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ARTICLE INFO ABSTRACT

Parkinson's disease (PD) is the second most common neurodegenerative disease worldwide and is characterized
for being an idiopathic and multifactorial disease. Extensive research has been conducted to explain the origin of
the disease, but it still remains elusive. It is well known that dopamine oxidation, through the endogenous
formation of toxic metabolites, is a key process in the activation of a cascade of molecular events that leads to
cellular death in the hallmark of PD. Thio-catecholamines, such as 5-S-cysteinyl-dopamine, 5-S-glutathionyl-
dopamine and derived benzothiazines, are endogenous metabolites formed in the dopamine oxidative de-
gradation pathway. Those metabolites have been shown to be highly toxic to neurons in the substantia nigra pars
compacta, activating molecular mechanisms that ultimately lead to neuronal death. In this review we describe
the origin, formation and the toxic effects of 5-S-cysteinyl-dopamine and its oxidative derivatives that cause
death to dopaminergic neurons. Furthermore, we correlate the formation of those metabolites with the neuro-
degeneration progress in PD. In addition, we present the reported neuroprotective strategies of products that
protect against the cellular damage of those thio-catecholamines. Finally, we discuss the advantages in the use of
5-S-cysteinyl-dopamine as a potential biomarker for PD.
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1. Introduction

Parkinson's disease (PD) is the second most common neurodegen-
erative disease with the highest incidence worldwide in adults over 85
years old (Pringsheim et al., 2014; Hirsch et al., 2016). PD is char-
acterized by motor and non-motor symptoms. Motor symptoms include
postural instability, muscular rigidity, bradykinesia and resting tremor,
while non-motor symptoms are characterized by cognitive and auto-
nomic alterations (Titova et al., 2017; Schapira et al., 2017).

The pathology of PD is characterized by specific death of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc). Neural
loss is most likely due to the induced damage of the Lewy bodies, which
are formed from the insoluble nucleation of misfolded alpha-synuclein
(a-syn) protein in addition to the mitochondrial dysfunction (Goedert
et al., 2013; Villar-Pique et al., 2016; Chen et al., 2019). The mi-
tochondrial alteration is characterized by ATP depletion. This disrupts
the storage of dopamine in vesicles, contributing to cytoplasmic for-
mation of oxidized dopamine metabolites (Bisaglia et al., 2007;
Bhattacharjee and Borah, 2016; Lotharius and Brundin, 2002a,b; Stokes
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et al., 1999). Oxidized dopamine products, such as dopamine quinones
(DA-Q), mediate neuromelanin formation. However, they can also in-
duce dopaminergic neuronal damage, which initiates key molecular
mechanisms in PD. Recent studies conducted with dopaminergic neu-
rons from PD patients demonstrated that mitochondrial oxidative stress
leads to dopamine oxidized accumulation (Burbulla et al., 2017; Mor
et al., 2017). As seen in these studies, oxidized dopamine initiates a
time-dependent cascade, inducing glucocerebrosidase enzymatic de-
pletion, lysosomal dysfunction and increased misfolding aggregation of
a-syn. These findings support that dopamine oxidation is a key factor
that increases neural damage in the SNpc.

The oxidative metabolism of dopamine leads to the formation of
dopamine quinone metabolites, such as the 3,4-dopamine-o-quinone,
aminochrome and 5,6-indolequinone. Extensive research of these me-
tabolites in cellular and animal models has revealed a specific neuro-
toxicity to dopaminergic neurons (Hastings et al., 1996; Goldstein et al.,
2014; Bisaglia et al., 2007; 2010; Mufoz et al., 2012; Monzani et al.,
2019). However, not all the oxidation of dopamine leads to the for-
mation of the aforementioned dopamine quinone metabolites; the thio-
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catecholamines, which are characterized by a sulfur atom in their
molecular structure, are also formed through the dopamine oxidative
degradation pathway. Common thio-catecholamines include the 5-S-
glutathionyl-dopamine (5-S-GSH-DA) and 5-S-cysteinyl-dopamine (5-S-
Cys-DA) conjugates (Tse et al., 1976; Graham, 1978; Ito and Fujita,
1982). Several studies have confirmed the neurotoxicity of 5-S-Cys-DA
along with its benzothiazines. However, the susceptibility and pro-
gression of neural dysfunction that is induced by those thio-catechola-
mines in PD are not well understood. In this review, we first present the
endogenous route formation of 5-S-GSH-DA and 5-S-Cys-DA with its
benzothiazines. Then we describe their neurotoxic damage related to
the activation of characteristic molecular mechanisms found in PD. In
addition, we present the reported neuroprotective strategies against the
5-S-Cys-DA toxicity. Finally, we discuss the advantage of using 5-S-Cys-
DA as a potential biomarker in the diagnosis of Parkinson's disease.

2. Oxidative metabolism of dopamine: dopamine quinone and
thio-catecholamine formation

Dopamine (DA) is synthesized in the dopaminergic neuron by the
enzymatic action of tyrosine hydroxylase (TH) and aromatic amino acid
decarboxylase (AADC). The amino acid tyrosine is hydroxylated by TH
to form L-DOPA, which is further decarboxylated by AADC in the final
formation of dopamine. (See Fig. 1. Reaction 1) (Meiser et al., 2013;
Daubner et al., 2011). Immediately after the synthesis, the vesicular
monoamine transporter 2 (VMAT-2) internalizes DA inside the vesicle
through an active transport mechanism (Vergo et al., 2007). The ve-
sicle, which has an internal acidic pH, stabilizes and stores DA; then DA
is transported and released into the synapse. After the release, dopa-
mine transporters (DAT) in the nigrostriatal terminal, reuptake DA from
the synaptic cleft into the neuron. Nevertheless, perturbations in both
the storage and reuptake of DA, such as the presence of pesticides and
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misfolded proteins, facilitates its cytoplasmic accumulation and further
degradation (Mulvihill, 2019; Lotharius and Brundin, 2002a,b; Chedik
et al.,, 2017). Free cytoplasmic DA is rapidly degraded through the
enzymatic or oxidative pathway.

2.1. Engymatic degradation of DA

DA degradation can take place in the dopaminergic neuron or in the
surrounded glial cells, depending on where DA uptake occurs after the
release. DA degradation inside the neuron is mediated by the enzymes
monoamine oxidase (MAO) and aldehyde dehydrogenase (ALDH). MAO
catalyzes the formation of DA into the intermediate product 3,4-dihy-
droxyphenylacetaldehyde (DOPAL), which is further oxidized by ALDH
to form 3,4-dihydroxyphenilacetic acid (DOPAC). Alternatively, DA
degradation by glial cells leads to the formation of homovanillic acid
(HVA) by two pathways: 1) MAO and ALDH convert DA into DOPAC,
following the aforementioned enzymatic pathway, then DOPAC is
converted into HVA by the enzyme catechol-o-methyltransferase
(COMT); and 2) DA is metabolized into 3-methoxytyramide (3-MT) and
3-methoxy-4-hydroxyphenylacetaldehyde (MHPA) by COMT and MAO,
respectively; then ALDH converts MHPA into HVA. DOPAC and HVA
are the main final metabolites in the DA enzymatic degradation
(Eisenhofer et al., 2004; Yu et al., 2016; Myohénen et al., 2010). (See
Fig. 1. Reactions 2 and 3).

2.2. Oxidative degradation of DA

The oxidative DA pathway starts with the pH change from the sy-
naptic vesicle (pH 5.4) to the cytoplasm (pH 7.4) and in the presence of
molecular oxygen conditions, leading to the spontaneous oxidation of
dopamine (Herlinger et al., 1995; Linert et al., 1996). Moreover, DA
oxidation is catalyzed by the presence of metallic ions such as iron (III),

° Fig. 1. Synthesis and metabolism of dopamine.
o Reaction 1. Enzymatic synthesis of DA, vesicular
Lol storage and release into the synapse. Reaction 2.
Enzymatic degradation of DA inside the neuron
to form DOPAL and finally DOPAC. Reaction 3.
Enzymatic degradation of DA in glial cell to form
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copper (II) and manganese (III), as well as by the action of enzymes,
such as xanthine oxidase (XO), cytochrome P450 (CYP450), pros-
taglandin H synthase (PGHS) and lactoperoxidase (LPO) (Sun et al.,
2018; Pham and Waite, 2014; Sulzer and Zecca, 2000; Muioz et al.,
2012). The first step in the DA oxidation pathway leads to the formation
of the intermediate 3,4-dopamine-o-quinone, which is prone to in-
tramolecular cyclization in the formation of aminochrome. The ami-
nochrome product can be further oxidized to form 5,6-indolequinone
(See Fig. 1. Reaction 4). Under physiological conditions, the afore-
mentioned metabolites take part in the formation of neuromelanin,
which is the final product in the DA oxidative pathway. The metabolites
aminochrome and 5,6-indolequinone have been studied extensively in
several in vitro and in vivo models, demonstrating their severe toxicity to
dopaminergic neurons. This toxicity is thought to be the cause of many
parkinsonian symptoms, as discussed by several researchers (Asanuma
et al., 2004; Solano et al., 1999; Sulzer and Zecca, 2000; Yoshimoto
et al., 2005; Goldstein et al., 2014). Such evidences indicate that the
excessive production of dopamine quinones is related to the disruption
of neuromelanin formation, and is partly responsible for the increase in
the concentration of oxidized DA metabolites (Monzani et al., 2019).

2.3. Formation of 5-S-glutathionyl-dopamine and 5-S-cysteinyl-dopamine

The dopamine-o-quinone (DA-0-Q), the first product in the oxida-
tive pathway of DA, is an electron deficient intermediate. It easily reacts
with rich electron molecules, such as those containing a sulfur atom.
The amino acid l-cysteine (l-cys) and the reduced glutathione (GSH)
tripeptide are sulfur-containing molecules of high concentration in the
brain (Zeevalk et al., 2008; Dringen, 2000). In the presence of 1-cys, the
aromatic ring of DA-0-Q reacts covalently with the sulfhydryl group of
l-cys, resulting in the formation of three isomers: 2-S-cysteinyl-dopa-
mine (2-S-Cys-DA), 5-S-cysteinyl-dopamine (5-S-Cys-DA) and 2,5-S-cy-
steinyl-dopamine (2,5-S-Cys-DA), where 5-S-Cys-DA is the most abun-
dant (Jameson et al., 2004; Zhang and Dryhurst,1994). The reaction
between DA-0-Q and GSH leads to the formation of the 5-S-glu-
tathionyl-dopamine (5-S-GSH-DA) conjugate, as the main product
(Bisaglia et al., 2010) (See Fig. 2. Reaction 1). However, experimental
studies have shown that 5-S-GSH-DA is rapidly catabolized by the en-
zymes gamma-glutamyl transferase (GGT) and dipeptidases, resulting
in the formation of 5-S-Cys-DA (Allen et al., 2013; Dickinson and
Forman, 2002). Furthermore, several studies have reported the in-
creased activity of GGT in brain samples of PD patients, which might
support its critical role in the conversion of 5-S-GSH-DA into 5-S-Cys-
DA (Dagnino-Subiabre et al., 2000; Shen et al., 1996; Sagara et al.,
1993).

2.4. Formation of benzothiazines of 5-S-cysteinyl-dopamine

The 5-S-Cys-DA conjugate is a molecule that is prone to fast oxi-
dation into secondary products when exposed to superoxide anion (05~
), metallic ions, and other oxidants. The oxidative pathway of 5-S-Cys-
DA leads to the formation of an intermediate quinone of 5-S-cysteinyl-
dopamine o-quinone (5-S-Cys-DA-0-Q), which is quickly converted into
the bicyclic o-quinone imine through a condensation reaction. The
aforementioned product is then reduced by a second molecule of 5-S-
Cys-DA, resulting in the formation of the benzothiazine 7-(2-ami-
noethyl)-3,4-dihydro-5-hydroxy-2H-1,4-benzothiazine-3-carbox-
ylicacid (DHBT-1). (Shen et al., 1997; Zhang and Dryhurst, 1995a; Shen
and Dryhurst,1996). (See Fig. 2, Reaction 2). Nevertheless, in vitro
studies have shown that DHBT-1 is able to enter into further oxidative
pathways, leading to the formation of oxidized benzothiazines, such as
the 7-(2-aminoethyl)-5-hydroxy-1,4-benzothiazine-3-carboxylic acid
(BT-1) and 7-(2-aminoethyl)-5-hydroxy-1,4-benzothiazine (BT-2).
However, both BT-1 and BT-2 are prone to further oxidization under a
high oxidative environment to form derivative products (Shen et al.,
1997; Zhang and Dryhurst, 1995b). (See Fig. 2, Reaction 3).
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More recently, an alternative reaction of 5-S-Cys-DA with hypo-
chlorite (OCl™) was described. Hypochlorite, which is formed in the
reaction of chlorine (Cl, ) with hydrogen peroxide (H,O,) and cata-
lyzed by myeloperoxidases, reacts with 5-S-Cys-DA to form the con-
jugate hypochlorite-oxidized cysteinyl-dopamine (HOCD). The in vitro
formation of HOCD increases the concentration of reactive oxygen
species, yielding oxidative stress and severe toxic damage to dopami-
nergic neurons (Mehta et al., 2016) (See Fig. 2. Reaction 4).

In the dopaminergic neuron, where the equilibrium redox is pre-
served, the 5-S-Cys-DA conjugate is normally formed at a very low
concentration, which is also structurally part of neuromelanin (Sulzer
et al., 2000). However, quantitative analysis of brain tissues of rich
dopaminergic regions and in cerebrospinal fluid (CSF) of patients di-
agnosed with PD demonstrated significantly increased levels of 5-S-Cys-
DA (Fornstedt and Carlsson, 1990; Fornstedt et al., 1990b). This finding
supports the role of the diverged DA oxidative pathway in the en-
dogenous formation of 5-S-Cys-DA. A possible explanation of the in-
creased formation of 5-S-Cys-DA might be the disruption in the DA
reuptake mechanism, which blocks the storage of the synaptic vesicle
and leads to cytosolic accumulation of DA and its further oxidation
(Mulvihill, 2019; Monzani et al., 2019; Caudle et al., 2007).

On the other hand, reduced glutathione (GSH), the most abundant
antioxidant in brain cells, is found in physiological concentration at
approximately 1-4 mM (Rae and Williams, 2017; Aoyama and Nakaki,
2013). However, extensive studies have found a marked reduction in
the levels of both GSH and l-cysteine in patients with PD, which are
likely to appear in the early stages of the disease and as it progresses
(Rae and Williams, 2017; Smeyne and Smeyne, 2013; Miiller and
Mubhlack, 2012; Sian et al., 1994). In addition, several studies have
reported a similar in vivo discrepancy in the levels of reduced glu-
tathione (GSH) against oxidized glutathione (GSSG). Nevertheless, in
postmortem analysis of PD samples the GSH levels were considerable
decreased, but not GSSG (Canals et al., 2001; Ibi et al., 1999; Jurma
et al., 1997). Furthermore, in these studies the unbalanced GSH/GSSG
ratio was accompanied by the increased activity of gamma-glutamyl
transferase (GGT), the key enzyme to convert 5-S-GSH-DA into 5-S-Cys-
DA (Chinta et al.,, 2006; Dauer and Przedborski, 2003; Sian et al.,
1994). All of these findings indicate that the reduced intracellular levels
of GSH and l-cys, are linked to the increased formation of conjugates
with the dopamine-o-quinone intermediate in the oxidative DA
pathway. Furthermore, the enhanced formation of the thio-catechola-
mines might be due to the presence of elevated cell oxidative stress
(Graham et al., 1978). Moreover, the formation of 5-S-Cys-DA or 5-S-
GSH-DA occurs at a very rapid constant rate (200/s) in comparison to
the cyclic product formation of aminochrome and 5,6-indolequinone
(formed at a slow constant rate of 0.15/s) (Tse et al., 1976; Bisaglia
et al., 2010). Such evidence might indicate that in the pathophysiolo-
gical course of PD, the thio-catecholamines 5-S-GSH-DA, 5-S-Cys-DA
and DHBT-1 appear at the initial stages of the disease, while the cyclic
dopamine quinones, aminochrome and 5,6-indolequinone, might be
formed in mid- or advanced-stages.

3. The 5-S-Cys-DA conjugate and its derivative benzothiazines:
implications for PD

Several studies have shown through in vitro and in vivo experiments
that 5-S-Cys-DA and oxidized benzothiazines cause severe damage to
dopaminergic neurons. The cellular damage caused by those thio-ca-
techolamines is comparable to the neurotoxic effect produced by 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydro-
xydopamine (6-OHDA) (Langston, 2017; Lotharius and O'Malley, 2000;
Hernandez-Baltazar et al., 2017). Several groups have described the
participation of 5-S-Cys-DA and DHBT-1 in some characteristic PD
molecular mechanisms, such as the following:

i) Mitochondrial dysfunction and oxidative stress. It is well known
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that oxidative stress and mitochondrial dysfunction are key factors
of cellular damage in the physiology of PD (Nguyen et al., 2019;
Subramaniam and Chesselet, 2013; Santiago-Lépez et al., 2010).
The role of 5-S-Cys-DA in neural damage through the mitochondrial
dysfunction and enhanced oxidative stress has been well estab-
lished. As Mosca and colleagues demonstrated by injecting in mice
and in cellular incubation, 5-S-Cys-DA initiates the activation of a
cascade of events when concentrated at the micromolar range. The
mitochondrial activity is severely affected at the beginning of the
exposure (Mosca et al., 2006). 5-S-Cys-DA is easily internalized
within the cell, disturbing its homeostasis and causing: 1) Increased
levels of reactive oxygen species, which induces protein carbony-
lation and lipid oxidation; 2) alteration of cytoplasmic calcium
homeostasis, leading to depolarization and a decrease of the mi-
tochondrial membrane potential; 3) reduction in the efficiency of
the mitochondrial electron transport chain and; 4) a considerable
reduction in the intracellular concentration of antioxidants super-
oxide dismutase (SOD) and GSH (Vauzour et al., 2014; Aureli et al.,
2014). In addition, reported experiments have shown that 5-S-Cys-
DA is able to suppress the mitochondrial activity through the in-
hibition of the respiratory complex I, leading to activate pro-
grammed cellular death mechanisms, such as the cytochrome c re-
lease and activation of caspases 3, 8 and 9. (Mosca et al., 2008,
2006; Spencer et al., 2002).

More recently, Vauzour and colleagues described the mechanism
that takes part in the intracellular oxidation of 5-S-Cys-DA into DHBT-1,
showing extensive cell damage in a dose time dependent pathological
cascade (Vauzour et al., 2014). Under the first exposition time, 5-S-Cys-
DA is internalized and intracellularly oxidized, leading to the activation
of the extracellular-signal-regulated kinase 2 (ERK2) and the caspase 8,

key events in the initiation of programmed cellular death. Further
oxidation of 5-S-Cys-DA activates secondary apoptotic mechanisms,
such as the apoptosis signal-regulating kinase 1 (ASK1), the phos-
phorylation of c-Jun N-terminal kinase (JNK) and c-Jun (Ser73), p38
and the caspases 3, 7 and 9. Nevertheless, the severe mitochondrial
inhibition occurs after long exposition time; the conversion of 5-S-Cys-
DA into DHBT-1 requires over 3h to be completed. In support of the
toxic role of DHBT-1 to mitochondria, Li and Dryhurst studied the toxic
effect of DHBT-1 in cultured intact rat mitochondria (Li and Dryhurst,
2001). DHBT-1 toxicity starts with an easy diffusion into the mi-
tochondrial membrane, leading to fast irreversible inhibition of the
respiratory complex I with severe concomitant damage to mitochon-
drial complex IV, alpha-ketoglutarate dehydrogenase complex
(KGDHC) and pyruvate dehydrogenase complex (PDHC) (Xin et al.,
2000). In an elevated reactive oxygen species environment, DHBT-1 is
prone to fast oxidation to form the dihydrobenzothiazines BT-1 and BT-
2 (Li et al., 1998). Similar experiments show that BT-1 and BT-2 cause
enhanced mitochondrial damage, in comparison to DHBT-1 (Li and
Dryhurst, 1997).

ii) Alpha-synuclein aggregation and stress of endoplasmic re-
ticulum. In vivo and in vitro experiments have shown the upregu-
lation of a-syn immediately after the exposition to 5-S-Cys-DA. The
a-syn upregulation was accompanied by the depletion in the ex-
pression of the protein ERp57, a key lumenal protein that is re-
sponsive to endoplasmic reticulum (ER) stress. This induces the
unfolded protein response (UPR) (Aureli et al., 2014). In addition, 5-
S-Cys-DA plays an important role in the fibril formation of a-syn by
increasing its aggregation and cytoplasmic accumulation. This event
is modulated in a time dependent process, but it is intensified under
exacerbated intracellular oxidative stress (Zafar et al., 2006).
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Several experiments support the notion that elevated oxidative
stress in dopaminergic neurons may contribute to a-syn aggregation
and vice versa, creating a vicious cycle and leading to increase the
PD neurodegeneration (Mor et al., 2017; Wong and Krainc, 2017;
Conway et al., 2001). Although the toxic damage of 5-S-Cys-DA has
been described, it is unclear whether 5-S-Cys-DA or secondary do-
pamine oxidized derivatives are responsible for a-syn misfolding and
aggregation.

Sidell and colleagues have shown that 5-S-Cys-DA interferes in the
synaptic terminal DA reuptake of dopamine transporters, which in-
creases the formation of dopamine quinone subproducts. This ob-
servation indicates that the vesicular traffic interference causes dele-
terious neurological activity (Sidell et al., 2001). Nevertheless, the
inhibition mechanism of the DA vesicular reuptake by oxidized dopa-
mine remains elusive. A possible explanation is the contribution of thio-
catecholamines in the inhibition of dopamine transporters and through
the formation of enzymatic adducts with VMAT-2. This could poten-
tially drive DA oxidation into a vicious circle that results in the for-
mation of endogenous thio-catecholamines induced by rapid DA oxi-
dation (Caudle et al., 2007; Whitehead et al., 2001).

Related experiments have produced varying results. Some have
demonstrated the impact of 5-S-Cys-DA on DNA, which induces oxi-
dation to the purine and pyrimidine bases and causing oligonucleo-
somal DNA fragmentation (Mosca et al., 2006). These DNA abnormal-
ities might lead to epigenetic changes, such as DNA methylation or
histone modifications (Henderson-Smith et al., 2019; Cobos et al.,
2018). A large body of evidence suggests that epigenetic modifications
have a relevant impact on the etiology and progression of PD (van
Heesbeen and Smidt, 2019; Navarro-Sanchez et al., 2018; Jakubowski
and Labrie, 2017). A summary of the impacts of 5-S-Cys-DA and the
dihydrobenzothiazines to dopaminergic neurons is graphically de-
scribed in Fig. 3.

4. Inhibition of the neurotoxic effects of 5-S-Cys-DA

Growing evidence has demonstrated the neuroprotective capacity of
several compounds to slow down the cellular damage of oxidized do-
pamine metabolites. Some of the common products used for this aim
are the N-acetylcysteine (NAC), GSH, ascorbic acid, taurine,

GSH —> 5-S-GSH-DA

Mitochondrial dysfunction

P a-syn misfolding
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dithiothreitol, vitamin C, vitamin E and the Coenzyme Q10 (Carrera
et al., 2018; Kita et al., 2014; Filograna et al., 2016; Figueroa-Méndez
and Rivas-Arancibia, 2015). In addition, some polyphenolic compounds
have been shown to provide effective neuroprotection to dopaminergic
neurons by attenuating the mitochondrial dysfunction, reducing both
the levels of oxidative stress and inflammatory responses, and in-
hibiting the fibril accumulation of a-syn (Kujawska and Jodynis-Liebert,
2018; Jung and Kim, 2018; Magalingam et al., 2015).

Additional studies have shown that some natural polyphenols, both
flavonoids and non-flavonoids, are able to prevent the formation of 5-S-
Cys-DA and reduce its cell toxicity (Goldstein et al., 2016a,b; Cooper
et al., 2008; Vauzour et al., 2007, 2010). Experiments in cultured cells
have shown that (+)-catechin and caffeic acid avoid the formation of
thio-catecholamines. The in vitro incubation of those polyphenols with
tyrosinase and dopamine, and in the presence of l-cysteine, leads to
oxidized polyphenols while blocking the oxidation of dopamine and
forming non-toxic adducts of cysteinyl-polyphenols. Furthermore, the
hesperetin, a flavanone, prevents the 5-S-Cys-DA formation by blocking
the enzymatic action of tyrosinase, inhibiting the polyphenol adduct
formation (Vauzour et al., 2007). In addition, a rich variety of poly-
phenolic compounds have also shown in vitro neuroprotective capacity.
This includes compounds such as pelargonidin, quercetin, hesperetin,
caffeic acid, p-Coumaric acid, hydroxyphenethyl alcohol, tyrosol, epi-
catechin and the 3’-o-methyl-(—)-epicatechin. The pre-treatment of
cortical neurons with those aforementioned polyphenols significantly
reduces the toxic damage of 5-S-Cys-DA after its exposure (Vauzour
et al.,, 2008, 2010). More recently, Goldstein and colleagues demon-
strated the double in vitro neuroprotective effect of the 3,4-dihydrox-
yphenylethanol (DOPET), a phenolic compound found in olive oil and
red wine. This compound reduces the toxicity of 5-S-Cys-DA (Goldstein
etal., 2017, 2016) and DOPAL, which is a toxic intermediate metabolite
in the metabolic dopamine pathway, and has also been linked to do-
paminergic neuron death (Goldstein et al., 2014; Casida et al., 2014;
Marchitti et al., 2007). The aforementioned evidence highlights the
neuroprotection of natural polyphenols against the toxic endogenous
formation of oxidized dopamine metabolites. These strategies shed light
onto the neuroprotective capacity of such products, which may help
advance the future development of clinical therapies in the treatment of
patients with PD.

Fig. 3. Toxic effects of dopamine oxidation
through the endogenous formation of dopamine-
o-quinone, 5-S-cysteinyl-dopamine (5-S-Cys-DA)
and  7-(2-aminoethyl)-3,4-dihydro-5-hydroxy-
2H-1,4-benzothiazine-3-carboxylic acid (DHBT-

Protein up-regulation

DA OT)' DA-O-Q > ERstress 1). Formation of 5-S-Cys-DA induces cell toxi-
Xidation ™\ DNAbases oxidation  city. The oxidation of 5-S-Cys-DA to form DHBT-
| ’ \ Disrupt of DAT traffic 1 enhances damage. These metabolites cause
L-CYS damage to dopaminergic neurons by inducing
mitochondrial dysfunction, an increase in oxi-
ROS dative stress, protein and DNA damage, en-
Oxidation I / Activates ERK % doplasmic reticulum (ER) stress, and the acti-
. vation of key apoptotic signals; this leads to
DNA oxidation 0s : ACt,W,ates caspases 3/8 neural death, which may contribute to the pa-
Protein carbonylation€— Oxidizes proteins thogenesis and progress of Parkinson's disease.
Lipid peroxidation / (Abbreviations: reactive oxygen species (ROS);
reduced glutathione (GHS); 5-S-glutahionyl-do-
pamine (5-S-GSH-DA); extracellular signal
regulated kinase 1/2 (ERK 1/2); dopamine o-
Apoptotic v Cell toxicity quinone (DA-0-Q); dopamine transporter (DAT);
signals / alpha-ketoglutarate ~dehydrogenase complex
(KGDHCQC); pyruvate dehydrogenase complex
neumm. death ’ Complex| (PDHC); alpha-synuclein (a-syn)).
Mitochondrial KGDHC, PDHC inhibition
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5. 5-S-Cys-DA as biomarker for PD diagnosis

Motor symptoms in PD are evident after the loss of 70% of dopa-
minergic neurons in the SNpc (Hirsch et al., 2016). This drawback re-
veals the urgent necessity to develop strategies for the detection of PD
at early stages. Metabolites formed at the beginning of the disease, such
as derivative dopamine products, could be used as biomarkers for the
early diagnosis of PD. This could potentially provide an important
means of differentiating PD from other pathologies that manifest in
related parkinsonian syndromes (Parnetti et al., 2019; Yaping and
Weidong, 2019).

Currently, there are several prospective biomarkers of high sensi-
tivity and diagnostic potential for PD (Khodadadian et al., 2018; Maass
et al., 2018; Delenclos et al., 2016). Six biomarker groups for PD di-
agnosis have been described: i) neurotransmitters, neuromodulators
and related substances; ii) endogenous neurotoxins; iii) oxidative stress
markers; iv) inflammatory and immunologic markers; v) growth and
neurotrophic factors; and vi) protein biomolecules related to PD
(Jiménez-Jiménez et al., 2014). Nevertheless, none of the thio-ca-
techolamines previously described, have been included in these cate-
gories. Detection of metabolites coming from the endogenous metabo-
lism of DA may provide an effective means towards identifying
biomarkers for PD diagnosis.

Rosengren and colleagues first detected 5-S-Cys-DA in humans and
other mammals (Rosengren et al., 1985; Fornstedt et al., 1986, 1990a).
Through autopsies of the human brain they detected 5-S-Cys-DA and
other thio-catecholamines in regions rich in dopamine. High levels of 5-
S-Cys-DA were identified only in the caudate nucleus, putamen, globus
pallidus and substantia nigra (SN); where the SN showed the highest
concentration (Fornstedt and Carlsson, 1989). Notably, the quantifica-
tion of 5-S-Cys-DA was considerably high in samples presenting high
depigmentation in the SN (Fornstedt et al., 1990a). Furthermore, when
comparing results between PD and non-PD patients, they found that the
level of the ratio of 5-S-Cys-DA to DA was ten times higher in patients
diagnosed with PD (Fornstedt and Carlsson, 1991; Fornstedt et al.,
1990a). Increased levels of circulating 5-S-Cys-DA were also detected in
cerebrospinal fluid (CSF) of patients with PD (Carlsson and Fornstedt,
1991a; Fornstedt et al., 1990a). In that sense, Carlsson and Fornstedt
suggested that measuring the 5-S-Cys-DA to DA ratio can be used as
biomarker for the diagnosis of PD (Carlsson and Fornstedt, 1991b).
However, the circulating levels of DA in the 5-S-Cys-DA/DA ratio
hardly reflect the neurodegeneration state of the dopaminergic neuron
in the SNpc. In addition, DA has rarely been considered to be a specific
PD metabolite and its use as biomarker is contested. (Ishibashi et al.,
2010; Sossi et al., 2002). On the other hand, clinical measurements in
CSF samples of PD patients revealed a decreased total concentration of
HVA, while the levels of the 5-S-Cys-DA to HVA ratio were considerably
increased. This led researchers to hypothesize that the quantification of
the 5-S-Cys-DA/HVA ratio could represent a better biomarker for PD
(Cheng et al., 1996). However, the measurement of those metabolites
was performed in patients diagnosed with PD several years after the
study was first conducted. In addition, the patients were being treated
with levodopa (L-DOPA). Actual levels of DA metabolites must be
carefully examined. For example, in cases of levodopa treatment, L-
DOPA can induce adverse effects, such as the levodopa-induced dys-
kinesia (LID). (Romagnolo et al., 2018; Rajabally and Martey, 2013).
On the other hand, only measuring HVA in CSF can be misleading be-
cause it is not specific to the disease. As previously described, glial cells
synthesize HVA; thus, the measurement of HVA hardly represents the
real state of DA metabolism in the dopaminergic neuron (Lloyd et al.,
1975).

Clinical trials by Goldstein and colleagues, which include analytic
and neuroimaging studies, corroborate the use of 5-S-Cys-DA as a bio-
marker in the diagnosis of PD. This was demonstrated by measuring the
levels of 5-S-Cys-DA and DOPAC in patients diagnosed with three dif-
ferent parkinsonian syndromes: PD, parkinsonian multiple system
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atrophy (MSA-P) and pure autonomic failure (PAF). Quantitative de-
tection of the ratio of 5-S-Cys-DA to DOPAC was more than doubled in
patients with PD and MSA-P, while no significant changes were ob-
served in patients with PAF (Goldstein et al., 2016a,b, 2012). These
findings support the use of DOPAC and the ratio of 5-S-Cys-DA/DOPAC
as biomarkers for PD diagnosis. Furthermore, DOPAC is a metabolite
with a much higher specificity to the index of neural damage in the
SNpc, while the 5-S-Cys-DA/DOPAC ratio indicates both the cyto-
plasmic oxidative state of DA and the endogenous thio-catecholamine
formation in the progress of the disease. The findings from this re-
search, as well as the identification of circulating antibodies against
cysteinyl-catecholamines in PD patients, indicate the specificity of thio-
catecholamines to PD (Salauze et al., 2005). Therefore, in the recent
search for specific PD biomarkers, the combination of DA derived
products, such as oxidized dopamine, 5-S-Cys-DA, DOPAC, amino-
chrome and 5,6-indolequinone, could be used for accurate diagnosis of
PD.

6. Conclusions

Parkinson's disease is a multifactorial pathology, and its origin is
still poorly understood. A common pathognomonic characteristic of this
disease is the altered metabolism of dopamine in the dopaminergic
neurons of the substantia nigra pars compacta. There is substantial
evidence of the altered metabolism of DA in PD, which occurs through
its enzymatic and oxidative pathways and results in the formation of
endogenous toxic metabolites. These metabolites are responsible for
cellular damage and death, as well as for activating several key mole-
cular mechanisms in the pathology of PD. The 5-S-Cys-DA metabolite
and its benzothiazine (DHBT-1) are thio-catecholamines of endogenous
formation that induce severe damage to dopaminergic neurons. Neural
damage by 5-S-Cys-DA and DHBT-1 is characterized by mitochondrial
dysfunction and ATP depletion, increased oxidative stress, protein
carbonylation and DNA damage, as well as the activation of apoptotic
signals. Neuroprotective products, such as polyphenols, reduce cell
toxicity of oxidized dopamine and thio-catecholamines, which could
help to develop further therapies for PD patients. The hindrance in the
prognosis of PD in an early stage and the difficulty to differentiate it
from other parkinsonian syndromes has incentivized researchers to
investigate the role of metabolites in PD prognosis. The 5-S-Cys-DA
metabolite, present in brain tissues and biological fluids of PD patients,
has shown a strong performance as a specific biomarker with the ad-
vantage of differentiating PD from other parkinsonian syndromes.
Finally, future research in the study of combined metabolites from the
enzymatic and oxidative pathway of DA, such as 5-S-Cys-DA, DOPAC,
aminochrome and 5,6-indolequinone, might provide key information in
the neurogenerative progress of PD.
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