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Abstract

Alpha-synuclein (α-syn) has long been identified as the etiologic agent of multiple neurodegenerative diseases, the most common and
well-known of which are Parkinson’s disease (PD) and Lewy body dementia (LBD). While it is known that the pathophysiology of
these synucleinopathies involves aggregation of improperly-folded α-syn, the mechanisms leading to its accumulation have not been
fully identified. However, multiple pathways have been proposed, any or all of which may contribute to synucleinopathies. The role
of α-syn in normal homeostasis and in other organ systems, especially the hematopoietic system, has been reported recently. Research
within the last decade has shown that α-syn plays many vital and conserved roles in the cell biology of various organ systems, such
as packaging of cell products, exocytosis, membrane stabilization, and more. This protein has been recognized as an essential factor in
normal hematopoietic and immune systems function, and its deficiency leads to an abnormal phenotype, in hematopoietic and immune cell
lineages. Similar phenotypes in synucleinopathies not only emphasize the conserved nature of the synuclein family but suggest a bimodal
pathophysiology in which aggregated α-syn leads to cellular toxicity while causing derangement of systems that require it. Research
into specific molecular mechanisms and potential treatments may provide further understanding of neurodegenerative diseases as well
as lead to novel therapies. However, elucidation of the systemic roles of α-syn in addition to its toxicity in excess is essential to prevent
treatment-induced deprivation, which paradoxically harms the patient. Here, we address recent advances in systemic synucleinopathies
and putative interconnectedness of these compartments. While previous studies and reviews have focused on the mechanisms of α-syn
synthesis, transport, and aggregation within systems, this review focuses on the potential inter-systemic nature of synucleinopathies and
their possible synergistic origins.

Keywords: α-synuclein; synucleinopathies; neurodegenerative disease; Parkinson’s disease; hematopoiesis; immunity

1. Introduction
Alpha-synuclein (α-syn), a member of the synuclein

family of proteins, is a small protein with highly-conserved
sequences and three well-studied domains [1,2]. It is ubiq-
uitous throughout the human body, and its integral roles
include membrane fusion, endocytosis, and exocytosis, in-
cluding within non-neuronal cells, especially red blood
cells (RBCs) and platelets [3–5]. Aggregates of α-syn have
also long been identified as a driver of a family of progres-
sive, degenerative central nervous system (CNS) diseases
known as synucleinopathies, most famously Parkinson’s
disease (PD) but also encompassing Lewy body demen-
tia (LBD) and multisystem atrophy (MSA) [6]. Especially
within the last two decades, multiple mechanisms of α-syn-
mediated neurodegenerative diseases (NDD) have been and
continue to be both proposed and researched. However, de-
spite its role in multiple organ systems, research into the
role ofα-syn in non-neuronal, peripheral and/or hematopoi-
etic pathophysiology has been relatively unknown until re-
cently.

Since the hematopoietic system requires endogenous
α-syn for normal function, new efforts to establish the path-
waysmediated byα-syn in both hematopoietic function and
dysfunction have been undertaken. For example, RBCs ac-
count for the majority of circulating α-syn, while platelets
exhibit a higher protein fraction of α-syn [7,8]. Indeed,
widespread presence of α-syn across cell lineages of the
hematopoietic system implicates that it is important in al-
most every cell line [4,9–11]. This protein is particularly
essential to the structure and function of immune cells. Both
systemic deficiency of α-syn and its aggregation in neural
tissue have been associated with significant T-cell dysregu-
lation [10,12], implying that when α-syn is predominantly
present in aggregates, its presence in the hematopoietic sys-
tem can be affected. This suggests that α-syn-associated
systemic pathophysiologywithin the CNS can be seen as bi-
modal in nature: excess of α-syn in aggregates and paucity
of α-syn, also known as the synucleinopenia hypothesis
[13], may both contribute to disease.

Other systems that are affected by synucleinopathies,
some of which have been implicated in CNS disease, in-
clude the gastrointestinal (GI) tract and the integumentary
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system; in this regard, the gut microbiome and its interac-
tion with α-syn have been postulated as a potential point of
origin for neurodegenerative synucleinopathies [2,14]. If
true, these hypotheses correlate with recent research sug-
gesting that the gut microbiome is highly connected to the
nervous system via the “gut-brain barrier”, and with ever-
increasing evidence that multiple systems could contribute
to mechanisms influencing neurologic disease as a whole.

In summary, contrasting with the prevalent view of
α-syn-induced disease as primarily neurological, potential
molecular mechanisms in which different systems cause
and are affected by α-syn dysregulation have been identi-
fied. Although the structure and function of α-syn are well-
studied, much work will still need to be done regarding its
interaction with non-neuronal systems in which it is neces-
sary and those in which it is detrimental.

2. Alpha-syn Structure and Function
Alpha-synuclein is a protein consisting of 140 amino

acids with highly evolutionarily conserved sequences,
which it shares with the beta- and gamma- isoforms in the
same family, and three domains that include two regions
considered important in disease: the N-terminal and the C-
terminal regions, and a central region between them [1,15].
The N-terminal region is primarily alpha-helical in nature
and is highly important in lipid binding (membranous struc-
tures). Conversely, the C-terminal region has a wider range
of actions that include post-translational cellular modifica-
tions, protein chaperoning at synapses, and docking of pro-
tein complexes; this region is also thought to prevent aggre-
gation in its usual conformation [16]. Multiple methods of
post-translational modification of α-syn have been identi-
fied and studied, with phosphorylation predominant in nor-
mal function as well as preventing aggregation [1,17]. Ad-
ditional common post-translational modifications include
proteolysis/truncation, oxidation, glycation, and ubiquiti-
nation, although phosphorylation is the best-known of these
mechanisms and appears highly necessary to retain charac-
teristic protein flexibility [1,17].

The configuration ofα-syn is largely dependent on the
membrane and/or cell type to which it binds; it is commonly
found in an alpha-helix configuration when binding to lipid
membranes and in a broken alpha-helix when binding to
small vesicles [17]. While its relative structural flexibility
lends itself well to membrane trafficking, packaging, and
transport, these same characteristics—especially in the C-
terminal region—cause α-syn to easily misfold and subse-
quently form aggregates [4,17,18]. Specifically, β-helical
configurations have been identified asmost pathologic [18].
These aggregates have long been implicated as the major
drivers, if not the root cause, of synucleinopathies such as
PD and LBD [17–19].

There is also evidence that α-syn contributes to mi-
tochondrial function, particularly in neurons, which could
in turn contribute to NDD pathology [20]. Additionally,

interaction of α-syn with cytoskeletal proteins may both
contribute to understanding of its full function and provide
an alternate mechanism by which it causes neurodegenera-
tive pathophysiology [21]. The many roles that this protein
plays in normal homeostasis provides ample avenues for fu-
ture research. In the following sections, tissue-specific α-
syn utilization will be discussed.

2.1 The Hematopoietic System

While research into α-syn has traditionally focused
on the neurologic system, it has been found that it is im-
portant, if not essential, in the majority of the hematopoi-
etic system. Certain categories of cells are predominant
in usage and production of this protein. As previously
mentioned, RBCs produce α-syn and require it for dif-
ferentiation [4,5,9,22]. Within the erythrocyte compart-
ment of the hematopoietic system, it has been found that
α-syn is expressed as early as the erythroblast stage, as
confirmed by immunohistochemical staining of bone mar-
row; staining is most evident in erythroblasts [5]. α-syn
is upregulated concurrently through maturation with other
maturity-marking proteins, such as hemoglobin subunits
[22]. While erythrocytes are anucleate, early erythrocyte
precursors require α-syn-associated cell membrane func-
tion for effective maturation, including the aforementioned
hemoglobin expression and the later physical process of nu-
cleic acid expulsion [5,23]. Changing localization of α-syn
on nuclear membranes (early development) and in the cy-
toplasm (most prominent in later maturation) provide evi-
dence of its necessity; it is, unlike many proteins, upreg-
ulated rather than downregulated with increasing matura-
tion [22]. It is furthermore upregulated by GATA-1, itself a
prominent protein in RBC maturation [23]. Additionally,
α-syn—through its widespread membrane-binding func-
tions including binding to phosphatidylserine—appears es-
sential to characteristic RBC membrane fluidity and flexi-
bility, and likely binds to proteins such as transferrin, which
are essential to iron homeostasis and processing [7,22].

While not the only driver of platelet function, α-syn
is present in platelets and regulates α-granule release, act-
ing not only as a chaperone in platelet function but also
as a calcium-dependent negative regulator that prevents
excessive platelet activation; also, it is present as early
as the megakaryocyte stage [3,24,25]. Mechanistically,
these findings are likely due to the necessary interaction
of α-syn with cell-surface receptors partially responsible
for platelet aggregation, such as glycoprotein Ibα [26].
Platelets, although anucleate like erythrocytes, addition-
ally express vesicular and target soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNARE) pro-
teins, with which α-syn likely interacts to achieve opti-
mal conformation and allow the release of granule con-
tents. Such functions have been identified in cells within
multiple systems and lineages [4]. This suggests a role in
multiple phases of platelet activation, suggesting that α-
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Fig. 1. Hypothesized pathways and functions of alpha-synuclein in platelet and red blood cell compartments. Depiction of the
use of alpha-synuclein in platelets (left) and red blood cells (right), including aggregation, membrane integrity, and expulsion of genetic
material and granules into the bloodstream and surrounding tissues are depicted. Created with BioRender.com.

syn may be necessary throughout the activation process [7].
For instance, α-syn deletion in combination with the pro-
tein multimerin-1 has been shown to contribute to bleeding
diathesis [26]. Furthermore, α-syn continues to be released
even after platelets have been extracted from whole blood
and stored, which provides insight into a potentially more
dynamic purpose within the megakaryocytes and platelets
themselves [7]. These roles appear to be not dissimilar to
those in the erythrocyte compartment (Fig. 1).

Lack of α-syn significantly dysregulates the immune
response within almost all leukocyte categories, and as such
its roles have been at least partially described. Its deficiency
prevents normal maturation and function of both the in-
nate and adaptive immune systems. Differentiation and ef-
fective phenotype switching of macrophages and dendritic
cells are significantly decreased, as is their subsequent anti-
gen presentation [27]. Within the adaptive immune sys-
tem, α-syn deficiency changes and/or decreases the mor-
phology, regulation, differentiation, and granule release in
B and T cells, which shows not only that its release is essen-
tial to cell signaling, but that its membrane interactions are
necessary for normal cell differentiation and physiological

response [4,10,27,28]. Finally, impaired immunoglobulin
G (IgG) production and B-lymphopenia in α-syn knockout
mice emphasize the fundamental importance of this protein
across multiple lymphoid compartments [11].

2.2 The Nervous System

The nervous system, perhaps the most commonly
studied bodily system in this context, requires properly-
functioning, un-aggregated α-syn to produce synapses. Its
interactions with, particularly, presynaptic elements of a
synapse is especially prominent in the dopaminergic, cat-
echolaminergic, and glutamatergic neurons, all of which
are largely excitatory in nature; this is anatomically read-
ily detectable in the substantia nigra and locus coeruleus
[17,21,29]. In terms of the nervous system as a whole, α-
syn has historically been considered largely brain-specific,
although its extensive role in the enteric nervous systemwill
be explored later [1]. As this review describes, the prevail-
ing view of α-syn-driven disease as brain-based with only
marginal contributions from other systems is, given the re-
sults of a growing body of literature, likely outdated and
should perhaps be set aside in favor of an inter-systemic
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approach. However, α-syn remains the agent of synucle-
inopathies in the nervous system and its aggregation can
occur and/or perpetuate there, which means that a thorough
understanding of its mechanisms in the CNS should still be
foundational in its study.

As synapses are largely driven by membrane- and
vesicle-based interactions between neural cells, native α-
syn in its membrane-binding and membrane-stabilizing ca-
pacities is vital for normal brain function. α-syn binds to
and stabilizes cell membranes’ lipid bilayers, maintaining
the physical membrane structures that maintain cell and
vesicle integrity as well as interacting with cytoskeletal pro-
teins [1,16]. Via interactions with SNARE proteins and
vesicle-associated membrane protein 2 (VAMP2), both ter-
minal domains participate in synaptic vesicle docking and
trafficking and localize largely within presynaptic vesicles
[16,18,30]. This leads to well-known synapse mechanisms,
in which, most commonly, vesicles containing neurotrans-
mitters complete their actions at the postsynaptic terminal.
However, α-syn is not limited to simple synaptic membrane
interactions. It has been shown to help form fusion pores
involved in the egress of cell contents, and binds to cal-
cium, itself involved heavily in synaptic transmission and
neuro-electrical impulses [16]. The mitochondria, which
form vesicles as part of normal maintenance, attract α-syn,
which has been linked to organelle degradation and dam-
age following normal interactions [18,20]. In short, the
widespread necessity and localization of α-syn in the CNS
is consistent with its presence and roles in other systems.

2.3 The Gastrointestinal System

The nerve plexuses that drive visceral innervation and
peristalsis, known as the enteric nervous system (ENS), re-
quire α-syn to function. This protein has been found to be
distributed in the jejunum within both the neurons of the
ENS and the epithelial cells [31]. Within the colon, it is
present in both the muscular wall and the ENS, with some
evidence that α-syn accumulation in these regions is a nor-
mal part of aging or reactive pathology rather than simply
a harbinger of pending NDD [32,33]. In addition to this
role, α-syn can stimulate the GI tract’s immune function,
allowing recruitment of immune cells to the gut during gas-
troenteritis [34,35].

In mice, it has been shown thatα-syn is likely required
for healthy development of the ENS, especially in terms
of cholinergic neurons. For example. deficiency leads to
evidence of poor colonic function, including constipation
[36]. Interestingly, these symptoms are similar to constipa-
tion seen in PD patients, further indicating that disease is
induced by both paucity and excess of α-syn and implying
that tight regulation of its expression is important [37,38].

Outside of the gut, α-syn may play a part in nor-
mal function of other organs within or associated to the
GI system, including the pancreas. Deletion of the pro-
tein causes a diabetes-like phenotype in mice, while over-

expression improves glucose tolerance and insulin sensitiv-
ity, possibly through the same transport mediators involved
in membrane trafficking [39]. It has also been described
that there is a connection between α-syn and insulin re-
sistance; since physiologic levels of α-syn prevents excess
insulin secretion by modulating release of insulin granules
[39,40]. Nevertheless, the co-occurrence of PD and dia-
betes, while not enough to determine causation, suggests
that the same inflammatory mechanisms may play active
roles in both etiologies, especially in the context of gut
dysbiosis [40]. It should be noted that the changes in mi-
crobiome associated with diabetes, such as a decrease in
short-chain fatty acid-producing bacteria, may themselves
be independently associated with increasing metabolic and
inflammatory derangement within the gut [41]. Given
the frequency of diabetes in developed countries, potential
synergistic interaction with α-syn-associated inflammatory
mechanisms—especially with age, as α-syn increases sys-
temically with aging—presents a potential area for further
study [18,20,32,33].

3. Cross-System α-syn-Induced
Pathophysiology

Oligomers, multimers, and fibrils are known to form
as the result of abnormal α-syn aggregation. However,
of these oligomers are thought to be the most toxic and
to contribute most frequently to NDD, although fibrils are
also frequently found andmay precedemultimers formation
[4,19,42]. It is widely agreed that the tendency of α-syn to
aggregate is caused partially by the mercurial conformation
of its C-terminal component, which allows the protein to
fold abnormally with relative ease [17,18]. While this sin-
gle characteristic is largely, although not solely, responsible
for the ability to form aggregates, likely multiple mecha-
nisms are involved in the actual process. Phosphorylation,
for example, appears to play a part in changing the protein’s
conformation [2]. Interaction with lipid membranes, one of
the crucial functions of α-syn, may itself promote aggrega-
tion by changing the protein’s conformation during normal
physiologic interaction [43,44]. Post-translational modifi-
cation may also contribute to this process [1,44]. Addi-
tionally, other risk factors may be environmental, such as
heavy-metal toxicity, pollution, or even exposure to pesti-
cides [40,45].

Once misfolded, these α-syn aggregates spread
throughout affected systems in a prion-like manner, con-
verting normal α-syn to the abnormal form potentially by
hijacking normal vesicle function [19]. Initially, α-syn ag-
gregates themselves cause intra-neuronal toxicity and neu-
ron degeneration [42]. Attraction of the immune system
to these—in effect—foreign bodies then create much of
the early trigger and subsequent pathology characteristic
of NDD. CNS-specific macrophages, known as microglia,
generate a powerful inflammatory response locally that re-
cruits both astrocytes and a myriad pro-inflammatory ele-
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ments from the blood, many of which are α-syn-specific,
that further damages neural tissue [18,42,46]. Additionally,
lysosomal dysfunction, leading to inability to degrade α-
syn aggregates, may represent another potential contributor
throughout the entire process [47,48].

The effects on the CNS of α-syn derangement in the
blood provide clues as to how the immune system, when
deprived of sufficient α-syn as aggregation disseminates,
contributes to NDD patients’ physical and mental decline.
It has been reported that α-syn is important to type 1 in-
terferon signaling, an important initiator of immune sig-
nal transduction, within the nervous system [49]. Like-
wise, binding of lymphocyte activation gene-3 expands α-
syn aggregate formation and toxicity, which suggests that
pathologic interaction between α-syn and the adaptive im-
mune system contribute to NDD; and excess α-syn may
similarly activate the immune system to attack neural tis-
sue [12,27,50]. Immunosuppression has also been corre-
lated with NDD, potentially via loss of normal T-cell regu-
lation preventing α-syn aggregation, although a definitive
causative relationship has not been proven [51]. Moreover,
although active T cells are increased in these diseases, over-
all T cell numbers are paradoxically decreased [12]. These
findings emphasize that not only is the immune system in
effect weaponized to perpetuate NDD, but its dysfunction
can contribute to or possibly even initiate these disease pro-
cesses.

Different origins of α-syn, and mechanisms of its
transport into the CNS, have been proposed in recent years.
With the rise in our understanding of the relationship be-
tween gut health and human health as a whole, concomitant
understanding of the relationship between the gut andα-syn
pathology has similarly increased. These relationships, i.e.,
“the gut-brain axis”, have led to increased focus on the gas-
trointestinal system as one area of research for NDD, with
the microbiome drawing increasing focus [52]. However,
multiple potential avenues must be considered (Fig. 2).

3.1 Gut-Modulated α-syn Pathophysiology

As previously described, α-syn is present in relatively
high quantities throughout the gut, primarily in the ENS but
also within muscle and epithelium [31–33]. It is therefore
a prime candidate to interact with elements of the gut, in-
cluding themicrobiome. Detrimental changes in the gut mi-
croflora typically involve decrease of normal commensals,
such as Bacteroidetes [52], in favor of species that are typ-
ically less common, such as those in the Bacillota phylum
[39]. Microbial changes dysregulate the immune response
and disrupt normal gut homeostasis, including but not lim-
ited to development of colitis and inducement of α-syn ag-
gregation [14,45,52]. In fact, amyloid produced by certain
gut bacteria, known as “curli”, can promote α-syn aggrega-
tion as well [53]. More recently, several groups have pro-
vided more evidence for gut-first synucleinopathy. A new
study demonstrated the combined influence of α-syn and

tau in gut-first NDD [54], while a separate paper provided
neuropathologic evidence of Lewy body disease for gut-, or
body-first, patients in a caudo-rostral pathology [55].

The connection between the gut and the brain is not
linear, and bidirectional interactions cannot be ruled out as
potential contributors to synucleinopathies and NDD [19].
A single mechanism has not been definitively identified at
this point, but multiple potential pathways have been pro-
posed. Of note, with an ever-increasing amount of knowl-
edge about the gut, the microbiome and its proteome, and
crucial interactions between the body and bacteria, research
has continued to expand on this area. However, transport of
α-syn in the blood can be both beneficial to hematopoiesis
yet harmful to the body. On the other hand, α-syn aggrega-
tion and genesis of disease within the CNS, at least partially,
also cannot be ruled out.

3.2 Proposed Pathways and Initiating Factors

The latest research regarding how α-syn may move
from non-neural systems to the brain can be summarized
with the terms “brain first” versus “body first” or “gut first”,
i.e., spontaneous generation within the CNS or nearby
nerves as opposed to extra-neural aggregation followed by
secondary transport to the CNS [2,56,57]. These categories
are, of course, discrete and generalized, but are still useful
in this context. “Brain first” has been and continues to be
studied, while “body first” composes much of the current
research into synucleinopathies, but neither potential path-
way can be discounted. In fact, the connections between
the central and peripheral nervous systems, and their sub-
sequent intertwining with non-neural bodily systems, make
elaboration of both general categories both complex yet
necessary.

Within the “brain first” category, the olfactory nerve
or bulb (OB) is considered potentially crucial in genesis
and/or transportation of α-syn aggregates. Reports have
shown that α-syn has been detected in the OB prior to on-
set of NDD symptoms, particularly motor ones [40,58].
Likewise, non-human primate experiments have shown that
seeding the OB with exogenous α-syn leads directly to an
artificially-induced NDD [59]. Rapid eye movement sleep
behavior disorder, associated with excess α-syn in the area,
is correlated with later development of NDD [56,60]. Addi-
tional potential sites for α-syn propagation include the dor-
sal motor nucleus, nucleus ceruleus, and amygdala, all of
which are considered part of the CNS [2].

The gut-first paradigm, or gut to peripheral nerve path-
way, is a strong candidate for an NDD genesis point within
the “body first” category [57]. This hypothesis posits that
following α-syn aggregation within the gut, likely as a re-
sult of gut dysbiosis and/or inflammatory disease, aggre-
gates travel up the vagus nerve to the CNS [18,37,61]. The
vagus nerve is likely not the sole pathway in this mecha-
nism, but the autonomic nervous system (ANS)—of which
the vagus nerve is a part—and its associated organs appear
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Fig. 2. Hypothesized sources of α-synuclein fibrils and aggregates. Depiction of possible tissue sources that contribute fibrils and
aggregates of α-syn to pathophysiology of Parkinson’s Disease including the brain, the olfactory bulbs, blood cells, and peripherally via
the vagus nerve from enteric neural cells. Created with BioRender.com.

extensively involved [18,58]. As a result, physical translo-
cation ofα-syn aggregates from the body to the CNS, where
further pathology results in full NDD, is considered the
overarching mechanism.

One additional potential pathway within this category
is the body fluid circulation pathway, which is also con-
nected to the ANS-associated organs described in gut-first
hypotheses. In this pathway, α-syn has been found in
many types of circulating fluids, including but not limited to
blood, lymph, and cerebrospinal fluid [40]. Indeed, avail-
able data has described the types of hematopoietic cells for
which α-syn is necessary, and its ubiquitousness in this
system is possibly both necessary for homeostasis and yet
another method of NDD perpetuation. For example, one
mode of transport to the CNS may be through α-syn-laden
vesicles derived from erythrocytes, or even α-syn aggre-
gates within RBCs themselves that may appear years prior
to frank disease [2,60,62]. Combined with the growing
knowledge of α-syn’s vital role in the hematopoietic sys-
tem, such potential sources of aggregates present a rich area
for further research. These results serve to strengthen the
hypothesis that synucleinopathies may not be the result of
one single mechanism or system, no matter the strength of

the system’s ability to produce aggregates, but rather multi-
ple systems working in tandem—especially with increasing
age (Fig. 3).

4. Proposed Treatments for
Synucleinopathies

Given the multiple proposed pathways for synucle-
inopathies and resultant NDD, much attention has been
paid to mechanism-specific potential treatments. Due
to the dearth of disease attributed to synucleinopathy in
extra-neural tissues, the vast majority of effort devoted to
synucleinopathy-related disease has been in PD, and dis-
cussion of therapeutics past the preclinical stage need be
seen through the lens of this disease. An annual review
of the currently active clinical trials for PD [63], showed
that most small molecules and antibodies have been target-
ing the dopaminergic pathway per historical reasons. How-
ever, other therapeutic strategies, such as targeting gut mi-
crobiota, reactive oxygen species (ROS), and immunemod-
ulation have also been considered. Here we consider the
broadly generalizable findings of such studies with regards
to non-CNS mechanisms.
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Fig. 3. Potential systemic pathways of synucleinopathies. Stepwise routes of alpha-synuclein aggregation and transport within the
gut, hematopoietic system, and central nervous system that may contribute to development of pathology. Created with BioRender.com.

While focus on symptomatic relief through dopamin-
ergic and other pathways comprise a majority of these tri-
als and will not be discussed, a substantial subset targets
α-syn directly, with a multitude of completed clinical trials
(largely but not exclusively phase I) in recent years. Sev-
eral general strategies can be identified within this group.
The experimental compounds UCB0599 and anle138b have
been shown to inhibit α-syn misfolding and oligomeriza-
tion, respectively; the former has been tested in humans,
including PD patients, with a good safety profile. The latter
study additionally shows potential action against prion dis-
ease, as confirmed by histopathology and decreased signs
and symptoms in mice [64,65]. Similarly, the monoclonal
antibody prasinezumab, which is specific to α-syn aggre-
gates, is the focus of an ongoing trial [66]. General-
ized translation inhibition with the compound buntanetap
shows promising results, with additional regulatory effects
on neurotoxic proteins in general [67]. Active immuniza-
tion to α-syn shows sustained aggregate-specific IgG anti-
body responses (up to one year) against synucleinopathy-
specific α-syn epitopes, although the sample size is small

[68]. Lastly, non-neurologic drugs such as the diabetes drug
lixisenatide have been tested in PD patients [69].

It should be noted that careful review of secondary
endpoints and supplementary data of some of these studies
demonstrate that actual measurement of α-syn is not gen-
erally undertaken [66,69]. The prasinezumab study addi-
tionally excludes patients with potential genetic causes of
PD, which despite PD’s typical occurrence de novo, may
skew results [66]. Thus, any adverse events that occurred
that may be due to secondary effects on extra-neural regions
are difficult to account for. Specifically, almost all patients
who received the glucagon-like peptide-1 agonist lixisen-
atide experienced gastrointestinal symptoms; if a pancreatic
or ENS effect were the root cause of these symptoms, more
caution would need to be exercised in further investigating
this specific treatment strategy [69]. Subanalysis of sup-
plementary data in these studies or revisiting biobanks for
these clinical trials in the future may be necessary to elu-
cidate the effects of α-syn-targeted therapies on systemic
concentrations of the protein.
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Separately from the mainstay of targetingα-syn, mod-
ulation of the immune system has had ever increasing at-
tention in the synucleinopathy field, particular in Parkin-
son’s disease. As suggested above, the interaction of
the hematopoietic compartment, and specifically of the
immunity contingent, with synucleinopathies is two-fold.
First, treatment that alters α-syn levels may affect nor-
mal hematopoiesis, which is dependent partially on nor-
mal α-syn concentrations. Second, exaggerated responses
in immune cells, particularly microglia [18,42,46], likely
contributes to pathogenesis in PD and other NDD. With
these factors in mind, the current immunomodulatory ther-
apies available for synucleinopathies can be divided into
immune-dampening agents and immune-stimulating fac-
tors. The former include the well-studied drugs pentoxi-
fylline and celocoxib as well as more experimental drugs
targeting TLR2 and the NLRP3 inflammasome [70–73].
Both TLR2 and the NLRP3 inflammasome complex play
important roles in inflammatory signaling and cytokine re-
lease, although NLRP3 inhibitors have been studied largely
in the context of ulcerative colitis rather than synucle-
inopathies [72,73]. Nevertheless, inflammatory bowel dis-
ease and PD have been linked closely in recent studies, im-
plying the utility of connecting studies based on the for-
mer to mechanisms of the latter [61,73]. Conversely, two
extended-release GM-CSF compounds have undergone ini-
tial testing for use in PD, which suggests a more com-
plex role of inflammation in NDDs than previously thought
[74,75].

Paradoxically, the fact that these seemingly op-
posing agents are being tested for ostensibly the same
synucleinopathy-driven pathology suggests a broadly im-
munological approach may not be the most efficacious
choice. On one hand, immune dampening may delay pro-
gression or onset of disease while exacerbating disease-
related immunosuppression; on the other, attempting to re-
constitute decreased immune function may worsen or ac-
celerate pathology. The totality of the effect of the quan-
titative dysregulation of α-syn, both up and down, should
ideally be considered in these broad immunomodulatory ap-
proaches, but without further research into the secondary
effects of synucleinopathies in the hematopoietic compart-
ment, the non-targeted effects of these approaches may in
the end cause more harm than help.

Finally, the gut-brain axis represents a third, major or-
thogonal approach to studying both the pathogenesis and
therapeutic milieu in synucleinopathies [52]. Gut dysfunc-
tion, such as through small intestinal bacterial overgrowth,
has long been recognized to be correlated with PD [76]. Al-
though a somewhat indirect mechanism, now it is thought
that dysbiosis of the gut microbiome can lead to increased
neuroinflammation both by aggregation of α-syn in the gut
with subsequent migration through the vagus nerve and
by permeabilization of the gut lining and subsequent es-
calation of systemic and downstream CNS inflammation

through cytokine action. Accordingly, several approaches
to modify the root cause of this pathway have been taken.
The antibiotic rifaximin has been proposed as a potential
PD treatment and trialed in rodents [77,78]. Alternatively,
organism-specific therapies such as fecal microbiota trans-
plantation are gaining traction, as are modulation of the gut
microbiome and immune system [38,79–81]. However, a
still missing piece of data has been actual measurement of
α-syn in non-CNS compartments. If in fact the “gut first”
theory holds true, broad analysis of intermediate steps in
pathogenesis will eventually require that some quantitative
measure of α-syn be undertaken.

Overall, the many different axes of therapeutic inves-
tigation in synucleinopathies have a bright outlook, with
the above trajectories as well as others unmentioned, such
as the role of reactive oxygen species in perpetuating in-
flammation following α-syn aggregate formation, bearing
fruit in the past decade [82]. Nevertheless, in the con-
text of secondary effects on normal α-syn function in other
compartments, especially the hematopoietic lineages, only
a small minority of effort thus far has been directed towards
understanding how the preferential shunting of α-syn to
oligomeric forms causes dysregulation systemically. Fur-
ther studies and therapies may benefit from addressing the
body as interconnected, synergistically functioning systems
in terms of α-syn sources and pathophysiology.

5. Conclusion
It should be clear from the data presented that the

crosstalk of different systems and likely a multiplicity of
pathways requiring α-syn are important to establish not
only its functional role, but those physiologic axes that re-
quire its tight regulation to function properly. Even though
this protein has shown to be of great importance in the CNS,
it is readily apparent that its function is wide-reaching and
involves many systems some of which may prove to con-
tribute to PD and synucleinopathy pathology. It should also
be clear that the formulation of hypothesis to account for
potential non-CNS sources of the disease takes into account
recent findings and thus opens up additional areas for inves-
tigation. Thus, therapies will need to be developed that ad-
dress the multiple effects of α-syn both under normal con-
ditions and in those instances in which its abnormal config-
urations drive disease symptomatology.

Abbreviations
ANS, autonomic nervous system; α-syn, alpha-

synuclein; CNS, central nervous system; ENS, enteric ner-
vous system; GATA-1, GATA-binding protein 1; GM-
CSF, granulocyte-macrophage colony-stimulating factor;
LBD, Lewy body dementia; MSA, multisystem atrophy;
NDD, neurodegenerative disease; NLRP3, NLR family
pyrin domain containing 3; OB, olfactory bulb; PD, Parkin-
son’s disease; RBCs, red blood cells; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment protein re-

8

https://www.imrpress.com


ceptors; TLR2, Toll-like receptor 2; VAMP2, vesicle-
associated membrane protein 2.

Author Contributions
HHD and BZ performed the literature search

and wrote the manuscript; RWM conceptualized the
manuscript, wrote key sections, supervised contributions
from co-authors, reviewed references, and performed
critical revisions. All authors read and approved the final
manuscript. All authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Burré J, Sharma M, Südhof TC. Cell Biology and Pathophys-

iology of α-Synuclein. Cold Spring Harbor Perspectives in
Medicine. 2018; 8: a024091. https://doi.org/10.1101/cshpersp
ect.a024091.

[2] Yang Y, Zhang Z. α-Synuclein pathology from the body to the
brain: so many seeds so close to the central soil. Neural Re-
generation Research. 2024; 19: 1463–1472. https://doi.org/10.
4103/1673-5374.387967.

[3] Smith AN, Joshi S, Chanzu H, Alfar HR, Shravani Prakhya K,
Whiteheart SW. α-Synuclein is the major platelet isoform but is
dispensable for activation, secretion, and thrombosis. Platelets.
2023; 34: 2267147. https://doi.org/10.1080/09537104.2023.
2267147.

[4] Pei Y, Maitta RW. Alpha synuclein in hematopoiesis and immu-
nity. Heliyon. 2019; 5: e02590. https://doi.org/10.1016/j.heliyo
n.2019.e02590.

[5] Nakai M, Fujita M, Waragai M, Sugama S, Wei J, Akatsu H, et
al. Expression of alpha-synuclein, a presynaptic protein impli-
cated in Parkinson’s disease, in erythropoietic lineage. Biochem-
ical and Biophysical Research Communications. 2007; 358:
104–110. https://doi.org/10.1016/j.bbrc.2007.04.108.

[6] Brás IC, Dominguez-Meijide A, Gerhardt E, Koss D, Lázaro DF,
Santos PI, et al. Synucleinopathies: Where we are and where
we need to go. Journal of Neurochemistry. 2020; 153: 433–454.
https://doi.org/10.1111/jnc.14965.

[7] Stefaniuk CM, Hong H, Harding CV, Maitta RW. α-Synuclein
concentration increases over time in plasma supernatant of sin-
gle donor platelets. European Journal of Haematology. 2018;
10.1111/ejh.13152. https://doi.org/10.1111/ejh.13152.

[8] Stefaniuk CM, Schlegelmilch J, Meyerson HJ, Harding CV,
Maitta RW. Initial assessment of α-synuclein structure in
platelets. Journal of Thrombosis and Thrombolysis. 2022; 53:
950–953. https://doi.org/10.1007/s11239-021-02607-z.

[9] Barbour R, Kling K, Anderson JP, Banducci K, Cole T, Diep L,
et al. Red blood cells are the major source of alpha-synuclein
in blood. Neuro-degenerative Diseases. 2008; 5: 55–59. https:
//doi.org/10.1159/000112832.

[10] Shameli A, Xiao W, Zheng Y, Shyu S, Sumodi J, Meyerson
HJ, et al. A critical role for alpha-synuclein in development and
function of T lymphocytes. Immunobiology. 2016; 221: 333–
340. https://doi.org/10.1016/j.imbio.2015.10.002.

[11] Xiao W, Shameli A, Harding CV, Meyerson HJ, Maitta RW.
Late stages of hematopoiesis and B cell lymphopoiesis are reg-
ulated by α-synuclein, a key player in Parkinson’s disease. Im-
munobiology. 2014; 219: 836–844. https://doi.org/10.1016/j.im
bio.2014.07.014.

[12] Williams GP, Schonhoff AM, Jurkuvenaite A, Gallups NJ, Stan-
daert DG, Harms AS. CD4 T cells mediate brain inflammation
and neurodegeneration in a mouse model of Parkinson’s dis-
ease. Brain: a Journal of Neurology. 2021; 144: 2047–2059.
https://doi.org/10.1093/brain/awab103.

[13] Espay AJ, Lees AJ. Loss of monomeric alpha-synuclein (synu-
cleinopenia) and the origin of Parkinson’s disease. Parkinson-
ism & Related Disorders. 2024; 122: 106077. https://doi.org/
10.1016/j.parkreldis.2024.106077.

[14] Lei Q, Wu T, Wu J, Hu X, Guan Y, Wang Y, et al. Roles
of α synuclein in gastrointestinal microbiome dysbiosis related
Parkinson’s disease progression (Review). Molecular Medicine
Reports. 2021; 24: 734. https://doi.org/10.3892/mmr.2021.
12374.

[15] George JM. The synucleins. Genome Biology. 2002; 3:
REVIEWS3002. https://doi.org/10.1186/gb-2001-3-1-reviews
3002.

[16] Liu C, Zhao Y, Xi H, Jiang J, Yu Y, Dong W. The Membrane
Interaction of Alpha-Synuclein. Frontiers in Cellular Neuro-
science. 2021; 15: 633727. https://doi.org/10.3389/fncel.2021.
633727.

[17] Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces
of α-synuclein: from structure and toxicity to therapeutic target.
Nature Reviews. Neuroscience. 2013; 14: 38–48. https://doi.or
g/10.1038/nrn3406.

[18] Brás IC, Xylaki M, Outeiro TF. Mechanisms of alpha-synuclein
toxicity: An update and outlook. Progress in Brain Research.
2020; 252: 91–129. https://doi.org/10.1016/bs.pbr.2019.10.005.

[19] Forloni G. Alpha Synuclein: Neurodegeneration and Inflam-
mation. International Journal of Molecular Sciences. 2023; 24:
5914. https://doi.org/10.3390/ijms24065914.

[20] Thorne NJ, Tumbarello DA. The relationship of alpha-synuclein
to mitochondrial dynamics and quality control. Frontiers in
Molecular Neuroscience. 2022; 15: 947191. https://doi.org/10.
3389/fnmol.2022.947191.

[21] Longhena F, Faustini G, Brembati V, Pizzi M, Bellucci A. The
good and bad of therapeutic strategies that directly target α-
synuclein. IUBMB Life. 2020; 72: 590–600. https://doi.org/10.
1002/iub.2194.

[22] Funato K, Abe T, Kurita R, Watanabe Y, Nakamura Y, Miyata
S, et al. Identification of characteristic proteins at late-stage ery-
throid differentiation in vitro. Human Cell. 2021; 34: 745–749.
https://doi.org/10.1007/s13577-021-00503-5.

[23] Araki K, Sugawara K, Hayakawa EH, Ubukawa K, Kobayashi
I, Wakui H, et al. The localization of α-synuclein in the process
of differentiation of human erythroid cells. International Journal
of Hematology. 2018; 108: 130–138. https://doi.org/10.1007/
s12185-018-2457-8.

[24] Park SM, Jung HY, Kim HO, Rhim H, Paik SR, Chung KC,
et al. Evidence that alpha-synuclein functions as a negative
regulator of Ca(++)-dependent alpha-granule release from hu-
man platelets. Blood. 2002; 100: 2506–2514. https://doi.org/10.
1182/blood.V100.7.2506.

[25] Maitta RW, Wolgast LR, Wang Q, Zhang H, Bhattacharyya P,

9

https://doi.org/10.1101/cshperspect.a024091
https://doi.org/10.1101/cshperspect.a024091
https://doi.org/10.4103/1673-5374.387967
https://doi.org/10.4103/1673-5374.387967
https://doi.org/10.1080/09537104.2023.2267147
https://doi.org/10.1080/09537104.2023.2267147
https://doi.org/10.1016/j.heliyon.2019.e02590
https://doi.org/10.1016/j.heliyon.2019.e02590
https://doi.org/10.1016/j.bbrc.2007.04.108
https://doi.org/10.1111/jnc.14965
https://doi.org/10.1111/ejh.13152
https://doi.org/10.1007/s11239-021-02607-z
https://doi.org/10.1159/000112832
https://doi.org/10.1159/000112832
https://doi.org/10.1016/j.imbio.2015.10.002
https://doi.org/10.1016/j.imbio.2014.07.014
https://doi.org/10.1016/j.imbio.2014.07.014
https://doi.org/10.1093/brain/awab103
https://doi.org/10.1016/j.parkreldis.2024.106077
https://doi.org/10.1016/j.parkreldis.2024.106077
https://doi.org/10.3892/mmr.2021.12374
https://doi.org/10.3892/mmr.2021.12374
https://doi.org/10.1186/gb-2001-3-1-reviews3002
https://doi.org/10.1186/gb-2001-3-1-reviews3002
https://doi.org/10.3389/fncel.2021.633727
https://doi.org/10.3389/fncel.2021.633727
https://doi.org/10.1038/nrn3406
https://doi.org/10.1038/nrn3406
https://doi.org/10.1016/bs.pbr.2019.10.005
https://doi.org/10.3390/ijms24065914
https://doi.org/10.3389/fnmol.2022.947191
https://doi.org/10.3389/fnmol.2022.947191
https://doi.org/10.1002/iub.2194
https://doi.org/10.1002/iub.2194
https://doi.org/10.1007/s13577-021-00503-5
https://doi.org/10.1007/s12185-018-2457-8
https://doi.org/10.1007/s12185-018-2457-8
https://doi.org/10.1182/blood.V100.7.2506
https://doi.org/10.1182/blood.V100.7.2506
https://www.imrpress.com


Gong JZ, et al. Alpha- and beta-synucleins are new diagnostic
tools for acute erythroid leukemia and acute megakaryoblastic
leukemia. American Journal of Hematology. 2011; 86: 230–234.
https://doi.org/10.1002/ajh.21932.

[26] Reheman A, Tasneem S, Ni H, Hayward CPM. Mice with
deleted multimerin 1 and alpha-synuclein genes have impaired
platelet adhesion and impaired thrombus formation that is cor-
rected bymultimerin 1. Thrombosis Research. 2010; 125: e177–
83. https://doi.org/10.1016/j.thromres.2010.01.009.

[27] Alam MM, Yang D, Li XQ, Liu J, Back TC, Trivett A, et al.
Alpha synuclein, the culprit in Parkinson disease, is required for
normal immune function. Cell Reports. 2022; 38: 110090. https:
//doi.org/10.1016/j.celrep.2021.110090.

[28] Tashkandi H, Shameli A, Harding CV, Maitta RW. Ultrastruc-
tural changes in peripheral blood leukocytes in α-synuclein
knockout mice. Blood Cells, Molecules & Diseases. 2018; 73:
33–37. https://doi.org/10.1016/j.bcmd.2018.09.001.

[29] Von Coelln R, Thomas B, Savitt JM, Lim KL, Sasaki M, Hess
EJ, et al. Loss of locus coeruleus neurons and reduced startle
in parkin null mice. Proceedings of the National Academy of
Sciences of the United States of America. 2004; 101: 10744–
10749. https://doi.org/10.1073/pnas.0401297101.

[30] Burré J, Sharma M, Südhof TC. α-Synuclein assembles into
higher-order multimers upon membrane binding to promote
SNARE complex formation. Proceedings of the National
Academy of Sciences of the United States of America. 2014;
111: E4274–83. https://doi.org/10.1073/pnas.1416598111.

[31] Casini A, Mancinelli R, Mammola CL, Pannarale L, Chirletti
P, Onori P, et al. Distribution of α-synuclein in normal hu-
man jejunum and its relations with the chemosensory and neu-
roendocrine system. European Journal of Histochemistry: EJH.
2021; 65: 3310. https://doi.org/10.4081/ejh.2021.3310.

[32] Bu LL, Huang KX, Zheng DZ, Lin DY, Chen Y, Jing XN, et al.
Alpha-Synuclein Accumulation and Its Phosphorylation in the
Enteric Nervous System of PatientsWithout Neurodegeneration:
An Explorative Study. Frontiers in Aging Neuroscience. 2020;
12: 575481. https://doi.org/10.3389/fnagi.2020.575481.

[33] Böttner M, Zorenkov D, Hellwig I, Barrenschee M, Harde J,
Fricke T, et al. Expression pattern and localization of alpha-
synuclein in the human enteric nervous system. Neurobiology
of Disease. 2012; 48: 474–480. https://doi.org/10.1016/j.nbd.
2012.07.018.

[34] Labrie V, Brundin P. Alpha-Synuclein to the Rescue: Immune
Cell Recruitment by Alpha-Synuclein during Gastrointestinal
Infection. Journal of Innate Immunity. 2017; 9: 437–440. https:
//doi.org/10.1159/000479653.

[35] Grathwohl S, Quansah E,Maroof N, Steiner JA, Spycher L, Ben-
mansour F, et al. Specific immune modulation of experimental
colitis drives enteric alpha-synuclein accumulation and triggers
age-related Parkinson-like brain pathology. Free Neuropathol-
ogy. 2021; 2: 2–13. https://doi.org/10.17879/freeneuropatholo
gy-2021-3326.

[36] Swaminathan M, Fung C, Finkelstein DI, Bornstein JC, Foong
JPP. α-Synuclein Regulates Development and Function of
Cholinergic Enteric Neurons in theMouse Colon. Neuroscience.
2019; 423: 76–85. https://doi.org/10.1016/j.neuroscience.2019.
10.029.

[37] Benvenuti L, Di Salvo C, Bellini G, Seguella L, Rettura F,
Esposito G, et al. Gut-directed therapy in Parkinson’s disease.
Frontiers in Pharmacology. 2024; 15: 1407925. https://doi.org/
10.3389/fphar.2024.1407925.

[38] Panaitescu PȘ, Răzniceanu V, Mocrei-Rebrean ȘM, Neculi-
cioiu VS, Dragoș HM, Costache C, et al. The Effect of Gut
Microbiota-Targeted Interventions on Neuroinflammation and
Motor Function in Parkinson’s Disease Animal Models-A Sys-
tematic Review. Current Issues in Molecular Biology. 2024; 46:
3946–3974. https://doi.org/10.3390/cimb46050244.

[39] Wijesekara N, Ahrens R, Wu L, Langman T, Tandon A, Fraser
PE. α-Synuclein Regulates Peripheral Insulin Secretion and
Glucose Transport. Frontiers in Aging Neuroscience. 2021; 13:
665348. https://doi.org/10.3389/fnagi.2021.665348.

[40] Jiménez-Jiménez FJ, Alonso-Navarro H, García-Martín E,
Santos-García D, Martínez-Valbuena I, Agúndez JAG. Alpha-
Synuclein in Peripheral Tissues as a Possible Marker for Neuro-
logical Diseases and Other Medical Conditions. Biomolecules.
2023; 13: 1263. https://doi.org/10.3390/biom13081263.

[41] Zhang S, Cai Y,Meng C, Ding X, Huang J, Luo X, et al. The role
of the microbiome in diabetes mellitus. Diabetes Research and
Clinical Practice. 2021; 172: 108645. https://doi.org/10.1016/j.
diabres.2020.108645.

[42] Cardinale A, Calabrese V, de Iure A, Picconi B. Alpha-
Synuclein as a Prominent Actor in the Inflammatory Synap-
topathy of Parkinson’s Disease. International Journal of Molec-
ular Sciences. 2021; 22: 6517. https://doi.org/10.3390/ijms
22126517.

[43] Sarchione A, Marchand A, Taymans JM, Chartier-Harlin MC.
Alpha-Synuclein and Lipids: The Elephant in the Room? Cells.
2021; 10: 2452. https://doi.org/10.3390/cells10092452.

[44] Koga S, Sekiya H, Kondru N, Ross OA, Dickson DW. Neu-
ropathology and molecular diagnosis of Synucleinopathies.
Molecular Neurodegeneration. 2021; 16: 83. https://doi.org/10.
1186/s13024-021-00501-z.

[45] Yuan X, Tian Y, Liu C, Zhang Z. Environmental factors in
Parkinson’s disease: New insights into the molecular mecha-
nisms. Toxicology Letters. 2022; 356: 1–10. https://doi.org/10.
1016/j.toxlet.2021.12.003.

[46] Lindestam Arlehamn CS, Dhanwani R, Pham J, Kuan R, Frazier
A, Rezende Dutra J, et al. α-Synuclein-specific T cell reactivity
is associated with preclinical and early Parkinson’s disease. Na-
ture Communications. 2020; 11: 1875. https://doi.org/10.1038/
s41467-020-15626-w.

[47] Blumenreich S, Barav OB, Jenkins BJ, Futerman AH. Lysoso-
mal Storage Disorders Shed Light on Lysosomal Dysfunction
in Parkinson’s Disease. International Journal of Molecular Sci-
ences. 2020; 21: 4966. https://doi.org/10.3390/ijms21144966.

[48] Poehler AM, Xiang W, Spitzer P, May VEL, Meixner H,
Rockenstein E, et al. Autophagy modulates SNCA/α-synuclein
release, thereby generating a hostile microenvironment. Au-
tophagy. 2014; 10: 2171–2192. https://doi.org/10.4161/auto
.36436.

[49] Monogue B, Chen Y, Sparks H, Behbehani R, Chai A, Rajic AJ,
et al. Alpha-synuclein supports type 1 interferon signalling in
neurons and brain tissue. Brain: a Journal of Neurology. 2022;
145: 3622–3636. https://doi.org/10.1093/brain/awac192.

[50] Mao X, Ou MT, Karuppagounder SS, Kam TI, Yin X, Xiong Y,
et al. Pathological α-synuclein transmission initiated by binding
lymphocyte-activation gene 3. Science (New York, N.Y.). 2016;
353: aah3374. https://doi.org/10.1126/science.aah3374.

[51] Racette BA, Gross A, Vouri SM, Camacho-Soto A, Willis AW,
Searles Nielsen S. Immunosuppressants and risk of Parkinson
disease. Annals of Clinical and Translational Neurology. 2018;
5: 870–875. https://doi.org/10.1002/acn3.580.

[52] Vilela C, Araújo B, Soares-Guedes C, Caridade-Silva R,
Martins-Macedo J, Teixeira C, et al. From the Gut to the
Brain: Is Microbiota a New Paradigm in Parkinson’s Disease
Treatment? Cells. 2024; 13: 770. https://doi.org/10.3390/cell
s13090770.

[53] Sampson TR, Challis C, Jain N, Moiseyenko A, Ladinsky MS,
Shastri GG, et al. A gut bacterial amyloid promotes α-synuclein
aggregation and motor impairment in mice. eLife. 2020; 9:
e53111. https://doi.org/10.7554/eLife.53111.

[54] Xiang J, Tang J, Kang F, Ye J, Cui Y, Zhang Z, et al. Gut-
induced alpha-Synuclein and Tau propagation initiate Parkin-

10

https://doi.org/10.1002/ajh.21932
https://doi.org/10.1016/j.thromres.2010.01.009
https://doi.org/10.1016/j.celrep.2021.110090
https://doi.org/10.1016/j.celrep.2021.110090
https://doi.org/10.1016/j.bcmd.2018.09.001
https://doi.org/10.1073/pnas.0401297101
https://doi.org/10.1073/pnas.1416598111
https://doi.org/10.4081/ejh.2021.3310
https://doi.org/10.3389/fnagi.2020.575481
https://doi.org/10.1016/j.nbd.2012.07.018
https://doi.org/10.1016/j.nbd.2012.07.018
https://doi.org/10.1159/000479653
https://doi.org/10.1159/000479653
https://doi.org/10.17879/freeneuropathology-2021-3326
https://doi.org/10.17879/freeneuropathology-2021-3326
https://doi.org/10.1016/j.neuroscience.2019.10.029
https://doi.org/10.1016/j.neuroscience.2019.10.029
https://doi.org/10.3389/fphar.2024.1407925
https://doi.org/10.3389/fphar.2024.1407925
https://doi.org/10.3390/cimb46050244
https://doi.org/10.3389/fnagi.2021.665348
https://doi.org/10.3390/biom13081263
https://doi.org/10.1016/j.diabres.2020.108645
https://doi.org/10.1016/j.diabres.2020.108645
https://doi.org/10.3390/ijms22126517
https://doi.org/10.3390/ijms22126517
https://doi.org/10.3390/cells10092452
https://doi.org/10.1186/s13024-021-00501-z
https://doi.org/10.1186/s13024-021-00501-z
https://doi.org/10.1016/j.toxlet.2021.12.003
https://doi.org/10.1016/j.toxlet.2021.12.003
https://doi.org/10.1038/s41467-020-15626-w
https://doi.org/10.1038/s41467-020-15626-w
https://doi.org/10.3390/ijms21144966
https://doi.org/10.4161/auto.36436
https://doi.org/10.4161/auto.36436
https://doi.org/10.1093/brain/awac192
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1002/acn3.580
https://doi.org/10.3390/cells13090770
https://doi.org/10.3390/cells13090770
https://doi.org/10.7554/eLife.53111
https://www.imrpress.com


son’s and Alzheimer’s disease co-pathology and behavior im-
pairments. Neuron. 2024; 112: 3585–3601.e5. https://doi.org/
10.1016/j.neuron.2024.08.003.

[55] Borghammer P, Horsager J, Andersen K, VanDen Berge N, Rau-
nio A, Murayama S, et al. Neuropathological evidence of body-
first vs. brain-first Lewy body disease. Neurobiology of Disease.
2021; 161: 105557. https://doi.org/10.1016/j.nbd.2021.105557.

[56] Borghammer P, Van Den Berge N. Brain-First versus Gut-
First Parkinson’s Disease: A Hypothesis. Journal of Parkin-
son’s Disease. 2019; 9: S281–S295. https://doi.org/10.3233/JP
D-191721.

[57] Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder
SS, Lee S, et al. Transneuronal Propagation of Pathologic α-
Synuclein from the Gut to the Brain Models Parkinson’s Dis-
ease. Neuron. 2019; 103: 627–641.e7. https://doi.org/10.1016/j.
neuron.2019.05.035.

[58] Wakabayashi K. Where and how alpha-synuclein pathology
spreads in Parkinson’s disease. Neuropathology: Official Jour-
nal of the Japanese Society of Neuropathology. 2020; 40: 415–
425. https://doi.org/10.1111/neup.12691.

[59] Sawamura M, Onoe H, Tsukada H, Isa K, Yamakado H, Okuda
S, et al. Lewy Body Disease Primate Model with α-Synuclein
Propagation from the Olfactory Bulb. Movement Disorders: Of-
ficial Journal of the Movement Disorder Society. 2022; 37:
2033–2044. https://doi.org/10.1002/mds.29161.

[60] Stefani A, Iranzo A, Holzknecht E, Perra D, Bongianni M, Gaig
C, et al. Alpha-synuclein seeds in olfactory mucosa of patients
with isolated REM sleep behaviour disorder. Brain: a Journal of
Neurology. 2021; 144: 1118–1126. https://doi.org/10.1093/brai
n/awab005.

[61] Wanyi Z, Jiao Y, Wen H, Bin X, Xuefei W, Lan J, et al. Bidi-
rectional communication of the gut-brain axis: new findings in
Parkinson’s disease and inflammatory bowel disease. Frontiers
in Neurology. 2024; 15: 1407241. https://doi.org/10.3389/fneu
r.2024.1407241.

[62] Sheng L, Stewart T, Yang D, Thorland E, Soltys D, Aro
P, et al. Erythrocytic α-synuclein contained in microvesicles
regulates astrocytic glutamate homeostasis: a new perspec-
tive on Parkinson’s disease pathogenesis. Acta Neuropatholog-
ica Communications. 2020; 8: 102. https://doi.org/10.1186/
s40478-020-00983-w.

[63] McFarthing K, Buff S, Rafaloff G, Pitzer K, Fiske B, Navangul
A, et al. Parkinson’s Disease Drug Therapies in the Clinical Trial
Pipeline: 2024 Update. Journal of Parkinson’s Disease. 2024;
14: 899–912. https://doi.org/10.3233/JPD-240272.

[64] Smit JW, Basile P, Prato MK, Detalle L, Mathy FX, Schmidt
A, et al. Phase 1/1b Studies of UCB0599, an Oral Inhibitor
of α-Synuclein Misfolding, Including a Randomized Study in
Parkinson’s Disease. Movement Disorders: Official Journal of
the Movement Disorder Society. 2022; 37: 2045–2056. https:
//doi.org/10.1002/mds.29170.

[65] Wagner J, Ryazanov S, Leonov A, Levin J, Shi S, Schmidt
F, et al. Anle138b: a novel oligomer modulator for disease-
modifying therapy of neurodegenerative diseases such as prion
and Parkinson’s disease. Acta Neuropathologica. 2013; 125:
795–813. https://doi.org/10.1007/s00401-013-1114-9.

[66] Pagano G, Monnet A, Reyes A, Ribba B, Svoboda H, Kuster-
mann T, et al. Sustained effect of prasinezumab on Parkin-
son’s disease motor progression in the open-label extension of
the PASADENA trial. Nature Medicine. 2024; 30: 3669–3675.
https://doi.org/10.1038/s41591-024-03270-6.

[67] Fang C, Hernandez P, Liow K, Damiano E, Zetterberg H,
Blennow K, et al. Buntanetap, a Novel Translational Inhibitor
of Multiple Neurotoxic Proteins, Proves to Be Safe and Promis-
ing in Both Alzheimer’s and Parkinson’s Patients. The Jour-
nal of Prevention of Alzheimer’s Disease. 2023; 10: 25–33.
https://doi.org/10.14283/jpad.2022.84.

[68] MeissnerWG, Traon APL, Foubert-Samier A, Galabova G, Gal-
itzky M, Kutzelnigg A, et al. A Phase 1 Randomized Trial
of Specific Active α-Synuclein Immunotherapies PD01A and
PD03A in Multiple System Atrophy. Movement Disorders: Of-
ficial Journal of the Movement Disorder Society. 2020; 35:
1957–1965. https://doi.org/10.1002/mds.28218.

[69] Meissner WG, Remy P, Giordana C, Maltête D, Derkinderen P,
Houéto JL, et al. Trial of Lixisenatide in Early Parkinson’s Dis-
ease. The New England Journal of Medicine. 2024; 390: 1176–
1185. https://doi.org/10.1056/NEJMoa2312323.

[70] Neves KRT, Nobre HV, Jr, Leal LKAM, de Andrade GM, Brito
GADC, Viana GSDB. Pentoxifylline Neuroprotective Effects
Are Possibly Related to Its Anti-Inflammatory and TNF-Alpha
Inhibitory Properties, in the 6-OHDAModel of Parkinson’s Dis-
ease. Parkinson’s Disease. 2015; 2015: 108179. https://doi.org/
10.1155/2015/108179.

[71] Khrieba MO, Hegazy SK, Mustafa W, El-Haggar SM. Repur-
posing celecoxib as adjuvant therapy in patients with Parkinso-
nian disease: a new therapeutic dawn: randomized controlled pi-
lot study. Inflammopharmacology. 2024; 32: 3729–3738. https:
//doi.org/10.1007/s10787-024-01567-z.

[72] Kim Y, Ryu SH, Hyun J, Cho YS, Jung YK. TLR2 immunother-
apy suppresses neuroinflammation, tau spread, and memory loss
in rTg4510 mice. Brain, Behavior, and Immunity. 2024; 121:
291–302. https://doi.org/10.1016/j.bbi.2024.08.002.

[73] Klughammer B, Piali L, Nica A, Nagel S, Bailey L, Jochum
C, et al. A randomized, double-blind phase 1b study evaluating
the safety, tolerability, pharmacokinetics and pharmacodynam-
ics of the NLRP3 inhibitor selnoflast in patients with moder-
ate to severe active ulcerative colitis. Clinical and Translational
Medicine. 2023; 13: e1471. https://doi.org/10.1002/ctm2.1471.

[74] Olson KE, Abdelmoaty MM, Namminga KL, Lu Y, Obaro
H, Santamaria P, et al. An open-label multiyear study of
sargramostim-treated Parkinson’s disease patients examining
drug safety, tolerability, and immune biomarkers from limited
case numbers. Translational Neurodegeneration. 2023; 12: 26.
https://doi.org/10.1186/s40035-023-00361-1.

[75] Olson KE, Namminga KL, Schwab AD, Thurston MJ, Lu
Y, Woods A, et al. Neuroprotective Activities of Long-
Acting Granulocyte-Macrophage Colony-Stimulating Factor
(mPDM608) in 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-
Intoxicated Mice. Neurotherapeutics: the Journal of the Amer-
ican Society for Experimental NeuroTherapeutics. 2020; 17:
1861–1877. https://doi.org/10.1007/s13311-020-00877-8.

[76] Fasano A, Bove F, Gabrielli M, Petracca M, Zocco MA, Ragaz-
zoni E, et al. The role of small intestinal bacterial overgrowth in
Parkinson’s disease. Movement Disorders: Official Journal of
the Movement Disorder Society. 2013; 28: 1241–1249. https:
//doi.org/10.1002/mds.25522.

[77] Hong CT, Chan L, Chen KY, Lee HH, Huang LK, Yang
YCSH, et al. Rifaximin Modifies Gut Microbiota and Attenu-
ates Inflammation in Parkinson’s Disease: Preclinical and Clin-
ical Studies. Cells. 2022; 11: 3468. https://doi.org/10.3390/cell
s11213468.

[78] Pekary AE, Sattin A. Rifaximin modulates TRH and TRH-like
peptide expression throughout the brain and peripheral tissues
of male rats. BMC Neuroscience. 2022; 23: 9. https://doi.org/
10.1186/s12868-022-00694-z.

[79] Bruggeman A, Vandendriessche C, Hamerlinck H, De Looze
D, Tate DJ, Vuylsteke M, et al. Safety and efficacy of fae-
cal microbiota transplantation in patients with mild to moderate
Parkinson’s disease (GUT-PARFECT): a double-blind, placebo-
controlled, randomised, phase 2 trial. EClinicalMedicine. 2024;
71: 102563. https://doi.org/10.1016/j.eclinm.2024.102563.

[80] Beckers M, Coburn B, Kalia LV, Bloem BR. A Randomized
Controlled Trial of Fecal Microbiota Transplantation for Parkin-

11

https://doi.org/10.1016/j.neuron.2024.08.003
https://doi.org/10.1016/j.neuron.2024.08.003
https://doi.org/10.1016/j.nbd.2021.105557
https://doi.org/10.3233/JPD-191721
https://doi.org/10.3233/JPD-191721
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1111/neup.12691
https://doi.org/10.1002/mds.29161
https://doi.org/10.1093/brain/awab005
https://doi.org/10.1093/brain/awab005
https://doi.org/10.3389/fneur.2024.1407241
https://doi.org/10.3389/fneur.2024.1407241
https://doi.org/10.1186/s40478-020-00983-w
https://doi.org/10.1186/s40478-020-00983-w
https://doi.org/10.3233/JPD-240272
https://doi.org/10.1002/mds.29170
https://doi.org/10.1002/mds.29170
https://doi.org/10.1007/s00401-013-1114-9
https://doi.org/10.1038/s41591-024-03270-6
https://doi.org/10.14283/jpad.2022.84
https://doi.org/10.1002/mds.28218
https://doi.org/10.1056/NEJMoa2312323
https://doi.org/10.1155/2015/108179
https://doi.org/10.1155/2015/108179
https://doi.org/10.1007/s10787-024-01567-z
https://doi.org/10.1007/s10787-024-01567-z
https://doi.org/10.1016/j.bbi.2024.08.002
https://doi.org/10.1002/ctm2.1471
https://doi.org/10.1186/s40035-023-00361-1
https://doi.org/10.1007/s13311-020-00877-8
https://doi.org/10.1002/mds.25522
https://doi.org/10.1002/mds.25522
https://doi.org/10.3390/cells11213468
https://doi.org/10.3390/cells11213468
https://doi.org/10.1186/s12868-022-00694-z
https://doi.org/10.1186/s12868-022-00694-z
https://doi.org/10.1016/j.eclinm.2024.102563
https://www.imrpress.com


son’s Disease: Getting it right, if not PARFECT. Journal of
Parkinson’s Disease. 2024; 14: 913–915. https://doi.org/10.
3233/JPD-249007.

[81] Park SY, Yang H, Kim S, Yang J, Go H, Bae H. Alpha-
Synuclein-Specific Regulatory T Cells Ameliorate Parkinson’s
Disease Progression in Mice. International Journal of Molec-

ular Sciences. 2023; 24: 15237. https://doi.org/10.3390/ijms
242015237.

[82] Gao HM, Zhou H, Hong JS. NADPH oxidases: novel therapeu-
tic targets for neurodegenerative diseases. Trends in Pharmaco-
logical Sciences. 2012; 33: 295–303. https://doi.org/10.1016/j.
tips.2012.03.008.

12

https://doi.org/10.3233/JPD-249007
https://doi.org/10.3233/JPD-249007
https://doi.org/10.3390/ijms242015237
https://doi.org/10.3390/ijms242015237
https://doi.org/10.1016/j.tips.2012.03.008
https://doi.org/10.1016/j.tips.2012.03.008
https://www.imrpress.com

	1. Introduction 
	2. Alpha-syn Structure and Function
	2.1 The Hematopoietic System
	2.2 The Nervous System
	2.3 The Gastrointestinal System 

	3. Cross-System -syn-Induced Pathophysiology
	3.1 Gut-Modulated -syn Pathophysiology
	3.2 Proposed Pathways and Initiating Factors

	4. Proposed Treatments for Synucleinopathies
	5. Conclusion
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

