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Abstract. Parkinson's disease (PD) is a common neurode-
generative pathology whose major clinical symptoms are
movement disorders. The main pathological characteristics
of PD are the selective death of dopaminergic (DA) neurons
in the pars compacta of the substantia nigra and the presence
of Lewy bodies containing a-synuclein (a-Syn) within these
neurons. PD is associated with numerous risk factors, including
environmental factors, genetic mutations and aging. In many
cases, the complex interplay of numerous risk factors leads to
the onset of PD. The mutated a-Syn gene, which expresses
pathologicala-Syn protein, can cause PD. Another important
feature of PD is neuroinflammation, which is conducive to
neuronal death. a-Syn is able to interact with certain cell types
in the brain, including through phagocytosis and degradation
of a-Syn by glial cells, activation of inflammatory pathways by
o-Syn in glial cells, transmission of a-Syn between glial cells
and neurons, and interactions between peripheral immune
cells and a-Syn. In addition to the aforementioned risk factors,
PD may also be associated with aging, as the prevalence of
PD increases with advancing age. The aging process impairs
the cellular clearance mechanism, which leads to chronic
inflammation and the accumulation of intracellular a-Syn,
which results in DA neuronal death. In the present review,
the age-associated a-Syn pathogenicity and the interactions
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between a-Syn and certain types of cells within the brain are
discussed to facilitate understanding of the mechanisms of PD
pathogenesis, which may potentially provide insight for the
future clinical treatment of PD.
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1. Introduction

Parkinson's disease (PD), which affects 6.1 million individuals
globally, is a common neurodegenerative disorder (1). The
pathological features of this disease include aggregation
of synuclein a [SNCA, also termed a-synuclein (a-Syn)],
resulting in the formation of inclusions called Lewy neurites
(LNs) and Lewy bodies (LBs), apoptosis of dopaminergic
(DA) neurons in the pars compacta of the substantia nigra
(SN) and high levels of neuroinflammation (2,3). The main
clinical manifestations of PD consist of movement disorders,
such as bradykinesia, postural instability, myotonia and static
tremor (2). Furthermore, patients with PD may have nonmotor
symptoms, including mood disorders, hyposmia, autonomic
nervous dysfunction, rapid eye movement sleep behavior
disorder and cognitive decline (3-5). Notably, some of the
aforementioned nonmotor disorders may develop several years
before the appearance of motor complications (6).
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It has previously been reported that the pathogenesis of
PD involves multiple risk factors, such as environmental
factors [for example, drugs and pesticides such as rotenone,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and paraquat], aging and genetic factors (such as SNCA,
leucine-rich repeat kinase 2 and PTEN-induced kinase 1) (7).
Through genetic testing of patients with early-onset PD,
missense mutations of SNCA genes have been reported (such
as, A53T, AS3E, H50Q, G51D, E46K and A30P) (Fig. 10),
which suggested that a-Syn may be involved in the develop-
ment of familial PD (8-10). Two possible a-Syn pathogenic
substitutions, A18T and A29S (Fig. 1C), have also been
previously reported; however, their potential pathogenicity
remains to be further investigated (11). Previous studies
on patients with PD with triplication or duplication of the
SNCA gene have reported that overexpression of a-Syn is
causally involved in PD, which leads to rapid progression
of the disease (9,10,12). SNCA gene mutations may cause
pathological aggregation of a-Syn, resulting in the formation
of insoluble amyloidogenic fibrils (13). Furthermore, patho-
logical a-Syn can be endocytosed by other neurons and then
misfold normal a-Syn proteins in these cells, which leads
to the propagation of misfolded a-Syn from cell to cell in a
‘prion-like’ fashion (13). Previous studies have reported that
pathological a-Syn produces a variety of neurotoxic effects,
such as impairing mitochondrial function, producing reac-
tive oxygen species (ROS) (14), affecting neuronal membrane
function (15,16), inducing glial cells to release inflammatory
factors (17-20), interfering with iron metabolism (21,22)
and causing neuronal presynaptic terminal function loss
and dopaminergic depletion (9,23,24), which ultimately
lead to DA neuronal death and the pathogenesis of PD. Of
note, patients with identical gene mutations generally do
not exhibit similar clinical manifestations, which indicates
that the etiology of PD is caused by complex interactions
among genetic factors, environmental influences and aging
processes (25).

Neuroinflammation is an important hallmark of the
pathogenesis and development of neurodegenerative disorders,
including PD (26). There is growing evidence that both innate
and acquired immunity contribute to the onset of PD (27,28).
The innate immune reaction elicited by microglia can lead to
neuronal apoptosis and disease progression (1). T cell infiltra-
tion has been reported in the brain tissues of both patients with
PD and a mouse PD model (28), which suggests the involve-
ment of acquired immunity in PD pathogenesis (1). In PD,
o-Syn interacts with glial cells and peripheral immune cells.
Microglia and astrocytes are able to phagocytose a-Syn (29,30)
and various forms of a-Syn can activate microglia and
astrocytes, which cause a neuroinflammatory reaction (31).
Nitrated a-Syn contributes to harmful T helper cell matura-
tion, which leads to severe neural damage (32). Additionally,
astrocytes and oligodendrocytes are closely associated with
the inflammatory response. It has previously been reported
that the severity of neuronal loss in the SN may be related
to the number of oligodendrocytes and astrocytes with a-Syn
inclusions in the brains of patients with PD (5).

Aging is considered a major risk factor for the onset of PD
and the PD incidence rises with advancing age (26). During
aging, the brain undergoes structural and functional alterations

and can suffer from chronic low-grade neuroinflamma-
tion (33). Neuroinflammation is also one of the features of
the aging brain (34). The aging immune system interacts with
environmental and genetic factors, resulting in an acceleration
of PD pathology (25). In the aging brain, the intracellular
clearance mechanism is impaired (35), thus, glial cells have
a reduced ability to phagocytose and degrade a-Syn (36). In
SN neurons, there is an age-associated increase in intracel-
lular levels of a-Syn (23). Large toxic a-Syn aggregates
cannot be metabolized during aging because of the impaired
autophagy-lysosomal function, leading to chronic inflamma-
tion and neuronal death (37). Animal experiments have shown
that aging increases the probability of a-Syn propagation,
which results in a predisposition to a-Syn pathology (38,39). In
addition, recombinant a-Syn can induce glial cell senescence
and change the expression of cellular aging markers, such as
by decreasing the expression levels of high mobility group box
1 (HMGBI) and Lamin B1, and increasing the expression level
of p21 (40).

In this review, the structure and toxicity of a-Syn,
age-related a-Syn pathogenicity in PD, the effects of a-Syn on
glial cells and peripheral immune cells and the interaction of
aging and a-Syn in glial cells are discussed. Elucidating the
relationship between a-Syn, aging and neuroinflammation is
essential for understanding the pathogenesis of PD.

2. a-synuclein structure

a-Syn, encoded by the SNCA gene on human chromosome
4921, is a small soluble acidic protein with an average molec-
ular weight of 14 kDa (16,41). The full-length a-Syn protein
contains 140 amino acids (aa) and comprises three main
distinct domains, namely, the N-terminal domain (aa, 1-60),
the middle domain (aa, 61-95) and the C-terminal domain (aa,
96-140) (Fig. 1A) (1742,43).

A total of seven imperfect 11-aa-residue repeats can
be observed in a-Syn (44), of which four repeats are in the
N-terminal domain (23,42,43,45,46). Each 11-aa-residue repeat
(XKTKEGVXXXX) in the N-terminus contains a highly
conserved hexameric motif (KTKEGV) (9,40,42,46-48),
although certain aa sites of the hexameric motif are some-
times replaced (Fig. 1B) (47). It has previously been reported
that the N-terminal domain, consisting almost exclusively of
this 11-aa-residue repeat, is prone to form an amphipathic
a-helical structure resembling the lipid-binding domain of
the exchangeable apolipoprotein (9,10,46). The N-terminal
domain is associated with lipid membrane binding, which
may be a synergistic effect of the 11-aa-residue repeats. Lipid
binding is significantly reduced when the N-terminal domain
is truncated (10). Furthermore, the truncation of N-terminal
repeats increases the production of -sheet-enriched struc-
tures, while adding extra repeats results in the opposite
effect (12). Additionally, the N-terminal domain carries an
excess of seven positive charges, which may interact with the
negatively charged C-terminal domain (49-51).

In human a-Syn, the middle domain with three addi-
tional 11-aa-residue repeats is a highly amyloidogenic and
relatively hydrophobic region, which is also known as a
non-A-f-amyloid component (NAC) domain (23,42,43,45.46).
The NAC domain contains one extra positive charge and is
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Figure 1. a-Syn structure. The a-Syn protein contains (A) three distinct domains represented by different colors and (B) include seven highly conserved
hexameric motifs, with the consensus for the hexameric motifs being-KTKEGV-. (C) Amino acid sequence of the a-Syn protein. A total of seven imperfect
11-amino-acid-residue repeats are underlined. The highly conserved hexameric motif in each repeat is indicated in red. The arrows and green highlighting
indicate missense mutations. a-Syn, a-synuclein; NAC, non-A-f-amyloid component.

slightly electropositive (49). It has been reported that the NAC
domain serves a crucial role in a-Syn aggregation and fibrillo-
genesis. The residues (aa, 71-82) in the NAC domain, together
with residues (aa, 36-42) in the N-terminal domain, contribute
to the aggregation of a-Syn (31). It has been reported that the
NAC domain can form a cross [3-sheet structure (40); however,
the glycosylated NAC region may suppress the aggregation of
a-Syn (10). Moreover, the NAC domain may be involved in
o-Syn aggregation, sensing membrane properties and interac-
tions with metal ions, proteins and vesicles (9,52).

The C-terminal domain, a highly acidic area, includes
15 carboxylic acid groups and is rich in proline (42,53).
Due to the large numbers of acidic groups and proline
residues, the C-terminal domain has no propensity to form
a specific structure; however, it randomly forms turns and
loops in solution (9,42,53). There are certain binding sites
in the C-terminal domain that are responsible for interac-
tions with ligands, ions and small molecules (17,49,50). In
addition, it has previously been reported that the C-terminal
domain, enriched in negative charges, may protect the NAC
domain from aggregation by interacting with the positively
charged N-terminal domain to form an antiaggregating
structure (49-51). C-terminal truncation greatly promotes
fibrillization of a-Syn due to the charge imbalance of the
N-/C-terminal domain (8,10). The multiple posttranslational
modifications in the C-terminus may disturb long-range inter-
actions between the N- and C-termini, leading to exposure of
the hydrophobic NAC region and subsequent adoption of the
[-sheet conformation (9). C-terminal truncation, as well as
N-terminal truncation, occur in both patients with PD and
healthy individuals (8,10).

3. a-synuclein toxicity

The physiological role of a-Syn protein has not been fully
identified in normal neurons, but a-Syn may be involved in
the regulation of DA biosynthesis, neurotransmitter release,
synaptic plasticity, synaptic vesicle maintenance, axon regen-
eration and mitochondrial function (1,9,10,31). There are
several possible mechanisms by which a-Syn is transferred
between neurons. As a-Syn lacks sequences needed for secre-
tion, a-Syn is released through a nonclassical mechanism
involving tunneling nanotubes (TNTs) and exosomes (54).
Another possible mechanism for a-Syn release is through
the leakage of small amounts of the protein between pre- and
post-synapses (Fig. 2) (54).

Unfolded a-Syn monomers undergo a structural change
during PD-associated pathology, sequentially forming
partially folded monomers, transient small soluble oligo-
mers, structured oligomers (later f-sheet structures),
[-sheet-structure protofibrillar oligomers and fibrils which
accumulate in LBs (55). A previous study reported that soluble
transient intermediate oligomers may be the critical form
that causes cytotoxicity, including mitochondrial dysfunc-
tion, abnormal Ca?* signaling, ROS production and neuronal
death (14). A number of recombinant a-Syn fragments (aa,
1-95 and 61-140) have been reported to promote the forma-
tion of aggregates from cellular full-length a-Syn, inducing
microglial toxicity and increasing the release of inflammatory
factors (17). The a-Syn protein is almost exclusively localized
to the presynaptic terminals of neurons (3,56,57), regulating
the biosynthesis of DA (9). However, a-Syn aggregation in
DA neurons results in the depletion of soluble a-Syn, which
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Figure 2. Possible mechanisms for intercellular transmission of a-Syn. a-Syn is released by neurons through TNTs and exosomes, as well as through a leaking
process between pre- and post-synapses. a-Syn also spreads to nearby neuronal cells in a free-floating manner. Astrocytes engulf extracellular a-Syn and
transfer it to other astrocytes through direct contact between cells, extracellular exosomes, vesicles and TNTs. The phagocytosis of extracellular a-Syn by
astrocytes depends on TLR2, while the uptake of a-Syn by microglia is dependent on TLR2, TLR4, LAG3 and FcyRIIB. Microglia can also endocytose
exosomes containing a-Syn and promote the transfer of a-Syn to neurons by releasing exosomal a-Syn. Hs is implicated in oligodendroglial uptake of extra-
cellular a-Syn. a-Syn can be transferred from neurons to astrocytes, microglia and oligodendrocytes and can also be transferred from microglia to neurons,
astrocytes to astrocytes and neurons to neurons. Astrocyte to neuron transfer is rare. a-Syn, a-synuclein; TNTs, tunneling nanotubes; TLR, Toll-like receptor;
Hs, heparan sulfate; LAG3, lymphocyte-activation gene 3; FcyRIIB, Fc gamma receptor II1B.

subsequently causes a loss of the presynaptic terminal func-
tion of neurons and decreases DA levels in neurons in the
SN-striatal system (9,24). The aberrant accumulation of a-Syn
reduces the aggregation and fusion activity of synaptic vesicles,
which subsequently affects the release of neurotransmitters
(such as dopamine), resulting in neuronal death in the SN and
movement dysfunction (16,58). a-Syn is also reported to be
found extracellularly, which indicates that a-Syn may induce
cytotoxic effects in the extracellular space (15). Extracellular
a-Syn oligomers associate with the neuronal membrane,
forming pore-like structures and leading to enhancement
of the influx of both glucose and Ca** as well as membrane
conductance (15,16). This may partly explain the synaptic
toxicity of a-Syn. There is a marked increase in iron deposi-
tion in the SN of patients with PD (21,22), which indicates that
iron serves a role in the pathology of PD. It has previously

been reported that a-Syn exerts cytotoxic effects by regulating
iron metabolism. Aggregated a-Syn inhibits ferritin release of
iron and disturbs the autophagy of iron (22). In certain cases,
such as in the presence of Cu?*, a-Syn may perform the same
function as the enzyme ferrireductase, which is involved in
the reduction of Fe’* to Fe**, Fe**/Fe** imbalance in PD and
iron-mediated neuronal death. The imbalance of Fe**/Fe** may
interfere with mitochondrial function (21). Since DA neurons
consume large amounts of ATP, mitochondrial dysfunction
may lead to their death (23). It has previously been reported
that a-Syn overexpression disrupts the fusion of mitochon-
drial membranes, leading to mitochondrial fragmentation.
Overexpression of a-Syn, which reduces the contacts between
the endoplasmic reticulum and the mitochondria and interferes
with Ca?* transfer, can lead to impaired autophagic mecha-
nisms, defects in mitochondrial fission and an increase in the



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

number of damaged mitochondria (23). The mutant forms of
a-Syn or a-Syn overexpression suppress complex I activity in
mitochondria, enhancing the generation of ROS. Furthermore,
o-Syn also disrupts the intracellular transport of mitochondria
in PD (23).

a-Syn preformed fibrils (PFFs) form from recombinant
a-Syn in vitro. The a-Syn PFFs formed by aggregation
in vitro are structurally similar to the pathological a-Syn
found in vivo. a-Syn PFFs can also spread like prions between
neurons both in vivo and in vitro (59). When a-Syn PFF is
injected into a mouse brain, the serine 129 site of a-Syn PFF
can be phosphorylated, forming p-a-Syn, which is a marker of
a-Syn neurotoxicity (59).

To date, the initial trigger mechanism for the transforma-
tion of a-Syn into pathological a-Syn is still being explored.
Different forms of a-Syn exist and the toxic mechanisms of
each a-Syn form in the pathogenesis of PD remain poorly
understood. Notably, the conformation of a-Syn may be highly
correlated with its pathological toxicity. The toxic effects of
o-Syn are multifaceted and can be severe, serving an impor-
tant role in the pathogenesis of PD. In view of this, drugs that
suppress o-Syn aggregation or promote pathological a-Syn
degradation may be a key future PD treatment.

4. Age-related a-Syn pathogenicity

The intercellular transmission of a-Syn is widely accepted as
a potential mechanism for the progression of PD (60). Previous
studies have reported that several years before the diagnosis of
PD, pathological a-Syn is present in both the brain and many
peripheral organs, such as the skin, submandibular gland,
heart, stomach and intestines (38,61-63). Braak et al (64,65)
reported that the a-Syn protein may originate in the peripheral
nervous system, specifically in the enteric nervous system
(ENS) (66). Afterward, a-Syn spreads to the brain tissue
through prion-like mechanisms via the autonomic nervous
system (66). Other studies have also reported that various
forms of a-Syn, including monomers, oligomers and fibrils,
can be transferred from the ENS to the brain via the vagus
nerve (Fig. 3) (23,38). Upon entering the brain, a-Syn spreads
to the midbrain via interconnected neurons, leading to
PD-associated motor disorders, such as bradykinesia, postural
instability, myotonia and static tremor (Fig. 3) (39). a-Syn can
also spread to nearby neurons through extracellular vesicles
(EVs) or in a free-floating manner (Fig. 2) (67). Unlike prions,
however, there is no evidence that pathological a-Syn is infec-
tious (68).

Van Den Berge et al (38) injected recombinant human
a-Syn PFFs (hPFFs) or mouse a-Syn PFFs (mPFFs) into the
intestinal wall of the duodenum and pylorus in wild-type rats
and demonstrated that age is a key factor in efficient a-Syn
propagation along the intestine-brain axis (Fig. 3). In older
mice, when compared with younger mice, after inoculation
of a-Syn PFFs, a-Syn pathology is transmitted from the ENS
to the brain stem and this transmission is accompanied by a
decreased dopamine level in the striatum (Fig. 3) (39). Van
Den Berge et al (38) also reported that: i) Sympathetic dener-
vation in the heart and vagal denervation in the stomach are
age-related and associated with the amount of a-Syn derived
from a-Syn PFF after injection into wild-type rats; ii) deposits

EXPERIMENTAL AND THERAPEUTIC MEDICINE 27: 23, 2024 5

of phosphorylated a-Syn in aged rats are much denser and
more resistant to proteinase K, a nonspecific serine protease
used for protein digestion, compared with those in younger
rats; iii) mPFFs are more efficient than hPFFs at inducing
a-Syn transmission from the intestine to the brain in young
rats, which suggests that a species barrier does exist; and
iv) the pathological outcomes of old rats treated with hPFFs
closely resemble, or are worse than, those of young rats treated
with mPFFs, which indicates that aging lowers the species
barrier (Fig. 3). Glucocerebrosidase (GCase) is a lysosomal
enzyme and impairment of GCase function leads to aber-
rant accumulation of a-Syn. Injection of a-Syn PFFs into the
mouse duodenum can activate inflammation, decrease GCase
production and impair GCase function and ENS physiology.
However, upregulation of the production of GCase alleviates
the ENS functional deficit and a-Syn-associated pathology.
The expression of GCase is markedly decreased in the
duodenum in older mice compared with younger mice and this
decrease is correlated with an increase in p-a-Syn, which indi-
cates that aged mice are more vulnerable to a-Syn pathology
in the intestinal tract. During aging, intestinal protein homeo-
stasis (including maintenance of the function of GCase) and
the ability to eliminate a-Syn aggregates decline (39). This
negative variation leads to an increased vulnerability to
a-Syn pathology and dysfunction of the sensorimotor system
(Fig. 3) (39). Conversely, overexpression of a-Syn can lead
to an imbalance in intestinal homeostasis and accelerate the
occurrence of intestinal aging (13).

Iba et al (69) explored the role of aging and the inflamma-
tory response in synucleinopathies by injecting a-Syn PFFs into
the striata of young or aged mice. It was observed that aged
mice showed enhanced a-Syn accumulation in specific brain
regions and had more pronounced behavioral deficits compared
with young mice. The loss of DA neurons and DA nerve endings
in the striata of mice inoculated with a-Syn PFFs increased
with aging. Compared with young mice inoculated with a-Syn
PFFs, aged mice injected with a-Syn PFFs showed enhanced
T cell infiltration and sustained active microglia in the brain
tissue. Transcriptome analysis suggested that inflammation in
the brain was greater in aged mice when compared with young
mice inoculated with a-Syn PFFs. Rauschenberger er al (70)
employed hm?a-Syn-39 mice, a PD mouse model carrying a
double-mutant human a-Syn gene (A30P/A53T), to explore the
effects of the inflammatory response and aging on DA neurons.
The aforementioned study reported that the striatal DA termi-
nals, striatal dopamine levels and SN DA neurons were reduced
in hm?a-Syn-39 PD mice at the age of 16-17 months compared
with age-matched control mice. In the striata of hm*a-Syn-39
PD mice, there was an age-related association between striatal
DA terminal loss and the number of infiltrating clusters of
differentiation 4* (CD4*) and CD8" T cells. Such a correlation,
however, was not observed in the wild-type mice. No meaningful
age-dependent changes in the numbers of CD8* T cells, CD4*
T cells or B220* B cells were reported in the nigrostriatal tracts
of the wild-type group of mice. By comparison, in the SN of
hm?a-Syn-39 PD mice, marked age-dependent increases in the
number of CD8* T cells, glial fibrillary acidic protein (GFAP)*
astrocytes and CD11b* microglia were observed. Furthermore,
age-dependent impairment of motor function was also observed
in hm?a-Syn-39 PD mice.
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Figure 3. Aging promotes the development of a-Syn pathology in the intestinal tract and a-Syn PFF transmission along the intestine-brain axis. The murine
duodenal intestinal wall is inoculated with a-Syn PFFs and a-Syn is transferred to the brain through the vagus nerve, which causes a-Syn propagation between
neurons. o-Syn pathology reduces the dopamine level in the striatum, resulting in movement dysfunction. Aged rats and mice are more likely to be vulnerable
to a-Syn pathology in the intestinal tract compared with young rats and mice. Aging promotes a-Syn transmission along the intestine-brain axis. a-Syn,

a-synuclein; PFFs, preformed fibrils.

In addition, a previous study reported that the expression
levels of the a-Syn-related complex were correlated with age.
Nerve globins are O,-binding proteins that participate in the
etiopathogenesis of neurodegenerative disorders. The levels
of neuronal hemoglobin (nHb), a member of the nerve globin
protein family, are decreased in a-Syn deposits, DA neurons
and LBs of patients with PD. In the brain tissue of elderly indi-
viduals, a complex consisting of Hb and a-Syn (nHb*>'") has
been reported. In the human striatum, the nHb* ™ complex
level in mitochondria decreases with age, while in the cyto-
plasm, the nHb“ ™ level increases with age (71). In the SN, a
similar expression pattern of nHb* " is observed (71). Of note,
the nHb*S™ complex also exists in red blood cells (RBCs). The
levels of nHb**™ in RBCs significantly increase with age and
significantly increase in patients with PD (71). However, the
specific mechanism by which nHb*™ or pHb*" expression
changes with age remains to be further investigated.

The aforementioned studies indicate that the pathogenicity
of a-Syn may be age-related. Aging promotes the develop-
ment of a-Syn pathology in the intestinal tract and a-Syn PFF
transmission along the intestine-brain axis. The pathological
changes caused by a-Syn, including the loss of DA nerve
endings, behavioral defects and inflammation in the brain, are
aggravated with age. This may explain the susceptibility of
elderly individuals to PD. Furthermore, maintaining normal
intestinal function may be beneficial for PD patients. Therefore,
the effects of diet and the gastrointestinal microbiome on PD
should be evaluated.

5. a-synuclein and astrocytes

In the central nervous system (CNS), astrocytes are the most
numerous non-nerve cell population, serving important roles in
neurotrophic support, neurotransmitter transmission, synaptic
development and neuroinflammation (16,18,57). There are two
different phenotypes of astrocytes, namely, the Al pheno-
type (proinflammatory phenotype) and the A2 phenotype
(anti-inflammatory phenotype) (72). Al astrocytes can release
neurotoxic cytokines, such as complement C3, which are
harmful to oligodendrocytes and neurons (19,73-75); hence, Al
astrocytes are considered a characteristic of normal aging and
neurodegenerative diseases (16). In contrast to Al astrocytes,
A2 astrocytes are reported to be neuroprotective and capable
of producing neurotrophic cytokines, including nerve growth
factor and brain-derived neurotrophic factor (BDNF), to
promote neuronal growth and survival (16,73). Depending on
the changes taking place in the brain environment, astrocytes
may shift between Al and A2 types in a stimulus-specific
manner (18,72,75). For example, Al astrocytes can be induced
by TNF, complement component 1q and IL-1a, which are
secreted by activated microglia (76). Notably, in another
previous study, the numbers of astrocytes of both phenotypes
were increased in animal models of PD (77); however, no or
only slight increases in the numbers of astroglial cells were
observed in the brain tissues of patients with PD (16).

In astrocytes, a-Syn expression levels are normally
low (29,78), whereas a-Syn accumulates within astrocytes of
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patients with PD (20). Thus, it is reported that a-Syn in astro-
cytes may originate from neurons (57). Neurons release o-Syn
in a variety of conformations, such as monomers, oligomers
and fibril species (30). Previous studies have reported that
astrocytes engulf extracellular a-Syn released by neurons and
are involved in a-Syn transmission (16,29,74). Astrocytes take
up o-Syn and transfer it to other astrocytes through direct
contact between cells, extracellular exosomes and vesicles
(Fig. 2) (16,57,79). In addition, TNTs are considered an impor-
tant pathway for a-Syn transmission. TNTs are transient
tubular structures used for long-distance cell-to-cell commu-
nication (79). Through TNTs, astrocytes transfer excessive
a-Syn oligomers to other astrocytes (Fig. 2) (57). a-Syn can
be transferred from neurons to neurons, neurons to astrocytes
and astrocytes to astrocytes (79) but is rarely transferred from
astrocytes to neurons (Fig. 2) (18).

Astrocytes express Toll-like receptors (TLRs), which are
involved in astrocyte activation, neuroinflammation and a-Syn
uptake (18,29,75). In astrocytes, the uptake of extracellular
a-Syn relies on TLR2 rather than TLR4 (Fig. 2) (18), while
intracellular a-Syn relies on TLR2, TLR3 and TLR4 to induce
inflammatory responses in astrocytes (18,80). Notably, a-Syn
entry into microglia is dependent on TLR2 and TLR4 (78).
Astrocytes can degrade o-Syn fibrils more efficiently compared
with neurons (79). Neurons and microglia can also degrade
a-Syn fibrils. TLR2 stimulation accelerates the phagocytosis
of a-Syn fibrils by neurons, astrocytes and microglia (30,78)
and TLR2 stimulation, rather than TLR4 stimulation,
significantly inhibits intracellular a-Syn fibril degradation
in astrocytes and neurons (30). However, with or without
stimulation of TLR2, a-Syn fibrils are degraded efficiently in
microglia (30). It has also been reported that astrocytes phago-
cytose and eliminate extracellular recombinant human o-Syn
through the autophagy and ubiquitin-proteasome pathways
in vitro (81). Overexpression of wild-type a-Syn and expres-
sion of mutated forms of a-Syn can impair autophagy and the
ubiquitin-proteasome system (23).

o-Syn can potentiate the activation of astrocytes and
trigger their inflammatory response (18). Previous studies
have reported that monomeric a-Syn, oligomeric a-Syn and
fibrillar a-Syn can activate astrocytes, which leads to neuronal
death (78,82). However, these a-Syn forms differ in their
capacity for the activation and induction of cytotoxicity in
astrocytes. In astrocytes, a-Syn oligomers can cause significant
mitochondrial dysfunction, whereas the effects of monomers
and fibrils on mitochondria are mild. Fibrillary, oligomeric
and monomeric forms of a-Syn can all markedly increase
IL-1p and TNF-a mRNA expression levels in astrocytes, while
only oligomers induce an increase in extracellular hydrogen
peroxide (82). Intracellular a-Syn induces neurotoxic proin-
flammatory responses, including expression of IL-6, C-X3-C
motif chemokine ligand 1 (CX3CL1), chemokine (C-C motif)
ligand 5 (CCL5) and TNF-a in astrocytes via the p38 MAPK
and NF-«B signaling pathways (Fig. 4) (18,20).

Wild-type or A53T mutated a-Syn markedly enhances
the expression of TLR2 and TLR3 in astrocytes and TLR2 or
TLR3 may mediate extracellular inflammatory pathways and
intracellular inflammatory pathways, respectively (80). AS3T
mutant a-Syn aggregates activate astrocytes and triggers
neuroinflammation through the JNK and NF-«B signaling
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pathways. Subsequently, astrocytes express cyclooxygenase-2
(COX-2), inducible nitric oxide synthase (iNOS), TNF-a and
IL-1p (Fig. 4) (19). Heat shock protein 70, a molecular chap-
erone, has been reported to be an important modulator that
suppresses the JNK and NF-«B signaling pathways in astro-
cytes and inhibits inflammation induced by a-Syn, exhibiting
an anti-inflammatory effect (19). A previous study reported that
co-expression of a-Syn and IFN-y may be one of the mecha-
nisms leading to the pathogenesis of PD (83). In astrocytes,
IFN-v alone increases TNF-a and TLR3 mRNA expression
levels. Wild-type or AS3T-mutant a-Syn alone enhances the
expression levels of TNF-a, NF-«xB, IL-1p, TLR2 and TLR3.
Further mechanistic study confirmed that IFN-y amplifies the
wild-type or A53T mutant a-Syn-inducing effect, except in the
case of IL-1p in astrocytes (84). IFN-y enhances the stimu-
lation of a-Syn and the inflammation of astrocytes through
TNF-a, TLR2 and TLR3, which indicates that the participa-
tion of IFN-v in the innate immunity, induced by a-Syn, is
necessary to initiate and maintain astrocyte activation (84).

Astrocytes are not a type of immune cells, but they are
involved in brain inflammation. a-Syn can trigger an inflam-
matory response in astrocytes and the inflammatory factors
released by astrocytes can have a toxic effect on neurons. In
addition, o-Syn oligomers cause mitochondrial dysfunction in
astrocytes. Astrocytes that undergo inflammatory responses
and astrocytes with mitochondrial dysfunction may reduce
neurotrophic and metabolic support for neurons, exacerbating
neurodegeneration. Inhibiting the inflammatory response of
astrocytes and enhancing their neurotrophic and metabolic
support for neurons may contribute to neuronal survival and
alleviate PD symptoms.

6. a-synuclein and microglia

Microglia are a type of tissue-specific macrophages that reside
in the CNS (57). Microglia are implicated in brain development,
protein aggregate elimination, neuronal survival, neuronal
apoptosis, immunosurveillance, synaptic plasticity main-
tenance, synaptic pruning, neural circuit shaping and injury
repair (16,57,85,86). In numerous neurodegenerative diseases
(including PD, Alzheimer's disease and amyotrophic lateral
sclerosis), microglia can be polarized into two major functional
subtypes, including the M1 (proinflammatory) phenotype
and the M2 (anti-inflammatory) phenotype (37,73,87). M1
microglia mediate brain immunological reactions by secreting
proinflammatory substances, including TNF-a, IL-12, IFN-v,
IL-1p and IL-6, which contribute to neuronal death (73,85). In
addition, M1 microglia also express major histocompatibility
complex class (MHC)-I and MHC-II molecules, which are
associated with antigen presentation (16,88-90). Unlike the M1
phenotype, M2 microglia exert neuroprotective effects (37).
Neurotrophic factors, such as insulin-like growth factor-1
(IGF-1) and BDNF and anti-inflammatory cytokines, such as
IL-13, IL-4, TGF-p and IL-10 are released by M2 microglia,
promoting neuronal survival (37,73,85). It has been previously
reported that some microglial regulatory mediators, such as
triggering receptors expressed on myeloid cells 2 (TREM?2),
TGF-B1, IFN-f and IL-10, have the potential to convert
microglia from the M1 state to the M2 state (85), which may
delay PD progression (37,91). During chronic inflammation,
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Figure 4. Inflammatory activation of astrocytes and microglia by a-Syn and phenotypic switching between astrocytes and microglia. o-Syn induces the expres-
sion of CX3CL1, CCL5, IL-6 and TNF-a in astrocytes through the p38 MAPK and NF-«B signaling pathways. a-Syn aggregates also activate astrocytes and
trigger neuroinflammation through the JNK and NF-«B signaling pathways. This leads astrocytes to express COX-2, iNOS, TNF-o and IL-1f. In microglia,
a-Syn activates the MyD88-NF-«kB signaling pathway, leading microglia to generate proinflammatory factors, including IL-6, IL-1f and TNF-a. a-Syn can
prime and activate the microglial NLRP3 inflammasome, leading to the generation of IL-18 and IL-1f by microglia. Exosomal a-Syn suppresses autophagy
in microglia through activation of the AKT/mTOR signaling pathway, which leads to accelerated extracellular a-Syn secretion and increased intracellular
a-Syn accumulation. These inflammatory responses induced by a-Syn are conducive to DA neuronal death. o-Syn PFFs activate microglia into the M1 pheno-
type, which in turn induces astrocytes to develop into a neurotoxic Al phenotype. The inflammatory responses in astrocytes are also capable of converting
microglia into an M1-like phenotype. a-Syn, a-synuclein; PFFs, preformed fibrils; CX3CL1, C-X3-C motif chemokine ligand 1; CCL5, chemokine (C-C motif)
ligand 5; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; NLRP3, nucleotide-binding oligomerization domain leucine-rich repeat and pyrin

domain-containing 3; MyD88, myeloid differentiation factor 88; DA, dopaminergic.

microglia lose their M2 anti-inflammatory phenotypic
characteristics and preferentially differentiate into the proin-
flammatory M1 state (92).

Interactions between a-Syn and microglia may serve
a pivotal role in PD pathogenesis (85). Similar to astro-
cytes, microglia are able to take up a-Syn released by
neurons (30,57,78). It has been previously reported that the
phagocytosis of a-Syn by microglia is dependent on TLR2
and TLR4 (Fig. 2) (36,78). TLR2 accounts for the microglial
uptake of soluble a-Syn oligomers; however, the specific
o-Syn forms internalized by microglia via TLR4 remain to
be further investigated (78). TLR4 promotes extracellular
a-Syn clearance and DA neuronal survival in the SN, while
elimination of TLR4 impairs the ability of microglia to phago-
cytose a-Syn, enhancing dyskinesia and death of nigral DA

neurons (93). It been reported that TLR2-deficient microglia
can also endocytose a-Syn monomers and low concentrations
of a-Syn fibrils and oligomers. A previous study indicated that
the phagocytosis of cellular a-Syn by microglia depends not
only on TLR2 receptors but also on numerous other types of
receptors (30). For instance, the uptake of extracellular a-Syn
fibrils by microglia is also reliant on receptors including
lymphocyte-activation gene 3 and Fc gamma receptor 11B
(Fig. 2) (78). It is possible that each type of receptor only recog-
nizes one specific a-Syn conformation (30). EVs, including
exosomes and microvesicles, have been reported as possible
routes of a-Syn transmission in the CNS. The a-Syn oligomers
in EVs are more easily endocytosed and cause more damage
to recipient cells than non-EV-encapsulated a-Syn oligo-
mers (87). Another study has confirmed that microglia may
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achieve efficient uptake of exosomes containing monomeric
and oligomeric a-Syn and that microglia can be activated
by these exosomes. Exosomal a-Syn suppresses autophagy
in microglia through activation of the AKT/mTOR signaling
pathway, which leads to accelerated extracellular a-Syn
secretion and increased intracellular a-Syn accumulation
(Fig. 4) (94). Additionally, microglia may promote the transfer
of a-Syn to neurons by releasing exosomal a-Syn (Fig. 2) (94).

TLRs, as receptors for extracellular a-Syn, account for not
only the binding and internalization of a-Syn but also signal
conduction and the inflammatory response (36,57,78,85). TLR1,
TLR2, TLR4 and TLRS are responsible for a-Syn-induced
inflammatory activation of microglia (57,85,95,96). Previous
studies have reported that TLR7 and TLR8 may also account
for microglial activation (96,97). A previous study also reported
that a-Syn oligomers convert microglia into the M1 phenotype
via the TLR1 and TLR7 signaling pathways (98). In addition,
o-Syn can activate microglia through other receptors, such as
purinergic receptor P2X ligand-gated ion channel 7 (P2X7
receptor),CD36 and Fcyreceptors expressed in microglia (57,99).
Notably, each a-Syn receptor may only interact with a specific
conformation of a-Syn for the uptake of a-Syn by microglia,
as previously described (30). a-Syn receptors involved in the
activation of microglia may also be conformationally sensi-
tive. A previous study reported that the TLR2 ligand activity
of a-Syn possesses conformational sensitivity and that TLR2
is activated only by particular forms of oligomers (100).
Adenoviral vector-treated differentiated SYSY neuroblastoma
cells (AVT-dSY5Y) overexpress human a-Syn and the a-Syn in
the cytoplasm of these cells is predominantly monomeric. The
extracellular protein outside the cytosol contains many stable
o-Syn oligomers. The a-Syn released by AVT-dSY5Y, not the
intracytoplasmic a-Syn fraction, activates microglia through
a TLR2-dependent mechanism (100). Moreover, misfolded
o-Syn increases the expression levels of TLR2 and TLR3 in
microglial culture (80). It has also been reported that treatment
of microglia with a-Syn leads to elevated expression of TLR1
and TLR7 (101). TLR1, TLR2 and TLR4 on the surface of
microglia are able to respond to monomeric, oligomeric and
fibrillar forms of a-Syn and activate the myeloid differentiation
factor 88 (MyD88)-NF-«kB signaling pathway, which leads to
a-Syn-induced neuroinflammation (57). Activation of NF-kB
in the MyD88-dependent pathway produces various proinflam-
matory factors, including IL-6, IL-13 and TNF-a (Fig. 4) (85).
Monomeric and oligomeric a-Syn are able to prime and acti-
vate the microglial nucleotide-binding oligomerization domain
leucine-rich repeat and pyrin domain-containing 3 (NLRP3)
inflammasome, a multiunit protein complex, through TLR2
and TLRS ligation (95). The NLRP3 inflammasome recruits
the small adaptor molecule apoptosis-associated speck-like
protein, which subsequently triggers cysteine-aspartate
protease-1 (caspase-1) activation (74,86). Caspase-1 is capable
of producing the mature proinflammatory factors IL-18 and
IL-1p by cleaving their precursor forms (Fig. 4) (16,57,86). In
addition, activated caspase-1 results in C-terminal truncation of
a-Syn, which leads to the formation of more aggregates and an
increased inflammatory response (16,17). Microglia in patients
with PD may be overactivated and inflammatory factors
generated by microglia are one of the causes of DA neuronal
death (27).
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Interactions between microglia and astrocytes may also
take place. a-Syn PFFs can activate microglia into the M1
phenotype, which in turn induces astrocytes to acquire a
neurotoxic Al phenotype. This microglia-mediated induc-
tion of astrocytes to an Al subtype is directly blocked by
glucagon-like peptide-1 receptor agonists (102). Notably, it
has previously been reported that the inflammatory response
in astrocytes is also capable of converting microglia into an
M1-like phenotype through paracrine action (Fig. 4) (18).

Membrane receptors expressed by glial cells, including
astrocytes and microglia, are structurally sensitive and recog-
nize only specific forms of a-Syn. Notably, certain membrane
receptors on the surfaces of glial cells are involved in a-Syn
endocytosis, while others are implicated in a-Syn-mediated
inflammatory responses. Although several a-Syn-related
receptors and their corresponding a-Syn forms have been
identified, the specific a-Syn form binding to TLR4 remains
unclear. Moreover, potential receptors for a-Syn, which have
not yet been discovered, may exist. Further research is needed
to develop therapeutic interventions to selectively inhibit glial
receptors from binding to a-Syn, thereby preventing glial
inflammatory responses.

7. a-synuclein and oligodendrocytes

Oligodendrocytes are glial cells of the CNS that possess
numerous functions, including myelin generation, metabolic
support, immunomodulation and production of neurotrophins,
such as glial cell line-derived neurotrophic factor, BDNF and
IGF-1 (73,103).

The expression of a-Syn in oligodendroglial cells is low
under normal physiological conditions (73). The amount of
endogenous a-Syn protein expressed by rat oligodendrocyte
lineage cells is ~20% of that expressed by neurons (104). In
multiple system atrophy (MSA), a rare neurodegenerative
disorder, pathological a-Syn accumulates in oligodendrocytes,
forming glial cytoplasmic inclusions (GCIs), which is a unique
hallmark of this disease (31,103). In PD, by contrast, misfolded
a-Syn mainly appears in neurons (105), forming LNs and LBs.
A previous study reported that a-Syn inclusions are present
in oligodendrocytes in the midbrains of patients with PD but
that they differ in topography and antigenicity from GClIs in
MSA oligodendrocytes (106). Oligodendrocytes in certain
parts of the brain in patients with PD appear to be unaffected
by a-Syn. Several years before the onset of PD motor dysfunc-
tion, a-Syn is already present in the anterior olfactory nucleus
(AON) of the olfactory bulb (5). In AON regions of post-
mortem patients with PD, a-Syn is present in some neurons,
astrocytes, microglia and pericytes, whereas no a-Syn is
present in oligodendrocytes (5). In MSA, oligodendrocytes
are affected by a-Syn and a-Syn aggregates to form GCls,
while in PD, a-Syn mainly affects neurons and aggregates to
form LNs and LBs (2,3,31,103,105). This is a future research
direction which requires further study, as related studies may
be of significance for revealing the toxicity of a-Syn and the
pathogenesis of synucleinopathies, including MSA and PD.

Oligodendrocytes are able to take up monomeric and oligo-
meric forms of a-Syn and small amounts of a-Syn fibrils in
a dynamin-dependent manner both in vivo and in vitro (107).
Exogenous a-Syn PFFs can also be phagocytosed by
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oligodendrocyte precursor cells (OPCs), which increases the
expression of endogenous a-Syn and triggers impairment of
autophagy in OPCs, which can result in endogenous a-Syn
accumulation (104). In addition, it has been reported that
a-Syn can be transferred from neurons to oligodendrocytes
(Fig. 2) (107). a-Syn uptake by oligodendrocytes is depen-
dent on clathrin and is inhibited when clathrin expression
is silenced (108). In addition, the phagocytosis of a-Syn by
oligodendrocytes is both time- and dose-dependent (108).
Finally, it has been previously identified that heparan sulfate
and exosomes are involved in oligodendroglial phagocytosis
of extracellular a-Syn fibrils (Fig. 2) (31,109).

A previous study reported that TLR4 expression is upregu-
lated in a-Syn-transgenic MSA mice, an effect that is related
to oligodendroglial overexpression of a-Syn (110). However,
it remains unclear whether there is an interaction between
TLR4 and a-Syn in oligodendrocytes in PD. In OPCs treated
with a-Syn PFFs, the mRNA expression levels of myelin-
ization-inhibiting cytokines, such as IL-1p3 and Sirtuin2, are
increased, while the mRNA expression levels of myeliniza-
tion-promoting cytokines, such as Contactin 1 and chemokine
C-X-C-motif receptor 7, are decreased (104). Overexpression
of a-Syn by oligodendrocytes may lead to neuroinflammation
associated with nitrogen stress in a transgenic MSA mouse
model (110). Certain studies have indicated that oligodendro-
cytes are able to produce a range of chemokines and cytokines,
including CCL2/5, chemokine (CXC motif) ligand 9/10 and
IL1-f (104,111). Oligodendrocytes also express receptors
capable of transducing immune-related signals (111). However,
whether a-Syn triggers an inflammatory response in oligoden-
drocytes in PD remains largely unknown.

8. a-synuclein and acquired immunity

The brain was previously thought to be an immune-privileged
organ that was not easily infiltrated by peripheral immune
cells because of the blood-cerebrospinal fluid barrier and
blood-brain barrier (BBB) (16,112). However, it has been
reported that there exists bidirectional communication
between the CNS and the immune system (113,114).

Further evidence indicates that acquired immunity, also
known as adaptive immunity, serves a role in the pathogen-
esis of PD (25,27). In animal models of PD, T cells have been
reported to infiltrate the SN (115). In a-Syn PFF-inoculated
mouse brains, the relative percentages of natural killer cells,
CD8&* T cells, CD19* B cells, CD4* T cells and activated
myeloid cells (CD11b*CD45"e") are increased (116). In
patients with PD, peripheral T cells can access the brain
and invade the SN (37). For instance, CD3*, CD4* and
CD8* T cells have been reported in the brains of patients
with PD (25). Furthermore, a-Syn proteins from dead cells
are reported to be capable of activating microglia (37).
The activated microglia secrete a series of inflammatory
factors, including IL-1p and TNF-a (73,85), which act on
microvascular endothelial cells, leading to increased BBB
permeability that facilitates T cell entry into the brain
(Fig. 5) (37). Likewise, astrocytes around blood vessels
produce inflammatory factors under pathological conditions,
such as IL-6, IL-1p and TNF-a, also resulting in an increase
in BBB permeability (Fig. 5) (33). Additionally, microglia

take up a-Syn proteins and process them in endosomes (117).
Then, the microglia express MHC-II proteins that present
a-Syn antigenic peptides to CD4* T cells, therefore initiating
acquired immunity (Fig. 5) (117-119). CD4* T cells can be
activated into proinflammatory T helper (Th)-type cells, such
as Th17 and Thl cells and anti-inflammatory T cells, such
as regulatory T (Treg) cells, which have different functions
(Fig. 5) (28). Th17 and Thl cells are involved in enhancing
the inflammatory response, mediating PD pathology and
inducing DA neuronal death (Fig. 5) (28). On the other
hand, Treg cells are involved in the maintenance of immune
homeostasis, reduction of inflammation and secretion of
protective factors, such as IL-10 and TGF-p (37). Notably,
nitrated a-Syn is able to induce harmful Th cell maturation,
which can cause severe neural damage (32). Degradation of
a-Syn may produce potential antigenic peptides, which can
be loaded onto MHC-I proteins and ultimately presented to
CD8* T cells (Fig. 5) (90,117). CD8* T cells are involved
in neuronal death and a-Syn aggregation in PD (120).
Astrocytes with accumulated a-Syn also generate large
amounts of MHC-II molecules in the brains of patients with
PD (Fig. 5). These astrocytes are present near CD4* T cells
in the brain, implying that there may exist a cross-interaction
between CD4* T cells and astrocytes (18). A previous study
reported that astrocytes containing accumulated o-Syn are
more likely to activate CD4* T cells via the MHC-II signaling
pathway in vitro compared with microglia containing accu-
mulated a-Syn (18,121). Furthermore, it has been reported
that DA neurons also express MHC in PD, which suggests
that a-Syn may be an antigenic substance capable of facili-
tating T cell activation (27). A number of antigenic regions
have been identified in a-Syn. Of these regions, one consists
of aa 31-45 and 32-46 is located near the N-terminus, while
the other antigenic region, comprising aa 116-140, is close to
the C-terminus (122). The researchers examined the response
of T cells to the a-Syn antigenic peptides in 9 patients with
PD. For the majority of patients, it is mainly CD4* T cells
secreting 1L-4 or IFN-y that respond to a-Syn antigenic
peptides, while for only 1 patient, the response to a-Syn
antigenic peptides is mediated by IFNy-producing CD8* T
cells (122). A previous study also suggested that the reactivity
of CD4* T cells against a-Syn could be detected ~10 years
before the onset of motor disorders associated with PD and is
positively correlated with age (123).

Overall, through studies on animal PD models and PD
patients, it has been established that peripheral immune cell
infiltration in the brain exists in PD, suggesting an imbalance
of immune homeostasis in the pathological state. This imbal-
anced immune homeostasis may be, at least in part, caused by
a complex interaction among a-Syn, DA neurons, microglia,
astrocytes and peripheral immune cells.

9. a-synuclein and glial cell senescence

Senescence may occur in certain types of brain cells, such
as endothelial cells, astrocytes, microglia, neurons and
oligodendroglial progenitor cells (27). Senescent cells exhibit
a senescence-associated secretory phenotype (SASP), the
main feature of which is the generation of multiple factors,
including IL-1f and IL-6 (124,125). During aging, cells such
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Figure 5. Adaptive immunity is implicated in PD pathogenesis. The inflammatory factors (IL-1p and TNF-a) produced by activated microglia act on micro-
vascular endothelial cells, resulting in increased BBB permeability that facilitates NK cell, CD8* T cell and CD4* T cell entry into the brain. Likewise,
astrocytes around the blood vessels produce inflammatory factors under pathological conditions, such as IL-6, IL-1p and TNF-a, which results in an increase
in BBB permeability. Degradation of a-Syn may produce potentially antigenic peptides. Microglia and astrocytes express MHC-II proteins that present a-Syn
antigenic peptides to CD4* T cells, which are subsequently activated into proinflammatory Th17 and Thl cells. a-Syn antigenic peptides can also be loaded
onto MHC-I proteins and ultimately presented to CD8" T cells by microglia. Th17 and Th1 cells are involved in enhancing inflammatory reactions, mediating
PD pathology and inducing DA neuronal death. CD8" T cells are involved in neuronal death and a-Syn aggregation in PD. PD, Parkinson's disease; BBB,
blood-brain barrier; NK cells, natural killer cells; CD4, cluster of differentiation 4; CDS, cluster of differentiation 8; MHC-I, major histocompatibility complex
class I; MHC-II, major histocompatibility complex class II; Th1 cells, type 1 T helper cells; Th17 cells, type 17 T helper cells; DA, dopaminergic.

as astrocytes, express the SASP phenotype, exhibiting changes
in nuclear ultrastructure and increased expression of vimentin
filaments, GFAP, HMGBI (a nuclear protein), IL-1p, IL-6 and
TNF-a (33). IL-1p, IL-6 and TNF-a may also be biological
markers of PD (126), which suggests a possible relationship
between aging and PD. The SASP contributes to immune
monitoring and clearance of senescent cells, which may be
responsible for leukocyte infiltration and death of DA neurons
in the SN (27). Previous research indicated that aging and
the SASP may be important promoters of PD pathology (40).
However, not all SASPs of senescent cells cause apoptosis,
inflammation and fibrosis. The SASP may entail regenerative
and growth cytokines in certain senescent cells (127). When
senescent cells cannot be cleared in time, after a certain
threshold is exceeded, the number of proinflammatory or
proapoptotic senescent cells continues to increase, which
leads to tissue damage and the progression of age-related
diseases (127).

Both cellular aging and a-Syn are involved in PD pathology.
Microglial senescence is an important factor in the develop-
ment of PD (28). Microglia can engulf and degrade a-Syn in
normal physiological states; however, the phagocytic ability of
microglia decreases under aging conditions, leading to a-Syn
accumulation and neurotoxicity (36). The a-Syn ingested by
microglia is then degraded in autophagosomes (128). There
is a reduction in the expression of autophagic protein during
aging, which directly influences a-Syn clearance (57). Previous
research has reported that decreased autophagy is associated
with aggregation of a-Syn (31). Compared with microglia
isolated from young mice, microglia isolated from adult mice
exhibit a lower capacity to phagocytose a-Syn and secrete
more inflammatory factors (57). Senescent microglia generate
TNF-a, which promotes a-Syn deposition (28). A previous
study reported that selective clearance of senescent microglia
from the brain can relieve dyskinesia in animal PD models
and significantly reduce the level of a-Syn in cerebrospinal
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fluid (125). In addition to senescent microglia, activated
microglia can also produce TNF-a, which enhances neuronal
a-Syn secretion and thus promotes intercellular a-Syn propa-
gation. Moreover, microglia-derived TNF-a promotes the
SASP of neurons and causes neuronal aging (60).

a-Syn PFFs induce senescence in microglia and astrocytes,
which results in altered expression of cellular senescence
markers (40). Specifically, in microglia and astrocytes of
a-Syn PFF-injected mice, a-Syn PFF-induced toxicity down-
regulates the expression of cellular senescence markers, such
as HMGBI and Lamin B1, whilst upregulating the expression
of the p21 aging marker (40). These results are consistent with
the observations in substantia nigra pars compacta tissues of
postmortem patients with PD (40). In general, the expression
levels of HMGBI and Lamin B1 are decreased in senescent
cells, while the expression level of p21 is increased (129-131).
However, other animal experiments have reported that HMGBI1
expression increases in astrocytes and decreases in neurons
with advancing age (33,132). Therefore, the mechanism of
o-Syn regulation of senescence markers and the phenotypes of
distinct senescent cells should be further elucidated. HMGBI,
which is located mainly in the nucleus, is involved in various
physiological processes associated with DNA (including DNA
repair, replication and transcription) (133). In senescent cells,
HMGBI is secreted into the extracellular space from the
nucleus (129), resulting in DNA double-strand breaks (132).
In certain cases, senescent astrocytes can release HMGBI1
and this extracellular HMGBI induces healthy astrocytes
to develop a senescent-like phenotype (134). In addition,
HMGBI actively released into the extracellular space by aging
cells, may stimulate target cells to secrete TNF-a, IL-6 and
IL-1P by activating relevant receptors of target cells, such as
TLR4 (134). Therefore, it can be suggested that a-Syn-induced
glial cell senescence may affect the surrounding cells and
tissue microenvironment by secreting related proteins, which
may explain the toxic effects of a-Syn.

o-Syn may induce senescence in microglia and astrocytes;
however, whether it can induce senescence in other types of
cells requires further research. Senescent cells lose their normal
physiological functions and produce harmful substances,
which can affect the function of tissues. It is generally difficult
to reverse the process of cellular aging, although progress has
been made (135-137). Transplantation of exogenous stem cells
may be a future treatment for PD. Stem cells have previously
been reported to have anti-inflammatory effects and regenera-
tive abilities, which may benefit patients with PD (92).

10. Conclusion

Various risk factors are implicated in the onset of PD,
including the expression of pathological a-Syn. Pathological
a-Syn can induce a variety of toxic effects that result in DA
neuronal death and pathogenesis associated with PD. Drugs
that suppress a-Syn aggregation or target a-Syn for degra-
dation may have potential in the future for the treatment of
patients with PD. PD is also an age-related neurodegenera-
tive disorder and several characteristics of PD are similar to
certain manifestations of aging. Previous research has shown
that a-Syn spreads more easily, for example from the intes-
tine to the brain, in aged animals. Under aging conditions,

the ability of cells to take up and degrade a-Syn decreases,
which leads to a-Syn accumulation and neuroinflammation.
Additionally, a-Syn has the potential to induce senescence in
glial cells, which is associated with changes in the expression
of cellular senescence markers. Given that the toxic effects of
a-Syn are associated with aging, the possibility of treating PD
with antiaging drugs should be explored. In addition, as a-Syn
expression may originate in the intestines, further research
should focus on the intestinal function, intestinal symptoms
and the intestinal microbiota of patients with PD. Research on
such topics may be helpful to understand the pathogenesis of
PD and provide a basis for the development of new therapeutic
drugs. Drugs that prolong life and reduce age-related decline
in intestinal function, such as rapamycin, also warrant further
research. Both cellular aging and inflammation are implicated
in PD pathology. Transplantation of exogenous stem cells
with anti-inflammatory and regenerative properties may be
a worthwhile therapeutic approach. Moreover, PD is caused
by the selective death of DA neurons; hence, transplantation
of DA neurons may replace these dead DA neurons. However,
cell transplantation is associated with a number of issues, such
as problems associated with the source of transplanted cells,
ethical issues, survival of transplanted cells and the ability of
transplanted cells to establish functional synaptic connections
with other neurons. The excessive inflammatory response
of glial cells triggered by a-Syn mediates the death of DA
neurons. In addition, activated glial cells secrete inflamma-
tory factors, which lead to an increase in BBB permeability,
which causes T cell infiltration into the brain. Certain T cell
subtypes enhance the inflammatory response and induce DA
neuronal death. Therefore, blocking the binding of a-Syn to
the relevant receptors of glial cells or regulating the inflam-
matory response of glial cells could be a promising strategy
for PD treatment.
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