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Abstract

For a special issue, we review studies on the pathogenesis of nigral cell death and the treatment of sporadic Parkinson’s
disease (sPD) over the past few decades, with a focus on the studies performed by Prof. Mizuno and our group. Prof. Mizuno
proposed the initial concept that mitochondrial function may be impaired in sPD. When working at Jichi Medical School,
he found a decrease in complex I of the mitochondrial electron transfer complex in the substantia nigra of patients with
Parkinson’s disease (PD) and MPTP models. After moving to Juntendo University as a professor and chairman, he contin-
ued to study the mechanisms of cell death in the substantia nigra of patients with sPD. Under his supervision, I studied the
relationships between PD and apoptosis, PD and iron involvement, mitochondrial dysfunction and apoptosis, and PD and
neuroinflammation. Moving to Kitasato University, we focused on PD and the cytotoxicity of alpha synuclein (aSyn) as well
as brain neuropathology. Eventually, I moved to Osaka University, where I continued working on PD and aSyn projects to
promote therapeutic research. In this paper, we present the details of these studies in the following order: past, present, and
future.

Keywords Parkinson’s disease - Mitochondria - Iron - Apoptosis - a-Synuclein - Antisense oligonucleotide
Abbreviations

PD Parkinson’s disease
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(SNpc) and the presence of intracellular inclusions termed
Lewy bodies (LBs), which are mainly composed of the
protein, a-synuclein (aSyn). Moreover, to investigate the

aSyn  a-Synuclein mechanism of cell death in PD, Prof. Mizuno started studies
SN Substantia nigra on mitochondrial involvement in PD. At the time, 1-methyl-
MSA  Multiple system atrophy 4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was discovered
PSP Progressive supranuclear palsy as a contaminant of synthetic heroin, which caused severe
CBD  Corticobasal degeneration and irreversible parkinsonian syndrome in a number of drug

abusers. The discovery of MPTP-induced parkinsonism has

initiated a renaissance in basic research on PD, owing to
Introduction the potential of this toxin in creating a valid disease model.

Significant progress has been made in understanding the
causes, pathogenesis, and nature of cell death in Parkin-
son’s disease (PD) (Figure). However, the exact mechanisms
underlying sporadic PD (sPD) remain unknown. The neu-
ropathological hallmark of PD is the loss of dopaminergic
neurons predominantly in the substantia nigra pars compacta
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Moreover, the mechanism by which MPTP causes PD is at
the forefront of research.

Mitochondria and Parkinson’s disease

MPTP-induced parkinsonism remains one of the best models
of PD. Selective toxicity to the nigrostriatal dopaminergic
neurons is thought to depend on the presence of an energy-
dependent active uptake system of the 1-methyl-4-phenyl-
pyridinium ion (MPP"), the oxidation product of MPTP,
in dopaminergic neurons. MPP* is responsible for toxicity
in dopaminergic neurons. Dr. Mizuno and his group were
interested in the role of mitochondria as a site of action for

@ Springer


http://orcid.org/0000-0002-0874-7542
http://crossmark.crossref.org/dialog/?doi=10.1007/s00702-024-02788-w&domain=pdf

598

H. Mochizuki

MPP" due to the structural similarity between MPP* and
NAD™, which serves as a co-factor for many respiratory
enzymes. He reported, using polarographic methods, that
MPP* inhibits the oxidation of substrates of NAD*-linked
dehydrogenases in the tricarboxylic acid cycle (Mizuno et al.
1987a). He also reported the inhibition of mitochondrial
nicotinamide adenine dinucleotide (NADH)-ubiquinone
oxidoreductase (complex I) and alpha-ketoglutarate dehy-
drogenase activity by MPP* (Mizuno et al. 1987b). Fur-
thermore, he showed inhibition of ATP synthesis by MPP*
in cerebral mitochondria incubated with glutamate + malate
and ADP (Mizuno et al. 1987d). Energy crisis is considered
one of the most important mechanisms of neuronal degener-
ation in MPTP-induced parkinsonism (Mizuno et al. 1987c,
1988a, b). Next, he examined mitochondrial function in the
PD brain and demonstrated a decrease in complex I of the
mitochondrial electron transfer complex by immunoblotting
(Mizuno et al. 1989).

In 1989, he moved to Juntendo University as a professor
and chairman of the Department of Neurology. He hypoth-
esized that mitochondrial function might be impaired in sPD
and persisted in studying mitochondrial changes in the brains
of patients with PD. Dr. Hattori recapitulated immunohis-
tochemically, the reduction of complex I in the mitochon-
drial electron transfer complex in the PD brain (Hattori et al.
1991). Prof. Mizuno also performed immunohistochemical
studies of the mitochondrial alpha-ketoglutarate dehydro-
genase complex (KGDHC) in the substantia nigra (SN) of
patients with PD and showed that, in general, a decrease
in KGDHC immunostaining correlated with the severity of
degeneration (Mizuno et al. 1994). Taken together, the bio-
chemical changes in PD are essentially similar to those in
MPTP-induced parkinsonism.

Iron and Parkinson’s disease

Although the initial cause of PD is not clearly defined, iron
deposition has long been implicated in its etiology. There
is a fairly selective and significant elevation in iron content
in the SN of patients with PD, where the selective loss of
dopaminergic neurons occurs. Neuromelanin (NM) readily,
but not exclusively, chelates metals, particularly iron. The
first research project assigned to me by Prof. Mizuno was to
investigate the mechanisms of iron and melanin in the death
of dopaminergic neurons. An in vitro study using a nigros-
triatal co-culture demonstrated the induction of neurotoxic
effects and lipid peroxidation by the iron—melanin complex
in dopaminergic neurons (Mochizuki et al. 1993). Based on
this data, a protective role of NM can be postulated until the
buffering capacity toward iron is exhausted.

Prof. Mizuno has raised concerns about whether iron
deposition is the initial cause of SN degeneration or
merely a consequence. To answer this question, we used a
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monkey model of hemiparkinsonism generated by unilat-
eral injection of MPTP into the caudate or putamen nuclei
and compared the iron content of the SN and other basal
ganglia using immunohistochemistry (Mochizuki et al.
1994a). Results showed that injection of MPTP into the
caudate nucleus or putamen caused a significant increase
in ferric iron reaction products in the ipsilateral SN pars
compacta, indicating that injury to the nigrostriatal system
after MPTP injection induced iron accumulation in the
SN. In the same model, immunohistochemistry with an
antibody against L-ferritin confirmed ferritin expression
(Goto et al. 1996). Interestingly, immunostaining for fer-
ritin on the SN showed no significant difference between
the injected and non-injected sides; immunostaining for
ferritin on the side injected with MPTP was normal, sug-
gesting that iron accumulation in this model is unrelated
to metabolic changes in L-ferritin. We have shown that
dopaminergic cell death induced by MPTP administration
causes secondary iron accumulation in the monkey brain,
and that increased iron contributes to the progression of
SN degeneration. Based on these results, iron deposition is
now considered as a secondary alteration in dopaminergic
neuronal death in PD.

Oxidative stress and Parkinson’s disease

Oxidative damage is an important factor in the nigral neu-
ronal death. Members of Prof. Mizuno’s lab, Dr. Yoritaka,
and Dr. Shimura, found an increase in 4-hydroxynonenal-
modified protein, (Yoritaka et al. 1996) 8-oxo-dGTPase, and
8-0x0-7,8-deoxyguanosine (Shimura-Miura et al. 1999), in
the SN of the PD brain. These studies highlight the impor-
tance of oxidative stress-induced mitochondrial damage in
the pathogenesis of nigral neuronal death in PD. Vitamin E
(alpha-tocopherol) is a potent antioxidant in the cell mem-
brane that can trap free radicals and prohibit lipid peroxida-
tion. To investigate the effect of vitamin E deficiency on the
development of PD, Dr. Ren generated an MPTP model of
PD, using alpha-tocopherol transfer protein (TTP) knockout
(TTP—/-) mice (Ren et al. 2006). MPTP treatment tended to
decrease striatal dopamine levels; however, the effect was
comparable and not significant for any specific genotype.
We also examined the effect of oral vitamin E. Oral admin-
istration of vitamin E resulted in partial protection of striatal
dopaminergic terminals against MPTP toxicity. Our results
suggest that vitamin E does not play a major protective role
against MPTP-induced nigrostriatal dopaminergic neurode-
generation in the brain. Similar to our results, clinical tri-
als of tocopherol in PD have shown no therapeutic effects
(Parkinson Study Group 1993). Oxidative stress cascades,
other than that of vitamin E may have a greater impact on
PD pathogenesis.
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Apoptosis, mitochondria, and Parkinson’s disease

We investigated cell death mechanism induced by MPP*,
a metabolite of MPTP, in a dopaminergic neuron culture
system(Nishi et al. 1994). We observed that degeneration
occurred from the neurite terminal. Conversely, Youle et al.
observed internucleolar DNA degradation when MPP* was
administered to a cerebellar granule neuron culture system
(Dipasquale et al. 1991). As cerebellar granule cell cul-
tures are not a suitable model for PD, we examined nuclear
changes in dopaminergic neuron cultures by TdT-mediated
dUTP Nick-End Labeling (TUNEL) assay and DNA electro-
phoresis and detected apoptosis characterized by alterations
in nuclear morphology and DNA fragmentation (Mochizuki
et al. 1994b). Owing to these unexpected results, we next
used the TUNEL method to study the neurons in the SN
of autopsied PD brains; the apoptosis process presented by
nuclear staining was observed in eight out of 11 parkinso-
nian patients studied (Mochizuki et al. 1996). This suggests
that PD results from inappropriate activation of cell death
by apoptosis.

Although the link between mitochondrial dysfunction and
apoptosis was initially unclear, new associations have been
reported, as described below. Various signals mediating cell
death are initiated by the release of cytochrome c due to
mitochondrial damage. This pathway requires the apoptotic
protease-activating factor-1 (Apaf-1), which is responsi-
ble for the recruitment of procaspase-9. In the presence of
dATP and cytochrome c, a 1:1 complex is formed between
Apaf-1 and procaspase-9, which mediates the activation of
caspase-9 via oligomerization, followed by the activation
of downstream caspases, leading to cell death. Using a PD
model, we investigated whether suppression of this system
would prevent neuronal cell death.

Starting with inhibition of the mitochondrial apoptotic
cascade, under the guidance of Prof. Miura, we created a
recombinant adeno-associated virus (rAAV) vector con-
taining the caspase recruitment domain of Apaf-1, which
was used to inhibit the formation of the functional Apaf-
1-caspase-9 complex. rAAV-Apaf-1-DN was optimized to
inhibit cell death via the Apaf-1/caspase-9 pathway. When
rAAV-Apaf-1-DN was administered unilaterally to the SN
of the MPTP model, only the administered side evaded cell
death (Mochizuki et al. 2001). Therefore, we demonstrated
that the primary mechanism of MPTP-induced dopaminergic
neuronal cell death induced by MPTP is the mitochondrial
apoptotic pathway.

The discovery of parkin was a major breakthrough in
Prof. Mizuno’s laboratory (Kitada et al. 1998). Parkin func-
tions primarily as an E3 ubiquitin ligase, catalyzing K48-
bound polyubiquitination and proteasomal degradation of
substrates (Shimura et al. 2001). Several studies have also
shown that there is a functional interaction between parkin

and PINK1, which is involved in mitochondrial quality con-
trol (Vives-Bauza et al. 2010; Matsuda et al. 2010). It is well
known that parkin tags damage mitochondria with ubiqui-
tin and activate autophagic degradation during mitophagy.
This is also an important mechanism for cell death and Par-
kinson’s disease. Thus, overexpression of parkin may also
be therapeutic in terms of mitochondrial regulation. In our
experiments, overexpression of parkin protected dopaminer-
gic neurons in a chronic MPTP model but did not affect the
elimination of potentially harmful mitochondrial accumula-
tion (Yasuda et al. 2011). Further studies are needed.

Granulocyte colony-stimulating factor (G-CSF) is a
growth factor that acts as a neurotrophic factor. In fact,
G-CSF receptors are expressed in neurons in the brain and
spinal cord. The action of G-CSF on the central nervous
system induces neurogenesis, enhances neural plasticity,
and counteracts apoptosis. We examined whether G-CSF
protected dopaminergic neurons against MPTP-induced cell
death in a mouse model of PD. Our findings indicate that
G-CSF provides neuroprotection against MPTP-induced cell
death and that this effect is mediated by increased Bcl-2
expression and decreased Bax expression levels in C57BL/6
mice (Cao et al. 2006). Based on these results, 11 patients
with atypical parkinsonism (4 patients with multiple sys-
tem atrophy (MSA), 5 patients with progressive supranu-
clear palsy (PSP), 2 patients with corticobasal degeneration
(CBD) were treated with G-CSF (5 mcg/kg daily for 6 days/
month) for 3 months in Italy. CBC, CD34 + cells, routine
biochemical tests, coagulation tests, UPDRS motor scores,
and safety were evaluated. No serious adverse events were
observed during or after G-CSF administration. Addition-
ally, G-CSF can be safely administered to patients with
atypical parkinsonism, and potentially meaningful clinical
changes can be observed in some patients (Pezzoli et al.
2010).

Neuroinflammation and Parkinson’s disease

McGeer et al. reported the activation of HLA-DR-positive
microglia in the SN, as a pathological finding of neuronal
death in PD (McGeer et al. 1988). This indicated that local
inflammation is induced in the SN in PD. In PD, increased
expression of interleukin (IL)-1p was already reported in
striatum, CSF, and peripheral blood mononuclear cells;
increased IL-1P expression has been used as a sensitive
and specific marker of caspase-1 activation since caspase-1
is the major activator of pro-IL-1p. We succeeded in cre-
ating two models of cell death by modifying the method
of MPTP administration, a chronic model which involves
apoptosis and an acute model which provokes an inflamma-
tory response. Caspase 11 KO mice, which have suppressed
inflammatory pathways, are resistant to inflammatory
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PD-like pathologies that result in acute but not chronic
MPTP administration (Furuya et al. 2004).

Why does local inflammation occur in patients with PD?
Severe pneumonia can exacerbate PD symptoms even after
complete recovery. Lipopolysaccharide (LPS), a component
of the cell wall of gram-negative bacteria, induces inflam-
mation and activates microglia and is also known to pass
through the blood—brain barrier (BBB). We successfully
created a model of unilateral PD, in which dopaminergic
neurons in the SN died when very small doses of LPS
were administered to the SN. Intranigral injection of LPS
decreased the number of tyrosine hydroxylase-positive
neurons and increased the number of microglial cells in the
SN compared to that in the contralateral side. Expression
of caspase-11 mRNA in the ventral midbrain and caspase-
11-positive cells in the ipsilateral SN were detected in this
mouse model. LPS injection failed to elicit these responses
in caspase-11 knockout mice (Arai et al. 2004). This neu-
roinflammatory pathway may exacerbate the symptoms of
PD, which are complicated by serious infectious diseases
(Arai et al. 2006).

a-Synuclein toxicity and Parkinson’s disease

a-Synuclein (aSyn) plays an important role in several types
of PD. Indeed, aSyn is present in LBs, a pathognomonic fea-
ture of PD, and point mutations in the aSyn gene (PARK1)
and triplication of the aSyn locus (PARK4) can be etiologic
in rare cases of familial PD. At that time, transgenic mice for
aSyn had already been developed; however, cell death was
not so marked in this and hence, was not a good PD model.
Our next step was to create a PD model related to aSyn.
Using the rAAV vector system to introduce the human synu-
clein gene into the rat SN, we observed an approximately
50% loss of dopaminergic neurons 13 weeks after adminis-
tration. During the slow progression of neurodegeneration,
we identified several important features common to the
pathogenesis of PD, including the phosphorylation of aSyn
at Ser129 and activation of caspase-9(Yamada et al. 2004).

We examined the association between ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1) and cell death in a mouse
model of PD-overexpressing aSyn. Our study showed that
accumulated aSyn is neurotoxic to DA neurons and that
such neuro-toxicity is enhanced by PARKS5-associated
UCH-L1 Ile93Met mutant, but not influenced by the loss
of UCH-L1 wild-type protein in vivo. Next, we examined
the association between parkin and cell death in a primate
model of PD-overexpressing aSyn (Yasuda et al. 2009). In
mice and primates, overexpression of aSyn induced neu-
ronal loss, whereas co-expression of parkin alleviated «aSyn
toxicity. These results suggest that the inhibitory effect of
parkin on aSyn, is exerted on neurons in mice and primates
(Yamada et al. 2005; Yasuda et al. 2007).

@ Springer

a-Synuclein function and Parkinson’s disease

In 2010, I moved to the Department of Neurology, Kitasato
University School of Medicine, as professor and chairman. I
established the Endowed Chair in Neuro Regenerative Medi-
cine in 2011 and invited Prof. Mizuno as a project professor
at Kitasato University.

Our interests still lie in the physiological function of
aSyn. Pathological examination of patients with dementia
with LBs has confirmed the presence of abnormal aSyn
aggregates at presynaptic terminals; aSyn is abundantly
localized at presynaptic terminals. aSyn regulates the solu-
ble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complex. Importantly, postmortem exam-
inations of aSyn transgenic mice and patients with PD dem-
onstrated an abnormal distribution of SNARE proteins in
presynaptic terminals. Next, using SNAP25 S187A/S187A
mutant mice, Dr. Nakata from our group examined in detail,
the effects of SNARE dysfunction on endogenous aSyn, in
collaboration with Prof. Takahashi of the Department of
Biochemistry, Kitasato University. In conclusion, this study
shows that SNARE dysfunction leads to the accumulation
of endogenous aSyn in corticostriatal nerve terminals;
presynaptic accumulation of aSyn is considered an impor-
tant early event in the pathogenesis of a-synucleinopathies
(Nakata et al. 2012). Furthermore, SNAP25 is well known
to be reduced in the striatum of MSA brains, suggesting that
the discontinuous pattern of synaptic pathology normally
observed in MSA may be related to presynaptic accumula-
tion in corticospinal neurons (Yasuda et al. 2013).

Dr. Miyakawa from our department reported the neuro-
pathological findings in an older patient with a homozy-
gous deletion of parkin’s exons 2—4. An autopsy revealed
a marked reduction in the number of melanized neurons
in the SN and spinal cord loci. In patients with PARK2,
LB formation with aSyn accumulation is usually absent.
However, in this patient, the LB was found in the SN, locus
coeruleus, dorsal motor nucleus of the vagus, basal ganglia
of Meynert, amygdala nucleus, and sympathetic bundles of
the cardiac muscle (Miyakawa et al. 2013). No accumula-
tion of aSyn was detected in induced pluripotent stem cells
(iPSC)-derived neurons from young Park2 patients. How-
ever, in iPSC-derived neurons from the reported patient, an
accumulation of aSyn was observed (Imaizumi et al. 2012).
Thus, the correlation between parkin deficiency and aSyn
aggregation is not so straightforward.

Prof. Mizuno has a keen interest in the cell death mecha-
nism in MSA, especially the correlation between aSyn and
cell death-related proteins and the sequential changes of
aSyn in the MSA brain. Hence, Dr. Hayakawa sequentially
evaluated the immunohistochemical reactivity of aSyn,
phosphorylated aSyn (paSyn), dopamine and cAMP-reg-
ulated phosphoprotein 32 kDa (DARPP-32), calbindin-D
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28 k, calpain cleaved carboxy-terminal 150 kDa spectrin
fragment, and tyrosine hydroxylase in MSA autopsied
brains. Immunohistochemical reactivity of aSyn, paSyn,
or both were elevated in all regions examined in MSA oli-
godendrocytes. Decreased immunostaining for DARPP-32
and calbindin-D 28 k was most evident in the posterior
putamen, where neuronal loss was most prominent. It was
also observed in the anterior putamen and caudate head,
where neuronal loss was less prominent or absent. Calbindin
immunostaining was also decreased in the dorsal tiers of the
SN and cerebellar cortex. The reduced immunostaining for
DARPP-32 and calbindin-D 28 k observed before neurode-
generation indicates that the loss of calbindin-D precedes the
loss of neurons and that calcium toxicity and derangement of
the protein phosphorylation state are relatively early events
in the development of MSA (Hayakawa et al. 2013).

a-Synuclein structure and Parkinson’s disease

Finally, I was appointed professor and chairman of the
Department of Neurology at Osaka University, where my
team focused on examining the structure of aSyn to deter-
mine exactly how the protein structure looked like in PD
autopsied brains. In particular, it is important to find out if
aSyn has an amyloid structure. At this point, the mode of
protein propagation was still unknown, and LBs were not
stained by Congo red staining, so it was thought that aSyn
consists of no amyloid fibers. Since electron microscopy
does not provide information on the secondary structure
of the protein, it was not known whether LB has a f-sheet
structure. To confirm that LB contains amyloid fibrils, the
amount of f-sheet present would have to be confirmed.
Fourier Transform Infrared Spectroscopy (FTIR) is a well-
established structural analysis method that is sensitive to the
secondary structure of a protein; it shows spectra derived
from chemical bonds and thus provides detailed structural
information that cannot be obtained by staining or EM.
However, FTIR measurements of LB are difficult to per-
form. The greatest difficulty is that LBs are too small to be
illuminated by an infrared beam, and their density is too low
to produce a significant signal.

To overcome this problem, a strong and small infrared
beam is required. We used synchrotron radiation from the
synchrotron radiation facility at SPring-8 (Amagasaki,
Hyogo Prefecture, Japan). Dr. Araki from our department
presented the world’s first data on the secondary structure of
LBs, using synchrotron radiation FTIR microspectroscopy.
In addition, f-sheet mapping was performed to elucidate LB
formation. Our results showed a shift in the infrared spec-
trum that indicates abundance of f-sheet-rich structure in
LBs. Furthermore, 2D infrared mapping of LBs revealed that
the content of the f-sheet structure is higher in the halo than
in the core, and the core contains a large amount of proteins

and lipids (Araki et al. 2015). More importantly, using these
methods, we found structural differences between LBs in
patients with PD and glial cell inclusions in patients with
MSA (Araki et al. 2020). These structural differences may
provide clues to the differences between the phenotypes of
PD and MSA.

Isolated Af and aSyn proteins can aggregate when
incubated in vitro for several days to form amyloid fibrils
with a cross-f structure. However, the presence of cross-f
sheet-rich aggregates in LBs has not been experimentally
demonstrated so far. Dr. Araki also examined LBs in thin
sections of autopsied brains of patients with PD using micro-
beam X-ray diffraction at SPring-8. Interestingly, he found
that some of the LBs gave a diffraction pattern typical of a
cross-f structure (Araki et al. 2019). This result confirmed
that LBs in the brain of patients with PD contained amyloid
fibrils with a cross-f structure and supported the validity
of in vitro propagatin experiments using artificially formed
amyloid fibrils of aSyn.

To detect the amyloid fibrils in PD, Prof. Goto, our col-
laborator, established a high-throughput ultrasonication-
induced amyloid fibrillation assay (HANABI) to amplify
and detect aSyn aggregates from cerebrospinal fluid (CSF),
and Dr. Kakuda from our department investigated the cor-
relation between seeding activity and clinical indicators. The
CSF from patients with PD showed higher seeding activity
than that from control patients. These findings showed that
our HANABI assay can rapidly amplify misfolded aSyn and
can be used to evaluate the seeding activity of CSF (Kakuda
et al. 2019).

a-Synuclein propagation and Parkinson’s disease

To identify the mechanism underlying aSyn propagation,
we studied several models focusing on the intracellular and
extracellular kinetics of aSyn.

A patient with aSyn G51D mutation in Japan exhibited
rapid and severe clinical symptoms (Tokutake et al. 2014).
To know the differences between sPD and PD with G51D
mutation, Dr. Baba and his colleagues in our department,
examined the mechanisms associated with severe neurotox-
icity of aSyn G51D mutation using a murine model that
was generated by G51D aSyn fibril injection into the brain.
They found that G51D aSyn fibrils have higher f-sheet
content than that of wild-type aSyn fibrils. The addition of
G51D aSyn fibrils to mammalian cells overexpressing aSyn
resulted in the formation of phosphorylated aSyn inclusions
at a higher rate. Similarly, injection of G51D aSyn fibrils
into the SN of mouse brain induced more widespread phos-
phorylated aSyn pathology. Notably, the mice injected with
G51D aSyn fibrils exhibited progressive nigral neuronal
loss accompanied with mitochondrial abnormalities and
motor impairment. Their findings indicate that the structural
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difference of G51D aSyn fibrils play an important role in the
rapid progression and severe neurotoxicity of G51D muta-
tion-linked PD (Hayakawa et al. 2020). This model is also
suitable for the evaluation of the propagation mechanisms
of aSyn (Fig.1).

Next, we examined the extracellular transport pathways of
aSyn. Genome-wide association studies have revealed that
human leukocyte antigen (HLA) class II is a PD-associated
gene; however, the mechanisms linking HLA class Il and PD
remain elusive. Dr. Ozono from our department, collaborat-
ing with Prof Arase, identified a novel function of HLA class
IT in the transport of intracellular aSyn to cell exterior. HLA
class II molecules and aSyn formed complexes and moved to
the cell surface at various degrees among HLA-DR alleles.
Inhibition of complex formation via the peptide binding
groove of HLA class II molecules and the N-terminal side
of aSyn may provide a potential therapeutic target for PD
with HLA- DRB5*01:01 risk alleles (Ozono et al. 2023).

We were also interested in studying the initiation of aSyn
aggregation. Several studies have examined the association
between the interaction of aSyn with lipids, particularly
glucosylceramide, and the propensity of aSyn to aggregate.
In our previous study, structural analysis of LBs in the PD
brain revealed that lipids were abundantly distributed in the
core of LBs, even in patients with idiopathic PD, indicat-
ing the involvement of some lipids in the initiation of aSyn

| Genetic predisposition

S

aggregation (Araki et al. 2015). A subsequent study aimed
to identify the lipid molecules and mechanisms involved in
the physiological and pathological changes in aSyn in PD.
Cell-based assays showed that upregulation of PIP; in cells
induces the formation of aSyn inclusions. In vitro protein-
lipid overlay and aggregation assays further confirmed that
PIP; is a lipid molecule that directly interacts with aSyn
monomers, initiates aggregation, and induces the forma-
tion of PD-like fibrils. In neurons, elevated cellular PIP,
can recruit endogenous aSyn into forming pathologic inclu-
sions in the presynaptic regions. Taken together, PIP; dys-
regulation promotes the pathological aggregation of aSyn
and increases the risk of developing PD, and thus is a potent
target for intervention in PD. These important studies were
mainly conducted by Dr. Choong of our group (Choong et al.
2023).

Next, we focused on the study of intracellular aSyn
aggregation to determine how endocytosed misfolded aSyn
encounters normal aSyn molecules in the cytosol. Recent
studies have shown that extracellular aSyn aggregates
incorporated into the endosomal-lysosomal system can
rupture the vesicular membrane of lysosomes. To investi-
gate if lysosome rupture leads to the propagation of aSyn
aggregation, Dr. Kakuda employed a cell-based model of
aSyn aggregation propagation and showed that ruptured lys-
osomes represent a pathway for transmitting aggregation of

Environmental factors |

|

Mitochondrial
damage

| Proteasome damage |

Lewy bodies
phese i LA | apoptosis |

2

a-synuclein | Iron, oxidative damage

°"

| cytochrome c release | m

!

<_l neuroinflammation ‘

DA release |

Synaptic vesicle damage || Glial activation |

~

Lysosome damage

=7 N\
) a-synuclein aggregation N

J Axonal flow damage I— Lewy bodies

| Nigral neuronal death |

Fig.1 Model for pathogenesis of sporadic Parkinson’s disease. In
Parkinson’s disease, mitochondrial dysfunction, iron, oxidative stress,
neuroinflammation, and proteasome dysfunction could induce aggre-
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gation of a-synuclein, with subsequent formation of intermediate
filaments of a-synuclein. Finally, Lewy bodies are formed although
whether their formation is cytotoxic is debatable
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exogenous aSyn aggregates and this process is prevented by
lysophagy, i.e., selective autophagy of damaged lysosomes.
aSyn aggregates are mainly accumulated in lysosomes,
causing lysosome rupture and initially seeding endogenous
aSyn aggregates around damaged lysosomes. Exogenous
aSyn aggregates induce LC3 accumulation in lysosomes.
This accumulation of LC3 was abrogated in cells lacking
RB1CCI1/FIP200, a key regulator of autophagy. Importantly,
RB1CCI1/FIP200-deficient cells treated with aSyn aggre-
gates showed an increased number of ruptured lysosomes
and enhanced propagation of aSyn aggregation. These
results indicate that lysophagy prevents exogenous aSyn
aggregates from escaping the endosomal-lysosomal system
and transmitting aggregation to endogenous cytoplasmic
aSyn via ruptured lysosomal vesicles. His findings sug-
gested that the progression and severity of synucleinopathy
are associated with damage to lysosomal membranes and
impaired lysophagy (Kakuda et al. 2024).

Future therapy for Parkinson'’s disease

sPD is triggered by environmental and genetic factors, as
well as aging. However, the exact triggers for this remain
unknown. As mentioned above, mitochondrial dysfunction,
oxidative stress and calcium homeostasis, cell death cascade,
neuroinflammation, pathological glial activation, formation
and amplification of intracellular a-Syn multimeric bodies
and aggregates, protein homeostasis, lysosomal dysfunction,
autophagy dysfunction, intercellular pathological a-Syn
propagation, and other factors are involved in the pathogen-
esis of PD. Disease-modifying therapies target the molecu-
lar pathogenesis of sPD to inhibit or halt its progression,
whereas symptom-improving therapies supplement the fail-
ing nervous system with dopamine replacement to improve
symptoms. In the future, tight regulation of all these factors
will lead to PD-modifying therapies; we present some of our
data in this regard.

Parkinson’s disease treatment
by mitochondrial regulation

As mentioned previously, we initially focused on the regu-
lation of the cell death cascade resulting from mitochon-
drial damage (Mochizuki et al. 2001). The regulation of
cell death by Apaf-1-dominant negative showed significant
improvement in the PD model, suggesting that it could be a
promising therapeutic strategy for other neurodegenerative
disorders.

Next, we focused on PCG-1a, a master regulator of
mitochondrial biogenesis and function. However, it has

been very challenging to protect mitochondrial biosynthe-
sis by direct regulation of PGC-1a in neurons. We have
identified necdin as a potent PGC-1a stabilizer that pro-
motes mitochondrial biogenesis via PGC-1a in mamma-
lian neurons in collaboration with Prof. Yoshikawa. Over-
expression of necdin in the SN of adult mice protected
against MPTP-induced degeneration of dopaminergic
neurons. This data indicates that necdin promotes mito-
chondrial biogenesis through stabilization of endogenous
PGC-1a and exerts neuroprotection against mitochondrial
damage (Hasegawa et al. 2016).

It is well known that parkin tags damage mitochondria
with ubiquitin and activate autophagic degradation during
mitophagy. Therefore, parkin overexpression may also be
therapeutic in terms of mitochondrial regulation. In our
experiments, parkin overexpression conferred protection
to dopaminergic neurons in a chronic MPTP model, but
was not effective in eliminating the potentially harmful
accumulation of mitochondria (Yasuda et al. 2011).

Recently, mitochondria have been shown to exist out-
side the cell, in free mitochondrial DNA, in functional
or damaged mitochondria, and in extracellular vesicles,
and may be involved in the pathogenesis of PD (Choong
et al. 2021). There has also been a dramatic shift in the
perception that the mitochondria are merely the power
source of the cell. In addition to being essential to the
cell, mitochondria promote cell repair when transplanted
from healthy cells to damaged cells; hence, the therapeutic
use of mitochondrial transplantation has been explored.

Regulation of oxidative stress,
neuroinflammation, and glial activation

G-CSF is expected to exert neuroprotective effects by
inducing neuronal regeneration, inhibiting neuronal apop-
tosis, mobilizing hematopoietic stem cells, regulating pro-
and anti-inflammatory cytokines, and activating angiogen-
esis. G-CSF also showed a therapeutic effect in the MPTP
model (Cao et al. 2006); however, no noticeable changes
were observed in the European Open Trial of MSA (Pez-
zoli et al. 2010).

GLP-1 receptor agonists are therapeutic agents for type
2 diabetes mellitus and have shown anti-inflammatory,
neuroprotective, and inhibitory effects on glial activa-
tion, in animal models of PD (Yun et al. 2018). Exenatide
showed significant improvement in the MDS-UPDRS part
III in a phase II study, and a phase III study is underway.
Dr. Kimura and his colleagues in our department are also
planning to start a phase II investigator-initiated trial of
oral semaglutide for PD, in the fall of 2023 and expect to
observe results in conjunction with other trials.
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Regulation of a-Synuclein accumulation
and propagation

As already noted, accumulating evidence indicates that
pathological aSyn and aSyn aggregates play a central role
in the pathogenesis of PD and that their intercellular trans-
mission is associated with disease progression. Therefore,
inhibition of aSyn aggregation or depolymerization of
aSyn aggregates has been considered a promising thera-
peutic approach to PD. Dr. Hideshima of Dr. Ikenaka’s
group in our department used a two-step screening method
to identify candidate aSyn aggregation inhibitors. Taking
advantage of the high-throughput nature of our method, we
screened 1262 FDA-approved compounds and found tan-
nic acid (TA) to be the most effective candidate as an aSyn
aggregation inhibitor (Hideshima et al. 2022). Although
TA does not cross the BBB, it may have therapeutic effects
such as aSyn elimination from the intestinal tract; future
studies are anticipated.

Among the existing aSyn-targeting therapies, antibody
drugs against aSyn have shown great promise. The results
of a phase II study on a high-profile antibody drug in 2022
have been reported. Both the SPARK study, which vali-
dated an anti-aSyn antibody, and the PASADENA study,
which validated an anti-aSyn aggregate antibody, failed
to meet their primary endpoints (Whone 2022). The main
reason antibody therapy does not work is that aSyn has
different structures depending on the disease. Ribozymes
and antisense oligonucleotides (ASO) targeting aSyn
mRNA remain the most promising therapies (Hayashita-
Kinoh et al. 2006; Uehara et al. 2019). We are devel-
oping ASO-aSyn in collaboration with Prof. Obika of
Osaka University’s Faculty of Pharmaceutical Sciences.
Prof. Obika designed and synthesized an amido-bridged
nucleic acid (AmNA)-modified ASO that targeted SNCA
with improved stability and cellular uptake in vivo (Uehara
et al. 2019). The current task is to raise the safety level and
efficacy of ASO-aSyn for clinical research on humans.

Several important aspects should be considered for
future clinical trials. The need for early treatment is best
illustrated by the failure of recent clinical trials. Currently,
pre-onset treatment is not ethically justified as standard
treatment. Therefore, in order to enable early clinical
intervention in the current situation, we have developed
the sophisticated concept of recognizing “aSyn dysregu-
lation disease (ASDD)” as “a pathological state in which
aSyn protein aggregates abnormally accumulate before
irreversible severe brain damage or symptom onset.” The
concept of using the new term “ASDD” to describe the
“pathological state of abnormal aSyn accumulation in the
brain prior to irreversible severe brain damage or symp-
tom expression” has led to the development of antibodies,
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vaccines, ASO, and small molecules to reduce aSyn pro-
tein levels and aggregates in at-risk prodromal patients to
enable early clinical intervention (Mochizuki et al. 2018).

Stem cell transplantation, autophagy
regulators, and others

Recently, remarkable progress has been made in the develop-
ment of stem cell-based therapies for PD. In Japan, in par-
ticular, the development of iPSC-based therapies has been
progressing. In an open-label study in Japan, five patients
received allogeneic iPSC-derived dopaminergic progenitor
cells (from a stem cell bank with different HLA compatibili-
ties with the host) to evaluate safety and efficacy (Barbuti
et al. 2021).

Autophagy is a normal cellular mechanism for the
removal of damaged organelles and aggregated proteins,
and is involved in the pathophysiology of this disease. Our
collaborator, Prof. Yoshimori showed that the expression
of Rubicon, a negative regulator of autophagy, is increased
at the transcript and/or protein levels in aged worms, flies,
and mouse tissues, and that an age-dependent increase in
Rubicon impairs autophagy over time, resulting in a reduced
healthy lifespan of the animals. In Rubicon-knockout mice,
aSyn accumulation in the brain was reduced (Nakamura
et al. 2019). Collectively, these results suggest that Rubicon
suppression is a candidate for PD therapy.

Disease-modifying drugs such as gene and antibody
therapies, although very useful, are expensive and cannot
be administered to many patients. In the future, people will
be able to find drugs with high efficacy from supplements,
herbal remedies, or drugs already on the market to prevent
PD. As mentioned earlier, the TA is one such example
(Hideshima et al. 2022). Dr. Jiang S, in collaboration with
Prof. Hagihara, reported that Go-sha-jinki-Gan, a traditional
Japanese herbal medicine with an existing role, attenuates
inflammation of the central nervous system by suppressing
glial cell activation, and thus, has the potential to be a thera-
peutic agent for PD (Jiang et al. 2021).

In summary, although the exact pathogenesis of PD
remains unclear, the discovery of mitochondrial damage in
PD, pioneered by Prof. Mizuno, has notably contributed to
our understanding of the pathogenesis of PD. Furthermore,
elucidation of the structural biology of aSyn has deepened
our understanding of PD. These insights have not only led to
the development of novel therapies targeting aSyn but may
also pave the way for improved therapeutic intervention and
better outcomes for patients with PD.

Funding Open Access funding provided by Osaka University. This
study was funded by Core Research for Evolutional Science and



Pathological mechanisms and treatment of sporadic Parkinson’s disease: past, present, and... 605

Technology JPMICR18H4 (H.M.); Brain Mapping by Integrated Neu-
roethologies for Disease Studies (Brain/MINDS) from Japan Agency
for Medical Research and Development, AMED JP18dm0207020
(H.M.); Brain Mapping by Integrated Neuroethologies for Disease
Studies (Brain/MINDS) from Japan Agency for Medical Research and
Development, AMED JP22dm0207070 (H.M.); JSPS KAKENHI Grant
Number 22H02951 (K.K., K.I., C.A., and H.M.); and JSPS KAKENHI
Grant Number 23K18255 (K.K., K.I., C.A., and H.M.).

Data availability Not applicable.

Declarations
Conflict of interest Not applicable.

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://creativecommons.org/licenses/by/4.0/.

References

Arai H, Furuya T, Yasuda T et al (2004) Neurotoxic effects of lipopol-
ysaccharide on nigral dopaminergic neurons are mediated by
microglial activation, interleukin-1beta, and expression of cas-
pase-11 in mice. J Biol Chem 279:51647-51653. https://doi.org/
10.1074/jbc.M407328200

Arai H, Furuya T, Mizuno Y, Mochizuki H (2006) Inflammation and
infection in Parkinson’s disease. Histol Histopathol. https://doi.
org/10.14670/HH-21.673

Araki K, Yagi N, Ikemoto Y et al (2015) Synchrotron FTIR micro-
spectroscopy for structural analysis of lewy bodies in the brain
of Parkinson’s disease patients. Sci Rep 5:17625. https://doi.org/
10.1038/srep17625

Araki K, Yagi N, Aoyama K et al (2019) Parkinson’s disease is a
type of amyloidosis featuring accumulation of amyloid fibrils of
a-synuclein. Proc Natl Acad Sci USA 116:17963-17969. https://
doi.org/10.1073/pnas. 1906124116

Araki K, Yagi N, Ikemoto Y et al (2020) The secondary structural
difference between Lewy body and glial cytoplasmic inclusion in
autopsy brain with synchrotron FTIR micro-spectroscopy. Sci Rep
10:19423. https://doi.org/10.1038/s41598-020-76565-6

Barbuti PA, Barker RA, Brundin P et al (2021) Recent advances in the
development of stem-cell-derived dopaminergic neuronal trans-
plant therapies for Parkinson’s disease. Mov Disord 36:1772—
1780. https://doi.org/10.1002/mds.28628

Cao X-Q, Arai H, Ren Y-R et al (2006) Recombinant human granu-
locyte colony-stimulating factor protects against MPTP-induced
dopaminergic cell death in mice by altering Bcl-2/Bax expression
levels. J Neurochem 99:861-867. https://doi.org/10.1111/j.1471-
4159.2006.04125.x

Choong C-J, Okuno T, Ikenaka K et al (2021) Alternative mitochon-
drial quality control mediated by extracellular release. Autophagy
17:2962-2974. https://doi.org/10.1080/15548627.2020.1848130

Choong C-J, Aguirre C, Kakuda K et al (2023) Phosphatidylinosi-
tol-3,4,5-trisphosphate interacts with alpha-synuclein and initiates
its aggregation and formation of Parkinson’s disease-related fibril
polymorphism. Acta Neuropathol 145:573-595. https://doi.org/
10.1007/s00401-023-02555-3

Dipasquale B, Marini AM, Youle RJ (1991) Apoptosis and DNA deg-
radation induced by 1-methyl-4-phenylpyridinium in neurons.
Biochem Biophys Res Commun 181:1442-1448. https://doi.org/
10.1016/0006-291x(91)92101-0

Furuya T, Hayakawa H, Yamada M et al (2004) Caspase-11 mediates
inflammatory dopaminergic cell death in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease.
J Neurosci 24:1865-1872. https://doi.org/10.1523/JNEUROSCI.
3309-03.2004

Goto K, Mochizuki H, Imai H et al (1996) An immuno-histochemical
study of ferritin in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced hemiparkinsonian monkeys. Brain Res 724:125-
128. https://doi.org/10.1016/0006-8993(96)00284-3

Hasegawa K, Yasuda T, Shiraishi C et al (2016) Promotion of mito-
chondrial biogenesis by necdin protects neurons against mito-
chondrial insults. Nat Commun 7:10943. https://doi.org/10.1038/
ncomms 10943

Hattori N, Tanaka M, Ozawa T, Mizuno Y (1991) Immunohistochem-
ical studies on complexes I, II, III, and IV of mitochondria in
Parkinson’s disease. Ann Neurol 30:563-571. https://doi.org/10.
1002/ana.410300409

Hayakawa H, Nagai M, Kawanami A et al (2013) Loss of DARPP-
32 and calbindin in multiple system atrophy. J Neural Transm
120:1689-1698. https://doi.org/10.1007/s00702-013-1039-4

Hayakawa H, Nakatani R, Ikenaka K et al (2020) Structurally distinct
a-synuclein fibrils induce robust Parkinsonian pathology. Mov
Disord 35:256-267. https://doi.org/10.1002/mds.27887

Hayashita-Kinoh H, Yamada M, Yokota T et al (2006) Down-regula-
tion of a-synuclein expression can rescue dopaminergic cells from
cell death in the substantia nigra of Parkinson’s disease rat model.
Biochem Biophys Res Commun 341:1088-1095. https://doi.org/
10.1016/j.bbrc.2006.01.057

Hideshima M, Kimura Y, Aguirre C et al (2022) Two-step screen-
ing method to identify a-synuclein aggregation inhibitors for
Parkinson’s disease. Sci Rep 12:351. https://doi.org/10.1038/
s41598-021-04131-9

Imaizumi Y, Okada Y, Akamatsu W et al (2012) Mitochondrial
dysfunction associated with increased oxidative stress and
a-synuclein accumulation in PARK?2 iPSC-derived neurons and
postmortem brain tissue. Mol Brain 5:35. https://doi.org/10.1186/
1756-6606-5-35

Jiang S, Baba K, Okuno T et al (2021) Go-sha-jinki-gan alleviates
inflammation in neurological disorders via p38-TNF signaling
in the central nervous system. Neurotherapeutics 18:460-473.
https://doi.org/10.1007/s13311-020-00948-w

Kakuda K, Ikenaka K, Araki K et al (2019) Ultrasonication-based rapid
amplification of a-synuclein aggregates in cerebrospinal fluid. Sci
Rep 9:6001. https://doi.org/10.1038/s41598-019-42399-0

Kakuda K, Ikenaka K, Kuma A et al (2024) Lysophagy protects against
propagation of a-synuclein aggregation through ruptured lysoso-
mal vesicles. Proc Natl Acad Sci. https://doi.org/10.1073/pnas.
2312306120

Kitada T, Asakawa S, Hattori N et al (1998) Mutations in the parkin
gene cause autosomal recessive juvenile parkinsonism. Nature
392:605-608. https://doi.org/10.1038/33416

Matsuda N, Sato S, Shiba K et al (2010) PINK1 stabilized by mitochon-
drial depolarization recruits Parkin to damaged mitochondria and
activates latent Parkin for mitophagy. J Cell Biol 189:211-221.
https://doi.org/10.1083/jcb.200910140

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1074/jbc.M407328200
https://doi.org/10.1074/jbc.M407328200
https://doi.org/10.14670/HH-21.673
https://doi.org/10.14670/HH-21.673
https://doi.org/10.1038/srep17625
https://doi.org/10.1038/srep17625
https://doi.org/10.1073/pnas.1906124116
https://doi.org/10.1073/pnas.1906124116
https://doi.org/10.1038/s41598-020-76565-6
https://doi.org/10.1002/mds.28628
https://doi.org/10.1111/j.1471-4159.2006.04125.x
https://doi.org/10.1111/j.1471-4159.2006.04125.x
https://doi.org/10.1080/15548627.2020.1848130
https://doi.org/10.1007/s00401-023-02555-3
https://doi.org/10.1007/s00401-023-02555-3
https://doi.org/10.1016/0006-291x(91)92101-o
https://doi.org/10.1016/0006-291x(91)92101-o
https://doi.org/10.1523/JNEUROSCI.3309-03.2004
https://doi.org/10.1523/JNEUROSCI.3309-03.2004
https://doi.org/10.1016/0006-8993(96)00284-3
https://doi.org/10.1038/ncomms10943
https://doi.org/10.1038/ncomms10943
https://doi.org/10.1002/ana.410300409
https://doi.org/10.1002/ana.410300409
https://doi.org/10.1007/s00702-013-1039-4
https://doi.org/10.1002/mds.27887
https://doi.org/10.1016/j.bbrc.2006.01.057
https://doi.org/10.1016/j.bbrc.2006.01.057
https://doi.org/10.1038/s41598-021-04131-9
https://doi.org/10.1038/s41598-021-04131-9
https://doi.org/10.1186/1756-6606-5-35
https://doi.org/10.1186/1756-6606-5-35
https://doi.org/10.1007/s13311-020-00948-w
https://doi.org/10.1038/s41598-019-42399-0
https://doi.org/10.1073/pnas.2312306120
https://doi.org/10.1073/pnas.2312306120
https://doi.org/10.1038/33416
https://doi.org/10.1083/jcb.200910140

606

H. Mochizuki

McGeer PL, Itagaki S, Akiyama H, McGeer EG (1988) Rate of cell
death in parkinsonism indicates active neuropathological process.
Ann Neurol 24:574-576. https://doi.org/10.1002/ana.4102404 15

Miyakawa S, Ogino M, Funabe S et al (2013) Lewy body pathology
in a patient with a homozygous parkin deletion. Mov Disord
28:388-391. https://doi.org/10.1002/mds.25346

Mizuno Y, Saitoh T, Sone N (1987a) Inhibition of mitochondrial
NADH-ubiquinone oxidoreductase activity by 1-methyl-4-phe-
nylpyridinium ion. Biochem Biophys Res Commun 143:294-299.
https://doi.org/10.1016/0006-291x(87)90664-4

Mizuno Y, Saitoh T, Sone N (1987b) Inhibition of mitochondrial alpha-
ketoglutarate dehydrogenase by 1-methyl-4-phenylpyridinium ion.
Biochem Biophys Res Commun 143:971-976. https://doi.org/10.
1016/0006-291x(87)90346-9

Mizuno Y, Sone N, Saitoh T (1987c¢) Effects of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and 1-methyl-4-phenylpyridinium
ion on activities of the enzymes in the electron transport system
in mouse brain. J Neurochem 48:1787-1793. https://doi.org/10.
1111/j.1471-4159.1987.tb05737.x

Mizuno Y, Suzuki K, Sone N, Saitoh T (1987d) Inhibition of ATP
synthesis by 1-methyl-4-phenylpyridinium ion (MPP+) in iso-
lated mitochondria from mouse brains. Neurosci Lett 81:204—
208. https://doi.org/10.1016/0304-3940(87)90366-1

Mizuno Y, Sone N, Suzuki K, Saitoh T (1988a) Studies on the toxic-
ity of 1-methyl-4-phenylpyridinium ion (MPP+) against mito-
chondria of mouse brain. J Neurol Sci 86:97-110. https://doi.
org/10.1016/0022-510x(88)90010-x

Mizuno Y, Suzuki K, Sone N, Saitoh T (1988b) Inhibition of mito-
chondrial respiration by 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) in mouse brain in vivo. Neurosci Lett 91:349—
353. https://doi.org/10.1016/0304-3940(88)90705-7

Mizuno Y, Ohta S, Tanaka M et al (1989) Deficiencies in complex
I subunits of the respiratory chain in Parkinson’s disease. Bio-
chem Biophys Res Commun 163:1450-1455. https://doi.org/10.
1016/0006-291x(89)91141-8

Mizuno Y, Matuda S, Yoshino H et al (1994) An immunohistochemi-
cal study on a-ketoglutarate dehydrogenase complex in Parkin-
son’s disease. Ann Neurol 35:204-210. https://doi.org/10.1002/
ana.410350212

Mochizuki H, Nishi K, Mizuno Y (1993) Iron-melanin complex is
toxic to dopaminergic neurons in a nigrostriatal co-culture. Neu-
rodegeneration 2:1-7

Mochizuki H, Imai H, Endo K et al (1994a) Iron accumulation in
the substantia nigra of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-induced hemiparkinsonian monkeys. Neuro-
sci Lett 168:251-253. https://doi.org/10.1016/0304-3940(94)
90462-6

Mochizuki H, Nakamura N, Nishi K, Mizuno Y (1994b) Apopto-
sis is induced by 1-methyl-4-phenylpyridinium ion (MPP+) in
ventral mesencephalic-striatal co-culture in rat. Neurosci Lett
170:191-194. https://doi.org/10.1016/0304-3940(94)90271-2

Mochizuki H, Goto K, Mori H, Mizuno Y (1996) Histochemical
detection of apoptosis in Parkinson’s disease. J Neurol Sci
137:120-123. https://doi.org/10.1016/0022-510x(95)00336-z

Mochizuki H, Hayakawa H, Migita M et al (2001) An AAV-derived
Apaf-1 dominant negative inhibitor prevents MPTP toxicity as
antiapoptotic gene therapy for Parkinson’s disease. Proc Natl
Acad Sci 98:10918-10923. https://doi.org/10.1073/pnas.19110
7398

Mochizuki H, Choong C-J, Masliah E (2018) A refined concept:
a-synuclein dysregulation disease. Neurochem Int 119:84-96.
https://doi.org/10.1016/j.neuint.2017.12.011

Nakamura S, Oba M, Suzuki M et al (2019) Suppression of
autophagic activity by rubicon is a signature of aging. Nat
Commun 10:847. https://doi.org/10.1038/s41467-019-08729-6

@ Springer

Nakata Y, Yasuda T, Fukaya M et al (2012) Accumulation of
a-synuclein triggered by presynaptic dysfunction. J Neurosci
32:17186-17196. https://doi.org/10.1523/INEUROSCI.2220-
12.2012

Nishi H, Mochizuki H, Mizuno Y (1994) Neurotoxicities of
1-methyl-4- phenylpyridinium (MPP+) and tetrahydroisoqui-
noline derivates on dopaminergic neurons in ventral mesence-
phalic -striatal co-culture. Neurodegeneration 3:33-42

Ozono T, Kimura Y, Suenaga T et al (2023) Extracellular trans-
portation of a-synuclein by HLA class II molecules. Biochem
Biophys Res Commun 644:25-33. https://doi.org/10.1016/j.
bbrc.2022.12.082

Parkinson Study Group (1993) Effects of tocopherol and deprenyl
on the progression of disability in early Parkinson’s disease. N
Engl ] Med 328:176-183. https://doi.org/10.1056/NEJM 199301
213280305

Pezzoli G, Tesei S, Canesi M et al (2010) The effect of repeated
administrations of granulocyte colony stimulating factor for
blood stem cells mobilization in patients with progressive
supranuclear palsy, corticobasal degeneration and multiple
system atrophy. Clin Neurol Neurosurg 112:65-67. https://doi.
org/10.1016/j.clineuro.2009.08.023

Ren Y-R, Nishida Y, Yoshimi K et al (2006) Genetic vitamin E defi-
ciency does not affect MPTP susceptibility in the mouse brain. J
Neurochem 98:1810-1816. https://doi.org/10.1111/j.1471-4159.
2006.03994.x

Shimura H, Schlossmacher MG, Hattori N et al (2001) Ubiquitina-
tion of a new form of a-synuclein by Parkin from human brain:
implications for Parkinson’s disease. Science 293:263-269.
https://doi.org/10.1126/science.1060627

Shimura-Miura H, Hattori N, Kang D et al (1999) Increased 8-oxo-
dGTPase in the mitochondria of substantia nigral neurons in
Parkinson’s disease. Ann Neurol 46:920-924

Tokutake T, Ishikawa A, Yoshimura N et al (2014) Clinical and
neuroimaging features of patient with early-onset Parkinson’s
disease with dementia carrying SNCA p. G51D mutation. Par-
kinsonism Relat Disord 20:262-264. https://doi.org/10.1016/j.
parkreldis.2013.11.008

Uehara T, Choong C-J, Nakamori M et al (2019) Amido-bridged
nucleic acid (AmNA)-modified antisense oligonucleotides tar-
geting a-synuclein as a novel therapy for Parkinson’s disease.
Sci Rep 9:7567. https://doi.org/10.1038/s41598-019-43772-9

Vives-Bauza C, Zhou C, Huang Y et al (2010) PINK1-dependent
recruitment of Parkin to mitochondria in mitophagy. Proc Natl
Acad Sci 107:378-383. https://doi.org/10.1073/pnas.09111
87107

Whone A (2022) Monoclonal antibody therapy in Parkinson’s dis-
ease—the end? N Engl J Med 387:466-467. https://doi.org/10.
1056/NEJMe2207681

Yamada M, Iwatsubo T, Mizuno Y, Mochizuki H (2004) Overexpres-
sion of alpha-synuclein in rat substantia nigra results in loss of
dopaminergic neurons, phosphorylation of alpha-synuclein and
activation of caspase-9: resemblance to pathogenetic changes in
Parkinson’s disease. J Neurochem 91:451-461. https://doi.org/
10.1111/5.1471-4159.2004.02728.x

Yamada M, Mizuno Y, Mochizuki H (2005) Parkin gene therapy
for alpha-synucleinopathy: a rat model of Parkinson’s disease.
Hum Gene Ther 16:262-270. https://doi.org/10.1089/hum.2005.
16.262

Yasuda T, Miyachi S, Kitagawa R et al (2007) Neuronal specificity
of alpha-synuclein toxicity and effect of Parkin co-expression in
primates. Neuroscience 144:743-753. https://doi.org/10.1016/j.
neuroscience.2006.09.052

Yasuda T, Nihira T, Ren Y-R et al (2009) Effects of UCH-L1 on
alpha-synuclein over-expression mouse model of Parkinson’s


https://doi.org/10.1002/ana.410240415
https://doi.org/10.1002/mds.25346
https://doi.org/10.1016/0006-291x(87)90664-4
https://doi.org/10.1016/0006-291x(87)90346-9
https://doi.org/10.1016/0006-291x(87)90346-9
https://doi.org/10.1111/j.1471-4159.1987.tb05737.x
https://doi.org/10.1111/j.1471-4159.1987.tb05737.x
https://doi.org/10.1016/0304-3940(87)90366-1
https://doi.org/10.1016/0022-510x(88)90010-x
https://doi.org/10.1016/0022-510x(88)90010-x
https://doi.org/10.1016/0304-3940(88)90705-7
https://doi.org/10.1016/0006-291x(89)91141-8
https://doi.org/10.1016/0006-291x(89)91141-8
https://doi.org/10.1002/ana.410350212
https://doi.org/10.1002/ana.410350212
https://doi.org/10.1016/0304-3940(94)90462-6
https://doi.org/10.1016/0304-3940(94)90462-6
https://doi.org/10.1016/0304-3940(94)90271-2
https://doi.org/10.1016/0022-510x(95)00336-z
https://doi.org/10.1073/pnas.191107398
https://doi.org/10.1073/pnas.191107398
https://doi.org/10.1016/j.neuint.2017.12.011
https://doi.org/10.1038/s41467-019-08729-6
https://doi.org/10.1523/JNEUROSCI.2220-12.2012
https://doi.org/10.1523/JNEUROSCI.2220-12.2012
https://doi.org/10.1016/j.bbrc.2022.12.082
https://doi.org/10.1016/j.bbrc.2022.12.082
https://doi.org/10.1056/NEJM199301213280305
https://doi.org/10.1056/NEJM199301213280305
https://doi.org/10.1016/j.clineuro.2009.08.023
https://doi.org/10.1016/j.clineuro.2009.08.023
https://doi.org/10.1111/j.1471-4159.2006.03994.x
https://doi.org/10.1111/j.1471-4159.2006.03994.x
https://doi.org/10.1126/science.1060627
https://doi.org/10.1016/j.parkreldis.2013.11.008
https://doi.org/10.1016/j.parkreldis.2013.11.008
https://doi.org/10.1038/s41598-019-43772-9
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1056/NEJMe2207681
https://doi.org/10.1056/NEJMe2207681
https://doi.org/10.1111/j.1471-4159.2004.02728.x
https://doi.org/10.1111/j.1471-4159.2004.02728.x
https://doi.org/10.1089/hum.2005.16.262
https://doi.org/10.1089/hum.2005.16.262
https://doi.org/10.1016/j.neuroscience.2006.09.052
https://doi.org/10.1016/j.neuroscience.2006.09.052

Pathological mechanisms and treatment of sporadic Parkinson’s disease: past, present, and... 607

disease. J] Neurochem 108:932-944. https://doi.org/10.1111/j.
1471-4159.2008.05827.x

Yasuda T, Hayakawa H, Nihira T et al (2011) Parkin-mediated pro-
tection of dopaminergic neurons in a chronic MPTP-minipump
mouse model of Parkinson disease. J Neuropathol Exp Neurol
70:686—697. https://doi.org/10.1097/NEN.0b013e3182269ecd

Yasuda T, Nakata Y, Choong C-J, Mochizuki H (2013) Neurode-
generative changes initiated by presynaptic dysfunction. Transl
Neurodegener 2:16. https://doi.org/10.1186/2047-9158-2-16

Yoritaka A, Hattori N, Uchida K et al (1996) Immunohistochemi-
cal detection of 4-hydroxynonenal protein adducts in Parkinson
disease. Proc Natl Acad Sci U S A 93:2696-2701. https://doi.
org/10.1073/pnas.93.7.2696

Yun SP, Kam T-I, Panicker N et al (2018) Block of Al astrocyte
conversion by microglia is neuroprotective in models of Par-
kinson’s disease. Nat Med 24:931-938. https://doi.org/10.1038/
s41591-018-0051-5

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

@ Springer


https://doi.org/10.1111/j.1471-4159.2008.05827.x
https://doi.org/10.1111/j.1471-4159.2008.05827.x
https://doi.org/10.1097/NEN.0b013e3182269ecd
https://doi.org/10.1186/2047-9158-2-16
https://doi.org/10.1073/pnas.93.7.2696
https://doi.org/10.1073/pnas.93.7.2696
https://doi.org/10.1038/s41591-018-0051-5
https://doi.org/10.1038/s41591-018-0051-5

	Pathological mechanisms and treatment of sporadic Parkinson’s disease: past, present, and future
	Abstract
	Introduction
	Mitochondria and Parkinson’s disease
	Iron and Parkinson’s disease
	Oxidative stress and Parkinson’s disease
	Apoptosis, mitochondria, and Parkinson’s disease
	Neuroinflammation and Parkinson’s disease
	α-Synuclein toxicity and Parkinson’s disease
	α-Synuclein function and Parkinson’s disease
	α-Synuclein structure and Parkinson’s disease
	α-Synuclein propagation and Parkinson’s disease
	Future therapy for Parkinson’s disease

	Parkinson’s disease treatment by mitochondrial regulation
	Regulation of oxidative stress, neuroinflammation, and glial activation
	Regulation of α-Synuclein accumulation and propagation
	Stem cell transplantation, autophagy regulators, and others
	References




