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A B S T R A C T

One of the major problems in the translation of successful preclinical results to clinical studies and new therapies in Parkinson’s disease is the use of preclinical
models based on exogenous neurotoxins that do not replicate what happens in the disease. The loss of dopaminergic neurons containing neuromelanin in Parkinson´s
disease takes years, contrasting the very rapid degeneration induced by exogenous neurotoxins. We discuss the role of endogenous neurotoxins generated during
dopamine oxidation and its possible use as new preclinical models for Parkinson´s disease.

Recently, a paper was published entitled “Mitochondrial alterations
in human samples and cellular models of Parkinson's disease”, whose
aim was to verify the molecular basis of altered mitochondrial dy-
namics observed in samples of the substantia nigra of sporadic
Parkinson's disease patients in the cell line SHSY5Y (undifferentiated)
by using 1-methyl-4-phenylpyridinium (MPP+) or dopamine as pre-
clinical toxins (Zilocchi et al., 2018). The protein level of voltage-de-
pendent anion channels (VDACs) decreased in the samples of patients
with Parkinson's disease, in comparison with control samples, as well as
decreased in SH-SY5Y cells treated with dopamine, while increasing in
SH-SY5Y cells treated with MPP+. The protein level of the cytochrome
c oxidase subunit 5β (COX5β) did not change in patients' samples or in
SH-SY5Y cells treated with dopamine, contrasting with a decrease in
cells treated with MPP+. The results for cells treated with dopamine
better showed the molecular picture observed in the samples of patients
with Parkinson's disease. The conclusions of this paper are highly sig-
nificant to the Parkinson's disease field because preclinical models,
based on exogenous neurotoxins, such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), 6-hydroxydopamine and rotenone, are still
used to study mechanisms or test new drugs for Parkinson's disease.
This is despite the fact that there is a long list of failed clinical studies
based on successful preclinical studies performed with exogenous
neurotoxins (Athauda and Foltynie, 2015; Lindholm et al., 2015; Park
and Stacy, 2015; Olanow et al., 2015a; b). The exogenous neurotoxin
MPTP or its metabolite MPP + induces an extremely rapid degenera-
tion, which contrasts with what happen in Parkinson's disease. MPTP
induced a severe Parkinsonism in just three days in humans after the
use of a synthetic drug contaminated with MPTP (Williams, 1986). The
degenerative process of the nigrostriatal neurons, before the appear-
ance of motor symptoms, and the progression of the disease take years
(Braak et al., 2004). This explains why MPTP or other exogenous

neurotoxins cannot be used to study molecular mechanisms of degen-
eration or design new disease-modifying drugs for Parkinson's disease
(Athauda and Foltynie, 2015). The extremely slow loss of dopaminergic
neurons containing neuromelanin in the nigrostriatal system suggests
that an endogenous neurotoxin must trigger different mechanisms in-
volved in the degenerative process observed in Parkinson's disease, such
as mitochondrial dysfunction, alpha-synuclein aggregation to neuro-
toxic oligomers, protein degradation dysfunction of both lysosomal and
proteasomal systems, endoplasmic reticulum stress, neuroinflammation
and oxidative stress. It seems plausible that the endogenous neurotoxin,
which triggers all these mechanisms involved in the loss of dopami-
nergic neurons containing neuromelanin in the nigrostriatal system, is
formed during dopamine oxidation.

Zilocchi et al. (2018) paper showed that the results obtained with
MPP+ were different to those obtained with dopamine alone, which
more closely resembles what was observed in Parkinson's patients.
VDAC1 and 2 were reduced by dopamine but increased by MPP+.
COX5β was found unchanged by dopamine, while it was lowered by
MPP+. Dopamine toxicity in vivo has been demonstrated to produce
both pre- and postsynaptic damage to nigrostriatal structures, sug-
gesting that dopamine could act as a low-potency neurotoxin (Filloux
and Townsend, 1993). Intrastriatal injection of dopamine induces se-
lective reduction of tyrosine hydroxylase staining, with a concomitant
increase in indices of dopamine oxidation. The specific loss of tyrosine
hydroxylase immunoreactivity was no longer detectable after the in-
jection of dopamine with an equimolar concentration of either ascorbic
acid or glutathione (Hastings et al., 1996, Rabinovic et al., 2000).
Changing both dopamine levels and alpha-synuclein expression in aged
mice induces progressive neurodegeneration (Mor et al., 2019). Free
cytosolic dopamine induces neurodegeneration in transgenic mice that
selectively overexpress the dopamine transporter in dopamine neurons.
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These mice experience a spontaneous loss of midbrain dopamine neu-
rons and increased oxidative stress markers, 5-S-cysteinyl-dopamine
and 5-S-cysteinyl-DOPAC (Masoud et al., 2015). Motor dysfunctions,
progressive neurodegeneration in the striatum, a substantial decrease in
glutathione, and oxidative protein modifications were observed in a
transgenic mouse with the ability to take up extracellular dopamine
without acquiring regulatory mechanisms found in dopamine neurons
(Chen et al., 2008). Dopamine toxicity seems to be dependent on its

ability to generate neurotoxic metabolites during its oxidation (Fig. 1).
Dopamine is synthetized in dopaminergic neurons and stored in

monoaminergic vesicles for neurotransmission, where it is completely
stable; in the cytosol, however, free dopamine can oxidize:

(i) Dopamine can undergo oxidative deamination, catalyzed by
monoamine oxidase, into 3,4-dihydroxyphenylacetaldehyde
(DOPAL). Aldehyde dehydrogenase catalyzes the conversion of

Fig. 1. Neurotoxic reactions during dopamine oxidation. Cytosolic dopamine undergoes oxidative deamination catalyzed by monoamine oxidase (MAO) to 3,4-
dihydroxyphenylacetaldehyde (DOPAL), with the concomitant formation of ammonia and hydrogen peroxide. DOPAL is converted to DOPAC, which is catalyzed by
aldehyde dehydrogenase-1 and 2. However, aldehyde dehydrogenase-1 (ALDH-1) has lower activity in Parkinson's patients, explaining DOPAL accumulation and
neurotoxic effects. DOPAL induces oxidative stress and alpha-synuclein aggregation. Dopamine o-quinone, the first intermediate formed during dopamine oxidation
to neuromelanin, induces proteasome and mitochondrial dysfunction. 5,6-indolequinone is demonstrated by NMR reacting with alpha-synuclein. Aminochrome
induces oxidative stress, neuroinflammation, alpha-synuclein aggregation to neurotoxic oligomers, mitochondrial dysfunction, endoplasmic reticulum stress, and
proteasome and autophagy dysfunction.
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DOPAL into 3,4-dihydroxyphenylacetic acid. There are two forms
of aldehyde dehydrogenase, i.e., −1 and −2; only aldehyde de-
hydrogenase-1 is low expressed in Parkinson's disease patients, re-
sulting in the accumulation of DOPAL, which cannot be degraded to
DOPAC. Mitochondrial aldehyde dehydrogenase-2 was significantly
increased in the putamen of patients compared to controls.
(Grünblatt et al., 2004, 2018; Grünblatt and Riederer, 2016;
Mandel et al., 2005; Goldstein et al., 2012, 2014; Deza-Ponzio
et al., 2018; Michel et al., 2014). Intranigral injection of DOPAL
induces the loss of tyrosine hydroxylase positive staining (Burke
et al., 2003; Panneton et al., 2010). DOPAL oxidation gives rise to a
transient DOPAL semiquinone radical and an ortho-quinone, which
exists exclusively in hydrated form (Anderson et al., 2011). N-
acetylcysteine decreases DOPAL-quinone formation and sponta-
neous dopamine oxidation during MAO inhibition (Jinsmaa et al.,
2018; Goldstein et al., 2017). DOPAL covalently modifies and in-
hibits tyrosine hydroxylase (Mexas et al., 2011). DOPAL induces
mitochondrial dysfunction (Kristal et al., 2001). DOPAL also in-
duces alpha-synuclein aggregation, which is enhanced by divalent
metal ions (Jinsmaa et al., 2014, 2018; Burke et al., 2008; Werner-
Allen et al., 2016, 2017; 2018; Follmer et al., 2015; Plotegher et al.,
2017). Alpha-synuclein mutations increase the formation of
DOPAL-induced alpha-synuclein oligomers (Lima et al., 2018).
Methionine oxidation of C-terminal domain alpha-synuclein is in-
volved in the formation of large oligomers induced by DOPAL
(Coelho-Cerqueira et al., 2019; Carmo-Gonçalves et al., 2018).
Alpha-synuclein binds to monoamine oxidase-B (MAO-B), stimu-
lating its enzymatic activity, which triggers asparagine en-
dopeptidase activation and subsequent alpha-synuclein cleavage at
N103. Rasagiline, an inhibitor of MAO-B decreases alpha-synuclein-
induced pathology and motor dysfunction (Kang et al., 2018). Ad-
ducts formed between DOPAL and aminoindan or rasagiline were
detected by mass spectrometry, with both compounds exerting a
neuroprotective effect against DOPAL-induced toxicity in cells
(Kumar et al., 2019);

(ii) Dopamine oxidation into neuromelanin involves the formation of
several ortho(o)-quinones, such as dopamine o-quinone, amino-
chrome and 5,6-indolequinone (Fig. 1). Under certain conditions,
these o-quinones can be neurotoxic (Fig. 1). Dopamine o-quinone
has been reported to form adducts with several mitochondrial
proteins, such as mitochondrial creatine kinase, ubiquinol-cyto-
chrome c reductase core protein 1, ubiquitin carboxy-terminal hy-
drolase L1 (UCHL-1), glucose-regulated protein 75/mitochondrial
HSP70/mortalin, mitofilin, glutathione peroxidase-4 and cytosolic
proteins, such as Parkinsonism-associated deglycase (DJ-1, PARK7),
and human dopamine transporter, alpha synuclein and parkin (Van
Laar et al., 2009; Hauser et al., 2013; Whitehead et al., 2001;
LaVoie et al., 2005; Conway et al., 2001). However, dopamine o-
quinone is unstable at physiological pH and immediately cyclizes
into aminochrome at a rate of s−1 (Tse et al., 1976; Segura-Aguilar
and Lind, 1989). Aminochrome is the most “stable” and studied of
the o-quinones formed during neuromelanin synthesis. Amino-
chrome is rendered neurotoxic by inducing mitochondrial dys-
function (Aguirre et al., 2012; Arriagada et al., 2004; Paris et al.,
2011; Muñoz et al., 2012a; Huenchuguala et al., 2017; Segura-
Aguilar and Huenchuguala, 2018), proteasome dysfunction (Zafar
et al., 2006; Zhou and Lim, 2009), oxidative stress (Arriagada et al.,
2004), autophagy dysfunction (Huenchuguala et al., 2014; Muñoz
et al., 2012b), the disruption of cytoskeleton architecture (Paris
et al., 2010), the inhibition of microtubule polymerization (Briceño
et al., 2016), neuroinflammation (de Araújo et al., 2018; Santos
et al., 2017), lysosome dysfunction (Meléndez et al., 2019), en-
doplasmic reticulum stress (Xiong et al., 2014), and the formation
of neurotoxic oligomers of alpha-synuclein (Muñoz et al., 2015;
Muñoz and Segura-Aguilar, 2017). Aminochrome is rearranged into
5,6-indolequinone at a rate of 0.06 min−1 (Bisaglia et al., 2007),

while it has been reported that 5,6-indolequinone forms adducts
with alpha-synuclein (Bisaglia et al., 2007). A non-identified o-
quinone called dopaminochrome, which forms during dopamine
oxidation, has been reported but its structure remains unknown.
Dopaminochrome is not aminochrome because its absorption
spectrum is different (dopaminochrome has a peak at 303 and
479 nm, while aminochrome has a peak at 287, and 477 nm), and
aminochrome structure has been determined by NMR (Ochs et al.,
2005; Paris et al., 2010). It seems plausible that it corresponds to
5,6-indolequinone. Dopaminochrome has been reported to be
neurotoxic in cell cultures (Linsenbardt et al., 2009, 2012), while
the unilateral injection of dopaminochrome induced a slow and
progressive degeneration in the dopaminergic neurons in the sub-
stantia nigra (Touchette et al., 2016). Dopaminochrome induces
reversible inhibition of alpha-synuclein fibrillization by promoting
conformational changes resulting in the formation of spherical
oligomers. Dopaminochrome induces conformational changes by
interacting with the 125YEMPS129 motif of alpha-synuclein (Norris
and Giasson, 2005).

Dopamine oxidation into neuromelanin is a normal and harmless
pathway because neuromelanin accumulates with age, with healthy
seniors having intact dopaminergic neurons in their substantia nigra
(Zecca et al., 2002). It is a paradox that neurotoxic o-quinones are
formed during the synthesis of neuromelanin, which is a harmless
process. An explanation for this paradox is the existence of two en-
zymes, which prevent aminochrome neurotoxicity (Fig. 2). DT-dia-
phorase, a flavoenzyme expressed in dopaminergic neurons and astro-
cytes, catalyzes the two-electron reduction of aminochrome into
leukoaminochrome (Segura-Aguilar and Lind, 1989), preventing ami-
nochrome-induced cell death (Lozano et al., 2010), mitochondrial
dysfunction (Arriagada et al., 2004; Muñoz et al., 2012a; Paris et al.,
2011), lysosome and autophagy dysfunction (Meléndez et al., 2019;
Muñoz et al., 2012b; Huenchuguala et al., 2014), proteasome dys-
function (Zafar et al., 2006), the disruption of cytoskeleton architecture
(Paris et al., 2010), oxidative stress (Arriagada et al., 2004), and the
formation of neurotoxic alpha-synuclein oligomers (Muñoz et al., 2015;
Muñoz and Segura-Aguilar, 2017). Glutathione transferase M2-2
(GSTM2), expressed in human astrocytes, catalyzes the GSH conjuga-
tion of aminochrome into 4-S-glutathionyl-5,6-dihydroxyindoline,
which does not oxidize in the presence of superoxide, oxygen and hy-
drogen peroxide (Segura-Aguilar et al., 1997; Baez et al., 1997). GSTM2
also catalyzes the GSH conjugation of the aminochrome precursor do-
pamine o-quinone into 5-glutathionyl-dopamine (Dagnino-Subiabre
et al., 2000). 5-glutathionyl-dopamine is enzymatically degraded to 5-
cysteinyl dopamine, which is an end metabolite that can be eliminated
from the cells. Interestingly, 5-cysteinyl-dopamine has been detected in
the substantia nigra, globus pallidus, putamen, caudate nucleus, neu-
romelanin and cerebrospinal fluid of Parkinson's disease patients
(Carstam et al., 1991; Rosengren et al., 1985; Cheng et al., 1996).
GSTM2 prevents aminochrome-induced neurotoxicity, autophagy, ly-
sosome dysfunction and mitochondrial dysfunction (Huenchuguala
et al., 2014, 2017; Segura-Aguilar and Huenchuguala, 2018). Amino-
chrome, conjugated with glutathione, which is catalyzed by GSTM2 in
the presence of alpha-synuclein, forms nontoxic alpha-synuclein oli-
gomers (Huenchuguala et al., 2019).

The protective role of GSTM2 is not restricted to astrocytes, where it
is expressed, as this enzyme also protects dopaminergic neurons by
secreting GSTM2 from astrocytes, which dopaminergic neurons inter-
nalize into the cytosol to prevent aminochrome-induced neurotoxicity
(Cuevas et al., 2015). The question is why DT-diaphorase and GSTM2
do not protect dopaminergic neurons containing neuromelanin against
aminochrome neurotoxicity in Parkinson's patients. A possible ex-
planation for the lack of protection against aminochrome neurotoxicity
is that (i) aminochrome concentration surpasses protective enzymes'
capacity as a consequence of a localized increase in free dopamine in a
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single dopaminergic neuron, leading to an increase of dopamine oxi-
dation to o-quinones, such as aminochrome. Vesicular monoamine
transporter-2 (VMAT-2) plays a key role in the prevention of dopamine
oxidation since it transports dopamine into monoaminergic vesicles,
where dopamine is completely stable and accumulates for neuro-
transmission. Dopamine transport into monoaminergic vesicles, medi-
ated by VMAT-2, is coupled to an ATPase, which pumps protons into
the vesicle, decreasing its pH (Segura-Aguilar et al., 2014). The ex-
istence of a kind of complex of tyrosine hydroxylase, aromatic L-amino
acid decarboxylase and VMAT-2 prevents the release of free cytosolic
dopamine during dopamine synthesis from tyrosine, which is localized
in the membrane of monoaminergic vesicles (Cartier et al., 2010).
Neuromelanin formation is dependent on dopamine oxidation to o-
quinones; therefore, the level of VMAT-2 expression is inversely cor-
related with the level of neuromelanin in dopaminergic neurons (Liang
et al., 2004). Overexpression of VMAT-2 prevents neuromelanin for-
mation (Sulzer et al., 2000). Dopamine uptake and binding of VMAT-2
inhibitor were significantly decreased in monoaminergic vesicles iso-
lated from Parkinson's disease patients' brains, in comparison to control
brains (Pifl et al., 2014). It seems to be plausible that, under certain
conditions, VMAT-2 expression is downregulated or inhibited, allowing
the existence of free dopamine in excess surpassing neuroprotective
enzyme capacity, leading to the death of a single neuron. Over time
(years), the loss of a single dopaminergic neuron containing neurome-
lanin accumulate until the motor symptoms appear, and (ii) the ex-
pression level of DT-diaphorase and GSTM2 decreases, or they are in-
hibited under certain unknown conditions, allowing the existence of no

metabolized aminochrome. Lack of metabolism by protective enzymes
may lead to one-electron reduction of aminochrome into leukoamino-
chrome o-semiquinone radical, generating redox cycling between this
radical, which autoxidizes by reducing oxygen to superoxide and ami-
nochrome. This redox cycling depletes NADH and oxygen, in turn in-
ducing mitochondrial dysfunction, oxidative stress and neuroin-
flammation, and/or form adducts with proteins such as alpha-
synuclein, complex I, proteasome, endoplasmic reticulum, vacuolar H-
type ATPase localized in lysosome membrane, tubulin and actin.

Zilocchi et al. (2018) paper used two different neurotoxin models in
SH-SY5Y cells, dopamine and the complex I inhibitor MPP+, to verify
the molecular basis of altered mitochondrial dynamics observed in
samples of the substantia nigra of sporadic Parkinson's disease patients.
MPP+ is the neurotoxic metabolite of the exogenous neurotoxin MPTP.
The major disadvantages of MPP + as a neurotoxin model are as fol-
lows:

(i) It is an exogenous neurotoxin and induces acute degeneration, in
contrast with the extremely slow degeneration observed in the
disease. MPP + has a high affinity to dopamine transporter and
affects all possible dopaminergic neurons expressing dopamine
transporter, resulting in severe Parkinsonism in just three days
(Williams, 1986).

(ii) Results from preclinical studies cannot be translated to successful
clinical studies (Athauda and Foltynie, 2015).

(iii) MPP+ is a complex I inhibitor, inducing mitochondrial dysfunc-
tion (Kim et al., 2018; Zhao et al., 2019; Liu et al., 2017), while

Fig. 2. Neuroprotective reactions in dopamine oxidation to aminochrome. Dopamine oxidizes into dopamine o-quinone, which immediately cyclizes into
aminochrome. Aminochrome can be neurotoxic by inducing autophagy and proteasome dysfunction, endoplasmic reticulum stress, mitochondrial dysfunction, the
formation of alpha-synuclein (SNCA) neurotoxic oligomers, neuroinflammation and oxidative stress. However, DT-diaphorase and GSTM2 prevent aminochrome
toxicity, in both dopaminergic neurons and astrocytes. GSTM2 is expressed in astrocytes, but this enzyme also protects dopaminergic neurons by secreting GSTM2,
which dopaminergic neurons are internalized in the cytosol to prevent aminochrome-induced neurotoxicity.
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ATP depletion seems to be the major cause of MPP + -induced
dopamine neuronal death (Wang et al., 2007).

It is, in general, believed that autophagy dysfunction plays an im-
portant role in the degeneration of nigrostriatal neurons in Parkinson's
disease (Karabiyik et al., 2017), while autophagy (mitophagy) plays a
highly important role in maintaining mitochondrial function
(Huenchuguala et al., 2017). However, MPP + has been reported to
induce autophagy over activation (Nopparat et al., 2014; Zhu et al.,
2007; Xie et al., 2019; Zhao et al., 2019), but mitochondrial dysfunction
was not restored. There is a limited body of literature on dopamine
toxicity in vivo; but, in general, it is accepted that the neurotoxic action
of dopamine depends on dopamine's ability to oxidize to DOPAL and o-
quinones, such as aminochrome, during neuromelanin synthesis. The
neurotoxicity of DOPAL is based on the low mRNA expression of al-
dehyde dehydrogenase-1 in postmortem samples of Parkinson's disease
patients (Galter et al., 2003). It is unclear how aldehyde dehy-
drogenase-1 is downregulated in Parkinson's disease, and there are
several ways to repress or induce the expression of a gene in a cell. In
postmortem tissue, total RNA is extracted for the nucleotide array
(Grünblatt et al., 2004) and probably changes in the promotor sequence
affecting RNA polymerase interaction, with the promoter resulting in
changes in the rate of DNA transcription. Modification of the promotor
sequence will probably result in the early onset of the disease in a fa-
milial form, while its relevance in the sporadic form of the disease is
clear. Dopamine oxidation to neuromelanin generates aminochrome
inside of the dopaminergic neurons containing neuromelanin, which
are lost in the disease, and triggers all the mechanisms proposed to be
involved in the degeneration of the nigrostriatal system.

In conclusion, the relevance of Zilocchi et al. (2018) paper is that it:
(i) supports the idea that exogenous neurotoxins are not suitable for
testing new drugs or studying mechanisms for Parkinson's disease
(which could come as a surprise to many scientists who are still using
these preclinical models); and (ii) demonstrates that preclinical models
based on dopamine are closer to what happens in the disease.
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