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Abstract
Since the description of some peculiar symptoms by James Parkinson in 1817, attempts have been made to define its cause or 
at least to enlighten the pathology of “Parkinson’s disease (PD).” The vast majority of PD subtypes and most cases of sporadic 
PD share Lewy bodies (LBs) as a characteristic pathological hallmark. However, the processes underlying LBs generation 
and its causal triggers are still unknown. ɑ-Synuclein (ɑ-syn, encoded by the SNCA gene) is a major component of LBs, and 
SNCA missense mutations or duplications/triplications are causal for rare hereditary forms of PD. Thus, it is imperative to 
study ɑ-syn protein and its pathology, including oligomerization, fibril formation, aggregation, and spreading mechanisms. 
Furthermore, there are synergistic effects in the underlying pathogenic mechanisms of PD, and multiple factors—contributing 
with different ratios—appear to be causal pathological triggers and progression factors. For example, oxidative stress, reduced 
antioxidative capacity, mitochondrial dysfunction, and proteasomal disturbances have each been suggested to be causal for 
ɑ-syn fibril formation and aggregation and to contribute to neuroinflammation and neural cell death. Aging is also a major 
risk factor for PD. Iron, as well as neuromelanin (NM), show age-dependent increases, and iron is significantly increased in 
the Parkinsonian substantia nigra (SN). Iron-induced pathological mechanisms include changes of the molecular structure 
of ɑ-syn. However, more recent PD research demonstrates that (i) LBs are detected not only in dopaminergic neurons and 
glia but in various neurotransmitter systems, (ii) sympathetic nerve fibres degenerate first, and (iii) at least in “brain-first” 
cases dopaminergic deficiency is evident before pathology induced by iron and NM. These recent findings support that the 
ɑ-syn/LBs pathology as well as iron- and NM-induced pathology in “brain-first” cases are important facts of PD pathol-
ogy and via their interaction potentiate the disease process in the SN. As such, multifactorial toxic processes posted on a 
personal genetic risk are assumed to be causal for the neurodegenerative processes underlying PD. Differences in ratios of 
multiple factors and their spatiotemporal development, and the fact that common triggers of PD are hard to identify, imply 
the existence of several phenotypical subtypes, which is supported by arguments from both the “bottom-up/dual-hit” and 
“brain-first” models. Therapeutic strategies are necessary to avoid single initiation triggers leading to PD.
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Parkinson’s disease and its major 
pathological hallmarks

PD is the second most common neurodegenerative dis-
order after Alzheimer’s disease (Poewe et al. 2017) and 
is a debilitating neurological disease. It is chronic and 
categorized by the progressive loss of particular motor 
functions exhibiting symptoms such as resting tremor, 
rigidity, bradykinesia, akinesia, gait and posture disorders, 
risk of falling, problems with fine motoric skills (e.g. writ-
ing, facial expression), coupled with non-motor features, 
including depression, REM-sleep disorder, problems with 
smell and taste and gastrointestinal disturbances (Obeso 
et al. 2010; Coelho and Ferreira 2012). These hallmark 
symptoms develop in stages, as recognized by Braak et al. 
(2003, 2004). Experimental and neuropathological studies 
demonstrate that the pathology either is triggered in the 
gut (Braak et al. 2003) or in the brain (Engelender and 
Isacson 2017; Foffani and Obeso 2018; Borghammer and 
Van Den Berge 2019). Alarmingly, several studies have 
reported an upward trend in the incidence of neurologi-
cal diseases such as PD in many countries over the past 
30 years (GBD Collaborators 2016; Feigin et al. 2019; 
Ou et al. 2021), thereby highlighting the urgent need to 
diminish this trend. This presumably could be achieved 
by understanding the pathogenesis of PD. However, the 
etiology of the illness remains an enigma. In addition, 
these elevations in prevalence are further compounded by 
the aging tendency of the population, because aging is a 
chief risk factor for PD (Tanner et al. 1996). Interestingly, 
studies conducted in non-human primates (Collier et al. 
2017) have demonstrated an elevation in indicators of mid-
brain dopamine neuron degeneration with advancing age, 
including inflammation, mitochondrial dysfunction, oxida-
tive/nitrative destruction, and dysfunctional protein lyso-
somal system. Furthermore, Collier et al. (2017) reported 
that these parameters in non-human primates were espe-
cially marked in the ventral tier of the SN pars compacta 
(pc), a region that exhibits a predilection to degenera-
tion in PD in humans (Gibb and Lees 1991; Fearnley and 
Lees 1991). Extrapolation of these findings suggests that 
increasing age—accompanied by age-related increases of 
iron and NM in the SNpc (Zecca et al. 2001)—produces 
a precondition of the disease and that the illness may 
manifest in an early PD state if confronted with specific 
trigger factors (Kouli et al. 2018). These trigger factors 
may include genetic predisposition, environmental influ-
ences (e.g. exposure to metals, smoking, carbon monox-
ide or pesticides), pathogens (bacteria, viruses) and other 
unknown culprits (Forsyth et al. 2011; Perez-Lloret et al. 
2014; Brenner 2013; Javed et al. 2019; Bekkering et al. 
2013; Yamamoto 2013; Reichmann et al. 2022; Ball et al. 

2019; Ascherio and Schwarzschild 2016). Still, the precise 
pathomechanisms underlying the interactions of these fac-
tors are unclear. For example, the number of life events 
was not different between recent onset parkinsonism, PD 
patients, and healthy controls (Paez-Maggio et al. 2023). 
Also, there is evidence that smoking may even be protec-
tive and/or of beneficial symptomatic efficacy in PD due to 
nicotinic receptor stimulation (Quik et al. 2009). Despite 
the advances in discovering many cytotoxic mechanisms 
and other related factors that may be operating, the precise 
etiology of the disorder remains intangible. However, it is 
highly likely to be multifactorial (Pang et al. 2019).

The pathological hallmarks of PD exhibited in the SNpc 
include neuroinflammation, and the destruction of mainly 
pigmented dopaminergic neurons coupled with the develop-
ment and appearance of intra-cytoplasmic inclusions called 
Lewy bodies (LBs) that are primarily a consequence of 
aggregates of misfolded α-synuclein (α-syn). These aggre-
gates, alone or in combination, may interfere with the central 
nervous system’s processing (Kouli et al. 2018).

Table 1 lists several factors believed to promote PD. None 
of them is always associated with (mild stages of) PD or nec-
essarily leading to PD, supporting the multifactorial concept.

The compensatory phase 
of neurodegeneration in early PD

The destruction of the dopaminergic neurons in the SNpc 
depletes striatal dopamine. This contributes to the cardinal 
motor symptoms in PD. A loss of 60% or more of the NM-
containing dopaminergic neurons is warranted for the mani-
festation of the motor dysfunction characteristic of the dis-
ease (Bernheimer et al. 1973; Hirsch et al. 1988). However, 
more recent data suggest a reduction of only 30% of dopa-
minergic neurons in the SNpc but about a 60% loss of its 
dendrites (Cheng et al. 2010). Regardless of the precise per-
centages, the fact that the brain copes and adapts to maintain 
physiological function despite the progressive loss of dopa-
minergic cells and dendrites for a long time is a phenomenal 
demonstration of brain plasticity (Riederer and Wuketich 
1976; Mahlknecht et al. 2015; Amoroso et al. 2018). Deplet-
ing dopamine levels in the basal ganglia in PD prompts many 
adaptive alterations at molecular, cellular, and synaptic lev-
els including an increased dopamine turnover—as indicated 
by the ratios of DOPAC/dopamine and HVA/dopamine (Pifl 
et al. 2014)—which serve in stabilizing network tasks (Tur-
rigiano 2012). These mechanisms illustrate the operation of 
homeostatic plasticity in response to a change in the internal 
basal ganglia environment, particularly in the striatum and 
the subthalamic nucleus, respectively, the motor loop. Spa-
tiotemporal changes in dopamine, NM, and iron demonstrate 
that striatal dopaminergic denervation occurs first, followed 
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by abnormal iron metabolism and finally NM changes in the 
SNpc (Biondetti et al. 2020). In addition, it has been sug-
gested that the progression of the pathology of neurodegen-
eration adopts a time-linked sequence of anatomic distribu-
tion (Alafuzoff and Hartikainen 2017; Luk and Lee 2014). 
The importance of spatiotemporal developments in PD is 
demonstrated also in the development of gait disturbances 
(Doyle et al. 2022).

The loss of dopamine elicits a disbalance of the direct path-
way and the indirect pathway in PD (Alexander et al. 1986; 
Ikemoto et al. 2015; Fieblinger et al. 2014). Therefore, the 
depletion of dopamine rewires the striatal circuit, increasing 
the GABAergic inhibitory action and reducing the synapses 
of the cortico-striatal pathway (Shen and Johnson 2005a, b). 
Indeed, PET and fMRI studies have endorsed the correlation 
between depleted synaptic dopamine and the reorganization of 
the dopamine processes in the brain (Rodriguez-Sabate et al. 
2019). As a consequence, upregulation of the postsynaptic 
dopamine D2 receptors in the striatum was reported to be the 
highest in the contralateral side to the predominant motor fea-
tures in unmedicated early PD (Kaasinen et al. 2000, 2021). 

Interestingly, studies using PET and single-photon emission 
computed tomography have shown that the increase in stri-
atal D2 receptors is selective to PD and not observed in other 
basal ganglia disorders that share a marked loss of dopamine, 
such as multiple systems atrophy and progressive supranuclear 
palsy (Kaasinen et al. 2021).

Subsequently, after an average of 4.4 years after the onset 
of motor symptoms, this D2 upregulation is reversed and 
is directly related to treatment with dopaminergic-related 
drugs (Kaasinen et al. 2021; Thobois et al. 2004). In con-
trast, D1-receptors densities are not changed compared to 
controls (Cropley et al. 2008; Shinotoh et al. 1993; Rinne 
et al. 1991).

Lewy bodies and their staged appearance 
in PD

LBs are inclusion bodies—aggregates—of which the major 
component is ɑ-syn protein oligomerized into fibril for-
mations. The toxic potential of LBs is demonstrated by 

Table 1   Factors in the pathology of Parkinson's disease

Factor Association with PD Reference examples

Age Sporadic PD is mostly restricted to the elderly, but only a few percent of the elderly get 
PD

Moisan et al. (2016)

Gender PD is ⁓ 1.5 × more prevalent in men than women Moisan et al. (2016)
Heavy metals/toxins Subjects with a history of high exposure to manganese and hydrocarbon solvent had a 

significantly younger onset age (mean age: 50.33 years) than unexposed subjects (mean 
age: 60.45 years)

Ratner et al. (2014)

Striatal dopamine activity was lower in three of four individuals exposed to 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) than in seven controls

Calne et al. (1985)

Lewy bodies (LB) In 81% of 132 patients diagnosed antemortem with PD α-synucleinopathy was observed 
in the brain

Dickson (2018)

About 10% of the unimpaired elderly population display α-S-positive LBs to some extent 
in the SN

Parkkinen et al. (2005)

Neuromelanin (NM) NM concentrations in the SN and LC are higher in the elderly Zecca et al. (2004)
In PD, NM-positive neurons preferentially die, but: (i) also NM-negative neurons die, (ii) 

not all neurons with high NM concentration die, and (iii) there is conflicting informa-
tion as to whether NM concentrations per cell are increased in PD

Mann and Yates (1983)
Kastner et al. (1992)
Halliday et al. (2005)
Carballo-Carbajal et al. (2019)

Iron Iron concentrations in the SN increase in elderly people Zecca et al. (2004)
Iron concentrations in the SN of patients with mild PD are not significantly different from 

age-matched controls; however, iron concentrations in the SN of patients with severe 
PD are, on average, much higher than in age-matched controls

Riederer et al. (1989)
Guan et al. (2017)

Oxidative stress Glutathione concentrations in the brain, on average, decrease markedly with increas-
ing PD severity, and even in mild PD cases there is a significant decrease compared to 
controls

Riederer et al. (1989)

Gluthatione concentrations in melanized nigral neurons on average, but not in all cases, 
are much lower in PD patients than in controls

Pearce et al. (1997)

Inflammation In the blood serum of PD patients compared to age-matched controls, interleukin-6 con-
centrations on average, but not always, are higher

Dobbs et al. (1999)

In the caudate of PD patients, on average, the concentrations of interleukin-1β and inter-
leukin-6 are much higher than in controls

Mogi et al. (1994a, b)
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experimental studies showing that LB extracts from PD 
brains obtained post mortem trigger ɑ-syn pathology and 
neurodegeneration in mice and monkeys, which naturally 
do not show symptomology of PD (Recasens et al. 2014). 
According to Braak et al. (2003, 2004), in the PD pathology 
stages 1 and 2, which are pre-symptomatic, LBs are gener-
ated in the gut and spread via the vagus nerve/dorsal motor 
nucleus of the vagus to the brain. From stages 3 and 4, such 
observations are also made for the locus coeruleus (LC), the 
raphe nuclei and the SNpc, and in stages 5 and 6, cortical 
and limbic areas additionally get involved. Thus, according 
to this hypothesis, PD neuropathology does not start in the 
SNpc itself, despite that SNpc pathology is the dominant 
immediate cause of many PD symptoms.

The vagus nerve is the major direct route for the “gut-
brain-axis” through which the gut and brain communicate 
and affect each other (Menozzi et al. 2021). Because the first 
PD symptoms usually arise in the dorsal motor nucleus of 
the vagus, and because in PD patients LBs were found in the 
Auerbach's and Meissner's plexuses in the enteric nervous 
system (Wakabayashi et al. 1988), it was hypothesized that 
PD is initiated by stressors from the enteric system (Braak 
et al. 2004; Przuntek et al. 2004; Forsyth et al. 2011). It 
has been suggested that peripheral immune cells such as 
T lymphocytes infiltrate the brain, gather in the SN, and 
release pro-inflammatory cytokines that induce dopaminer-
gic cell death (MacMahon Copas et al. 2021). Indeed, gas-
trointestinal disturbance and especially constipation are a 
significant non-motor complaint in many patients with PD 
(Berg et al. 2015; Camerucci et al. 2022). Gastrointestinal 
disturbance is suggested for the initiation of a PD subgroup, 
whereby inflammatory agents [such as lipopolysaccharides 
(LPS)] produced by some gut pathogen may be a trigger that 
induces misfolding of α-syn and its resulting aggregation in 
the enteric nervous system. Subsequently, these inclusions 

may be transported through the gut–brain axis via the vagus 
nerve to the dorsal motor nucleus of the vagus and the brain 
regions, either through direct microbe mediation or indi-
rectly via microbe interaction with enteroendocrine cells and 
gesturing afferent neurons (Bellono et al. 2017) (Table 2).

Animal studies also support the transportation role played 
by the vagus nerve, as demonstrated by the absence of spread 
of α-syn fibrils from the gut to the brain after the adminis-
tration of α-syn fibrils into the gut muscularis of mice that 
had undergone truncal vagotomy (Kim et al. 2019). The 
“communication” between resident gut flora and the brain, 
also called the microbiome–gut–brain axis, is vital for its 
neural development and functioning (Klann et al. 2022). 
This has been demonstrated by Pan-Montojo et al. (2010) 
showing that the mitochondrial toxin rotenone injected into 
the gastro-intestinal tract of mice induced ɑ-syn dependent 
pathology and spread to the brain. Vagotomy completely 
interrupted this ɑ-syn spreading.

It has been suggested that a “leaky” intestinal epithelial 
barrier of the colon in PD patients may allow pathogenic 
components from the gut lumen or their induced pro-inflam-
matory cytokines to directly stimulate ɑ-syn aggregation in 
the enteric nervous system (Van Ijzendoorn and Derkinderen 
2019).

However, recent evidences indicate several possible 
routes of PD pathology. Besides (I) the “bottom-up hypoth-
esis” (the gut–brain axis hypothesis) created by Braak et al. 
(2003), (II) Braak realized that pathology could be triggered 
also via the olfactory system. He called this the “dual-hit-
hypothesis” (Braak et al. 2003). The bottom-up-hypothe-
sis has been challenged soon after its publication and the 
major argument was that only for about 50% of PD patients 
neuropathological and clinical examinations accounted for 
this hypothesis (Parkkinen et al. 2008; Attems and Jell-
inger 2008). Criticism on Braak’s bottom-up-hypothesis, as 

Table 2   Hypotheses underlying the onset of Parkinson’s disease

Model Characteristics Reference examples

Brain-first Pathology is triggered in the brain, several mechanisms are 
under debate:

Cortico-striatal excitation stress causing retrograde striato-
nigral degeneration

Foffani and Obeso (2018) and Cheng et al. (2010)

“Threshold-hypothesis”, suggesting various factors adding 
up to cause pathology in the brain

Engelender and Isacson (2017)

Pathology may show laterality Riederer et al. (2018)
Bottom-up/body-first Pathology is triggered in the gut Braak et al. (2003), Przuntek et al. (2004) and Forsyth et al. 

(2011)Spreads via vagus nerve/dorsal motor nucleus of the vagus 
to the brain

Symmetrical brain pathology Borghammer and Van Den Berge (2019)
Dual-hit PD pathology may be triggered through the olfactory sys-

tem and the motor nucleus of the vagus at the same time
Braak et al. (2003), Braak et al. (2006) (https://​doi.​org/​

10.​1007/​s00441-​004-​0956-9) and Hawkes et al. (2007) 
(https://​doi.​org/​10.​1111/j.​1365-​2990.​2007.​00874.x)

https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1111/j.1365-2990.2007.00874.x
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summarized by Rietdijk et al. (2017), is several-fold: (1) 
Braak and coworkers developed this hypothesis only by 
detecting LBs in the gut, the dorsal motor nucleus of the 
vagus as well as a number of brain regions without proving 
a link between the observations; (2) these authors did not 
correlate their findings to clinical protocols; (3) they did not 
follow the cases that did not show LBs in the vagus nerve but 
did show LBs in various brain areas (Attems and Jellinger 
2008; Parkkinen et al. 2008; Kalaitzakis et al. 2008; Jellinger 
2003, 2019a; Zaccai et al. 2008; Beach et al. 2009); (4) there 
is no correlation between the severity of LBs pathology in 
the dorsal motor nucleus of the vagus and in limbic and 
neocortical brain areas (Kingsburg et al. 2010), while LBs 
pathology in the dorsal motor nucleus of the vagus does 
not correlate to olfactory dysfunctions and 27–33% of PD 
patients did not show LBs pathology in the peripheral nerv-
ous system (Lebouvier et al. 2011); (5) LBs pathology has 
been detected in the olfactory system only in the early phase 
of PD (Beach et al. 2009), thus not supporting the dual-
hit-hypothesis; (6) a number of studies point to the view 
that LBs pathology occurs in the brain, including the SN 
but not in the dorsal motor nucleus of the vagus (Jellinger 
2003; Parkkinen et al. 2003; Orimo et al. 2007); (7) more 
and more evidences suggest that the cardiac (NM-free) sym-
pathetic nerves are already affected in the early stages of 
PD (Orimo et al. 2007; Borghammer and Van Den Berge 
2019), findings which have not been addressed by Braak 
et al. (2003). The review by Rietdijk et al. (2017) reflects 
all this in detail and is an elegant study exploring additional 
hypotheses, which nowadays concentrate on a “brain-first” 
model of LBs pathology (Borghammer and Van Den Berge 
2019) (Table 2).

Indeed, several hypotheses (III) have been put forward 
to explain these discrepant views. (IIIa) Foffani and Obeso 
(2018) postulate a cortico-striatal excitation stress to be 
responsible for a retrograde striato-nigral degeneration. 
Support for this is given by data from Cheng et al. (2010), 
showing that in early PD only 30% of nigral dopaminer-
gic neurons are degenerated but about 60% of its dendrites. 
(IIIb) Another causal pathology is the “threshold-hypothe-
sis” put forward by Engelender and Isacson (2017) favouring 
a variety of vulnerability factors, of which the sum trigger 
PD pathology starting in the brain. (IIIc) Borghammer and 
Van Den Berge (2019) claim a PNS-first subtype and a CNS-
first subtype of PD. While the former is characterized by a 
marked autonomic damage before the involvement of the 
dopaminergic system, the latter is characterized by nigro-
striatal dopaminergic dysfunction prior to involvement of the 
autonomic PNS (Borghammer and Van Den Berge 2019); 
imaging studies of REM-sleep disorder positive and nega-
tive PD patients as well as histological studies support this.

In summary, there is recent evidence to support the idea 
that various routes of pathology exist, which may be causal 

for various subtypes of PD. However, the variety of hypoth-
eses are also indicative for (1) an insufficiency of experi-
mental as well as human post-mortem studies, (2) a lack of 
knowledge regarding the PD patients’ genetic and environ-
mental background and (3) a lack of knowledge regarding 
the interactions of the patients metabolic, immunological 
and genetic factors that may correspond to a vulnerability 
level causal for PD.

Familial PD mutations agree well 
with observations of protein aggregation 
and oxidative stress in sporadic PD

For helping to understand the causes of sporadic PD, those 
of familial PD should be studied. Familial PD is character-
ized by genetic mutations that increase the chance of PD, 
and can also affect young people. There are about 20 dif-
ferent of these mutations known, and although they cause 
different kinds of cellular stress some general biochemical 
principles are recognizable.

The mechanism(s) underlying the appearance of the 
α-syn inclusions could be related to an overexpression due 
to some genetic defect or/and a malfunction in its protein 
breakdown system and misfolding and accumulation of 
α-syn may be linked to some defect in its gene, SNCA. In 
1997, the first pathogenic SNCA mutation was reported in 
PD families (Polymeropoulos et al. 1997). Subsequently, the 
same mutation was found in familial PD patients mainly of 
Greek descent (Athanassiadou et al. 1999). Over the years 
that followed, several other mutations in the SNCA gene have 
been identified, including A53V, A53E, A30P, A30G, E46K, 
G51D and H50Q (Zarranz et al. 2004; Lesage et al. 2013; 
Pasanen et al. 2014; Liu et al. 2021). Moreover, mutations in 
SNCA and other PARK genes (including LRRK2 and VPS35) 
have been linked to autosomal dominant PD (Chelban et al. 
2018). It could be undeniably concluded that point mutations 
in the SNCA gene promote early-onset PD characterized by 
a rapid progression and marked cognitive deterioration (Li 
et al. 2001; Gialluisi et al. 2021).

It has been suggested that overexpression of SNCA/α-syn 
may impact microRNA expression (Recasens et al. 2016). 
This may induce the neuro-destruction cycle characteristic 
of PD since microRNA can influence the accumulation of 
toxic proteins, which can affect neuronal survival (Eacker 
et al. 2009). However, the notion is important that only some 
of the carriers of PD susceptibility alleles do get the disease 
(Pankratz and Foroud 2007; Langmyhr et al. 2021).

Alternatively, some dysfunction in α-syn degradative pro-
teolytic mechanisms may ascribe to protein accumulation. 
It has been suggested that the mutated protein serves a role 
in autophagy and the destruction of neurons. Thus, it is con-
ceivable that genetic defects in the SNCA gene may ascribe 
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to misfolding, and in addition, the abnormal protein may 
impede its breakdown by affecting destructive autophagic 
mechanisms. Indeed, oxidation of the methionine compo-
nent of aggregated α-syn by agents such as hydrogen per-
oxide leads to the inhibition of its proteasomal destruction 
(Alvarez-Castelao et al. 2014) and lysosomal dysfunction 
(Ihara et al. 2012; Koh et al. 2019).

Among the mutations that cause increased risks for PD 
development, some directly promote abnormal protein 
aggregation, such as for example mutations or copy number 
increases in the ɑ-syn gene SNCA and mutations in the ubiq-
uitin ligase Parkin gene PARK2 (Kitada et al. 1998); other 
mutations directly enhance oxidative stress or interfere with 
the proper functioning of mitochondria, such as for example 
mutations in the antioxidant DJ-1 gene PARK7 (Chen et al. 
2022; Di Nottia et al. 2017; McCoy and Cookson 2011) and 
the kinase PINK1 gene PINK1 (Barodia et al. 2017; Ge et al. 
2020; Gautier et al. 2008). This agrees well with observa-
tions for sporadic PD, as it was found to be associated with 
mitochondrial deficits (Mizuno et al. 1989; Reichmann and 
Riederer 1989; Shapira et al. 1989). The reasons for a loss 
of respiratory chain activity is not known but might be due 
to endogenous neurotoxins, like aldehydes or environmental 
toxins like MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridin; Langston 2017), TaClo (1-trichloromethyl-1,2,3,4-
tetrahydro-beta-carboline; Sontag et al. 1995; Riederer et al. 
2002), pesticides etc., overexpression of ɑ-syn (Riederer 
et al. 2019 for review), iron accumulation in the SN lead-
ing to oxidative stress (Riederer et al. 2021 for review), 
and loss of antioxidative capacity by loss of antioxidative 
molecules such as glutathione or even heat shock proteins 
(Riederer et al. 1985; Sian et al. 1994; Dexter et al. 1994; 
Gruenblatt et al. 2004; Mena et al. 2015). In addition, the 
transcriptional co-activator PGC-1α has been found to con-
trol the mitochondrial function of nigral neurons accumu-
lating α-syn, which may be critical for gender-dependent 
vulnerability to PD (Cirion et al. 2015). Furthermore, sev-
eral types of age-, disease-, or lifestyle-related toxins can 
stimulate these processes (Forsyth et al. 2011; Perez-Lloret 
et al. 2014; Brenner et al. 2013; Javed et al. 2019; Bekkering 
et al. 2013; Yamamoto et al. 2013; Reichmann et al. 2022; 
Ball et al. 2019). Moreover, oxidative stress—through oxi-
dative deamination—leads to an increase in free aldehydes, 
which in combination with a PD-characteristic decrease in 
aldehyde dehydrogenase 1A1 leads to free aldehydes chang-
ing the structure of ɑ-syn and thereby contributing to LBs 
formation (Molochnikow et al. 2012; Michel et al. 2014). 
Indeed, DOPAL has been found to be even more toxic than 
dopamine in experimental designs (Lamensdorf et al. 2000; 
Goldstein 2021). Often considered the most critical for PD 
development, increased levels of free iron, derived from out-
side the cell and increasing in the brain with age (Markes-
bery et al. 1984), enhance the production of reactive oxygen 

species (ROS). These ROS in turn then can change ɑ-syn 
structure (Xiao et al. 2018; Li et al. 2001; Ruf et al. 2019).

In summary, both familial and sporadic PD involve oxida-
tive stress and/or protein aggregation as the likely causes, 
and these two pathological processes promote each other. 
The third player that can join this pathological cascade 
is inflammation, with a role for glial cells (Bernaus et al. 
2020; Kumar et al. 2012; Hashioka et al. 2021). Although 
the different possible PD causes do promote each other, their 
relative contributions differ per case and can help explain 
the large differences in PD pathologies and symptoms from 
patient to patient. For example, in some types of familial 
and non-familial PD, LBs are not commonly detected (Sch-
neider and Alcalay 2017; Marras et al. 2016; Pont-Sunyer 
et al. 2017; Jellinger 2019b). From a broader viewpoint, it 
should be realized that there is overlap in the stressors and 
pathologies of different neurodegenerative diseases (e.g. PD, 
Alzheimer’s disease, and Lewy body dementia) that prohibit 
their simplistic interpretation as pure synucleinopathies, 
tauopathies, or amyloidopathies, and these different types 
of protein aggregation are often found in the same patient 
(Jellinger 2012).

A closer look at ɑ‑synuclein and LBs

ɑ-Syn has an important function for synaptic vesicles and 
for synaptic processes (Spillantini et al. 1997). For example, 
it interacts with synapsin (Bieri et al. 2018) and transports 
proteins and lipids (Oliveira et al. 2021; Rebelo et al. 2021; 
Taoufik et al. 2018; Verma et al. 2022). However, it has a 
propensity for forming aggregates, for example under con-
ditions of increased iron concentration or lipid peroxida-
tion (Xiao et al. 2018; Li et al. 2011). LBs contain ɑ-syn as 
their major component, but in addition contain at least 70 
different components including metals, various (phospho-)
proteins, and (phospho)-lipids. Many of the proteins in LBs 
are highly ubiquinated (Wakabayashi et al. 2007; Beyer et al. 
2009).

ɑ-Syn is 140 amino acids long and has four tyrosine resi-
dues. Tyrosines can easily be oxidized and efficient peroxi-
dative oxidation of ɑ-syn requires its tyrosines (Olteanu and 
Pielak 2004; Ulrih et al. 2008; Ruf et al. 2019). In particular, 
the three tyrosines in the C-terminal of ɑ-syn were found 
critical for its propensity for aggregation/fibrillation (Ulrih 
et al. 2008). As for tyrosine oxidation in regard to ɑ-syn and 
PD, it is also relevant that the oxidation of free tyrosine pro-
duces L-DOPA. Indeed, DOPAnization of tyrosine in α-syn 
by tyrosine hydroxylase (TH) leads to the formation of oli-
gomers (Jin et al. 2022). L-DOPA has pro-oxidant properties 
and can modify ɑ-syn (Post et al. 2018) and so increase the 
sensitivity to oxidative stress and degeneration of catecho-
laminergic neurons (Lipski et al. 2011). Interestingly, ɑ-syn 
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also has a ferrireductase capacity that promotes the conver-
sion of Fe3+ into Fe2+ and thereby ROS production, and so 
may additionally contribute to oxidative stress, α-syn fibril-
lation and neurodegeneration (Olivares et al. 2009; Rogers 
et al. 2011; Davies et al. 2011; McDowal and Brown 2016; 
Sian-Huelsmann and Riederer 2021).

Tyrosines are not the only amino acids of which the oxi-
dation may contribute to ɑ-syn cytotoxicity. Namely, the N 
terminus of ɑ-syn is essential for its efficient degradation by 
the proteasome, but oxidation of the methionines at ɑ-syn 
positions 1 and 5 as observed in LB can reduce this degra-
dation (Alvarez-Castelao et al. 2014).ɑ-syn transfer occurs 
in two different steps: the release of pathogenic ɑ-syn spe-
cies from infected cells and their uptake into healthy cells 
via passive or active endocytic pathways in a stereotypical 
spatiotemporal spreading across different tissues and brain 
areas (Neupane et al. 2022). The presence of misfolded/
altered α-syn structures in the neurons and glial cells of 
the brain is not specific for PD and common to a group of 
neurodegenerative disorders called α-synucleinopathies. 
This group includes PD, PD with dementia, Lewy body dis-
ease dementia, multiple systems atrophy, and rare neuronal 
axonal dystrophies (Kaufmann and Goldstein 2010; McCann 
et al. 2014). Although the precise pathways have not been 
clarified, it appears that α-syn is a key player in the intricate 
labyrinth of the pathogenesis of PD. However, this inclusion 
is not specific to PD only. In addition, PD occurs in some 
instances in the absence of LBs, for instance, PD without 
nigral degeneration-SWEDD (Ling et al. 2016; Milber et al. 
2012), post-encephalitic PD (Jellinger 2009), acute MPTP-
induced parkinsonism (Burns et al. 1984), PINK 1 autoso-
mal early PD (Takanashi et al. 2016; Schneider and Alcalay 
2017) and LRRK2 (PARK 8) late-onset PD (Pont-Sunyer 
et al. 2017).

It is unclear whether α-syn/LBs formation is a primary or 
a secondary event to oxidative stress since both features—
depletion of reduced glutathione (Dexter et al. 1994) and 
the presence of LBs (Gibb and Lees 1988)—are present in 
the SN of early asymptomatic PD and incidental Lewy body 
disease. As α-syn has the propensity to exacerbate the dis-
turbing cellular redox equilibrium by its ability to function 
as the enzyme ferrireductase (Sian-Hulsmann and Riederer 
2020, 2021) it can therefore contribute to the ironII/III dys-
homeostasis observed in the symptomatic phase of PD (Sofic 
et al. 1988; Dexter et al. 1989).

Despite the plethora of evidence relating the aggregated 
α-syn inclusions/LBs to the pathomechanisms in PD, it is 
unclear whether it is a cause or consequence of the disease. 
Multiple studies have proposed that LB production marks a 
protective role; however, if aberrantly folded α-syn is enclosed 
in LB structures it may contain its harmful, detrimental cellu-
lar effects (Olanow 2004). In contrast, others using biochemi-
cal, integrative omics, and imaging, have hypothesized that the 

formation of LBs is not merely an α-syn fibril production but 
rather a principal factor related to α-syn neurotoxicity (Mahul-
Mellier et al. 2020). The cellular havoc produced by the toxic 
form includes mitochondrial dysfunction and cellular and syn-
aptic disturbances (Sian-Hulsmann et al. 2015).

The question arises whether there is a link between LBs 
pathology, neuronal loss, and PD symptoms (Rietdijk et al. 
2017). While there are strong evidences put forward by genetic 
studies that LBs pathology is of major importance for PD 
pathology, Rietdijk et al. (2017) summarize critical aspects 
which are commonly neglected like: (1) diagnosis of motor 
symptoms or dementia correlates to wide-spread brain LBs 
pathology only in about 34% of PD patients (Parkkinen et al. 
2008); (2) only about 10% people with LB pathology in the 
SN, dorsal motor nucleus of the vagus and/or basal forebrain 
are diagnosed with PD (Parkkinen et al. 2005); (3) neurode-
generation in the SN might precede LB pathology (Milber 
et al. 2012). Unfortunately, Braak et al. (2003) lack both clini-
cal documentation and information about the neuronal cell 
loss especially in the SN. However, the latter correlates with 
motor symptoms (Greffard et al. 2006). Moreover, LBs pathol-
ogy (Beach et al. 2009) is not correlated to dopaminergic cell 
loss in the striatum and it has been questioned whether it may 
be correlated to that of the SN (Beach et al. 2009; Parkkinen 
et al. 2011). Experimental studies using long-term application 
of MPTP in mice show accumulation of LB-like aggregates—
in contrast to when using acute MPTP application—and this 
seems to indicate that LBs pathology is secondary to a meta-
bolic process triggering PD (Fornai et al. 2005; Meredith and 
Rademacher 2011). Of interest, streptozotocin, which dysregu-
lates the insulin/insulin receptor pathway, leads to amyloid-like 
aggregates in rats only after about 6 months post-application 
and thus mimics pathology associated with Alzheimer disease. 
Therefore, also in this model, pathological aggregates are only 
late signs of pathology (Knezovic et al. 2015).

The reviews on these topics by Rietdijk et al. (2017), 
Visanji et al. (2013), Riederer et al. (2019, 2021), Jellinger 
(2019b), and Urban et al. (2020) point to the conclusion, that 
LBs pathology is an important factor but at least in sporadic 
PD is rather a disease progression as well as pathological 
multiplication factor. In addition, the “brain-first-hypothe-
ses” are able to explain the laterality (Riederer et al. 2018) 
of early PD pathology as the pathology may start predomi-
nantly in one hemisphere, while the bottom-up-hypothesis 
rather suggests a symmetrical brain pathology (Borghammer 
and Van Den Berge 2019).

The role of iron

Iron performs critical functions in the human brain for 
processes such as oxygen transport, oxidative phospho-
rylation, myelin synthesis, production and metabolism of 
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neurotransmitters, nitric oxide metabolism, neuromelanin 
storage in the SN and LC, and ferritin binding in oligo-
dendrocytes and microglia (for a review see Riederer et al. 
2021). However, in PD SNpc, large increases in iron are 
found compared to age-matched healthy controls (Sofic et al. 
1988; Dexter et al. 1987; Hirsch et al. 1991; Faucheux et al. 
2003; Foley et al. 2022), and within dopaminergic neurons 
this contributes to oxidative stress and cell death (Youdim 
et al. 1989; Zecca et al. 2004; Hare and Double 2016; Mochi-
zuki et al. 2020; Riederer et al. 2021; Foley et al. 2022). 
The increases of especially ferric iron (Fe3+) in PD SN are 
more or less linearly correlated with the decreases in dopa-
mine production. The reasons for the increased iron levels 
in PD brain may, for example, be an increase in iron uptake 
through the blood–brain barrier (Oestreicher et al. 1994) 
and/or a decreased release from cells because of deficiencies 
in the transmembrane iron transporter molecule ferroportin 
(Foley et al. 2022). The toxicity of iron was proven in rats, 
as the intranigral injection of iron induced a reduction in 
dopaminergic activity, and this effect could be attenuated 
by treatment with an antioxidant (Ben-Shachar and Youdim 
1991; Wesemann et al. 1994). Furthermore, experimental 
animal studies showed, that reduced cerebral blood flow 
(cerebral oligemia) flow PLUS enhanced iron concentra-
tion within striatal tissue potentiated cognitive deficits and 
reduced reaction times (Sontag et al. 2006), suggesting, that 
normal cerebral blood flow is a requirement for reducing the 
risk for PD. In this regard, the notion is of interest that weak 
but significant iron peaks similar to those of a synthetic—
iron (3) complex were seen only in the intraneuronal highly 
electron-dense granules of SNpc cells of PD brains with the 
highest levels in a case of PDD (Jellinger et al. 1992).

The antioxidant enzyme superoxide dismutase converts 
superoxide radicals into hydrogen peroxide, which can 
cause grave cellular harm in elevated nigral iron levels in 
PD (Sofic et al. 1988) via catalyzing the Fenton reaction 
to produce highly reactive and toxic hydroxyl radicals. The 
imbalance between the production of reactive free radicals 
and the depletion of antioxidant defenses such as nigral 
glutathione (Sofic et al. 1992; Sian et al. 1994) contributes 
to these destructive cellular processes (Dias et al. 2013) in 
PD. Indeed, many in vitro studies suggest that reactive oxy-
gen species released by oxidative stress can diminish brain 
plasticity and synaptic signaling (O’Dell et al. 1991; Salim 
2016). Thus, oxidative stress contributes to the accumulation 
of the misfolded α-syn by impeding its breakdown and the 
extent of LBs pathology. Furthermore, it has been impli-
cated as a major contributor to the neurodegeneration in PD 
(Götz et al. 1990; Jenner 2003) or, for that matter, other 
α-synucleinopathies (Giasson 2000). Iron as an important 
pathological player is demonstrated by experimental work 
showing that pathology induced by MPTP or 6-OHDA is 
antagonized by iron-chelators (Ben-Shachar et al. 1991a, b; 

Shachar et al. 2004; Wesemann et al. 1995; Youdim et al. 
2004a, b, 2005; Grünblatt et al. 2000, 2006; Mandel et al. 
2004, 2006; Haskova et al. 2022).

In summary, iron-induced pathology is an important fact 
in the cascade of toxicity underlying PD. This is substanti-
ated by the fact, that (1) iron injected into the SN of rats 
affect the dopaminergic nigro-striatal system similar as 
in PD and (2) iron-induced oxidative stress contributes to 
destructive cellular processes as well as to accumulation of 
misfolded α-syn, thus contributing to the progression of the 
disease.

The role of neuromelanin

In the SNpc of PD patients, Hirsch et al. (1988) found a 77% 
reduction compared to healthy controls in the number of cat-
echolaminergic tyrosine hydroxylase-positive neurons. The 
reduction was higher in NM+ neurons than in NM− neurons, 
and the authors concluded an increased vulnerability asso-
ciated with NM production at both the tissue and cellular 
level. Other than the high amount of NM, another possible 
reason for the vulnerability of the SNpc might be its high 
cell density (Ma et al. 1995; Ross et al. 2004), which as such 
could promote the spreading of pathologies. In PD SNpc 
NM+ neurons, frequently, LBs are found in close proximity 
to both NM granules and the neural membrane (Sian-Huls-
mann et al. 2015). Ultimately, the LBs appear to destroy the 
neurons by breaking them open. LBs are largely proteina-
ceous and can easily be metabolized from the extracellular 
environment. In contrast, the released NM complexes are 
more inert and some observations suggest that they may 
be transported out of the brain by the immune system and 
could even end up in the spleen (E. Csanda, personal com-
munication). As such, the notion is of interest, that mel-
aninomacrophages (phagocytic cells) have been detected in 
ectothermic vertebrates in spleen, liver and kidney cells as 
reviewed by Dubey and Roulin (2014; see also Michalczyk 
et al. 2009). From these vague evidences, we propose that 
the metabolism of NM requires further experimental studies.

NM efficiently binds and inactivates iron, which should 
help to reduce intracellular oxidative stress (Ben-Shachar 
et al. 1991; Jellinger et al. 1992; Good et al. 1992; Ben-
Shachar and Youdim 1993; Youdim et al. 1993; Faucheux 
et al. 2003; Gerlach et al. 2003). The iron-binding protein 
L-ferritin was also found bound to NM (Tribl et al. 2009). 
As mentioned above, NM-positive—compared to NM-
negative—dopaminergic neurons are more susceptible to 
PD-induced death but also NM-negative neurons die. NM-
negative cells show low iron levels (Hirsch et al. 1994). 
Investigation of the surviving cells of both types led to the 
conclusion that the expression of calbindin D28K is posi-
tively associated with their survival (Hirsch et al. 1994; 
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Saper 1999). Calbindin D28K controls synaptic calcium 
dynamics and blocks proapoptotic actions of mutant α-syn/
presenilin 1. As a consequence, oxidative stress reduction 
and preservation of mitochondrial functions follow (Hirsch 
et al. 1994; Saper 1999).

NM is found in granular vesicles which have alterna-
tively been proposed to be of lysosomal (Tribl et al. 2005; 
Plum et al. 2016; Wulf et al. 2022a)/auto-lysosomal origin 
(Zucca et al. 2018). Besides NM pigment, various pro-
teins, iron and other metals, these vesicles can also contain 
toxins such as MPTP and may have a general function in 
the isolation of harmful substances. Very recent proteomic 
analysis showed that NM granules also include proteins 
typical of stress granules and it was suggested that stress 
granules might be one of the sources of NM granules 
(Wulf et al. 2022a, b). In addition, Wulf et al. (2022b) 
detected α-syn and the protein S100A9 to be enriched in 
NM granules of Dementia with Lewy Bodies (DLB) cases, 
while the abundance of several ribosomal proteins was sig-
nificantly decreased. As S100A9 enhances the formation 
of α-syn fibrils, this points towards an involvement of NM 
granules in the pathology of DLB (Mensikova et al. 2022).

While all the above is known about NM, it is not known 
whether NM essentially is neuroprotective or toxic, or both 
(Zucca et al. 2008, 2023; Zecca et al. 2015) or why NM-
expression in dopaminergic neurons is associated with 
their increased vulnerability in PD. The increased con-
centrations of neuronal α-syn, NM cross-linked to α-syn 
(Fasano et al. 2003) and NM in normal SN neurons may 
already predispose these neurons to precipitate α-syn 
around NM-associated lipid under oxidative conditions 
(Halliday et al. 2005). Therefore, it is not farfetched to 
assume that the interaction of NM and its iron-induced 
oxidative stress favors α-syn aggregation leading to LBs, 
thus causing a toxic cellular environment guilty for the 
high vulnerability of dopaminergic NM-containing cells 
of the SNpc.

As mentioned above, the elevated iron levels may 
induce the production of free radicals, which overwhelms 
the cellular defense mechanisms ensuing in ferroptosis 
(Li et al. 2020) or iron-dependent cell destruction in PD 
(Van Do et al. 2016; Wang et al. 2022). The pathological 
destruction of the NM-containing dopaminergic neurons 
leads to a deficit of the iron chelator NM, leading to an 
elevation of unbound iron and a tide of related cellular 
damaging events.

NM loss due to the destruction of neurons could have 
other consequences since it contains about 15% protein 
in the form of special lysosomal/endosomal (Zecca et al. 
2015; Plum et al. 2016) and autophagy proteins (Zucca et al. 
2018). This may result in a lysosomal "debt," particularly 
if there is an underlying genetic fault in the cellular protein 

homeostasis, which may further heighten the overall burden 
of misfolded α-syn.

In summary, multiple factors have been published demon-
strating a protective role of NM in NM-containing dopamin-
ergic neurons of the SN (Capucciati et al. 2021). However, 
under certain circumstances, NM binding capacity might 
be overloaded with toxic compounds, like iron or organic 
compounds leading to their release when the cytoplasmic 
fluid composition changes due to metabolic disturbances. 
The role of granular vesicles in healthy and degenerative 
phases is under current investigation to enlighten their role 
as risk factors for neurodegenerative processes, especially 
the interaction with proteins, incl. α-syn.

Neuroinflammation in PD

The occurrence of neuroinflammation in the SN of PD was 
first reported by McGeer et al. (1988) and others (Roca et al. 
2011). It may serve as a key player in the pathogenesis or 
in exacerbating the progression of the illness. However, it 
is unclear whether it is a cause or consequence of dopamin-
ergic neuronal degeneration. Physiologically, microglia are 
vital for the protection of the central nervous system via 
the process of gliosis. Indeed, gliosis is a neuropathological 
finding in PD post-mortem (Jellinger 2019b). A disturbance 
in glial cells can unsettle homeostasis and secrete pro- and 
anti-inflammatory components, resulting in a chronic state 
of pro-inflammation and deleterious cellular consequences 
(Ho 2019). Indeed, activated microglia can synthesize and 
release cytotoxic factors such as cytokines, reactive oxygen/
nitrogen species, and prostaglandins.

Furthermore, the cytokines, tumor necrosis factor, and 
interleukin 1 and 6 (Mogi et al. 1994a, b; Nagatsu et al. 2000 
for review) may transform astrocytes into proliferative cells 
that are summoned to the inflamed brain region (Kettenmann 
et al. 2011; Fan et al. 2017). Astrocytes (Verkhratsky et al. 
2019) play an ambivalent role in physiologically maintain-
ing brain homeostasis. In contrast, they can also adopt a 
sinister and pathological role by serving as mediators of 
α-syn neurotoxicity and initiating an inflammatory reaction 
and defective mitochondrial and proteolytic function (Wang 
et al. 2021).

A disrupted blood–brain barrier (BBB) may also promote 
the free passage of the pro-inflammatory mediators from 
the gut to the brain to induce disruption of cellular mecha-
nisms. The BBB permeability and reduced cerebral blood 
flow especially in PD with cognitive decline (Derejko et al. 
2006; Firbank et al. 2003) involve the neurovascular compo-
nent managed by endothelial cells that is necessary for the 
healthy operation of neurons and their pathways. Indeed, 
BBB leakage has been reported to contribute to cell destruc-
tion in the SNpc in animal models of PD (Barcia et al. 2005; 
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Chao et al. 2009), and this establishes the vascular hypoth-
esis for neuronal destruction (Grammas et al. 2011). More 
importantly, a recent study (Al-Bachari et al. 2017; 2020) 
has reported a marginal disturbance in the BBB in chief 
brain regions exhibiting pathology, namely, SN, posterior 
cortical areas, and white matter. Indeed, a “leaky” BBB is 
associated with cellular catastrophe, primarily due to the 
entry of neurotoxins, like iron, and hypoxia, resulting in 
neurodegeneration (Oestreicher et al. 1994; Faucheux et al. 
1999; Montagne et al. 2018). Iron is not only important in 
the functioning of neurons but also in that of glia (Xu et al. 
2018; Song et al. 2018; Reinert et al. 2019). Therefore, it is 
not farfetched to assume that iron—e.g. taken-up through a 
leaky BBB at the site of the SN and/or released from both 
NM and tyrosine hydroxylase (TH) in degenerating DA neu-
rons of the SN—induces pathology resulting in neuroinflam-
mation (Zecca et al. 2008; Zhang et al. 2013; Vila 2019; 
Salami et al. 2021; Borquez et al. 2022; Ward et al. 2022; 
Liu et al. 2022).

In summary, evidence supports that neuroinflammation 
is an early sign of PD. However, the reasons are not well 
understood and may be based on several confounding pathol-
ogies including disturbances in glial functions, like the syn-
thesis of glutathione, cytokines, chemokines, iron-induced 
oxidative stress, NM released from degenerating neurons, 
toxins transported through an open BBB, and disturbed 
immunological reactions. The enigma of neuroinflammation 
has recently been reviewed by Hirsch and Standaert (2021) 
and Rolli-Derkinderen et al. (2020).

Conclusion

Although knowledge from both, basic research and clini-
cal studies has considerably accumulated, the pathology of 
PD is still an enigma. The reasons for this are manyfold 
and include lack of information regarding the individual’s 
multiple genetic risks (which cause specific disturbances in 
the biochemical/neurobiological metabolic pathways) and—
depending on this personal vulnerability for PD—the lack of 
knowledge regarding the personal triggers that are respon-
sible for the special subtype of this disease. Evidence pre-
sented here accumulates to assume (Table 3) that (1) ɑ-syn 
is a key factor to spread the pathology in a spatiotemporal 

manner, but (2) seems to be a secondary factor rather than a 
causal one to trigger sporadic PD, while (3) metabolic initia-
tion factors, like iron, carbon monoxide, viral infections, oxi-
dative stress, reduced antioxidative capacity, mitochondrial 
dysfunction, proteasomal dysfunction, mitophagy/autophagy 
and lysosomal dysfunction seem to be of importance to trig-
ger and/or (4) to contribute in a concerted action to PD pro-
gression in their multiple combinations.

Further studies are necessary to enlighten the genetic and 
epigenetic risk factors leading to sporadic PD. Therapeutic 
strategies have to be developed to avoid single initiation trig-
gers leading to PD.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  This is a review article based on published literature, 
no original data was produced, no experiments were made.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Alafuzoff I, Hartikainen P (2017) Alpha-synucleinopathies. Handb 
Clin Neurol 145:339–353. https://​doi.​org/​10.​1016/​B978-0-​12-​
802395-​2.​00024-9

Al-Bachari S, Vidyasagar R, Emsley HC, Parkes LM (2017) Structural 
and physiological neurovascular changes in idiopathic Parkin-
son’s disease and its clinical phenotypes. J Cerebral Blood Flow 
Metab off J Int Soc Cerebral Blood Flow Metab 37(10):3409–
3421. https://​doi.​org/​10.​1177/​02716​78X16​688919

Al-Bachari S, Naish JH, Parker GJM, Emsley HCA, Parkes LM (2020) 
Blood-brain barrier leakage is increased in Parkinson’s disease. 
Front Physiol 11:593026. https://​doi.​org/​10.​3389/​fphys.​2020.​
593026

Table 3   Factors in the pathology of sporadic Parkinson’s disease

Risk factors: Susceptibility genes, aging, gender, ethnicity, environmental toxins, viral/bacterial infections
Single initiation triggers of PD: Either ɑ-synuclein, iron, oxidative stress, carbon monoxide, viral infections, reduced antioxidative capac-

ity, mitochondrial dysfunction, proteasomal dysfunction, mitophagy/autophagy or lysosomal dysfunction etc
Spreading factors: ɑ-syn, (ß-amyloid, tau-protein in subtypes of PD)
Upstream progression factors: Multiple pathological combination factors like: oxidative stress+-reduced antioxidative capacity+-mito-

chondrial dysfunction+-proteasomal dysfunction+-mitophagy+-autophagy+-lysosomal dysfunction or any other combination

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/B978-0-12-802395-2.00024-9
https://doi.org/10.1016/B978-0-12-802395-2.00024-9
https://doi.org/10.1177/0271678X16688919
https://doi.org/10.3389/fphys.2020.593026
https://doi.org/10.3389/fphys.2020.593026


637Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s…

1 3

Alexander GE, DeLong MR, Strick PL (1986) Parallel organization of 
functionally segregated circuits linking basal ganglia and cortex. 
Annu Rev Neurosci 9:357

Alvarez-Castelao B, Gorostidi A, Ruíz-Martínez J, López de Munain 
A, Castaño JG (2014) Epitope mapping of antibodies to alpha-
synuclein in LRRK2 mutation carriers, idiopathic Parkinson dis-
ease patients, and healthy controls. Front Aging Neurosci 6:169. 
https://​doi.​org/​10.​3389/​fnagi.​2014.​00169

Amoroso N, La Rocca M, Monaco A, Bellotti R, Tangaro S (2018) 
Complex networks reveal early MRI markers of Parkinson’s 
disease. Med Image Anal 48:12–24. https://​doi.​org/​10.​1016/j.​
media.​2018.​05.​004

Ascherio A, Schwarzschild MA (2016) The epidemiology of Par-
kinson’s disease: risk factors and prevention. Lancet Neurol 
15(12):1257–1272. www.​thela​ncet.​com/​journ​als/​laneur/​artic​
le/​PIIS1​474-​4422(16)​30230-7/​fullt​ext. https://​doi.​org/​10.​1016/​
s1474-​4422(16)​30230-7

Athanassiadou A, Voutsinas G, Psiouri L, Leroy E, Polymeropoulos 
MH, Ilias A, Maniatis GM, Papapetropoulos T (1999) Genetic 
analysis of families with Parkinson’s disease that carry the Ala-
53Thr mutation in the gene encoding α-synuclein. Am J Hum 
Genet 65:555–558. https://​doi.​org/​10.​1086/​302486

Attems J, Jellinger KA (2008) The dorsal motor nucleus of the vagus is 
not an obligatory trigger site of Parkinson’s disease. Neuropathol 
Appl Neurobiol 34(4):466–467. https://​doi.​org/​10.​1111/j.​1365-​
2990.​2008.​0093.x

Ball N, Teo WP, Chandra S, Chapman J (2019) Parkinson’s disease 
and the environment. Front Neurol 10:218. https://​doi.​org/​10.​
3389/​fneur.​2019.​00218

Barcia C, Bautista V, Sánchez-Bahillo A, Fernández-Villalba E, 
Faucheux B, Poza y Poza M, Fernandez Barreiro A, Hirsch 
E, Herrero MT (2005) Changes in vascularization in substan-
tia Nigra pars compacta of monkeys rendered Parkinsonian. J 
Neural Ttransm 112(9):1237–1248. https://​doi.​org/​10.​1007/​
s00702-​004-​0256-2

Barodia SK, Creed RB, Goldberg MS (2017) Parkin and PINK1 func-
tions in oxidative stress and neurodegeneration. Brain Res Bull 
133:51–59. https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2016.​12.​004

Beach TG, Adler CH, Lue L, Sue LL, Bachalakuri J, Henry-Watson J, 
Sasse J, Boyer S, Shiroh S, Brooks R, Eschbacher J, White CL, 
Akiyama H, Caviness J, Shill HA, Connor DJ, Sabbagh MN, 
Walker DG, Arizona Parkinson’s Disease Consortium (2009) 
Unified staging system for Lewy body disorders: correlation with 
nigrostriatal degeneration, cognitive impairment and motor dys-
function. Acta Neuropathol 117(6):613–634. https://​doi.​org/​10.​
1007/​s00401-​009-​0538-8

Bekkering P, Jafri I, van Overveld FJ, Rijkers GT (2013) The intri-
cate association between gut microbiota and development of 
type 1, type 2 and type 3 diabetes. Expert Rev Clin Immunol 
9(11):1031–1041. https://​doi.​org/​10.​1586/​17446​66X.​2013.​
848793

Bellono NW, Bayrer JR, Leitch DB, Castro J, Zhang C, O'Donnell TA, 
Brierley SM, Ingraham HA, Julius D (2017) Enterochromaffin 
cells are gut chemosensors that couple to sensory neural path-
ways. Cell 170(1):185–198.e16. https://​doi.​org/​10.​1016/j.​cell.​
2017.​05.​034

Ben-Shachar D, Youdim MB (1991) Intranigral iron injection induces 
behavioral and biochemical “Parkinsonism” in rats. J Neuro-
chem 57(6):2133–2135. https://​doi.​org/​10.​1111/j.​1471-​4159.​
1991.​tb064​32.x

Ben-Shachar D, Youdim MB (1993) Iron, melanin and dopamine inter-
action: relevance to Parkinson’s disease. Prog Neuropsychophar-
macol Biol Psychiatry 17(1):139–145

Ben-Shachar D, Eshel G, Finberg JP, Youdim MB (1991a) The iron 
chelator desferrioxamine (Desferal) retards 6-hydroxydopa-
mine-induced degeneration of nigrostriatal dopamine neurons. 

J Neurochem 56(4):1441–1444. https://​doi.​org/​10.​1111/j.​1471-​
4159.​1991.​tb114​44.x

Ben-Shachar D, Riederer P, Youdim MB (1991b) Iron-melanin interac-
tion and lipid peroxidation: implications for Parkinson’s disease. 
J Neurochem 57(5):1609–1614

Berg D, Postuma RB, Adler CH, Bloem BR, Chan P, Dubois B, Gasser 
T, Goetz CG, Halliday G, Joseph L, Lang AE, Liepelt-Scarfone 
I, Litvan I, Marek K, Obeso J, Oertel W, Olanow CW, Poewe W, 
Stern M, Deuschl G (2015) MDS research criteria for prodromal 
Parkinson’s disease. Mov Disord 30(12):1600–1611. https://​doi.​
org/​10.​1002/​mds.​26431

Bernaus A, Blanco S, Sevilla A (2020) Glia crosstalk in neuroinflam-
matory diseases. Front Cell Neurosci 14:209. https://​doi.​org/​10.​
3389/​fncel.​2020.​00209

Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitel-
berger F (1973) Brain dopamine and the syndromes of Parkin-
son and Huntington. Clin Morphol Neurochem Correl. J Neu-
rol Sci 20(4):415–455. https://​doi.​org/​10.​1016/​0022-​510x(73)​
90175-5

Beyer K, Domingo-Sàbat M, Ariza A (2009) Molecular pathology of 
Lewy body diseases. Int J Mol Sci 10(3):724–745. https://​doi.​
org/​10.​3390/​ijms1​00307​24

Bieri G, Gitler AD, Brahic M (2018) Internalization, axonal transport 
and release of fibrillar forms of alpha-synuclein. Neurobiol Dis 
109(Pt B):219–225. https://​doi.​org/​10.​1016/j.​nbd.​2017.​03.​007

Biondetti E, Gaurav R, Yahia-Cherif L, Mangone G, Pyatigorskaya N, 
Valabrègue R, Ewenczyk C, Hutchison M, François C, Arnulf 
I, Corvol JC, Vidailhet M, Lehéricy S (2020) Spatiotemporal 
changes in substantia nigra neuromelanin content in Parkinson’s 
disease. Brain 143(9):2757–2770. https://​doi.​org/​10.​1093/​brain/​
awaa2​16. (Erratum in: Brain. 2021 Mar 3;144(2): e24)

Borghammer P, Van Den Berge N (2019) Brain-first versus gut-first 
Parkinson’s disease: a hypothesis. J Parkinson’s Dis 9(s2):S281–
S295. https://​doi.​org/​10.​3233/​JPD-​191721

Borquez DA, Urrutia PJ, Núñez MT (2022) Iron, the endolysosomal 
system and neuroinflammation: a matter of balance. Neural 
Regen Res 17(5):1003–1004. https://​doi.​org/​10.​4103/​1673-​5374.​
324847.​PMID:​34558​520;​PMCID:​PMC85​52837

Braak H, Del Tredici K, Rüb U, de Vos RA, Jansen Steur EN, Braak 
E (2003) Staging of brain pathology related to sporadic Parkin-
son’s disease. Neurobiol Aging 24(2):197–211. https://​doi.​org/​
10.​1016/​s0197-​4580(02)​00065-9

Braak H, Ghebremedhin E, Rüb U, Bratzke H, Tredici D (2004) 
Stages in the development of Parkinson’s disease-related pathol-
ogy. Cell Tissue Res 318(1):121–134. https://​doi.​org/​10.​1007/​
s00441-​004-​0956-9

Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K 
(2006) Staging of Alzheimer disease-associated neurofibrillary 
pathology using paraffin sections and immunocytochemistry. 
Acta Neuropathol. https://​doi.​org/​10.​1007/​s00401-​006-​0127-z

Brenner SR (2013) Blue-green algae or cyanobacteria in the intestinal 
micro-flora may produce neurotoxins such as Beta-N-Methyl-
amino-l-Alanine (BMAA) which may be related to development 
of amyotrophic lateral sclerosis, Alzheimer’s disease and Parkin-
son-Dementia-Complex in humans and Equine Motor Neuron 
Disease in horses. Med Hypoth 80(1):103. https://​doi.​org/​10.​
1016/j.​mehy.​2012.​10.​010

Burns RS, Markey SP, Phillips JM, Chiueh CC (1984) The neuro-
toxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in the 
monkey and man. Can J Neurol Sci 11(1 Suppl):166–168. https://​
doi.​org/​10.​1017/​s0317​16710​00463​45

Calne DB, Langston JW, Martin WR, Stoessl AJ, Ruth TJ, Adam MJ, 
Pate BD, Schulzer M (1985) Positron emission tomography after 
MPTP: observations relating to the cause of Parkinson’s disease. 
Nature 317(6034):246–248. https://​doi.​org/​10.​1038/​31724​6a0

https://doi.org/10.3389/fnagi.2014.00169
https://doi.org/10.1016/j.media.2018.05.004
https://doi.org/10.1016/j.media.2018.05.004
http://www.thelancet.com/journals/laneur/article/PIIS1474-4422(16)30230-7/fulltext
http://www.thelancet.com/journals/laneur/article/PIIS1474-4422(16)30230-7/fulltext
https://doi.org/10.1016/s1474-4422(16)30230-7
https://doi.org/10.1016/s1474-4422(16)30230-7
https://doi.org/10.1086/302486
https://doi.org/10.1111/j.1365-2990.2008.0093.x
https://doi.org/10.1111/j.1365-2990.2008.0093.x
https://doi.org/10.3389/fneur.2019.00218
https://doi.org/10.3389/fneur.2019.00218
https://doi.org/10.1007/s00702-004-0256-2
https://doi.org/10.1007/s00702-004-0256-2
https://doi.org/10.1016/j.brainresbull.2016.12.004
https://doi.org/10.1007/s00401-009-0538-8
https://doi.org/10.1007/s00401-009-0538-8
https://doi.org/10.1586/1744666X.2013.848793
https://doi.org/10.1586/1744666X.2013.848793
https://doi.org/10.1016/j.cell.2017.05.034
https://doi.org/10.1016/j.cell.2017.05.034
https://doi.org/10.1111/j.1471-4159.1991.tb06432.x
https://doi.org/10.1111/j.1471-4159.1991.tb06432.x
https://doi.org/10.1111/j.1471-4159.1991.tb11444.x
https://doi.org/10.1111/j.1471-4159.1991.tb11444.x
https://doi.org/10.1002/mds.26431
https://doi.org/10.1002/mds.26431
https://doi.org/10.3389/fncel.2020.00209
https://doi.org/10.3389/fncel.2020.00209
https://doi.org/10.1016/0022-510x(73)90175-5
https://doi.org/10.1016/0022-510x(73)90175-5
https://doi.org/10.3390/ijms10030724
https://doi.org/10.3390/ijms10030724
https://doi.org/10.1016/j.nbd.2017.03.007
https://doi.org/10.1093/brain/awaa216
https://doi.org/10.1093/brain/awaa216
https://doi.org/10.3233/JPD-191721
https://doi.org/10.4103/1673-5374.324847.PMID:34558520;PMCID:PMC8552837
https://doi.org/10.4103/1673-5374.324847.PMID:34558520;PMCID:PMC8552837
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1016/j.mehy.2012.10.010
https://doi.org/10.1016/j.mehy.2012.10.010
https://doi.org/10.1017/s0317167100046345
https://doi.org/10.1017/s0317167100046345
https://doi.org/10.1038/317246a0


638	 P. Riederer et al.

1 3

Camerucci E, Mullan A, Bower J, Bharucha A, Turcano P, Stang C, 
Benarroch E, Boeve B, Ahlskog J, Savica R (2022). Lifelong 
constipation in Parkinson’s disease and other clinically defined 
alpha-synucleinopathies: a population-based study in southeast 
minnesota. Parkinsonism Related Disord 107:105244. https://​
doi.​org/​10.​1016/j.​parkr​eldis.​2022.​105244

Capucciati A, Zucca FA, Monzani E, Zecca L, Casella L, Hofer T 
(2021) Interaction of neuromelanin with xenobiotics and con-
sequences for neurodegeneration; promising experimental mod-
els. Antioxidants (basel) 10(6):824. https://​doi.​org/​10.​3390/​antio​
x1006​0824

Carballo-Carbajal I, Laguna A, Romero-Giménez J, Cuadros T, Bové 
J, Martinez-Vicente M, Parent A, Gonzalez-Sepulveda M, Peñue-
las N, Torra A, Rodríguez-Galván B, Ballabio A, Hasegawa T, 
Bortolozzi A, Gelpi E, Vila M (2019) Brain tyrosinase over-
expression implicates age-dependent neuromelanin production 
in Parkinson’s disease pathogenesis. Nat Commun 10(1):973. 
https://​doi.​org/​10.​1038/​s41467-​019-​08858-y.​PMID:​30846​695;​
PMCID:​PMC64​05777

Chao YX, He BP, Tay SS (2009) Mesenchymal stem cell transplanta-
tion attenuates blood brain barrier damage and neuroinflamma-
tion and protects dopaminergic neurons against MPTP toxicity 
in the substantia nigra in a model of Parkinson’s disease. J Neu-
roimmunol 216(1–2):39–50. https://​doi.​org/​10.​1016/j.​jneur​oim.​
2009.​09.​003

Chen AD, Cao JX, Chen HC, Du HL, Xi XX, Sun J, Yin J, Jing YH, 
Gao LP (2022) Rotenone aggravates PD-like pathology in A53T 
mutant human α-synuclein transgenic mice in an age-dependent 
manner. Front Aging Neurosci. 14:842380. https://​doi.​org/​10.​
3389/​fnagi.​2022.​842380

Cheng HC, Ulane CM, Burke R (2010) Clinical progression in Par-
kinson disease and the neurobiology of axons. Ann Neurol 
67(6):715–725. https://​doi.​org/​10.​1002/​ana.​21995.​PMID:​20517​
933

Ciron C, Zheng L, Bobela W et al (2015) PGC-1α activity in nigral 
dopamine neurons determines vulnerability to α-synuclein. 
Acta Neuropathol Commun 3:16. https://​doi.​org/​10.​1186/​
s40478-​015-​0200-8

Coelho M, Ferreira JJ (2012) Late-stage Parkinson disease. Nat Rev 
Neurol 8(8):435–442. https://​doi.​org/​10.​1038/​nrneu​rol.​2012.​126

Collier TJ, Kanaan NM, Kordower JH (2017) Aging and Parkinson's 
disease: different sides of the same coin? Mov Disord 32(7):983–
990. https://​doi.​org/​10.​1002/​mds.​27037

Cropley VL, Fujita M, Bara-Jimenez W, Brown AK, Zhang XY, San-
gare J et al (2008) Pre- and post-synaptic dopamine imaging and 
its relation with frontostriatal cognitive function in Parkinson 
disease: PET studies with [11C] NNC 112 and [18F] FDOPA. 
Psychiatry Res Neuroimaging 163(2):171–182. https://​doi.​org/​
10.​1016/j.​pscyc​hresns.​2007.​11.​003

Davies P, Moualla D, Brown DR (2011) Alpha-synuclein is a cellular 
ferrireductase. PLoS ONE ;6(1):e15814

Derejko M, Sławek J, Wieczorek D, Brockhuis B, Dubaniewicz M, 
Lass P (2006) Regional cerebral blood flow in Parkinson’s dis-
ease as an indicator of cognitive impairment. Nucl Med Commun 
27(12):945–951. https://​doi.​org/​10.​1097/​01.​mnm.​00002​43370.​
18883.​62

Dexter DT, Wells FR, Agid F, Agid Y, Lees AJ, Jenner P, Marsden CD 
(1987) Increased nigral iron content in postmortem parkinsonian 
brain. Lancet 2(8569):1219–1220. https://​doi.​org/​10.​1016/​s0140-​
6736(87)​91361-4

Dexter DT, Wells FR, Lees AJ, Agid F, Agid Y, Jenner P, Marsden 
CD (1989) Increased nigral iron content and alterations in other 
metal ions occurring in brain in Parkinson’s disease. J Neuro-
chem 52(6):1830–1836. https://​doi.​org/​10.​1111/j.​1471-​4159.​
1989.​tb072​64.x

Dexter DT, Sian J, Rose S, Hindmarsh JG, Mann VM, Cooper JM, 
Wells FR, Daniel SE, Lees AJ, Schapira AH et al (1994) Indices 
of oxidative stress and mitochondrial function in individuals with 
incidental Lewy body disease. Ann Neurol 35(1):38–44. https://​
doi.​org/​10.​1002/​ana.​41035​0107

Di Nottia M, Masciullo M, Verrigni D, Petrillo S, Modoni A, Rizzo V, 
Di Giuda D, Rizza T, Niceta M, Torraco A, Bianchi M, Santoro 
M, Bentivoglio AR, Bertini E, Piemonte F, Carrozzo R, Silves-
tri G (2017) DJ-1 modulates mitochondrial response to oxida-
tive stress: clues from a novel diagnosis of PARK7. Clin Genet 
92(1):18–25. https://​doi.​org/​10.​1111/​cge.​12841

Dickson DW (2018) Neuropathology of Parkinson disease. Parkinson-
ism Relat Disord 46(Suppl 1):S30–S33. https://​doi.​org/​10.​1016/j.​
parkr​eldis.​2017.​07.​033

Dobbs RJ, Charlett A, Purkiss AG, Dobbs SM, Weller C, Peterson DW 
(1999) Association of circulating TNF-alpha and IL-6 with age-
ing and parkinsonism. Acta Neurol Scand 100(1):34–41. https://​
doi.​org/​10.​1111/j.​1600-​0404.​1999.​tb007​21.x

Doyle AM, Bauer DL, Hendrix C, Yu Y, Nebeck SD, Fergus S et al 
(2022) Spatiotemporal scaling changes in gait in a progressive 
model of Parkinson’s disease. Front Neurol 13:1041934. https://​
doi.​org/​10.​3389/​fneur.​2022.​10419​34

Dubey S, Roulin A (2014) Evolutionary and biomedical consequences 
of internal melanins. Pigment Cell Melanoma Res 27:327–338. 
https://​doi.​org/​10.​1111/​pcmr.​12231

Eacker SM, Dawson TM, Dawson VL (2009) Understanding micro-
RNAs in neurodegeneration. Nat Rev Neurosci 10(12):837–41. 
https://​doi.​org/​10.​1038/​nrn27​26

Engelender S, Isacson O (2017) The threshold theory for Parkinson’s 
disease. Trends Neurosci 40(1):4–14. https://​doi.​org/​10.​1016/j.​
tins.​2016.​10.​008

Fan Y, Xie L, Chung CY (2017) Signaling pathways controlling micro-
glia chemotaxis. Mol Cells 40(3):163–168. https://​doi.​org/​10.​
14348/​molce​lls.​2017.​0011

Fasano M, Giraudo S, Coha S, Bergamasco B, Lopiano L (2003) 
Residual substantia nigra neuromelanin in Parkinson’s disease 
is cross-linked to alpha-synuclein. Neurochem Int 42(7):603–606

Faucheux BA, Bonnet AM, Agid Y, Hirsch EC (1999) Blood vessels 
change in the mesencephalon of patients with Parkinson’s dis-
ease. Lancet (london) 353(9157):981–982. https://​doi.​org/​10.​
1016/​S0140-​6736(99)​00641-8

Faucheux BA, Martin M-E, Beaumont C, Hauw J-J, Agid Y, Hirsch EC 
(2003) Neuromelanin associated redox-active iron is increased 
in the substantia nigra of patients with Parkinson’s disease. J 
Neurochem 86:1142–1148. https://​doi.​org/​10.​1046/j.​1471-​4159.​
2003.​01923.x

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease: substan-
tia nigra regional selectivity. Brain 114(5):2283–2301. https://​
doi.​org/​10.​1093/​brain/​114.5.​2283

Feigin VL et al (2019) Global, regional, and national burden of neuro-
logical disorders, 1990–2016: a systematic analysis for the global 
burden of disease study 2016. Lancet Neurol 18 (5):459–480. 
www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​S1474​44221​83049​
9X. https://​doi.​org/​10.​1016/​s1474-​4422(18)​30499-x

Fieblinger T, Graves SM, Sebel LE, Alcacer C, Plotkin JL, Gertler 
TS, Chan CS, Heiman M, Greengard P, Cenci MA, Surmeier DJ 
(2014) Cell type-specific plasticity of striatal projection neurons 
in parkinsonism and L-DOPA-induced dyskinesia. Nat Commun 
31(5):5316. https://​doi.​org/​10.​1038/​ncomm​s6316

Firbank MJ, Colloby SJ, Burn DJ, McKeith IG, O’Brien JT (2003) 
Regional cerebral blood flow in Parkinson’s disease with and 
without dementia. Neuroimage 20(2):1309–1319. https://​doi.​org/​
10.​1016/​S1053-​8119(03)​00364-1

https://doi.org/10.1016/j.parkreldis.2022.105244
https://doi.org/10.1016/j.parkreldis.2022.105244
https://doi.org/10.3390/antiox10060824
https://doi.org/10.3390/antiox10060824
https://doi.org/10.1038/s41467-019-08858-y.PMID:30846695;PMCID:PMC6405777
https://doi.org/10.1038/s41467-019-08858-y.PMID:30846695;PMCID:PMC6405777
https://doi.org/10.1016/j.jneuroim.2009.09.003
https://doi.org/10.1016/j.jneuroim.2009.09.003
https://doi.org/10.3389/fnagi.2022.842380
https://doi.org/10.3389/fnagi.2022.842380
https://doi.org/10.1002/ana.21995.PMID:20517933
https://doi.org/10.1002/ana.21995.PMID:20517933
https://doi.org/10.1186/s40478-015-0200-8
https://doi.org/10.1186/s40478-015-0200-8
https://doi.org/10.1038/nrneurol.2012.126
https://doi.org/10.1002/mds.27037
https://doi.org/10.1016/j.pscychresns.2007.11.003
https://doi.org/10.1016/j.pscychresns.2007.11.003
https://doi.org/10.1097/01.mnm.0000243370.18883.62
https://doi.org/10.1097/01.mnm.0000243370.18883.62
https://doi.org/10.1016/s0140-6736(87)91361-4
https://doi.org/10.1016/s0140-6736(87)91361-4
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1002/ana.410350107
https://doi.org/10.1002/ana.410350107
https://doi.org/10.1111/cge.12841
https://doi.org/10.1016/j.parkreldis.2017.07.033
https://doi.org/10.1016/j.parkreldis.2017.07.033
https://doi.org/10.1111/j.1600-0404.1999.tb00721.x
https://doi.org/10.1111/j.1600-0404.1999.tb00721.x
https://doi.org/10.3389/fneur.2022.1041934
https://doi.org/10.3389/fneur.2022.1041934
https://doi.org/10.1111/pcmr.12231
https://doi.org/10.1038/nrn2726
https://doi.org/10.1016/j.tins.2016.10.008
https://doi.org/10.1016/j.tins.2016.10.008
https://doi.org/10.14348/molcells.2017.0011
https://doi.org/10.14348/molcells.2017.0011
https://doi.org/10.1016/S0140-6736(99)00641-8
https://doi.org/10.1016/S0140-6736(99)00641-8
https://doi.org/10.1046/j.1471-4159.2003.01923.x
https://doi.org/10.1046/j.1471-4159.2003.01923.x
https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.1093/brain/114.5.2283
http://www.sciencedirect.com/science/article/pii/S147444221830499X
http://www.sciencedirect.com/science/article/pii/S147444221830499X
https://doi.org/10.1016/s1474-4422(18)30499-x
https://doi.org/10.1038/ncomms6316
https://doi.org/10.1016/S1053-8119(03)00364-1
https://doi.org/10.1016/S1053-8119(03)00364-1


639Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s…

1 3

Foffani G, Obeso JA (2018) A cortical pathogenic theory of Parkin-
son’s disease. Neuron 99(6):1116–1128. https://​doi.​org/​10.​
1016/j.​neuron.​2018.​07.​028

Foley PB, Hare DJ, Double KL (2022) A brief history of brain iron 
accumulation in Parkinson disease and related disorders. J Neural 
Transm 129(5–6):505–520

Fornai F, Schlüter OM, Lenzi P, Gesi M, Ruffoli R, Ferrucci M, Lazzeri 
G, Busceti CL, Pontarelli F, Battaglia G, Pellegrini A, Nicoletti 
F, Ruggieri S, Paparelli A, Südhof TC (2005) Parkinson-like 
syndrome induced by continuous MPTP infusion: convergent 
roles of the ubiquitin-proteasome system and alpha-synuclein. 
Proc Natl Acad Sci USA 102(9):3413–3418. https://​doi.​org/​10.​
1073/​pnas.​04097​13102

Forsyth CB, Shannon KM, Kordower JH, Voigt RM, Shaikh M, 
Jaglin JA, Estes JD, Dodiya HB, Keshavarzian A (2011) 
Increased intestinal permeability correlates with sigmoid 
mucosa alpha-synuclein staining and endotoxin exposure 
markers in early Parkinson’s disease. PLoS ONE 6(12):e28032. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00280​32

Gautier CA, Kitada T, Shen J (2008) Loss of PINK1 causes mito-
chondrial functional defects and increased sensitivity to oxi-
dative stress. Proc Natl Acad Sci USA 105(32):11364–11369. 
https://​doi.​org/​10.​1073/​pnas.​08020​76105

GBD 2016 Parkinson’s Disease Collaborators (2018) Global, 
regional, and national burden of Parkinson’s disease, 1990–
2016: a systematic analysis for the Global Burden of Disease 
Study 2016. Lancet Neurol 17(11):939–953. https://​doi.​org/​10.​
1016/​S1474-​4422(18)​30295-3

Ge P, Dawson VL, Dawson TM (2020) PINK1 and Parkin mito-
chondrial quality control: a source of regional vulnerability in 
Parkinson’s disease. Mol Neurodegener 15(1):20. https://​doi.​
org/​10.​1186/​s13024-​020-​00367-7

Gerlach M, Double KL, Ben-Shachar D, Zecca L, Youdim MB, 
Riederer P (2003) Neuromelanin and its interaction with iron 
as a potential risk factor for dopaminergic neurodegeneration 
underlying Parkinson’s disease. Neurotox Res 5:35–43. https://​
doi.​org/​10.​1007/​BF030​33371

Gialluisi A, Reccia MG, Modugno N et al (2021) Identification 
of sixteen novel candidate genes for late onset Parkinson’s 
disease. Mol Neurodegener 16:35. https://​doi.​org/​10.​1186/​
s13024-​021-​00455-2

Giasson BI (2000) Oxidative damage linked to neurodegeneration by 
selective alpha-synuclein nitration in synucleinopathy lesions. 
Science 290(5493):985–989. https://​doi.​org/​10.​1126/​scien​ce.​
290.​5493.​985

Gibb WR, Lees AJ (1988) The relevance of the lewy body to the 
pathogenesis of idiopathic Parkinson’s disease. J Neurol Neu-
rosurg Psychiat 51(6):745–752. https://​doi.​org/​10.​1136/​jnnp.​
51.6.​745

Gibb WR, Lees AJ (1991) Anatomy, pigmentation, ventral and dor-
sal subpopulations of the substantia nigra, and differential cell 
death in Parkinson’s disease. J Neurol Neurosurg Psychiatry 
54(5):388–396. https://​doi.​org/​10.​1136/​jnnp.​54.5.​388

Goldstein DS (2021) The catecholaldehyde hypothesis for the patho-
genesis of catecholaminergic neurodegeneration: what we know 
and what we do not know. Int J Mol Sci 22(11):5999. https://​doi.​
org/​10.​3390/​ijms2​21159​99

Good PF, Olanow CW, Perl DP (1992) Neuromelanin-containing neu-
rons of the substantia nigra accumulate iron and aluminum in 
Parkinson’s disease: a LAMMA study. Brain Res 593(2):343–
346. https://​doi.​org/​10.​1016/​0006-​8993(92)​91334-B

Götz ME, Freyberger A, Riederer P (1990) Oxidative stress: a role in 
the pathogenesis of Parkinson’s disease. In: Youdim MBH, Tip-
ton KF (eds) Neurotransmitter actions and interactions. J. Neural 
Transm., vol 29. Springer, Vienna. https://​doi.​org/​10.​1007/​978-
3-​7091-​9050-0_​23

Grammas P, Martinez J, Miller B (2011) Cerebral microvascular 
endothelium and the pathogenesis of neurodegenerative dis-
eases. Expert Rev Mol Med 13:e19. https://​doi.​org/​10.​1017/​
S1462​39941​10019​18

Greffard S, Verny M, Bonnet A, Beinis J-Y, Gallinari C, Meaume S, 
Piette F, Hauw J-J, Duyckaerts C (2006) Motor score of the uni-
fied Parkinson disease rating scale as a good predictor of Lewy 
body-associated neuronal loss in the substantia nigra. Arch Neu-
rol 63(4):584–588. https://​doi.​org/​10.​1001/​archn​eur.​63.4.​584

Grünblatt E, Mandel S, Youdim MB (2000) Neuroprotective strategies 
in Parkinson’s disease using the models of 6-hydroxydopamine 
and MPTP. Ann N Y Acad Sci 899:262–273. https://​doi.​org/​10.​
1111/j.​1749-​6632.​2000.​tb061​92.x

Grünblatt E, Mandel S, Jacob-Hirsch J, Zeligson S, Amariglo N, 
Rechavi G, Li J, Ravid R, Roggendorf W, Riederer P, Youdim 
MB (2004) Gene expression profiling of parkinsonian substan-
tia nigra pars compacta; alterations in ubiquitin-proteasome, 
heat shock protein, iron and oxidative stress regulated proteins, 
cell adhesion/cellular matrix and vesicle trafficking genes. J 
Neural Transm 111(12):1543–1573. https://​doi.​org/​10.​1007/​
s00702-​004-​0212-1

Grünblatt E, Mandel S, Youdim MB (2006) Neuroprotective strategies 
in Parkinson’s disease using the models of 6-hydroxydopamine 
and MPTP. Ann N Y Acad Sci 899:262–273. https://​doi.​org/​10.​
1111/j.​1749-​6632.​2000.​tb061​92.x

Guan X, Xuan M, Gu Q, Huang P, Liu C, Wang N, Xu X, Luo W, 
Zhang M (2017) Regionally progressive accumulation of iron 
in Parkinson's disease as measured by quantitative susceptibil-
ity mapping. NMR Biomed. https://​doi.​org/​10.​1002/​nbm.​3489

Halliday GM, Ophof A, Broe M, Jensen PH, Kettle E, Fedorow H, 
Cartwright MI, Griffiths FM, Shepherd CE, Double KL (2005) 
Alpha-synuclein redistributes to neuromelanin lipid in the sub-
stantia nigra early in Parkinson’s disease. Brain 128(Pt 11):2654–
2664. https://​doi.​org/​10.​1093/​brain/​awh584

Hare DJ, Double KL (2016) Iron and dopamine: a toxic couple. Brain 
139(Pt 4):1026–1035

Hashioka S, Wu Z, Klegeris A (2021) Glia-driven neuroinflammation 
and systemic inflammation in Alzheimer’s disease. Curr Neurop-
harmacol 19(7):908–924. https://​doi.​org/​10.​2174/​15701​59X18​
66620​11111​04509

Hašková P, Applová L, Jansová H et al (2022) Examination of diverse 
iron-chelating agents for the protection of differentiated PC12 
cells against oxidative injury induced by 6-hydroxydopamine 
and dopamine. Sci Rep 12:9765. https://​doi.​org/​10.​1038/​
s41598-​022-​13554-x

Hawkes CH, Del Tredici K, Braak H (2007) Parkinson's disease: a 
dual-hit hypothesis. Neuropathol Appl Neurobiol 33(6):599–614. 
https://​doi.​org/​10.​1111/j.​1365-​2990.​2007.​00874.x

Hirsch EC (1994) Biochemistry of Parkinson’s disease with special ref-
erence to the dopaminergic systems. Mol Neurobiol 9(1–3):135–
142. https://​doi.​org/​10.​1007/​BF028​16113

Hirsch EC, Standaert DG (2021) Ten unsolved questions about neu-
roinflammation in Parkinson’s disease. Move Disord off J Move 
Disord Soc 36(1):16–24. https://​doi.​org/​10.​1002/​mds.​28075

Hirsch E, Graybiel AM, Agid YA (1988) Melanized dopaminergic neu-
rons are differentially susceptible to degeneration in Parkinson’s 
disease. Nature 334(6180):345–348. https://​doi.​org/​10.​1038/​
33434​5a0

Hirsch EC, Brandel JP, Galle P, Javoy-Agid F, Agid Y (1991) Iron 
and aluminum increase in the substantia nigra of patients with 
Parkinson’s disease: an X-ray microanalysis. J Neurochem 
56(2):446–451. https://​doi.​org/​10.​1111/j.​1471-​4159.​1991.​tb081​
70.x

Ho MS (2019) Microglia in Parkinson’s disease. Adv Exp Med Biol 
1175:335–353. https://​doi.​org/​10.​1007/​978-​981-​13-​9913-8_​13

https://doi.org/10.1016/j.neuron.2018.07.028
https://doi.org/10.1016/j.neuron.2018.07.028
https://doi.org/10.1073/pnas.0409713102
https://doi.org/10.1073/pnas.0409713102
https://doi.org/10.1371/journal.pone.0028032
https://doi.org/10.1073/pnas.0802076105
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1186/s13024-020-00367-7
https://doi.org/10.1186/s13024-020-00367-7
https://doi.org/10.1007/BF03033371
https://doi.org/10.1007/BF03033371
https://doi.org/10.1186/s13024-021-00455-2
https://doi.org/10.1186/s13024-021-00455-2
https://doi.org/10.1126/science.290.5493.985
https://doi.org/10.1126/science.290.5493.985
https://doi.org/10.1136/jnnp.51.6.745
https://doi.org/10.1136/jnnp.51.6.745
https://doi.org/10.1136/jnnp.54.5.388
https://doi.org/10.3390/ijms22115999
https://doi.org/10.3390/ijms22115999
https://doi.org/10.1016/0006-8993(92)91334-B
https://doi.org/10.1007/978-3-7091-9050-0_23
https://doi.org/10.1007/978-3-7091-9050-0_23
https://doi.org/10.1017/S1462399411001918
https://doi.org/10.1017/S1462399411001918
https://doi.org/10.1001/archneur.63.4.584
https://doi.org/10.1111/j.1749-6632.2000.tb06192.x
https://doi.org/10.1111/j.1749-6632.2000.tb06192.x
https://doi.org/10.1007/s00702-004-0212-1
https://doi.org/10.1007/s00702-004-0212-1
https://doi.org/10.1111/j.1749-6632.2000.tb06192.x
https://doi.org/10.1111/j.1749-6632.2000.tb06192.x
https://doi.org/10.1002/nbm.3489
https://doi.org/10.1093/brain/awh584
https://doi.org/10.2174/1570159X18666201111104509
https://doi.org/10.2174/1570159X18666201111104509
https://doi.org/10.1038/s41598-022-13554-x
https://doi.org/10.1038/s41598-022-13554-x
https://doi.org/10.1111/j.1365-2990.2007.00874.x
https://doi.org/10.1007/BF02816113
https://doi.org/10.1002/mds.28075
https://doi.org/10.1038/334345a0
https://doi.org/10.1038/334345a0
https://doi.org/10.1111/j.1471-4159.1991.tb08170.x
https://doi.org/10.1111/j.1471-4159.1991.tb08170.x
https://doi.org/10.1007/978-981-13-9913-8_13


640	 P. Riederer et al.

1 3

Ihara Y, Morishima-Kawashima M, Nixon R (2012) The ubiquitin-
proteasome system and the autophagic-lysosomal system in Alz-
heimer disease. Cold Spring Harb Perspect Med 2(8):a006361. 
https://​doi.​org/​10.​1101/​cshpe​rspect.​a0063​61

Ikemoto S, Yang C, Tan A (2015) Basal ganglia circuit loops, dopa-
mine and motivation: a review and enquiry. Behav Brain Res 
290:17–31. https://​doi.​org/​10.​1016/j.​bbr.​2015.​04.​018 https://​
www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​S0166​43281​50026​00

Javed H, Meeran MFN, Azimullah S, Adem A, Sadek B, Ojha SK 
(2019) Plant extracts and phytochemicals targeting α-synuclein 
aggregation in Parkinson's disease models. Front Pharmacol. 
https://​doi.​org/​10.​3389/​fphar.​2018.​01555

Jellinger KA (2003) α-Synuclein pathology in Parkinson’s and Alzhei-
mer’s disease brain: incidence and topographic distribution—a 
pilot study. Acta Neuropathol 106:191–202. https://​doi.​org/​10.​
1007/​s00401-​003-​0725-y

Jellinger KA (2009) Absence of α-synuclein pathology in postencepha-
litic Parkinsonism. Acta Neuropathol 118(3):371–379. https://​
doi.​org/​10.​1007/​s00401-​009-​0537-9

Jellinger KA (2012) Neuropathology of sporadic Parkinson’s disease: 
evaluation and changes of concepts. Mov Disord 27(1):8–30. 
https://​doi.​org/​10.​1002/​mds.​23795

Jellinger KA (2019a) Is Braak staging valid for all types of Parkin-
son’s disease? J Neural Transm 126(4):423–431. https://​doi.​org/​
10.​1007/​s00702-​018-​1898-9

Jellinger KA (2019b) Neuropathology and pathogenesis of extrapyram-
idal movement disorders: a critical update-I. Hypokinetic-rigid 
movement disorders. J Neural Transm 126(8):933–995. https://​
doi.​org/​10.​1007/​s00702-​019-​02028-6

Jellinger K, Kienzl E, Rumpelmair G, Riederer P, Stachelberger H, 
Ben-Shachar D, Youdim MB (1992) Iron-melanin complex in 
substantia nigra of parkinsonian brains: an X-ray microanalysis. 
J Neurochem 59(3):1168–1171. https://​doi.​org/​10.​1111/j.​1471-​
4159.​1992.​tb083​62.x

Jenner P (2003) Oxidative stress in Parkinson’s disease. Ann Neurol 
53(Suppl 3):S26–S36 https://​doi.​org/​10.​1002/​ana.​10483 (Dis-
cussion S36–S38)

Jin M, Matsumoto S, Ayaki T, Yamakado H, Taguchi T, Togawa N, 
Konno A, Hirai H, Nakajima H, Komai S, Ishida R, Chiba S, 
Takahashi R, Takao T, Hirotsune S (2022) DOPAnization of 
tyrosine in α-synuclein by tyrosine hydroxylase leads to the for-
mation of oligomers. Nat Commun 13(1):6880. https://​doi.​org/​
10.​1038/​s41467-​022-​34555-4.​PMID:​36371​400;​PMCID:​PMC96​
53393

Kaasinen V, Ruottinen HM, Någren K, Lehikoinen P, Oikonen V, Rinne 
JO (2000) Upregulation of putaminal dopamine D2 receptors 
in early Parkinson’s disease: a comparative PET study with 
[11C] raclopride and [11C]N-methylspiperone. J Nucl Med 
41(1):65–70

Kaasinen V, Vahlberg T, Stoessl AJ, Strafella AP, Antonini A (2021) 
Dopamine receptors in Parkinson’s disease: a meta-analysis of 
imaging studies. Mov Disord 36(8):1781–1791. https://​doi.​org/​
10.​1002/​mds.​28632

Kalaitzakis ME, Graeber MB, Gentleman SM, Pearce RK (2008) 
Controversies over the staging of alpha-synuclein pathology in 
Parkinson's disease. Acta Neuropathol 116(1):125–128. https://​
doi.​org/​10.​1007/​s00401-​008-​0381-3 (Author reply 129–131)

Kastner A, Hirsch EC, Lejeune O, Javoy-Agid F, Rascol O, Agid Y 
(1992) Is the vulnerability of neurons in the substantia nigra 
of patients with Parkinson’s disease related to their neuromela-
nin content? J Neurochem 59(3):1080–1089. https://​doi.​org/​10.​
1111/j.​1471-​4159.​1992.​tb083​50.x

Kaufmann H, Goldstein DS (2010) Pure autonomic failure: a restricted 
Lewy body synucleinopathy or early Parkinson disease? Neu-
rology 74(7):536–537. https://​doi.​org/​10.​1212/​wnl.​0b013​e3181​
d26982

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A (2011) Physiol-
ogy of microglia. Physiol Rev 91(2):461–553. https://​doi.​org/​10.​
1152/​physr​ev.​00011.​2010

Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS, Lee S, 
Lee JH, Kim WR, Kook M, Foss CA, Shen C, Lee H, Kulkarni S, 
Pasricha PJ, Lee G, Pomper MG, Dawson VL, Dawson TM, Ko 
HS (2019) Transneuronal propagation of pathologic α-synuclein 
from the gut to the brain models Parkinson's disease. Neuron 
103(4):627–641.e7. https://​doi.​org/​10.​1016/j.​neuron.​2019.​05.​
035

Kingsbury AE, Bandopadhyay R, Silveira-Moriyama L, Ayling H, 
Kallis C, Sterlacci W, Maeir H, Poewe W, Lees AJ (2010) Brain 
stem pathology in Parkinson’s disease: an evaluation of the Braak 
staging model. Mov Disord 25(15):2508–2515. https://​doi.​org/​
10.​1002/​mds.​23305

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, 
Minoshima S, Yokochi M, Mizuno Y, Shimizu N (1998) Muta-
tions in the Parkin gene cause autosomal recessive juvenile par-
kinsonism. Nature 392(6676):605–608. https://​doi.​org/​10.​1038/​
33416

Klann EM, Dissanayake U, Gurrala A, Farrer M, Shukla AW, Ramirez-
Zamora A, Mai V, Vedam-Mai V (2022) The gut-brain axis and 
its relation to Parkinson's disease: a review. Front Aging Neuro-
sci 13:782082. https://​doi.​org/​10.​3389/​fnagi.​2021.​782082

Knezovic A, Osmanovic-Barilar J, Curlin M, Hof PR, Simic G, 
Riederer P, Salkovic-Petrisic M (2015) Staging of cognitive 
deficits and neuropathological and ultrastructural changes 
in streptozotocin-induced rat model of Alzheimer’s disease. 
J Neural Transm 122(4):577–592. https://​doi.​org/​10.​1007/​
s00702-​015-​1394-4

Koh JY, Kim HN, Hwang JJ, Kim YH, Park SE (2019) Lysosomal dys-
function in proteinopathic neurodegenerative disorders: possible 
therapeutic roles of cAMP and zinc. Mol Brain 12(1):18. https://​
doi.​org/​10.​1186/​s13041-​019-​0439-2

Kouli A, Torsney, KM, Kuan WL (2018) Parkinson’s disease: etiol-
ogy, neuropathology, and pathogenesis. In: Stoker TB et al (eds) 
Parkinson’s disease: pathogenesis and clinical aspects, pp 3–26. 
www.​ncbi.​nlm.​nih.​gov/​books/​NBK53​6722/. https://​doi.​org/​10.​
15586/​codon​publi​catio​ns.​Parki​nson’sdise​ase.​2018.​ch1

Kumar H, Lim HW, More SV, Kim BW, Koppula S, Kim IS, Choi DK 
(2012) The role of free radicals in the aging brain and Parkinson's 
disease: convergence and parallelism. Int J Mol Sci 13(8):10478–
10504. https://​doi.​org/​10.​3390/​ijms1​30810​478

Lamensdorf I, Eisenhofer G, Harvey-White J, Nechustan A, Kirk K, 
Kopin IJ (2000) 3,4-Dihydroxyphenylacetaldehyde potentiates 
the toxic effects of metabolic stress in PC12 cells. Brain Res 
868(2):191–201. https://​doi.​org/​10.​1016/​s0006-​8993(00)​02309-x

Langmyhr M, Henriksen SP, Cappelletti C, van de Berg WDJ, 
Pihlstrøm L, Toft M (2021) Allele-specific expression of Par-
kinson’s disease susceptibility genes in human brain. Sci Rep 
11(1):504. https://​doi.​org/​10.​1038/​s41598-​020-​79990-9

Langston JW (2017) The MPTP story. J Parkinsons Dis 7(s1):S11–S19. 
https://​doi.​org/​10.​3233/​JPD-​179006

Lebouvier T, Pouclet-Courtemanche H, Coron E, Drouard A, Nguyen 
J-M, Roy M, Vavasseur F, Bruley des Varannes S, Damier P, 
Neunlist M, Derkinderen P, Rouaud T (2011) Colonic neuropa-
thology is independent of olfactory dysfunction in Parkinson's 
disease. J Parkinson's Dis 1:389–394. https://​doi.​org/​10.​3233/​
JPD-​2011-​11061

Lesage S, Anheim M, Letournel F, Bousset L, Honoré A, Rozas 
N, Pieri L, Madiona K, Dürr A, Melki R, Verny C, Brice A, 
French Parkinson's Disease Genetics Study Group (2013) G51D 
α-synuclein mutation causes a novel Parkinsonian-pyramidal 
syndrome. Ann Neurol 73(4):459–471. https://​doi.​org/​10.​1002/​
ana.​23894

https://doi.org/10.1101/cshperspect.a006361
https://doi.org/10.1016/j.bbr.2015.04.018
https://www.sciencedirect.com/science/article/pii/S0166432815002600
https://www.sciencedirect.com/science/article/pii/S0166432815002600
https://doi.org/10.3389/fphar.2018.01555
https://doi.org/10.1007/s00401-003-0725-y
https://doi.org/10.1007/s00401-003-0725-y
https://doi.org/10.1007/s00401-009-0537-9
https://doi.org/10.1007/s00401-009-0537-9
https://doi.org/10.1002/mds.23795
https://doi.org/10.1007/s00702-018-1898-9
https://doi.org/10.1007/s00702-018-1898-9
https://doi.org/10.1007/s00702-019-02028-6
https://doi.org/10.1007/s00702-019-02028-6
https://doi.org/10.1111/j.1471-4159.1992.tb08362.x
https://doi.org/10.1111/j.1471-4159.1992.tb08362.x
https://doi.org/10.1002/ana.10483
https://doi.org/10.1038/s41467-022-34555-4.PMID:36371400;PMCID:PMC9653393
https://doi.org/10.1038/s41467-022-34555-4.PMID:36371400;PMCID:PMC9653393
https://doi.org/10.1038/s41467-022-34555-4.PMID:36371400;PMCID:PMC9653393
https://doi.org/10.1002/mds.28632
https://doi.org/10.1002/mds.28632
https://doi.org/10.1007/s00401-008-0381-3
https://doi.org/10.1007/s00401-008-0381-3
https://doi.org/10.1111/j.1471-4159.1992.tb08350.x
https://doi.org/10.1111/j.1471-4159.1992.tb08350.x
https://doi.org/10.1212/wnl.0b013e3181d26982
https://doi.org/10.1212/wnl.0b013e3181d26982
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1002/mds.23305
https://doi.org/10.1002/mds.23305
https://doi.org/10.1038/33416
https://doi.org/10.1038/33416
https://doi.org/10.3389/fnagi.2021.782082
https://doi.org/10.1007/s00702-015-1394-4
https://doi.org/10.1007/s00702-015-1394-4
https://doi.org/10.1186/s13041-019-0439-2
https://doi.org/10.1186/s13041-019-0439-2
http://www.ncbi.nlm.nih.gov/books/NBK536722/
https://doi.org/10.15586/codonpublications.Parkinson’sdisease.2018.ch1
https://doi.org/10.15586/codonpublications.Parkinson’sdisease.2018.ch1
https://doi.org/10.3390/ijms130810478
https://doi.org/10.1016/s0006-8993(00)02309-x
https://doi.org/10.1038/s41598-020-79990-9
https://doi.org/10.3233/JPD-179006
https://doi.org/10.3233/JPD-2011-11061
https://doi.org/10.3233/JPD-2011-11061
https://doi.org/10.1002/ana.23894
https://doi.org/10.1002/ana.23894


641Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s…

1 3

Li J, Uversky VN, Fink AL (2001) Effect of familial Parkinson’s dis-
ease point mutations A30P and A53T on the structural prop-
erties, aggregation, and fibrillation of human alpha-synuclein. 
Biochemistry 40(38):11604–11613. https://​doi.​org/​10.​1021/​
bi010​616g

Li W, Jiang H, Song N, Xie J (2011) Oxidative stress partially con-
tributes to iron-induced α-synuclein aggregation in SK-N-SH 
cells. Neurotox Res 19(3):435–442. https://​doi.​org/​10.​1007/​
s12640-​010-​9187-x

Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, Sun B, Wang G (2020) 
Ferroptosis: past, present and future. Cell Death Dis 11(2):88. 
https://​doi.​org/​10.​1038/​s41419-​020-​2298-2

Ling H, Kearney S, Yip HL, Silveira-Moriyama L, Revesz T, Holton 
JL, Strand C, Davey K, Mok KY, Polke JM, Lees AJ (2016) 
Parkinson’s disease without nigral degeneration: a pathologi-
cal correlate of scans without evidence of dopaminergic defi-
cit (SWEDD)? J Neurol Neurosurg Psychiatry 87(6):633–641. 
https://​doi.​org/​10.​1136/​jnnp-​2015-​310756

Lipski J, Nistico R, Berretta N, Guatteo E, Bernardi G, Mercuri NB 
(2011) L-DOPA: a scapegoat for accelerated neurodegeneration 
in Parkinson’s disease? Prog Neurobiol 94(4):389–407

Liu H, Koros C, Strohäker T, Schulte C, Bozi M, Varvaresos S, Ibáñez 
de Opakua A, Simitsi AM, Bougea A, Voumvourakis K, Maniati 
M, Papageorgiou SG, Hauser AK, Becker S, Zweckstetter M, 
Stefanis L, Gasser T (2021) A novel SNCA A30G mutation 
causes familial Parkinson’s disease. Mov Disord 36(7):1624–
1633. https://​doi.​org/​10.​1002/​mds.​28534

Liu TW, Chen CM, Chang KH (2022) Biomarker of neuroinflammation 
in Parkinson’s disease. Int J Mol Sci 23(8):4148. https://​doi.​org/​
10.​3390/​ijms2​30841​48

Luk KC, Lee VM (2014) Modeling Lewy pathology propagation 
in Parkinson's disease. Parkinsonism Relat Disord 20(Suppl 
1):S85–S87. https://​doi.​org/​10.​1016/​S1353-​8020(13)​70022-1

Ma SY, Collan Y, Röyttä M, Rinne JO, Rinne UK (1995) Cell counts 
in the substantia nigra: a comparison of single section counts 
and disector counts in patients with Parkinson’s disease and in 
controls. Neuropathol Applied Neurobiol 21(1):10–17. https://​
doi.​org/​10.​1111/j.​1365-​2990.​1995.​tb010​23.x

MacMahon Copas AN, McComish SF, Fletcher JM, Caldwell MA 
(2021) The pathogenesis of Parkinson’s disease: a complex inter-
play between astrocytes, microglia, and T lymphocytes? Front 
Neurol 12:666737. https://​doi.​org/​10.​3389/​fneur.​2021.​666737

Mahlknecht P, Seppi K, Poewe W (2015) The concept of prodromal 
Parkinson’s disease. J Parkinsons Dis 5(4):681–697. https://​doi.​
org/​10.​3233/​JPD-​150685

Mahul-Mellier AL, Burtscher J, Maharjan N, Weerens L, Croisier M, 
Kuttler F, Leleu M, Knott GW, Lashuel HA (2020) The process 
of Lewy body formation, rather than simply α-synuclein fibrilli-
zation, is one of the major drivers of neurodegeneration. Proc 
Natl Acad Sci USA 117(9):4971–4982. https://​doi.​org/​10.​1073/​
pnas.​19139​04117

Mandel S, Maor G, Youdim MB (2004) Iron and alpha-synuclein in the 
substantia nigra of MPTP-treated mice: effect of neuroprotective 
drugs R-apomorphine and green tea polyphenol (-)-epigallocat-
echin-3-gallate. J Mol Neurosci 24(3):401–416. https://​doi.​org/​
10.​1385/​JMN:​24:3:​401

Mandel S, Amit T, Reznichenko L, Weinreb O, Youdim MB (2006) 
Green tea catechins as brain-permeable, natural iron chelators-
antioxidants for the treatment of neurodegenerative disorders. 
Mol Nutr Food Res 50(2):229–234. https://​doi.​org/​10.​1002/​mnfr.​
20050​0156

Mann DM, Yates PO (1983) Possible role of neuromelanin in 
the pathogenesis of Parkinson’s disease. Mech Ageing Dev 
21(2):193–203. https://​doi.​org/​10.​1016/​0047-​6374(83)​90074-x

Markesbery WR, Ehmann WD, Alauddin M, Hossain TIM (1984) 
Brain trace element concentrations in aging. Neurobiol Aging 

5(1):19–28; ISSN 0197-4580. https://​doi.​org/​10.​1016/​0197-​
4580(84)​90081-2. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​
le/​pii/​01974​58084​900812

Marras C, Alcalay RN, Caspell-Garcia C, Coffey C, Chan P, Duda JE, 
Facheris MF, Fernández-Santiago R, Ruíz-Martínez J, Mestre T, 
Saunders-Pullman R, Pont-Sunyer C, Tolosa E, Waro B, LRRK2 
Cohort Consortium (2016) Motor and nonmotor heterogeneity of 
LRRK2-related and idiopathic Parkinson’s disease. Mov Disord 
31(8):1192–1202. https://​doi.​org/​10.​1002/​mds.​26614

McCann H, Stevens CH, Cartwright H, Halliday GM (2014) 
α-Synucleinopathy phenotypes. Parkinsonism Relat Disord 
20(Suppl 1):S62–S67. https://​doi.​org/​10.​1016/​S1353-​8020(13)​
70017-8

McCoy MK, Cookson MR (2011) DJ-1 regulation of mitochondrial 
function and autophagy through oxidative stress. Autophagy 
7(5):531–532. https://​doi.​org/​10.​4161/​auto.7.​5.​14684

McDowall JS, Brown DR (2016) Alpha-synuclein: relating metals to 
structure, function and inhibition. Metallomics 8(4):385–397. 
https://​doi.​org/​10.​1039/​c6mt0​0026f

McGeer PL, Itagaki S, Boyes BE, McGeer EG (1988) Reactive 
microglia are positive for HLA-DR in the substantia nigra 
of Parkinson’s and Alzheimer’s disease brains. Neurology 
38(8):1285–1291. https://​doi.​org/​10.​1212/​wnl.​38.8.​1285

Mena NP, Urrutia PJ, Lourido F, Carrasco CM, Núñez MT (2015) 
Mitochondrial iron homeostasis and its dysfunctions in neuro-
degenerative disorders. Mitochondrion 21:92–105. https://​doi.​
org/​10.​1016/j.​mito.​2015.​02.​001

Menozzi E, Macnaughtan J, Schapira AHV (2021) The gut-brain axis 
and Parkinson disease: clinical and pathogenetic relevance. 
Ann Med 53(1):611–625. https://​doi.​org/​10.​1080/​07853​890.​
2021.​18903​30

Menšíková K, Matěj R, Colosimo C, Rosales R, Tučková L, Ehrmann 
J, Hraboš D, Kolaříková K, Vodička R, Vrtěl R, Procházka 
M, Nevrlý M, Kaiserová M, Kurčová S, Otruba P, Kaňovský 
P (2022) Lewy body disease or diseases with Lewy bod-
ies? NPJ Parkinsons Dis 8(1):3. https://​doi.​org/​10.​1038/​
s41531-​021-​00273-9

Meredith GE, Rademacher DJ (2011) MPTP mouse models of Par-
kinson’s disease: an update. J Parkinsons Dis 1(1):19–33. 
https://​doi.​org/​10.​3233/​JPD-​2011-​11023

Michalczyk D, Popik M, Salwinski A, Plonka PM (2009) Extrader-
mal melanin transfer? Lack of macroscopic spleen melaniza-
tion in old C57BL/6 mice with de-synchronized hair cycle. 
Acta Biochim Pol 56(2):343–353

Michel TM, Käsbauer L, Gsell W, Jecel J, Sheldrick AJ, Cortese M, 
Nickl-Jockschat T, Grünblatt E, Riederer P (2014) Aldehyde 
dehydrogenase 2 in sporadic Parkinson’s disease. Parkinsonism 
Relat Disord 20(Suppl 1):S68–S72. https://​doi.​org/​10.​1016/​
S1353-​8020(13)​70018-X

Milber JM, Noorigian JV, Morley JF, Petrovitch H, White L, Ross 
GW, Duda JE (2012) Lewy pathology is not the first sign of 
degeneration in vulnerable neurons in Parkinson disease. Neu-
rology 79(24):2307–2314. https://​doi.​org/​10.​1212/​WNL.​0b013​
e3182​78fe32

Mizuno Y, Ohta S, Tanaka M, Takamiya S, Suzuki K, Sato T, Oya 
H, Ozawa T, Kagawa Y (1989) Deficiencies in complex I subu-
nits of the respiratory chain in Parkinson’s disease. Biochem 
Biophys Res Commun 163(3):1450–1455. https://​doi.​org/​10.​
1016/​0006-​291x(89)​91141-8

Mochizuki H, Choong CJ, Baba K (2020) Parkinson’s disease and 
iron. J Neural Transm 127(2):181–187. https://​doi.​org/​10.​1007/​
s00702-​020-​02149-3

Mogi M, Harada M, Kondo T, Riederer P, Inagaki H, Minami M, 
Nagatsu T (1994a) Interleukin-1 beta, interleukin-6, epider-
mal growth factor and transforming growth factor-alpha are 
elevated in the brain from parkinsonian patients. Neurosci 

https://doi.org/10.1021/bi010616g
https://doi.org/10.1021/bi010616g
https://doi.org/10.1007/s12640-010-9187-x
https://doi.org/10.1007/s12640-010-9187-x
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1136/jnnp-2015-310756
https://doi.org/10.1002/mds.28534
https://doi.org/10.3390/ijms23084148
https://doi.org/10.3390/ijms23084148
https://doi.org/10.1016/S1353-8020(13)70022-1
https://doi.org/10.1111/j.1365-2990.1995.tb01023.x
https://doi.org/10.1111/j.1365-2990.1995.tb01023.x
https://doi.org/10.3389/fneur.2021.666737
https://doi.org/10.3233/JPD-150685
https://doi.org/10.3233/JPD-150685
https://doi.org/10.1073/pnas.1913904117
https://doi.org/10.1073/pnas.1913904117
https://doi.org/10.1385/JMN:24:3:401
https://doi.org/10.1385/JMN:24:3:401
https://doi.org/10.1002/mnfr.200500156
https://doi.org/10.1002/mnfr.200500156
https://doi.org/10.1016/0047-6374(83)90074-x
https://doi.org/10.1016/0197-4580(84)90081-2
https://doi.org/10.1016/0197-4580(84)90081-2
https://www.sciencedirect.com/science/article/pii/0197458084900812
https://www.sciencedirect.com/science/article/pii/0197458084900812
https://doi.org/10.1002/mds.26614
https://doi.org/10.1016/S1353-8020(13)70017-8
https://doi.org/10.1016/S1353-8020(13)70017-8
https://doi.org/10.4161/auto.7.5.14684
https://doi.org/10.1039/c6mt00026f
https://doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1016/j.mito.2015.02.001
https://doi.org/10.1016/j.mito.2015.02.001
https://doi.org/10.1080/07853890.2021.1890330
https://doi.org/10.1080/07853890.2021.1890330
https://doi.org/10.1038/s41531-021-00273-9
https://doi.org/10.1038/s41531-021-00273-9
https://doi.org/10.3233/JPD-2011-11023
https://doi.org/10.1016/S1353-8020(13)70018-X
https://doi.org/10.1016/S1353-8020(13)70018-X
https://doi.org/10.1212/WNL.0b013e318278fe32
https://doi.org/10.1212/WNL.0b013e318278fe32
https://doi.org/10.1016/0006-291x(89)91141-8
https://doi.org/10.1016/0006-291x(89)91141-8
https://doi.org/10.1007/s00702-020-02149-3
https://doi.org/10.1007/s00702-020-02149-3


642	 P. Riederer et al.

1 3

Lett 180(2):147–150. https://​doi.​org/​10.​1016/​0304-​3940(94)​
90508-8

Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, Nagatsu T 
(1994b) Tumor necrosis factor-alpha (TNF-alpha) increases both 
in the brain and in the cerebrospinal fluid from parkinsonian 
patients. Neurosci Lett 165(1–2):208–210. https://​doi.​org/​10.​
1016/​0304-​3940(94)​90746-3

Moisan F, Kab S, Mohamed F, Canonico M, Le Guern M, Quintin C, 
Carcaillon L, Nicolau J, Duport N, Singh-Manoux A, Boussac-
Zarebska M, Elbaz A (2016) Parkinson disease male-to-female 
ratios increase with age: French nationwide study and meta-
analysis. J Neurol Neurosurg Psychiatry 87(9):952–957. https://​
doi.​org/​10.​1136/​jnnp-​2015-​312283

Molochnikov L, Rabey JM, Dobronevsky E, Bonucelli U, Ceravolo 
R, Frosini D, Grünblatt E, Riederer P, Jacob C, Aharon-Peretz 
J, Bashenko Y, Youdim MB, Mandel SA (2012) A molecular 
signature in blood identifies early Parkinson’s disease. Mol Neu-
rodegener 7:26. https://​doi.​org/​10.​1186/​1750-​1326-7-​26

Montagne A, Nikolakopoulou AM, Zhao Z, Sagare AP, Si G, Lazic D, 
Barnes SR, Daianu M, Ramanathan A, Go A, Lawson EJ, Wang 
Y, Mack WJ, Thompson PM, Schneider JA, Varkey J, Langen R, 
Mullins E, Jacobs RE, Zlokovic BV (2018) Pericyte degeneration 
causes white matter dysfunction in the mouse central nervous 
system. Nat Med 24(3):326–337. https://​doi.​org/​10.​1038/​nm.​
4482

Nagatsu T, Mogi M, Ichinose H, Togari A (2000) Changes in cytokines 
and neurotrophins in Parkinson’s disease. J Neural Transm Suppl 
60:277–290. https://​doi.​org/​10.​1007/​978-3-​7091-​6301-6_​19

Neupane S, De Cecco E, Aguzzi A (2022) The hidden cell-to-cell trail 
of α-synuclein aggregates. J Mol Biol 22:167930. https://​doi.​org/​
10.​1016/j.​jmb.​2022.​167930

Obeso JA, Rodriguez-Oroz MC, Goetz CG, Marin C, Kordower JH, 
Rodriguez M, Hirsch EC, Farrer M, Schapira AH, Halliday G 
(2010) Missing pieces in the Parkinson’s disease puzzle. Nat Med 
16(6):653–661. https://​doi.​org/​10.​1038/​nm.​2165

O’Dell TJ, Hawkins RD, Kandel ER, Arancio O (1991) Tests of the 
roles of two diffusible substances in long-term potentiation: evi-
dence for nitric oxide as a possible early retrograde messenger. 
Proc Natl Acad Sci USA 88(24):11285–11289. https://​doi.​org/​
10.​1073/​pnas.​88.​24.​11285

Oestreicher E, Sengstock GJ, Riederer P, Olanow CW, Dunn AJ, Aren-
dash GW (1994) Degeneration of nigrostriatal dopaminergic neu-
rons increases iron within the substantia nigra: a histochemical 
and neurochemical study. Brain Res 660(1):8–18. https://​doi.​org/​
10.​1016/​0006-​8993(94)​90833-8

Olanow CW (2004) The scientific basis for the current treatment of 
Parkinson’s disease. Annu Rev Med 55:41–60. https://​doi.​org/​
10.​1146/​annur​ev.​med.​55.​091902.​104422

Olivares D, Huang X, Branden L, Greig NH, Rogers JT (2009) Physi-
ological and pathological role of alpha-synuclein in Parkinson's 
disease through iron mediated oxidative stress; the role of a puta-
tive iron-responsive element. Int J Mol Sci 10(3):1226–1260. 
https://​doi.​org/​10.​3390/​ijms1​00312​26

Oliveira LMA, Gasser T, Edwards R, Zweckstetter M, Melki R, Ste-
fanis L, Lashuel HA, Sulzer D, Vekrellis K, Halliday GM, Tom-
linson JJ, Schlossmacher M, Jensen PH, Schulze-Hentrich J, 
Riess O, Hirst WD, El-Agnaf O, Mollenhauer B, Lansbury P, 
Outeiro TF (2021) Alpha-synuclein research: defining strategic 
moves in the battle against Parkinson’s disease. NPJ Parkinsons 
Dis 7(1):65. https://​doi.​org/​10.​1038/​s41531-​021-​00203-9

Olteanu A, Pielak GJ (2004) Peroxidative aggregation of alpha-synu-
clein requires tyrosines. Protein Sci 13(11):2852–2856. https://​
doi.​org/​10.​1110/​ps.​04947​204

Orimo S, Takahashi A, Uchihara T, Mori F, Kakita A, Wakabayashi K, 
Takahashi H (2007) Degeneration of cardiac sympathetic nerve 
begins in the early disease process of Parkinson’s disease. Brain 

Pathol (zurich) 17(1):24–30. https://​doi.​org/​10.​1111/j.​1750-​
3639.​2006.​00032.x

Ou Z, Pan J, Tang S, Duan D, Yu D, Nong H, Wang Z (2021) Global 
trends in the incidence, prevalence, and years lived with dis-
ability of Parkinson’s disease in 204 countries/territories from 
1990 to 2019. Front Public Health. https://​doi.​org/​10.​3389/​
fpubh.​2021.​776847

Paez-Maggio M, Rossi M, Martinez V, Wainberg F, Merello M 
(2023) Life events and the onset of motor symptoms in Parkin-
son's disease. Parkinsonism Relat Disord 107:105283. https://​
doi.​org/​10.​1016/j.​parkr​eldis.​2023.​105283

Pang SY-Y, Ho PW, Liu HF, Leung CT, Li L, Chang EES, Ramsden 
DB, Ho SL (2019) The interplay of aging, genetics and envi-
ronmental factors in the pathogenesis of Parkinson’s disease. 
Transl Neurodegen 8(1):N.PAG–N.PAG. https://​doi.​org/​10.​
1186/​s40035-​019-​0165-9. https://​www.​web.b.​ebsco​host.​com/​
ehost/​detail/​detail?​vid=​6&​sid=​2fde6​7b2-​5a92-​4258-​b46d-​
3dfba​bca3e​d8%​40pdc-v-​sessm​gr03&​bdata=​JkF1d​GhUeX​
BlPWN​vb2tp​ZSxpc​CxjdX​N0dWl​kJmN1​c3RpZ​D1pbm​ZvaGl​
vJnNp​dGU9Z​Whvc3​QtbGl​2ZSZz​Y29wZ​T1zaX​Rl#​AN=​
13810​9978&​db=​aph

Pankratz N, Foroud T (2007) Genetics of Parkinson disease. Genet 
Med off J Am Coll Med Genet 9(12):801–811. https://​doi.​org/​
10.​1097/​gim.​0b013​e3181​5bf97c

Pan-Montojo F, Anichtchik O, Dening Y, Knels L, Pursche S, Jung 
R, Jackson S, Gille G, Spillantini MG, Reichmann H, Funk 
RH (2010) Progression of Parkinson's disease pathology is 
reproduced by intragastric administration of rotenone in mice. 
PLoS ONE 5(1):e8762. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00087​62

Parkkinen L, Soininen H, Alafuzoff I (2003) Regional distribution of 
alpha-synuclein pathology in unimpaired aging and Alzheimer 
disease. J Neuropathol Exp Neurol 62(4):363–367. https://​doi.​
org/​10.​1093/​jnen/​62.4.​363

Parkkinen L, Kauppinen T, Pirttilä T, Autere JM, Alafuzoff I (2005) 
Alpha-synuclein pathology does not predict extrapyramidal 
symptoms or dementia. Ann Neurol 57(1):82–91. https://​doi.​
org/​10.​1002/​ana.​20321

Parkkinen L, Pirttilä T, Alafuzoff I (2008) Applicability of current stag-
ing/categorization of alpha-synuclein pathology and their clinical 
relevance. Acta Neuropathol 115(4):399–407. https://​doi.​org/​10.​
1007/​s00401-​008-​0346-6

Parkkinen L, O’Sullivan SS, Collins C, Petrie A, Holton JL, Revesz 
T, Lees AJ (2011) Disentangling the relationship between lewy 
bodies and nigral neuronal loss in Parkinson’s disease. J Parkin-
son’s Dis 1(3):277–286. https://​doi.​org/​10.​3233/​JPD-​2011-​11046

Pasanen P, Myllykangas L, Siitonen M, Raunio A, Kaakkola S, 
Lyytinen J, Tienari PJ, Pöyhönen M, Paetau A (2014) Novel 
α-synuclein mutation A53E associated with atypical multiple 
system atrophy and Parkinson’s disease-type pathology. Neuro-
biol Aging 35(9):2180.e1–5. https://​doi.​org/​10.​1016/j.​neuro​biola​
ging.​2014.​03.​024

Pearce RK, Owen A, Daniel S, Jenner P, Marsden CD (1997) Altera-
tions in the distribution of glutathione in the substantia nigra in 
Parkinson’s disease. J Neural Transm 104(6–7):661–677. https://​
doi.​org/​10.​1007/​BF012​91884

Perez-Lloret S, Negre-Pages L, Damier P, Delval A, Derkinderen P, 
Destée A, Meissner WG, Schelosky L, Tison F, Rascol O (2014) 
Prevalence, determinants, and effect on quality of life of freez-
ing of gait in Parkinson disease. JAMA Neurol 71(7):884–890. 
https://​doi.​org/​10.​1001/​jaman​eurol.​2014.​753

Pifl C, Rajput A, Reither H, Blesa J, Cavada C, Obeso JA, Rajput 
AH, Hornykiewicz O (2014) Is Parkinson’s disease a vesicular 
dopamine storage disorder? Evidence from a study in isolated 
synaptic vesicles of human and nonhuman primate striatum. J 
Neurosci 34(24):8210–8218. https://​doi.​org/​10.​1523/​JNEUR​

https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1016/0304-3940(94)90746-3
https://doi.org/10.1016/0304-3940(94)90746-3
https://doi.org/10.1136/jnnp-2015-312283
https://doi.org/10.1136/jnnp-2015-312283
https://doi.org/10.1186/1750-1326-7-26
https://doi.org/10.1038/nm.4482
https://doi.org/10.1038/nm.4482
https://doi.org/10.1007/978-3-7091-6301-6_19
https://doi.org/10.1016/j.jmb.2022.167930
https://doi.org/10.1016/j.jmb.2022.167930
https://doi.org/10.1038/nm.2165
https://doi.org/10.1073/pnas.88.24.11285
https://doi.org/10.1073/pnas.88.24.11285
https://doi.org/10.1016/0006-8993(94)90833-8
https://doi.org/10.1016/0006-8993(94)90833-8
https://doi.org/10.1146/annurev.med.55.091902.104422
https://doi.org/10.1146/annurev.med.55.091902.104422
https://doi.org/10.3390/ijms10031226
https://doi.org/10.1038/s41531-021-00203-9
https://doi.org/10.1110/ps.04947204
https://doi.org/10.1110/ps.04947204
https://doi.org/10.1111/j.1750-3639.2006.00032.x
https://doi.org/10.1111/j.1750-3639.2006.00032.x
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.1016/j.parkreldis.2023.105283
https://doi.org/10.1016/j.parkreldis.2023.105283
https://doi.org/10.1186/s40035-019-0165-9
https://doi.org/10.1186/s40035-019-0165-9
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://www.web.b.ebscohost.com/ehost/detail/detail?vid=6&sid=2fde67b2-5a92-4258-b46d-3dfbabca3ed8%40pdc-v-sessmgr03&bdata=JkF1dGhUeXBlPWNvb2tpZSxpcCxjdXN0dWlkJmN1c3RpZD1pbmZvaGlvJnNpdGU9ZWhvc3QtbGl2ZSZzY29wZT1zaXRl#AN=138109978&db=aph
https://doi.org/10.1097/gim.0b013e31815bf97c
https://doi.org/10.1097/gim.0b013e31815bf97c
https://doi.org/10.1371/journal.pone.0008762
https://doi.org/10.1371/journal.pone.0008762
https://doi.org/10.1093/jnen/62.4.363
https://doi.org/10.1093/jnen/62.4.363
https://doi.org/10.1002/ana.20321
https://doi.org/10.1002/ana.20321
https://doi.org/10.1007/s00401-008-0346-6
https://doi.org/10.1007/s00401-008-0346-6
https://doi.org/10.3233/JPD-2011-11046
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1007/BF01291884
https://doi.org/10.1007/BF01291884
https://doi.org/10.1001/jamaneurol.2014.753
https://doi.org/10.1523/JNEUROSCI.5456-13.2014


643Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s…

1 3

OSCI.​5456-​13.​2014. (Erratum in: J Neurosci. 2015 Nov 
25;35(47):15767)

Plum S, Steinbach S, Attems J, Keers S, Riederer P, Gerlach M, May 
C, Marcus K (2016) Proteomic characterization of neuromelanin 
granules isolated from human substantia nigra by laser-micro-
dissection. Sci Rep 6:37139. https://​doi.​org/​10.​1038/​srep3​7139

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann 
J, Schrag AE, Lang AE (2017) Parkinson disease. Nat Rev Dis 
Primers 3:17013. https://​doi.​org/​10.​1038/​nrdp.​2017.​13

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, 
Dutra A, Pike B, Root H, Rubenstein J, Boyer R, Stenroos ES, 
Chandrasekharappa S, Athanassiadou A, Papapetropoulos T, 
Johnson WG, Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe 
LI, Nussbaum RL (1997) Mutation in the alpha-synuclein 
gene identified in families with Parkinson’s disease. Science 
276(5321):2045–2047. https://​doi.​org/​10.​1126/​scien​ce.​276.​
5321.​2045

Pont-Sunyer C, Tolosa E, Caspell-Garcia C, Coffey C, Alcalay RN, 
Chan P, Duda JE, Facheris M, Fernández-Santiago R, Marek K, 
Lomeña F, Marras C, Mondragon E, Saunders-Pullman R, Waro 
B, LRRK2 Cohort Consortium (2017) The prodromal phase of 
leucine-rich repeat kinase 2-associated Parkinson disease: Clin 
Imaging Stud Mov Disord 32(5):726–738. https://​doi.​org/​10.​
1002/​mds.​26964

Post MR, Lieberman OJ, Mosharov EV (2018) Can interactions 
between α-synuclein, dopamine and calcium explain selective 
neurodegeneration in Parkinson’s disease? Front Neurosci 12:161

Przuntek H, Müller T, Riederer P (2004) Diagnostic staging of Parkin-
son’s disease: conceptual aspects. J Neural Transm 111(2):201–
216. https://​doi.​org/​10.​1007/​s00702-​003-​0102-y

Quik M, Huang LZ, Parameswaran N, Bordia T, Campos C, Perez 
XA (2009) Multiple roles for nicotine in Parkinson's disease. 
Biochem Pharmacol 78(7):677–685. https://​doi.​org/​10.​1016/j.​
bcp.​2009.​05.​003

Ratner MH, Farb DH, Ozer J, Feldman RG, Durso R (2014) Younger 
age at onset of sporadic Parkinson's disease among subjects occu-
pationally exposed to metals and pesticides. Interdiscip Toxicol 
7(3):123–133. https://​doi.​org/​10.​2478/​intox-​2014-​0017

Rebelo D, Oliveira F, Abrunhosa A, Januário C, Lemos J, Castelo-
Branco M (2021) A link between synaptic plasticity and reor-
ganization of brain activity in Parkinson's disease. Proc Natl 
Acad Sci USA 118(3):e2013962118. https://​doi.​org/​10.​1073/​
pnas.​20139​62118

Recasens A, Dehay B, Bové J, Carballo-Carbajal I, Dovero S, Pérez-
Villalba A, Fernagut PO, Blesa J, Parent A, Perier C, Fariñas I, 
Obeso JA, Bezard E, Vila M (2014) Lewy body extracts from 
Parkinson disease brains trigger α-synuclein pathology and neu-
rodegeneration in mice and monkeys. Ann Neurol 75(3):351–
362. https://​doi.​org/​10.​1002/​ana.​24066

Recasens A, Perier C, Sue CM (2016) Role of MicroRNAs in the regu-
lation of α-synuclein expression: a systematic review. Front Mol 
Neurosci 9:21. https://​doi.​org/​10.​3389/​fnmol.​2016.​00128

Reichmann H, Riederer P (1989) Biochemische analyse der atmung-
skettenkomplexe verschiedener hirnregionen von patienten mit 
M. Parkinson. In: Morbus Parkinson und andere Basalgangliener-
krankungen. Symposium des BMBF, Bad Kissingen. BMBF, 
Bonn, Germany, p 44

Reichmann H, Csoti I, Koschel J, Lorenzl S, Schrader C, Winkler J, 
Wüllner U (2022) Life style and Parkinson's disease. J Neural 
Transmiss (Vienna, Austria: 1996), 129(9): 1235–1245. https://​
doi.​org/​10.​1007/​s00702-​022-​02509-1

Reinert A, Morawski M, Seeger J, Arendt T, Reinert T (2019) Iron con-
centrations in neurons and glial cells with estimates on ferritin 
concentrations. BMC Neurosci 20:25. https://​doi.​org/​10.​1186/​
s12868-​019-​0507-7

Riederer P, Sofic E, Rausch WD, Schmidt B, Reynolds GP, Jellinger K, 
Youdim MB (1989) Transition metals, ferritin, glutathione, and 
ascorbic acid in parkinsonian brains. J Neurochem 52(2):515–
520. https://​doi.​org/​10.​1111/j.​1471-​4159.​1989.​tb091​50.x

Riederer P, Foley P, Bringmann G, Feineis D, Brückner R, Gerlach 
M (2002) Biochemical and pharmacological characterization 
of 1-trichloromethyl-1,2,3,4-tetrahydro-beta-carboline: a bio-
logically relevant neurotoxin? Eur J Pharmacol 442(1–2):1–16. 
https://​doi.​org/​10.​1016/​s0014-​2999(02)​01308-0

Riederer P, Jellinger KA, Kolber P, Hipp G, Sian-Hülsmann J, Krüger 
R (2018) Lateralisation in Parkinson disease. Cell Tissue Res 
373(1):297–312. https://​doi.​org/​10.​1007/​s00441-​018-​2832-z

Riederer P, Berg D, Casadei N, Cheng F, Classen J, Dresel C 
et al (2019) α-Synuclein in Parkinson’s disease: Causal or 
bystander? J Neural Transm 126(7):815–840. https://​doi.​org/​
10.​1007/​s00702-​019-​02025-9

Riederer P, Monoranu C, Strobel S, Iordache T, Sian-Hülsman 
J (2021) Iron as the concert master in the pathogenic 
orchestra playing in sporadic Parkinson’s disease. J Neu-
ral Transm 128(10):1577–1598. https://​doi.​org/​10.​1007/​
s00702-​021-​02414-z

Riederer P, Wuketich S (1976) Time course of nigrostriatal degen-
eration in parkinson's disease. A detailed study of influential 
factors in human brain amine analysis. J Neural Transm 38(3–
4):277–301. https://​doi.​org/​10.​1007/​BF012​49445

Riederer P, Sofič E, Rausch WD, Kruzik P, Youdim MBH (1985) 
Dopaminforschung heute und morgen—l-Dopa in der Zukunft. 
In: Riederer P, Umek H (eds) l-Dopa-substitution der Parkin-
son-Krankheit. Springer, Vienna, pp 127–144. https://​doi.​org/​
10.​1007/​978-3-​7091-​8822-4_​14

Rietdijk CD, Perez-Pardo P, Garssen J, van Wezel RJ, Kraneveld AD 
(2017) Exploring Braak’s hypothesis of Parkinson’s disease. 
Front Neurol 8:37. https://​doi.​org/​10.​3389/​fneur.​2017.​00037

Rinne JO, Laihinen A, Lönnberg P, Marjamäki P, Rinne UK (1991) 
A post-mortem study on striatal dopamine receptors in Parkin-
son's disease; Brain Res 556 (1):117–122, ISSN 0006-8993. 
https://​doi.​org/​10.​1016/​0006-​8993(91)​90554-9

Roca V, Casabona JC, Radice P, Murta V, Pitossi FJ (2011) The 
degenerating substantia nigra as a susceptible region for gene 
transfer-mediated inflammation. Parkinson’s Dis 2011:931572. 
https://​doi.​org/​10.​4061/​2011/​931572

Rodriguez-Sabate C, Morales I, Puertas-Avendaño RAR, Díaz M 
(2019) The dynamic of basal ganglia activity with a multiple 
covariance method: influences of Parkinson’s disease. Brain 
Commun. https://​doi.​org/​10.​1093/​brain​comms/​fcz044

Rogers JT, Mikkilineni S, Cantuti-Castelvetri I, Smith DH, Huang X, 
Bandyopadhyay S, Cahill CM, Maccecchini ML, Lahiri DK, 
Greig NH (2011) The alpha-synuclein 5'untranslated region 
targeted translation blockers: anti-alpha synuclein efficacy of 
cardiac glycosides and Posiphen. J Neural Transm 118(3):493–
507. https://​doi.​org/​10.​1007/​s00702-​010-​0513-5

Rolli-Derkinderen M, Leclair-Visonneau L, Bourreille A, Coron 
E, Neunlist M, Derkinderen P (2020) Is Parkinson’s dis-
ease a chronic low-grade inf lammatory bowel disease? 
J Neurol 267(8):2207–2213. https://​doi.​org/​10.​1007/​
s00415-​019-​09321-0

Ross GW, Petrovitch H, Abbott RD, Nelson J, Markesbery W, Davis 
D, Hardman J, Launer L, Masaki K, Tanner CM, White LR 
(2004) Parkinsonian signs and substantia nigra neuron density 
in decendents elders without PD. Ann Neurol 56(4):532–539. 
https://​doi.​org/​10.​1002/​ana.​20226

Ruf VC, Nübling GS, Willikens S, Shi S, Schmidt F, Levin J, Böt-
zel K, Kamp F, Giese A (2019) Different effects of α-synuclein 
mutants on lipid binding and aggregation detected by single 
molecule fluorescence spectroscopy and ThT fluorescence-based 

https://doi.org/10.1523/JNEUROSCI.5456-13.2014
https://doi.org/10.1038/srep37139
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1002/mds.26964
https://doi.org/10.1002/mds.26964
https://doi.org/10.1007/s00702-003-0102-y
https://doi.org/10.1016/j.bcp.2009.05.003
https://doi.org/10.1016/j.bcp.2009.05.003
https://doi.org/10.2478/intox-2014-0017
https://doi.org/10.1073/pnas.2013962118
https://doi.org/10.1073/pnas.2013962118
https://doi.org/10.1002/ana.24066
https://doi.org/10.3389/fnmol.2016.00128
https://doi.org/10.1007/s00702-022-02509-1
https://doi.org/10.1007/s00702-022-02509-1
https://doi.org/10.1186/s12868-019-0507-7
https://doi.org/10.1186/s12868-019-0507-7
https://doi.org/10.1111/j.1471-4159.1989.tb09150.x
https://doi.org/10.1016/s0014-2999(02)01308-0
https://doi.org/10.1007/s00441-018-2832-z
https://doi.org/10.1007/s00702-019-02025-9
https://doi.org/10.1007/s00702-019-02025-9
https://doi.org/10.1007/s00702-021-02414-z
https://doi.org/10.1007/s00702-021-02414-z
https://doi.org/10.1007/BF01249445
https://doi.org/10.1007/978-3-7091-8822-4_14
https://doi.org/10.1007/978-3-7091-8822-4_14
https://doi.org/10.3389/fneur.2017.00037
https://doi.org/10.1016/0006-8993(91)90554-9
https://doi.org/10.4061/2011/931572
https://doi.org/10.1093/braincomms/fcz044
https://doi.org/10.1007/s00702-010-0513-5
https://doi.org/10.1007/s00415-019-09321-0
https://doi.org/10.1007/s00415-019-09321-0
https://doi.org/10.1002/ana.20226


644	 P. Riederer et al.

1 3

measurements. ACS Chem Neurosci 10(3):1649–1659. https://​
doi.​org/​10.​1021/​acsch​emneu​ro.​8b005​79

Salami A, Papenberg G, Sitnikov R, Laukka EJ, Persson P, Kalpouzos 
G (2021) Elevated neuroinflammation contributes to the deleteri-
ous impact of iron overload on brain function in aging, NeuroIm-
age 230:117792, ISSN1058119. https://​doi.​org/​10.​1016/j.​neuro​
image.​2021.​117792. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​
le/​pii/​S1053​81192​10006​90

Salim S (2016) Oxidative stress and the central nervous system. J 
Pharmacol Experimental Ther 360(1):201–205. https://​doi.​org/​
10.​1124/​jpet.​116.​237503

Saper CB (1999) ‘Like a thief in the night’: the selectivity of degenera-
tion in Parkinson’s disease. Brain 122(Pt 8):1401–1402

Schapira AH, Cooper JM, Dexter D, Jenner P, Clark JB, Marsden CD 
(1989) Mitochondrial complex I deficiency in Parkinson’s dis-
ease. Lancet (london) 1(8649):1269. https://​doi.​org/​10.​1016/​
s0140-​6736(89)​92366-0

Schneider SA, Alcalay RN (2017) Neuropathology of genetic synu-
cleinopathies with parkinsonism: review of the literature. Mov 
Disord 32(11):1504–1523. https://​doi.​org/​10.​1002/​mds.​27193

Shachar DB, Kahana N, Kampel V, Warshawsky A, Youdim MB 
(2004) Neuroprotection by a novel brain permeable iron chelator, 
VK-28, against 6-hydroxydopamine lession in rats. Neurophar-
macology 46(2):254–263. https://​doi.​org/​10.​1016/j.​neuro​pharm.​
2003.​09.​005

Shen K-Z, Johnson SW (2005a) Dopamine depletion alters responses to 
glutamate and GABA in the rat subthalamic nucleus. NeuroRe-
port 16(2):171–174. https://​doi.​org/​10.​1097/​00001​756-​20050​
2080-​00021

Shen KZ, Johnson SW (2005b) Dopamine depletion alters responses to 
glutamate and GABA in the rat subthalamic nucleus. NeuroRe-
port 16(2):171–174. https://​doi.​org/​10.​1097/​00001​756-​20050​
2080-​00021

Shinotoh H, Inoue O, Hirayama K, Aotsuka A, Asahina M, Suhara 
T, Yamazaki T, Tateno Y (1993) Dopamine D1 receptors in 
Parkinson’s disease and striatonigral degeneration: a positron 
emission tomography study. J Neurol Neurosurg Psychiatry 
56(5):467–472. https://​doi.​org/​10.​1136/​jnnp.​56.5.​467.​PMID:​
85056​36;​PMCID:​PMC10​15002

Sian J, Dexter DT, Lees AJ, Daniel S, Agid Y, Javoy-Agid F, Jenner 
P, Marsden CD (1994) Alterations in glutathione levels in Par-
kinson’s disease and other neurodegenerative disorders affect-
ing basal ganglia. Ann Neurol 36(3):348–355. https://​doi.​org/​
10.​1002/​ana.​41036​0305

Sian-Hulsmann J, Riederer P (2020) The role of alpha-synuclein as 
ferrireductase in neurodegeneration associated with Parkinson’s 
disease. J Neural Transm 127(5):749–754. https://​doi.​org/​10.​
1007/​s00702-​020-​02192-0

Sian-Hulsmann J, Riederer P (2021) The nigral coup in Parkinson’s 
disease by α-synuclein and its associated rebels. Cells 10(3):598. 
https://​doi.​org/​10.​3390/​cells​10030​598

Sian-Hulsmann J, Monoranu C, Strobel S, Riederer P (2015) Lewy 
bodies: A spectator or salient killer? CNS Neurol Disord: Drug 
Targets 14(7):947–955. https://​doi.​org/​10.​2174/​18715​27314​
66615​03172​25659

Sofic E, Riederer P, Heinsen H, Beckmann H, Reynolds GP, Heben-
streit G, Youdim MB (1988) Increased iron(III) and total iron 
content in post mortem substantia nigra of Parkinsonian brain. J 
Neural Transm 74(3):199–205

Sofic E, Lange KW, Jellinger K, Riederer P (1992) Reduced and oxi-
dized glutathione in the substantia nigra of patients with Parkin-
son’s disease. Neurosci Lett 142(2):128–130. https://​doi.​org/​10.​
1016/​0304-​3940(92)​90355-b

Song N, Wang J, Jiang H, Junxia Xie J (2018) Astroglial and micro-
glial contributions to iron metabolism disturbance in Parkinson's 
disease. Biochimica Biophysica Acta (BBA) Mol Basis Dis 1864 

(3):967–973, ISSN 0925-4439. https://​doi.​org/​10.​1016/j.​bbadis.​
2018.​01.​008. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
S0925​44391​83000​97

Sontag KH, Heim C, Sontag TA, God R, Reichmann H, Wesemann 
W, Rausch WD, Riederer P, Bringmann G (1995) Long-term 
behavioural effects of TaClo (1-trichloromethyl-1,2,3,4-tetrahy-
dro-beta-carboline) after subchronic treatment in rats. J Neural 
Transm Suppl 46:283–289

Sontag TA, Heim C, Kolasiewicz W, Horn J, Pardowitz I, Sontag 
KH (2006) Cerebral oligemia and iron influence in cerebral 
structures—element of Morbus Parkinson Models? In: Parvez 
H, Riederer P (eds) Oxidative stress and neuroprotection. J. 
Neural Transm. Suppl., vol 71. Springer, Vienna. https://​doi.​
org/​10.​1007/​978-3-​211-​33328-0_​23

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, 
Goedert M (1997) Alpha-synuclein in Lewy bodies. Nature 
388(6645):839–840. https://​doi.​org/​10.​1038/​42166

Takanashi M, Li Y, Hattori N (2016) Absence of Lewy pathology 
associated with PINK1 homozygous mutation. Neurology 
86(23):2212–2213. https://​doi.​org/​10.​1212/​wnl.​00000​00000​
002744

Tanner C, Goldman SM (1996) Epidemiology of Parkinson’s disease. 
Neurol Clin 14(2):317–335. https://​doi.​org/​10.​1016/​s0733-​
8619(05)​70259-0

Taoufik E, Kouroupi G, Zygogianni O, Matsas R (2018) Synaptic 
dysfunction in neurodegenerative and neurodevelopmental 
diseases: an overview of induced pluripotent stem-cell-based 
disease models. Open Biol 8(9):180138. https://​doi.​org/​10.​
1098/​rsob.​180138

Thobois S, Vingerhoets F, Fraix V, Xie-Brustolin J, Mollion H, Costes 
N, Mertens P, Benabid AL, Pollak P, Broussolle E (2004) Role 
of dopaminergic treatment in dopamine receptor down-regulation 
in advanced Parkinson disease: a positron emission tomographic 
study. Arch Neurol 61(11):1705–1709. https://​doi.​org/​10.​1001/​
archn​eur.​61.​11.​1705

Tribl F, Gerlach M, Marcus K, Asan E, Tatschner T, Arzberger T, 
Meyer HE, Bringmann G, Riederer P (2005) “Subcellular pro-
teomics” of neuromelanin granules isolated from the human 
brain. Mol Cell Proteomics 4(7):945–957. https://​doi.​org/​10.​
1074/​mcp.​M4001​17-​MCP200

Tribl F, Asan E, Arzberger T, Tatschner T, Langenfeld E, Meyer HE, 
Bringmann G, Riederer P, Gerlach M, Marcus K (2009) Iden-
tification of L-ferritin in neuromelanin granules of the human 
substantia nigra: a targeted proteomics approach. Mol Cell Pro-
teomics 8(8):1832–1838. https://​doi.​org/​10.​1074/​mcp.​M9000​
06-​MCP200

Turrigiano G (2012) Homeostatic synaptic plasticity: local and global 
mechanisms for stabilizing neuronal function. Cold Spring Har-
bor Perspect Biol 4(1): a005736. www.​ncbi.​nlm.​nih.​gov/​pub-
med/​22086​977. https://​doi.​org/​10.​1101/​cshpe​rspect.​a0057​36

Ulrih NP, Barry CH, Fink AL (2008) Impact of Tyr to Ala mutations 
on alpha-synuclein fibrillation and structural properties. Bio-
chim Biophys Acta 1782(10):581–585. https://​doi.​org/​10.​1016/j.​
bbadis.​2008.​07.​004

Urban P, Falkenburger B, Jost WH, Ransmayr G, Riederer P, Winkler 
C (2020) Struktur und Efferenzen der Substantia nigra pars com-
pacta beim idiopathischen Parkinson-Syndrom [Structure and 
efferences of the substantia nigra pars compacta in Parkinson’s 
disease]. Fortschr Neurol Psychiatr 88(9):591–599. https://​doi.​
org/​10.​1055/a-​1149-​9280

Van Do B, Gouel F, Jonneaux A, Timmerman K, Gelé P, Pétrault M, 
Bastide M, Laloux C, Moreau C, Bordet R, Devos D, Devedjian 
JC (2016) Ferroptosis, a newly characterized form of cell death 
in Parkinson’s disease that is regulated by PKC. Neurobiol Dis 
94:169–178. https://​doi.​org/​10.​1016/j.​nbd.​2016.​05.​011

https://doi.org/10.1021/acschemneuro.8b00579
https://doi.org/10.1021/acschemneuro.8b00579
https://doi.org/10.1016/j.neuroimage.2021.117792
https://doi.org/10.1016/j.neuroimage.2021.117792
https://www.sciencedirect.com/science/article/pii/S1053811921000690
https://www.sciencedirect.com/science/article/pii/S1053811921000690
https://doi.org/10.1124/jpet.116.237503
https://doi.org/10.1124/jpet.116.237503
https://doi.org/10.1016/s0140-6736(89)92366-0
https://doi.org/10.1016/s0140-6736(89)92366-0
https://doi.org/10.1002/mds.27193
https://doi.org/10.1016/j.neuropharm.2003.09.005
https://doi.org/10.1016/j.neuropharm.2003.09.005
https://doi.org/10.1097/00001756-200502080-00021
https://doi.org/10.1097/00001756-200502080-00021
https://doi.org/10.1097/00001756-200502080-00021
https://doi.org/10.1097/00001756-200502080-00021
https://doi.org/10.1136/jnnp.56.5.467.PMID:8505636;PMCID:PMC1015002
https://doi.org/10.1136/jnnp.56.5.467.PMID:8505636;PMCID:PMC1015002
https://doi.org/10.1002/ana.410360305
https://doi.org/10.1002/ana.410360305
https://doi.org/10.1007/s00702-020-02192-0
https://doi.org/10.1007/s00702-020-02192-0
https://doi.org/10.3390/cells10030598
https://doi.org/10.2174/1871527314666150317225659
https://doi.org/10.2174/1871527314666150317225659
https://doi.org/10.1016/0304-3940(92)90355-b
https://doi.org/10.1016/0304-3940(92)90355-b
https://doi.org/10.1016/j.bbadis.2018.01.008.
https://doi.org/10.1016/j.bbadis.2018.01.008.
https://www.sciencedirect.com/science/article/pii/S0925443918300097
https://www.sciencedirect.com/science/article/pii/S0925443918300097
https://doi.org/10.1007/978-3-211-33328-0_23
https://doi.org/10.1007/978-3-211-33328-0_23
https://doi.org/10.1038/42166
https://doi.org/10.1212/wnl.0000000000002744
https://doi.org/10.1212/wnl.0000000000002744
https://doi.org/10.1016/s0733-8619(05)70259-0
https://doi.org/10.1016/s0733-8619(05)70259-0
https://doi.org/10.1098/rsob.180138
https://doi.org/10.1098/rsob.180138
https://doi.org/10.1001/archneur.61.11.1705
https://doi.org/10.1001/archneur.61.11.1705
https://doi.org/10.1074/mcp.M400117-MCP200
https://doi.org/10.1074/mcp.M400117-MCP200
https://doi.org/10.1074/mcp.M900006-MCP200
https://doi.org/10.1074/mcp.M900006-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/22086977
http://www.ncbi.nlm.nih.gov/pubmed/22086977
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1016/j.bbadis.2008.07.004
https://doi.org/10.1016/j.bbadis.2008.07.004
https://doi.org/10.1055/a-1149-9280
https://doi.org/10.1055/a-1149-9280
https://doi.org/10.1016/j.nbd.2016.05.011


645Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s…

1 3

van IJzendoorn SCD, Derkinderen P (2019) The intestinal barrier in 
Parkinson's disease: current state of knowledge. J Parkinsons Dis 
9(s2):S323–S329. https://​doi.​org/​10.​3233/​JPD-​191707

Verkhratsky A, Parpura V, Vardjan N, Zorec R (2019) Physiology of 
astroglia. Adv Exp Med Biol 1175:45–91. https://​doi.​org/​10.​
1007/​978-​981-​13-​9913-8_3

Verma M, Lizama BN, Chu CT (2022) Excitotoxicity, calcium 
and mitochondria: a triad in synaptic neurodegeneration. 
Transl Neurodegener 11(1):3. https://​doi.​org/​10.​1186/​
s40035-​021-​00278-7

Vila M (2019) Neuromelanin, aging, and neuronal vulnerability 
in Parkinson’s disease. Move Disord off J Move Disord Soc 
34(10):1440–1451. https://​doi.​org/​10.​1002/​mds.​27776

Visanji NP, Brooks PL, Hazrati LN, Lang AE (2013) The prion 
hypothesis in Parkinson‘s disease: braak to the future. 
Acta Neuropathol Commun 1:2. https://​doi.​org/​10.​1186/​
2051-​5960-1-2

Wakabayashi K, Takahashi H, Takeda S, Ohama E, Ikuta F (1988) 
Parkinson’s disease: the presence of Lewy bodies in Auer-
bach’s and Meissner’s plexuses. Acta Neuropathol 76(3):217–
221. https://​doi.​org/​10.​1007/​BF006​87767

Wakabayashi K, Tanji K, Mori F, Takahashi H (2007) The Lewy 
body in Parkinson‘s disease: molecules implicated in the for-
mation and degradation of alpha-synuclein aggregates. Neu-
ropathol off J Jpn Soc Neuropathol 27(5):494–506. https://​doi.​
org/​10.​1111/j.​1440-​1789.​2007.​00803.x

Wang C, Yang T, Liang M, Xie J, Song N (2021) Astrocyte dysfunc-
tion in Parkinson’s disease: from the perspectives of transmit-
ted α-synuclein and genetic modulation. Transl Neurodegener 
10(1):39. https://​doi.​org/​10.​1186/​s40035-​021-​00265-y

Wang F, Wang J, Shen Y, Li H, Rausch WD, Huang X (2022) Iron 
dyshomeostasis and ferroptosis: a new Alzheimer's disease 
hypothesis? Front Aging Neurosc 14:830569. https://​doi.​org/​
10.​3389/​fnagi.​2022.​830569

Ward RJ, Dexter DT, Crichton RR (2022) Iron, neuroinflammation 
and neurodegeneration. Int J Mol Sci 23:7267. https://​doi.​org/​
10.​3390/​ijms2​31372​67

Wesemann W, Blaschke S, Solbach M, Grote C, Clement H-W, 
Riederer P (1994) Intranigral injected iron progressively 
reduces striatal dopamine metabolism. J Neural Transm (PD 
Sect) 8:209–214

Wesemann W, Solbach M, Nafe R, Grote C, Sontag KH, Riederer P, 
Jellinger K, Mennel HD, Clement HW (1995) Effect of lazar-
oid U-74389G on iron-induced reduction of striatal dopamine 
metabolism. J Neural Transm Suppl 46:175–182

Wulf M, Barkovits K, Schork K, Eisenacher M, Riederer P, Ger-
lach M, Eggers B, Marcus K (2022a) Neuromelanin granules 
of the substantia nigra: proteomic profile provides links to 
tyrosine hydroxylase, stress granules and lysosomes. J Neu-
ral Transm 129(10):1257–1270. https://​doi.​org/​10.​1007/​
s00702-​022-​02530-4

Wulf M, Barkovits K, Schork K, Eisenacher M, Riederer P, Gerlach 
M, Eggers B, Marcus K (2022b) The proteome of neuromela-
nin granules in dementia with Lewy bodies. Cells 11(22):3538. 
https://​doi.​org/​10.​3390/​cells​11223​538

Xiao Y, Chen X, Huang S, Li G, Mo M, Zhang L, Chen C, Guo 
W, Zhou M, Wu Z, Cen L, Long S, Li S, Yang X, Qu S, Pei 
Z, Xu P (2018) Iron promotes α-synuclein aggregation and 
transmission by inhibiting TFEB-mediated autophagosome-
lysosome fusion. J Neurochem 145(1):34–50. https://​doi.​org/​
10.​1111/​jnc.​14312

Xu H, Wang Y, Song N, Wang J, Jiang H, Xie J (2018) New progress 
on the role of glia in iron metabolism and iron-induced degen-
eration of dopamine neurons in Parkinson’s disease. Front Mol 
Neurosci 10:455. https://​doi.​org/​10.​3389/​fnmol.​2017.​00455

Yamamoto M (2013). Practical guideline of Parkinson's disease in 
Japan: evaluation and mission of future. Rinsho shinkeigaku 
Clin Neurol 53(11):1352–1353. https://​doi.​org/​10.​5692/​clini​
calne​urol.​53.​1352

Youdim MB, Ben-Shachar D, Riederer P (1989) Is Parkinson’s dis-
ease a progressive siderosis of substantia nigra resulting in iron 
and melanin induced neurodegeneration? Acta Neurol Scand 
Suppl 126:47–54. https://​doi.​org/​10.​1111/j.​1600-​0404.​1989.​
tb017​82.x

Youdim MB, Ben-Shachar D, Riederer P (1993) The possible role of 
iron in the etiopathology of Parkinson’s disease. Move Disord 
off J Move Disord Soc 8(1):1–12. https://​doi.​org/​10.​1002/​mds.​
87008​0102

Youdim MB, Stephenson G, Ben Shachar D (2004a) Ironing iron 
out in Parkinson’s disease and other neurodegenerative dis-
eases with iron chelators: a lesson from 6-hydroxydopamine 
and iron chelators, desferal and VK-28. Ann N Y Acad Sci 
1012:306–325. https://​doi.​org/​10.​1196/​annals.​1306.​025

Youdim MB, Fridkin M, Zheng H (2004b) Novel bifunctional drugs 
targeting monoamine oxidase inhibition and iron chelation as 
an approach to neuroprotection in Parkinson’s disease and other 
neurodegenerative diseases. J Neural Transm (vienna) 111(10–
11):1455–1471. https://​doi.​org/​10.​1007/​s00702-​004-​0143-x

Youdim MB, Fridkin M, Zheng H (2005) Bifunctional drug deriva-
tives of MAO-B inhibitor rasagiline and iron chelator VK-28 as 
a more effective approach to treatment of brain ageing and age-
ing neurodegenerative diseases. Mech Ageing Dev 126(2):317–
326. https://​doi.​org/​10.​1016/j.​mad.​2004.​08.​023

Zaccai J, Brayne C, McKeith I, Matthews F, Ince PG, MRC Cogni-
tive Function, Ageing Neuropathology Study (2008) Patterns 
and stages of alpha-synucleinopathy: Relevance in a popula-
tion-based cohort. Neurology, 70(13):1042–1048. https://​doi.​
org/​10.​1212/​01.​wnl.​00003​06697.​48738.​b6

Zarranz JJ, Alegre J, Gómez-Esteban JC, Lezcano E, Ros R, Ampu-
ero I, Vidal L, Hoenicka J, Rodriguez O, Atarés B, Llorens V, 
Gomez Tortosa E, del Ser T, Muñoz DG, de Yebenes JG (2004) 
The new mutation, E46K, of alpha-synuclein causes Parkinson 
and Lewy body dementia. Ann Neurol 55(2):164–173. https://​
doi.​org/​10.​1002/​ana.​10795

Zecca L, Gallorini M, Schünemann V, Trautwein AX, Gerlach M, 
Riederer P, Vezzoni P, Tampellini D (2001) Iron, neuromelanin 
and ferritin content in the substantia nigra of normal subjects 
at different ages: consequences for iron storage and neurode-
generative processes. J Neurochem 76(6):1766–1773. https://​
doi.​org/​10.​1046/j.​1471-​4159.​2001.​00186.x

Zecca L, Youdim MB, Riederer P, Connor R, Crichton RR (2004) 
Iron, brain ageing and neurodegenerative disorders. Nat Rev 
Neurosci 5(11):863–873. https://​doi.​org/​10.​1038/​nrn15​37

Zecca L, Wilms H, Geick S, Claasen JH, Brandenburg LO, Holzkne-
cht C, Panizza ML, Zucca FA, Deuschl G, Sievers J, Lucius R 
(2008) Human neuromelanin induces neuroinflammation and 
neurodegeneration in the rat substantia nigra: implications for 
Parkinson’s disease. Acta Neuropathol 116(1):47–55. https://​
doi.​org/​10.​1007/​s00401-​008-​0361-7

Zecca L, Bellei C, Mauri P, Casella L, Cebrián C, Sulzer D, Zucca 
FA (2015) The protective and toxic role of neuromelanins in 
brain aging and Parkinson’s disease. Springerplus 4(Suppl 
1):P56. https://​doi.​org/​10.​1186/​2193-​1801-4-​S1-​P56

Zhang W, Zecca L, Wilson B, Ren HW, Wang YJ, Wang XM, Hong 
JS (2013) Human neuromelanin: an endogenous microglial 
activator for dopaminergic neuron death. Front Biosci (elite 
Ed) 5(1):1–11. https://​doi.​org/​10.​2741/​e591

Zucca FA, Vanna R, Cupaioli FA, Bellei C, De Palma A, Di Silvestre 
D, Mauri P, Grassi S, Prinetti A, Casella L, Sulzer D, Zecca L 
(2018) Neuromelanin organelles are specialized autolysosomes 
that accumulate undegraded proteins and lipids in aging human 

https://doi.org/10.3233/JPD-191707
https://doi.org/10.1007/978-981-13-9913-8_3
https://doi.org/10.1007/978-981-13-9913-8_3
https://doi.org/10.1186/s40035-021-00278-7
https://doi.org/10.1186/s40035-021-00278-7
https://doi.org/10.1002/mds.27776
https://doi.org/10.1186/2051-5960-1-2
https://doi.org/10.1186/2051-5960-1-2
https://doi.org/10.1007/BF00687767
https://doi.org/10.1111/j.1440-1789.2007.00803.x
https://doi.org/10.1111/j.1440-1789.2007.00803.x
https://doi.org/10.1186/s40035-021-00265-y
https://doi.org/10.3389/fnagi.2022.830569
https://doi.org/10.3389/fnagi.2022.830569
https://doi.org/10.3390/ijms23137267
https://doi.org/10.3390/ijms23137267
https://doi.org/10.1007/s00702-022-02530-4
https://doi.org/10.1007/s00702-022-02530-4
https://doi.org/10.3390/cells11223538
https://doi.org/10.1111/jnc.14312
https://doi.org/10.1111/jnc.14312
https://doi.org/10.3389/fnmol.2017.00455
https://doi.org/10.5692/clinicalneurol.53.1352
https://doi.org/10.5692/clinicalneurol.53.1352
https://doi.org/10.1111/j.1600-0404.1989.tb01782.x
https://doi.org/10.1111/j.1600-0404.1989.tb01782.x
https://doi.org/10.1002/mds.870080102
https://doi.org/10.1002/mds.870080102
https://doi.org/10.1196/annals.1306.025
https://doi.org/10.1007/s00702-004-0143-x
https://doi.org/10.1016/j.mad.2004.08.023
https://doi.org/10.1212/01.wnl.0000306697.48738.b6
https://doi.org/10.1212/01.wnl.0000306697.48738.b6
https://doi.org/10.1002/ana.10795
https://doi.org/10.1002/ana.10795
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1038/nrn1537
https://doi.org/10.1007/s00401-008-0361-7
https://doi.org/10.1007/s00401-008-0361-7
https://doi.org/10.1186/2193-1801-4-S1-P56
https://doi.org/10.2741/e591


646	 P. Riederer et al.

1 3

brain and are likely involved in Parkinson’s disease. NPJ Par-
kinsons Dis 4:17

Zucca FA, Capucciati A, Bellei C, Sarna M, Sarna T, Monzani E et al 
(2023) Neuromelanins in brain aging and Parkinson'sdisease: 
synthesis, structure, neuroinflammatory, and neurodegenera-
tive role. IUBMB Life 75(1):55–65. https://​doi.​org/​10.​1002/​
iub.​2654

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/iub.2654
https://doi.org/10.1002/iub.2654

	Lewy bodies, iron, inflammation and neuromelanin: pathological aspects underlying Parkinson’s disease
	Abstract
	Parkinson’s disease and its major pathological hallmarks
	The compensatory phase of neurodegeneration in early PD
	Lewy bodies and their staged appearance in PD
	Familial PD mutations agree well with observations of protein aggregation and oxidative stress in sporadic PD
	A closer look at ɑ-synuclein and LBs
	The role of iron
	The role of neuromelanin
	Neuroinflammation in PD
	Conclusion
	References




