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Aminochrome, the precursor of neuromelanin, has been pro-

posed to be involved in the neurodegeneration neuromelanin-

containing dopaminergic neurons in Parkinson’s disease. We

aimed to study the mechanism of aminochrome-dependent cell

death in a cell line derived from rat substantia nigra. We found

that aminochrome (50mM), in the presence of NAD(P)H-quinone

oxidoreductase, EC 1.6.99.2 (DT)-diaphorase inhibitor dicou-

marol (DIC) (100mM), induces significant cell death (62 ± 3%; p <
0.01), increase in caspase-3 activation (p < 0.001), release of

cytochrome C, disruption of mitochondrial membrane potential (p
< 0.01), damage of mitochondrial DNA, damage of mitochondria

determined with transmission electron microscopy, a dramatic

morphological change characterized as cell shrinkage, and

significant increase in number of autophagic vacuoles. To

determine the role of autophagy on aminochrome-induced cell

death, we incubated the cells in the presence of vinblastine and

rapamycin. Interestingly, 10mM vinblastine induces a 5.9-fold (p <
0.001) and twofold (p < 0.01) significant increase in cell death

when the cells were incubated with 30mM aminochrome in the

absence and presence of DIC, respectively, whereas 10mM

rapamycin preincubated 24 h before addition of 50mM amino-

chrome in the absence and the presence of 100mM DIC induces

a significant decrease (p < 0.001) in cell death. In conclusion,

autophagy seems to be an important protective mechanism

against two different aminochrome-induced cell deaths that

initially showed apoptotic features. The cell death induced by

aminochrome when DT-diaphorase is inhibited requires activation

of mitochondrial pathway, whereas the cell death induced by

aminochrome alone requires inhibition of autophagy-dependent

degrading of damaged organelles and recycling through lyso-

somes.

Key Words: dopamine; aminochrome; autophagy; apoptosis;

neurons; DT-diaphorase.

Mutated alpha-synuclein has been found to be associated to

Familial Parkinson’s disease by generating neurotoxic proto-

fibrils (Conway et al., 2000), but this mutation is very rare and

cannot explain a possible role in sporadic Parkinson’s disease.

However, the discovery that the formation of neurotoxic

protofibrils is enhanced and stabilized by aminochrome (Norris

et al., 2005) suggests a possible role of alpha-synuclein in

sporadic Parkinson’s disease because aminochrome is the

product of dopamine oxidation and the precursor of neuro-

melanin. The fact that the grafts transplanted into Parkinson’s

patients developed subcellular aggregates of alpha-synuclein

and ubiquitin that resembles Lewy bodies support this idea

(Braak and Del Tredici, 2008).

At physiological pH, dopamine oxidizes to dopamine

o-quinone that automatically cyclizes in several steps to

aminochrome. Aminochrome is the precursor of neuro-

melanin that accumulates with age in human substantia nigra

(Zecca et al., 2002, 2008). Neuromelanin is the pigment that

accumulates in dopaminergic neurons in substantia nigra from

healthy individuals, but in Parkinson’s disease, these neurons

containing neuromelanin are lost. A possible explanation why

dopaminergic neurons containing neuromelanin are lost in

Parkinson’s disease is that aminochrome is able to participate

in two neurotoxic pathways such as (1) aminochrome forms

adducts with alpha-synuclein inhibiting alpha-synuclein

fibrillization and enhancing and stabilizing neurotoxic

protofibrils (Conway et al., 2001; Norris et al., 2005) and

(2) aminochrome can be one electron reduced by flavoen-

zymes to leukoaminochrome o-semiquinone radical, which

is extremely reactive with oxygen and neurotoxic when

NAD(P)H-quinone oxidoreductase, EC 1.6.99.2 (DT)-

diaphorase is inhibited with dicoumarol (DIC) (Arriagada

et al., 2004; Fuentes et al., 2007; Paris et al., 2001, 2005a,b,

2009a,b, 2010; Segura-Aguilar et al., 1989).
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In previous studies, we demonstrated the effect of amino-

chrome in the catecholaminergic cell line RCSN-3 cells by

using different oxidizing agents to oxidize dopamine such as

manganese (III), copper (II), iron (III) or in the presence of

reserpine an inhibitor of vesicular monoamine transporter-2

(VMAT-2) in order to promote dopamine oxidation by

increasing intracellular concentration of cytosolic dopamine

(Arriagada et al., 2004, Fuentes et al., 2007; Paris et al., 2001,

2005a, b, 2009a, 2010) or in experiments in vivo (Diaz-Veliz

et al., 2008; Segura-Aguilar et al., 2002). However, in all these

experiments, the oxidizing agents or inhibitor such as reserpine

were present, and therefore, we cannot discard an additive

effect of the oxidizing agent because an extensive cell death

was observed at 2 h when we used manganese (III) as an

oxidizing agent (Arriagada et al., 2004). Therefore, the aim of

this work was to study the cell death induced by purified

aminochrome on RCSN-3 cells.

MATERIALS AND METHODS

Chemicals. Dopamine, DIC, menadione, Dulbecco’s Modified Eagle’s

Medium/Nutrient Mixture F-12 Ham (DME/HAM-F12) nutrient mixture (1:1),

and Hank’s solution were purchased from Sigma Chemical Co. (St Louis, MO).

Vector green fluorescent-protein light chain 3 (GFP-LC3) was gift from Zsolt

Tallocky Ph D, Columbia University Medical Center. LIVE/DEAD Viability/

Cytotoxicity Kit, Molecular Probes (Eugene, OR). Aminochrome was prepared

by oxidizing dopamine with tyrosinase and purified according Paris et al.
(2010).

Cell culture. The RCSN-3 cell line grows in monolayer, with a doubling

time of 52 h, a plating efficiency of 21%, and a saturation density of 56,000

cells/cm2 in normal growth media composed of DME/HAM-F12 (1:1), 10%

bovine serum, 2.5% fetal bovine serum, and 40 mg/l gentamicine sulphate. The

cultures were kept in an incubator at 37�C with 100% humidity, and the cells

grew well in atmospheres of both 5% CO2. RCSN-3 cells are a cloned cell line

derived from the substantia nigra of an adult rat. The cell line grows in

monolayer and does not require differentiation to express catecholaminergic

traits, such as tyrosine hydroxylase, dopamine release, dopamine and

norepinephrine transport, formation of neuromelanin, VMAT-2 and mono-

amine oxidase (MAO)-A expression but not MAO-B. This cell line also

expresses serotonin transporters, divalent metal transporter 1 (DMT1),

dopamine receptor 1 messenger RNA (mRNA) under proliferating conditions,

and dopamine receptor 5 mRNA after incubation with dopamine or DIC an

inhibitor of DT-diaphorase (Paris et al., 2008).

Cell death. For cell death experiments, cells were incubated with cell

culture medium but in the absence of bovine serum and phenol red. However,

in experiment 6, 10 % bovine serum was included that may decrease

aminochrome concentration as a consequence of aminochrome ability to form

adduct with proteins. Cell death was measured by counting live and dead cells

after staining with 0.5lM calcein AM and 5lM ethidium homodimer-1 for 45

min at room temperature in the dark (LIVE/DEAD Viability/Cytotoxicity Kit,

Molecular Probes). Calcein AM is a marker for live cells, and ethidium

homodimer-1 intercalates into the DNA of dead cells. Cells were counted with

a phase contrast microscope equipped with fluorescence using the following

filters: Calcein AM 450–490 nm (excitation) and 515–565 nm (emission) and

ethidium homodimer-1, 510–560 nm (excitation) and LP-590 nm (emission).

The cell death was measured by incubating the cells during 24 or 48 h with cell

culture medium, 100lM DIC, 50lM aminochrome, 50lM aminochrome, and

100lM DIC. The effect of vinblastine on aminochrome-induced cell death was

measured by incubating the cells with cell culture medium, 100lM DIC, 10lM

vinblastine, 30lM aminochrome, 30lM aminochrome, and 10lM vinblastine;

30lM aminochrome and 100lM DIC; or 30lM aminochrome, 100lM DIC,

and 10lM vinblastine. The effect of rapamycin on aminochrome-induced cell

death was measured by preincubating the cells during 24 h with 10lM

rapamycin before the addition of 50lM aminochrome or 50lM aminochrome

and 100lM DIC. Control cells were incubated with cell culture medium,

100lM DIC, or 10lM rapamycin (R).

Caspase-3 activation. The RCSN-3 cells were incubated with amino-

chrome as described above for 24 h and were washed and incubated with

a solution of 0.01% trypsin for 15 min. The cells are subsequently collected by

centrifugation at 2000 rpm and fixed at �20�C with 1 ml methanol (100%) for

30 min. After washing with PBS and incubation with 1.5% milk for 40 min at

room temperature, the cells are incubated with 500 ll antibodies against

activated caspase-3 diluted 1:250 in PBS containing 1% bovine serum albumin

(BSA) and 0.02% Na-azide overnight at 4�C. After washing, the samples were

incubated with biotinylated IgG anti-rabbit, diluted 1:500 for 90 min at room

temperature under dark conditions. The samples were washed and incubated

with Cy-3-conjugated streptavidin at 1.5 lg/ml diluted in PBS for 1 h.

Cytochrome C release. Cytochrome C release from mitochondria was

measured by isolating RCSN-3 cell mitochondria by homogenizing the cells

and centrifuge at 2000 3 g during 10 min. The supernatant was centrifuged

again at 12,000 3 g during 10 min, and the pellet was washed and resuspended

in 0.25 M sucrose, Tris-HCl pH 7.5. A nitrocellulose membrane was placed on

Dot-Blot device (BioRad) and 100 ll Tris Buffered Saline (TBS) buffer (20mM

Tris-HCl pH 7.6, 137mM NaCl) was added to each well prior addition of 25 lg

mitochondria protein. Apply vacuum and when the nitrocellulose membrane is

dry, incubate the membrane in TBS containing 0.2% Tween-20 and 5% low fat

milk during 3 h at room temperature. After incubation, wash three times during

5 min with TBS buffer containing 0.1% Tween-20 and incubate overnight the

membrane with TBS buffer containing 0.1% Tween-20, 5% BSA protein, and

antibody against cytochrome C (Cell Signaling) diluted 1:1000. The membrane

was washed and incubated with goat anti-rabbit IgG-horseradish peroxidase-

linked antibodies and detected by using luminol and a Kodak BioMax light

film.

Determination of mitochondrial membrane potential. RCSN-3 cells

were incubated as described above for 24 h at 37� C with 50lM aminochrome

in the absence and presence of 100lM DIC, 100lM DIC alone, or cell culture

medium for control cells. The cells were incubated in the dark for 40 min at

room temperature with freshly prepared 1.5 lg/ml JC-1 (5, 5#, 6, 6#-
tetrachloro-1, 1#, 3, 3#-tetraethylbenzimidazolylcarbocyanine iodide) in PBS

and then washed three times with PBS. The cells were observed immediately

after labeling using a confocal microscope to quantify the intensity of

fluorescence simultaneously for the green monomeric form at 488 nm

(excitation) and 510–525 nm (emission) and for red fluorescent aggregates-

JC-1 at 543 nm (excitation) and 570 nm (emission). Background images were

obtained from a cell-free section of the cover slip. A ratio image generated by

dividing the fluorescence intensity at 590 nm by the fluorescence intensity at

527 nm is reported as a relative mitochondrial membrane electric potential

value (Reers et al., 1995). The fluorescence quantification was performed by

using Scion Image software (the National Institutes of Health).

Transmission electron microscopy. Cells incubated as described above

were pelleted and fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer pH

7.4 for 120 min, washed three times, and postfixed in osmium tetroxide 1% for

60 min. The cells were dehydrated in an ascending ethanol battery ranging from

20 to 100% and were later placed in 3:1, 2:1, 1:1, 1:2, and 1:3 ratios of

propylene oxide or epom-812 resin for 1 h at room temperature, respectively.

Ultrathin sections of 70 nm were made and impregnated with 2% uranyl acetate

and Reynold’s lead citrate. The sections were visualized in a Zeiss EM-900

transmission electron microscope at 50 kV and photographed. The negatives

were scanned at 600 3 600 dpi resolution, and the images obtained were

analyzed later with a computer with a windows operative system using

customized software.
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GFP-LC3 plasmid transfection. Cells were grown in culture medium in

24-well plates for 48 h after being transfected with GFP-LC3 plasmid (gift from

Zsolt Tallocky PhD, Columbia University Medical Center). To form the

transfection complex, we used 2 ll Fugene HD transfection reagent

(Roche Diagnostics) and 0.5 lg GFP-LC3 plasmid DNA in 25 ll total volume

of medium for each plate, kept in the dark for 15 min. Thereafter, the

transfection complex in 150 ll culture medium was added to each plate and

incubated for 1 h. Then, 350 ll culture medium was added to each plate and

cultured for 2 days.

Confocal microscopy. Cover slips were mounted on to slides with

fluorescent mounting medium (Dako, Carpinteria, CA) and kept in the dark at

4� C. Confocal microscopy (model LSM-410 Axiovert-100; Zeiss,

Göttingen, Germany) was used to study the cells. Sample illumination was

carried out via a He–Ne laser with 543-nm excitation filter and emission filter

over 560 nm.

DNA isolation and quantification. Cells for DNA isolation were initially

trypsinized and then centrifuged at 1300 3 g for 3 min. The supernatant was

removed and then resuspended in isolation buffer I (sucrose 80mM, EDTA

1mM, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)-K-salt

10mM, pH 7.4) and then incubated on ice for 10 min. Equal volume of

isolation buffer II (sucrose 300mM, EDTA 1mM, HEPES-K-salt 10mM, pH

7.4) was then added and mechanically homogenized using 50 strokes. To

obtain both the nuclear and the mitochondrial fraction, cells were centrifuged at

10,000 3 g for 20 min at 4�C. The pellet was stored at �20�C until used. To

obtain high-molecular weight DNA, DNA isolation was performed using the

DNA purification kit according to the manufacturer’s instructions (QIAGEN

Genomic tip). Quantification of the DNA was accomplished using the

Picogreen dsDNA quantitation assay (Molecular Probes). DNA samples were

aliquoted and stored at �20�C.

Quantitative PCR of a large mitochondrial DNA and nuclear DNA

fragment. The quantitative PCR (QPCR) method to detect DNA damage

was performed as previously described (Ayala-Torres et al., 2000; Santos

et al., 2006). To verify that the QPCR was in the linear range, the optimal

number of cycles for each DNA template was found where a 50% decrease

in the amount of DNA resulted in roughly a 50% reduction in PCR

amplification. QPCR products that demonstrated a 40–60% amplification of

the target sequence when using 50% of the original template were considered

acceptable. The PCR amplification profile for the 13.4-kb rat mitochondrial

fragment was as follows: hot start for 10 min at 75�C when the DNA

polymerase was added, an initial denaturation step for 1 min at 94�C,

followed by 22 cycles of denaturation for 15 s at 94�C and then annealing/

extension at 66�C for 14 min. To complete the profile, a final extension for 10

min at 72�C was performed. Primers 10633 and 13559 were used for the

amplification of the rat mitochondrial fragment, and the primer nucleotide

sequences were described previously (2). The PCR amplification for the

12.5-kb rat fragment from the nuclear TRPM-2 gene was the same as for

the mitochondrial fragments except that the annealing/extension time was 13

min and the cycles were 27. Primers 5781 and 18312 were used for the

amplification of the TRPM-2 fragment and the primer nucleotide sequences

were described previously (Ayala-Torres et al., 2000).

Calculation of DNA lesion frequencies. Assuming a random

distribution, the Poisson equation was used to calculate the number of

lesions (Ayala-Torres et al., 2000). Based on this equation, the amplification

is directly proportional to the fraction of undamaged DNA templates. As

such, the average lesion frequency per strand is calculated as �lnAD/AO,

where AD is the amplification of the damaged or experimental template,

whereas AO is the amplification of the undamaged or control template.

Therefore, the results are shown as the number of lesions per strand

normalized to 10kb.

Data analysis. All data are expressed as mean ± SE values. Statistical

significance was assessed using ANOVA for multiple comparisons and

Student’s t-test for comparison between two given groups.

RESULTS

Incubation of RCSN-3 cells with purified aminochrome

(50lM) during 24 h induces a moderate cell death in RCSN-3

cells in the absence (8.0 ± 1.6 %) and the presence of 100lM

DIC (16 ± 0.4 %), whereas the cell death in control cells

incubated with cell culture medium or in the presence of

100lM DIC was 1.8 ± 1.3% and 1.1 ± 0.7%, respectively.

However, incubation of RCSN-3 cells with 50lM amino-

chrome at 48 h induces a 24 ± 2% (p < 0.01) cell death that

significantly increase to 62 ± 3% cell death (p < 0.01) in the

presence of 100lM DIC, whereas the cell death in control cells

incubated with cell culture medium or in the presence of

100lM DIC was 1.6 ± 0.4% and 3.3 ± 0.5%, respectively

(Fig. 1). No cell death was observed when RCSN-3 cells was

incubated with 100lM aminochrome in the presence and

absence of 100lM DIC at 2, 6, and 12 h (not shown).

The slow cell death observed with purified aminochrome

suggests the possible involvement of an apoptotic cell

death, and therefore, we observed caspase-3 activation using

immunohistochemical technique when the cells were incubated

with 50lM aminochrome in the absence and presence of

100lM DIC (Figs. 2C and D, respectively). Quantification of

numbers of caspase-3 positive cells we observed a significant

caspase-3 activation in cells treated with 50lM aminochrome

(24 ± 0.2 cells, p < 0.001) and 50lM aminochrome and

100lM DIC (26 ± 0.6 cells, p < 0.001). Cells incubated with

cell culture medium or 100lM DIC alone presented 4.6 ± 1 and

3.8 ± 0.1 positive cells, respectively (Fig. 2E). We measured

cytochrome C release from mitochondria by using dot-blot

technique and a decrease in cytochrome C immunostaining in

FIG. 1. The effect of aminochrome on cell death in RCSN-3 cells. The cell

death of RCSN-3 cells incubated during 24 or 48 h was measured as described

under ‘‘Materials and Methods’’ section. A significant cell death induced 50lM

aminochrome (AM) in the absence and presence of 100lM DIC (AM þ DIC)

after 48-h incubation. No significant cell death was observed in cells treated

with 100lM DIC or incubated with cell culture medium. The values are the

mean ± SD (n ¼ 3), and the statistical significance was assessed using ANOVA

for multiple comparisons and Student’s t-test (**p < 0.01).
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the mitochondrial fraction was observed in RCSN-3 cells

treated with 50lM aminochrome and 100lM DIC (41 % of

control, Figs. 2F and G).

In experiments reported with aminochrome in the presence

of oxidizing agents, mitochondrial damage was observed

(Arriagada et al., 2004; Fuentes et al., 2007), and therefore,

we analyzed mitochondria membrane potential by using JC-1

marker after 24 h incubation. Incubation of RCSN-3 cells with

50lM aminochrome in the presence of 100lM DIC indicates

a significant change in mitochondrial membrane potential

(0.37 ± 0.03 relative fluorescence [RF]; p < 0.01). No

significant changes in mitochondrial membrane potential

were observed in cells treated with 50lM aminochrome

(0.55 ± 0.12 RF) or 100lM DIC (0.86 ± 0.05 RF) in

comparison with control cells incubated with cell culture

medium (0.79 ± 0.07 RF; Fig. 3). Ultrastructure analysis of

RCSN-3 cells was performed by using transmission electron

microscopy in RCSN-3 cells incubated during 48 h. Normal

morphology of mitochondria and regular chromatin aspect

within the nucleus could be observed under control

conditions (Fig. 4A). Cells treated with 100lM DIC showed

normal mitochondrial aspects and nucleus chromatin appears

normal (Fig. 4B). Aminochrome (50lM)-treated cells display

normal mitochondria (white arrow) (Fig. 4C), whereas we can

observe a damaged mitochondria (white arrow) (Fig. 4D) in

cells treated with 50lM aminochrome and 100lM DIC.

We analyzed the formation autophagosome vacuoles by

transfecting RCSN-3 cells with a plasmid coding for LC3-GFP

that produce green fluorescence. Incubation of RCSN-3 cells

with 50lM aminochrome (14 ± 2 positive cells; p < 0.05) or

50lM aminochrome and 100lM DIC (16 ± 0.3 positive cells

(p < 0.001) during 48 h induced the formation of autophagic

vacuoles. No significant number of positive cells with

autophagic vacuoles was induced by 100lM DIC (3.5 ± 0.2

number of positive cells) in comparison with control cells

incubated with cell culture medium (1.1 ± 0.4 positive cells,

Fig. 5E). Ultra structure analysis of RCSN-3 cells by using

transmission electron microscopy showed that RCSN-3 cells

FIG. 2. Determination of caspase-3 activation, release of cytochrome C,

and DNA fragmentation. Caspase-3 activation was determined in control cells

(A), cells treated during 24 h with 100lM DIC (B), 50lM aminochrome (C), or

50lM aminochrome and 100lM DIC (D) by using immunohistochemistry as

described under ‘‘Materials and Methods’’ section. Quantification of immuno-

positive casapase-3 was determined by confocal microscopy (E) and revealed

caspase-3 activation when RCSN-3 cells were treated with 50lM aminochrome

in the absence (AM) or presence of 100lM DIC (AM þ DIC). The cells were

also incubated with DIC alone (DIC) or in the presence of cell culture medium

(C). The release of cytochrome C was measured with dot blot technique (F) as

described under ‘‘Materials and Methods’’ section. The cells were treated with

cell culture medium (1), 100lM DIC (2), 50lM aminochrome (3), or 50lM

aminochrome and 100lM DIC (4) during 24 h. The quantification of dot

blot was done by measuring pixel number (G). The statistical significance

was assessed by using ANOVA for multiple comparisons and Student’s t-test

(***p < 0.001). FIG. 3. Changes in mitochondrial membrane potential were measured

using JC-1 staining in RCSN-3 cells by using confocal microscopy. The picture

of cells with JC-1 staining in cells incubated with (A) cell culture medium (C),

(B) 100lM DIC (DIC), (C) 50lM aminochrome (AM), or (D) 50lM

aminochrome and 100lM DIC (AM þ DIC) for 24 h. The values are the

ratio between red/green fluorescence of JC-1 obtained from the confocal are

plotted in (E). The statistical significance was assessed using ANOVA for

multiple comparisons and Student’s t-test (**p < 0.01).

MECHANISMS OF AMINOCHROME NEUROTOXICITY 379

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/121/2/376/1727308 by U

niversidad de C
hile - C

asilla C
hoice user on 08 August 2022



incubated with 50lM aminochrome for 48 h accumulate

autophagic vacuoles (black arrow) containing membranous

components like degraded mitochondria within a double

membrane compartment (Fig. 4C). In RCSN-3 cells treated

with 50lM aminochrome and 100lM DIC appears with highly

vacuolated membranous components and autophagic vacuoles

(black arrows) with membranous remanent inside (Fig. 4D).

Cells treated with 100lM DIC or incubated with cell culture

medium do not show autophagic vacuoles (Figs. 4B and A,

respectively). To study the role of autophagic vacuoles on

aminochrome-induced cell death, we used vinblastine that is an

inhibitor of autophagosome fusion with lysosomes (Seglen and

Brinchmann, 2010). A significant increase in cell death was

observed when we compared RCSN-3 cells incubated during

48 h with 30lM aminochrome and 10lM vinblastine or 30lM

aminochrome, 10lM vinblastine, and 100lM DIC in compar-

ison with cells treated with 30lM aminochrome in the absence

or presence of 100lM DIC (Fig. 6 A). The possible protective

role of autophagy on aminochrome-induced cell death was

studied by using rapamycin induce an upregulation of macro-

autophagy as a consequence of mTor pathway inactivation

(Schmelzle and Hall, 2000). A significant decrease in cell death

was observed when RCSN-3 cells were preincubated during

24 h with 10lM rapamycin before the addition of 50lM

aminochrome or 50lM aminochrome and 100lM DIC during

48 h in comparison with cells incubated in the absence of

rapamycin with 50lM aminochrome or 50lM aminochrome

and 100lM DIC (Fig. 6B).

A dramatic morphological change characterized as an

apparent volume reduction and loss of cell elongated shape

to spherical shape determined with confocal fluorescence

microscopy was observed when the cells RCSN-3 were

incubated with 50lM aminochrome and 100lM DIC

(Fig. 5D). Interestingly, RCSN-3 cells treated with 50lM

FIG. 4. Ultrastructural analysis of RCSN-3 cells treated with amino-

chrome. The cell ultrastructure was studied by using transmission electron

microscopy in control conditions (A), cells treated for 48 h with 100lM DIC

(B), 50lM aminochrome (C), and 50lM aminochrome and 100lM DIC (D).

We observed mitochondria (white arrows), organelles like mitochondria inside

of double membrane autophagic vacuoles (white arrow head), double

membrane autophagic vacuoles (black arrows). Bars ¼ 0.5lm; nucleus, N.

FIG. 5. Determination of autophagosome vesicles in RCSN-3 cells

transfected with GFP-LC3. (A) GFP-LC3 transfected RCSN-3 cells were

treated with cell culture medium (A), 100lM DIC (B), 50lM aminochrome

(C), and 50lM aminochrome and 100lM DIC during 48 h (D). The

quantification of number of cells with autophagic vacuoles was plotted

(n ¼ 3 ± SD), and the statistical significance was assessed using ANOVA for

multiple comparisons and Student’s t-test (*p < 0.05; ***p < 0.001).
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aminochrome alone (Fig. 5C) or 100lM DIC (Fig. 5B)

presented the typical elongated shape without significant

volume reduction as cells incubated with cell culture medium

(Fig. 5A).

Having observed phenotypic changes in mitochondria

following aminochrome and DIC treatment, we decided

to measure DNA damage in both the genomic and the

mitochondrial DNA (mtDNA). To do this, we utilized

a gene-specific QPCR-based assay (Ayala-Torres et al., 2000;

Santos et al., 2006). Nuclear DNA (nDNA) and mtDNA were

extracted and QPCR performed using previously tested

primers to amplify the rat (nuclear) clusterin (TRPM-2) gene

(12.5 kb) and a large mtDNA fragment (13.4 kb) (Ayala-Torres

et al., 2000). Exposure of RCSN-3 cells to DIC (100lM),

aminochrome (50lM), or a combination of the two for 48 h

resulted in increased nDNA lesions (0.35 lesions/10 kb,

1.2 lesions/10 kb, and 0.39 lesions/10 kb, respectively;

Fig. 7A) as compared with control cells incubated with cell

culture medium. In addition, cells treated with DIC (100lM) or

aminochrome (50lM) alone showed minimal increase in

mtDNA lesions (0.06 lesions/10 kb, 0.08 lesions/10 kb,

respectively, Fig. 7B) relative to cells incubated with cell

culture medium. However, treatment of RCSN-3 cells with

both DIC and aminochrome together resulted in increased

mtDNA damage (0.2 lesions/10 kb; Fig. 7B).

FIG. 6. The effect of autophagy on aminochrome-induced cell death. The

effect of autophagy on aminochrome-induced cell death was measured by using

vinblastine (A) that is an inhibitor of the fusion between autophagic vacuoles

and lysosomes and rapamycin (B) that is an inducer of autophagy. (A) A

significant increase in cell death was observed when RCSN-3 cells were

incubated during 48 h with 30lM aminochrome and 10lM vinblastine (AM þ
V) in comparison with cells incubated with 30lM aminochrome alone (AM). A

significant increase in cell death was also observed in cells incubated 30lM

aminochrome, 100lM DIC, and 10lM vinblastine (AM þ DIC þ V) in

comparison with cells incubated with 30lM aminochrome and 100lM DIC

(AM þ DIC). As control, we incubated the cells with cell culture medium (C),

100lM DIC (DIC), or 10lM vinblastine (V). (B) A significant decrease in cell

death was observed when RCSN-3 cells were preincubated during 24 h with

10lM rapamycin (R) before the addition of 50lM aminochrome (AM þ R) or

50lM aminochrome and 100lM DIC (AM þ DIC þ R) in comparison with

cells incubated in the absence of rapamycin with 50lM aminochrome (AM) or

50lM aminochrome and 100lM DIC (AM þ DIC). The control cells (C) were

incubated with cell culture medium, 100lM DIC (DIC), or 10lM rapamycin

(R). The statistical significance was assessed using ANOVA for multiple

comparisons and Student’s t-test (***p < 0.001; **p < 0.01).

FIG. 7. nDNA and mtDNA damage in RCSN-3 cells. These data represent

technical replicates of the number of excess lesions found per 10 kb from both

nuclear and mitochondrial genomes in RCSN-3 cells treated with amino-

chrome, DIC, or both as compared with controls treated with cell culture

medium alone. (A) An increase in the number of nDNA and (B) mtDNA

lesions was observed in each condition. Error bars represent the standard error

of the mean.
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FIG. 8. Possible mechanisms for cell death induced by aminochrome. Our results suggest that aminochrome can induce cell death by two different

mechanisms: (A) Incubation of aminochrome in the presence of DIC an inhibitor of DT-diaphorase (reaction 1). Aminochrome is one electron reduced by

flavoenzymes that use b-Nicotinamide adenine dinucleotide, reduced (NADH) as electron donator to leukoaminochrome o-semiquinone radical (reaction 3) that

reduce oxygen to superoxide radicals (reaction 4) with subsequent formation of hydrogen peroxide the precursor of hydroxyl radical. This reaction generates

a redox cycling between aminochrome and leukoaminochrome o-semiquinone radical (reactions 3 and 4) that continues until NADH or oxygen are depleted,

affecting the electron transport chain in the mitochondria that is not able to produce ATP with subsequent cell energy collapse. Flavoenzymes that use

b-Nicotinamide adenine dinucleotide phosphate, reduced (NADPH) as electron donors are also able to reduce aminochrome according reaction 3, resulting in the

depletion of NADPH requires for the reduction of oxidized glutathione catalyzed by glutathione reductase. This mechanism induces autophagy, apoptosis,

formation of clusters of condensed chromatine, mtDNA damage, and finally cell death. However, aminochrome is also able to form adducts with proteins such as

mitochondria proteins (35) (reaction 2) and mtDNA. Aminochrome is also able to induce cell shrinkage by forming adducts with actin and a/b-tubulin of

cytoskeleton (21), explaining the change of elongated to spherical shape as a consequence of disruption of cell cytoskeleton. In this mechanism, autophagy try to

rescue the cell by recycling damaged mitochondria, but this is not enough to prevent completely the cell death, explaining why the cell death is increased when

vinblastine inhibited the fusion of autophagic vacuoles with lysosomes. (B) Incubation of cells with aminochrome alone. Under these conditions, DT-diaphorase is

catalyzing the two electron reduction of aminochrome by using both NADH and NADPH available in the cell preventing that aminochrome participates in

neurotoxic reaction, such as formation of adducts with proteins or its one electron reduction (reactions 2 and 3 in A). However, aminochrome alone induces

a moderate cell death despite the fact that DT-diaphorase is very active enzyme and should prevent that aminochrome participates in neurotoxic reactions. It seems

to be plausible that DT-diaphorase capacity to reduce aminochrome was surpassed due to the used concentration in our experiments was too high that free

molecules of aminochrome were able to participate in other reactions. Under these conditions, it is not possible that aminochrome can be one one electron reduced

because this reaction requires NADH or NADPH that DT-diaphorase was using both as electron donors. Therefore, it seems plausible that amnochrome forms
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DISCUSSION

The fact that aminochrome is the precursor of neuromelanin

and neuromelanin-containing neurons are lost during the

neurodegenerative process underlying Parkinson’s disease

and the discovery that aminochrome induces and stabilizes

neurotoxic alpha-synuclein protofibrils (Conway et al., 2001;

Norris et al., 2005), suggests that aminochrome may play an

important role in the neurodegeneration of dopaminergic

neurons observed in Parkinson’s disease. Aminochrome

oxidation and its polymerization to neuromelanin (Zecca

et al., 2002, 2008) seem to be a normal event because

dopaminergic neurons contain neuromelanin in individuals

without the disease. However, aminochrome is able to

participate in two neurotoxic reactions: (1) the formation of

adducts with proteins such as complex I and III of the electron

transport chain in mitochondria (Van Laar et al., 2009), alpha-

synuclein, inhibiting alpha-synuclein fibrillization and enhanc-

ing and stabilizing the formation of neurotoxic protofibrils

(Conway et al., 2001; Norris et al., 2005), tyrosine hydroxylase

(Xu et al., 1998), dopamine transporter (Whitehead et al.,
2001) and parkin (LaVoie et al., 2005) and (2) aminochrome

can also be reduced by flavoenzymes that catalyze one

electron of quinones to form the neurotoxic leukoaminochrome

o-semiquinone radical, which is extremely reactive with

oxygen (Baez et al., 1995; Segura-Aguilar et al., 1998).

Leukoaminochrome-o-semiquinone radical reduces oxygen to

superoxide radicals resulting in the formation of superoxide

radicals and aminochrome, generating a redox cycling between

aminochrome and leukoaminochrome o-semiquinone radical

with concomitant formation of hydrogen peroxide, hydroxyl

radicals, depletion of b-nicotinamide adenine dinucleotide,

reduced (NADH) and O2 required for energy production, and

depletion of b-Nicotinamide adenine dinucleotide phosphate,

reduced (NADPH) required for the reduction of oxidized

glutathione catalyzed by glutathione peroxidase.

Previously, we have reported evidence that aminochrome

induces acute neurotoxicity, mitochondria damage, apoptosis,

and formation of autophagic vacuoles, but these studies were

performed by using different oxidizing agents to form amino-

chrome (Arriagada et al., 2004; Fuentes et al., 2007; Paris et al.,
2001, 2005a, 2009). Aminochrome formed with manganese3þ

induces acute neurotoxicity in 2 h in the presence of DIC

(Arriagada et al., 2004), whereas in this study, we have observed

that purified aminochrome induces cell death at 48 h. The

explanation to this enormous difference in the rate of cell death is

the presence of manganese in the cell culture medium used as an

oxidizing agent that under dopamine oxidation is reduced to

manganese2þ that can be transported into the cell by DMT1 that

is expressed in RCSN-3 cells (Paris et al., 2008). Manganese2þ

inside the cell can be oxidized by superoxide to manganese3þ

and participates in oxidation reactions inside the cell. Inhibition

of VMAT-2 with reserpine to induce dopamine autooxidation to

aminochrome in the presence of oxygen as a consequence of an

increase in intracellular dopamine exhibited an apoptotic cell

death in the presence of DIC (Fuentes et al., 2007), suggesting

that aminochrome induces an apoptotic cell death. In the present

study, we show that purified aminochrome induces a slow cell

death at 48-h incubation with early caspase-3 activation at 24 h

when DT-diaphorase is inhibited by DIC, suggesting that

aminochrome induces a cell death with initial features apoptotic.

Another interesting feature of aminochrome cell death is the cell

shrinkage induced in cells incubated with aminochrome and DIC

(see Fig. 5D), characterized by the apparent cell volume

reduction and a spherical shape contrasting the elongated shape

observed in control cells or in cells incubated with aminochrome

or DIC alone (Figs. 5A–C). These morphological changes are

a consequence of disruption of actin that becomes condensed

around the cell membrane when the cells were incubated with

aminochrome and DIC (Paris et al., 2010). Actin is an important

component of the cellular cytoskeleton, which is essential for

sculpting and maintaining cell shape (Cingolani and Goda,

2008). However, apoptotic volume decrease leading to cell

shrinkage seems to be a core event in the course of apoptosis

(Humphrey et al., 2005; Núñez et al., 2010; Yagami et al., 2010),

supporting the idea that aminochrome in the presence of DIC

induces a cell death with features apoptotic. Interestingly, the cell

shrinkage observed in cells treated with aminochrome and DIC

coexisted with LC3-positive fluorescence, although autophagy

determined with LC3-positive fluorescence was also present in

cell treated with aminochrome alone.

It is seems to be plausible that aminochrome in the presence

of DIC induces the mitochondrial (intrinsic) pathway where

mitochondrial outer membrane permeability allows cyto-

chrome C release and activation of caspase-3 inducing

apoptosis and cell death (Green and Kroemerm, 2004).

However, aminochrome alone also induce caspase-3 activation

without cell shrinkage and disruption of mitochondria

membrane potential or cytochrome C release. One possible

explanation is that caspase-3 activation is not mediated by

mitochondrial pathway but by death receptor (extrinsic)

pathway where caspase-3 activation is dependent on caspase-

8 activation (Schulze-Osthoff et al., 1998). Another possible

explanation is that aminochrome induces endoplasmic

adducts with proteins or nDNA beceause it has been reported that aminochrome induces covalent modification of subunits of complex I and III of mitochondria

(35). Aminochrome induces the formation of alpha-synuclein protofibrils, but RCSN-3 cell line doesn’t have constitutive expression of alpha-synuclein (17).

Aminochrome takes up by dopamine transporter into RCSN-3 cells, and the majority of aminochrome is reduced by DT-diaphorase (reaction 1) but the excess of

aminochrome, that DT-diaphorase is not able to reduce, forms adducts with mitochondrial proteins (reaction 2) inducing autophagy (reaction 3) that prevent the cell

death. However, inhibition of the fusion of autophagic vacuoles with lysosomes in the presence of vinblastine results in the induction of cell death.
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reticulum stress with caspase-3 activation mediated by caspase-

12 activation (Hitomi et al., 2004; Jin et al., 2010) or that

caspase-3 can be pseudoactivated via calcium dependent

proteolysis which also is independent cytochrome C release

(Pelletier et al., 2005). The activation of caspase-3 mediated by

both intrinsic and extrinsic pathway should lead to cell death.

However, it is possible that the observed aminochrome-induced

caspase-3 activation is not enough to trigger apoptosis,

explaining why the cells treated with aminochrome induces

a moderate cell death and they don’t show cell shrinkage. This

idea is supported by the finding that in the embryonic

epidermis, the number of cells undergoing classical apoptosis

is as low as after birth despite the widespread expression and

activation of caspase-3, suggesting that elevated caspase-3

levels in these cells are not sufficient to trigger apoptosis.

Caspase-3 activation result instead in a selective targeting of

substrates that are involved in the keratinocyte differentiation

process including activation of protein kinase C-d (Okuyama

et al., 2004). Another possible explanation why the observed

aminochrome-induced caspase-3 activation cannot trigger

apoptosis is that activated caspase-3 can be degraded by

autophagy (Yang et al., 2008). The caspase-3 activation seems

to be prior to the formation autophagic vacuoles (Martin and

Baehrecke, 2004). It is possible that autophagy is being utilized

to maintain cell viability after the activation of caspases.

Interestingly, nonapoptotic functions for caspase-3 activation

have been reported where caspase-3 plays a regulatory role in

synaptic plasticity, neurogenesis, and also in cellular responses

to stroke, such as reactive astrogliosis and the infiltration of

macrophages (D’Amelio et al., 2010; Wagner et al., 2011).

Another interesting feature of aminochrome cell death is the

formation of autophagic vacuoles. Autophagy can lead to cell

death in response to cellular stress (Jo et al., 2010; Shen and

Codogno, 2011). However, autophagy is also an intracellular

bulk degradation process whereby cytoplasm proteins and

organelles are degraded and recycled through lysosomes

(Kuma and Mizushima, 2010; Matsui et al., 2008; Tettamanti

et al., 2008). It plays an important role in the elimination of

damaged organelles such as mitochondria, peroxisomes and

endoplasmic reticulum. There are several reports supporting

the idea that autophagy plays a protective role in Parkinson’s

disease (Rubinsztein et al., 2005) but also exist others reports

that involves in cellular death (Cheng et al., 2011; Choi

et al., 2010). Inhibition of chaperone-mediated autophagy

(CMA) leads to an accumulation of soluble high molecular

weight and detergent-insoluble species of alpha-synuclein

(Vogiatzi et al., 2008) and expression of mutant A53T induces

CMA dysfunction mediating aberrant alpha-synuclein toxicity

(Xilouri et al., 2009). The pathogenic A53T and A30P

a-synuclein mutants inhibit their own degradation and that of

other substrates (Cuervo et al., 2004). Aminochrome in the

presence of DIC induces the formation of autophagic vacuoles

with double membrane determined with electron microscopy.

The protein LC3 has been used as a specific marker for

quantification of autophagosomes and over expression of GFP-

LC3 is a well-accepted, straightforward, and specific assess-

ment of autophagosome formation that does not perturb

autophagosome number or function (Tanida and Waguri,

2010). RCSN-3 cells transfected with GFP-LC3 and incubated

with aminochrome and DIC showed that a significant increase

(16-fold) in number of cells with autophagic vacuoles in

comparison with control cells. Autophagy is a process that

occurs in several steps as follows: formation of phagophores,

formation of mature autophagosomes, targeting and trafficking

of autophagosomes to lysosomes, formation of autolysosomes

by fusion between autophagosomes and lysosomes, and

finally degradation of the autophagic bodies within the

lysosomes (Yamamoto et al., 2010). Vinblastine, that induces

autophagosome accumulation by blocking the fusion of these

organelles with endosomes and lysosomes (Seglen and

Brinchmann, 2010), showed a significant increase in the cell

death induced by aminochrome in the presence or absence of

DIC, suggesting that autophagy is a very important protective

mechanism against aminochrome-induced cell death. The

protective role of autophagy against aminochrome-induced

cell death was supported by the significant decrease of cell

death in cells preincubated with rapamycin because this

compound inactivate mTor pathway inducing a dramatic

upregulation in macroautophagy (Schmelzle and Hall, 2000).

Autophagy induction with rapamycin protects dopamine

neurons down regulating p53 and its related apoptotic

pathways and by inducing autophagy to degrade aggregated

proteins. Therefore, rapamycin might be protective against

neuronal injury in the Parkinson’s disease (Du et al., 2009).

Induction of autophagy mediated by rapamycin also prevents

rotenone-dependent apoptosis in SH-SY5Y cells (Pan et al.,
2009). Autophagy activation restores the mitochondrial

membrane potential impaired by rotenone in SH-SY5Y cell

lines overexpressing alpha-synuclein (Dadakhujaev et al.,
2010). Aminochrome induces both apoptosis features and

autophagy where apoptosis leads to the cell death and

autophagy is working as a rescue mechanism to recycle

damaged mitochondria in order to prevent the cell death.

Therefore, it seems to be plausible that inhibition of the fusion

of autophagy vacuoles with lysosomes in the presence of

vinblastine that increase aminochrome-induced cell death can

be associated to an increase of apoptosis as it has been reported

before (Tang et al., 2011) . Autophagy and apoptosis are not

mutually exclusive pathways, they could to act in synergy

where both pathways are inter-connected. It is possible that

both autophagy and apoptosis form part of the same

mechanism where autophagy acts as an antagonist to block

apoptosis promoting cell survival (Eisenberg-Lerner et al.,
2009). However, the data presented in this work are not enough

to support or discard this idea.

Aminochrome in the presence of DIC induces a significant

disruption in mitochondrial membrane potential determined by

JC-1 technique, as a consequence of mitochondrial outer
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membrane permeabilization leading to the release of proteins

such as cytochrome C that normally are found in the space

between outer and inner membranes. Disruption of the

mitochondrial membrane potential has been reported in

apoptosis and autophagy (Bustamante et al., 2004; Cui et al.,
2011). It is possible that mitochondrial membrane potential

disruption is a consequence of mitochondrial transition pores

formation or others pores (He and Lemasters., 2002; Tharakan

et al., 2009). Over expression of alpha-synuclein induces

activation of mitochondrial transition pore (Zhu et al., 2011).

There are reports indicating that mitochondrial transition pores

inhibitors prevented collapse in mitochondrial membrane

potential and also cytochrome c release (Tharakan et al.,
2009). Several studies showed that the mitochondrial

cytochrome c release occurs when exist mitochondrial de-

polarization, although also is possible in their absence (Cai

et al., 2011; Krohn et al., 1999). Our results with JC-1 are in

agreement with cytochrome C release from mitochondria

observed in cells incubated with aminochrome together

with DIC. Interestingly, no significant change in membrane

potential was observed when the cells were treated

with aminochrome alone that is in agreement with the lack

of cytochrome C release from mitochondria. Dopamine

o-quinone, the transient precursor of aminochrome, alters

mitochondrial respiration (Berman and Hastings, 1999).

Dopamine o-quinone is the precursor of aminochrome and is

a transient compound at physiological pH levels because its

amino chain undergoes cyclization to form aminochrome

(Segura-Aguilar and Lind, 1989). Dopamine o-quinone also

induces covalent modification in various mitochondrial pro-

teins, including proteins from the tricarboxylic acid cycle and

subunits of complex I and III (Van Laar et al., 2009).

Mitochondrial dysfunction and energy collapse seem to be

a mechanism involved in aminochrome neurotoxicity because

aminochrome induces covalent modifications of mitochondrial

proteins, mtDNA damage, and generates a redox cycling

between aminochrome and leukoaminochrome o-semiquinone

radical (reactions 3 and 4, Fig. 8) (Baez et al., 1995;

Segura-Aguilar et al., 1998) when aminochrome is reduced

by flavoenzymes that use NADH as electron donor. This

redox cycling depletes NADH and oxygen required for

mitochondrial respiration and ATP formation.

Our results support the proposed antioxidant and neuro-

protective role of DT-diaphorase because aminochrome

neurotoxicity is dependent on DT-diaphorase inhibition. DT-

diaphorase (EC.1.6.99.2) is a unique flavoenzyme, which

catalyzes the reduction of two electrons of quinones to

hydroquinone and can use both NADH and NADPH as electron

donators. DT-diaphorase immunoreactivity has been found in

neurons of both substantia nigra and ventral tegmental area, and

its colocalization with tyrosine hydroxylase-like immunoreac-

tivity has also been observed. DT-diaphorase constitutes 97% of

the total quinone reductase activity in rat substantia nigra

cytosol. DT-diaphorase immunoreactivity has also been found in

Bergmann glia, astrocytes, and tanycytes (Schultzberg et al.,
1988). The neuroprotective role of DT-diaphorase against

aminochrome in the presence of manganese is supported by

studies done by using the inhibitior DIC (Arriagada et al., 2004).

Although, DIC is a specific inhibitor of DT-diaphorase because

DT-diaphorase activity is defined as DIC sensitive quinone

reductase activity, we cannot discard an unspecific effect of DIC.

The use of short interfering RNA (siRNA) against DT-

diaphorase supports the neuroprotective role of this enzyme

against aminochrome neurotoxicity because the siRNA is acting

on DT-diaphorase mRNA silencing its expression and inducing

aminochrome neurotoxicity (Lozano et al., 2010). However, this

publication with siRNA did not include the results presented in

the present work related to caspase-3 activation, mtDNA

damage, disruption of mitochondria membrane potential,

cytochrome C release, mitochondria damage, and the role of

autophagic vacuoles with purified aminochrome when DT-

diaphorase is inhibited.

Aminochrome-induced cell death results presented in

Figures 1 and 6 are different because in Figure 1a, concentration

of 50lM aminochrome was used in the presence of DIC

inducing 62 ± 3% cell death, whereas in Figure 6 B, induces

only 43 ± 2% cell death. This discrepancy can be explained by

the fact that in Figure 6 was done in the presence of bovine

serum that provide some protection because aminochrome is

able to form adducts with proteins (LaVoie et al., 2005; Norris

et al., 2005; Paris et al., 2010; Van Laar et al., 2009; Whitehead

et al., 2001; Xu et al., 1998) resulting in a lower intracellular

concentration and subsequent lower cell death. The important is

that in both experiments, we have the same tendency where

aminochrome in the presence of DIC are more toxic than

aminochrome alone.

In conclusion, our results suggest the existence of two

different mechanisms for aminochrome-dependent cell death:

(1) One mechanism involves aminochrome alone in the

absence of DT-diaphorase inhibitors. DT-diaphorase prevents

that aminochrome can be one electron reduced or form adducts

with proteins at lower concentrations such as 30lM but at

higher concentration such as 50lM DT-diaphorase capacity to

reduce aminochrome with two electrons was surpassed

inducing cell death. However, the cell death observed in our

experiments in the presence of aminochrome alone is probably

dependent on its ability to form adducts with proteins, such as

complex I and III of mitochondrias electron chain (Van Laar

et al., 2008) because one electron reduction cannot proceed due

to NADH or NADPH are used by DT-diaphorase that is very

active and it is not inhibited. Aminochrome alone induces

a moderate cell death with caspase-3 activation, but no

significant disruption of mitochondrial membrane potential,

mtDNA damage, and yet the presence of nDNA damage.

Transmission electron microscopy showed a normal mitochon-

dria coexisting with an autophagic vacuole containing

a mitochondria-like organelle inside, and LC3-GFP technique

showed a significant increase in cells with autophagic vacuoles.
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The presence of vinblastine in cells incubated with amino-

chrome alone induced a significant cell death at the same level

that aminochrome induced in the presence of DIC, suggesting

that aminochrome alone induced cell death is depending on

inhibition of degradation and recycling of damaged organelles.

Vinblastine prevents the fusion of autophagic vacuoles with

endosomes and lysosomes and the increase in cell death

induced by aminochrome alone suggests that autophagy plays

an important protective role prolonging the survival by

degrading damaged organelles and recycled through lyso-

somes. This idea is supported by the effect of rapamycin that

induces autophagy, resulting in a significant decrease in the cell

death and (2) the other mechanism involves one electron

reduction of aminochrome when DT-diaphorase is inhibited,

inducing significant cell death, caspase activation, release of

cytochrome C, disruption of mitochondria membrane potential,

and mitochondria damage. This cell death is accompanied by

the formation of autophagic vacuoles that antagonize amino-

chrome neurotoxicity by degrading and recycling damaged

organelles through lysosomes. Therefore, our results suggest

that autophagy is an important protective mechanism against

aminochrome-induced cell death both in the absence and in the

presence of DT-diaphorase inhibitor DIC.
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