBS and incubation was promptly terminated (Day
0) (Fig. 1). For phosphorylation experiments, cells were
changed to free-serum medium for 1 h, followed by pre-
incubation of 2 h with Trolox® (AR+T and T groups). After
this time, cells were treated with RA or vehicle (Trolox®
group) for 0, 15, 30, 45, and 60 min.

Parameters of Cellular Viability and Neuronal
Morphologic Phenotype

The sulforhodamine B (SRB) incorporation assay was used
for determination of cellular density, as it is directly related to
cellular protein biomass. This assay relies in the high affinity
of SRB to protein components of the cell [26]. The absorbance
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was determined spectrophotometrically at 515 nm, and results
were expressed as percentage of SRB incorporation. Lactate
dehydrogenase (LDH) activity in the incubation medium was
assessed to estimate cell membrane leakage, using a commer-
cial kit from Labtest SA (MG, Brazil). To evaluate cellular
morphology at daily basis, phase-contrast micrographies were
taken by using an invertedmicroscope (Nikon Eclipse TE300)
connected to a digital camera.

Flow Cytometry Analyses of Cell Proliferation
and Differentiation

To determine the cell cycle state of cells, first was used Click-
iT EdU® Alexa Fluor 647 flow cytometry assay kit
(Molecular Probes). Briefly, SH-SY5Y cells were cultured in
6-well plates and differentiated for 7 days. After this, the cells
were pre-incubated for 3 h with EdU® (5-ethynyl-2′-
deoxyuridine) to allow it to incorporate into DNA. The cells
then were fixed in 4 % formaldehyde followed by incubation
with rabbit anti-tyrosine hydroxylase (Cell Signaling
Technology, #9664, 1:800). Cells were analyzed by flow cy-
tometry (BD FACS Calibur flow cytometer, BD Biosciences);
data were analyzed by FlowJo (cytometric data analysis and
presentation software). Ten thousand cells were analyzed per
sample, and data were also reported as the percentage of pro-
liferative (EdU®-positive) and differentiated cells (TH-posi-
tive cells). We also performed a cell cycle progression assess-
ment in which differentiated and proliferative cells were
stained with PI (propidium iodide) followed by flow cytome-
try sorting.

Confocal Immunofluorescence Microscopy

Cells were washed with phosphate-buffered saline (PBS) and
fixed on chamber slides with 4 % paraformaldehyde (PFA) in
4 °C for 15 min. Samples were sequentially treated with
0.15 % Triton X-100 and 5 % FBS for 1 h and 30 min. Cells
were immunostained with specific antibodies, the primary an-
tibodies were utilized as follows: rabbit anti-TH (Cell
Signaling Technology, 9664, 1:800), mouse anti-β-III tubulin
(Novex, 480011, 1:1000), and fluorescent-labeling Alexa
Fluor 488 goat anti-mouse (Molecular Probes, A11001,
1:800) and fluorescent-labeling Alexa Fluor 488 goat anti-
rabbit (Molecular Probes, A11008, 1:800). For nuclear stain-
ing, Prolong Gold Antifade Reagent with DAPI (Molecular
Probes, P36931) was used. Images were taken with an
Olympus FluoView 1000 confocal microscope and subse-
quently analyzed by using Olympus FluoView FV1000
Software, ver. 3.0. Thresholds discriminating between signal
and background were selected by utilizing cells that were only
stained with secondary antibodies in order to discriminate any
false positive result.

Immunoblotting

To perform immunoblot experiments, cells were lysed with
2 % sodium dodecyl sulfate (SDS) and was resolved in stan-
dard SDS-polyacrilamide gel electrophoresis and were trans-
ferred to an nitrocellulose membrane (Millipore, Bedford)
using a Trans-Blot SD Semi-Dry Electrophoretic Transfer
Cell (Bio-Rad, Hercules, CA, USA). Protein loading and
electroblotting efficiency was verified through Ponceau S

Fig. 1 Schematic overview of experimental design. Proliferative cells
consist in cells under 10 % FBS medium for 48 h with medium
replacement after 24 h. Non-proliferative cells consist in 24 h under
1 % FBS medium and Day 0 consist of cells briefly exposed to 1 %
FBS medium with RA. The differentiation protocol consisted in
reducing medium FBS concentration from 10 to 1 % and then adding

RA (10 μM) 24 h later. RA plus Trolox® (100 μM) and Trolox® alone
were the other groups to evaluate the role of antioxidant treatment in RA
differentiation. The culture medium was replaced every 3 days, and after
7 days under treatment, cells were collected and prepared for the
experiments
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staining, and the membrane was washed with TTBS (Tris
100 mM, pH 7.5, 0.9 % NaCl and 0.1 % Tween-20). The
membrane was blocked in TTBS containing 5 % of non-fat/
skim dry milk for 60 min at room temperature. Primary anti-
body was incubated overnight at 4 °C and subsequently
washed with TTBS. Anti-rabbit or mouse IgG peroxidase-
linked secondary antibody was incubated for 2 h at room
temperature, and the membrane was washed again with
TTBS. Blots were finally developed and immunoreactivity
was detected by enhanced chemiluminescence using
Supersignal West Pico Chemiluminescent kit (Thermo
Scientific). Densitometric analyses were carried using a
CCD camera (GE ImageQuant LAS 4000) and the quantita-
tive analysis was performed using Image J. software. Anti-
enolase-2 (Cell Signaling Technology, 9664, 1:500), anti-β-
actin (Sigma-Aldrich®, A1978, 1:500), anti-phospho-Akt
(Thr308) (Cell Signaling Technology, #13038S, 1:1000),
anti-Akt (Cell Signaling Technology, #9272S, 1:1000), anti-
phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling
Technology, #9101, 1:1000), and anti-ERK1/2 (Cell
Signaling Technology, #9102, 1:1000) were used.

Quantitative RT-PCR

Total RNA was extracted from cells according to the manu-
facturer ’s instructions (PureLink® RNA mini kit -
12183018A–Life Technologies™). The cDNA was synthe-
sized with the Super Script III Reverse Transcriptase kit
(Invitrogen) using 1 μg of total RNA. Quantitative RT-PCR
reactions were performed in triplicate for each sample using
the Step One Plus thermocycler (Applied-Biosystems) and
Power SYBR® Green PCR Master Mix (4367659, Life
Technologies™). Reactions were carried out in 25 μL follow-
ing manufacturer’s instructions. Primer sequences are as fol-
lows: forward sequence (5’CAGAGGCCATCATGTCCCCG
3’) and reverse (5’CTTCCCCTCCTTCTCCTCAA3’) for ty-
rosine hydroxylase; forward sequence (CCATGTTC
GTCATGGGTGTGAACCA) and reverse sequence
(GCCAGTAGAGGCAGGGATGATGTTG) for endogen
gene GAPDH. Quantification was performed using the 2
−ΔΔCT method.

Total Reactive Antioxidant Potential (TRAP)

TRAP was measured and calculated as previously described
[27]. Briefly, TRAP represents the non-enzymatic antioxidant
capacity of the cells. This is determined by measuring the
luminol chemiluminescence intensity of emission induced
by thermolysis of 2,2′-azobis (2-amidinopropane) hydrochlo-
ride (AAPH) as free radical source. The system was left to
stabilize for 2 h, then samples were added and the readings
monitored for 60 min in a liquid scintillator counter (Wallac
1409, Perkin–Elmer, Boston, MA, USA). Results were

transformed into a percentage, and the area under the curve
(AUC) was calculated by utilizing the GraphPad software
(SanDiego, CA, USA). Results express the extent by which
the non-proteic fraction of the cells inhibits the free radical-
derived luminescence.

Intracellular Reactive Species Production (DCFH-DA)

Intracellular reactive species production was measured by the
DCFH-DA oxidation assay, as previously described [28]. This
technique is based on the capability of DCFH to be oxidized to
highly fluorescent dichlorofluorescein (DCF) in the presence
of reactive species (RS) and can be used as an index to quan-
tify the overall RS production in cells. Briefly, SH-SY5Y cells
were seeded in 96-well plates and 100 μM DCFH-DA dis-
solved in medium containing 1 % FBS was added in each
well. Cells were incubated for 2 h in order to allow cellular
incorporation, and DCF fluorescence was read at 37 °C in a
fluorescence plate reader (Spectra Max M2, Molecular
Devices, USA) with an emission wavelength of 535 nm and
an excitation wavelength of 485 nm. The results were
expressed as percentage of DCF fluorescence in relation to
untreated control.

Assessment of Mitochondrial Activity by NADH Oxidase
Assay

The NADH segment comprises the electron transport from
Complex I to Complex IV. The mitochondria from SH-
SY5Y cells were isolated according to Voss et al. (1961)
[29]. For complete lysis of the mitochondria, several freeze-
thaw cycles were applied. The membrane fragments were
used to evaluate enzymatic activity of NADH oxidase seg-
ment through spectrophotometrical assay as described by
Singer (1974) [30]. Briefly, NADH oxidase activity was mea-
sured at 28 °C in phosphate buffer 80 mmol/L, pH 7.4, EDTA
50 μmol/L, NADH 0.2 mmol/L, and 0.1 mg/mL of mitochon-
drial protein in a total volume of 1.0 mL. The reaction was
initiated by the addition of the substrate and was followed by
the decrease in absorbance at 340 nm.

Protein Assay

Total protein was quantified by Lowry assay and used to nor-
malize all data [31].

Statistical Analysis

Results were expressed as the mean ± SEM of three indepen-
dent experiments (n = 3). Data were analyzed by a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test. Data were analyzed by using GraphPad software® (San
Diego, CA; version 5.00). Differences were considered to be
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significant when ∗p < 0.05, ∗∗ p < 0.01, or ∗∗∗ p < 0.001 and
between groups (#p < 0.05, ##p < 0.01, or ###p < 0.001).

Results

Effects of Antioxidant Treatment on Morphologic
Differentiation, Cell Viability, and Proliferation

SH-SY5Y cells were differentiated for 7 days with RA in the
presence or absence of the antioxidant Trolox®. Proliferative
(grown at 10 % FBS) and non-proliferative (grown at 1 %
FBS) cells were used as controls for differentiation, while cells
under RA at day zero (brief addition of RA in 1 % FBS and
termination at time zero of differentiation) were used to com-
pare with the effects of RA at 7 days of differentiation. The
neuroblastoma SH-SY5Y cell line includes at least two mor-
phologically and biochemically distinct phenotypes:
neuroblastic (N-type) and substrate adherent (S-type)
(Fig. 2a, c). Proliferative cells present typical rounded cell
bodies and few short projections. In non-proliferative cells,
increased formation of neurite projections, that were generally
small, was observed. Prolonged exposure to RA (7 days)
caused substantial morphologic differentiation, with a consid-
erable proportion of neuroblastic (N-type) cells being differ-
entiated into a neuronal phenotype by extending long neuritic
processes, whereas the S-type cells did not undergo apparent
morphological changes (Fig. 2g, h). Besides the length of
neurites, cells differentiated with RA also presented a higher
number of elongations and branching and evident fewer cells/
area than observed in other treatments. Co-treatment with
Trolox® led to a smaller proportion of the N-type cells under-
going differentiation, and the apparent number of S-type cells
increased compared to cells treated with RA (Fig. 2i, j). Cells
treated only with Trolox® presented significantly increased
cells/field (Fig. 2k, l), and although many of them had minor
neuritic projections, we observed a significantly higher pro-
portion of cells displaying morphologic characteristics resem-
bling proliferative or apoptotic states. Cells maintained in 1 %
FBS without RA for 7 days presented extensive cell death and
detachment and were not evaluated in further assays (not
shown).

In order to understand the effect of antioxidant treat-
ment on RA-induced neurodifferentiation, we performed
assays to evaluate parameters of cell viability and cyto-
toxicity, proliferation and cell cycle progression. First,
we assessed SRB incorporation and medium LDH activ-
ity to evaluate protein biomass and viability/cytotoxicity.
As expected, non-proliferative cells had a decreased rate
of SRB incorporation compared to proliferative cells,
and RA treatment for 7 days further decreased this ef-
fect (Fig. 2m). This effect is probably related to the
dec rease in the number o f p ro l i f e r a t i ng and

undifferentiated cells observed along the differentiation
treatment with RA. Antioxidant treatment with Trolox®,
however, had no significant effect on RA-induced SRB
incorporation. Cells subjected to Trolox® alone for
7 days displayed a similar SRB incorporation to prolif-
erative cells. As SRB incorporation is related to the
protein biomass and cultured cells undergoing differen-
tiation may present less protein biomass than in prolif-
erative or undifferentiated conditions, we assessed LDH
activity in the incubation medium to detect cytosolic
leakage. We did not observe significant differences be-
tween groups, except for cells treated with Trolox® in
the presence or absence of RA, which presented a small
increase in medium LDH activity (Fig. 2n). A positive
control group for cytotoxicity with Triton X-100 1 %
was used, and medium LDH activity was approximately
100-fold higher than in proliferative cells (not shown).

Next, we determined the number of cells incorporating
EdU® to evaluate the proportion of cells under active mi-
totic activity in each treatment. An equal number of cells
from each group was analyzed, and the number of cells
incorporating EdU® was decreased in non-proliferative cells
compared to proliferative cells (Fig. 3a, b). Differentiation
with RA substantially decreased the number of EdU®-incor-
porating cells and this effect was not inhibited by co-
treatment with Trolox®. Treatment with Trolox® alone also
decreased EdU®-incorporation in relation to the proliferative
cell control, but not to the extent of RA treatment (Fig. 3a,
b). FACS analysis of cell cycle by PI staining revealed that
differentiation with RA increased the proportion of cells in
G0/G1 phase and decreased the amount of cells in G2/M
phase (Fig. 3c). Co-treatment with Trolox® induced an in-
crease in sub-G1 phase cells and also decreased the propor-
tion of G0/G1 cells (Fig. 3c). Trolox® alone increased the
number of cells in G2/M phase and reduced the amount in
G0/G1 phase. Altogether, these results are suggestive that
RA-induced changes in proliferation and cell cycle progres-
sion during the process of differentiation are inhibited by
antioxidant treatment, which causes cell cycle arrest with
cell death as possible consequence.

Effects of Antioxidant Treatment on Neuronal Markers
Expression

Tyrosine hydroxylase (TH) is considered a marker of SH-
SY5Y cell differentiation into an adult catecholaminergic phe-
notype, and all treatments increased the proportion of cells
containing TH as seen in FACS analysis (Fig. 3b,
quantification at Fig. 4a). The proportion of TH-positive, dif-
ferentiated cells was decreased by co-treatment with Trolox®
(Figs. 3b and 4a). The quantification of TH mRNA by RT-
PCR confirmed these observations (Fig. 4b). Enolase-2, an-
other neuronal specific protein [8], was evaluated by WB and
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followed a similar pattern (Fig. 4c). We also evaluated the
effect of antioxidant treatment on β-III tubulin and TH by
confocal immunofluorescence microscopy which allows

observing the expression of these neuronal markers along with
the differentiation into the neuronal morphologic phenotype
(Fig. 4d). All of the treatments increased the content of TH in

Fig. 2 Parameters of cellular viability and neuronal morphologic
phenotype. a–l Effect of antioxidant co-treatment with Trolox® on
morphologic differentiation induced by RA. SH-SY5Y cells are mainly
neuroblastic N-type (arrows), but some substrate-adherent S-type cells
appear (arrowheads) and present morphological alterations after
differentiation, with neurite elongation and branching. Scale bars

represent 30 μm (20×) and 15 μm (40×). m Cellular protein biomass
assessed by SRB incorporation. n LDH leakage after RA, RA+
Trolox®, and Trolox® treatment for 7 days. Data are mean ± S.E.M.
from three independent experiments. Analyzed by one-way ANOVA
followed by post hoc Tukey’s test, triple asterisk indicates p < 0.05 vs
control 10% and triple octothorpe indicates p < 0.05 vs respective groups
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the same overall pattern as previously seen, with the cells
treated with RA for 7 days showing the largest increase in
TH immunostaining along with neurite projection and
branching per cell body (Fig. 4d13–d16). Co-treatment with
Trolox® decreased TH immunostaining along with neurite
formation and branching (Fig. 4d17–d20). A similar pattern
of neuronal marker expression in response to RA and Trolox®
was observed with β-III tubulin (Fig. 4). Cells treated with
Trolox® alone also showed a substantial increase in β-III
tubulin immunofluorescence, but probably due to the higher
number of cells per field.

Effects of RA on Intracellular RS Production
and Mitochondrial Activity in SH-SY5Y Cells

As our results indicated that antioxidant treatment inhibits the
action of RA on neuronal differentiation, we next investigated
the intracellular reactive species production in SH-SY5Y cells
treated with RA. The first assay performed was the monitoring
of DCFH oxidation, a technique used to analyze the overall
production of intracellular RS (Fig. 5a). Proliferative and non-
proliferative cells did not present differences in basal RS pro-
duction. However, RA induces a significant increase in DCFH

Fig. 3 Flow cytometry analyses of cell proliferation and differentiation. a
Cell proliferation was assessed by flow cytometry to detect and count
cells incorporating EdU®. b Quantification of EdU® incorporation in
cells treated with RA, RA+Trolox®, and Trolox® for 7 days, with

respective controls. c Cell cycle analysis of SH-SY5Y cells was per-
formed with detection and sorting of cells with different profiles of incor-
porated PI. p < 0.05 G0/G1 phase RAvs RA+T; p < 0.001 SubG1 phase
control 10 % vs RA+T; p < 0.001 SubG1 phase RA vs RA+T
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oxidation rate and this effect was partially inhibited by co-
treatment with Trolox®. The second assay used was the total
reactive antioxidant potential (TRAP), which gives an indica-
tion of the non-enzymatic antioxidant capacity of the cells
against RS produced by an artificial generation system. The
production of RS by the TRAP system is enhanced by homog-
enates from cells treated with RA (Fig. 5b), which correlates
to the increase in RS production found by DCFH-DA assay.
Homogenates from cells co-treated with Trolox® present a
significant reversion of this effect, indicating that Trolox®
inhibits the pro-oxidant effect of RA. We next evaluated the
rate of NADH oxidation by isolated mitochondria, as

mitochondrial activity is one of the main sources of RS pro-
duction in aerobic cells (Fig. 5c). Proliferative cells generally
demonstrate higher mitochondrial activity that is related to
their increased metabolic demand, and our results confirmed
a reduced mitochondrial activity in non-proliferative cells
compared to proliferative cells. Cells exposed to RA demon-
strated a similar profile of mitochondrial oxidative activity to
non-proliferative cells, but co-treatment with Trolox® partial-
ly restored the rate of NADH oxidation. Interestingly, Trolox
alone® significantly enhanced the rate of NADH oxidation,
which may be related to the increased proliferation rate ob-
served in this group earlier. These results, altogether, are

Fig. 4 Effect of antioxidant treatment on expression of mature neuron
markers induced by RA differentiation. a Mean values quantification of
flow cytometry analysis of tyrosine hydroxylase positive cells. Data are
mean ± S.E.M. from three independent experiments. b Quantification of
mRNA expression for catecholaminergic marker tyrosine hydroxylase
(TH) after RA differentiation. c Western blot analysis of neuron specific
marker enolase-2. Values are expressed as mean ± SEM of three indepen-
dent experiments (n = 3). Statistical difference compared to control was

determined by one-way ANOVA followed by Tukey’s post hoc test (sin-
gle asterisk indicates different to control 10 % p < 0.05; triple asterisk
indicates p < 0.001; octothorpe indicates difference between groups
p < 0.05). d Confocal immunofluorescence microscopy of SH-SY5Y
cells after RA, RA+Trolox®, and Trolox® treatment for 7 days with
respective controls. Tyrosine hydroxylase (green fluorescence), DAPI
(nuclei), and β-III tubulin (red fluorescence) are shown. Scale bars rep-
resent 10 μm
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suggestive that the increased RS production observed in cells
treated with RA may be a consequence of impaired NADH

oxidation by mitochondria, as altered mitochondrial activity is
a common source of oxidative stress in cells.

Effect of Antioxidant Treatment on Akt and ERK1/2
Phosphorylation by RA in SH-SY5Y Cells

In previous reports, RAwas observed to induce non-genomic,
rapid (up to 60 min) activation of Akt and ERK1/2 in SH-
SY5Y cells, and neuronal differentiation and cell survival
were shown to be dependent on this effect [9, 32]. To inves-
tigate whether RS induced by RA influence protein kinases
phosphorylation, we evaluated the effect of co-treatment with
Trolox®. Cells were pre-incubated with Trolox® for 2 h and
then RAwas added for different periods. Increases in Akt and
ERK1/2 phosphorylation are observed in different periods of
RA incubation; Akt phosphorylation was increased 45 min
after RA addition while ERK1/2 phosphorylation was en-
hanced in cells briefly exposed to RA (day zero) and also
15 min later (Fig. 6). The extent of Akt and ERK1/2 phos-
phorylation with RAwas reduced in the presence of Trolox®,
thus indicating the participation of RA-induced RS in the
mechanism of activation of these protein kinases.

Discussion

For many years, several attempts to transplant neurons and
restore the dopaminergic transmission have been performed
[12]. The nervous system involves a complex and intrinsic
cellular signaling, and our understanding of the molecular
mechanisms involved in cell cycle regulation and neuronal
differentiation has markedly increased over recent years. In
order to elucidate the mechanisms of neuronal differentiation
and maturation, different cell models have been used in mech-
anistic studies. One of these models is the human neuroblas-
toma SH-SY5Y cell line, which is typically locked in an early
neuronal differentiation stage, characterized by low levels of
neuronal markers. Upon exposure to appropriate differentia-
tion conditions, SH-SY5Y cells can be driven toward

�Fig. 5 Effect of antioxidant co-treatment on reactive species production,
non-enzymatic antioxidant profile, and mitochondrial NADH oxidation
in cells differentiated with RA. a DCF fluorescence monitoring after SH-
SY5Y RA, RA+Trolox®, and Trolox® treatment for 7 days and
respective controls. b The total antioxidant potential (TRAP) evaluation
was performed and the area under curve values obtained from kinetic
monitoring are demonstrated. Values are expressed as mean ± SEM of
three independent experiments (n = 3). c SH-SY5Y cells mitochondrial
function was analyzed through NADH oxidase assay. Mitochondria were
isolated from cells after RA, RA+Trolox®, and Trolox® treatments for
7 days, with respective controls. Statistical difference compared to control
was determined by one-way ANOVA followed by Tukey’s post hoc test
(single asterisk indicates different to control 10% p < 0.05; triple asterisk
indicates p < 0.001; octothorpe indicates difference between groups
p < 0.05)

Mol Neurobiol (2017) 54:6903–6916 6911



differentiated, mature, neuronal phenotypes. In this report, we
explored the role of RS during in vitro neurodifferentiation,
demonstrating through differentiation of SH-SY5Y cells with
RA and the antioxidant Trolox®, that this process is actually
dependent on RS production and oxidative stress.

The effects of RA in SH-SY5Y neurodifferentiation are well
documented, which include attenuation of proliferative rate and
extension of neuritic processes [4]. Nonetheless, proper evalu-
ation of cell cycle progression, cytotoxicity, and cell number are
often underestimated, as these parameters rarely are evaluated
simultaneously in the same work. In our experiments, we ob-
served considerable changes in cell number and viability, and
these features seemed to be conditioned by the concentration of
FBS in the medium (which is the major stimulator of

proliferation) together with RA, which is the main inducer of
biochemical and morphological differentiation in this model.
Here, we confirm that long-term exposure to RA markedly
reduced proliferation as the cell number decreases, EdU® in-
corporation (indicative of proliferation) decreases, SRB incor-
poration (indicative of total cell protein biomass) decreases, and
percentage of cells at G0/G1 increases. The SRB incorporation
assay, commonly used to assess cell viability, gives an accurate
measure of total protein biomass, which is a parameter more
closely related to the number of cells under a given condition.
Thus, the decrease in SRB incorporation promoted by RA is a
consequence of the inhibition in proliferative capacity, but is
not related to cytotoxicity/cell death. However, cells co-treated
with RA and Trolox® also displayed decreased SRB

Fig. 6 Effect of antioxidant treatment on Akt and ERK1/2
phosphorylation by RA in SH-SY5Y cells. Cells were pre-incubated for
2 h with Trolox® (AR+T and T groups) and then RAwas added (Trolox
group). Cells were harvested at 0, 15, 30, 45, and 60 min after RA

addition and Akt and ERK1/2 phosphorylation were evaluated by
western blot. Mean quantitative values are depicted as a percentage of
control and b fold-induction
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incorporation, but increased LDH activity in the medium and
this indicates that the decrease in protein biomass is a conse-
quence of cell death. Importantly, cells treated with RA did not
show any alterations in morphology or medium LDH activity
suggestive of cytotoxicity. However, the co-treatment with
Trolox® reduced the proportion of cells under G0/G1 by RA
and led to a significant increase in cells at sub-G1 phase, which
is associated to cells undergoing apoptotic processes. These
observations contribute to the suggestion that antioxidant treat-
ment inhibits the modifications in cell cycle by RA and this
process results in cell death. Although LDH activity is com-
monly associated to necrotic death while cells under sub-G1
state are more associated to apoptosis, these two types of cell
death are not mutually exclusive of each other and may take
place together in heterogeneous populations of cells. Previous
studies demonstrated that RA induction of cellular differentia-
tion is preceded by cell cycle arrest, with a higher percentage of
cells in G1 and a reduction of cells in S phase after RA treat-
ment [4, 12]. Our data are consistent with that, as in our model
RA treatment maintained SH-SY5Y cells in a post mitotic state,
with higher percentage of cells at G0/G1 state, and here we
observed that antioxidant treatment did not reverse these cells
to proliferative state, as EdU® incorporation was not altered.
Altogether, these observations suggest that RS production by
RA is a necessary step to drive cells into the differentiated
phenotype and that the changes in cell cycle induced by RA
may result in cell death if RS production is inhibited.

The capacity of RA to induce differentiation is a well-
established protocol in neuroscience research [10]. Here, we
confirmed that RA induced morphological alterations to cells,
with extension of neuritic processes in N-type cells to form a
typical neuronal network phenotype. Importantly, RA induced
biochemical changes that are commonly associated to the adult
catecholaminergic phenotype, including increased expression
of TH, β-III tubulin, and enolase-2, considered markers asso-
ciated with neurogenesis and neural differentiation [33–35].
Trolox® decreased both the morphological changes and the
expression of such markers, indicating that RA-induced differ-
entiation of SH-SY5Y cells requires a pro-oxidant state to take
place. In previous works, some evidence that changes in the
redox state were required for neurodifferentiation by RAwere
observed. The induction and activation of Nrf2, which up-
regulates the transcription of antioxidant enzymes and is con-
sidered the major transcription factor in cellular antioxidant
response, was demonstrated to be a necessary step in neurite
formation and induction of MAP2, a marker of neuritogenesis,
in SH-SY5Y cells treated for 4 days with RA [24]. In cells
treated with RA for up to 96 h, Nrf2 was shown to exert a
prominent role in the promotion of the survival of SH-SY5Y
cells against RA cytotoxicity, which suggested that RA induced
a pro-oxidant environment during differentiation, causing oxi-
dative stress [36]. Here, we investigated if RS production and
consequent oxidative stress induced by RA were necessary

events in the full differentiation of SH-SY5Y by evaluating
the expression of biochemical markers of adult neuronal
phenotype, such as TH (considered the gold standard for
catecholaminergic neurons) and enolase-2, as well as β-III
tubulin.

Exposure of SH-SY5Y cells to RA substantially increased
the level of RS and induced a pro-oxidant state since day zero
of incubation, and we found this observation important for
several reasons concerning the possible mechanisms of RA
action on neuronal differentiation. RA is a byproduct of vita-
min A (retinol) metabolism, and it is generally considered to
act through the activation of nuclear steroid receptors and
retinoid receptors of the RAR/RXR subfamilies. These chang-
es in RS production and pro-oxidant environment occurred
well before protein expression changes are likely to have de-
veloped and so alternative mechanisms for RA action must be
considered. Non-genomic or extra nuclear effects of retinoids
have shown that RA can modulate signaling pathways inde-
pendently of retinoid nuclear receptor activation and gene
transactivation [14, 37, 38]. RS production by RAwas previ-
ously demonstrated to result in increased activity of the anti-
oxidant enzyme catalase [16] and also cause the non-genomic
stimulation of MEK1/2-ERK1/2-caspase-3 pathway [15], all
events related to oxidative stress responses. Once we observed
that RAwas creating a pro-oxidant effect in cells and possibly
acting through non-genomic mechanisms, we analyzed the
phosphorylation of Akt and ERK1/2. Both Akt and ERK1/2
are cell survival pathways and also regulate the differentiation
and proliferation. In previous works, the phosphorylation/
activation of Akt and ERK1/2 was observed in SH-SY5Y
differentiation by RA [9, 32]. Differentiation was completely
blocked using inhibitors of PI3K/Akt pathway; however, the
use of ERK1/2 inhibitors had no effect on cellular differenti-
ation, although led to cell death [10]. Activation of Akt was
demonstrated to be mediated by RAR through a non-classical
mechanism of interaction with PI3K [11], confirming the in-
volvement of non-genomic mechanisms of RA action in pro-
tein kinase signaling. In our study, brief treatment with RA
was able to induce the generation of RS, leading to a pro-
oxidant environment that was associated to the increased
phosphorylation of Akt and ERK1/2, suggesting that non-
genomic actions by RA involving RS production are essential
in SH-SY5Y neuronal differentiation. We observed that pre-
treatment with Trolox® caused a reduction in Akt and ERK1/
2 phosphorylation induced by RA addition. It is important to
note that Trolox® alone also increased ERK1/2 phosphoryla-
tion in such short periods of incubation and this effect may be
related to the increased number of cells in this group. Non-
proliferative SH-SY5Y cells, which were exposed only to
FBS 1 %, did not show changes in RS production, indicating
that serum deprivation did not contribute to the pro-oxidant
state observed with RA. Redox-dependent activation of pro-
tein kinases including members of the MAPK family and the
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PI3K/Akt pathway were observed in other cell types and with
different pro-oxidant agents, including retinoids [19, 21, 39,
40].

Long-term exposure of SH-SY5Y cells to RA maintained
the level of RS in a pro-oxidant state for 7 days. Retinoids are
known to have redox-related properties and influence the ox-
idant status of the cell [19, 22, 41, 42]. Previous studies
showed that RA treatment for 7 days in SH-SY5Y cells alters
the redox status of the cell [43], and activates antioxidant
enzymes that contribute to endogenous cellular defense (e.g.,
catalase, superoxide dismutase, and glutathione peroxidase)
[22]. RA co-treatment with Trolox® significantly decreased
RS production and the pro-oxidant environment generated by
RA. The TRAP assay, in which the production of RS (mainly
peroxyl radicals) by a synthetic free radical generator system
is monitored in the presence of samples depleted from their
enzymatic activities, showed that homogenates from cells in-
cubated with RAwere able to enhance RS production by this
system; however, in DFCH oxidation assay, which is per-
formed with intact living cells, RA also enhances RS produc-
tion. These assays altogether indicate that both enzymatic and
non-enzymatic mechanisms may be involved in RA-induced
RS production in our experimental conditions. RA-induced
differentiation is therefore dependent on the rapid production
and long-term maintenance of RS and pro-oxidant environ-
ment, suggesting a redox-dependent mechanism of differenti-
ation. Nonetheless, the exact mechanisms by which RA mod-
ulates RS production during neuronal differentiation remain to
be better understood. Retinoids and RA itself have been dem-
onstrated to influence the cell redox state by several mecha-
nisms, acting as antioxidants or pro-oxidants in different con-
texts. Beyond creating a pro-oxidant status in the cell, another
consistent feature of exposure to RA is the presence of chang-
es in cellular bioenergetics [23, 44] and mitochondria impair-
ment in response to oxidative stress [45]. Recent evidence
indicates that mitochondria might be a key effector in RA-
induced differentiation of SH-SY5Y cells [44]. Accordingly,
the well-established pharmacological use of RA to treat neu-
roblastoma is based in its ability to induce cell cycle arrest and
apoptosis through Bcl-2 activation [46]. Increased mitochon-
drial membrane potential, levels of cytochrome c oxidase,
MnSOD, and also increased bioenergetic reserve capacity oc-
cur after RA-induced differentiation [23, 44]. Furthermore,
RA induces the expression of glycolytic pathway proteins,
probably due to the increase in energy required for
neurodifferentiation [22].

Here, we observed that cells submitted to differentiation
with RA decreased their rate of mitochondrial NADH oxida-
tion and this was partially reversed by Trolox®. Importantly,
mitochondrial NADH oxidation was significantly decreased
in all treatments carried in mediumwith decreased serum (1%
FBS), if compared to proliferative cells, maintained in 10 %
FBS. This result is expected due to the presence of oxidizable

energetic substrates in FBS, such as glucose; nevertheless,
Trolox® also stimulated NADH oxidation in cells maintained
in 1 % FBS for 7 days in the absence of RA. These results,
altogether, are suggestive that changes in mitochondrial activ-
ity in order to adapt the bioenergetic requirements of the cells
to the conditions of serum deprivation are a necessary step
prior to RA addition in this model of neuronal differentiation.
It is known that differentiated cells in a post mitotic state
depend primarily on mitochondria to meet their energetic re-
quirements [23, 44], and we found that long-term treatment
with RA maintained mitochondrial NADH oxidation de-
creased. The reduced mitochondrial activity is likely to be
associated with the observed increase in RS production by
RA, since oxidative stress can result from cellular respiratory
changes that lead to the leakage of electrons from donor redox
centers to molecular oxygen [45, 47, 48]. Schneider et al.
observed that RA treatment actually increased the mitochon-
drial capacity and bioenergetic reserve along 5 days of differ-
entiation; importantly, in that study, cells at the day zero of
differentiation—therefore maintained 24 h in 1 % FBS before
RA addition—were considered as undifferentiated cells, com-
pared to cells under 5-day differentiation with RA [23]. Here,
we also observed a significant increase in mitochondrial
NADH oxidation rate by cells differentiated with RA for
7 days compared to day zero, although cells maintained at
10 % FBS presented much higher rates of NADH oxidation.
It was suggested that differentiation by RA increased the cell
resistance against oxidative stress [23], but our findings indicate
that oxidative stress is actually an essential step of differentia-
tion. Corroborating this, we observed that RA co-treatment
with Trolox® reduced the level of oxidative stress and conse-
quently mitochondrial activity was restored; besides, and more
surprisingly, treatment with Trolox® alone substantially im-
proved mitochondrial function, consistent with low levels of
RS and the continued proliferative status of the cell. This result
suggests that maintaining mitochondrial activity at low levels
during differentiation may be an adaptation to the pro-oxidant
effect of RA, as treatment with Trolox® for 7 days in 1 % FBS
without RA-stimulated mitochondrial activity to levels above
proliferative cells. Previous works by us and others demonstrat-
ed that Nrf2 is an essential step in RA-induced differentiation
[24, 36] and the role of Nrf2 activity on mitochondrial activity
during RA-induced neuronal differentiation remains to be bet-
ter understood. Besides, Trolox® is able to exert specific effects
in mitochondrial NADH oxidation due to its intrinsic ability to
scavenge RS generated by intracellular metabolism. It was pre-
viously observed that, when added alone to cultured cells,
Trolox® induces mitochondrial thiol reduction, mitochondrial
filamentation and, importantly, increased expression of fully
assembled mitochondrial complex I, as well as enhanced citrate
synthase activity [49].

In conclusion, findings from this study demonstrate that the
pro-oxidant effects of RA are required for the differentiation
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of SH-SY5Y cells into an adult neuronal phenotype, express-
ing markers of mature catecholaminergic neurons such as TH,
enolase-2, and β-III tubulin. Moreover, RA-differentiation in-
duced cell cycle withdrawn and reduced mitochondrial
NADH oxidation. Co-treatment with Trolox® was able to
block the neuronal differentiation, maintaining cells into a
proliferative state but ultimately leading to cell death after
7 days, probably due to the serum deprivation. Our results
confirm previous findings showing that the antioxidant de-
fense system was essential for RA-induced neuronal differen-
tiation in SH-SY5Y cells, but also highlight that the genera-
tion of RS and oxidative stress is an essential step in this
process. Since RS and oxidative stress affect the activity of
several regulatory pathways through redox-dependent protein
modulation, this study may bring new insights on the under-
standing of neuronal differentiation signaling.
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