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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder often associated with pre-motor
symptoms involving both gastrointestinal and olfactory tissues. PD patients frequently suffer from
hyposmia, hyposalivation, dysphagia and gastrointestinal dysfunctions. During the last few years it
has been speculated that microbial agents could play a crucial role in PD. In particular, alterations of
the microbiota composition (dysbiosis) might contribute to the formation of misfolded α-synuclein,
which is believed to be the leading cause of PD. However, while several findings confirmed that there
might be an important link between intestinal microbiota alterations and PD onset, little is known
about the potential contribution of the nasal microbiota. Here, we describe the latest findings on this
topic by considering that more than 80% of patients with PD develop remarkable olfactory deficits in
their prodromal disease stage. Therefore, the nasal microbiota might contribute to PD, eventually
boosting the gut microbiota in promoting disease onset. Finally, we present the applications of the
seed amplification assays to the study of the gut and olfactory mucosa of PD patients, and how they
could be exploited to investigate whether pathogenic bacteria present in the gut and the nose might
promote α-synuclein misfolding and aggregation.

Keywords: Parkinson’s disease; microbiota; α-synuclein; olfactory mucosa; seed amplification assays

1. Introduction

The human body hosts and interacts with a huge variety of microorganisms, which
are mostly harmless and sometimes essential. They are referred to as microbiota and
comprise bacteria, archaea, eukaryotes and viruses and colonize several parts of the body
including the skin and different mucosa of the urogenital, gastrointestinal and respiratory
tract [1]. The term microbiota defines the complex population of microorganisms located in
specific ecological niches, while the entire genetic heritage is referred to as the microbiome;
although the two terms have different meanings, microbiota and microbiome are often
used interchangeably by the scientific community [2]. The microbiota has a crucial role in
governing pathogenic microorganisms in a symbiotic state and in maintaining the balance
of the total bacterial population, a condition referred to as eubiosis. Perturbation of the
normal microbiota composition and diversity (dysbiosis) allows the growth of pathogenic
populations [3,4] and has been associated with several diseases, including inflammatory
bowel disease [5], inflammatory arthritis [6], different types of cancers [7], and also neuro-
logical conditions [8]. In recent years, large-scale metagenomics projects, e.g., the Human
Microbiome Project, placed the microbiota under the spotlight of research on its role in the
health and pathogenesis of several diseases. Indeed, thanks to the increasing availability of
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high-throughput DNA sequencing techniques (e.g., Next Generation Sequencing, NGS),
it is possible to isolate and sequence microbial DNA to characterize the microbiota com-
position in human biological samples [9]. Two techniques have been used to study the
microbial community: NGS sequencing of the 16S ribosomal RNA gene variable regions
(for meta-taxonomy), or whole-metagenome shotgun NGS sequencing (for functional gene
composition analysis). Sequencing of the 16S rRNA gene, encoding for the 16S subunit pro-
tein (a component of the 30S subunit of a prokaryotic ribosome), enables the identification,
classification and relative quantification of the different bacterial species present in the sam-
ple [10]. The 16s rRNA gene is a 1.5 kbp gene containing highly conserved regions as well as
nine hypervariable regions (V1-V9), whose analysis generates a ‘fingerprint’ of individual
species or closely related species. The degree of conservation varies widely between hyper-
variable regions, with more conserved regions related to higher-level taxonomy and less
conserved regions to lower levels, such as genus and species. Sequences resulting from the
NGS analysis can be compared to reference genomes and/or clustered de novo to identify
the bacterial species present in the sample. This approach is used to describe the microbial
community in combination with quantitative measures such as alpha and beta diversity,
species evenness, and the relative abundance of particular groups of closely related species
(operational taxonomic units, OTU) [11–13]. Several studies have shown that alterations of
the intestinal microbiota can also affect the physiology of the central nervous system (CNS).
Indeed, thanks to the “gut-microbiota-brain axis”, the enteric nervous system (ENS) and
the CNS are linked to each other and can communicate in a bidirectional way. Perturbations
of the gut microbiota have been included among the possible causative agents of several
neurodegenerative diseases, such as Alzheimer’s disease (AD), multiple sclerosis (MS) and
Parkinson’s disease (PD) [8]. In particular, several groups have demonstrated that changes
in the gut bacterial community can trigger alpha-synuclein (α-syn) pathology in PD. With
the development of the seed amplification assays (SAAs), it is now possible to detect trace
amounts of disease-associated α-syn (α-synD) in several peripheral tissues (e.g., the gut) of
PD patients or other α-synucleinopathies, including multiple system atrophy (MSA) and
dementia with Lewy bodies (DLB) [14]. In this review, we will discuss the most recent
evidence, which describes possible links between gut/nasal dysbiosis and PD, and the
potential contribution that pathogenic bacteria might have on α-synD generation in the era
of the SAAs.

2. Gut Microbiota

Most of the microorganisms that constitute the human microbiota resides in the gut
and, due to the stability/resilience and the symbiotic interaction with the host, it is possible
to consider this huge community of cells a real organ. It has been estimated that the human
gastrointestinal (GI) tract contains more than 100 trillion microorganisms, including bac-
teria, yeast and viruses, and the gut microbiota encodes over 3 million genes producing
thousands of metabolites. Each individual is provided with a unique, complex and dynamic
microorganism profile that plays many specific functions in host nutrient metabolism, main-
tenance of the structural integrity of the gut mucosal barrier, immunomodulation, and
protection against pathogens [15]. Gut microbiota is composed of different bacteria species
taxonomically classified by species, genus, family, order, class and phyla. The dominant
microbial phyla in the gut are Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Verrucomicrobia and Fusobacteria, with Firmicutes and Bacteroidetes representing 90%
of the total gut microorganisms [16]. At least 200 different genera are part of the Firmi-
cutes phylum and, among them, the most representative are: Lactobacillus spp., Bacillus
spp., Clostridium spp., Enterococcus spp. and Ruminicoccus spp. Bacteroidetes consist of
predominant genera such as Bacteroides and Prevotella, while the Actinobacteria phylum
is proportionally less abundant and mainly represented by the Bifidobacterium genus [17].
Human gut microbiota composition differs taxonomically and functionally in different GI
regions, which are markedly distinct in terms of physiology, digestion flow rates, substrate
availability, host secretions, pH and oxygen tension [18]. Indeed, the small intestine, due to
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the short transit times (3–5 h) and the high bile concentrations, is a challenging environment
for microbes, while the large intestine has a great microbial community, being dominated by
obligate anaerobes [19]. Moreover, microbiota composition varies according to the life stage
(pre-natal, newborn, first three years of age); it stabilizes during the adult period, undergo-
ing variations due to environmental or health factors. From childhood to old age, where
there is often observed a progressive increase in Firmicutes/Bacteroidetes ratio, different
factors can influence the diversity of the microbiota, such as gender, body mass index, type
of diet, geographical area of living, the presence of antibacterial agents or pre/probiotics,
treatment with specific drugs (e.g., antibiotics), and pathological conditions [20–23]. As
previously mentioned, the balance between the bacterial species composing the microbiota
is referred to as eubiosis; the eubiosis/dysbiosis condition strongly influences our health
and disease status. Healthy intestinal flora is essential to promote the health of the host, but
the excessive growth of the bacterial population leads to a variety of harmful conditions.
Several epidemiologic studies demonstrated that various gastrointestinal disorders (e.g.,
inflammatory bowel disease), metabolic diseases (e.g., diabetes) and autoimmune diseases
(e.g., celiac disease) can alter the microbial balance, thus promoting dysbiosis with a conse-
quent modification of the distribution and the composition of the microbiota [24–27]. In
particular, an alteration of the balance between symbiotic bacteria (Lactobacillus spp., Bifi-
dobacterium spp., Enterococcus spp., Propionibacterium spp. and Peptostreptococcus spp.) and
opportunists (Bacteroides, Bacilli, Clostridia, Enterobacteriales, Peptococcus spp., Staphylococcus
spp. as well as yeasts) is associated with gastrointestinal disorders. In general, the symbi-
otic relationship between the gut microbiota and the host is regulated and stabilized by a
complex network of interactions that encompass metabolic, immune and neuroendocrine
crosstalk. This crosstalk is potentially mediated by microbial-synthesized metabolites
which exhibit pleiotropic effects, for instance by acting as signalling molecules in regulating
host neuro-immune-inflammatory axes that could physiologically link the gut with other
organ systems.

The Gut-Brain Axis: Gut Microbiota and Central Nervous System Interaction

In recent years, it became evident that intestinal bacteria could alter CNS physiology
by promoting pro-inflammatory mechanisms, and that dysbiosis could contribute to patho-
logical processes in complex neurological conditions [28]. The communication between gut
microbiota and CNS develops through the so-called gut-brain axis (GBA), which consists of
a bidirectional language between CNS and ENS, linking emotional and cognitive centres of
the brain with peripheral intestinal functions. Recent advances in research have described
the importance of gut microbiota in influencing these interactions [29,30]. The CNS can
modulate the motility, the permeability and the secretion of intestinal mucus through the
autonomic nervous system, or activate the hypothalamic-pituitary-adrenal axis and induce
overproduction of cortisol, with a consequent reduction of the expression of adhesion
proteins in the intestinal epithelium, and an increase of its permeability [31]. In parallel,
the intestinal microbiota can deliver signals (including specific neurotransmitters and
metabolites) that can reach the CNS either through the ENS or through the blood flow, also
considering their ability to cross the blood brain barrier (BBB) [32,33]. The CNS has long
been considered an immune-privileged organ, with the BBB strictly regulating the move-
ments of molecules, ions and cells from the periphery via tight junctions [34]. However,
this concept has been reconsidered, as compelling evidence suggests that immune cells can
enter the CNS via BBB, the choroid plexus and the lymphatic vessels, especially in patients
with neurological disorders [35]. Bacterial products, metabolites and neurotransmitters,
in particular, are described among the molecules that can cross the BBB, promoting not
only CNS development but also the onset of certain diseases [36]. Among the bacterial
neuroactive molecules functioning as neurotransmitters that directly contribute to brain-gut
communication the most relevant are: 1. gamma-aminobutyric acid (GABA), which is syn-
thesized by Lactobacillus spp. and Bifidobacterium spp. [37]; 2. dopamine and noradrenaline
produced by bacterial belonging to Bacillus species and E. coli [38]; and 3. serotonin, mainly
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released by Lactobacillus spp., Streptococcus spp. and Klebsiella spp. [39]. Interestingly, 90%
of serotonin required for several CNS functions is produced in the gut, and the binding of
serotonin to 5-HT receptors on microglial cells promotes the release of cytokine-carrying
exosomes, thus providing an important mechanism for the gut-induced modulation of
neuroinflammation [40]. Among bacterial metabolites, the tryptophan derivatives and the
short-chain fatty acids (SCFAs) play important roles in GBA communication. Metabolites
derived from dietary tryptophan could control CNS inflammation, acting on microglia
activation and the transcriptional program of astrocytes, thus maintaining brain homeosta-
sis [41]. SCFAs are the main metabolites produced by bacterial fermentation of dietary
fibres in the colon; SCFAs can bind to specific immunological receptors and, subsequently,
be used as sources of energy, and gene expression regulators of epithelial integrity and
immune interactions [42]. The three main components of SCFAs (acetate, propionate and
butyrate) are also involved in specific neurological functions, such as: the stimulation of
enterochromaffin cells for the production of serotonin; the control of the maturation and de-
velopment of microglia; the modulation of nerve growth factor (NGF) and glial cell-derived
neurotrophic factor (GDNF). These latter are important mediators of neuronal growth,
survival and differentiation, and are also necessary for the formation of the synapses [43]. In
particular, acetate alters the levels of the neurotransmitters glutamate, glutamine and GABA
in the hypothalamus, while propionate and butyrate act on the neurochemical balance of
the brain, by regulating the expression levels of tryptophan 5-hydroxylase 1, an enzyme
implicated in serotonin synthesis, and of tyrosine hydroxylase, involved in the biosynthesis
of dopamine, norepinephrine and epinephrine [44]. Starting from this evidence, which
highlights the close communication between the CNS and gut, recent studies correlated
the dysbiosis of the gut microbiota with behavioural and neurological pathologies such as
depression, the disorder of autism spectrum (ASD), Alzheimer’s disease (AD), multiple
sclerosis (MS), amyotrophic lateral sclerosis (ALS), prion diseases and PD [45–50]. In the
next paragraphs of this review, we summarize the available evidence and new potential
mechanisms linking gut and nasal microbiota dysbiosis with the onset and progression
of PD.

3. Nasal Microbiota

The interconnection between gut and oral/nasal microbiota is still poorly described.
However, it is known that nasal microbiota can influence the olfaction, the immune regula-
tion, and the homeostasis of the CNS. The respiratory tract is a complex system in which
microbiota acts as a “guardian” that provides resistance to colonization by pathogens, and
the nasal region is one of the distinct environments for the survival of specific microor-
ganisms. The upper respiratory tract (URT) is mainly composed of distinct anatomical
structures, with different cell populations differently exposed to external factors [51]. Dis-
similarities in the microbiota composition at lower taxonomic levels in this region are
found, due to the specific influences from the external (e.g., humidity, temperature, relative
oxygen concentration), as well as from interactions between microbes and the immune
system. Colonization of the URT begins at birth and, during early life, respiratory bacterial
communities are highly dynamic and mainly influenced by the mode of birth, feeding type,
crowding conditions and antibiotic treatments. Throughout adulthood, the nasal microbiota
stabilizes and remains mainly constant with a stable composition that hampers pathogen
overgrowth, or may develop an unstable bacterial community which predisposes to infec-
tion and inflammation [52,53]. Considering the URT structure (nasal cavity, nasopharynx
and oropharynx), the nasal cavity is closely linked to the external environment, and is
dominated by Staphylococcus spp., Propionibacterium spp., Corynebacterium spp., Moraxella
spp., Dolosigranum spp., and Streptococcus spp. [54]. The nasopharynx, is mainly composed
of microbial communities typically characterized by Moraxella spp., Staphylococcus spp.,
and Corynebacterium spp. The oropharynx has a more complex microbiota that includes
Neisseria spp., Rothia spp., and anaerobic bacteria among which Veillonella spp., Prevotella
spp., and Leptotrichia spp. As previously reported, the primary function of any microbial
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ecosystem is to maintain a state of symbiosis, providing resistance against pathogens. In
this context, the URT is considered as a major reservoir of potential pathogens, e.g., Strepto-
coccus pneumoniae and Haemophilus influenzae. The nasal eubiosis is necessary to limit
the expansion and subsequently spreading of these microorganisms towards the lungs, po-
tentially leading to symptomatic infection. Thus, establishing and maintaining a balanced
microbiota in the URT resilient to pathogenic expansion and invasion is vital for respiratory
health [55,56]. The epithelial layer of the nasal cavity acts as a barrier, thus protecting from
pathogen invasion and preventing pathogens from reaching the lower respiratory tract (e.g.,
the lungs). The epithelial cells are involved in immune defence mechanisms through the
secretion of lysozyme, lactoferrin, IgM, and IgA, keeping a healthy nasal environment and
preventing local infections and inflammations [57,58]. Some evidence suggests that nasal
microbiota and its metabolites can reach the CNS through the olfactory system (involving
the olfactory bulb) by escaping the BBB [59].

The Nose-Brain Axis: Nasal Microbiota and Central Nervous System Interaction

The gut-brain axis is an essential bidirectional communication way that links two
important organs and that influence their physiological or pathological conditions. In
2008, Doty and colleagues first proposed the nose-to-brain hypothesis [60]. This hypothesis
describes the olfactory system as a portal from which environmental factors, including
microorganisms, can access the olfactory bulb (OB) and directly spread to the brain. For this
reason, the olfactory system may be involved in the onset of some neurological disorders.
There are two main mechanisms by which nasal microbes might contribute to the initiation
and progression of neurological diseases. First, bacteria or their products could directly
spread from the nose to the CNS along neuronal pathways promoting inflammation, the
accumulation of pathological proteins such as α-syn or amyloid beta (Aβ), and finally
neurodegeneration. In AD and PD, in particular, there could be a prion-like spread of
misfolded proteins from the olfactory system through neuronal connections [61]. Moreover,
it has been described that an injection of α-syn or Aβ oligomers into the OB of mice are
rapidly transferred to the interconnected brain regions [62,63]. Similarly, inflammation
triggered by nasal dysbiosis could also propagate throughout the CNS, and OB microglia
have an important role in this process. Injection of a single dose of lipopolysaccharide (LPS)
into the mouse nose leads to a wave of microglial toll-like receptor 2 (TLR2) induction,
which begins in the OB and progresses throughout connected regions of the brain. This
activation triggers the production of pro-inflammatory cytokines, resulting in neuronal
and oligodendrocyte damage [64]. The second mechanism through which nasal microbiota
could influence the development of neurological disease is through the lymphatic system,
in particular, via drainage of the posterior nasal sinuses into the cerebrospinal fluid (CSF),
considered a route by which bacterial toxins could enter the CNS [65]. A recent 16S rRNA
NGS analysis shows that infection with Chlamydia pneumonia, a respiratory pathogen, is
associated with an increased occurrence of AD. C. pneumoniae DNA is found throughout
the olfactory system and in brain tissue samples of post-mortem AD patients, while it lacks
in controls [66]. To corroborate these data, it has been described that intranasal inoculation
of C. pneumoniae in animal models (BALB/c mice) results in the progressive infection of
neuronal cells with this microorganism and promotes Aβ accumulation throughout the
brain [67]. Although C. pneumoniae is certainly a pathogenic species, it is present in the
nasal microbiota in low abundance. Dysbiosis could therefore allow amplification of this C.
pneumoniae population and lead to olfactory nerve infiltration and access to the CNS [67].
In a recent paper, Hoggard and colleagues hypothesized that inflammatory conditions
driven by altered nasal microbiota in the URT of patients with chronic rhinosinusitis
(CRS) could have a potential role as a modifier of neural signalling leading to mental
health impairment [68]. In this study, the authors investigated associations between the
nasal microbiota, the local concentrations of different neurotransmitters (e.g., serotonin,
dopamine, GABA) and the depression severity in a cohort of CRS patients and healthy
controls [68]. Interestingly, they found that several commonly “health-associated” bacterial
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taxa were positively associated with higher neurotransmitter concentrations and negatively
associated with depression severity. In contrast, taxa commonly associated with a nasal
microbiota dysbiosis negatively associated with neurotransmitters and positively with
depression severity. Taken together, the findings obtained from the literature lend support
to the potential for downstream effects of the nasal microbiota on neural signalling and,
subsequently, brain functions and dysfunctions.

4. Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease affecting about 1/100 of peo-
ple in the sixth decade of life. PD is characterized by motor deficits, including slowness
of movement, stiffness and tremor [69]. However, before the appearance of these symp-
toms, it presents a prodromal phase, which is instead characterized by the appearance
of non-motor symptoms, which include sleep disturbances (e.g., idiopathic REM Sleep
Behaviour Disorder-iRBD), constipation, depression and olfactory impairment [70]. One of
the typical neuropathological features of PD concerns the loss of dopaminergic neurons
of the substantia nigra pars compacta [71]. The loss of these cells, and the consequent
reduction of dopamine release, leads to a dysfunction of other cerebral structures, including
the basal ganglia, essential for the initiation and the control of movement. Dopaminergic
neurons show the presence of typical protein aggregates, both in the cytoplasm (Lewy
bodies) and in neuronal processes (Lewy neurites), mainly composed of misfolded α-syn
(α-synD). Lewy bodies are also found in other cerebral regions, such as the dorsal motor
nuclei of the vagus nerve, the locus coeruleus and the entorhinal cortex, but the exact
trigger for the formation of α-synD and the consequent neuronal degeneration is not yet
clear [72]. The study of family cases led to the identification of genetic risk factors, some
with high penetrance but very rare (e.g., mutations in the SNCA gene that encodes for the
α-syn protein), while others are more frequent in the population but with reduced pene-
trance (e.g., variants of the GBA and LRRK2 genes) [73]. Growing evidence suggests that
α-synD, in addition to forming intraneuronal protein aggregates which are characteristic of
PD, may be directly involved in the onset and progression of the disease. Aggregates of
α-synD propagate between neurons, and they can interact with the normal α-syn (which
abounds at the level of the synapses) inducing a conformational change that promotes
the formation of new α-synD species [14,74] that finally aggregate and form the typical
protein deposits. Through this mechanism, α-synD propagates very efficiently within the
CNS. Interestingly, in addition to being present in neurons of the CNS, α-synD was also
identified in the ENS, especially in the early stages of PD and it could contribute to the
onset of gastrointestinal disorders, including constipation and impaired motor function of
the colon [75]. These findings prompted researchers to hypothesize that PD may originate
in the gut where alterations of the local microbiota can promote the local formation of
α-synD. This pathological protein can finally reach the brain, through the gut-brain axis,
causing the clinical and neuropathological changes typical of the disease [76]. For this
reason, the correlation studies between intestinal microbiota and PD have been intensified
in the last years. Interesting discoveries have shown that, before aggregating in the CNS,
α-synD accumulates in peripheral structures such as the enteric plexus of the stomach and
in the OB of PD patients. For this reason, it has been proposed that the formation of α-synD

may occur in peripheral regions (e.g., the gut and nose) and that from those organs it could
reach the brain (dual-hit hypothesis) [77]. In the next paragraphs, we will describe the most
recent discoveries which link alterations of gut and nasal microbiota with PD onset and
progression.

4.1. Neuroinflammation in PD

Neuroinflammation plays a crucial role in PD. In particular, it has been shown that
inflammation-derived oxidative stress and cytokine-dependent toxicity may contribute
to the degeneration of the nigrostriatal pathway and accelerate the progression of the
disease [78]. It has been hypothesized that transient initiation factors, like bacterial or
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viral infection, neuronal injury (e.g., brain trauma), environmental toxins (e.g., pesticides),
may induce an increased production of chemokines, cytokines, reactive oxygen species
(ROS) and other factors, which are characteristic of chronic neuroinflammation, leading to
the activation of glial cells (both astrocytes and microglia) around dopaminergic neurons,
thus contributing to neuronal dysfunction and death [79]. In addition, dying dopaminer-
gic neurons release chemoattractants that promote further in situ migration of activated
microglia to remove neuronal debris [78]. Interestingly, midbrain dopaminergic neurons
exhibit a peculiar sensitivity to inflammatory factors (e.g., TNF) [80]. Moreover, these
pro-inflammatory factors are elevated in the CSF and brain of PD patients [81]. Positron
emission tomography (PET) imaging studies of microglia activation showed that pons,
basal ganglia, striatum and frontal and temporal cortical regions of patients with idiopathic
PD have markedly elevated neuroinflammation, compared to healthy subjects [82]. It
was also observed that the R47H variant of the triggering receptor expressed on myeloid
cells 2 (TREM-2) represents an important genetic risk factor for PD [83], as well as some
variants of the human leukocyte antigen gene (HLA-DRA, which codes for the HLA-DR
receptor) specifically expressed on microglia [84]. The substantia nigra of individuals
with PD shows upregulation of HLA-DR antigens and the presence of HLA-DR-positive
reactive microglia [85]. Studies using mouse models of PD showed that the administra-
tion of LPS directly into the substantia nigra of mice overexpressing human α-syn (either
wild-type or with the A53T mutation) induced neuroinflammation associated with the
death of dopaminergic neurons, other than the accumulation of insoluble aggregates of
α-synD in nigral neurons, thus suggesting that the two mechanisms may be somehow
linked [86]. Furthermore, an important microglial activation was observed in several toxin-
based PD models (e.g., MPTP) of PD [87,88]. In vitro studies, using primary cultures of
murine cortical astrocytes, showed that the presence of inflammatory factors, like IFN-γ
and IL-1β, causes the activation of astrocytes and the upregulation of nitric oxide (NO)
production [89,90]. Increasing levels of NO can favour α-syn aggregation and accumula-
tion due to a decreased proteasome activity [91]. A very recent study evaluated the scores
of two non-specific parameters of inflammation (platelet-to-lymphocyte ratio-PLR, and
neutrophil-to-lymphocyte ratio-NLR) by counting the neutrophil and lymphocyte rate in
blood samples of PD and multiple system atrophy (MSA) patients or healthy controls and
observed that these parameters were higher either in PD and MSA than controls, but in
PD they both reached a statistical significance, while in MSA, only NLR was significantly
higher than controls [92]. This suggests that PD and MSA have distinct neuroinflammatory
patterns. Although many questions remain still unanswered, these evidences support the
existence of an important link between inflammation, oxidative stress and PD pathology.

4.2. Gut Microbiota and PD

α-syn is not only expressed in the CNS, but also by the neurons of the ENS and has a
fundamental role in the release/absorption of neurotransmitters [93]. Pathological aggre-
gates of α-synD were observed in the biopsies of gastrointestinal tissues of patients with
PD [94]. Furthermore, α-synD was also found in salivary glands, esophagus and stomach,
organs potentially involved in the common non-motor symptomatology in PD, such as
hypersalivation, dysphagia, delayed gastric emptying and gastroparesis [95]. Studies pub-
lished by Braak et al. in 2003 [96] and Hawkes et al. in 2007 [77] support the involvement
of the GI in the development and progression of PD, suggesting that α-synD may originate
in the gastrointestinal system, reach the CNS via retrograde transport along the neural
projections of the ENS, and from there spread to different neuroanatomical regions in a
caudal-rostral manner. Apart from the demonstration of the presence of α-synD aggregates
in the vagus nerve [97], studies in experimental animal models of PD have demonstrated
that the inoculation of α-synD in the gastrointestinal tract of mice can induce α-synD depo-
sition in the CNS [98,99]. The presence of healthy gut microbiota has not only beneficial
effects on gastrointestinal structures, but can induce the production of SCFAs and promote
the integrity of the BBB through the regulation of the proteins of the tight junctions. A
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condition of dysbiosis at the microbiota level, on the contrary, may be associated with
an increase in the relative abundance of detrimental bacterial species, with a consequent
alteration of the intestinal integrity and bacterial production of toxins with inflammatory
activity (e.g., LPS) [100]. In particular, it is known that LPS interacts peripherally with the
cells of the immune system, thus stimulating the release of pro-inflammatory cytokines;
moreover, it has been shown that LPS can induce the formation of α-synD in experimental
models [101]. After the heteromolecular interaction between LPS and α-syn, it was possible
to observe the formation of α-synD with well-defined pathologic structural properties [102].
Further evidence suggests that specific bacterial molecules, in particular proteins with
amyloid structures, can promote the formation of α-synD. Indeed, the gut microbiota pro-
duces several “amyloid” molecules, including the “curli” protein, expressed in abundance
from intestinal strains such as Escherichia coli and the phenol soluble modulins (PSMαs)
produced from Staphylococcus aureus. In transgenic mice that overexpress human α-syn,
the colonization with E. coli could promote α-synD formation in the gut and its propagation
to the brain, while, in vitro studies showed that the presence of PSMαs catalyzes α-syn
aggregation [103–105]. Alterations of gut microbiota can lead to other important patho-
logical processes associated with the disease. For instance, intestinal bacteria (especially
Prevotella spp., Bacteroides spp., Lactobacillus spp., Bifidobacterium spp., Clostridioides spp.,
Enterococcus spp. and Ruminococcus spp.) contribute to the bioavailability of dopamine, a
key neurotransmitter in PD, in the ENS and CNS. Several studies have found that changes
in the composition of gut microbiota and dopamine production are linked to the clinical
manifestations of PD [102]. In particular, the loss of dopamine in the peripheral nervous
system (PNS) and ENS causes gastrointestinal dysfunctions, including delayed gastric emp-
tying and gut dysmotility. While some strains of intestinal bacteria exert negative effects by
stimulating further inflammatory responses through the production of endotoxins, others
were found to have neuroprotective roles on dopaminergic neurons and prevent the loss of
dopamine [106].

Through molecular genotyping studies of the microbial species present in the GI tract
of PD patients, it has been shown that the relative composition (at different levels) of all
major bacterial phyla are altered if compared to healthy subjects. Therefore, changes in gut
microbial species could be considered prodromal biomarkers indicating the early onset
of the disease [107]. In this regard, increased levels of Akkermansia muciniphila, Enterobac-
teriales, Eggerthella spp., Oscillibacter, Escherichia/Shigella, Lachnospiraceae and Streptococcus,
and decreased levels of Roseburia, Coprococcus, Faecalibacterium and Eubacterium biforme
were described in PD samples [108]. In addition, increased levels of Enterococcus spp.,
Bifidobacterium spp. and Ruminococcus spp. and decreased levels of Prevotella, Bacteroides
and Clostridium were also described [109]. Of note, the results regarding the relative abun-
dance of Lactobacillus spp. are still controversial [110]. In conclusion, alterations of gut
microbiota can promote intestinal inflammation, LPS secretion and the accumulation of
α-synD. These latter can spread to the CNS, through the retrograde vagal pathways of
innervation, and contribute to the onset of the typical neurodegenerative alterations of
PD. The comprehension of the role of the gut microbiota in PD will help to identify new
therapies and optimize methods available to prevent, delay or restore dopaminergic deficits
of this disorder.

4.3. Nasal Microbiota and PD

Dysfunctions of the olfactory system occur in 75–95% of PD patients in the early disease
stages. The nasal cavity is considered a secondary site (in addition to the gut) capable to
trigger neuroinflammation in PD and, as mentioned before, it has been hypothesized to
serve as a route of pathogen invasion/toxin exposure [60]. Similar to the gut, the nasal
cavity is colonized by distinct microbial communities in different regions of the URT. The
rostral region of the sinusoidal cavity consists of a specialized epithelial layer in close
proximity of the OB, with a stable microbial community that plays a role in olfactory
development and the function of smell [111,112]. Changes in the microbiota composition
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of this region have been associated with a pro-inflammatory profile that can cause several
diseases, such as the chronic rhinosinusitis and other respiratory syndromes, which are
thought to reduce olfaction [113]. The study of the nasal microbiota and its potential
association with PD is still at the dawn, and here we report the few studies published in this
context [114–117]. In their research, Pereira et al., analysed the nasal microbiota of 69 PD
patients and 67 healthy controls via 16S NGS sequencing (V1–V3 region). Samples were
collected between the septum and the middle turbinate via nasal swab. They identified
553 genera, 177 families, 96 orders, 49 classes and 28 phyla; the most common genus
present in PD and control groups was Corynebacterium followed by Propionibacterium,
Moraxella, Staphylococcus and Burkholderia. Despite the variety of microorganisms found,
it was not possible to detect differences in terms of alpha or beta diversity between PD
patients and controls [114]. Heintz-Buschart et al., via NGS sequencing for 16S and 18S
rRNA and shotgun metagenomic analysis, have studied the microbiota in nasal wash
samples collected from 76 PD patients and 78 healthy controls. This work highlighted
a high heterogeneity between samples at all the taxonomic levels, with only one OTU
of the genus Corynebacterium common to all subjects. However, also in this study, the
authors did not find significant differences that could discriminate PD patients from
controls. Further statistical analyses, considering 70 anthropometric data, allowed to
discover that gender and height of the subjects were able to influence the prokaryotic
community. Finally, comparisons between PD patients under treatment with levodopa
(L-DOPA) and untreated patients showed a greater relative abundance of Bacillaceae only
in treated patients [115]. Pal et al. analysed the bacterial community present in the nasal
cavity of 30 PD patients and 28 healthy subjects, by the multi-amplicon sequencing of 16S
rRNA gene, covering all the hypervariable regions (V1–V9). In this study, nasal sampling
was performed at the level of the olfactory fissure using a rigid endoscope. Results of this
study were more promising, as it was observed that PD patients have larger amounts of
“pro-inflammatory” bacterial species including Moraxella catarrhalis and Ralstonia insidiosa if
compared to controls. Interestingly, patients with increased quantities of M. catarrhalis (and
other pro-inflammatory bacteria strains) showed more severe PD symptoms and reduced
amounts of anti-inflammatory bacteria, including Blautia wexlerae, Lachnospira pectinoschiza
and Propionibacterium humerusii (known to produce SCFA in the gastrointestinal tract).
Further analyses performed with machine learning approaches allowed the identification
of eight characteristic taxa in PD patients: Escherichia albertii, Peptoniphilus asaccharolyticus,
Staphylococcus aureus, Macrococcus brunensis, Ralstonia insidiosa, Staphylococcus epidermidis,
Burkholderia xenovorans and Acinetobacter guillouiae. Finally, the severity of motor symptoms
(assessed by the Movement Disorder Society-Unified Parkinson’s scale Disease Rating Scale-
MDS-UPDRS) and the olfactory functions were positively correlated with M. catarrhalis and
S. epidermidis and with the commensal bacterial species P. asaccharolyticus. The results of this
study showed a peculiar pro-inflammatory and dysbiotic environment in the deep nose
cavity of PD patients compared to healthy subjects [116]. By sequencing the region V4-V5
of bacterial samples collected from the anterior nasal cavity of 91 patients with PD and 91
healthy controls, Li et al. observed high levels of Stenotrophomonas, u_Corynebacteriaceae
and Staphylococcus spp. in both groups of subjects. However, detailed analyses revealed a
higher level of g_unidentified_Corynebacteriaceae, f_Corynebacteriaceae, and s_Corynebacterium
sp KPL1855 in the PD group compared to healthy controls [117]. In conclusion, olfactory
alterations are considered as a prodromal symptom of PD, and the nasal dysbiosis might
play a crucial role [118]. In addition, such a dysbiosis could promote the formation of α-
synD which, settling in the neurons of the olfactory mucosa, can contribute to the olfactory
disturbance and later initiate its retrograde transport to the olfactory bulb and finally into
the CNS.

5. SAA Analyses of Olfactory Mucosa and Gut of PD Patients

The seed amplification assays (SAAs) are a group of highly sensitive techniques,
including the protein misfolding cyclic amplification (PMCA) and the Real-Time Quaking-
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Induced Conversion (RT-QuIC), that enabled the detection of trace amounts of α-synD

in CSF [119–123], olfactory mucosa (OM) [118,124–127], submandibular gland [128,129],
skin [130–132], saliva [133] and more recently the blood [134] of patients with PD and other
α-synucleinopathies, sometimes at prodromal disease stages [14,74]. As previously men-
tioned, the olfactory functions are impaired in most PD patients and this dysfunction has
been reported to occur in the early stages of the disease. For this reason, detecting α-synD in
OM samples collected from patients with olfactory impairment might be of utmost impor-
tance for identifying patients at higher risk of developing PD or other α-synucleinopathies.
Through SAA analyses, different groups have shown that it is possible to detect α-synD in
OM of PD, MSA and DLB patients with high sensitivity and specificity [118,124–127], even
at early stages [125]. Similarly, GI problems, such as constipation, are considered prodromal
symptoms of PD. For this reason, some groups have started to analyse gastrointestinal
biopsies by SAAs [129,135,136]. As in the case of OM samples, the results obtained in this
context are also very promising and indicated that the SAAs could detect α-synD in samples
collected from PD patients at different disease stages [135]. Now, it would be interesting
to investigate whether SAAs results correlate with specific alterations of the OM or gut
microbiota. Moreover, since SAAs can mimic in vitro the process of α-syn misfolding and
aggregation which occurs in vivo, they can be exploited to study whether and to what
extent specific bacteria or their metabolites (e.g., amyloid proteins or LPS), are able to
trigger α-syn misfolding in vitro (Figure 1). This would consent to deepen the role of GI
and OM dysbiosis in α-synD formation, PD onset and progression.
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6. Treatments for PD

Although there are no therapies capable to halt the neurodegenerative processes
of PD [137], there are several treatments that help to relieve the motor and non-motor
symptoms. Regarding the motor symptoms, the pivotal therapy of PD consists in the
administration of levodopa, a precursor of dopamine, which acts on the dopaminergic
pathway. It is currently considered the gold standard therapy for PD and is administered
in the form of tablets associated with inhibitors of the peripheral dopa-decarboxylase
enzyme (such as carbidopa or benserazide) [138]. This enzyme converts levodopa into
dopamine, therefore, its inhibition hampers the metabolization of the administered lev-
odopa at peripheral level thus allowing it to reach the CNS. The prolonged use of levodopa
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is however linked to the development of motor complications, which are estimated to
affect up to 50% of patients after 5 years of disease [139]. Motor complications are largely
due to the short plasma half-life of levodopa and the variability in the gastrointestinal
absorption of the drug; for this reason, during the course of the disease there is a tendency
to progressively increase the administration of levodopa or to administer other drugs in
addition to levodopa, such as entacapone, tolcapone and opicapone. This class of drugs in-
creases levodopa half-life by inhibiting the activity of Catechol-O-metyltransferase (COMT)
enzyme (which degrades levodopa) [140]. Another class of drugs used to treat PD are
the dopamine agonists (e.g., ropyrinol, pramipexole, rotigotine), which act by mimicking
the effect of dopamine at the level of dopaminergic receptors [139]. A further class of
drugs are monoamine oxidase B (MAO-B) enzyme inhibitors (e.g., selegiline, rasagiline and
safinamide). MAO-B enzyme is a cathalizator of dopamine degradation, so these drugs
essentially act by increasing the neurotransmitter’s half-life [141]. In most cases, the motor
complications associated with the use of levodopa tend to become increasingly severe;
therefore, in the advanced stages of the disease, second-level therapies are evaluated. One
of these is the continuous infusion of levodopa by placing a percutaneous endoscopic
gastrostomy (PEG) directly in the intestine, which guarantees stable levels of the active
principle in the blood. Another treatment is deep brain stimulation (DBS), consisting in the
implantation of electrodes at the level of the basal ganglia to stimulate them electrically,
regulating their signalling and considerably alleviating the motor symptoms of parkinson-
ism [142]. Regarding the treatment of non-motor symptoms, it is necessary to use drugs
that act on specific conditions. In particular, orthostatic hypotension can be treated with flu-
drocortisone, which increases salt and water retention, or with midodrine, an α1-adrenergic
agonist that acts on the arterial tone. Drugs with antimuscarinic action (e.g., oxybutynin or
tolterodine) are indicated for urinary incontinence, since they increase the relaxation of the
detrusor muscle of the bladder, while constipation can be treated with osmotic laxatives
(e.g., macrogol and lubiprostone) [143]. Antipsychotics such as quetiapine and clozapine
are indicated to manage possible behavioural disorders. Finally, the use of cholinesterase
enzyme inhibitors such as donepezil and rivastigmine can be considered to treat cognitive
disorders in advanced stages of the disease [144]. In the light of new evidence about the
possible role of microbiota in PD pathology, some clinical trials have focused on enriching
the diet of PD patients with probiotics or prebiotics, or a combination of both. It was found
that the consumption of fermented milk, containing multiple probiotic strains and prebiotic
fibre, could improve the stool consistency and increase the frequency of complete bowel
movements in PD patients with constipation, thus alleviating abdominal pain and the
sensation of incomplete emptying [145,146].

Several research groups are actively working to find an effective treatment for PD [147].
In this context, the SAA represents a valuable tool exploitable to monitor disease progres-
sion but overall to assess the effects of disease modifying treatments using easy to get
biological tissues.

7. Conclusions and Future Perspectives

In recent years, research on the microbiota field has taken significant steps forward,
mainly thanks to the development of new technologies (e.g., high-throughput DNA se-
quencing techniques, shotgun metagenomics, metatrascriptomics, metabolomics, metapro-
teomics), which allow analysing the composition and the functions of the bacterial flora
by deepening certain complex aspects that were previously invaluable [148,149]. These
analyses have shown that gut dysbiosis could lead to the onset of various pathologies,
which involve not only the GI system but, in some cases, also the CNS. In this regard,
alterations of the gut microbiota were found to precede the onset of PD and might have
a role in α-synD formation [48]. Another sign that anticipates PD is the loss of smell. Ad-
ditionally, in this case, nasal dysbiosis might be responsible for the olfactory impairment
and considering the direct link between OM and CNS, these alterations might contribute
to the onset of PD. Thanks to the development of the SAAs, traces of α-synD were found
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in OM and the gut of PD patients, even in the early stages of the disease, and it would
be interesting to study whether and to what extent these microbiota alterations might be
involved in α-synD formation. A few studies have demonstrated that the formation of
α-synD may depend on bacterial products (e.g., amyloid proteins including curli, PSMαs
or molecules such as LPS) and considering that these molecules are generated as a result of
dysbiosis, it would not be entirely surprising that peripheral organs (connected with the
CNS) could serve as sites of origin of the disease. Notably, compared to the gut, the OM can
be easily collected and the procedure is not invasive and can be repeated over time. This
makes the OM an excellent biological tissue that can be subjected to SAA and microbiota
analyses with the aim of improving the diagnosis of PD, especially considering the pheno-
typic heterogeneity of the disease. This variability seems to be associated with different
anomalous conformations of α-synD (strains). It will be therefore important to evaluate
whether different alterations of the microbiota can modulate the misfolding process of
α-syn and generate different α-synD strains. Finally, it is of utmost importance to clarify
whether the nasal dysbiosis really plays some role in PD onset and progression. If this was
the case, it would be possible to identify new therapeutic targets and plan personalized
treatments aimed at restoring the nasal eubiosis by reducing harmful bacterial strains (for
example by administering selective antibiotics) and by introducing alternative bacterial
strains (such as probiotics). Finally, as there are several prodromal symptoms of the disease,
such as sleep disturbances (iRDB), constipation and loss of smell, we may select patients
for OM collection and SAA and NGS analyses with the aim of studying whether α-synD or
nasal dysbiosis significantly anticipate the onset of PD. This will help to identify patients at
a higher risk of developing the disease. Early PD diagnosis and patient stratification is the
key to maximize the effectiveness of treatments and to slow or prevent disease progression.
SAA is not only useful to recognize and even stratify PD patients in their early disease
stages by analysing easily collectible tissues, but can also be exploited to monitor disease
progression (especially in patients under pharmacological treatment) and to study the effect
of different bacteria on α-synD generation in vitro. Indeed, since SAA mimics the process
of α-synuclein misfolding which occurs in vivo, it represents an important platform to
evaluate the influence of harmful bacteria (found in the gut or nose of PD patients) on
α-synD generation and strains formation. This will consent to plan innovative therapeutic
strategies by looking at PD from a different perspective.
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22. Mariat, D.; Firmesse, O.; Levenez, F.; Guimarǎes, V.D.; Sokol, H.; Doré, J.; Corthier, G.; Furet, J.P. The Firmicutes/Bacteroidetes
Ratio of the Human Microbiota Changes with Age. BMC Microbiol. 2009, 9, 123. [CrossRef] [PubMed]

23. Greenhalgh, K.; Meyer, K.M.; Aagaard, K.M.; Wilmes, P. The Human Gut Microbiome in Health: Establishment and Resilience of
Microbiota over a Lifetime. Environ. Microbiol. 2016, 18, 2103–2116. [CrossRef] [PubMed]

24. Iebba, V.; Totino, V.; Gagliardi, A.; Santangelo, F.; Cacciotti, F.; Trancassini, M.; Mancini, C.; Cicerone, C.; Corazziari, E.; Pantanella,
F.; et al. Eubiosis and Dysbiosis: The Two Sides of the Microbiota. New Microbiol. 2016, 39, 1–12. [PubMed]

25. Alshehri, D.; Saadah, O.; Mosli, M.; Edris, S.; Alhindi, R.; Bahieldin, A. Dysbiosis of Gut Microbiota in Inflammatory Bowel
Disease: Current Therapies and Potential for Microbiota-Modulating Therapeutic Approaches. Bosn. J. Basic Med. Sci. 2021, 21,
270–283. [CrossRef] [PubMed]

26. Larsen, N.; Vogensen, F.K.; Van Den Berg, F.W.J.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.; Al-Soud, W.A.; Sørensen, S.J.;
Hansen, L.H.; Jakobsen, M. Gut Microbiota in Human Adults with Type 2 Diabetes Differs from Non-Diabetic Adults. PLoS ONE
2010, 5, e9085. [CrossRef]

27. Leonard, M.M.; Valitutti, F.; Karathia, H.; Pujolassos, M.; Kenyon, V.; Fanelli, B.; Troisi, J.; Subramanian, P.; Camhi, S.; Colucci,
A.; et al. Microbiome Signatures of Progression toward Celiac Disease Onset in At-Risk Children in a Longitudinal Prospective
Cohort Study. Proc. Natl. Acad. Sci. USA 2021, 118, e2020322118. [CrossRef]

28. Sorboni, S.G.; Moghaddam, H.S.; Jafarzadeh-Esfehani, R.; Soleimanpour, S. A Comprehensive Review on the Role of the Gut
Microbiome in Human Neurological Disorders. Clin. Microbiol. Rev. 2022, 35, e0033820. [CrossRef]

29. Chen, X.; D’Souza, R.; Hong, S.T. The Role of Gut Microbiota in the Gut-Brain Axis: Current Challenges and Perspectives. Protein
Cell 2013, 4, 403–414. [CrossRef]

30. Zhu, X.; Han, Y.; Du, J.; Liu, R.; Jin, K.; Yi, W. Microbiota-Gut-Brain Axis and the Central Nervous System. Oncotarget 2017, 8,
53829–53838. [CrossRef]

31. Sudo, N. Microbiome, HPA Axis and Production of Endocrine Hormones in the Gut. Adv. Exp. Med. Biol. 2014, 817, 177–194.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.semarthrit.2019.05.007
http://doi.org/10.1016/S1470-2045(18)30095-0
http://doi.org/10.1016/j.chom.2020.06.008
http://doi.org/10.1016/S1369-5274(99)80052-6
http://doi.org/10.1371/journal.pone.0117617
http://doi.org/10.1128/CMR.00053-19
http://www.ncbi.nlm.nih.gov/pubmed/32907806
http://doi.org/10.3791/59980
http://www.ncbi.nlm.nih.gov/pubmed/31680682
http://doi.org/10.1172/JCI154944
http://www.ncbi.nlm.nih.gov/pubmed/35362479
http://doi.org/10.1212/WNL.0000000000200878
http://www.ncbi.nlm.nih.gov/pubmed/35914941
http://doi.org/10.1042/BCJ20160510
http://doi.org/10.1038/nature09944
http://doi.org/10.1016/j.tig.2012.09.005
http://doi.org/10.1016/j.chom.2019.08.011
http://doi.org/10.1038/nrgastro.2012.156
http://doi.org/10.3389/fcimb.2015.00003
http://doi.org/10.1136/gut.48.2.198
http://www.ncbi.nlm.nih.gov/pubmed/11156640
http://doi.org/10.1186/1471-2180-9-123
http://www.ncbi.nlm.nih.gov/pubmed/19508720
http://doi.org/10.1111/1462-2920.13318
http://www.ncbi.nlm.nih.gov/pubmed/27059297
http://www.ncbi.nlm.nih.gov/pubmed/26922981
http://doi.org/10.17305/bjbms.2020.5016
http://www.ncbi.nlm.nih.gov/pubmed/33052081
http://doi.org/10.1371/journal.pone.0009085
http://doi.org/10.1073/pnas.2020322118
http://doi.org/10.1128/CMR.00338-20
http://doi.org/10.1007/s13238-013-3017-x
http://doi.org/10.18632/oncotarget.17754
http://doi.org/10.1007/978-1-4939-0897-4_8
http://www.ncbi.nlm.nih.gov/pubmed/24997034


Brain Sci. 2022, 12, 1579 14 of 18

32. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.; Bakocevic, N.; Guan, N.L.; Kundu, P.;
et al. The Gut Microbiota Influences Blood-Brain Barrier Permeability in Mice. Sci. Transl. Med. 2014, 9, eaah6888. [CrossRef]
[PubMed]

33. Strandwitz, P. Neurotransmitter Modulation by the Gut Microbiota. Brain Res. 2018, 1693, 128–133. [CrossRef] [PubMed]
34. Daneman, R.; Prat, A. The Blood–Brain Barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef] [PubMed]
35. Aspelund, A.; Antila, S.; Proulx, S.T.; Karlsen, T.V.; Karaman, S.; Detmar, M.; Wiig, H.; Alitalo, K. A Dural Lymphatic Vascular

System That Drains Brain Interstitial Fluid and Macromolecules. J. Exp. Med. 2015, 115, 627. [CrossRef] [PubMed]
36. Blacher, E.; Bashiardes, S.; Shapiro, H.; Rothschild, D.; Mor, U.; Dori-Bachash, M.; Kleimeyer, C.; Moresi, C.; Harnik, Y.; Zur, M.;

et al. Potential Roles of Gut Microbiome and Metabolites in Modulating ALS in Mice. Nature 2019, 572, 474–480. [CrossRef]
37. Pokusaeva, K.; Johnson, C.; Luk, B.; Uribe, G.; Fu, Y.; Oezguen, N.; Matsunami, R.K.; Lugo, M.; Major, A.; Mori-Akiyama, Y.; et al.

GABA-Producing Bifidobacterium Dentium Modulates Visceral Sensitivity in the Intestine. Neurogastroenterol. Motil. 2017, 29,
e12904. [CrossRef]

38. Clarke, G.; Stilling, R.M.; Kennedy, P.J.; Stanton, C.; Cryan, J.F.; Dinan, T.G. Minireview: Gut Microbiota: The Neglected Endocrine
Organ. Mol. Endocrinol. 2014, 28, 1221–1238. [CrossRef]

39. Gershon, M.D. 5-Hydroxytryptamine (Serotonin) in the Gastrointestinal Tract. Curr. Opin. Endocrinol. Diabetes Obes. 2013, 20,
14–21. [CrossRef]

40. Glebov, K.; Löchner, M.; Jabs, R.; Lau, T.; Merkel, O.; Schloss, P.; Steinhäuser, C.; Walter, J. Serotonin Stimulates Secretion of
Exosomes from Microglia Cells. Glia 2015, 63, 626–634. [CrossRef]

41. Rothhammer, V.; Borucki, D.M.; Tjon, E.C.; Takenaka, M.C.; Chao, C.C.; Ardura-Fabregat, A.; De Lima, K.A.; Gutiérrez-Vázquez,
C.; Hewson, P.; Staszewski, O.; et al. Microglial Control of Astrocytes in Response to Microbial Metabolites. Nature 2018, 557,
724–728. [CrossRef] [PubMed]

42. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. (Lausanne) 2020, 11, 25. [CrossRef] [PubMed]

43. Louis, P.; Flint, H.J. Formation of Propionate and Butyrate by the Human Colonic Microbiota. Environ. Microbiol. 2017, 19, 29–41.
[CrossRef] [PubMed]

44. Mirzaei, R.; Bouzari, B.; Hosseini-Fard, S.R.; Mazaheri, M.; Ahmadyousefi, Y.; Abdi, M.; Jalalifar, S.; Karimitabar, Z.; Teimoori, A.;
Keyvani, H.; et al. Role of Microbiota-Derived Short-Chain Fatty Acids in Nervous System Disorders. Biomed. Pharmacother. 2021,
139, 111661. [CrossRef]

45. Pulikkan, J.; Mazumder, A.; Grace, T. Role of the Gut Microbiome in Autism Spectrum Disorders. Adv Exp Med Biol. 2019, 1118,
253–269. [PubMed]

46. Boziki, M.K.; Kesidou, E.; Theotokis, P.; Mentis, A.F.A.; Karafoulidou, E.; Melnikov, M.; Sviridova, A.; Rogovski, V.; Boyko, A.;
Grigoriadis, N. Microbiome in Multiple Sclerosis; Where Are We, What We Know and Do Not Know. Brain Sci. 2020, 10, 234.
[CrossRef]

47. Boddy, S.L.; Giovannelli, I.; Sassani, M.; Cooper-Knock, J.; Snyder, M.P.; Segal, E.; Elinav, E.; Barker, L.A.; Shaw, P.J.; McDermott,
C.J. The Gut Microbiome: A Key Player in the Complexity of Amyotrophic Lateral Sclerosis (ALS). BMC Med. 2021, 19, 1–14.
[CrossRef]

48. Shen, T.; Yue, Y.; He, T.; Huang, C.; Qu, B.; Lv, W.; Lai, H.Y. The Association Between the Gut Microbiota and Parkinson’s Disease,
a Meta-Analysis. Front. Aging Neurosci. 2021, 13, 636545. [CrossRef]

49. Limbana, T.; Khan, F.; Eskander, N. Gut Microbiome and Depression: How Microbes Affect the Way We Think. Cureus 2020, 12,
e9966. [CrossRef]

50. D’Argenio, V.; Sarnataro, D. Microbiome Influence in the Pathogenesis of Prion and Alzheimer’s Diseases. Int. J. Mol. Sci. 2019,
20, 4704. [CrossRef]

51. Santacroce, L.; Charitos, I.A.; Ballini, A.; Inchingolo, F.; Luperto, P.; De Nitto, E.; Topi, S. The Human Respiratory System and Its
Microbiome at a Glimpse. Biology 2020, 9, 318. [CrossRef] [PubMed]

52. Biesbroek, G.; Tsivtsivadze, E.; Sanders, E.A.M.; Montijn, R.; Veenhoven, R.H.; Keijser, B.J.F.; Bogaert, D. Early Respiratory
Microbiota Composition Determines Bacterial Succession Patterns and Respiratory Health in Children. Am. J. Respir. Crit. Care
Med. 2014, 190, 1283–1292. [CrossRef] [PubMed]

53. van den Bergh, M.R.; Biesbroek, G.; Rossen, J.W.A.; de Steenhuijsen Piters, W.A.A.; Bosch, A.A.T.M.; van Gils, E.J.M.; Wang, X.;
Boonacker, C.W.B.; Veenhoven, R.H.; Bruin, J.P.; et al. Associations between Pathogens in the Upper Respiratory Tract of Young
Children: Interplay between Viruses and Bacteria. PLoS ONE 2012, 7, e47711. [CrossRef] [PubMed]

54. Wos-Oxley, M.L.; Chaves-Moreno, D.; Jáuregui, R.; Oxley, A.P.A.; Kaspar, U.; Plumeier, I.; Kahl, S.; Rudack, C.; Becker, K.; Pieper,
D.H. Exploring the Bacterial Assemblages along the Human Nasal Passage. Environ. Microbiol. 2016, 18, 2259–2271. [CrossRef]
[PubMed]

55. Iwase, T.; Uehara, Y.; Shinji, H.; Tajima, A.; Seo, H.; Takada, K.; Agata, T.; Mizunoe, Y. Staphylococcus Epidermidis Esp Inhibits
Staphylococcus Aureus Biofilm Formation and Nasal Colonization. Nature 2010, 465, 346–349. [CrossRef] [PubMed]

56. Lysenko, E.S.; Clarke, T.B.; Shchepetov, M.; Ratner, A.J.; Roper, D.I.; Dowson, C.G.; Weiser, J.N. Nod1 Signaling Overcomes
Resistance of S. Pneumoniae to Opsonophagocytic Killing. PLoS Pathog. 2007, 3, e118. [CrossRef] [PubMed]

57. Ridley, C.; Thornton, D.J. Mucins: The Frontline Defence of the Lung. Biochem. Soc. Trans. 2018, 46, 1099–1106. [CrossRef]

http://doi.org/10.1126/scitranslmed.3009759
http://www.ncbi.nlm.nih.gov/pubmed/25411471
http://doi.org/10.1016/j.brainres.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29903615
http://doi.org/10.1101/cshperspect.a020412
http://www.ncbi.nlm.nih.gov/pubmed/25561720
http://doi.org/10.1084/jem.20142290
http://www.ncbi.nlm.nih.gov/pubmed/26077718
http://doi.org/10.1038/s41586-019-1443-5
http://doi.org/10.1111/nmo.12904
http://doi.org/10.1210/me.2014-1108
http://doi.org/10.1097/MED.0b013e32835bc703
http://doi.org/10.1002/glia.22772
http://doi.org/10.1038/s41586-018-0119-x
http://www.ncbi.nlm.nih.gov/pubmed/29769726
http://doi.org/10.3389/fendo.2020.00025
http://www.ncbi.nlm.nih.gov/pubmed/32082260
http://doi.org/10.1111/1462-2920.13589
http://www.ncbi.nlm.nih.gov/pubmed/27928878
http://doi.org/10.1016/j.biopha.2021.111661
http://www.ncbi.nlm.nih.gov/pubmed/30747427
http://doi.org/10.3390/brainsci10040234
http://doi.org/10.1186/s12916-020-01885-3
http://doi.org/10.3389/fnagi.2021.636545
http://doi.org/10.7759/cureus.9966
http://doi.org/10.3390/ijms20194704
http://doi.org/10.3390/biology9100318
http://www.ncbi.nlm.nih.gov/pubmed/33019595
http://doi.org/10.1164/rccm.201407-1240OC
http://www.ncbi.nlm.nih.gov/pubmed/25329446
http://doi.org/10.1371/journal.pone.0047711
http://www.ncbi.nlm.nih.gov/pubmed/23082199
http://doi.org/10.1111/1462-2920.13378
http://www.ncbi.nlm.nih.gov/pubmed/27207744
http://doi.org/10.1038/nature09074
http://www.ncbi.nlm.nih.gov/pubmed/20485435
http://doi.org/10.1371/journal.ppat.0030118
http://www.ncbi.nlm.nih.gov/pubmed/17722978
http://doi.org/10.1042/BST20170402


Brain Sci. 2022, 12, 1579 15 of 18

58. Mellert, T.K.; Getchell, M.L.; Sparks, L.; Getchell, T.V. Characterization of the Immune Barrier in Human Olfactory Mucosa.
Otolaryngol.-Head Neck Surg. 1992, 106, 181–188. [CrossRef]

59. Kristensson, K. Microbes’ Roadmap to Neurons. Nat. Rev. Neurosci. 2011, 12, 345–357. [CrossRef]
60. Doty, R.L. The Olfactory Vector Hypothesis of Neurodegenerative Disease: Is It Viable? Ann. Neurol. 2008, 63, 7–15. [CrossRef]
61. Rey, N.L.; Wesson, D.W.; Brundin, P. The Olfactory Bulb as the Entry Site for Prion-like Propagation in Neurodegenerative

Diseases. Neurobiol. Dis. 2018, 109, 226–248. [CrossRef] [PubMed]
62. Rey, N.L.; Petit, G.H.; Bousset, L.; Melki, R.; Brundin, P. Transfer of Human α-Synuclein from the Olfactory Bulb to Interconnected

Brain Regions in Mice. Acta Neuropathol. 2013, 126, 555–573. [CrossRef] [PubMed]
63. He, B.; Zheng, M.; Liu, Q.; Shi, Z.; Long, S.; Lu, X.; Pei, Z.; Yuan, T.F.; Su, H.; Yao, X. Injected Amyloid Beta in the Olfactory Bulb

Transfers to Other Brain Regions via Neural Connections in Mice. Mol. Neurobiol. 2018, 55, 1703–1713. [CrossRef] [PubMed]
64. Lalancette-Hbert, M.; Phaneuf, D.; Soucy, G.; Weng, Y.C.; Kriz, J. Live Imaging of Toll-like Receptor 2 Response in Cerebral

Ischaemia Reveals a Role of Olfactory Bulb Microglia as Modulators of Inflammation. Brain 2009, 132, 940–954. [CrossRef]
65. Filippidis, A.; Fountas, K.N. Nasal Lymphatics as a Novel Invasion and Dissemination Route of Bacterial Meningitis. Med.

Hypotheses 2009, 72, 694–697. [CrossRef]
66. Emery, D.C.; Shoemark, D.K.; Batstone, T.E.; Waterfall, C.M.; Coghill, J.A.; Cerajewska, T.L.; Davies, M.; West, N.X.; Allen, S.J. 16S

RRNA next Generation Sequencing Analysis Shows Bacteria in Alzheimer’s Post-Mortem Brain. Front. Aging Neurosci. 2017, 9,
195. [CrossRef]

67. Little, C.S.; Hammond, C.J.; MacIntyre, A.; Balin, B.J.; Appelt, D.M. Chlamydia Pneumoniae Induces Alzheimer-like Amyloid
Plaques in Brains of BALB/c Mice. Neurobiol. Aging 2004, 25, 419–429. [CrossRef]

68. Hoggard, M.; Nocera, A.; Biswas, K.; Taylor, M.W.; Douglas, R.G.; Bleier, B.S. The Sinonasal Microbiota, Neural Signaling, and
Depression in Chronic Rhinosinusitis. Int. Forum Allergy Rhinol. 2018, 8, 394–405. [CrossRef]

69. Mazzoni, P.; Shabbott, B.; Cortés, J.C. Motor Control Abnormalities in Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012,
2, a009282. [CrossRef]

70. Goldman, J.G.; Postuma, R. Premotor and Nonmotor Features of Parkinson’s Disease. Curr. Opin. Neurol. 2014, 27, 434–441.
[CrossRef]

71. Kalia, L.V.; Lang, A.E. Parkinson’s Disease. Lancet 2015, 28, 375–381. [CrossRef]
72. Obeso, J.A.; Stamelou, M.; Goetz, C.G.; Poewe, W.; Lang, A.E.; Weintraub, D.; Burn, D.; Halliday, G.M.; Bezard, E.; Przedborski,

S.; et al. Past, Present, and Future of Parkinson’s Disease: A Special Essay on the 200th Anniversary of the Shaking Palsy. Mov.
Disord. 2017, 32, 1264–1310. [CrossRef] [PubMed]

73. Di Fonzo, A.; Monfrini, E.; Erro, R. Genetics of Movement Disorders and the Practicing Clinician; Who and What to Test For?
Curr. Neurol. Neurosci. Rep. 2018, 18, 37. [CrossRef] [PubMed]

74. Cazzaniga, F.A.; De Luca, C.M.G.; Bistaffa, E.; Consonni, A.; Legname, G.; Giaccone, G.; Moda, F. Cell-Free Amplification of
Prions: Where Do We Stand? Prog. Mol. Biol. Transl. Sci. 2020, 175, 325–358, ISBN 9780128200025. [PubMed]

75. Yan, F.; Chen, Y.; Li, M.; Wang, Y.; Zhang, W.; Chen, X.; Ye, Q. Gastrointestinal Nervous System A-Synuclein as a Potential
Biomarker of Parkinson Disease. Medicine 2018, 97, e11337. [CrossRef]

76. Schaeffer, E.; Kluge, A.; Böttner, M.; Zunke, F.; Cossais, F.; Berg, D.; Arnold, P. Alpha Synuclein Connects the Gut-Brain Axis in
Parkinson’s Disease Patients-A View on Clinical Aspects, Cellular Pathology and Analytical Methodology. Front. Cell Dev. Biol.
2020, 8, 573696. [CrossRef]

77. Hawkes, C.H.; Del Tredici, K.; Braak, H. Parkinson’s Disease: A Dual-Hit Hypothesis. Neuropathol. Appl. Neurobiol. 2007, 33,
599–614. [CrossRef]

78. Tansey, M.G.; Goldberg, M.S. Neuroinflammation in Parkinson’s Disease: Its Role in Neuronal Death and Implications for
Therapeutic Intervention. Neurobiol. Dis. 2010, 37, 510–518. [CrossRef]

79. McGeer, P.L.; McGeer, E.G. Glial Cell Reactions in Neurodegenerative Diseases Pathophysiology and Therapeutic Interventions.
Alzheimer Dis. Assoc. Disord. 1998, 12, S1–S6. [CrossRef]

80. Block, M.L.; Zecca, L.; Hong, J.S. Microglia-Mediated Neurotoxicity: Uncovering the Molecular Mechanisms. Nat. Rev. Neurosci.
2007, 8, 57–69. [CrossRef]

81. Sawada, M.; Imamura, K.; Nagatsu, T. Role of Cytokines in Inflammatory Process in Parkinson’s Disease. J Neural Transm Suppl.
2006, 70, 373–381.

82. Gerhard, A.; Pavese, N.; Hotton, G.; Turkheimer, F.; Es, M.; Hammers, A.; Eggert, K.; Oertel, W.; Banati, R.B.; Brooks, D.J. In Vivo
Imaging of Microglial Activation with [11C](R)-PK11195 PET in Idiopathic Parkinson’s Disease. Neurobiol. Dis. 2006, 21, 404–412.
[CrossRef] [PubMed]

83. Rayaprolu, S.; Mullen, B.; Baker, M.; Lynch, T.; Finger, E.; Seeley, W.W.; Hatanpaa, K.J.; Lomen-Hoerth, C.; Kertesz, A.; Bigio,
E.H.; et al. TREM2 in Neurodegeneration: Evidence for Association of the p.R47H Variant with Frontotemporal Dementia and
Parkinson’s Disease. Mol. Neurodegener. 2013, 8, 19. [CrossRef] [PubMed]

84. Hamza, T.H.; Zabetian, C.P.; Tenesa, A.; Laederach, A.; Montimurro, J.; Yearout, D.; Kay, D.M.; Doheny, K.F.; Paschall, J.; Pugh, E.;
et al. Common Genetic Variation in the HLA Region Is Associated with Late-Onset Sporadic Parkinson’s Disease. Nat. Genet.
2010, 42, 781–785. [CrossRef] [PubMed]

85. McGeer, P.L.; Itagaki, S.; Boyes, B.E.; McGeer, E.G. Reactive Microglia Are Positive for HLA-DR in the: Substantia Nigra of
Parkinson’s and Alzheimer’s Disease Brains. Neurology 1988, 38, 1285–1291. [CrossRef]

http://doi.org/10.1177/019459989210600221
http://doi.org/10.1038/nrn3029
http://doi.org/10.1002/ana.21327
http://doi.org/10.1016/j.nbd.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28011307
http://doi.org/10.1007/s00401-013-1160-3
http://www.ncbi.nlm.nih.gov/pubmed/23925565
http://doi.org/10.1007/s12035-017-0446-1
http://www.ncbi.nlm.nih.gov/pubmed/28211008
http://doi.org/10.1093/brain/awn345
http://doi.org/10.1016/j.mehy.2008.10.031
http://doi.org/10.3389/fnagi.2017.00195
http://doi.org/10.1016/S0197-4580(03)00127-1
http://doi.org/10.1002/alr.22074
http://doi.org/10.1101/cshperspect.a009282
http://doi.org/10.1097/WCO.0000000000000112
http://doi.org/10.1016/S0140-6736(14)61393-3
http://doi.org/10.1002/mds.27115
http://www.ncbi.nlm.nih.gov/pubmed/28887905
http://doi.org/10.1007/s11910-018-0847-1
http://www.ncbi.nlm.nih.gov/pubmed/29789954
http://www.ncbi.nlm.nih.gov/pubmed/32958239
http://doi.org/10.1097/MD.0000000000011337
http://doi.org/10.3389/fcell.2020.573696
http://doi.org/10.1111/j.1365-2990.2007.00874.x
http://doi.org/10.1016/j.nbd.2009.11.004
http://doi.org/10.1097/00002093-199803001-00001
http://doi.org/10.1038/nrn2038
http://doi.org/10.1016/j.nbd.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16182554
http://doi.org/10.1186/1750-1326-8-19
http://www.ncbi.nlm.nih.gov/pubmed/23800361
http://doi.org/10.1038/ng.642
http://www.ncbi.nlm.nih.gov/pubmed/20711177
http://doi.org/10.1212/WNL.38.8.1285


Brain Sci. 2022, 12, 1579 16 of 18

86. Gao, H.M.; Kotzbauer, P.T.; Uryu, K.; Leight, S.; Trojanowski, J.Q.; Lee, V.M.Y. Neuroinflammation and Oxidation/Nitration of
α-Synuclein Linked to Dopaminergic Neurodegeneration. J. Neurosci. 2008, 28, 7687–7698. [CrossRef]

87. Smeyne, R.J.; Breckenridge, C.B.; Beck, M.; Jiao, Y.; Butt, M.T.; Wolf, J.C.; Zadory, D.; Minnema, D.J.; Sturgess, N.C.; Travis, K.Z.;
et al. Assessment of the Effects of MPTP and Paraquat on Dopaminergic Neurons and Microglia in the Substantia Nigra Pars
Compacta of C57BL/6 Mice. PLoS ONE 2016, 11, e0164094. [CrossRef]

88. Su, X.; Federoff, H.J.; Maguire-Zeiss, K.A. Mutant α-Synuclein Overexpression Mediates Early Proinflammatory Activity. Neurotox.
Res. 2009, 16, 238–254. [CrossRef]

89. Hewett, S.J.; Corbett, J.A.; McDaniel, M.L.; Choi, D.W. Interferon-γ and Interleukin-1β Induce Nitric Oxide Formation from
Primary Mouse Astrocytes. Neurosci. Lett. 1993, 164, 229–232. [CrossRef]

90. Consonni, A.; Morara, S.; Codazzi, F.; Grohovaz, F.; Zacchetti, D. Inhibition of Lipopolysaccharide-Induced Microglia Activation
by Calcitonin Gene Related Peptide and Adrenomedullin. Mol. Cell. Neurosci. 2011, 48, 151–160. [CrossRef]

91. Paxinou, E.; Chen, Q.; Weisse, M.; Giasson, B.I.; Norris, E.H.; Rueter, S.M.; Trojanowski, J.Q.; Lee, V.M.Y.; Ischiropoulos, H.
Induction of α-Synuclein Aggregation by Intracellular Nitrative Insult. J. Neurosci. 2001, 21, 8053–8061. [CrossRef] [PubMed]

92. Madetko, N.; Migda, B.; Alster, P.; Turski, P.; Koziorowski, D.; Friedman, A. Platelet-to-Lymphocyte Ratio and Neutrophil-to-
Lymphocyte Ratio May Reflect Differences in PD and MSA-P Neuroinflammation Patterns. Polish J. Neurol. Neurosurg. 2022, 56,
148–155. [CrossRef] [PubMed]

93. Grathwohl, S.A.; Steiner, J.A.; Britschgi, M.; Brundin, P. Mind the Gut: Secretion of α-Synuclein by Enteric Neurons. J. Neurochem.
2013, 125, 487–490. [CrossRef] [PubMed]

94. Sánchez-Ferro, Á.; Rábano, A.; Catalán, M.J.; Rodríguez-Valcárcel, F.C.; Díez, S.F.; Herreros-Rodríguez, J.; García-Cobos, E.;
Álvarez-Santullano, M.M.; López-Manzanares, L.; Mosqueira, A.J.; et al. In Vivo Gastric Detection of α-Synuclein Inclusions in
Parkinson’s Disease. Mov. Disord. 2015, 30, 517–524. [CrossRef] [PubMed]

95. Fayyad, M.; Salim, S.; Majbour, N.; Erskine, D.; Stoops, E.; Mollenhauer, B.; El-Agnaf, O.M.A. Parkinson’s Disease Biomarkers
Based on α-Synuclein. J. Neurochem. 2019, 150, 626–636. [CrossRef]

96. Braak, H.; Rüb, U.; Gai, W.P.; Del Tredici, K. Idiopathic Parkinson’s Disease: Possible Routes by Which Vulnerable Neuronal
Types May Be Subject to Neuroinvasion by an Unknown Pathogen. J. Neural. Transm. 2003, 110, 517–536. [CrossRef]

97. Musgrove, R.E.; Helwig, M.; Bae, E.J.; Aboutalebi, H.; Lee, S.J.; Ulusoy, A.; Di Monte, D.A. Oxidative Stress in Vagal Neurons
Promotes Parkinsonian Pathology and Intercellular α-Synuclein Transfer. J. Clin. Investig. 2019, 130, 3738–3753. [CrossRef]

98. Kim, S.; Kwon, S.H.; Kam, T.I.; Panicker, N.; Karuppagounder, S.S.; Lee, S.; Lee, J.H.; Kim, W.R.; Kook, M.; Foss, C.A.; et al.
Transneuronal Propagation of Pathologic α-Synuclein from the Gut to the Brain Models Parkinson’s Disease. Neuron 2019, 103,
627–641.e7. [CrossRef]

99. Challis, C.; Hori, A.; Sampson, T.R.; Yoo, B.B.; Challis, R.C.; Hamilton, A.M.; Mazmanian, S.K.; Volpicelli-Daley, L.A.; Gradinaru,
V. Gut-Seeded α-Synuclein Fibrils Promote Gut Dysfunction and Brain Pathology Specifically in Aged Mice. Nat. Neurosci. 2020,
23, 327–336. [CrossRef]

100. Ghosh, S.S.; Wang, J.; Yannie, P.J.; Ghosh, S. Intestinal Barrier Dysfunction, LPS Translocation, and Disease Development. J.
Endocr. Soc. 2020, 4, bvz039. [CrossRef]

101. Kim, C.; Lv, G.; Lee, J.S.; Jung, B.C.; Masuda-Suzukake, M.; Hong, C.S.; Valera, E.; Lee, H.J.; Paik, S.R.; Hasegawa, M.; et al.
Exposure to Bacterial Endotoxin Generates a Distinct Strain of α-Synuclein Fibril. Sci. Rep. 2016, 6, 30891. [CrossRef] [PubMed]

102. Burokas, A.; Moloney, R.D.; Dinan, T.G.; Cryan, J.F. Microbiota Regulation of the Mammalian Gut-Brain Axis. Adv. Appl. Microbiol.
2015, 91, 1–62. [CrossRef] [PubMed]

103. Sampson, T.R.; Challis, C.; Jain, N.; Moiseyenko, A.; Ladinsky, M.S.; Shastri, G.G.; Thron, T.; Needham, B.D.; Horvath, I.; Debelius,
J.W.; et al. A Gut Bacterial Amyloid Promotes A-Synuclein Aggregation and Motor Impairment in Mice. eLife 2020, 9, e53111.
[CrossRef] [PubMed]

104. Chen, S.G.; Stribinskis, V.; Rane, M.J.; Demuth, D.R.; Gozal, E.; Roberts, A.M.; Jagadapillai, R.; Liu, R.; Choe, K.; Shivakumar, B.;
et al. Exposure to the Functional Bacterial Amyloid Protein Curli Enhances Alpha-Synuclein Aggregation in Aged Fischer 344
Rats and Caenorhabditis Elegans. Sci. Rep. 2016, 6, 34477. [CrossRef] [PubMed]

105. Haikal, C.; Pascual, L.O.; Najarzadeh, Z.; Bernfur, K.; Svanbergsson, A.; Otzen, D.E.; Linse, S.; Li, J.Y. The Bacterial Amyloids
Phenol Soluble Modulins from Staphylococcus Aureus Catalyze Alpha-Synuclein Aggregation. Int. J. Mol. Sci. 2021, 22, 11594.
[CrossRef]

106. Keshavarzian, A.; Green, S.J.; Engen, P.A.; Voigt, R.M.; Naqib, A.; Forsyth, C.B.; Mutlu, E.; Shannon, K.M. Colonic Bacterial
Composition in Parkinson’s Disease. Mov. Disord. 2015, 30, 1351–1360. [CrossRef]

107. Scheperjans, F.; Aho, V.; Pereira, P.A.B.; Koskinen, K.; Paulin, L.; Pekkonen, E.; Haapaniemi, E.; Kaakkola, S.; Eerola-Rautio, J.;
Pohja, M.; et al. Gut Microbiota Are Related to Parkinson’s Disease and Clinical Phenotype. Mov. Disord. 2015, 30, 350–358.
[CrossRef]

108. Nishiwaki, H.; Ito, M.; Ishida, T.; Hamaguchi, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Shimamura, T.; Mori, H.; et al.
Meta-Analysis of Gut Dysbiosis in Parkinson’s Disease. Mov. Disord. 2020, 35, 1626–1635. [CrossRef]

109. Jin, M.; Li, J.; Liu, F.; Lyu, N.; Wang, K.; Wang, L.; Liang, S.; Tao, H.; Zhu, B.; Alkasir, R. Analysis of the Gut Microflora in Patients
With Parkinson’s Disease. Front. Neurosci. 2019, 13, 1184. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.0143-07.2008
http://doi.org/10.1371/journal.pone.0164094
http://doi.org/10.1007/s12640-009-9053-x
http://doi.org/10.1016/0304-3940(93)90898-U
http://doi.org/10.1016/j.mcn.2011.07.006
http://doi.org/10.1523/JNEUROSCI.21-20-08053.2001
http://www.ncbi.nlm.nih.gov/pubmed/11588178
http://doi.org/10.5603/PJNNS.a2022.0014
http://www.ncbi.nlm.nih.gov/pubmed/35118638
http://doi.org/10.1111/jnc.12191
http://www.ncbi.nlm.nih.gov/pubmed/23448303
http://doi.org/10.1002/mds.25988
http://www.ncbi.nlm.nih.gov/pubmed/25113060
http://doi.org/10.1111/jnc.14809
http://doi.org/10.1007/s00702-002-0808-2
http://doi.org/10.1172/JCI127330
http://doi.org/10.1016/j.neuron.2019.05.035
http://doi.org/10.1038/s41593-020-0589-7
http://doi.org/10.1210/jendso/bvz039
http://doi.org/10.1038/srep30891
http://www.ncbi.nlm.nih.gov/pubmed/27488222
http://doi.org/10.1016/bs.aambs.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25911232
http://doi.org/10.7554/eLife.53111
http://www.ncbi.nlm.nih.gov/pubmed/32043464
http://doi.org/10.1038/srep34477
http://www.ncbi.nlm.nih.gov/pubmed/27708338
http://doi.org/10.3390/ijms222111594
http://doi.org/10.1002/mds.26307
http://doi.org/10.1002/mds.26069
http://doi.org/10.1002/mds.28119
http://doi.org/10.3389/fnins.2019.01184


Brain Sci. 2022, 12, 1579 17 of 18

110. Hill-Burns, E.M.; Debelius, J.W.; Morton, J.T.; Wissemann, W.T.; Lewis, M.R.; Wallen, Z.D.; Peddada, S.D.; Factor, S.A.; Molho, E.;
Zabetian, C.P.; et al. Parkinson’s Disease and Parkinson’s Disease Medications Have Distinct Signatures of the Gut Microbiome.
Mov. Disord. 2017, 32, 739–749. [CrossRef]

111. Rawls, M.; Ellis, A.K. The Microbiome of the Nose. Ann. Allergy Asthma Immunol. 2019, 122, 17–24. [CrossRef]
112. Leboucq, N.; Menjot De Champfleur, N.; Menjot De Champfleur, S.; Bonafé, A. The Olfactory System. Diagn. Interv. Imaging 2013,

94, 985–991. [CrossRef] [PubMed]
113. Yang, H.J.; LoSavio, P.S.; Engen, P.A.; Naqib, A.; Mehta, A.; Kota, R.; Khan, R.J.; Tobin, M.C.; Green, S.J.; Schleimer, R.P.; et al.

Association of Nasal Microbiome and Asthma Control in Patients with Chronic Rhinosinusitis. Clin. Exp. Allergy 2018, 48,
1744–1747. [CrossRef] [PubMed]

114. Pereira, P.A.B.; Aho, V.T.E.; Paulin, L.; Pekkonen, E.; Auvinen, P.; Scheperjans, F. Oral and Nasal Microbiota in Parkinson’s
Disease. Park. Relat. Disord. 2017, 38, 61–67. [CrossRef] [PubMed]

115. Heintz-Buschart, A.; Pandey, U.; Wicke, T.; Sixel-Döring, F.; Janzen, A.; Sittig-Wiegand, E.; Trenkwalder, C.; Oertel, W.H.;
Mollenhauer, B.; Wilmes, P. The Nasal and Gut Microbiome in Parkinson’s Disease and Idiopathic Rapid Eye Movement Sleep
Behavior Disorder. Mov. Disord. 2018, 33, 88–98. [CrossRef] [PubMed]

116. Pal, G.; Ramirez, V.; Engen, P.A.; Naqib, A.; Forsyth, C.B.; Green, S.J.; Mahdavinia, M.; Batra, P.S.; Tajudeen, B.A.; Keshavarzian,
A. Deep Nasal Sinus Cavity Microbiota Dysbiosis in Parkinson’s Disease. NPJ Park. Dis. 2021, 7, 111. [CrossRef] [PubMed]

117. Li, Z.; Lu, G.; Luo, E.; Wu, B.; Li, Z.; Guo, J.; Xia, Z.; Zheng, C.; Su, Q.; Zeng, Y.; et al. Oral, Nasal, and Gut Microbiota in
Parkinson’s Disease. Neuroscience 2022, 480, 65–78. [CrossRef]

118. Bargar, C.; De Luca, C.M.G.; Devigili, G.; Elia, A.E.; Cilia, R.; Portaleone, S.M.; Wang, W.; Tramacere, I.; Bistaffa, E.; Cazzaniga,
F.A.; et al. Discrimination of MSA-P and MSA-C by RT-QuIC Analysis of Olfactory Mucosa: The First Assessment of Assay
Reproducibility between Two Specialized Laboratories. Mol. Neurodegener. 2021, in press. [CrossRef]

119. Shahnawaz, M.; Tokuda, T.; Waragai, M.; Mendez, N.; Ishii, R.; Trenkwalder, C.; Mollenhauer, B.; Soto, C. Development of a
Biochemical Diagnosis of Parkinson Disease by Detection of α-Synuclein Misfolded Aggregates in Cerebrospinal Fluid. JAMA
Neurol. 2017, 74, 163–172. [CrossRef] [PubMed]

120. Fairfoul, G.; McGuire, L.I.; Pal, S.; Ironside, J.W.; Neumann, J.; Christie, S.; Joachim, C.; Esiri, M.; Evetts, S.G.; Rolinski, M.; et al.
Alpha-Synuclein RT-QuIC in the CSF of Patients with Alpha-Synucleinopathies. Ann. Clin. Transl. Neurol. 2016, 3, 812–818.
[CrossRef]

121. Groveman, B.R.; Orrù, C.D.; Hughson, A.G.; Raymond, L.D.; Zanusso, G.; Ghetti, B.; Campbell, K.J.; Safar, J.; Galasko, D.;
Caughey, B. Rapid and Ultra-Sensitive Quantitation of Disease-Associated α-Synuclein Seeds in Brain and Cerebrospinal Fluid by
ASyn RT-QuIC. Acta Neuropathol. Commun. 2018, 6, 7. [CrossRef] [PubMed]

122. Russo, M.J.; Orru, C.D.; Concha-Marambio, L.; Giaisi, S.; Groveman, B.R.; Farris, C.M.; Holguin, B.; Hughson, A.G.; LaFontant,
D.E.; Caspell-Garcia, C.; et al. High Diagnostic Performance of Independent Alpha-Synuclein Seed Amplification Assays for
Detection of Early Parkinson’s Disease. Acta Neuropathol. Commun. 2021, 9, 179. [CrossRef] [PubMed]

123. Bongianni, M.; Ladogana, A.; Capaldi, S.; Klotz, S.; Baiardi, S.; Cagnin, A.; Perra, D.; Fiorini, M.; Poleggi, A.; Legname, G.; et al.
A-Synuclein RT-QuIC Assay in Cerebrospinal Fluid of Patients with Dementia with Lewy Bodies. Ann. Clin. Transl. Neurol. 2019,
6, 2120–2126. [CrossRef]

124. De Luca, C.M.G.; Elia, A.E.; Portaleone, S.M.; Cazzaniga, F.A.; Rossi, M.; Bistaffa, E.; De Cecco, E.; Narkiewicz, J.; Salzano, G.;
Carletta, O.; et al. Efficient RT-QuIC Seeding Activity for α-Synuclein in Olfactory Mucosa Samples of Patients with Parkinson’s
Disease and Multiple System Atrophy. Transl. Neurodegener. 2019, 8, 24. [CrossRef]

125. Stefani, A.; Iranzo, A.; Holzknecht, E.; Perra, D.; Bongianni, M.; Gaig, C.; Heim, B.; Serradell, M.; Sacchetto, L.; Garrido, A.; et al.
Alpha-Synuclein Seeds in Olfactory Mucosa of Patients with Isolated REM Sleep Behaviour Disorder. Brain 2021, 144, 1118–1126.
[CrossRef]

126. Perra, D.; Bongianni, M.; Novi, G.; Janes, F.; Bessi, V.; Capaldi, S.; Sacchetto, L.; Tagliapietra, M.; Schenone, G.; Morbelli, S.;
et al. Alpha-Synuclein Seeds in Olfactory Mucosa and Cerebrospinal Fluid of Patients with Dementia with Lewy Bodies. Brain
Commun. 2021, 3, fcab045. [CrossRef] [PubMed]

127. Bongianni, M.; Catalan, M.; Perra, D.; Fontana, E.; Janes, F.; Bertolotti, C.; Sacchetto, L.; Capaldi, S.; Tagliapietra, M.; Polverino, P.;
et al. Olfactory Swab Sampling Optimization for α-Synuclein Aggregate Detection in Patients with Parkinson’s Disease. Transl.
Neurodegener. 2022, 11, 37. [CrossRef]

128. Manne, S.; Kondru, N.; Jin, H.; Anantharam, V.; Huang, X.; Kanthasamy, A.; Kanthasamy, A.G. A-Synuclein Real-Time Quaking-
Induced Conversion in the Submandibular Glands of Parkinson’s Disease Patients. Mov. Disord. 2020, 35, 268–278. [CrossRef]

129. Bargar, C.; Wang, W.; Gunzler, S.A.; LeFevre, A.; Wang, Z.; Lerner, A.J.; Singh, N.; Tatsuoka, C.; Appleby, B.; Zhu, X.; et al.
Streamlined Alpha-Synuclein RT-QuIC Assay for Various Biospecimens in Parkinson’s Disease and Dementia with Lewy Bodies.
Acta Neuropathol. Commun. 2021, 9, 62. [CrossRef]

130. Wang, Z.; Becker, K.; Donadio, V.; Siedlak, S.; Yuan, J.; Rezaee, M.; Incensi, A.; Kuzkina, A.; Orrú, C.D.; Tatsuoka, C.; et al. Skin
α-Synuclein Aggregation Seeding Activity as a Novel Biomarker for Parkinson Disease. JAMA Neurol. 2021, 78, 30. [CrossRef]

131. Kuzkina, A.; Bargar, C.; Schmitt, D.; Rößle, J.; Wang, W.; Schubert, A.L.; Tatsuoka, C.; Gunzler, S.A.; Zou, W.Q.; Volkmann, J.; et al.
Diagnostic Value of Skin RT-QuIC in Parkinson’s Disease: A Two-Laboratory Study. NPJ Park. Dis. 2021, 7, 99. [CrossRef]

http://doi.org/10.1002/mds.26942
http://doi.org/10.1016/j.anai.2018.05.009
http://doi.org/10.1016/j.diii.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23932763
http://doi.org/10.1111/cea.13255
http://www.ncbi.nlm.nih.gov/pubmed/30126004
http://doi.org/10.1016/j.parkreldis.2017.02.026
http://www.ncbi.nlm.nih.gov/pubmed/28259623
http://doi.org/10.1002/mds.27105
http://www.ncbi.nlm.nih.gov/pubmed/28843021
http://doi.org/10.1038/s41531-021-00254-y
http://www.ncbi.nlm.nih.gov/pubmed/34880258
http://doi.org/10.1016/j.neuroscience.2021.10.011
http://doi.org/10.1186/s13024-021-00491-y
http://doi.org/10.1001/jamaneurol.2016.4547
http://www.ncbi.nlm.nih.gov/pubmed/27918765
http://doi.org/10.1002/acn3.338
http://doi.org/10.1186/s40478-018-0508-2
http://www.ncbi.nlm.nih.gov/pubmed/29422107
http://doi.org/10.1186/s40478-021-01282-8
http://www.ncbi.nlm.nih.gov/pubmed/34742348
http://doi.org/10.1002/acn3.50897
http://doi.org/10.1186/s40035-019-0164-x
http://doi.org/10.1093/brain/awab005
http://doi.org/10.1093/braincomms/fcab045
http://www.ncbi.nlm.nih.gov/pubmed/33870192
http://doi.org/10.1186/s40035-022-00311-3
http://doi.org/10.1002/mds.27907
http://doi.org/10.1186/s40478-021-01175-w
http://doi.org/10.1001/jamaneurol.2020.3311
http://doi.org/10.1038/s41531-021-00242-2


Brain Sci. 2022, 12, 1579 18 of 18

132. Donadio, V.; Wang, Z.; Incensi, A.; Rizzo, G.; Fileccia, E.; Vacchiano, V.; Capellari, S.; Magnani, M.; Scaglione, C.; Stanzani
Maserati, M.; et al. In Vivo Diagnosis of Synucleinopathies: A Comparative Study of Skin Biopsy and RT-QuIC. Neurology 2021,
96, e2513–e2524. [CrossRef] [PubMed]

133. Luan, M.; Sun, Y.; Chen, J.; Jiang, Y.; Li, F.; Wei, L.; Sun, W.; Ma, J.; Song, L.; Liu, J.; et al. Diagnostic Value of Salivary Real-Time
Quaking-Induced Conversion in Parkinson’s Disease and Multiple System Atrophy. Mov. Disord. 2022, 37, 1059–1063. [CrossRef]
[PubMed]

134. Kluge, A.; Bunk, J.; Schaeffer, E.; Drobny, A.; Xiang, W.; Knacke, H.; Bub, S.; Lückstädt, W.; Arnold, P.; Lucius, R.; et al. Detection
of Neuron-Derived Pathological α-Synuclein in Blood. Brain 2022, 145, 3058–3071. [CrossRef] [PubMed]

135. Fenyi, A.; Leclair-Visonneau, L.; Clairembault, T.; Coron, E.; Neunlist, M.; Melki, R.; Derkinderen, P.; Bousset, L. Detection of
Alpha-Synuclein Aggregates in Gastrointestinal Biopsies by Protein Misfolding Cyclic Amplification. Neurobiol. Dis. 2019, 129,
38–43. [CrossRef]

136. Thomzig, A.; Wagenführ, K.; Pinder, P.; Joncic, M.; Schulz-Schaeffer, W.J.; Beekes, M. Transmissible α-Synuclein Seeding Activity
in Brain and Stomach of Patients with Parkinson’s Disease. Acta Neuropathol. 2021, 141, 861–879. [CrossRef]

137. Macleod, A.D.; Taylor, K.S.M.; Counsell, C.E. Mortality in Parkinson’s Disease: A Systematic Review and Meta-Analysis. Mov.
Disord. 2014, 29, 1615–1622. [CrossRef]

138. Armstrong, M.J.; Okun, M.S. Diagnosis and Treatment of Parkinson Disease: A Review. JAMA-J. Am. Med. Assoc. 2020, 323,
548–560. [CrossRef]

139. Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson Disease. Nat.
Rev. Dis. Prim. 2017, 3, 17013. [CrossRef]

140. Müller, T. Catechol-O-Methyltransferase Inhibitors in Parkinson’s Disease. Drugs 2015, 75, 157–174. [CrossRef]
141. Fox, S.H.; Katzenschlager, R.; Lim, S.Y.; Ravina, B.; Seppi, K.; Coelho, M.; Poewe, W.; Rascol, O.; Goetz, C.G.; Sampaio, C. The

Movement Disorder Society Evidence-Based Medicine Review Update: Treatments for the Motor Symptoms of Parkinson’s
Disease. Mov. Disord. 2011, 26, S2–S41. [CrossRef] [PubMed]

142. Bratsos, S.P.; Karponis, D.; Saleh, S.N. Efficacy and Safety of Deep Brain Stimulation in the Treatment of Parkinson’s Disease: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials. Cureus 2018, 10, e3474. [CrossRef] [PubMed]

143. Perez-Lloret, S.; Rey, M.V.; Pavy-Le Traon, A.; Rascol, O. Emerging Drugs for Autonomic Dysfunction in Parkinson’s Disease.
Expert Opin. Emerg. Drugs 2013, 18, 39–53. [CrossRef] [PubMed]

144. Connolly, B.; Fox, S.H. Treatment of Cognitive, Psychiatric, and Affective Disorders Associated with Parkinson’s Disease.
Neurotherapeutics 2014, 11, 78–91. [CrossRef]

145. Barichella, M.; Pacchetti, C.; Bolliri, C.; Cassani, E.; Iorio, L.; Pusani, C.; Pinelli, G.; Privitera, G.; Cesari, I.; Faierman, S.A.; et al.
Probiotics and Prebiotic Fiber for Constipation Associated with Parkinson Disease. Neurology 2016, 87, 1274–1280. [CrossRef]

146. Cassani, E.; Privitera, G.; Pezzoli, G.; Pusani, C.; Madio, C.; Iorio, L.; Barichella, M. Use of Probiotics for the Treatment of
Constipation in Parkinson’s Disease Patients. Minerva Gastroenterol. Dietol. 2011, 57, 117–121.

147. Colombo, D.; Pnevmatikou, P.; Melloni, E.; Keywood, C. Therapeutic Innovation in Parkinson’s Disease: A 2020 Update on
Disease-Modifying Approaches. Expert Rev. Neurother. 2020, 20, 1047–1064. [CrossRef]

148. Arnold, J.W.; Roach, J.; Azcarate-Peril, M.A. Emerging Technologies for Gut Microbiome Research. Trends Microbiol. 2016, 24,
887–901. [CrossRef]

149. Galloway-Peña, J.; Hanson, B. Tools for Analysis of the Microbiome. Dig. Dis. Sci. 2020, 65, 674–685. [CrossRef] [PubMed]

http://doi.org/10.1212/WNL.0000000000011935
http://www.ncbi.nlm.nih.gov/pubmed/33837116
http://doi.org/10.1002/mds.28976
http://www.ncbi.nlm.nih.gov/pubmed/35278004
http://doi.org/10.1093/brain/awac115
http://www.ncbi.nlm.nih.gov/pubmed/35722765
http://doi.org/10.1016/j.nbd.2019.05.002
http://doi.org/10.1007/s00401-021-02312-4
http://doi.org/10.1002/mds.25898
http://doi.org/10.1001/jama.2019.22360
http://doi.org/10.1038/nrdp.2017.13
http://doi.org/10.1007/s40265-014-0343-0
http://doi.org/10.1002/mds.23829
http://www.ncbi.nlm.nih.gov/pubmed/22021173
http://doi.org/10.7759/cureus.3474
http://www.ncbi.nlm.nih.gov/pubmed/30648026
http://doi.org/10.1517/14728214.2013.766168
http://www.ncbi.nlm.nih.gov/pubmed/23373820
http://doi.org/10.1007/s13311-013-0238-x
http://doi.org/10.1212/WNL.0000000000003127
http://doi.org/10.1080/14737175.2020.1800454
http://doi.org/10.1016/j.tim.2016.06.008
http://doi.org/10.1007/s10620-020-06091-y
http://www.ncbi.nlm.nih.gov/pubmed/32002757

	Introduction 
	Gut Microbiota 
	Nasal Microbiota 
	Parkinson’s Disease 
	Neuroinflammation in PD 
	Gut Microbiota and PD 
	Nasal Microbiota and PD 

	SAA Analyses of Olfactory Mucosa and Gut of PD Patients 
	Treatments for PD 
	Conclusions and Future Perspectives 
	References

