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Abstract: Parkinson’s disease (PD) is characterized by the pathological accumulation of a-synuclein,
which has driven extensive research into the role of exosomes in disease mechanisms. Exosomes are
nanoscale vesicles enriched with proteins, RNA, and lipids that facilitate critical intercellular
communication processes. Recent studies have elucidated the role of exosomes in transmitting
misfolded proteins among neurons, which significantly impacts the progression of PD. The presence
of disease-associated exosomes in cerebrospinal fluid and blood highlights their substantial diagnostic
potential for PD. Specifically, exosomes derived from the central nervous system (CNS) have emerged
as promising biomarkers because of their ability to accurately reflect pathological states. Furthermore,
the isolation of exosomes from distinct brain cell types allows the identification of precise biomarkers,
increasing diagnostic specificity and accuracy. In addition to being useful for diagnostics, exosomes
hold therapeutic promise given their ability to cross the blood—brain barrier (BBB) and selectively
modulate their cargo. These findings suggest that these materials could be used as delivery systems for
therapeutic drugs for the treatment of neurodegenerative diseases. This review comprehensively
examines the multifaceted roles of exosomes in PD pathogenesis, diagnosis, and treatment. It also



375

addresses the associated clinical challenges and underscores the urgent need for further research and
development to fully leverage exosome-based strategies in PD management.
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Abbreviations: AD: Alzheimer’s disease; Alix: ALG2-interacting protein X; ALP: autophagy—
lysosome pathway; ALS: amyotrophic lateral sclerosis; APS: atypical parkinsonian syndrome; BBB:
blood—brain barrier; CBD: corticobasal degeneration, CNS: central nervous system; CSF:
cerebrospinal fluid; DLB: dementia with Lewy bodies; Exotic: exosomal transfer into cells; FTD:
frontotemporal dementia; GBA: glucocerebrosidase (GBA); GCase: B-glucocerebrosidase; HSP70:
heat shock protein 70; HSP90: heat shock protein 90; HD: Huntington’s disease; ICAM-1:
intercellular adhesion molecule 1; ILVs: intraluminal vesicles; iPD: idiopathic PD; LFA-1:
lymphocyte function-associated antigen 1; IncRNAs: long noncoding RNAs; LRRK2: leucine-rich
repeat kinase 2; LICAM: L1 cell adhesion molecule; MAP: microtubule-associated protein; MAPT:
microtubule-associated protein tau gene; miRNAs: microRNAs; MS: multiple sclerosis; MSA:
multiple system atrophy; MSC: mesenchymal stem cell; MVBs: multivesicular bodies; OPCA:
olivopontocerebellar atrophy; OxiDJ-1: oxidized DJ-1; PD: Parkinson’s disease; PINK1: PTEN-
induced kinase 1; PSP: progressive supranuclear palsy; RBD: rapid eye movement sleep behavior
disorder; RNAi: RNA interference; Ser(P)-1292 LRRK2: Ser-1292-phosphorylated LRRK2;
shRNA-MCs: shRNA minicircles; siRNAs: small interfering RNAs; SNCA: alpha-synuclein gene;
SND: striatonigral degeneration; Tsgl101: tumor susceptibility gene 101; a-syn: a-Synuclein

1. Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder that affected more than 9.4
million people globally in 2020, a significant increase from the previously reported 6 million
individuals in 2016 [1,2]. This shift in epidemiology has been observed worldwide. Various
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environmental factors, including pesticide and chemical exposure, as well as high dairy product
consumption, have been linked to an elevated risk of PD. Conversely, certain behaviors, such as regular
physical activity, caffeine consumption, smoking, and the use of specific medications such as
ibuprofen and statins are associated with a reduced risk of PD [3]. Genetic factors are also important
in the development of PD, with key genes such as leucine-rich repeat kinase 2 (LRRK?2), the alpha-
synuclein gene (SNCA), Parkin, DJ-1, PTEN-induced kinase 1 (PINK1), and glucocerebrosidase
(GBA) being major contributors to its pathogenesis [4].

PD is characterized by the progressive degeneration of dopaminergic neurons within the
substantia nigra compacta and the accumulation of misfolded a-synuclein (a-syn) protein within the
cytoplasm of surviving neurons in this region. Braak’s classification divides PD pathological
progression into six distinct stages. Stages 1 and 2 signify a presymptomatic phase during which
misfolded a-syn is localized to specific areas, such as the olfactory bulb, pontine tegmentum, and
medulla oblongata. As PD progresses to stages 3 and 4, the substantia nigra and other nuclei in the
midbrain and basal forebrain are affected, which coincides with the onset of motor symptoms.
Pathological changes are shown to spread throughout the telencephalic cortex in the next stages, at
stages 5 and 6 [5,6]. It is common practice to divide PD symptoms into motor and nonmotor categories.
Bradykinesia, tremors, muscular stiffness, and postural instability are the main motor signs. Olfactory
dysfunction, constipation, rapid eye movement sleep behavior disorder (RBD), cognitive decline,
sadness, and anxiety are examples of nonmotor symptoms [7]. The olfactory bulb, dorsal vagal
nucleus, and locus coeruleus are among the brain regions affected in the early stages of PD and may
be predictive indicators of future risk for the disease. As a result, the Braak hypothesis suggests that
these nonmotor symptoms may appear before motor symptoms [8].

Early signs of PD are not very different from those of atypical Parkinsonian syndrome (APS).
These include dementia with Lewy bodies (DLB), corticobasal degeneration (CBD), frontotemporal
dementia (FTD), multiple system atrophy (MSA), progressive supranuclear palsy (PSP), and some rare
diseases. As such, reaching a conclusive diagnosis becomes difficult. This comprises meeting at least
two corroborating requirements and having bradykinesia in addition to stiffness or rest tremors. These
additional requirements might include the development of levodopa-induced dyskinesia and a notable
improvement in dopaminergic therapy, all while ruling out any obvious warning signs such as
significant autonomic dysfunction during the first five years after disease onset [9]. However, it is
worth noting that once classical motor symptoms manifest, a substantial toll has already been taken on
dopaminergic neurons within the substantia nigra, with over half of them being lost, and dopamine
concentrations within the striatum declining to less than 80% [10]. According to Braak’s theory, the
pathogenesis of PD could begin in olfactory organs and enteric nerves in the gastrointestinal tract and
then spread to the substantia nigra, where dopaminergic neurons eventually die, and PD-related motor
dysfunction manifests years or even decades later [11]. On the basis of this idea, the disease progresses
significantly by the time motor symptoms manifest, and pathological changes occur before motor
symptoms do. Consequently, it is essential to develop a unique biomarker that may identify PD early
in life. Biomarkers that can mimic the early pathological alterations linked to PD have become
necessary to aid in the early detection of this disease. According to this viewpoint, the secretion of
exosomes by certain neuronal cells appears to be a viable pathway for identifying prospective
biomarkers. Exosomes play a role in communication between interneurons and neurons in glia, as
recent studies have shown. They act as carriers of misfolded a-syn from parent cells, which spreads
illness between cells [12,13]. Several studies have shown that exosomes produced by the central
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nervous system (CNS) can cross the extremely strong blood—brain barrier (BBB). By utilizing certain
neural markers, it is possible to separate these exosomes from serum or plasma, providing a window
for the identification of brain disease. This discovery offers a novel approach to the early detection of
PD and has great potential for the noninvasive examination of brain biomarkers [14,15].

The current therapeutic approaches for PD lack curative effects, despite the availability of
pharmaceuticals that can alleviate motor symptoms, which may, however, lead to adverse effects as
the disease progresses. These findings underscore the urgent need to explore novel pharmaceuticals or
methodologies for managing PD. Although many CNS-targeted drugs fail in clinical trials because of
their inability to penetrate the BBB, exosomes and nanosized vesicles possess the unique ability to
traverse the BBB, making them promising candidates for drug delivery [16]. Compared with free
dopamine, exosomes isolated from human blood and loaded with dopamine can breach the BBB and
deliver dopamine to the brain, demonstrating enhanced therapeutic efficacy and reduced toxicity [17].
Additionally, exosomes engineered to carry catalase, an antioxidant, have been shown to mitigate
neural inflammation and enhance neural viability in PD models [18]. Moreover, exosomes can
transport small interfering RNAs (siRNAs) that target a-syn, reducing its levels and alleviating PD
symptoms [19]. Mesenchymal stem cell (MSC)-derived exosomes have also shown promise in
protecting dopaminergic neurons and reducing neuroinflammation in PD models through the delivery
of beneficial microRNAs (miRNAs) [20]. Despite the progress made, obstacles persist, including the
need for more efficient delivery mechanisms, exploration of potential negative impacts, and
identification of the best cellular origin for exosomes. Nonetheless, exosomes offer a promising avenue
for PD treatment and hold potential for various other neurodegenerative conditions.

2. Exosome features

Exosomes are small membrane-enclosed intracellular vesicles that range in size from 30 to 150
nm. These microscopic structures facilitate the transportation of various cellular components,
including lipids, proteins, and nucleic acids, to specific target cells by acting as conveyors for
them [21]. The development of multivesicular bodies (MVBs) is thought to be the source of
exosomes [22]. The cellular membrane folds inward during this genesis process, forming a cup-shaped
structure that traps soluble molecules from the external environment and cell surface proteins. These
vesicles then combine to produce early-sorting endosomes, which subsequently develop into late-
sorting endosomes. Many vesicles known as intraluminal vesicles (ILVs) are formed as the membranes
of these late-sorting endosomes continue to fold inward. Late-stage endosomes are referred to as
MVBs. These MVBs have two possible fates—they can merge with lysosomes for degradation or fuse
with the plasma membrane to release ILVs as exosomes [23,24]. Exosomes are produced by numerous
cell types, including neurons, MSCs, and immunological cells. Moreover, they are found in many other
body fluids, such as blood, saliva, urine, and cerebrospinal fluid (CSF) [25]. Exosomes may carry a
wide range of payloads, including particular proteins, lipids, and genetic material, most notably RNA
and DNA [26]. Lipids found in exosomes are essential for both coordinating vesicle production and
extracellular release as well as for preserving the structural integrity of the exosome membrane.
Exosomal lipids are distinguished by their unique distribution between the inner and outer membranes.
Studies have demonstrated that phosphatidylcholine and sphingolipids are primarily located in the
outer membrane, while other lipid species are predominantly found in the inner membrane [27]. Two
general categories may be used to classify the protein components of exosomes, namely common
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components and specialized components. Heat shock protein 70 (HSP70), heat shock protein 90
(HSP90), ALG2-interacting protein X (Alix), CD81, CD63, tumor susceptibility gene 101 (Tsgl101),
and membrane transport and fusion-related proteins such as Rab GTPases are examples of common
components. These proteins are essential for the production and secretion of exosomes [28]. On the
other hand, certain elements are closely connected to the parent cells from whence they originated. For
example, mast cell-derived exosomes containing markers such as CD86, MHC-II, intercellular
adhesion molecule 1 (ICAM-1), and lymphocyte function-associated antigen 1 (LFA-1) can stimulate
the growth of B and T cells [29]. Furthermore, PD-L1-containing melanoma-derived exosomes
suppress CD8+ T-cell antitumor activity in vivo, thereby encouraging tumor expansion [30].
Additionally, exosomes act as transporters of genetic material, including DNA and RNA, which may
be passed from one cell to another and regulate the expression of certain genes in the recipient
cell [31,32].

3. Feasibility and challenges of exosome-based therapies

Evaluating the feasibility and practicality of exosome separation methods for clinical applications
involves examining both their efficiency and operational challenges. Ultracentrifugation is widely
regarded as the gold standard because of its effectiveness in isolating exosomes, but it is hindered by
high costs, complexity, and the risk of damaging exosome structures. Size exclusion chromatography
(SEC) offers high purity and preserves exosome integrity, although its time-consuming process limits
its scalability for clinical use [33]. In contrast, filtration and precipitation methods are more cost-
effective and faster but often result in lower purity because of contamination from microvesicles and
lipoproteins. Microfluidic techniques show promise with their rapid processing, high sensitivity, and
small sample volume requirements but are not yet optimized for large-scale or clinical
applications [34].

In addition to separation challenges, the use of exosomes as therapeutic vectors presents several
disadvantages. One major issue is the incomplete understanding of how exosomes mediate their
therapeutic effects, which complicates the optimization and predictability of such therapies. Variability
in exosome content on the basis of their source and isolation conditions can also affect the consistency
and efficacy of treatments [35]. Moreover, contamination with other cellular components during
isolation may impact the safety and effectiveness of exosome therapies. Scaling up production for
clinical use introduces further complications, as current isolation and purification methods may not be
easily adapted for large-scale processes [36]. Addressing these challenges and regulatory concerns
through detailed studies is crucial for advancing exosome-based therapies and maximizing their
potential for clinical applications.

4. Exosomes in PD: Pathogenesis

Exosomes play a major role as mediators in promoting intercellular communication and are highly
relevant in many disease processes, including the etiology of PD [37]. Misfolded a-syn builds up in
neurons and is a hallmark of PD. Notably, misfolded a-syn from damaged neurons is transferred to
healthy neurons via exosomes, which in turn causes protein aggregation and cell death. The
autophagy—lysosome pathway (ALP) is consistently damaged in both rodent PD models and
postmortem brain tissue of PD patients, indicating a close association between this phenomenon and
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autophagic impairment [38,39]. Recent work by Georgia Minakaki and colleagues revealed that ALP
malfunction causes an increase in the amount of a-syn in exosomes generated from neurons, which
promotes a-syn transfer across cells in vivo [40]. Moreover, recipient cells internalize more o-syn
oligomers encapsulated in exosomes than loose a-syn oligomers do [13,41]. These findings highlight
how crucial exosomes are in the spread of a-syn disease. According to research by Huang et al., when
neural-derived exosomes from PD patients are injected into the striatum of mice, they can cause
dopaminergic neuron degeneration and consequent motor impairments [42]. Exosome-induced a-syn
aggregation can be further aggravated by inflammatory stimuli, hence increasing a-syn toxicity [13].
Research carried out by Han and colleagues revealed increased concentrations of TNF-a and IL-1f in
the serum exosomes of PD patients. Moreover, injecting these serum exosomes into the mouse striatum
resulted in the accumulation of a-syn, the activation of microglia, and the degeneration of
dopaminergic neurons, providing strong evidence that damage to dopaminergic neurons is amplified
by exosome-mediated inflammatory cytokine transport [43].

5. Exosomes in PD: Diagnosis

Recently, exosomes—tiny, membrane-enclosed vesicles released by cells—have gained attention
as promising options for enhancing PD detection. In this context, exosomal RNA species such as
miRNAs and long noncoding RNAs (IncRNAs), as well as exosomal proteins such as a-syn, DJ-1,
LRRK?2, and tau have attracted much attention due to their potential as useful diagnostic markers.

5.1. Proteins
5.1.1 0o-Syn

In the setting of PD, a-syn, which is normally present in a highly soluble and unfolded state,
changes and aggregates into insoluble filaments. This aggregate, commonly called Lewy bodies, is a
pathogenic feature that distinguishes PD from other illnesses grouped together as a-synucleinopathies.
According to recent studies, misfolded a-syn can potentially have prion-like characteristics. Recently,
exosomes have been identified as possible causes of this disease process. According to recent studies,
misfolded a-syn can be contained in exosomes, secreted by neuronal cells into the extracellular matrix,
and then utilized by neighboring neurons. This process has a significant effect on how PD develops.
As a result, the identification of a-syn in exosomes has attracted interest as a potential diagnostic tool
for PD [44,45]. To further elucidate the potential of exosomal a-syn as a diagnostic marker for PD,
this review explores studies conducted across three primary biofluids: CSF, blood, and saliva. Each of
these sources will be examined in detail, and their roles, diagnostic potential, and associated challenges
will be discussed:

5.1.1.1 o-Syn in CSF exosomes

Recent research into the diagnostic potential of exosomes, particularly CSF, in PD has highlighted
their diagnostic potential. Stuendl et al. demonstrated that a-syn levels in CSF exosomes are lower in
the early stages of PD than in healthy controls, suggesting that a-syn in CSF exosomes could serve as
a valuable biomarker for PD. They also identified a pathogenic form of a-syn in these exosomes, which
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might initiate the aggregation of soluble a-syn in target cells, contributing to disease progression [46].
However, CSF collection remains invasive and challenging. In contrast, in healthy controls, a-syn
levels in CSF exosomes are relatively stable and not associated with disease pathology. Further
research involving the administration of CSF exosomes from PD patients to healthy mice revealed PD-
like symptoms, including motor and nonmotor impairments and a-syn aggregation in the brain. This
study supports the idea that CSF exosomes can propagate o-syn pathology and exacerbate PD
symptoms [47]. Moreover, multiplex analysis of single exosomes from the CSF of Parkinson’s disease
dementia (PDD) patients via solid-state technology revealed various surface markers, such as CD9,
CD63, and CD81. A notable reduction in ApoE+ exosomes was found in PDD patients compared with
healthy controls, whereas a-syn was not detected on the exosome surface [48]. In contrast, recent
studies have explored the role of plasma exosomes in PD. They reported that while a-syn levels are
lower in CSF, plasma exosomal a-syn levels are significantly higher in PD patients. This increase
suggests that a-syn is released from the CNS into the peripheral blood. Plasma exosomal a-syn
correlates with disease severity and shows diagnostic sensitivity and specificity comparable to those
of CSF a-syn. These insights highlight the potential of plasma exosomal a-syn as a less invasive
biomarker for PD, which could be a focus of future diagnostic and therapeutic research [49].

5.1.1.2 o-Syn in blood exosomes

Exosomes derived from the CNS present in the blood, especially those carrying a-syn, offer new
diagnostic opportunities for PD. L1 cell adhesion molecule (LICAM), a CNS-expressed protein, is
used to isolate neuronal exosomes from blood and links a-syn levels with disease severity and
progression [49,50]. Studies by Niu et al. [51] and Yan et al. [52] demonstrated that a-syn
concentrations in neuron-derived exosomes from plasma samples are significantly higher in PD
patients, including those in the prodromal phase, than in healthy controls [53]. This increased presence
of a-syn in blood-derived exosomes makes it a promising biomarker for distinguishing PD from non-
PD states. However, conflicting results have been reported in the literature. For example, Shim et
al. [54] reported no significant differences in plasma exosomal a-syn levels between PD patients and
healthy individuals, whereas Si and colleagues reported lower a-syn levels in CNS-derived exosomes
from PD patients. These discrepancies highlight the impact of different isolation methods and biofluids
on study outcomes. Despite these conflicting findings, recent studies support the potential of a-syn in
blood exosomes as a valuable tool for diagnosing and monitoring PD. Research also indicates that
serum levels of CNS-derived exosomal a-syn can be used to differentiate between PD patients and
healthy controls and help identify different motor types within PD [55]. Furthermore, the identification
of pathological a-syn forms through immunoblot analyses, which exhibit -sheet-rich structures and
fibrillary appearances, provides new insights into the mechanisms of neurodegenerative disorders [56].
Recent advancements suggest that a-syn in neuron-derived exosomes holds significant promise for
early diagnosis and monitoring of disease progression in PD.

5.1.1.3 o-Syn in saliva exosomes

Exosomes derived from saliva are increasingly being explored as promising noninvasive sources
of biomarkers for PD. These small extracellular vesicles, which are secreted into the saliva, can provide
valuable insights into the biochemical alterations associated with PD. Recent studies have investigated
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the presence and levels of a-syn within salivary exosomes to evaluate its potential as a diagnostic
indicator for PD. One of the key findings from recent research is that salivary exosomes from PD
patients exhibit significantly higher levels of oligomeric a-syn (a-synOlig) than those from healthy
controls [57]. For example, a study analyzed saliva samples from 74 PD patients and 60 healthy
controls and discovered that the levels of a-synOlig in PD patients were notably elevated. Additionally,
the ratio of a-synOlig to total a-syn was significantly greater in PD patients than in healthy individuals.
This increase in a-synOlig and the a-synOlig/a-synTotal ratio highlights the potential of these
biomarkers in distinguishing PD from non-PD states. In contrast, healthy controls generally have lower
levels of a-synOlig and a lower a-synOlig/a-synTotal ratio in their saliva. This discrepancy between
PD patients and healthy individuals underscores the diagnostic potential of measuring these specific
forms of a-syn in saliva. Notably, while total a-syn levels in saliva did not significantly differ between
PD patients and healthy controls, the oligomeric form of a-syn was significantly increased in PD
patients. These findings suggest that a-synOlig and the a-synOlig/a-synTotal ratio are more indicative
of PD status than are total a-syn levels alone [58]. Moreover, the presence of specific markers such as
Alix and CD9 in salivary exosomes further supports the potential of these vesicles as diagnostic tools.
These markers indicate that the exosomes isolated from saliva are indeed of neuronal origin, which is
relevant for PD diagnostics. The noninvasive nature of saliva collection provides a significant
advantage over blood-based methods, which can be more invasive and subject to variability due to
systemic factors. The ability to detect elevated levels of a-synOlig and the a-synOlig/a-synTotal ratio
in salivary exosomes offers a more accessible and potentially reliable diagnostic approach for PD.
However, it is important to note that there are conflicting results in the literature regarding salivary
exosome and a-syn levels [59]. Some studies have reported elevated levels of a-syn, whereas others
have reported reductions or no significant differences, indicating the need for standardized
methodologies and further research to confirm these findings and establish their clinical
relevance [60,61].

5.1.2 DIJ-1

When exposed to oxidative stress, the antioxidative protein DJ-1 automatically oxidizes,
protecting cellular components and coordinating gene expression to strengthen antioxidant
defenses [62]. Owing to its connection to the processes underlying PD, researchers have investigated
the possibility of using DJ-1 as a biomarker. Differences in DJ-1 levels have been detected in a variety
of bodily fluids, such as urine [63], serum [64], plasma [65], and CSF [66]. For example, the levels of
oxidized DJ-1 (OxiDJ-1) in the urine of PD patients were found to be significantly greater than those
in the urine of non-PD controls by a factor of two [63]. In contrast, Zhao et al. examined plasma DJ-1
levels in both healthy controls and PD patients but reported no appreciable differences between the
two groups [67]. However, when scientists separated neural-derived exosomes from plasma, they
reported that PD patients had far greater quantities of DJ-1 than healthy controls did. Notably,
exosomal DJ-1 derived from neuron-generated exosomes in plasma samples was strongly positively
associated with a-syn in both individuals with PD and healthy controls; however, no association was
found with disease progression. Notably, proteomic studies of urine exosomes have revealed the
presence of DJ-1 [68,69]. In one study, Dong Hwan Ho and colleagues compared the concentrations
of DJ-1 in urine exosomes taken from both non-PD patients and PD patients to investigate the potential
of urine exosomes as a diagnostic tool for PD. The results demonstrated that only male PD patients

AIMS Neuroscience Volume 11, Issue 3, 374-397.



382

had an approximately 1.7-fold increase in DJ-1 protein, indicating that DJ-1 levels in urine exosomes
may be a useful biomarker for male PD diagnosis. In general, DJ-1 is still not regarded as a frequently
used biomarker. Although its diagnostic performance is moderate, its correlation with disease
progression is still unknown. Moreover, the fundamental causes of sex disparities in DJ-1 levels are
yet unknown. To address these issues, larger patient groups and further studies are needed [70].

5.1.3 Tau

The stability of the microtubule bundle is maintained by tau, a microtubule-associated protein
(MAP) that is present mostly in neuronal axons [71]. It is also important in tauopathies, one of which
is Alzheimer’s disease (AD) [72]. Additionally, a fascinating relationship has been found between the
tau gene (MAPT) and vulnerability to intermittent PD, as reported by multiple studies [73—75]. When
PD patients’ tau protein levels were compared to those of healthy individuals, a postmortem
examination of the human striatum revealed greater quantities of the protein [73]. Remarkably, the
reduction in neurodegenerative histopathological markers indicated a significant decrease in the course
of a-synucleinopathy with tau expression depletion [76]. This research investigated the potential use
of tau inside neuron-derived exosomes from plasma samples as a marker for diagnosis. The mice were
intracerebroventricularly injected with radiolabeled or unmarked tau, and the outcomes yielded
significant new data. This study demonstrated that tau can be found within neuron-derived exosomes
from plasma samples and can be transferred from the brain to the circulation. Crucially, rather than
being on the surface of the exosomes, the tau linked with them was encapsulated primarily within
them. These results were then applied to human participants, and the results of these studies revealed
that PD patients had considerably greater quantities of tau inside neuron-derived exosomes from
plasma samples than healthy controls did. On the other hand, compared with both PD patients and
healthy controls, AD patients have much greater amounts of tau throughout their whole plasma [77].
Thus, the diagnostic potential of tau in the setting of PD deserves more research, especially in
conjunction with other candidate proteins, such as a-syn.

5.1.4 LRRK2

Most cases of PD are classified as idiopathic PD (iPD) because no environmental or genetic
factors are responsible for 90% of cases. The remaining 10% of patients have a known genetic
component and are likely to have a familial onset. Among those with familial onset, mutations in the
LRRK2 gene are the most common cause of late-onset PD [78]. Surprisingly, researchers only
discovered very recently, in 2004, that LRRK2 is the only gene most closely linked to PD [79].
Research has revealed that the most common missense mutation in LRRK?2 results in elevated LRRK?2
protein kinase activity, which is connected to the onset of PD [80]. The LRRK?2 protein was detected
in exosomes made from urine and CSF by Fraser and colleagues in 2013. However, LRRK?2 levels in
exosomes do not differ between PD patients and healthy controls [81]; in 2016, more investigations
revealed important breakthroughs. The level of serine-1292-phosphorylated LRRK2 protein in urinary
exosomes was found to be approximately five times greater in a preliminary cohort of PD patients
carrying the G2019S-LRRK2 mutation than in healthy controls and PD patients without the G2019S-
LRRK?2 mutation [82]. These results suggest that elevated urine exosome levels of Ser(P)-1292
LRRK?2 can function as a marker of LRRK?2 mutation status and PD risk in individuals.
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Nevertheless, even among those without specific mutations, LRRK2 has been shown to have a
major influence on the pathogenesis of PD. Without these mutations, patients with iPD exhibit
defective neuronal autophagy and LRRK2 protein overactivation. These malfunctions cause an
aberrant build-up of a-syn, a protein that is strongly involved in PD progression [83]. Fraser et al.
(2016) compared the amount of Ser-1292-phosphorylated LRRK2 (Ser(P)-1292 LRRK?2) in biobanked
urine samples to clinical information from patients with PD and control subjects. Our findings
demonstrated that the levels of LRRK2 at Ser(P)-1292 in PD patients were significantly greater than
those in control participants. Furthermore, a relationship was shown between the degree of cognitive
impairment and Ser(P)-1292 LRRK2 levels in urine exosomes, highlighting the importance of this
protein in the pathophysiology of PD [84]. Although the level of serine 1292-phosphorylated LRRK?2
[Ser(P)-1292 LRRK?2] has been shown to be elevated in the urine exosomes of PD patients, several
unanswered questions remain that make it difficult to determine whether Ser(P)-1292 LRRK2 is a
useful biomarker. To verify the usefulness of Ser(P)-1292 LRRK2 in exosomes for the diagnosis of
PD or the evaluation of the severity of PD, including its association with both motor and nonmotor
symptoms, more research is necessary.

5.2. RNAs
5.2.1. miRNA

MiRNAs are a subclass of small noncoding RNA molecules that are typically between 21 and 24
nucleotides in length. These endogenous genes produce these molecules, which use the RNA
interference (RNA1) mechanism to control mRNAs, hence performing regulatory roles within cells.
MiRNAs play important roles in the epigenetics of many illnesses and are implicated in a broad range
of cellular functions; they frequently show altered expression patterns in different disease states [85].
Interestingly, miRNAs are stable in biological fluids such as serum and plasma; they frequently attach
to proteins or form vesicles, which protects them from breakdown. This feature has made miRNAs
attractive biomarkers because they provide a solid basis for their detection in bodily fluids or vesicles.

Gui and colleagues produced a novel finding in a critical study from 2015 in which they found
that individuals with PD and AD have miRNAs in their CSF exosomes [86]. Their research revealed
that, compared with those in healthy controls, the expression of 16 miRNAs was elevated and that of
11 miRNAs was downregulated in PD patients. Independent sample sets were used to further validate
these results. In CSF exosomes from PD patients, let-7 g-3p, miR-153, miR-10a-5p, and miR-409-3p
were strongly overexpressed, whereas miR-1 and miR-19b-3p were substantially downregulated.
Additionally, DIANA mirPath analysis was performed, which demonstrated that the miRNA patterns
linked to PD were enriched in several important biological pathways. Furthermore, miR-409-3p has
emerged as the most promising individual miRNA. Additionally, the combination of miR-153 and
miR-409-3p significantly increased diagnostic accuracy.

Nie et al. thoroughly analyzed plasma exosomal miRNAs in individuals with PD via small RNA
sequencing. Their research revealed a broad spectrum of changes in miRNA expression levels.
Notably, they found that eight miRNAs displayed distinct expression patterns in PD patients. Among
these, let-7e-5p was considerably increased in PD samples, suggesting its potential as a biomarker for
PD [87]. Additionally, another study by Yao et al. identified miR-331-5p and miR-505 as potential
biomarkers for PD [88].
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Many studies have been carried out in an attempt to identify miRNA-based biomarkers for PD,
and as a result, a number of miRNAs that show notable changes when associated with PD have been
identified. However, disparities among these investigations have led to diverse conclusions [89-91].
Cao et al. conducted research to improve our knowledge of the potential of miRNAs as clinical
biomarkers for PD to address this difference. To do this, they evaluated a collection of 24 miRNAs
that have been identified as possible PD biomarkers in serum or plasma and determined whether they
were appropriate for use in the setting of serum exosomes. Only three miRNAs produced consistent
results in the present study; in serum exosomes from PD patients, miR-19b was downregulated,
whereas miR-195 and miR-24 were overexpressed. The team then used the TargetScan program to
investigate the verified gene targets linked to these miRNAs. These gene targets, which include
ATP13A2/PARKO (targeted by miR-24 and miR-195), LRRK2/PARKS (targeted by miR-19b), and
Parkin RBR E3 ubiquitin protein ligase (PARK2; targeted by miR-19b), are strongly correlated with
various neurodegenerative processes, neuronal apoptosis, and regeneration that underlie PD [92].
Therefore, additional research must be conducted before exosomal miRNAs can be considered
potential biomarkers for diagnostic use in the treatment of PD.

5.2.2. IncRNA

A family of RNA molecules known as IncRNAs is distinguished by their length, which usually
surpasses 200 nucleotides. LncRNAs have been shown to be important in many biological processes,
including RNA metabolism, stem cell maintenance and differentiation, transcriptional and
translational regulation, epigenetic control, autophagy, apoptosis, and embryonic development [93].
Moreover, IncRNAs are closely linked to the pathophysiology of neurodegenerative diseases such as
PD, AD, Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). Notably, IncRNAs are
also essential for brain development, neuronal function, and maintenance [94]. The main topic of this
debate is the use of exosomal IncRNAs as a PD diagnostic tool. In 2020, Zou et al. used a variety of
clinical measures to evaluate the severity of PD in 93 patients and 85 control participants. Using
antibody-coated superparamagnetic microbeads, they were able to separate exosomes carrying
L1CAM from human plasma. The group then used microarray technology to examine the IncRNA
profiles found in these exosomes [95]. Linc-POU3F3 expression was significantly upregulated in
patients with PD, and this IncRNA had the greatest reliable detection density. Notably, B-
glucocerebrosidase (GCase), a lysosomal enzyme produced by the GBA1 gene, has been linked to the
stability of a-syn proteins and is essential for the pathophysiology of PD [96]. However, a strong
relationship was found between plasma GCase activity, the severity of PD, and the amount of Linc-
POU3F3 in LICAM exosomes. However, PD patients and control participants were substantially
separated when Linc-POU3F3 was used alone. When plasma GCase activity and LINC-POU3F3 and
a-syn in LICAM exosomes were taken into account, the separation was significantly improved. As a
result, LICAM exosomal Linc-POU3F3 shows promise as a PD diagnostic biomarker. Figure 1 shows
the diagnostic biomarkers associated with PD.
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Biomarkers of PD for Diagnosis

CSF: a-Syn *
Saliva: u-Syn+ LICAM * ...........................
Urine: a-Syn + LRRK?2 +

Serum: u-Syn* miR—331-5p+ miR-505+

A

Plasma: um-Syn+ miR-24+ miR-195

Figure 1. Biomarkers for PD diagnosis.
6. Exosomal biomarkers: APS

Misfolded a-syn in oligodendrocytes is a characteristic of MSA, a deadly neurodegenerative
disease with an unclear cause that manifests in adults [97,98]. There are two primary forms of this
gene: MSA-P, associated mostly with parkinsonism, and MSA-C, associated with cerebellar symptoms
and both striatonigral degeneration (SND) and olivopontocerebellar atrophy (OPCA) [99]. Similar
symptoms in the early stages of PD and MSA may occur, making diagnosis difficult [100,101]. Dutta
et al. used exosomes produced by neurons or oligodendrocytes and measurable in plasma to separate
healthy people from PD patients and MSA patients. In their study, they used myelin oligodendrocyte
glycoprotein (MOG) as a marker for the isolation of oligodendroglial exosomes, allowing them to
specifically target exosomes derived from oligodendrocytes. In contrast to earlier studies, their data
revealed that a-syn levels followed the order control < PD < MSA in both neuronal and
oligodendroglial exosomes. Furthermore, the ratio of the a-syn concentration in neuronal exosomes to
that in oligodendroglial exosomes was demonstrated to be an extremely sensitive biomarker for
differentiating between MSA and PD [102,103].

PSP is a variety of APSs frequently characterized by frontal lobe dysfunction, dysarthria,
dysphagia, and vertical gaze palsy [104]. Distinguishing between PD and PSP, particularly in the
beginning stages, might be challenging. However, I[da Manna et al. investigated the possibility of using
miRNAs in serum exosomes as biomarkers to distinguish between PSP and PD. They reported that six
miRNAs (miR-29a-3p, miR-199a—5p, miR—3p, miR-21-3p, miR-425-5p, and miR-483—-5p) had
excellent discriminatory power. These results suggest that combinations of exosomal miRNAs have
the potential to improve diagnostic differentiation and should be further validated in larger cohorts to
support clinical distinctions between PSP and PD [105].

Patients with DLB generally exhibit early-stage dementia and visual hallucinations at the same
time. Extrapyramidal motor symptoms, similar to PD symptoms, typically appear simultaneously or
quickly. Early in life, cognitive impairment usually starts after age 55 [106]. Visuospatial
abnormalities, varied memory losses, and severe executive dysfunction are among the cognitive areas
impacted in both DLB and PDD [107]. When DLB is diagnosed, the international consensus criteria
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take into account cognitive impairment that starts within a year after the onset of Parkinsonian motor
symptoms or comes before them [108]. Conversely, cognitive impairment occurs in individuals with
PDD when established PD is present [109]. These two illnesses show a great deal of convergence
despite variations in the timing of motor and cognitive abnormalities as well as certain clinical
variances [110]. It is difficult to differentiate between PD and DLB accurately since the two conditions
have similar clinical signs and neuropathological alterations. One study suggested that CSF exosomal
a-syn may be a biomarker that can differentiate between DLB patients and PD patients. Compared
with CSF samples from PD patients and controls, DLB patients had fewer exosomes and decreased
concentrations of exosomal a-syn [46].

Symptoms of CBD, a chronic, progressive neurological disease, include dystonia, postural
abnormalities, dysfunction, and an asymmetric akinetic-rigid condition. The accumulation of abnormal
tau proteins in glial cells and neurons is a hallmark of this disease pathogenesis. Initially, CBD was
commonly misdiagnosed as Parkinson’s disease or other degenerative conditions [111]. Recently,
Meloni et al. examined exosomal a-syn and tau aggregates in neural-derived exosomes isolated from
patient blood to distinguish PD from APS, such as CBD and PSP. Notably, PD patients had much
greater amounts of exosomal oligomeric a-syn than APS patients did, whereas APS patients had
significantly greater levels of exosomal tau aggregates than PD patients did [112].

By adding a significant number of new samples and combining them with their prior dataset,
Jiang and colleagues carried out a thorough confirmation of their earlier findings in 2021. A total of
735 participants—including healthy control subjects and those in the PD, MSA, PSP, and CBD
subgroups—were included in this combined study [113]. The idea that exosomal a-syn levels are
helpful indicators for distinguishing PD from MSA and 4-repeat tauopathies is strongly supported by
these findings. Furthermore, when used in conjunction with exosomal clusterin, this combination
improves the ability to discriminate between 4-repeat tauopathies and PD. This fascinating discovery
implies that future research should consider clusterin as one of the essential indicators in their
diagnostic toolbox to distinguish between atypical Parkinsonian disorders.

This section highlights how important exosomes are in differentiating PD from other APSs.
Additionally, the majority of research has been performed on exosomes with neural origins, but few
comparative studies have investigated exosomes from other kinds of brain cells, such as neurons,
oligodendrocytes, and astrocytes. Moreover, we propose a broader perspective on the potential analysis
of exosomes originating from nigrostriatal dopaminergic neurons in future research, which could
significantly advance the diagnosis of PD. Furthermore, given the diverse pathological protein profiles
observed in APS, the diagnostic process for PD and these syndromes can benefit significantly from
the integration of multiple biomarkers. Table 1 displays the markers of APS, their origins, and a
comparison with PD.
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Table 1. Markers of APS, origins, and comparisons with PD.

Disease  Marker Origin cell Comparison in PD and APS Ref
MSA o-syn Oligodendrocyte Exosomal a-syn: control < PD <

exosomes MSA [102,103]
PSP miRNAs  Serum exosomes Exosomal miRNAs (miR-21-3p, [105]

miR-199a-5p, miR-425-5p, miR-
483-5p, miR-22-3p, and miR-29a-

3p): PD <PSP
DLB o-syn CSF exosomes Exosomal a-syn: DLB < PD [46]
CBD Abnormal Neural-Derived Exosomal tau proteins: PD <CBD  [112]
tau €xosomes
_ proteins

7. Exosomes in PD: Treatments

Presently, therapeutic interventions for PD do not yield a curative outcome, notwithstanding the
existence of several pharmaceutical agents capable of ameliorating motor manifestations.
Nevertheless, as the disease progresses, the administration of these pharmaceutical agents may have
adverse or deleterious consequences [114]. Hence, there is a pressing demand for the exploration and
development of novel pharmaceuticals or methodologies for addressing PD.

Owing to the inability to cross the BBB, the majority of medications used for CNS illnesses have
failed in clinical trials [16]. However, exosomes are naturally occurring nanovesicles with the potential
to cross the BBB, which makes them appropriate for use as drug delivery vehicles [115-117]. Qu et
al. separated human blood exosomes and filled them with a saturated dopamine solution. Researchers
have shown that these blood-derived exosomes can cross the BBB and transport dopamine to the brain
through interactions between transferrin and the transferrin receptor in both in vivo and in vitro trials.
Additionally, compared with free dopamine, dopamine-loaded exosomes are less toxic when given
systemically via intravenous methods and have improved therapeutic effectiveness in a mouse model
of PD [17]. Using monocytes and macrophages, Haney et al. developed a new exosome transport
method that includes catalase, a potent antioxidant. In both in vitro and in vivo models of PD, neurons
ingest these exosomes and release catalase, which substantially reduces brain inflammation and
improves neural survival [18]. Additionally, Kojima et al. reported the creation of a set of modified
cells known as exosomal transfer into cells (exotic), which allowed customized exosomes to be
produced within altered mammalian cells to transport therapeutic catalase mRNA to the brain [118].

Furthermore, exosomes that carry specific exogenous siRNAs may be used as therapeutic agents
for PD. When manufactured exosomes carrying siRNAs targeting a-syn were systemically
administered to S129D a-syn transgenic mice, the levels of a-syn mRNA transcription and protein
synthesis were reduced [19]. Because siRNAs function only for a short time, Izco and colleagues
created shRNA minicircles (shRNA-MCs) [119]. Using RVG-exosomes, shRNA-MCs targeting a-syn
were transferred to a mouse model of PD that was produced by premade a-syn fibrils. This intervention
improved clinical symptoms, reduced a-syn aggregation, and decreased dopaminergic neuron death.

The utilization of exosomes derived from MSCs has been acknowledged as a potentially
beneficial therapeutic resource. Its application has demonstrated benefits in a range of medical
disorders, such as PD, MS, and osteoarthritis [120,121]. Exosomes derived from MSCs have been
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shown to preserve dopaminergic neurons in 6-hydroxydopamine-induced mouse models of PD,
suggesting that they may be therapeutic options for this condition [122]. In animal models of PD,
MSC-derived exosomes have been shown to transfer advantageous miRNAs and interact with neuronal
cells, resulting in a decrease in neuroinflammation and stimulation of neurogenesis [123]. Notably,
miR-21 and miR-143, which are present in MSC-derived exosomes, are essential for immunological
control and prevention of neuronal death [124]. Moreover, exosomes produced from MSCs may
transmit miR-133b, one of the downregulated miRNAs in PD, to neuronal cells, where it stimulates
neurite development [125]. Furthermore, altering MSC-derived exosomes with mimic-miR-7 reduces
NLRP3 inflammasome activation and a-syn aggregation in the substantia nigra pars compacta and
striatum, which helps to reduce the neuroinflammatory response in PD [124]. Additionally, the
addition of antago-miR-155 can decrease neuroinflammation and microglial cell activation, which may
have therapeutic effects on PD. The transfer of genetic material, such as miRNAs, via MSC-derived
exosomes offers great potential for PD animal models, in light of previously described studies.
Understanding how miRNAs from MSC-derived exosomes interact with the molecules and cells
implicated in PD is therefore crucial [20].

Exosomes generated from many cell types may be created for specific targeting of neurons and
brain regions, as an increasing number of studies have demonstrated. This approach offers therapeutic
promise not only for PD but also for many other neurodegenerative illnesses [126]. Although the use
of exosomes in therapy has many clear advantages, there are a few drawbacks to consider. First, we
were unable to obtain completely pure exosomes using current technologies. As such, designing a
simplified exosome delivery system with a minimal amount of superfluous material and a high
concentration of therapeutic compounds is critical. Second, a careful examination of the possible
negative consequences linked to the use of exosomes from different sources is necessary. Finally,
identifying the best biological source for exosomes is important [127].

8. Conclusion

In conclusion, this review highlights the significant advancements in exosome research over the
past decade, emphasizing their critical role in intercellular communication. These vesicles, which are
capable of delivering proteins and miRNAs, influence gene regulation and protein function in recipient
cells and facilitate the spread of misfolded proteins such as a-synuclein, contributing to PD
pathophysiology. Recent studies underscore the potential of CNS-derived exosomes as diagnostic
biomarkers for PD and atypical APS, particularly when they are isolated from specific brain cell types
such as astrocytes and oligodendrocytes. Additionally, the unique properties of exosomes, including
their ability to cross the blood—brain barrier and their manipulability, make them promising tools for
treating neurodegenerative diseases. Further research and development are essential to fully explore
and harness the potential of exosomes in the pathogenesis, diagnosis, and treatment of
neurodegenerative diseases, especially PD.
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