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Abstract Alpha-synuclein (SNCA) oligomers have been re-
ported to inhibit autophagy. Aminochrome-induced SNCA
oligomers are neurotoxic, but the flavoenzyme DT-
diaphorase prevents both their formation and their neurotox-
icity. However, the possible protective role of DT-diaphorase
against autophagy impairment by aminochrome-induced
SNCA oligomers remains unclear. To test this idea, we used
the cell line RCSN-3NQ7SNCA, with constitutive expression
of a siRNA against DT-diaphorase and overexpression
SNCA, and RCSN-3 as control cells. A significant increase
in LC3-II expression was observed in RCSN-3 cells treated
with 20 μM aminochrome and 10 μM rapamycin followed by
a decrease in cell death compared to RCSN-3 cells incubated
with 20 μM aminochrome alone. The incubation of RCSN-
3NQ7SNCA cells with 20 μM aminochrome and 10 μM
rapamycin does not change the expression of LC3-II in com-
parison with RCSN-3NQ7SNCA cells incubated with 20 μM
aminochrome alone. The incubation of both cell lines prein-
cubated with 100 nM bafilomycin and 20 μM aminochrome
increases the level of LC3-II. Under the same conditions, cell
death increases in both cell lines in comparison with cells
incubated with 20 μM aminochrome. These results support
the protective role of DT-diaphorase against SNCA
oligomers-induced autophagy inhibition.
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Introduction

α-Synuclein (SNCA) belongs to the synuclein family that in-
cludes β and synuclein. All members of this family are pre-
dominantly neuronal proteins that physiological conditions are
preferentially located in the presynaptic terminal (George
2002). These proteins haveN-terminal sequencewith different
repeats, although they differ at their C-terminus (Bellucci et al.
2012). The sequence of SNCA protein is constituted by N-
terminal rich in lysine and plays a crucial role in themodulation
and interaction with membranes. On the other hand, it has a
disorderedC-terminal thathasbeen implicated in the regulation
of its nuclear localization and interaction with metals, small
molecules, and proteins (Ulmer and Bax 2005; Masliah et al.
2005). This sequence is divided into three major regions: N-
terminal region (residues 1–60) contains 4 imperfect repeats
of 11 amino acids with a highly conserved hexamer motif
(KTKEGV), which has been involved in the formation of
amphipatic α–helices, essential for membrane binding
(Clayton and George 1998). This portion includes sites for
SNCAvariants related to familial PE: A30P, A53T, and E46K
(Bellucci et al. 2012). The central region (residues 61–95) con-
stitutes the non-β-amyloid component (NAC), an indispens-
able region for aggregation; the deionization of long segments
of this region decreases the oligomerization of SNCA and
fibrillogenesis in vitro (El-Agnaf et al. 1998, Giasson et al.
2001). The C-terminal region (residues 96–140 amino acids)
contains tyrosine residues which, upon being mutated, abolish
the fibrillation capacity of SNCA. This part mediates the inter-
action with oxidized catechols as aminochrome. Oxidative
modifications on ASYN by dopamine metabolites have been
considered to be responsible for the selective vulnerability of
dopaminergic neurons (Xu et al. 1998; Conway et al. 2001).
The function of SNCA is not completely clear. It is related to
synaptic function and vesicle trafficking.
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Mutations in SNCA gene have been associated to a familial
form of Parkinson’s disease such as alpha-synuclein mutant
(Petrucci et al. 2016). SNCAmutations induce its aggregation
to cytotoxic oligomers. SNCA aggregates to a fibrillary beta-
pleated sheet structure in Lewy bodies and related
SNCApathies (Spillantini et al. 1998; Domert et al. 2016),
where SNCA is the major constituent of Lewy bodies
(Emamzadeh 2016). Evidence from studies in vitro and
in vivo has shown that a prerequisite of SNCA pathology is
its oligomerization into cytotoxic oligomers (Conway et al.
2001; Volles and And Lansbury 2003; Ingelsson 2016). The
intracellular formation of SNCA oligomers is induced by do-
pamine oxidation products, such as dopaminochrome,
aminochrome, or 5,6-indolequinone (Norris et al. 2005;
Bisaglia et al. 2010). Dopamine oxidation to neuromelanin
is a normal pathway because neuromelanin pigment can be
observed in the substantia nigra of healthy seniors (Segura-
Aguilar et al. 2014, 2016; Herrera et al. 2017). Aminochrome,
the most stable o-quinone formed during dopamine oxidation,
can be neurotoxic by forming adducts with proteins such as
SNCA (Muñoz et al. 2015) or by one-electron reduction by
flavoenzymes which transfer one electron (Arriagada et al.
2004). However, the flavoenzymes DT-diaphorase
(EC.1.6.99.2) prevents aminochrome neurotoxicity by cata-
lyzing the two-electron reduction of aminochrome to
leukoaminochrome (Arriagada et al. 2004; Lozano et al.
2010; Paris et al. 2011, 2010; Muñoz et al. 2012; Zafar et al.
2006). Recently, we reported that DT-diaphorase prevents the
formation of aminochrome-induced oligomers and its neuro-
toxicity (Muñoz et al. 2015). However, it remains unclear
whether DT-diaphorase prevents autophagy dysfunction as a
consequence of aminochrome-induced SNCA oligomer for-
mation. To test this hypothesis, we used the RCSN-3 wild-
type cell line and RCSN-3NQ7SNCA (expressing both a
siRNA against DT-diaphorase and pLv21ASYN plasmid
encoding a SNCA to increase its expression in this cell line).

Materials and Methods

Chemicals

Dopamine, CM-Sephadex C50-100, tyrosinase (EC
1.14.18.1), and dopamine from mushroom were from
Sigma-Aldrich (St. Louis, MO, USA (TH (A-1)): sc-374047).

Synthesis and Purification of Aminochrome

Dopamine (7.5 mmol) and 15 ng of tyrosinase were incubated
in 1.5 ml of 25 mM phosphate buffer pH 6.0, for 10 min at
25 °C. To purify the aminochrome formed, the incubation
solution was loaded on a column 17–0.7 cm resin CM-
Sephadex C-50-120 which was eluted first with 30 ml of

25 mM phosphate buffer pH 6.0. The eluate from the column
was recovered in 500 ml aliquots. Each aliquot was monitored
spectrophotometrically by absorbance at 280, 478, and
600 nm wavelengths. The recovered pure aminochrome (5–
7 ml) was eluted with 25 mM of phosphate buffer pH 6.0;
dopamine was recovered only after 5 ml of 25 mM 4-
Morpholineethanesulfonic acid sodium salt (MES) pH 6.0
(Paris et al. 2010).

Cell Culture

The RCSN-3 cell line was grown in monolayers, with a dou-
bling time of 52 h, a plating efficiency of 21% and a saturation
density of 56,000 cells/cm2 in normal growth media com-
posed of DME/HAM-F12 (1:1), 10% bovine serum and
2.5% fetal bovine serum. The cultures were kept in an incu-
bator at 37 °C with 100% humidity, and the cells grew well in
atmospheres of both 5 and 10% CO2 (Lozano et al. 2010;
Paris et al. 2008). RCSN-3 cells are derived from the
substantia nigra of an adult rat. The cell line does not require
differentiation to express catecholaminergic traits such as ty-
rosine hydroxylase, dopamine transport, VMAT-2, norepi-
nephrine transport, dopamine release, monoamine oxidase
(MAO)-A expression (but not MAO-B); the formation of
neuromelanin and DT-diaphorase is responsible for 94% of
the total quinone reductase activity catalyzed by
flavoenzymes (Paris et al. 2008).

Transfection of RCSN-3 and RCSN-3Nq7 Cells

RCSN-3 and RCSN-3NQ7 cells were transduced with
lentiviral plasmid pLvGFP-SNCA constructed in our labora-
tory in order to overexpress SNCA. Lentiviral particles were
obtained by transfecting HEK-293 T cells with a mixture of
6 mg DNA of pLvGFP-SNCA coding for GFP-IRES-SNCA,
6 mg DNA of packing plasmid pMDG and FUGENE HD
(Roche) in a relationship (8:2 DNA:FUGENE HD) in 300-
ml cell culture medium without serum. After 1 h, serum was
added to the cells and was incubated for 24, 48, and 72 h after
which the supernatant was collected and filtered with a 0.45-
mm filter. As a control, pRetrosuper without DNA insert and
pMDG were transfected using FUGENE HD as explained
above. Transduced cells were incubated in the presence of
40 mg/l gentamicin sulfate to select the cells that have the
plasmid with a gene resistant to gentamicin sulfate.

Western Blot

The samples of LC3I/II were separated by SDS-PAGE (12%wt/
vol.). The separated proteins were then transferred electrophoreti-
cally to a 0.2-mmnitrocellulosemembrane.After blockingwith a
solution of 0.5% skimmilk in 10mMTris-HCl pH 7.6, 150 mM
NaCl, and 0.025% Tween 20 for at least 4 h, the membrane was
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incubated with anti-MAP1LC3B N(20) goat sc-16755 antibody
(SantaCruzBiotechnology),diluted1:500overnight at roomtem-
peratureinthesamebuffer.Themembranewaswashedthreetimes
for 15 min with a solution of 10 mM Tris-HCl pH 7.6, 150 mM
NaCl, and 0.025% Tween 20 and incubated for 2 h with an anti-
goat alkaline phosphatase-linked antibody. After a final washing,
LC3I/II was detected usingBCIP/NBT (Zymed laboratories Inc.)

Cell Death

Cell death was determined using a LIVE/DEAD Viability/
Cytotoxicity kit (Molecular Probes, L-3224) after incubating
the cells in a culture medium for 24 h in the presence of
aminochrome, rapamycin, or bafilomycin A1, purified as pre-
viously described (Paris et al. 2010).

Statistical Analysis

The data were expressed as the mean ± SD values, and statis-
tical significance was assessed using analysis of variance
(ANOVA) for multiple comparisons and Student’s t test.

Results

We determined the LC3I/II protein with Western blotting to
follow autophagy in RCSN-3 and RCSN-3NQ7SNCA cells
treated with 20 μM aminochrome. A significant increase in
LC3-II in RCSN-3 cells occurred in the 20 μM of
aminochrome and 10 μM rapamycin condition, compared
with cells treated with 20 μM aminochrome alone (bars 3
and 5—Fig. 1b, p < 0.05) and also with RCSN-
3NQO7SNCA in the same condition (bars 4 and 6—Fig. 1b,
p < 0.05). The preincubation of RCSN-3 and RCSN-
3NQ7SNCA cells with bafilomycin A1 for 2 h prior to the
addition of 20μMof aminochrome induces a significant LC3-
II increase in both cell lines in comparison with cells treated
with 20 μM aminochrome alone (bars 3 and 7 and 4 and 8—
Fig. 1b, p < 0.05). However, no significant difference in LC3-
II expression was observed between RCSN-3 and RCSN-
3NQ7SNCA cells treated with 20 μM of aminochrome and
100 nM bafilomycin A1 (bars 7 and 8—Fig. 1b).

We incubated the cells with 10 μM rapamycin for 24 h to
determine whether an increase in autophagy protects against
aminochrome-induced cell death. The incubation of RCSN-3
cells treated with 10 μM rapamycin and 20 μM aminochrome
induces a small but not significant decrease in cell death com-
pared to cells incubatedwith 20mMaminochrome alone (bars 3
and5—Fig. 2).No significant effectwasobservedwhenRCSN-
3NQ7SNCA cells were incubatedwith 10μMrapamycin in the
presence of 20 μM aminochrome, in comparison with RCSN-
3NQ7SNCA cells incubated with 20 mM aminochrome alone
(bars 4 and 6—Fig. 2). In addition, rapamycin does not have a

protective effect with respect to aminochrome-induced cell
death, because of the significant increase in cell death for
RCSN-3NQ7SNCA with 10 μM rapamycin and 20 μM
aminochrome compared to RCSN-3 cells (bars 5 and 6—
Fig. 2, p < 0.001). The preincubation of RCSN-3NQ7SNCA
and RCSN-3 cells with 100 nM bafilomycin A1 for 2 h prior to
the addition of 20 μM aminochrome induced a significant in-
crease in aminochrome-induced cell death in comparison with
these cells treatedwith 20μMaminochrome alone (bars 3 and 7
and 4 and 8—Fig. 2, *p < 0.05; **p < 0.005; ***p < 0.001).

Discussion

The formation of SNCA oligomers seems to be essential for
SNCA neurotoxic effects (Gruden et al. 2014; Lashuel et al.
2002; Volles and And Lansbury 2003). In the familial form of
Parkinson’s disease, the mutations induce the formation of
neurotoxic oligomers but the question is what induces
SNCA oligomers in the sporadic form of the disease
(Ottolini et al. 2017). Interestingly, o-quinones generated dur-
ing dopamine oxidation to neuromelanin have been reported
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Fig. 1 The effect of aminochrome on LC3-II expression in RCSN-
3NQ7SNCA overexpressing SNCA. Determination of LC3-II
expression through Western blot analysis. a Total of 30 μg of RCSN-3
WT and RCSN-3NQ7SNCA untreated cell homogenate (control) was
applied in lanes 1 and 8, respectively. The same amount of protein from
of RCSN-3 WT and RCSN-3NQ7SNCA cell homogenate treated with
20 μM aminochrome was applied to lanes 2 and 6; cell homogenate
treated with 20 μM aminochrome + 10 μM rapamycin was applied to
lanes 3 and 7; cell homogenate treated with 20 μM aminochrome +
10 nM Bafilomycin A1 was applied to lanes 4 and 8. b The values
represent the means ± SD (n = 3). The statistical significance was
assessed using analysis of variance (ANOVA) for multiple comparison
and Student’s t test (*p < 0.01)
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to induce the formation of SNCA oligomers. Dopamine oxi-
dation to neuromelanin is a sequential event where several o-
quinones are formed (dopamine ➔ dopamine o-quinone ➔

aminochrome ➔ 5,6-indolequinone ➔ neuromelanin).
Dopaminochrome induces the formation of SNCA oligomers
(Norris et al. 2005), but the structure of this o-quinone gener-
ated during dopamine oxidation to neuromelanin remains un-
clear (Herrera et al. 2017). The compound 5,6-indolequinone
also forms adducts with SNCA (Bisaglia et al. 2007).
Aminochrome, the most stable and the most studied o-qui-
none, induces the formation of neurotoxic oligomers
(Muñoz et al. 2015). Dopamine o-quinone is very unstable
and does not form adducts with SNCA (Van Laar et al.
2009). It has been reported that the majority of SNCA oligo-
mers formed during dopamine oxidation have noncovalent
interactions between SNCA and these o-quinones (Bisaglia
et al. 2010). Interestingly, DT-diaphorase prevents both the
formation of aminochrome-induced SNCA oligomers and
their neurotoxicity (Muñoz et al. 2015).

One important factor in the aggregation process of
SNCA is its protein levels, which depend on the balance
between the synthesis, degradation, and secretion of the
protein. The control of the intracellular SNCA level is me-
diated by two mechanisms, with pathways mediated by
proteasomes and lysosomes, respectively (Cuervo 2008;
Liu et al. 2003), and might be involved in the degradation
of SNCA according to the cell stress level (Abeliovich

et al. 2000; Ebrahimi-Fakhari et al. 2011). Consistent evi-
dence points to a role for mainly macroautophagy and
chaperone-mediated autophagy (CMA), in the regulation
of SNCA levels. Indeed, SNCA has been found in lyso-
somal compartments, and rapamycin, a well-known
macroautophagy-enhanc ing agent , promotes i t s
lysosomal-mediated degradation. Rapamycin binds to
FKBP1A/FKBP12 and inhibits mechanistic target of
rapamycin (serine/threonine kinase)-1 (MTORC1); the
complex binds to the FRB domain of MTOR and limits
its interaction with RPTOR, thus inducing autophagy, but
only providing partial MTORC1 inhibition (Klionsky et al.
2016). Our experiments show no difference in the expres-
sion of the LC3-II marker of autophagy between RCSN-3
cells with normal expression of SNCA and RCSN-
3NQ7SNCA cells with overexpression of SNCA, both in
the presence or absence of aminochrome. Interestingly, the
incubation of RCSN-3 cells with both aminochrome and
rapamycin induces a significant increase in LC3-II expres-
sion contrasting with no effect observed in RCSN-
3NQ7SNCA cells. A possible explanation for the lack of
effect of rapamycin in RCSN-3NQ7SNCA cells may be
the distribution of oligomers of SNCA. It has been reported
that SNCA oligomer distribution both in the cytosol and
the nucleus and the presence of SNCA in the nucleus can
disturb LC3-II expression (Emmanouilidou et al. 2010;
Mak et al. 2010; Nakamura et al. 2008). A correlation
between the increase in LC3-II expression and decrease
in cell death was observed in RCSN-3 cells treated with
aminochrome and rapamycin. Similarly, a correlation be-
tween the lack of effect on LC3-II expression and no
change in cell death in RCSN-3NQ7SNCA cells was ob-
served when the cells were treated with aminochrome and
rapamycin. The increase in LC3-II expression and cell
death observed both in RCSN-3 and RCSN-3NQ7SNCA
cells treated with aminochrome and bafilomycin A1 can be
expla ined by the in t race l lu la r accumula t ion of
autophagosomes due to autophagy inhibition. In the
RCSN-3 cell, the increase in expression is explained by
the fact that bafilomicyn A1 is V-ATPase inhibitor that
causes an increase in lysosomal/vacuolar pH, and, ulti-
mately, blocks fusion of autophagosomes with the vacuole;
the latter may result from inhibition of ATP2A/SERCA
with this autophagic flux is often inferred on the basis of
LC3-II turnover (Klionsky et al. 2016). In the RCSN-
3NQ7SNCA cells, the same condition could be explained
by the absence of DT-diaphorase where aminochrome in-
hibits the autophagy (Huenchuguala et al. 2014; Muñoz
et al. 2012). In addition, overexpression of SNCA induces
CMA dysfunction (Xilouri et al. 2013) and defects in ly-
sosomal acidification (Crews et al. 2010; Cuervo et al.
2004; Yu et al. 2009). In conclusion, our results support
the protective role of DT-diaphorase against aminochrome-
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Fig. 2 The role of autophagy in aminochrome-induced cell death in
RCSN-3NQ7SNCA overexpressing SNCA. The role of autophagy in
aminochrome-induced cell death was determined. The RCSN-3 and
RCSN-3NQ7SNCA cells were incubated with cell culture medium
(Co); 20 μM aminochrome (AM 20); 10 nM bafilomycin A1
pretreatment (BF) with 20 μM aminochrome (AM 20 BF) and 20 μM
of aminochrome and rapamycin (AM 20 RAP). The role of increased
autophagy in aminochrome-induced cell death was determined by
incubating the cells with the autophagy-inducer rapamycin 10 μM or
by preincubating the cells for 2 h with 10 nM bafilomycin A1 (BF)
prior to the addition of 20 μM aminochrome (AM) for 24 h. The values
are the means ± SD (n = 3). The statistical significance was assessed using
analysis of variance (ANOVA) for multiple comparisons and Student’s t
test (*p < 0.05; ***p < 0.0001)
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induced neurotoxicity. Specifically, DT-diaphorase pre-
vents autophagy inhibition by preventing the formation of
aminochrome-induced SNCA oligomers.
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