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Abstract  
The positive effect of levodopa in the treatment of Parkinson’s disease, although it is limited in time 
and has severe side effects, has encouraged the scientific community to look for new drugs that can 
stop the neurodegenerative process or even regenerate the neuromelanin-containing dopaminergic 
nigrostriatal neurons. Successful preclinical studies with coenzyme Q10, mitoquinone, isradipine, 
nilotinib, TCH346, neurturin, zonisamide, deferiprone, prasinezumab, and cinpanemab prompted 
clinical trials. However, these failed and after more than 50 years levodopa continues to be the 
key drug in the treatment of the disease, despite its severe side effects after 4–6 years of chronic 
treatment. The lack of translated successful results obtained in preclinical investigations based on 
the use of neurotoxins that do not exist in the human body as new drugs for Parkinson’s disease 
treatment is a big problem. In our opinion, the cause of these failures lies in the experimental animal 
models involving neurotoxins that do not exist in the human body, such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and 6-hydroxydopamine, that induce a very fast, massive and expansive 
neurodegenerative process, which contrasts with the extremely slow one of neuromelanin-containing 
dopaminergic neurons. The exceedingly slow progress of the neurodegenerative process of the 
nigrostriatal neurons in idiopathic Parkinson’s patients is due to (i) a degenerative model in which the 
neurotoxic effect of an endogenous neurotoxin affects a single neuron, (ii) a neurotoxic event that 
is not expansive and (iii) the fact that the neurotoxin that triggers the neurodegenerative process is 
produced inside the neuromelanin-containing dopaminergic neurons. The endogenous neurotoxin 
that fits this degenerative model involving one single neuron at a time is aminochrome, since it (i) is 
generated within neuromelanin-containing dopaminergic neurons, (ii) does not cause an expansive 
neurotoxic effect and (iii) triggers all the mechanisms involved in the neurodegenerative process of 
the nigrostriatal neurons in idiopathic Parkinson’s disease. In conclusion, based on the hypothesis 
that the neurodegenerative process of idiopathic Parkinson’s disease corresponds to a single-
neuron neurodegeneration model, we must search for molecules that increase the expression of the 
neuroprotective enzymes DT-diaphorase and glutathione transferase M2-2. It has been observed 
that the activation of the Kelch-like ECH-associated protein 1/nuclear factor (erythroid-derived 2)-
like 2 pathway is associated with the transcriptional activation of the DT-diaphorase and glutathione 
transferase genes.
Key Words: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 6-hydroxydopamine; aminochrome; 
dopaminergic neurons; DT-diaphorase; exogenous neurotoxins; glutathione transferase M2-2; 
neuromelanin; Parkinson’s disease; preclinical models 

Parkinson’s Disease
The appearance of motor symptoms in Parkinson’s disease (PD) is preceded 
by a series of indications that are not related to the loss of dopaminergic 
(DA) nigrostriatal neurons. These premotor symptoms appear years before 
the motor ones. Different stages of PD have been proposed in which the 
premotor symptoms such as depression, hyposmia, anxiety, sleep disorders, 
and constipation present years before the motor ones. Lewy bodies and 
Lewy neurites appear in brain regions such as the medulla oblongata/pontine 
tegmentum, the olfactory bulb/anterior, and the olfactory nucleus (Braak et 
al., 2003). These are mainly composed of accumulations of alpha-synuclein 
(SNCA) fibrils. SNCA is a monomeric protein that under certain circumstances 
aggregates to form fibrils or alternatively oligomers (Mehra et al., 2019). The 
formation of these Lewy bodies and Lewy neurites in these regions spreads 
to other areas, affecting, after years, the substantia nigra, forebrain, and 
midbrain, which induces motor symptoms such as tremors at rest, muscular 
rigidity, global slowness, and instability. This model for the progression of 
idiopathic Parkinson’s disease (iPD) from one region of the brain to another 
is mediated by the propagation of Lewy bodies and Lewy neurites (Hijaz and 
Volpicelli-Daley, 2020).

The Lack of Advances in New Pharmacological 
Therapy in Parkinson’s Disease
In 1957, the association between dopamine depletion resulting from the loss 
of neuromelanin-containing (NM) DA neurons and motor symptoms in PD 
was discovered when it was observed that levodopa (L-dopa) decreased the 
immobilizing effect of reserpine (Carlsson, 1957). More than five decades 
have passed since L-dopa started to be used in the treatment of PD and this 

drug continues to be the key treatment in this disease. The effects of this 
pharmacological treatment are spectacular, as the patients recover their 
mobility and are able to return to daily life (Birkmayer and Hornykiewicz, 
1998). However, severe side effects appear after four to six years of chronic 
treatment, such as dyskinesias, that change the patient’s life quality (Lane, 
2019). 

During the five decades since L-dopa was introduced into the treatment of 
PD, a series of clinical studies have been carried out on the basis of successful 
evidence obtained from experimental animal models based on neurotoxins 
that do not exist in the human body, such as 6-hydroxydopamine and 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The problem is that 
these successful preclinical investigations have failed in the advanced phases 
of clinical ones. For example, the neuroprotective effect of coenzyme Q10 
could not be verified in a phase 3 clinical study that included 67 different 
medical centers that found no clinical benefits (Parkinson Study Group QE3 
Investigators et al., 2014). Another carried out in 45 medical centers with 
creatine for five years failed to demonstrate that creatine monohydrate 
produced neuroprotective effects (Writing Group for the NINDS Exploratory 
Trials in Parkinson Disease (NET-PD) Investigators et al., 2015). The protective 
effect of mitoquinone noted in preclinical research could not be confirmed in 
a clinical trial with 128 PD patients (Snow et al., 2010). The antioxidant effect 
of urate detected in an experimental animal model could not be validated in 
a phase 3 trial, as no difference with the placebo control group was observed 
(Schwarzschild et al., 2021). 

Isradipine, an L-type calcium channel antagonist that had successful effects 
in experimental animal models, failed to produce beneficial clinical effects 
in an evaluation conducted at 57 medical centers (Simuni et al., 2020). The 
neuroprotection of DA neurons noted with the c-Abl inhibitor nilotinib in 
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preclinical studies demonstrated no clinical benefit in a clinical one with 76 
PD patients (Simuni et al., 2021). The protective effect of the antiapoptotic 
drug TCH346 in preclinical studies did not show any differences with the 
placebo in clinical ones (Warren Olanow et al., 2006). The results of glial cell-
derived neurotrophic factor in preclinical studies were spectacular because 
the regeneration of DA neurons could be detected, which promised not only 
to halt the progress of the disease but also to treat patients with dyskinesias. 
However, a glial cell-derived neurotrophic factor analog, adeno-associated 
type-2 vector neurturin, indicated no clinical benefit in a 15- to 24-month 
multicenter investigation (Warren Olanow et al., 2015). The neuroprotective 
effect of the chelator agent deferiprone in preclinical studies could not be 
repeated in a clinical one with 367 PD patients who had never received 
L-dopa treatment. On the contrary, deferiprone worsens the symptoms of 
parkinsonism measured with the Movement Disorder Society-Sponsored 
Revision of the Unified PD Rating Scale (Devos et al., 2022). A clinical trial 
with zonisamide, an antiepileptic drug, did not decrease tremors in symptom-
dominant patients more than the tremors that had been observed in 
preclinical ones (Pillai et al., 2022). 

The possible role of SNCA aggregation in PD has motivated clinical studies 
with prasinezumab monoclonal antibodies. One phase 2 trial involved 316 
participants who received these monoclonal antibodies for 52 weeks and 
were evaluated with the Movement Disorder Society-Sponsored Revision of 
the Unified PD Rating Scale and the measurement of dopamine transporter 
(DAT) levels measured with 123I-ioflupane single-photon emission computed 
tomography (SPECT). However, this was discontinued due to the lack of effect 
compared to the placebo group (Pagano et al., 2022). Another phase 2 trial 
with monoclonal antibodies derived from human SNCA (cinpanemab) showed 
no differences with the placebo group and the researchers decided to end 
these clinical studies (Lang et al., 2022).

Preclinical Models Based on Neurotoxins That 
Do Not Exist in the Human Body 
The experimental animal models used in studying the mechanisms of PD 
and testing new molecules with therapeutic potential for the disease are 
based on neurotoxins that do not exist in the human body, including MPTP 
and 6-hydroxydopamine (Teixera et al., 2020; Capucciati et al., 2021; Qiu 
et al., 2022). These neurotoxins share an experimental animal model that, 
first, is of high specificity with respect to their neurotoxic effects on DA 
neurons. MPTP is easily transported through the blood-brain barrier and in 
the brain, it is taken up by astrocytes, where MPTP is converted to 1-methyl-
4-phenylpyridinium (MPP+), which has a high affinity for the DAT, giving 
it its high specificity. Due to its high level of analogy with the dopamine 
structure, 6-hydroxydopamine itself has a high affinity for the DAT. In addition, 
6-hydroxydopamine is highly unstable in the presence of dioxygen, which 
needs an injection of 6-hydroxydopamine in the presence of ascorbic acid to 
prevent its autoxidation before being injected into the nigrostriatal neurons. 
Second, these models also induce a massive, expansive, and extremely rapid 
neurodegeneration as all their molecules try to penetrate all the DA neurons 
to which they have access. The effect of these neurotoxins is the opposite 
of what happens in the disease, where the progress is very slow (Kostrzewa, 
2022; Figure 1A). The difference between these two neurotoxins, in addition 
to their different structures, is that only MPTP has been used in humans, 
which occurred when several drug users with a knowledge of chemistry 
decided to synthesize their illicit drugs that were unfortunately contaminated 
with MPTP. The drug users who consumed these illicit drugs contaminated 
with MPTP developed severe parkinsonism in only three days (Williams, 1984; 
Figure 1C; Table 1). 

Single-Neuron Neurodegeneration as a 
Degenerative Model for Idiopathic Parkinson’s 
Disease 
To search for new pharmacological therapies in iPD, we must deeply analyze 
the characteristics of the disease. The neurodegenerative process in iPD is 
characterized by being an extremely slow one that takes years before motor 
symptoms appear. It has recently been estimated that the human substantia 
nigra pars compacta includes between 800,000 and 1,000,000 DA neurons, 
considering both hemispheres of the human brain (Ni and Ernst, 2022). This 
implies that an iPD patient has between 320,000 and 400,000 surviving DA 
neurons when motor symptoms appear after losing 60% of these neurons 
(Figure 1B). Generally, patients with PD live 15 to 20 years after the onset of 
motor symptoms, although there are individuals who live more than 20 years 
after diagnosis (Dorsey et al., 2018). Therefore, if we assume that a patient 
with iPD lives 15 years after the onset of motor symptoms, this implies that 
58 to 73 NM DA neurons are lost every day (Segura-Aguilar and Mannervik, 
2023). This is an estimate based on the years of survival of a patient with iPD 
from the onset of motor symptoms, at which point 60% of NM DA neurons 
have already been lost. However, if a greater number of neurons were lost, 
the years of survival would be fewer. Nor can it be ruled out that over a 
period of time, the neurodegeneration of these neurons is slower or faster. 
The important point is to keep in mind that the neurodegenerative process of 
these neurons is very slow and the UDPRS scale may not be sensitive enough 
to detect small changes. The single-neuron neurodegenerative process 
explains the extremely slow one in iPD since there is no expansive effect 
where the affected neurons secrete the neurotoxin to other neighboring 

ones. In one year of degeneration according to this single-neuron model, the 
loss of between 21,170 and 26,645 neurons would accumulate. The question 
is whether the methodology used in clinical studies to measure the effect 
of a new drug is sensitive enough to detect these small and slow changes in 
the neurodegenerative process of the disease. In phase 2 clinical trials with 
monoclonal antibodies against SNCA, no difference was observed with the 
placebo group after one year of SPECT measurements (Lang et al., 2022; 
Pagano et al., 2022).

The extremely rapid and massive neurodegenerative process that MPTP 
elicits in DA human nigrostriatal neurons (Williams, 1984) suggests that 
the neurodegenerative process in patients with iPD may not be triggered 
by neurotoxins that do not exist in the human body, but rather by an 
endogenous neurotoxin that is formed within NM DA neurons to cause the 
death of a single neuron. This implies that each degenerative event will be 
focused on and induce the death of a single NM DA neuron (Figure 1B). The 
single-neuron neurodegenerative process explains the extremely slow one in 
iPD, since there is no expansive effect where the affected neurons secrete the 
neurotoxin to other neighboring neurons (Figure 1D). 

A
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Figure 1 ｜ The single neuron degeneration model. 
(A) MPTP or 6-hydroxydopamine induces a degenerative process of an expansive 
nature where the degenerative process does not stop at the time of the onset of the 
neurotoxic action of these neurotoxins but rather increases very rapidly day by day. (B) 
In the degenerative model of single neuron degeneration, an endogenous neurotoxin 
generated within the same affected neuron triggers a degenerative process that ends 
with the death of a single neuron, but unlike the expansive model, this degenerative 
process does not affect neighboring neurons. and it stops. In this single-neuron 
degenerative model, the death of a single neuron accumulates over time over the years. 
(C) MPTP-induced parkinsonism in humans in just 3 days 85–90% of NM DA neurons are 
lost. (D) It has been estimated that in the human substantia nigra pars compacta there 
are between 800,000 and 1,000,000 dopaminergic neurons, which implies that when 
motor symptoms appear, between 320,000 and 100,000 surviving neurons remain as a 
result of the loss of 60% of these neurons. If we consider that a patient survives 15 years 
after the onset of motor symptoms, this implies that the rate of loss of NM-DA neurons 
is 58–73 per day. Created with ChemDraw. DA: Dopaminergic; MPTP: 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; NM: neuromelanin-containing; PD: Parkinson’s disease; SN: 
substantia nigra. 

It is impossible to determine the therapeutic effect of a potential new drug 
in the treatment of iPD with an expansive, massive, and extremely rapid 
experimental animal model because it is entirely dissociated from the rate 
of the neurodegenerative process in the disease. In unsuccessful clinical 
studies with antioxidants, the therapeutic action of a daily dose neutralizes 
the oxidative stress produced in the 58–73 neurons that degenerate daily. 
However, this therapeutic action does not prevent other new neurons from 
degenerating the next day because this treatment does not inhibit the 
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generator of oxidative stress. The number of NM DA neurons lost in the 
single-neuron neurodegenerative process in iPD increases at a very slow rate 
(58 to 73 neurons per day), and it takes many years to register the therapeutic 
effects that are observed in the aforementioned type of experimental animal 
models (Figure 1).

Possible Endogenous Neurotoxins for the 
Single-Neuron Neurodegenerative Model for 
Parkinson’s Disease   
The extremely rapid, massive, and expansive effect of MPTP in humans 
strongly suggests that the neurotoxin that triggers all the mechanisms 
involved in the iPD process, such as mitochondrial impairment, oxidative 
and endoplasmic reticulum stress, and neuroinflammation, as well as 
the formation of neurotoxic SNCA oligomers and the dysfunction of both 
lysosomal and proteasomal protein degradation systems, must be of 
endogenous origin (Segura-Aguilar, 2021, 2022a). Following the logic of the 
single-neuron degenerative model, this endogenous neurotoxin must (i) be 
generated within NM DA nigrostriatal neurons, (ii) not have an expansive 
character that affects neighboring neurons and (iii) induce the mechanisms 
that are considered to be involved in the neurodegenerative process of iPD.

Three endogenous neurotoxins are known to exist that are formed in DA 
neurons containing neuromelanin: 

SNCA is a protein that can aggregate to form fibrils that accumulate in Lewy 
bodies that have been observed in postmortem tissues that have survived 
the years-long neurodegenerative process in patients with PD. It has been 
postulated that Lewy bodies play a key role in PD, in which they are secreted 
into neighboring neurons and transferred from one region of the brain to 
another (Braak et al., 2003). This expansive character of Lewy bodies rules 
out the idea that this could be the neurotoxin that induces a single-neuron 
neurodegenerative process in iPD. In addition, it has been proposed that Lewy 
bodies have a protective role through accumulating SNCA fibrils that prevent 
the formation of the neurotoxic oligomers of this protein (Wakabayashi et al., 
2013). SNCA can also aggregate into neurotoxic oligomers when there is a 
mutation that is associated with familial PD (Mehra et al., 2019). In the case of 
iPD, SNCA exists as a monomer and requires that the endogenous neurotoxin 
aminochrome (AM) causes the aggregation of SNCA to neurotoxic oligomers 
(Muñoz et al., 2015). This means that SNCA cannot be the endogenous 
neurotoxin that triggers the single-neuron neurodegenerative process, since it 
needs the action of another endogenous neurotoxin to form these neurotoxic 
oligomers. In addition, the lack of any effect of monoclonal antibodies against 
human SNCA in phase 2 clinical studies undertaken for one year questions the 
possible role of SNCA as an endogenous neurotoxin that triggers the loss of 
NM DA nigrostriatal neurons in iPD (Lang et al., 2022; Pagano et al., 2022).

Second, 3,4-dihydroxyphenylacetaldehyde (DOPAL) is a product of dopamine 
oxidative deamination catalyzed by monoamine oxidase (Goldstein, 2021). A 
study of enzyme expression in postmortem tissues of patients with PD found 
that the expression levels of the enzyme aldehyde dehydrogenase-1 were 
lower than those of tissues from control brains (Grünblatt et al., 2018), which 

implied that DOPAL should accumulate in DA neurons, generating neurotoxic 
effects. The problem is that the postmortem tissue represents the neurons 
and glial cells that have survived a neurodegenerative process for years, since 
the tissue of the neurons that degenerated was eliminated by the microglia 
that phagocyted them years before.

Free neuromelanin: the synthesis of neuromelanin needs the formation of 
neurotoxic ortho-quinones such as AM that are prevented by the enzymes 
DT-diaphorase (DT) and glutathione transferase M2-2 (GSTM2). Neuromelanin 
accumulates in isolated structures called NM organelles that prevent the 
oxidation of neuromelanin polymer catechol structures, which can be 
neurotoxic. The injection of neuromelanin into rodent substantia nigra 
triggers the activation of microglia, resulting in the loss of DA neurons. The 
rupture of NM organelles during the degradation of NM DA neurons would 
imply the exposure of free neuromelanin to all surrounding neurons that 
would cause an expansive neurotoxic effect (Zhang et al., 2011).

AM is generated during the synthesis of neuromelanin, which is a dark 
pigment that accumulates over the years in DA nigrostriatal neurons (Segura-
Aguilar, 2021). At a physiological pH in the cytosol, dopamine can be oxidized 
to produce dopamine ortho-quinone, which is stable at a pH of less than 
2.0. This transient metabolite of neuromelanin synthesis rapidly cyclizes at 
a rate of 0.1/second, finally forming AM. AM is also a transient metabolite 
that is formed during the synthesis of neuromelanin, but it is the most stable 
within the synthesis of this pigment since the rate of conversion of AM to 
5,6-indolequinone is 0.06/minute and it is stable around 40 minutes in vitro 
(Zecca et al., 2002; Bisaglia et al., 2007; Figure 2). AM is neurotoxic in that 
it causes mitochondrial impairment by inhibiting complex I, leading to the 
dysfunction of both lysosomal and proteasomal protein degradation systems, 
as well as endoplasmic reticulum and oxidative stress, neuroinflammation, 
and the formation of neurotoxic oligomers of SNCA (Arriagada et al., 2004; 
Zafar et al., 2006; Paris et al., 2011; Aguirre et al., 2012; Muñoz et al., 2012a; 
Huenchuguala et al., 2014, 2017; Xiong et al., 2014; Santos et al., 2017). 
A unilateral injection of AM into the striatum of rats induces neuronal 
dysfunction with the progressive degeneration of tyrosine hydrolase-
positive neurons in the substantia nigra, but the terminals of these neurons 
in the striatum remain intact. It also leads to neuronal dysfunction with 
significant decreases in denosine triphosphate production, the number of 
monoaminergic vesicles in the terminals, and dopamine release, as well as 
a significant increase in gamma-aminobutyric acid, a dramatic change in the 
morphology of tyrosine hydroxylase positive neurons called cell shrinkage, 
and contralateral behavior (Herrera et al., 2016).

Why Neuromelanin Synthesis Is a Normal and 
Inoffensive Pathway in Healthy Seniors
Neuromelanin is a dark pigment that accumulates in double-membrane 
structures (Fuentes et al., 2007; Zucca et al., 2023) called NM organelles, 
which are composed of granules of neuromelanin and lipids with a size 
of 200-600 nm in the substantia nigra of the human brain (Biesemeier 
et al., 2016). It has been proposed that NM organelles are specialized 
autolysosomes that contain some membrane and matrix proteins of typical 

Table 1 ｜ Limitations and advantages of preclinical models for Parkinson's disease

Preclinical models Limitations References

6-Hydroxydopamine Induces rapid, massive, and expansive neurotoxicity.  It has high affinity with dopamine and norepinephrine 
transporters, which needs its use in the presence of a norepinephrine transporter inhibitor to ensure its specificity 
to the dopaminergic system.

Kostrzewa, 2022

MPTP It induces a massive and expansive neurotoxicity. In humans, it induces severe Parkinson's in just three days. High 
specificity to the dopaminergic system but needs metabolism in astrocytes to convert MPTP to MPP+ which has a 
high affinity for the DAT.

Williams, 1984; 
Goloborshcheva et al., 2022

Rotenone It induces a massive, rapid and expansive neurotoxicity. Its effect is not specific and can affect other neuronal 
systems and glia cells.

Khalaf et al., 2023

Paraquat It induces a massive, rapid and expansive neurotoxicity. In humans, exposure to paraquat induces parkinsonism in 
young workers using this product.

Niso-Santano et al., 2010

Tyrosinase transduction It induces the formation of melanin which is different from neuromelanin. It produces an expansive neurotoxic 
effect that affects all types of neurons and glial cells.

Carballo-Carbajal et al., 2019

3,4-Hihydroxyphenylacetaldehyde 
(DOPAL)

The accumulation of DOPAL depends on a low expression of aldehyde dehydrogenase-1, which has been observed 
in postmortem material. The problem is that the postmortem tissue represents the neurons and glial cells that 
survived a degenerative process for years, since the tissue of the neurons that degenerated was eliminated by the 
microglia that phagocyted them years before;

Grünblatt et al., 2018; 
Goldstein, 2021

Free neuromelanin Free neuromelanin induces microglia activation and neurodegeneration. This model is expansive since the 
injection of free neuromelanin will affect all the neurons in the place where it is injected.

Zhang et al., 2011

Aminochrome Intracerebral injection in rats induces neuronal dysfunction and progressive degeneration. But this injection 
induces an expansive effect that affects all the neurons that are exposed to this endogenous neurotoxin.

Herrera et al., 2016

One single-neuron degeneration This model of neurodegeneration is not possible to implement in animals since it is impossible to inject a single 
dopaminergic neuron that contains neuromelanin. However, it is possible to study potential therapeutic agents 
to stop or slow down the degenerative process that aminochrome induces in a single neuron. One can search for 
compounds that activate the KEAP1/NRF2 pathway that is associated with the transcriptional activation of the 
DT-diaphorase and glutathione transferase genes. DT-diaphorase and glutathione transferase M2-2 prevent the 
neurotoxic effects of aminochrome.

Segura-Aguilar and 
Mannervik, 2023

DAT: Dopamine transporter; KEAP1/NRF2: Kelch-like ECH-associated protein 1/nuclear factor erythroid 2-related factor 2; MPP+: 1-methyl-4-phenylpyridinium ion; MPTP: 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine.
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lysosomes, but are incapable of carrying out the degradation of proteins, 
lipids, and neuromelanin contained in NM organelles (Zucca et al., 2018) 
that accumulate with age (Zecca et al., 2002). The synthesis of neuromelanin 
needs the formation of three transient ortho-quinones (dopamine ortho-
quinone, AM, and 5,6-indolequinone), which are potentially neurotoxic 
(Segura-Aguilar et al., 2014; Herrera et al., 2017). Neuromelanin accumulates 
in NM organelles and is inoffensive, but free neuromelanin activates 
microglia and induces the formation of inflammatory factors and consequent 
neurodegeneration (Zhang et al., 2011, 2013). However, the fact that NM DA 
neurons are intact in the substantia nigra pars compacta of healthy senior 
brains suggests that neuromelanin synthesis, although it needs the formation 
of ortho-quinones that are potentially neurotoxic, is a normal and inoffensive 
pathway. The explanation for this is that there are two enzymes that prevent 
the neurotoxic effects of AM: DT and GSTM2 (Segura-Aguilar et al., 2022a, b).

Using nicotinamide adenine dinucleotide + hydrogen or nicotinamide adenine 
dinucleotide phosphate as the electron donator, DT (NAD(P)H quinone 
oxidoreductase; NQO1) is the only flavoenzyme that catalyzes AM with 
two electrons to leukoaminochrome. DT is expressed in different organs, 
including in the substantia nigra, striatum, cerebral cortex, hypothalamus, 
hippocampus, and cerebellum in the brain. In the substantia nigra of rats, DT 
is responsible for 97% of the total quinone reductase activity. DT is present 
in DA neurons, astrocytes, Bergmann glia, and tanycytes (Schultzberg et 
al., 1988; Segura-Aguilar and Lind, 1989). DT prevents AM-induced cell 
death (Lozano et al., 2010), lysosomal dysfunction (Melendez et al., 2019), 
proteasome dysfunction (Zafar et al., 2006), autophagy dysfunction (Munoz et 
al., 2012), oxidative stress (Arriagada et al., 2004), mitochondrial impairment 
(Paris et al., 2011), cytoskeleton disruption (Paris et al., 2010) and the 
formation of SNCA neurotoxic oligomers (Muñoz et al., 2015).

GSTM2 expressed in the astrocytes catalyzes the glutathione conjugation of 
AM to 4-S-glutathionyl-5,6-dihydroxyindoline, which is resistant to biological 
agents such as hydrogen peroxide, superoxide, and dioxygen (Baez et al., 
1997; Segura-Aguilar et al., 1997). This enzyme also causes the conjugation 

Figure 3 ｜ Astrocytes protect dopaminergic neurons. 
DT-diaphorase and glutathione transferase M2-2 (GSTM2) prevent the neurotoxic effects 
of aminochrome. However, GSTM2 that is only expressed in human astrocytes also 
protects dopaminergic neurons, since astrocytes secrete GSTM2-laden exosomes that 
penetrate dopaminergic neurons and are released into the cytosol of dopaminergic 
neurons. Created with ChemDraw. GSH: reduced glutathione; GSTM2: glutathione 
transferase M2-2; SNCA: alpha-synuclein. 

of dopamine ortho-quinone, a precursor of AM, to 5-glutathionyl dopamine 
(Dagnino-Subiabre et al., 2000). Glutathione is a tripeptide that is composed 
of the amino acid glutamate, cysteine, and glycine, and all glutathione 
conjugates are degraded by removing the amino acids glutamate and glycine. 
In addition, 5-glutathionyl dopamine breaks down to 5-cysteinyl dopamine, 
which has been detected in human neuromelanin and cerebrospinal fluid 
(Rosengren et al., 1985; Cheng et al., 1996). The presence of 5-cysteinyl 
dopamine in human neuromelanin and cerebrospinal fluid suggests that 
dopamine ortho-quinone conjugation is an end reaction, which supports the 
idea that GSTM2 is a neuroprotective enzyme. GSTM2 prevents AM-induced 
cell death, autophagic-lysosomal dysfunction, mitochondrial impairment 
(Huenchuguala et al., 2014; Segura-Aguilar and Huenchuguala, 2018), and the 
formation of neurotoxic SNCA oligomers (Huenchuguala et al., 2019). Human 
GSTM2 protects not only astrocytes from the neurotoxic effects of AM when 
the dopamine taken up is oxidized, but DA neurons as well. Interestingly, 
astrocytes also play a protective role for DA neurons by secreting exosomes 
loaded with GSTM2 that DA neurons take on, enhancing the neuroprotection 
of DT against the neurotoxic effects of AM in DA neurons (Cuevas et al., 2015; 
Valdes et al., 2021; Segura-Aguilar et al., 2022a, b; Figure 3).

Figure 2 ｜ The single neuron death induced by aminochrome. 
(A) Neuromelanin synthesis in healthy older adults needs the formation of the 
endogenous neurotoxin aminochrome, but the presence of the neuroprotective enzymes 
DT-diaphorase and glutathione transferase M2-2 (GSTM2-2) prevents the toxic effects 
of aminochrome, which explains why dopaminergic neurons containing neuromelanin 
are intact when they die. (B) In the patient with idiopathic Parkinson’s disease (PD), for 
some unknown reason, the enzymes DT-diaphorase and M2-2 glutathione transferase 
cannot prevent the neurotoxic action of aminochrome, which implies that aminochrome 
induces mitochondrial dysfunction, formation of neurotoxic oligomers of alpha-synuclein 
(SNCA), neuroinflammation, endoplasmic reticulum stress, dysfunction of both lysosomal 
and proteasomal protein degradation systems, and oxidative stress, which generates 
neurotoxicity that ultimately ends with the loss of a single neuron. Created with 
ChemDraw.

The Difficulties of Finding a Preclinical Model for 
Idiopathic Parkinson’s Disease 
The lesson that can be drawn from the failed clinical studies is that the 
experimental animal models based on neurotoxins that do not exist in the 
human body, such as MPTP, 6-hydroxydopamine, and rotenone, do not 
represent what is happening in the neurodegenerative process in iPD. They 
induce a massive, expansive, and extremely rapid neurodegenerative process 
that is the complete opposite of what happens in iPD where, according 
to what we have calculated, between 58 and 73 DA neurons that contain 
neuromelanin degenerate per day. However, these experimental animal 
models are still being used to search for potential new drugs that can halt or 
slow down the progress of the disease (Alharthy et al., 2023; Frouni et al., 
2023; Jalgaonkar et al., 2023).

During the last few years, several experimental animal models have been 
developed through the genetic manipulation of genes associated with familial 
PD that include knockout animals or the overexpression of some of these 
mutations (Chia et al., 2020). One such preclinical genetic model involved the 
expression of human SNCA A30P and A53T mutations in mice. However, these 
mutations did not induce Lewy body-like inclusions or the neurodegeneration 
of DA neurons in the substantia nigra (Matsuoka et al., 2001). The biggest 
problem with experimental animal models based on mutations associated 
with familial PD is that these mutations are not present in iPD. Such models 
may be useful for studying drugs to treat this form of PD, but not for the 
idiopathic form. The single-neuron degeneration model is not suitable for 
familial PD because this type of PD is caused by a mutation that leads to an 
early onset of the disease when the individual is between 21 and 40 years 
of age. The genes that trigger early-onset PD are recessive, such as those for 
deglycase 1, phosphatase and tensin homolog-induced kinase 1, and Parkin 
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or the dominant SNCA gene (Post et al., 2020). Familial PD is not triggered by 
an excess of dopamine oxidation to AM in the synthesis of neuromelanin that 
exceeds the neuroprotective capacity of DT and M2-2 glutathione transferase 
in a single neuron that degenerates, but the mutation of a gene massively 
affects NM DA neurons, which explains its early onset.

It is important that the experimental animal models include the trigger 
for the mechanisms involved in the loss of NM DA neurons. The failure of 
phase 2 clinical studies with monoclonal antibodies against human SNCA 
(Lang et al., 2022; Pagano et al., 2022) can be partly explained by the fact 
that the neurodegenerative process is so slow that SPECT is possibly not 
capable of detecting differences in one year. On the other hand, the lack of 
any effect of these antibodies (Lang et al., 2022; Pagano et al., 2022) can be 
accounted for by the fact that the SNCA wild type by itself does not induce 
neurodegeneration, but needs a neurotoxic agent such as AM to cause 
the formation of neurotoxic oligomers (Muñoz et al., 2015). Therefore, it is 
critical that experimental animal models involve the neurotoxin that triggers 
mitochondrial impairment, oxidative and endoplasmic reticulum stress, and 
neuroinflammation, as well as the dysfunction of both proteasomal and 
lysosomal protein degradation systems and the formation of neurotoxic 
oligomers of alpha-synuclein.

One experimental animal model has recently been reported that uses 
tyrosinase, which plays a fundamental role in the generation of melanin in 
the skin, to stimulate the oxidation of dopamine to melanin in rat nigrostriatal 
neurons (Carballo-Carbajal et al., 2019). This model induces the progressive 
loss of neurons that are immunoreactive to tyrosine hydroxylase, hypokinesia, 
and the formation of Lewy bodies. It also causes the oxidation of dopamine 
to melanin, which includes the formation of AM. However, the genetic 
manipulation of the animal prevents this oxidative process from being 
similar to that which occurs in patients with iPD, since this model triggers the 
massive formation of AM in all neurons and glial cells that are transduced 
by the adeno-associated vector encoding the human tyrosinase gene. 
This massive transduction of tyrosinase contrasts with the single-neuron 
neurodegeneration model for iPD.

The unilateral injection of AM in rats induces contralateral behavior with the 
progressive degeneration of DA neurons in the substantia nigra, but intact 
DA terminals in the striatum, accompanied by mitochondrial impairment, 
which signifies decreased dopamine release and increased levels of gamma-
aminobutyric acid and cell shrinkage (Herrera et al., 2016). Although the 
DA terminals of the striatum are intact, a significantly small number of 
monoaminergic vesicles in the terminals are observed. This unilateral 
injection of AM causes the neuronal dysfunction of the nigrostriatal neurons, 
but is not able to instigate single-neuron degeneration as proposed in the 
degenerative model for iPD.

With currently existing technology, it is practically impossible to implement a 
preclinical animal model for single-neuron neurodegeneration that replicates 
what happens in the nigrostriatal neurons of a patient with iPD. Therefore, 
if we agree that the single-neuron degeneration model represents what 
happens in the neurodegenerative process of iPD, preclinical studies should 
focus on the search for drugs that increase the expression of neuroprotective 
enzymes (DT and glutathione transferase M2-2) that prevent neurotoxic 
effects. 

The activation of a transcription factor like nuclear factor (erythroid-derived 
2)-like 2 (NRF2) results in the binding of NRF2 to the antioxidant-responsive 
element or electrophile-responsive element, which triggers the transition of 
several antioxidant genes including DT and glutathione transferases. Normally, 
NRF2 is bound to the Kelch-like ECH-associated protein 1 (KEAP1) which, in 
the presence of electrophilic or oxidizing molecules, releases the transcription 
factor NRF2 (Yamamoto et al., 2018; Yang et al., 2022; Segura-Aguilar and 
Mannervik, 2023). Future clinical studies based on drugs that increase the 
expression of DT and GSTM2 through the activation of the KEAP1/NRF2 
pathway should take into account that the results should be evaluated after 
several years with a methodology that can quantify small changes in the 
number of NM DA neurons, such as SPECT. An analysis of phytocompounds 
that activate the NRF2 system published in 2022 identified possible activators 
of the KEAP1/NRF2 system that may have a potential neuroprotective effect 
by increasing the expression of DT and glutathione transferase M2-2. The 
phytochemicals identified were resveratrol, withametelin, ellagic acid, 
sesaminol, salidroside, naringenin, curcumin, myricetin, tetramethylpyrazine, 
ginsenoside Re, naringenin, tanshinone I, piperine, sulforaphane, and 
magnolol (Bai et al., 2023).

Search Strategy
All years were chosen in the search. These searches were performed between 
January and February 2023. 

Conclusions
The extremely slow progress of the neurodegenerative process of the 
nigrostriatal neurons in iPD patients is the result of (i) a degenerative model 
in which the neurotoxic effect of an endogenous neurotoxin affects a single 
neuron, (ii) a neurotoxic event that is not expansive and (iii) the fact that the 
neurotoxin that triggers the neurodegenerative process is generated inside 
the NM DA neurons. The endogenous neurotoxin that fits this single-neuron 
degeneration model is AM since it (i) is produced within NM DA neurons, 
(ii) does not induce an expansive neurotoxic effect and (iii) triggers all the 

mechanisms involved in the neurodegenerative process of the nigrostriatal 
neurons in iPD. For this reason, the search for new molecules with potential 
therapeutic use in iPD should focus on ones that increase the expression of 
the neuroprotective enzymes DT and glutathione transferase M2-2, which 
prevent the neurotoxic effects of AM. It has been observed that the activation 
of the KEAP1/NRF2 pathway is associated with the transcriptional activation 
of the DT and glutathione transferase genes. It would be interesting to find 
out if the neuroprotective effects of the flavonoid rutin or nicotine against 
the neurotoxic effect of AM are connected to the activation of the KEAP1/
NRF2 pathway (Muñoz et al., 2012b; Khan et al., 2020; Tizabi et al., 2021). 
Therefore, searching for molecules that activate the KEAP1/NRF2 pathway 
and inhibit the neurotoxic effects of AM could be useful in finding potential 
new molecules for future clinical studies that aim to halt or slow down the 
progress of iPD.
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