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Abstract 

A pathological feature of Parkinson’s disease (PD) is the progressive loss of dopaminergic neurons and decreased 
dopamine (DA) content in the substantia nigra pars compacta in PD brains. DA is the neurotransmitter of dopaminer-
gic neurons. Accumulating evidence suggests that DA interacts with environmental and genetic factors to contribute 
to PD pathophysiology. Disturbances of DA synthesis, storage, transportation and metabolism have been shown 
to promote neurodegeneration of dopaminergic neurons in various PD models. DA is unstable and can undergo 
oxidation and metabolism to produce multiple reactive and toxic by-products, including reactive oxygen species, DA 
quinones, and 3,4-dihydroxyphenylacetaldehyde. Here we summarize and highlight recent discoveries on DA-linked 
pathophysiologic pathways, and discuss the potential protective and therapeutic strategies to mitigate the complica-
tions associated with DA.
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Introduction
Parkinson’s disease (PD) is a common neurodegenera-
tive movement disorder that affects 1% of the population 
above 60  years. PD is characterized by the progressive 
loss of dopaminergic neurons and the formation of Lewy 
bodies in the affected brain areas [1, 2]. Dopamine (DA), 
a brain hormone with a chemical formula  C8H11NO2, is 

synthesized by substantia nigra (SN) dopaminergic neu-
rons which have axon projections in the striatum [3]. As 
a brain neurotransmitter, DA is released from the presyn-
aptic membrane to the synaptic cleft, where it binds and 
activates DA receptors on the postsynaptic membrane 
[3]. Progressive degeneration of dopaminergic neurons 
reduces DA content in the SN and striatum and triggers 
the onset of PD clinical symptoms such as tremor, pos-
tural instability, bradykinesia and muscle rigidity [4]. PD 
is an incurable neurodegenerative disease and the levo-
dopa (L-DOPA) therapy can only alleviate PD symptoms, 
without any therapeutic improvements on the progres-
sion of DA neuronal degeneration [5].

The exact PD pathogenesis remains to be clarified. 
However, evidence shows that oxidation of endogenous 
DA can induce specific oxidative stress in dopaminergic 
neurons [6–8]. DA oxidation can occur spontaneously or 
be mediated by enzymes or metal ions, producing delete-
rious DA oxidative by-products [5, 9]. Many reactive DA 
metabolites are toxic to dopaminergic neurons, includ-
ing reactive oxygen species (ROS), DA quinones (DAQs) 
and 3,4-dihydroxyphenylacetaldehyde (DOPAL) [5, 9]. 
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ROS can induce oxidative stress, whereby highly reac-
tive DAQs and DOPAL can covalently conjugate with 
cysteine, lysine and tyrosine residues of proteins, leading 
to misfolding, cross-linking, functional inactivation and 
aggregation of affected proteins [10–12]. DA impairs the 
functions of mitochondria, ubiquitin–proteasome system 
(UPS), lysosome and autophagy, resulting in DA neuron 
vulnerability [10–12]. DA and its derivatives are involved 
in the toxity of PD-related neurotoxins, such as rotenone, 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
and iron species [13, 14]. DA is also involved in the PD 
pathogenesis associated with genetic factors, including 
SNCA (encoding α-synuclein [α-syn]), LRRK2 (leucine-
rich repeat kinase 2), PINK1 (PTEN-induced kinase 1), 
Parkin, DJ-1 and GBA1 (glucocerebrosidase-1 [GCase]), 
contributing to DA neuronal degeneration [15–19]. In 
this review, we briefly summarize the role of DA meta-
bolic pathways in PD pathophysiology and discuss thera-
peutic strategies to protect dopaminergic neurons and 
mitigate the complications associated with DA synthesis, 
transportation, storage and metabolisms.

DA metabolic pathways
DA is the neurotransmitter for signal transduction in 
dopaminergic neurons. It is formed as an intermediate 
during the formation of norepinephrine and epinephrine 
[20]. DA is synthesized by two steps in catecholamine 
neurons. First, the amino acid tyrosine is converted to 
L-DOPA by tyrosine hydroxylase (TH). Subsequently, 
L-DOPA is decarboxylated to DA by aromatic amino acid 
decarboxylase [21]. In the resting state, the synthesized 
DA is transported into and stored in vesicles by vesicu-
lar monoamine transporter 2 (VMAT2) in the cytosol of 
dopaminergic neurons, facilitated by a vesicular ATPase-
dependent  H+ gradient. VMAT2, when present on syn-
aptic vesicles, acts as a stoichiometric antiporter under 
acidic circumstances, transporting two  H+ ions out and 
one monoamine molecule into vesicles [22]. Deficiency 
of VMAT2 elevates monoamine turnover, evidenced 
by reduced levels of DA, norepinephrine, 5-hydroxy-
tryptamine and histamine in catecholaminergic neurons, 
leading to up-regulation of amine-synthesizing enzymes 
[23]. Under neuronal activation, DA is released into the 
synaptic cleft for signal transduction. The released DA 
can be taken up and degraded by neighboring astrocytes 
and microglia or absorbed back into the vesicles of the 
presynaptic neurons via DA transporters (DATs) for re-
use. DA in the cytosol is unstable and will undergo oxida-
tion [24].

DA can undergo auto-oxidation, especially under basic 
condition, to generate small-molecule ROS and highly 
reactive DAQs [6]. DA oxidation can be facilitated by 
enzymatic catalysis (such as tyrosinase) or mediated by 

transition metal ions (iron, copper and manganese ions) 
[5]. Briefly, the oxidation of DA initiates from the desqua-
mation of two protons and electrons from the hydroxyl 
groups of DA to form DA-o-quinone (DOQ), a highly 
reactive, undetectable species with a very short lifespan, 
and generates ROS [5]. DOQ can be reversed back to DA 
by ambient reductants or further oxidized to form reac-
tive aminochrome (AM), a kind of cyclized DAQ, via 
internal cyclization of DOQ under insufficient ambient 
reductive forces [5]. AM is more stable than DOQ and 
can be detected, monitored and characterized. DOQ and 
AM can react and conjugate with many biomolecules, 
including protein residues cysteine and tyrosine with 
sulfhydryl and hydroxyl groups, whereas polymerization 
of AM will form neuromelanin (NM), an insoluble granu-
lar pigment in SN [5, 25, 26].

NM has been reported to prevent the neurotoxicity of 
DAQs and is considered as an anti-oxidative agent since 
it directly binds and inactivates radical species under 
normal conditions [27]. Interestingly, NM also gener-
ates free radical species under oxidative stress condi-
tions [28]. Another study suggests that NM may be 
involved in α-syn-associated DA neuronal damage [29]. 
In NM-producing rats that show PD pathology when NM 
accumulates above a specific pathogenic threshold, the 
time-dependent accumulation of NM and degeneration 
of dopaminergic neurons under overexpression of tyrosi-
nase, were significantly alleviated by viral vector-medi-
ated overexpression of VMAT2 [30]. Furthermore, the 
reduced NM generation was associated with decreased 
formation of Lewy body-like inclusions  and improved 
survival of dopaminergic neurons and motor functions 
in rats [30]. These findings highlight the potential path-
ological roles of NM accumulation in PD, suggesting 
therapeutic potentials of inhibiting time-dependent NM 
accumulation for PD.

Besides, the cytosol DA is catalyzed by monoamine 
oxidases (MAO) to produce DOPAL, a reactive and toxic 
DA metabolite, and ROS [9]. DOPAL can be monitored, 
with physiological concentrations around 2–3  μM in 
dopaminergic neurons in the SN. DOPAL concentra-
tions higher than 6 μM are toxic to many cell lines [31]. 
As a quite electrophilic molecule, DOPAL can conjugate 
with lysine and cysteine residues to induce toxicity. How-
ever, DOPAL can be detoxified by NAD(P)+-dependent 
aldehyde dehydrogenase (ALDH) or reduced by alde-
hyde/aldose reductase (ALR/AR) to form the inactive 
3,4-dihydroxyphenylethanol, or further oxidized to non-
toxic 3,4-dihydroxyphenylacetic acid where the aldehyde 
moiety is replaced by a carboxyl group [32]. Alternatively, 
DA released into the synaptic cleft can be absorbed into 
the surrounding glial cells, in which DA can be cata-
lyzed by catechol-o-methyltransferase and MAO to form 
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non-toxic 3-methoxytyramine and finally homovanil-
lic acid [5, 33]. The detailed DA metabolic pathways are 
illustrated in Fig. 1.

The pathogenic roles of DA in PD
DA-relevant toxicity in PD pathogenesis has been dem-
onstrated in multiple in  vitro and in  vivo PD models 
[34, 35]. Direct injection of DA (up to 1  μmol) into the 
rat striatum led to the loss of dopaminergic nerve ter-
minals and the formation of cysteinyl adducts of DA in 
a DA-dose-dependent manner, and this was alleviated 
by co-administration of glutathione (GSH) or ascorbate 
[36–38]. Injection of AM, a cyclized DAQ, into the SN of 
rats induced dopaminergic neuronal degeneration and 
motor impairment [39, 40]. Injection of DOPAL into the 
rat SN region resulted in DA neuronal loss [41]. Further-
more, deregulation of endogenous DA synthesis, stor-
age, transportation and metabolism by pharmacological 
and genetic approaches can lead to deleterious effects on 
dopaminergic neurons. Both in  vitro and in  vivo stud-
ies showed that overexpression of TH, a rate-limiting 
enzyme in dopamine biosynthesis, induces degeneration 
of dopaminergic neurons [42, 43]. The Tet-on-induced 
TH overexpression in human midbrain-like organoids 

derived from the induced pluripotent stem cells (iPSCs) 
has also been shown to induce degeneration of dopa-
minergic neurons [44]. Consistently, RNAi knockdown 
of TH significantly alleviates the rotenone- and mutant 
α-syn-induced degeneration of dopaminergic neurons in 
a Drosophila PD model [35]. Knockdown of VMAT2 in 
mice disturbs DA vesicle storage and leads to mild and 
progressive DA neurodegeneration, accompanied by 
elevated levels of cysteinyl-DAQs adducts, suggesting 
enhanced DA oxidation and DAQ toxicity [45]. Further-
more, VMAT2-knockout mice are sensitive to the neuro-
toxic drug methamphetamine [46, 47], which promotes 
DA redistribution from synaptic storage vesicles into the 
cytosol [48, 49]. However, VMAT2 overexpression pro-
tects against the methamphetamine-induced toxicity to 
dopaminergic neurons [50]. The degeneration of dopa-
minergic neurons can be induced by overexpression of 
DATs, which enhance DA re-uptake to increase cytosolic 
DA levels in PD models in  vivo [51, 52]. Furthermore, 
disturbances of the ALDH-catalyzed detoxification of 
DOPAL, a reactive DA metabolite, can be pathogenic. 
Mice lacking both cytosolic and mitochondrial Aldh, 
two key enzymes to detoxify DOPAL in the brain, exhibit 
degeneration of dopaminergic neurons in the SN and 

Fig. 1 DA metabolic pathways. DA is unstable and can undergo oxidation to produce reactive DOQ and ROS. The reaction can be reversed 
under sufficient ambient reductive force. The reactive DOQ can covalently conjugate with protein residues via MA reaction to form DOQ-protein 
adducts. DOQ can further be oxidized to generate ROS and AM, a cyclized DAQ. AM can also conjugate with protein residues to form AM-protein 
adducts via MA reaction or undergo internal rearrangement to form 5,6-dihydroxyindole, which can further polymerize to form melanin. 
Alternatively, DA can be catalyzed by COMT to form non-toxic 3-MT and finally HVA. DA can also be catalyzed by MAO to form reactive DOPAL 
and ROS. DOPAL can be catalyzed by ALDH to form non-toxic DOPAC and generate HVA under the catalysis of COMT. DOPAL can also be reduced 
by ALR/AR to form inactivate DOPAE. However, DOPAL is reactive and can conjugate with protein lysine residues to form DOPAL-protein adducts 
via SB reaction. DOPAL can be further oxidized to generate reactive ROS and DPQ, while DPQ can conjugate with protein residues via MA reaction 
to form DPQ-protein adducts. ALDH  aldehyde dehydrogenase, AM aminochrome, COMT catechol-o-methyltransferase, DA dopamine, DOPAL 
3,4-dihydroxyphenylacetaldehyde, DOQ DA-o-quinone, DPQ DOPAL-quinone, HVA homovanillic acid, 3-MT 3-methoxytyramine
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development of age-dependent parkinsonian phenotypes 
[53]. A clinical study involving 360 PD patients and 754 
normal controls demonstrated a positive association 
between environmental exposure to benomyl, a potent 
ALDH inhibitor, and the increased risk of PD [54].

DA exerts toxicity via its deleterious metabolic by-
products, including reactive ROS, DAQs and DOPAL. 
ROS generated from DA oxidation can aggravate oxida-
tive stress, which has been evidenced by postmortem 
studies reporting that oxidative modifications have sig-
nificant and comprehensive impacts on nucleic acids, 
lipids, proteins and GSH in PD patient brains [55]. 
However, DAQs, rather than small-molecule ROS, are 
more significant pathological factors in degeneration 
of dopaminergic neurons [12]. The DA-derived DAQs 
can irreversibly conjugate to the sulfhydryl groups of 
cysteine residues via Michael-addition (MA) reaction, 
leading to protein misfolding and loss of function [56, 
57]. Our recent findings suggest, for the first time, that 
DAQs can also conjugate with hydroxyl groups of tyros-
ine and serine, especially hydroxyl groups in the phenol 
ring of tyrosine [26]. In the study, we synthesized three 
similar peptide fragments with 30 amino acids without 
L-cysteine but containing five serine residues (peptide 
S, HGKKQDNRSQESGEDGDDREGSGKSNESQD), five 
tyrosine residues (peptide Y, HGKKQDNRYQEYGEDG-
DDREGYGKYNEYQD) or glycine residues (peptide G, 
HGKKQDNRGQEGGEDGDDREGGGKGNEGQD) 
[26]. The peptides were incubated with DA in the pres-
ence or absence of tyrosinase. After incubation, the 
conjugation of DAQ to the peptides was   monitored by 
nitroblue tetrazolium  staining plus polyacrylamide gel 
electrophoresis analysis [26]. We found that the peptide 
G with glycine residues could not react with DAQs, while 
the peptide S with five serine residues had weak capabili-
ties to conjugate with DAQs [26]. However, the peptide 
Y with five tyrosine residues could effectively conjugate 
with DAQs [26]. These results provide direct evidence 
that DAQs can conjugate with the hydroxyl groups of 
protein residues, especially the tyrosine residue with 
a hydroxyl group in a phenol ring. Furthermore, the 
hydroxyl groups from tea polyphenols can competitively 
conjugate with DAQs to protect against DAQ-induced 
protein modifications, further supporting the reactions 
between DAQs and phenolic hydroxyl groups of pro-
tein residues [26]. The peptide G has three lysine resi-
dues; however, no conjugations of DAQs were identified. 
Therefore, Schiff-base (SB) reactions between DAQs and 
peptides can be excluded. The conjugations between 
DAQs and tyrosine residues occur via the MA reaction, 
similar to reactions between DAQs and cysteine.

The DAQ-modified proteins are involved in the DA-
induced toxicity to human dopaminergic neurons [58]. 

DAQs can conjugate with αB-crystallin and heat shock 
protein 27 (HSP27), two small heat-shock chaperone 
proteins, to promote the cross-linking of αB-crystallin 
and HSP27 and inhibit their chaperone functions [59]. 
Moreover, DAQs can inhibit mitochondrial, lysosomal, 
autophagy and UPS functions in dopaminergic neurons 
[12, 60–62]. DAQs can irreversibly inhibit the activi-
ties of proteasomes, whereas small-molecule ROS only 
induce reversible proteasome inhibition [11]. In a previ-
ous study using SH-SY5Y cells and isolated mouse liver 
and rat brain mitochondria, DAQ treatment altered the 
morphology of mitochondria, induced mitochondrial 
membrane depolarization and opening of the mitochon-
drial transition pore (MTP), and inhibited mitochondrial 
ATP synthesis [63]. In another recent study, DA oxida-
tion was identified to mediate the mitochondrial and 
lysosomal dysfunction in PD patients [10]. The enhanced 
mitochondrial oxidative stress leads to DA oxidation with 
generation of DAQs, conjugation of DAQs with GBA1, 
inhibition of GBA1 enzymatic activity, lysosomal dys-
function, and accumulation of deleterious α-syn protein 
[10]. DAQs can inhibit autophagy via reactions with α- 
and β-tubulin, as α- and β-tubulin mediate microtubule 
aggregation for the fusion of autophagy vacuoles with 
lysosomes [62]. Furthermore, DAQs can directly conju-
gate with α-syn to induce the formation of toxic α-syn 
protofibrils, leading to inactivation of the chaperone-
mediated autophagy [62].

DOPAL is also reactive and can be an endogenous 
neurotoxin due to the presence of its both aldehyde 
and catechol moieties [9]. The neurotoxicity of DOPAL 
has been reported in various studies both in  vitro and 
in vivo [31, 41]. DOPAL can conjugate through its alde-
hyde moiety with lysine residues of proteins via the SB 
reaction [64]. Furthermore, the oxidation of the catechol 
group of DOPAL can further generate DOPAL-quinone 
(DPQ), which can conjugate with the sulfhydryl group 
of cysteine residues via MA reaction [65]. In principle, 
DPQ, as one of DAQs, should be able to react with the 
hydroxyl group of tyrosine via MA reaction. DOPAL 
is involved in multiple mechanisms of DA neurotox-
icity [9]. The high reactivity of aldehyde and catechol 
moieties of DOPAL results in protein cross-linking and 
aggregation, aggravated proteostatic stress and neuro-
degeneration [9, 66]. DOPAL has been shown to conju-
gate with multiple proteins (Table  1) [64, 67], including 
α-syn. DOPAL conjugates with lysine residues of α-syn 
forming SB and MA adducts, leading to the formation 
of α-syn oligomers,  aggravating α-syn toxicity, and this 
can be abrogated by a lysine-blocking strategy [68]. The 
DOPAL-modified α-syn protein can accumulate in the 
endo-lysosomal pathway, leading to impaired proteo-
stasis and neurodegeneration of dopaminergic neurons 
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both in vitro and in vivo [69]. The lysine residues undergo 
many post-translational modifications, including ubiqui-
tination, SUMOylation and acetylation, which are vital 
for cell survival and proliferation [70]. The conjugation of 
DOPAL to lysine residues interferes with many cellular 
events and down-regulates cell viability, as evidenced by 
ubiquitin oligomerization, accumulation of ubiquitinated 
proteins and impairment of UPS functions upon DOPAL 
challenges [71]. Besides, the DOPAL-induced oxidative 
stress enhancement, enzymatic inhibition, mitochondrial 
impairment and disturbances of cellular proliferation and 

death signaling pathways, cooperatively contribute to the 
DA-relevant toxicity in PD pathogenesis [9]. The compli-
cated conjugations of DAQs and DOPAL with cysteine, 
tyrosine and lysine residues that result in protein modi-
fications and cross-linking are illustrated in Fig.  2. Pro-
teins modified by DAQs and DOPAL are summarized in 
Table 1.

Mitochondrial dysfunction, including systemic defi-
ciency of the electron transport chain complex I, is a 
well-established player in the pathogenesis of both 
sporadic and familial PD [96–98]. The mitochondrial 

Table 1 Proteins modified by DAQs and DOPAL

Proteins or peptides Modified residues DA oxidation products References

Apoferritin protein – DA [72]

α-Syn Lysine DOPAL [68, 69, 73–75]

α-Syn – DA [76, 77]

α-Syn – DPQ [78]

α-Syn Lysine DPQ [71]

α-Syn – DAQs [79, 80]

GCase Cysteine DAQs [81]

Parkin Cysteine DA [82]

DJ-1 Cysteine106 and Cysteine53 DAQs [83]

DJ-1 Cysteine DAQs [57, 84]

Chaperonin Cysteine DAQs [57]

Ubiquinol cytochrome c reductase core protein 1 Cysteine DAQs [57]

Mortalin Cysteine DAQs [57]

Mitofilin Cysteine DAQs [57]

Mitochondrial creatine kinase Cysteine DAQs [57]

Ubiquitin carboxy-terminal hydrolase L1 Cysteine DAQs [57]

Glutathione peroxidase 4 – DAQs [85]

Actin – DAQs [86]

α-, β-tubulin – DAQs [86]

BSA Cysteine DAQs [87, 88]

BSA – DOPAL [67]

GAPDH Cysteine DOPAL [64, 89]

HSP27 Lysine DAQs [59]

αB-crystallin Lysine DAQs [59]

β-lactoglobulin Cysteine DAQs [87]

Synthesized peptide Tyrosine/Serine DAQs [26]

Myoglobin Cysteine/Histidine DAQs [90]

L-lactate dehydrogenase – DAQs [91]

Malate dehydrogenase – DAQs [91]

Superoxide dismutase 2 Cysteine DAQs [92]

TH Cysteine DAQs [93, 94]

TH – DOPAL [95]

VMAT2 – DPQ [71]

GBA – DPQ [71]

Ubiquitin – – [71]

L-aromatic-amino-acid decarboxylase – DPQ [71]
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toxins rotenone and 1-methy-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP), two PD-associated inhibitors of 
mitochondrial complex I, can induce PD-like pheno-
types both in  vitro and in  vivo [13]. MPTP can cross 
the blood–brain barrier and be taken up by glial cells, 
where it is converted to 1-methyl-4-phenylpyridinium 
 (MPP+) by MAO-B [99].  MPP+ can bind the mito-
chondrial complex I, leading to ROS generation and 

mitochondrial dysfunction [100]. However, increased 
DA content has been identified to enhance the rote-
none- and  MPP+-induced toxicity in various in  vitro 
studies [101, 102]. The oxidation of DA aggravates 
the dopaminergic cell death induced by  MPP+ chal-
lenge [103], while DA depletion can remarkably alle-
viate dopaminergic neuronal degeneration caused 
by mitochondrial complex I inhibitors [104]. Also, 

Fig. 2 Hypothetical conjugations of DAQs and DOPAL with protein residues, leading to protein modifications and cross-linking. a–c DAQ or DOPAL 
conjugations to peptide A. a SB adductive reaction of DOPAL with lysine; b MA adductive reaction of DOQ with cysteine; c MA adductive reaction 
of DOQ with tyrosine residue. d–i DAQ or DOPAL conjugation and cross-linking between peptides A and B. d MA adductive reactions of DOQ 
with two cysteine residues; e MA and SB adductive reactions of DPQ with cysteine and lysine residues, respectively; f MA adductive reactions 
of DOQ with tyrosine and cysteine residues; g MA adductive reactions of DOQ with two tyrosine residues; h MA and SB adductive reactions of DPQ 
with tyrosine and lysine residues, respectively; i MA and SB adductive reactions of DPQ with two lysine residues. j–o DAQ or DOPAL conjugations 
and cross-linking between peptides B and C. j MA adductive reactions of AM with two cysteine residues; k MA adductive reactions of AM 
with cysteine and tyrosine residues; l MA adductive reactions of AM with two tyrosine residues; m MA adductive reactions of DPQ with two cysteine 
residues; n MA adductive reactions of DPQ with cysteine and tyrosine residues; o MA adductive reactions of DPQ with two tyrosine residues; p–s 
Conjugations to peptide C. p MA adductive reaction of AM with cysteine residue; q MA adductive reaction of AM with tyrosine residue; r MA 
adductive reaction of DPQ with cysteine residue; s MA adductive reaction of DPQ with tyrosine residue
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downregulation of TH expression by RNAi approach 
can significantly alleviate the rotenone-induced dopa-
minergic neuronal degeneration in Drosophila [35].

Numerous studies have indicated the vital pathogenic 
roles of iron species in PD pathogenesis [14]. Accumu-
lation of iron species has been found in the SN region 
in both post-mortem brain tissues and in living PD 
patients [105, 106]. Recent evidence demonstrates that 
iron species can induce DA-relevant toxicity in dopa-
minergic neurons [107]. DA has been found to promote 
cellular iron accumulation and enhance oxidative stress 
responses in macrophages [108]. Iron, as a co-factor 
of TH, increases TH activity and upregulates DA lev-
els, while this is not seen with other divalent metal ions 
[109, 110]. Furthermore, iron species, especially free iron 
ions, form specific iron-DA complexes and subsequently 
mediate extensive DA oxidation to produce deleterious 
DAQs and ROS, leading to proteasome inhibition, dopa-
minergic neuron vulnerability and degeneration [107]. 
The iron-DA complex formation can be disrupted by 
iron chelators, thus abrogating the iron species-mediated 
DA oxidation; however, DAQ-scavenging agents, includ-
ing GSH and ascorbate, do not have these effects [107]. 
In contrast, they can alleviate the toxicity of by-products 
of iron-mediated DA oxidation, suggesting different pro-
tective mechanisms and profiles of these neuroprotective 
agents [107].

Currently, L-DOPA replacement is an effective thera-
peutic strategy to alleviate PD symptoms via enhanc-
ing DA levels in PD brains. Whether L-DOPA protects 
or impairs dopaminergic neurons is still under debate. 
The protective effects of L-DOPA have been reported 
in some PD models [111, 112]. However, some studies 
also showed toxicity of L-DOPA to neurons and non-
neuronal cells, as L-DOPA can undergo auto-oxidation 
to generate toxic and reactive ROS and DAQs [113, 114]. 
In a systems-level computational model of SN-striatum, 
L-DOPA treatment was observed to result in a loss of 
dopaminergic neuronal terminals in the SN under energy 
deficiency, which was alleviated by co-administration 
of GSH [115]. Recently, Hörmann et  al. reported that 
L-DOPA can mediate both a neurotoxic and a neuropro-
tective activity, depending on the oxygen tension. They 
found that at physiological oxygen levels (which are very 
distinct to normoxic conditions in all in  vitro experi-
ments), L-DOPA inhibited mitochondrial functions, 
suppressed oxidative phosphorylation and depleted the 
NADH pool, in the absence of L-DOPA auto-oxidation 
and oxidative cell damage [116]. Furthermore, a previ-
ous study showed that as a close structural analogue of 
L-tyrosine, L-DOPA can be incorporated into synthe-
sized proteins, leading to protein misfolding and inac-
tivation in SH-SY5Y neuroblastoma cells [117]. These 

findings suggest that the mechanisms of L-DOPA toxicity 
are complicated and warrant further investigations.

Crosstalk between DA and PD genes in PD 
pathogenesis
Although most PD cases are sporadic, familial forms 
of PD caused by genetic mutations account for about 
5%–10% of PD cases. So far, multiple PD-associated 
genes have been identified, including SNCA, LRRK2, 
PINK1, Parkin, DJ-1 and GBA1. Recent studies have sug-
gested interactions between DA and PD-linked genetic 
factors, which promote neurodegeneration of dopamin-
ergic neurons.

SNCA
The SNCA gene encoding α-syn is the first identified 
PD-related gene. Mutations in SNCA, including mis-
sense and multiplication mutations, can cause early-
onset autosomal-dominant PD [15]. The α-syn protein 
can form aggregates, which are the major component of 
Lewy bodies in PD patient brains [118, 119]. Studies have 
shown that the toxicity of α-syn is DA-relevant [120–
122]. Elevated DA levels can aggravate degeneration of 
dopaminergic neurons induced by either wild-type (WT) 
or mutant α-syn [121]. A previous study demonstrated 
that WT α-syn is beneficial to dopaminergic neurons, 
whereas overexpression of WT α-syn in the presence of 
DA induce dopaminergic neuronal damage [120, 122]. 
Inhibition of TH by α-methyltyrosine (α-MT) alleviates 
WT or mutant α-syn-induced dopaminergic neuron 
toxicity [120]. DA-derived products have been shown to 
conjugate with α-syn proteins and stabilize toxic α-syn 
oligomers, which have been validated in numerous 
in vitro and in vivo studies [123, 124]. The α-syn protofi-
brils can form pore-like assemblies on the membranes of 
intracellular vesicles to impair vesicle integrity, leading to 
leakage of vesicle contents and dopaminergic neuron vul-
nerability [125]. DA-derived DAQs and DOPAL can con-
jugate with α-syn to form unstructured adducts, slowing 
the conversion of α-syn protofibrils to fibrils and elevat-
ing the toxicity of α-syn protofibrils [68, 126]. DOPAL 
reacts with α-syn protein, leading to α-syn accumulation, 
proteostasis disturbance and degeneration of dopaminer-
gic neurons in PD models [69]. The increased, DOPAL-
modified α-syn has been detected in post-mortem striatal 
tissues from idiopathic PD patients, correlating with 
the DA-dependent α-syn pathology [69]. Furthermore, 
increased DA level has been identified in mice expressing 
human A53T mutant α-syn [124]. The elevated DA level 
is positively associated with the formation and toxicity of 
α-syn oligomers, suggesting a potential adverse DA–α-
syn feedback loop in dopaminergic neurons under SNCA 
mutations [124].
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LRRK and PINK1
LRRK2 and PINK1 are two serine/threonine-protein 
kinases related to PD. LRRK2 is a widely expressed, large,  
single-polypeptide protein with multiple domains includ-
ing ankyrin, leucine-rich repeat, WD40 repeats, and the 
catalytic core, Ras-of-complex proteins (ROC)-GTPase 
domain with serine/threonine kinase activities [127]. 
LRRK2 plays multiple roles in various signaling pathways 
via phosphorylation of its substrates [128, 129]. The tox-
icity of LRRK2 mutants is dependent on the increased 
kinase activity as shown in in  vitro and in  vivo stud-
ies [19]. The dominant G2019S LRRK2 mutation with 
increased serine/threonine kinase activity is well-known 
as the most prevalent cause of genetic factor-induced 
late-onset sporadic and familial forms of PD [130]. 
PINK1 is a 68-kDa serine-threonine kinase containing 
581 amino acids. PINK1 mutations can contribute to 
autosomal recessive, early-onset PD [131]. PINK1 has an 
N-terminal mitochondria-targeting fragment, followed 
by a transmembrane domain, a serine/threonine kinase 
domain and a regulatory C-terminal domain [42]. Most 
PD-linked PINK1 mutations are located within the kinase 
domain, indicating that the PINK1 kinase activity is the 
key to its neuroprotective roles in dopaminergic neurons 
[16].

Previous studies demonstrated that LRRK2 and PINK1 
mutations promote dopaminergic neuronal toxicity. 
The LRRK2 mutations impair synaptic vesicle endocy-
tosis, leading to alterations of DA metabolism and DA-
mediated toxic effects in dopaminergic neurons derived 
from iPSCs generated from reprogrammed PD patient 
fibroblasts carrying LRRK2 mutations [132]. The PINK1 
protein is mostly localized in mitochondria; however, 
extra-mitochondrial fragment of PINK1 can modulate 
TH expression and DA level in dopaminergic neurons 
in a PINK1 kinase activity-dependent manner [42]. The 
overexpression of WT PINK1 has been shown to down-
regulate TH expression and DA level to protect human 
dopaminergic neurons [42]. However, transfection of PD-
related PINK1 mutants up-regulated TH and DA levels 
in dopaminergic neurons, making them vulnerable to 
oxidative stress [42]. Furthermore, recent findings high-
light the vital role of the LRRK2–PINK1 kinase pair in 
the modulation of the TH–DA pathway in PD pathogen-
esis [44]. LRRK2 and PINK1 form a functional protein 
kinase pair to modulate TH and DA levels in dopamin-
ergic neurons, and this observation has been validated 
in multiple in  vitro and in  vivo PD models, including 
human dopaminergic neurons and midbrain organoid 
models derived from patient cell-induced iPSCs [44]. 
LRRK2 promotes TH expression and increases DA gen-
eration which can be aggravated by LRRK2 mutations, 
while WT PINK1 suppresses TH expression and DA 

generation, which can be abrogated by PD-linked PINK1 
mutations [44]. Furthermore, LRRK2 and PINK1 can 
facilitate proteasome degradation of each other to recip-
rocally down-regulate their protein levels, reaching a 
functional balance [44]. Under physiological conditions, 
LRRK2 and PINK1 form a functional balance to maintain 
normal TH expression and DA synthesis in dopamin-
ergic neurons [44]. However, in the presence of LRRK2 
mutations, the LRRK2 kinase activity is increased, lead-
ing to up-regulated TH expression and increased DA 
synthesis [44]. The increased LRRK2 kinase activity will 
also facilitate UPS degradation of PINK1, impairing func-
tions of PINK1 [44]. This can contribute to the imbal-
ance between the LRRK2–PINK1 kinase pair, leading to 
up-regulation of TH expression, increased DA synthesis, 
enhanced DA oxidation and aggravation of DA-specific 
stress in dopaminergic neurons, and dopaminergic neu-
ron vulnerability [44]. Similarly, in the presence of PINK1 
mutations, the PINK1 kinase activity will be impaired, 
which also causes the imbalance of the LRRK2–PINK1 
kinase pair, leading to disrupted TH–DA pathway and 
dopaminergic neuron vulnerability [44]. These findings 
indicate that the LRRK2–PINK1 kinase pair and the TH–
DA pathway may be potential therapeutic targets for PD. 
The impact of the LRRK2–PINK1 kinase pair on the TH–
DA pathway, relevant to PD pathogenesis and therapy, is 
illustrated in Fig. 3.

Parkin
Parkin is a cytosolic protein that functions as a ubiqui-
tin E3 ligase to ubiquitinate target proteins and modulate 
many cellular processes to protect dopaminergic neu-
rons [133]. Impairment of the E3 ligase activity of Parkin 
is considered to play a pathogenic role in both sporadic 
and familial forms of PD [133]. Pathogenic Parkin gene 
mutations can cause selective DA neurodegeneration and 
early-onset parkinsonism [133]. It is reported that DAQs 
can covalently modify Parkin protein in dopaminergic 
neurons, leading to Parkin protein insolubility and inac-
tivation of its E3 ubiquitin ligase activity [82, 134]. DAQs 
could conjugate with and modify Cys95 and Cys253 
residues of Parkin protein, leading to its insolubility, as 
revealed in post-mortem patient brain samples and in PD 
models in vivo [82, 134]. Furthermore, the decreased sol-
ubility of Parkin protein is suggested to impair autophagy 
and contribute to the accumulation of α-syn protein 
[135]. These findings demonstrate the complicated path-
ological networks among DA toxicity and PD genes in PD 
pathogenesis.

DJ‑1
DJ-1 is a small and highly conserved homodimeric pro-
tein of 189 amino acids, commonly expressed in both 
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brain and peripheral tissues [18]. Mutations of DJ-1 can 
cause inherent autosomal recessive early-onset PD [18]. 
It was reported that overexpression of WT DJ-1 enhances 
cell resistance to DA toxicity and inhibits ROS genera-
tion  [136]. A recent study indicated that WT DJ-1, rather 
than its pathogenic L166P mutant protein, protected 
dopaminergic neurons via inhibiting microglial activa-
tion [137]. Glial cells, especially microglia and astro-
cytes, express DA receptors that can bind DA upon its 
release into the synaptic cleft by dopaminergic neurons 
[138–140]. DA activates the DA receptors on glial cells 
upon binding, leading to ROS generation and release of 
pro-inflammatory cytokines from glial cells, triggering 

neuronal damage [138–140]. It was found that the WT 
DJ-1 tightly interacts with the p65 subunit of nuclear 
factor-κB (NF-κB) in the cytoplasm to inhibit glial acti-
vation and neuroinflammation-mediated neurotoxicity 
[137]. However, loss of DJ-1 promotes the dissociation 
between p65 and NF-κB inhibitor α (IκBα), facilitating 
p65 nuclear translocation, resulting in more microglial 
activation and aggregation of microglia-mediated neuro-
toxicity in an NF-κB-dependent manner [137].

However, DA-derived DAQs can covalently modify 
cysteine residues of DJ-1 protein to inactivate DJ-1 pro-
tein [83]. DAQs can react with three cysteine residues of 
DJ-1 with different profiles. Cys46 residue of DJ-1 protein 

Fig. 3 LRRK2-PINK1 kinase pair balance in modulation of TH-DA pathway, significant to PD pathogenesis and therapy. LRRK2 and PINK1 
form a functional kinase pair balance to regulate TH expression and DA production in DA neurons. a LRRK2 enhances TH expression and DA 
synthesis, while PINK1 inhibits TH expression and DA production. LRRK2 and PINK1 can promote proteasome degradation of each other, leading 
to a function l kinase balance in steady state. Under physiological conditions, the moderate DA level in brains will cause mild stress to DA neurons 
by reactive ROS, DAQs and DOPAL generated from DA oxidation and MAO catalyzed DA metabolism. DA neurons can survive and be healthy. 
b However when LRRK2 is mutated, LRRK2 kinase activity can be increased to up-regulate TH and DA levels. The increased LRRK2 kinase activity 
will also promote PINK1 degradation to inhibit PINK1 function. This will lead to an imbalance between LRRK2 and PINK1 kinase pair, contributing 
to increased TH and DA levels, elevated generation of toxic DA by-products and DA neuron vulnerability. c Vice versa, under PINK1 mutations, 
the PINK1 kinase activity can be impaired, which will also disturb the LRRK2-PINK1 kinase balance, leading to deregulated TH-DA pathway, enhanced 
generation of toxic DA by-products, and DA neuron vulnerability
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is not reactive to DAQs. Cys53 is the most reactive resi-
due towards DAQs, forming a covalent dimer without 
disturbance of the structure. However, modification of 
Cys106 by DAQs has the most severe effects on DJ-1 
protein structure and function, leading to DJ-1 aggrega-
tion [83]. Cys106 of DJ-1 protein plays key roles in cellu-
lar oxidative stress response and mitochondrial function 
modulations [141]. Furthermore, the aggregation of DJ-1 
protein is implicated in PD pathogenesis and increased 
insolubility of DJ-1 protein has been identified in spo-
radic PD patient brains [142].

GBA1
Apart from the abovementioned gene mutations, muta-
tions of the GBA1 gene, which encodes GCase, a lysoso-
mal enzyme that hydrolyzes glucosylceramide to glucose 
and ceramide, are among the most common genetic 
risk factors for the development of PD [17]. Studies 
have shown a higher frequency of GBA1 mutations in 
PD than those of other PD-associated genes, including 
LRKK2, SNCA and PINK1 [143, 144]. GCase protein level 
and activity are reduced under GBA1 mutations [145, 
146]. Evidence shows that DAQs can directly conjugate 
with GCase and inhibit its enzymatic activity, leading 
to lysosomal dysfunction and α-syn protein accumula-
tion [147]. Considering the species-specific differences 
in DA metabolism, Burbulla et al. increased DA synthe-
sis in mouse midbrain neurons, and recapitulated the 
pathogenic changes found in human dopaminergic neu-
rons, i.e., mitochondrial oxidant stress which leads to DA 
oxidation, reduced GCase activity and accumulation of 
α-syn protein [10, 146, 148]. This highlights a role of DA 
oxidation in mitochondrial and lysosomal dysfunction in 
PD pathogenesis.

Therapeutic strategies against DA toxicity
Despite advances in PD treatment over the past dec-
ades (medications, deep brain stimulation approaches, 
etc.), currently no drug can reverse the progressive loss 
of dopaminergic neurons in PD patient brains [149]. DA 
exerts neuron toxicity via its deleterious metabolites, 
including ROS, DAQs and DOPAL. Both DAQs and 
DOPAL can react with sulfhydryl groups, and agents con-
taining sulfhydryl groups, namely, GSH, N-acetylcysteine 
(NAC) and L-cysteine, are able to competitively conju-
gate with and detoxify the  toxic by-products of DA [5, 
150–152]. GSH is an important endogenous ROS-scav-
enger and DAQ-detoxifier [5, 6, 153]. GSH can inhibit 
and abrogate DA auto-oxidation and enzyme-catalyzed 
oxidation to suppress the production of reactive ROS 
and DAQs [5, 6, 153]. GSH can conjugate with DAQs 
to form GSH-DAQ conjugates, evidenced by the detec-
tion of various GSH-DAQ conjugates in post-mortem 

PD brains [5, 150, 154–156]. Meanwhile, reduced levels 
of GSH were identified in post-mortem PD brains, sug-
gesting impaired GSH defense in PD [157]. Moreover, 
DAQs can be detoxified through reactions with NAC 
or L-cysteine to form DAQ conjugation adducts [151, 
152]. NAC, an antioxidant and a precursor for GSH, has 
been used in clinic to improve motor and mental abili-
ties of PD patients, possibly by restoring dopaminergic 
neuron functions [158, 159]. Recent findings have shown 
that DAQs can also react and conjugate with hydroxyl 
groups, especially those within phenol rings [26]. Our 
recent findings indicate that tea polyphenols can protect 
dopaminergic neurons via suppression of DA oxidation, 
reaction with DAQs, inhibition of MAOB, and modula-
tions of the anti-oxidative signaling pathways [26]. The 
protective potency of tea polyphenols is positively cor-
related with the number of phenolic hydroxyl groups in 
their phenol rings [26]. Tea polyphenols with more ring 
structures and hydroxyl groups are more potent to pro-
tect against DA-induced toxicity [26]. Furthermore, the 
protection of tea polyphenols is more potent than that of 
sulfhydryl group-containing compounds, including GSH 
[26]. These findings are promising. In the future, more 
potent DAQ-detoxification compounds with blood–
brain barrier penetrating abilities and versatile protective 
functions may be identified and developed for PD thera-
peutic use.

DOPAL produced from DA via MAO catalysis is reac-
tive and toxic to dopaminergic neurons. DOPAL can 
covalently conjugate to lysine and cysteine residues to 
induce toxic effects [64, 160]. Lysine mimics have been 
used in the design of small-molecule inhibitors of histone 
lysine methyltransferases [161]. Many lysine derivatives 
have been synthesized and applied in biological research 
[162, 163]. Therefore, the strategy of scavenging reactive 
DOPAL aldehydes by an excess of amino molecules or 
lysine derivatives may protect functional protein lysine 
residues. As DAQs can also react and conjugate with 
cysteine and tyrosine residues via MA reaction to induce 
toxicity, the strategy of protecting protein lysines may be 
combined with cysteine- and tyrosine-protecting agents, 
such as GSH, NAC and L-cysteine, to achieve optimized 
therapeutic effects. Future investigations are needed to 
test and validate these hypotheses.

In a recent study, inhibition of TH by low-dose α-MT 
initiated at the early stage was able to prevent LRRK2 
G2019S mutation-induced DA neurodegeneration in 
in  vivo PD models [44, 164]. α-MT has been reported 
to alleviate  the  degeneration of dopaminergic neu-
rons  induced by  mutant α-syn  and PINK1 [42, 120]. 
α-MT is a competitive TH inhibitor and has been used 
clinically for conditions such as hypertension-linked 
phaeochromocytoma, dystonia, and Huntington’s disease 
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[164–166]. Low-dose α-MT is safe with no significant 
side effects even after prolonged usage (3  years) [166]. 
Considering its low toxicity and high tolerance among 
human subjects, low-dosage α-MT seems to be promis-
ing in protecting dopaminergic neurons and preventing 
degeneration of dopaminergic neurons in PD. It will be 
interesting to determine if α-MT therapy can prevent 
PD onset in prodromal subjects carrying pathogenic PD 
gene mutations. More clinical studies are warranted to 
investigate the therapeutic effects of α-MT and other TH 
inhibitors in PD.

Conclusions
Accumulating evidence suggests that DA exerts neu-
rotoxicity via its metabolites including DAQs, DOPAL 
and ROS. DA oxidation generates deleterious and highly 
reactive DAQs, which can covalently conjugate with 
sulfhydryl and hydroxyl groups of protein cysteine and 
tyrosine residues, respectively, to form MA adductive 
products. DOPAL can covalently conjugate with lysine 
residues to form SB adducts. The formation of DAQ-pro-
tein and DOPAL-protein conjugates can lead to inactiva-
tion of functional proteins, protein misfolding, and even 
formation of deleterious protein aggregates, which are 
implicated in PD pathogenesis.

The vulnerability of dopaminergic neurons caused by 
DAQs can be alleviated by DA oxidation inhibitors and 
DAQ-detoxification agents, such as iron chelators, sulf-
hydryl- and hydroxyl-containing compounds, whereas 
the toxicity of DOPAL can be inhibited by MAO inhibi-
tors, ALDH activators and amino-molecules or lysine 
derivatives. Therapeutic strategies targeting DA syn-
thesis, transportation, storage and metabolisms, such 
as inhibition of TH, may be promising. Recent findings 
suggest that DA by-products can conjugate with α-syn, 
Parkin, DJ-1 and GCase, leading to loss of functions 
of proteins and formation of protein aggregates. The 
LRRK2–PINK1 kinase pair plays a vital role in modu-
lation of the TH–DA pathway. However, mutations of 
LRRK2 or PINK1 can disturb the LRRK2–PINK1 kinase 
balance, leading to increased TH and DA levels and 
dopaminergic neuron vulnerability. Therefore, LRRK2 
kinase inhibitors and PINK1 kinase activators may help 
maintain the LRRK2–PINK1 balance and promote dopa-
minergic neuron survival.

DA contributes to neurodegeneration via complicated 
mechanisms, which may be counteracted by a combina-
tion of mechanisms and agents (Fig. 3). Thus, a cocktail 
of drugs may have better therapeutic effects. For exam-
ple, cysteine residue-protecting agents such as NAC, may 
be combined with lysine residue-protecting agents such 
as lysine derivatives, to achieve improved neuroprotec-
tive effects. These protective agents combined with iron 

chelators and MAOB inhibitors may be able to alleviate 
the progressive degeneration of dopaminergic neurons in 
PD.
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