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Abstract: Parkinson’s Disease (PD) is typically classified as a neurodegenerative disease affecting the
motor system. Recent evidence, however, has uncovered the presence of Lewy bodies in locations
outside the CNS, in direct contact with the external environment, including the olfactory bulbs and
the enteric nervous system. This, combined with the ability of alpha-synuclein (αS) to propagate in a
prion-like manner, has supported the hypothesis that the resident microbial community, commonly
referred to as microbiota, might play a causative role in the development of PD. In this article, we will
be reviewing current knowledge on the importance of the microbiota in PD pathology, concentrating
our investigation on mechanisms of microbiota-host interactions that might become harmful and
favor the onset of PD. Such processes, which include the secretion of bacterial amyloid proteins or
other metabolites, may influence the aggregation propensity of αS directly or indirectly, for example
by favoring a pro-inflammatory environment in the gut. Thus, while the development of PD has
not yet being associated with a unique microbial species, more data will be necessary to examine
potential harmful interactions between the microbiota and the host, and to understand their relevance
in PD pathogenesis.
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1. Introduction

The term ‘microbiome’ refers to all the genomes of the microbial commensal community, hosted
by our body. This ecosystem, which includes bacteria, archaeabacteria, fungi, protozoa and viruses, is
defined as the microbiota [1]. In recent years, the importance of maintaining a healthy microbiota and
its influence on human physiology has received much attention, since variations from this equilibrium
have been linked to numerous human illnesses including neurodegenerative diseases. Because of
this relevance, in 2007, the National Institutes of Health (NIH) launched the Human Microbiome
Project with the purpose of identifying and elucidating the role of commensal microbial species in
human health and diseases [1]. Surprisingly, this analysis showed that the entire microbiome includes
more than 100 times the number of genes compared to the human genome [2], with a cell ratio of
approximately 1:1 microbiota-host, and up to 1000 different species per individual [3].

In this review, we will focus our attention on the link between microbiota and Parkinson’s disease
(PD). We will summarize recent findings connecting altered microbial composition (a phenomenon
called dysbiosis) to PD and how molecular mechanisms of physiological interaction microbiota-host
can become detrimental and may initiate or contribute to PD onset and pathogenesis.
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2. The Human Microbiome and Its Function

The abundance and diversity of the human microbiota are remarkable. Bacteria are the most
prevalent members of this community, that reaches the highest density in the gut, particularly in the colon.
Here, the most represented bacterial phyla are the Bacteroidetes and Firmicutes, while Actinobacteria,
Proteobacteria, Verrucomicrobia and Fusobacteria are present at much lower levels [2,4–7]. Comparative
computational studies have identified a “core” human microbiome, which is characterized by a set
of common genes found in a specific habitat (e.g., gut, skin, oral mucosa, and vagina) in the majority
of human subjects analyzed [5,7–9]. Thus, the Streptococcus genus, or more in general the phylum
Firmicutes dominates the oral cavity and nares, whereas Staphylococcus (phylum Firmicutes), and less
abundantly Propionibacterium and Corynebacterium (both phylum Actinobacteria), dominate the skin
population. More interpersonal variation was found in other body habitats such as the vaginal mucosa
and the gut [4,10,11].

Although the most diverse microbial community is present in the human GI tract, the microbiome
regulates human physiology well beyond intestinal function. This regulation is executed through
a myriad of different homeostatic, immunologic and metabolic activities, but because of the high
redundancy in microbial species, it is still difficult to determine exactly which strain is responsible
for each function. The importance of microbiota-host interactions is highlighted by the observation
that germ-free (GF) animals that are born and housed without exposure to any microbe show multiple
systemic deficiencies including an immature immune system and a not fully developed and functional
gastrointestinal (GI) tract [12]. Interestingly, some of these impairments, such as a more functional
intestinal immunity, can be recovered in GF animals after recolonization [12,13].

In the gut, the microbiota contributes to the growth, regulation and differentiation of intestinal
epithelium of the small and large bowels [14], modulates GI motility and promotes normal development
of the enteric nervous system (ENS) [15–17], regulates the integrity and fortifies the mucosal barrier,
stimulates angiogenesis and mediates postnatal intestinal maturation [14,18]. The microbial community
reinforces the intestinal barrier creating an adverse environment for potential pathogenic bacteria by
subtracting nutrients and producing antimicrobial peptides which are able to counteract them [10,19].

As for the immune system, close microbiota-host interconnection has resulted in the development
of several molecular mechanisms that allow the host defense to learn to tolerate the commensal
community, while at the same time to function properly. In this way, both the innate and adaptive
responses appear to be influenced and programmed by the presence of the microbiota. For instance,
the innate immune response has developed a system of protein receptors to recognize general
microbe-associated molecular patterns (MAMPS) that are similar across bacteria species, such as
components of the bacterial cell wall [lipopolysaccharide (LPS) and peptidoglycan] and flagellin [20].
This family of receptors, that includes transmembrane Toll-like receptors (TLRs) and intracellular
Nod-like receptors (NLRs), is the first line of defense against invading microbes. TRLs activation
leads to the initiation of the innate immune response through the induction of a series of transcription
factors such as NF-κB, AP-1, Elk-1, CREB, STAT involved in the regulation of pro- or anti-inflammatory
cytokines and chemokines production [21], while NLRs can oligomerize forming the inflammasome
and activating, in turn, caspase-1 and the pro-inflammatory cytokines cascade [22,23]. TLRs are
expressed on immune cells as well as neurons. In the gut, where the intestinal mucosa is intimately
associated with the ENS, TLRs are not only sensors of microbial invasions, but are also important in
mainting gut homeostasis and neurochemical communication with the ENS. For instance TLR2 or TLR4
ablation in mice impairs the structural and functional integritiy of intestinal mucosa, alters gut motility,
and reduces the number of myenteric neurons and the production of neurotrophic factors [15,16].

In the acquired response, the gut microbiome is known to shape the differentiation and function
of anti-inflammatory regulatory T cells [24,25] and to facilitate the switching of B cells to produce and
secrete IgA [26].

Microbial species can provide nutrients from substrates that are otherwise indigestible by the
host, such as dietary fibers, from which the host obtains an important energy source like small chain
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fatty acids (SCFAs). SCFAs are important in maintaining a regular colon homeostasis, bowel motility
and normal, intestinal cellular growth, lowering in this way the risk for cancer [27]. The microbiota
is also responsible for secreting vitamins such as vitamin B12 synthetized by Lactobacillus reuteri or
vitamin B2 produced by Bacillus subtilis and Escherichia coli [28] and to modulate lipid and bile acids
metabolism [29,30]. Additionnally, the microbiome is known to participate in the metabolism of
environmental chemicals such as heavy metals and arsenic, pollutants such as polycyclic aromatic
hydrocarbons, and drugs and medications including the activation of prodrugs such as in the case of
azo drugs, resulting in the release of sulphanilamide (for a review see [31]).

Thus, while what we have illustrated are only few examples of how the resident microbiota can
influence host homeostasis, it is important to mention that this is a bidirectional dialogue where the
host has evolved cellular mechanisms which are able to regulate microbiota composition by favoring
the growth of beneficial species while fighting pathogens. For example, a specific type of host innate
lymphoid cells, ILC3 which are located in the lamina propria of the intestinal mucosa, can release
cytokines, which are able to activate, in turn, the epithelial cells to produce and secrete antimicrobial
peptides such as defensis and mucins that can regulate and influence microbiota composition [32].
In addition, the shedding of fucosylated surface proteins of intestinal epithelial cells, which is induced
by ILC3 signals, can be used as an energy supplement for sustaining resident commensal bacteria [33].

Multiple elements, such as environmental and host factors like age, human health and diet,
are crucial in determining an intra-individual and an inter-individual variability of the microbiota.
In particular, the prolonged use of antibiotics has been shown to promote the development of
multi-drug resistance bacterial strains, the loss of colonization resistance and the domination by
pathogenic bacteria and long-term changes in the composition of microbial residents [34]. For instance,
a longitudinal study in a small cohort of human subjects demonstrated how the use of ciprofloxacin
had a long-term reduction in bacterial diversity, even after 6 months from the completion of the
treatment [35].

Alterations in the maturation or in the composition of the microbiota, particularly in childhood,
can increase the risk of an over-reactive immune system, and have been connected to the onset of
several pathologies such as asthma, allergies, autoimmune diseases, inflammatory bowel disease
(IBD), Crohn’s Disease, diabetes, atherosclerosis, cardiovascular disease, multiple sclerosis and
rheumatoid arthritis [36]. At the same time, modifications in the microbiome have been associated with
metabolic syndrome, such as obesity and obesity-related disorder [5,37], or increased risk of colorectal
carcinoma [38]. Thus, while we are still learning the profound interconnections of human physiology
with the resident microbial community, strategies aimed at restoring a healthy and balanced microbial
population have been shown to successfully treat some human pathologies. One example is intestinal
colitis induced by recurrent Clostridium Difficile infection (RCDI). Fecal microbial transplantation,
a procedure involving the oral or rectal transfer of fecal samples obtained from healthy donors,
was able to cure more than 90% of patients with RCDI after simultaneous suspension of antibiotic
therapy [39]. Because of its high success rate, fecal microbial transplantation has been applied to other
types of GI inflammatory illnesses such ulcerative colitis and IBD [40]. Although concerns over the
long-term consequences in meddling with the resident microbial species are still present, therapies
based on microbial transfer or on treatment with bacterial metabolites seem to be a promising tool in
fighting human diseases and antibiotic resistance.

Microbiome and the Gut-Brain Axis

Alteration of the intestinal integrity and activity of the microbiota can influence brain function.
The gut–brain axis is a bidirectional communication system that uses neural, endocrine and
immunological signals. Neural information is thought to travel along vagal or spinal innervation
between the CNS and the gut. The microbiota can send several signals directly to the CNS or indirectly,
via the enteric nervous system (ENS) through the synthesis of neurotransmitters or neurochemical-like
precursors. Multiple examples have been found of such activity like GABA synthesis by Lactobacillus
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and Bifidobacterium species; noradrenaline by Escherichia, Bacillus and Saccharomyces species; serotonin
by Candida, Streptococcus, Escherichia and Enterococcus species; dopamine by Bacillus species and,
ultimately, acetylcholine by Lactobacillus [41]. In addition Bifidobacterium infantis has been shown to
increase the plasma level of tryptophan, a key precursor of serotonin [42]. At the same time, it has been
found that SCFAs can also, among other functions, stimulate the production of serotonin by intestinal
enterochormaffin cells [43], control maturation of microglia in the CNS [44], modulate the ENS activity
by interacting with G-protein coupled receptors such as GPR41 and GPR43 [29,45] and by mediating
epigenetic modulation through histone deacetylation [46].

Immune signaling as part of the gut and brain communication system is mediated by the release
of cytokines. It is thought that such a mechanism, through the induction of IL-1 and IL-6, can
stimulate the hypothalamic-pituitary-adrenal (HPA) axis to produce cortisol, a key hormone of the
stress response. Activation of the HPA axis has been shown to influence gut resident microbial
population. For instance, mice subjected to water-avoidance stress or neonatal stress produced by
maternal separation showed alterations in the microbiota composition [47,48]. GF mice subjected
to prolonged restraint stress showed an over-reactive HPA response, with increased release of
corticosterone and ACTH in plasma, that could be restored to a normal level by recolonization with
Bifidobacterium infantis [49]. Although with a genetic basis, autism spectrum disorders have also been
associated with a disruption of the gut-brain axis. Altered composition of the gut microbiota [50,51],
severe GI dysfuction [52] and increased intestinal permeability [53] have been shown in autistic
children, while dietary restriction, such as a gluten-free diet, was found to ameliorate GI symptoms
as well as their social behavior [54]. In agreement with this observation, the microbiota has been
found to modulate social or stress-correlated human behavior. Gut microbial reconstitution improved
social and behavioral deficits induced in mice by maternal obesity [55], whereas recolonization
with Lactobacillus reuteri was sufficient to recover metabolic function and behavioral impairment in
chronically depressed mice [56].

Additionally, gut microbial richness and diversity, as well as the integrity of the intestinal and
blood brain barrier have been associated with healthy aging while any perturbation of this balance
could lead to a systemic pro-inflammatory condition and influence, in turn, the development of
neurological disorders including neurodegenerative diseases [57].

3. Origin of PD and Alpha-Synuclein Transmission

PD is a neurodegenerative disorder that has long been thought to typically affect the motor system,
in particular the nigra-striatal pathway, characterized by dopaminergic neuron loss in nigra-striatal
area and accumulation of intraneuronal proteinacious inclusions named Lewy Bodies (LBs) and Lewy
neurites made of alpha-synuclein (αS) [58]. This dopamine-centric view has been challenged in the
last decade by Braak and colleagues that described finding in PD subjects as well as healthy controls,
LBs in remote locations, nonclassically linked to PD, such as the ENS, the olfactory bulbs and dorsal
motor nuclei of the vagus nerve [59]. According to these observations, Braak and colleagues theorized
a staging of PD pathology, whereby initial accumulation of LBs would take place in neuronal cells of
the olfactory bulbs and/or in the ENS and then spread in a retrograde or ascending manner following
anatomical connections to the brainstem and the forebrain [60]. This staging theory correlated well with
the fact that up to 70 % of PD patients had a recurrent history of GI dysfunctions and/or complained
of anosmia years before being diagnosed [61]. After Braak’s first observation in 2003, several groups
showed the presence of LBs outside the CNS, with a higher frequency in the vagus nerve, sympathetic
ganglia, ENS, submandibular glands and in the endocrine system [62–64]. Further, in support of the
Braak’s staging thesis, αS ‘s ability to act as prion protein and to transfer its pathogenic template has
been shown in cellular and animal models of PD [65–68]. In this context, it was evident that fibrils
or oligomers of αS were more efficient than the native monomer in seeding endogenous aggregation.
Moreover, intracerebral injections in wild-type mice of human αS fibrils or brain extracts from PD
patients and diseased transgenic mice showed that toxic conformations of αS can propagate within
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the CNS following anatomical connections by transferring their pathogenic template to endogenous
mouse αS [69–72]. More recently, multiple conformations of αS (oligomers, ribbons, fibrils) were all
shown to be pathogenic, giving rise to a different kind of PD-like pathology and confirming αS as
a true infectious agent [73]. Propagation of toxic αS aggregates from the peripheral nervous system
(PNS) to the CNS was confirmed after injection of αS synthetic fibrils into hind limb muscle or in
the intestinal wall [74,75]). In the latter, active axonal transport of αS aggregates from the ENS to the
midbrain was seen following the vagus nerve connection, in open support to Braak’s staging. Similar
findings were shown in a different PD animal model, where the accumulation of αS inclusions in
the ENS, in the dorsal motor nucleus of the vagus nerve, in intermediolateral nucleus in the spinal
cord and in the brainstem, was induced by rotenone treatment [76]. Again, partial vagotomy was
able to delay αS spreading, indicating vagal innervation as a probable route of dissemination of αS
toxic forms [77]. Notably, in the same study, partial resection of the mesenteric nerve that innervates,
among others, the distal colon, also delayed αS dissemination. This suggests that in addition to vagal
innervation, other routes may contribute to αS propagation (for a review [78]). Finally, in humans,
truncal vagotomy has been shown to exert a protective role in developing PD [79].

In support of a role for the ENS in the development of PD, the presence of gut inflammation
and increased intestinal permeability has been demonstrated in PD patients [80,81]. This inflammatory
condition was associated with increased LPS-binding protein in plasma, upregulation of pro-inflammatory
cytokines production in the colon and glial cells, and with activation and structural reorganization of
the epithelial barrier with downregulation of specific tight junction proteins such as occludin [82–84].
Interestingly, intraperitonal administration of a low dosage LPS induces αS deposition in the colon
of treated rats concomitant to increased intestinal permeability [85]. In addition, both monomer and
aggregated forms of αS were shown to have chemotactic abilities toward isolated human neutrophils
and monocytes cultures, and to be able to promote dendritic cells maturation in vitro [86].

Thus, the accumulation of αS inclusions in the gut may contribute directly to local inflammation,
exacerbating gut dysfunction in clinical and preclinical PD. What is causing initial αS conversion to its
toxic conformation is still unknown, although cellular stress such as oxidative insults, inhibition of
the protein degradation mechanism, endoplasmic reticulum stress or specific cellular environment
have been assumed to contribute to stabilizing toxic conformations of αS [87–90]. However, in the gut,
because of the augmented intestinal permeability and the increased translocation of bacterial products
across the intestinal wall, a harmful interaction with pathogens or their metabolites may provide new
clues on the αS path to toxicity.

4. Microbiome and PD

Changes in the microbial resident population with alteration in the production of microbial
metabolites have been observed in human PD subjects. When comparing the human microbiome
samples from healthy controls versus PD patients, significant dysbiosis was observed in PD that
correlated to a change in the relative abundance of certain bacterial genus or species, rather than
the appearance or disappearance of a particular microbial population. In particular, several studies
reported an increase in the relative abundance of genus Lactobacillus [91,92], Bifidobacterium [90,91],
the family of Verrucomicrobiaceae [91–93], including the genus Akkermansia in PD [93–96], while others
showed decrease in the level of genus Faecalibacterium [93,94,96,97], Coprococcus and Blautia [91,93,98],
Prevotella [94] and other genus within the Prevotellaceae family [91,97]. Other studies showed how
microbiota alteration such as increases in abundance in Christensenellaceae or Oscillospira families
correlated to an augmented susceptibility to develop PD or to a specific disease stage [92,95], suggesting
that such modifications in the microbiome population could be used for early diagnosis. The obstacles
in finding such a biomarker, however, lie in the extreme variability and poor reproducibility in data
analyses which were undertaken during microbiome assessment studies. DNA isolation methods,
the recruitment of cohorts from non-homogenous PD populations that include differences in diet, age,
severity of the pathology and PD stage and treatment with PD medications, are all factors that can
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affect the microbiome [91,94,96], and are probably responsible for early published data that seemed
to contradict itself [92,93,95,97]. Better, standardized methods in sampling collection and in DNA
extraction are necessary in order for these studies to be more conclusive and informative.

In agreement with this observation, the role of unclassified bacteria, estimated to represent
about 40% of the gut microbiome but usually present in low abundance (below 1%), is still unclear.
Interestingly, it has been shown how one of these species, the abundance of which was found to be
increased in PD patients, operational taxonomic unit 469, expresses an endonuclease with a αS-like
domain [98]. Thus, although present in extremely low abundance, unclassified bacteria species might
exhibit specific types of interactions with the host that can significantly modify human pathophysiology.

A link between microbial dysbiosis and neurodegeneration has also been shown in genetic and
pharmacological animal models of PD. In a transgenic mouse line for human αS, GI and motor deficit,
αS deposition and neuroinflammation were ameliorated by GF housing conditions or antibiotics
treatment [96]. More remarkably, however, such improvements were negatively counteracted by
recolonization of the same line, housed in GF cages, with fecal, human microbiota from PD patients.
At the same time, treatment with human microbiota from healthy controls had no effect, suggesting
that a specific interaction with the host may influence the onset of a genetic-based trait or dysfunction.
Because a healthy intestinal development requires microbiota colonization and robust antibiotic
treatments can also influence the host physiology [99], data on GF animals should be taken cautiously,
and such massive effects should be first investigated for their relevance to their host’s physiology.

Changes in microbiome composition were also observed in pharmacologically-induced PD
models, such as after exposure to rotenone [12,100] or MPTP [101,102]. Some of the variations in
abundance reported such as increases in Bifidobacterium and Lactobacillus genus and a decrease in
Prevotellaceae after rotenone treatment or the increase in Enterobacteriaceae in MPTP-treated mice
were similar to what has been observed in human PD cases [103,104]. Nevertheless, apart from
dysbiosis, both genetic [100,105] and toxin-induced PD models [99,106] showed a complex intestinal
phenotype, including constipation, gut inflammation and increased intestinal permeability, suggesting
how changes in the microbial resident populations are directly or indirectly related to a more complex
scenario, involving a strict interaction with the host.

Thus, as mounting evidence supports a role for the microbiota in the regulation of human behavior
and neuronal functions, concerns arise about possible dentrimental interactions with the commensals
and its consequences in terms of the development of neurological disorders. But how? Is dysbiosis the
result of a dysfunctional GI tract or is it the causative agent? And if it is the causative agent, what are
the implications in terms of PD pathogenesis?

5. Mechanisms of Molecular Mimicry

The concept of molecular mimicry was originally described to explain structural similarities in
biology that developed in response to evolutionary pressure. Microorganisms mimicking protein
structures in their host may have an advantage in escaping immune detection. Such similarities may
be due to aminoacid sequence homology, but also to shared nucleotide sequences or protein structures.
For instance, autoimmunity is thought to be the result of the development of antibodies targeting
proteins of pathogens whose protein sequence is similar to that of the host. Together with fighting
pathogen infection, those antibodies will also attack the host, causing disease. This seems to be the case
of rheumatic fever, where streptococcal M protein and streptococcal group A carbohydrate epitope,
N-acetyl glucosamine, bear strong sequence resemblance to cardiac myosin. An immune response
against those bacterial epitopes can go awry and attack the cardiac valve, causing chronic rheumatic
heart disease [107,108]. More recently, the discovery of structural similarities between certain plant
viral RNAs with human microRNAs has suggested that homology in nucleotide sequences may
represent a survival advantage for certain viruses that can, in this way more easily override and take
over the host cellular metabolism. For instance, certain viral RNAs can mimick microRNA functions
in the host, and thus, influence host gene expression. An example of such a mechanism is provided by
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the infection of Herpes virus saimiri. This virus, that infects primates, expresses two non-coding RNAs
that are able to bind and promote the degradation of the host miR-27, modifying the expression in this
way of miR-27 target genes [109].

Besides homology in aminoacid or nucleotide sequences, molecular mimicry can also be dictated
by the existence of tertiary protein structure similarities. One example of molecular mimicry is the
amyloid conformation in protein folding, a structure that is highly conserved through evolution and
widely distributed among living organisms, including bacteria. The human microbiota can produce
and secrete extracellular amyloid proteins that are responsible for enhancing bacterial adhesion,
colonization and biofilm formation, but also tissue invasion and infectivity [110]. Bacterial amyloids
secreted by Gram-positive and Gram-negative bacteria are long fibers, extending from the cell surface,
with a specific and highly controlled pathway of assembly [111,112]. In humans, despite the pathogenic
accumulation of amyloid proteins in neurological diseases, the formation of functional amyloids has
been implicated in synaptic plasticity and memory storage [113], melanin biosynthesis [114] and innate
immune response [115].

Thus, the production of amyloid proteins has a clear functional role in physiology, evolution
and adaptation to the environment. Nevertheless, the ability of certain amyloid-forming proteins,
such as PrPSc, Tau and αS to act as a prion and transfer their pathogenic template [69–72,116,117],
amylogenic cross-seeding demonstrated for aggregates-prone proteins such as PrPSc, αS, Aβ and
Tau [118–121], dysbiosis and GI dysfunction found in PD patients [92,95] and formation of LBs
in the olfactory bulbs and the ENS in humans [59,62,64], areas that are majorly exposed to the
environment and consequently colonized by the microbiota, are all mounting evidence suggesting
that bacterial amyloids might also be involved in detrimental interactions with their host. For
instance, E. coli and Salmonella typhimurium secrete an extracellular amyloid protein called curli, involved
in colonization and biofilm development [111,122]. Curli fibers can be stained by Congo red and
Thioflavin T [123,124], dyes routinely used to visualize proteinacious insoluble plaques and protein
aggregation in neurodegenerative diseases [125,126], and have been found in the GI tracts of
humans [127].

6. Evidence of Molecular Mimicry in the Pathogenesis of PD

Can microbiota-derived amyloids induce misfolding of aggregation-prone proteins in the host?
Very little evidence has been published supporting this hypothesis. Curli and two other protein
amyloids, silk and Sup35, produced respectively from Bombyx mori and Saccharomyces cerevisiae,
were found to accelerate inclusions formation of amyloid protein A (AA) in a murine experimental
amyloidosis model after systemic injection [128]. Mass-spectrometry analysis of in vivo-isolated
AA aggregates revealed no trace of exogenous fibrils, suggesting that pathogenic nucleation was,
in this case, an initial event. In contrast, in vitro experiments have shown how curli fibers can affect
both nucleation as well as elongation steps in the cross-seeding process of other amyloid-prone
proteins such as fragments of prostatic acid phosphatase (PAP248–286), islet amyloid polypeptide
and Aβ1−40 [129]. Moreover repeated oral administration of curli-producing bacteria, but not
its corresponding curli-deficient mutant line, to aged Fischer 344 rats, a wild-type line known to
accumulate intestinal αS inclusions with aging [130], or to a C. elegans line overexpressing αS, induced
increased neuronal αS deposition in both the gut and the brain tissues [131]. In addition, aged Fischer
344 rats developed microgliosis and astrogliosis associated with elevated levels of TLR2, IL-6 and TNF
in the brain [130]. The TLR2/1/CD14 heterocomplex recognizes the β-sheet secondary structure of
curli and activates NF-kB, eliciting the production of pro-inflammatory chemokines and cytokines
including IL-8, IL-6, IL-17A and IL-22 [132–135]. In addition to the TLR2/1/CD14 heterocomplex,
curli is also recognized by the NLRP3 inflammasome, which leads to the activation of caspase-1/11
and the maturation of pro-IL-1β to IL-1β [136].

Thus, besides a direct pathogenic cross-seeding between amyloids of different organisms, bacterial
amyloids are recognized as MAMPS, and can directly stimulate and prime the host’s immune response,
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contributing to pro-inflammatory conditions in the gut and, in turn, favoring an environment that
may facilitate protein aggregation, cellular dysfunction and death. In addition, because inflammatory
signals may be sent to the brain, directly through cell infiltration or indirectly, it is possible that
human αS might be recognized as a MAMP mimicking bacterial amyloids. For instance, in the brain,
neuronal-secreted oligomeric αS can bind to TRL2 on microglia and downstream activate production of
TNF and IL-1β [137,138]. Furthermore, TRL4 expression on microglia seems to be required for soluble
and aggregated αS phagocytosis [139], and TRL-4 KO mice are more resistant to rotenone-induced
neuroinflammation and neurodegeneration [81]. Although it is not clear if αS antigenic potential needs
a primed immune system in the gut, because of the importance of neuroinflammation and TRLs in PD,
therapeutic intervention targeting downregulation of TRLs signaling is under review [140], and could
represent a unique strategy to counteract both gut and brain inflammation.

Apart from exogenous amyloids, other bacterial metabolites such as LPS, a TLR4 ligand, or SCFAs
like butyrate may be responsible for toxic microbiota-host interactions. For instance, systemic injections
of LPS in wild-type mice is commonly used as a pharmacological paradigm of PD. Through TNFα
activation, the administration of LPS causes chronic peripheral and central neuroinflammation with
microglia activation and production of pro-inflammatory cytokines, resulting ultimately in damaging
dopaminergic neurons in the substantia nigra [85,141,142]. In addition, the repeated oral administration
of Proteus Mirabilis or its derived LPS to MPTP-treated or young wild-type mice was sufficient
to induce a PD-like phenotype including motor deficit, dopaminergic neuronal loss in the nigra,
brain and gut inflammation with disruption of the intestinal epithelial barrier and formation of
αS inclusions in the brain and in the colon [105]. In a similar way, treatment with a mixture of
the SCFAs (acetate, propionate, and butyrate) of αS transgenic mice housed in sterile conditions
exacerbated neuroinflammation, onset of motor dysfunction and αS aggregation in PD-affected brain
regions [100]. Interestingly, SCFAs did not favor αS amyloid formation in vitro, indicating that
inclusions formation in vivo was not the result of a direct molecular interaction with such bacterial
lipids. At the same time, the administration to SCFAs-treated αS mice of minocycline, a drug that
targets TNFα activation, reduced αS aggregation and improved motor function, suggesting the
importance of systemic inflammation in mediating toxicity in the interaction host-microbiota.

Besides molecular mimicry mechanisms involving bacteria, the increased accumulation of
antibodies against specific viral infections such as herpes simple-1 and Epstain Barr virus (EBV) has been
detected in blood samples of PD patients [143,144]. Interstingly, in both cases, antibodies targeting
viral proteins showed cross-reactivity to human αS, and it was shown how the C-terminal of LMP1,
a late membrane protein of EBV, bears a strong aminoacid sequence homology to αS C-terminal.

Thus, a direct and/or indirect interaction with a specific virus or bacterial metabolites that goes
awry, possibly mediated by a systemic pro-inflammatory condition, could ultimately contribute to the
initiation or acceleration of the onset of PD.

7. Conclusions

In the last decade, research on commensal resident microbial species has elucidated the importance
of the microbiota on human physiology and disease. While some human illnesses may be more directly
caused by dysbiosis and colonization of pathogenic organisms, for example, enteric infections and
IBD, the connection with neurological disorders, including neurodegenerative diseases, is less clear.
Dysbiosis has been shown in PD patients, but there is no evidence thus far that links PD pathology to
the presence of a specific microbial species. What makes αS initially transit to a toxic conformation is
still largely unknown. Nevertheless, multiple evidence, including the fact that LB deposition may be
initiated in locations more which are directly in contact with the external environment and that certain
microbial species can secrete amyloid proteins, supports the hypothesis that a harmful influence of
the microbial community might be implicated in αS toxic conversion and spreading. Future research
should more directly address questions about the bacterial transmission of pathogenic amyloid
conformations to the host and, at the same time, take into consideration individual susceptibility,
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as dictated by the environment and by the subject’s genotype, in facilitating αS spreading and the
onset of neurodegeneration.
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44. Erny, D.; Hrabě de Angelis, A.L.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.;
Mahlakoiv, T.; Jakobshagen, K.; Buch, T.; et al. Host microbiota constantly control maturation and function
of microglia in the CNS. Nat. Neurosci. 2015, 18, 965–977. [CrossRef] [PubMed]

45. Nøhr, M.K.; Pedersen, M.H.; Gille, A.; Egerod, K.L.; Engelstoft, M.S.; Husted, A.S.; Sichlau, R.M.;
Grunddal, K.V.; Seier Poulsen, S.; Han, S.; et al. GPR41/FFAR3 and GPR43/FFAR2 as Cosensors for
Short-Chain Fatty Acids in Enteroendocrine Cells vs FFAR3 in Enteric Neurons and FFAR2 in Enteric
Leukocytes. Endocrinology 2013, 154, 3552–3564. [CrossRef] [PubMed]

46. Soret, R.; Chevalier, J.; De Coppet, P.; Poupeau, G.; Derkinderen, P.; Segain, J.P.; Neunlist, M. Short-Chain
Fatty Acids Regulate the Enteric Neurons and Control Gastrointestinal Motility in Rats. Gastroenterology
2010, 138, 1772–1782.e4. [CrossRef] [PubMed]

47. O’Mahony, S.M.; Marchesi, J.R.; Scully, P.; Codling, C.; Ceolho, A.-M.; Quigley, E.M.M.; Cryan, J.F.; Dinan, T.G.
Early Life Stress Alters Behavior, Immunity, and Microbiota in Rats: Implications for Irritable Bowel
Syndrome and Psychiatric Illnesses. Biol. Psychiatry 2009, 65, 263–267. [CrossRef] [PubMed]

48. Sun, Y.; Zhang, M.; Chen, C.; Gillilland, M.; Sun, X.; El-Zaatari, M.; Huffnagle, G.B.; Young, V.B.; Zhang, J.;
Hong, S.; et al. Stress-Induced Corticotropin-Releasing Hormone-Mediated NLRP6 Inflammasome Inhibition
and Transmissible Enteritis in Mice. Gastroenterology 2013, 144, 1478–1487.e8. [CrossRef] [PubMed]

49. Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.-N.; Kubo, C.; Koga, Y. Postnatal microbial
colonization programs the hypothalamic-pituitary-adrenal system for stress response in mice: Commensal
microbiota and stress response. J. Physiol. 2004, 558, 263–275. [CrossRef] [PubMed]

50. Finegold, S.M.; Molitoris, D.; Song, Y.; Liu, C.; Vaisanen, M.; Bolte, E.; McTeague, M.; Sandler, R.; Wexler, H.;
Marlowe, E.M.; et al. Gastrointestinal Microflora Studies in Late-Onset Autism. Clin. Infect. Dis. 2002, 35,
S6–S16. [CrossRef] [PubMed]

51. Parracho, H.M. Differences between the gut microflora of children with autistic spectrum disorders and that
of healthy children. J. Med. Microbiol. 2005, 54, 987–991. [CrossRef] [PubMed]

52. Mannion, A.; Leader, G.; Healy, O. An investigation of comorbid psychological disorders, sleep problems,
gastrointestinal symptoms and epilepsy in children and adolescents with Autism Spectrum Disorder.
Res. Autism Spectr. Dis. 2013, 7, 35–42. [CrossRef]

53. Emanuele, E.; Orsi, P.; Boso, M.; Broglia, D.; Brondino, N.; Barale, F.; di Nemi, S.U.; Politi, P. Low-grade
endotoxemia in patients with severe autism. Neurosci. Lett. 2010, 471, 162–165. [CrossRef] [PubMed]

54. Knivsberg, A.M.; Reichelt, K.L.; HØien, T.; NØdland, M. A Randomised, Controlled Study of Dietary
Intervention in Autistic Syndromes. Nutr. Neurosci. 2002, 5, 251–261. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pbio.0060280
http://www.ncbi.nlm.nih.gov/pubmed/19018661
http://dx.doi.org/10.1038/nri.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28260787
http://dx.doi.org/10.1073/pnas.0504978102
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://dx.doi.org/10.1016/j.smim.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28982615
http://dx.doi.org/10.1093/cid/cir632
http://www.ncbi.nlm.nih.gov/pubmed/22002980
http://dx.doi.org/10.1016/j.gtc.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/28164849
http://dx.doi.org/10.1016/j.neuroscience.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20696216
http://dx.doi.org/10.1016/j.cell.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/25860609
http://dx.doi.org/10.1038/nn.4030
http://www.ncbi.nlm.nih.gov/pubmed/26030851
http://dx.doi.org/10.1210/en.2013-1142
http://www.ncbi.nlm.nih.gov/pubmed/23885020
http://dx.doi.org/10.1053/j.gastro.2010.01.053
http://www.ncbi.nlm.nih.gov/pubmed/20152836
http://dx.doi.org/10.1016/j.biopsych.2008.06.026
http://www.ncbi.nlm.nih.gov/pubmed/18723164
http://dx.doi.org/10.1053/j.gastro.2013.02.038
http://www.ncbi.nlm.nih.gov/pubmed/23470617
http://dx.doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pubmed/15133062
http://dx.doi.org/10.1086/341914
http://www.ncbi.nlm.nih.gov/pubmed/12173102
http://dx.doi.org/10.1099/jmm.0.46101-0
http://www.ncbi.nlm.nih.gov/pubmed/16157555
http://dx.doi.org/10.1016/j.rasd.2012.05.002
http://dx.doi.org/10.1016/j.neulet.2010.01.033
http://www.ncbi.nlm.nih.gov/pubmed/20097267
http://dx.doi.org/10.1080/10284150290028945
http://www.ncbi.nlm.nih.gov/pubmed/12168688


Cells 2019, 8, 222 12 of 16

55. Buffington, S.A.; Di Prisco, G.V.; Auchtung, T.A.; Ajami, N.J.; Petrosino, J.F.; Costa-Mattioli, M. Microbial
Reconstitution Reverses Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell 2016, 165,
1762–1775. [CrossRef] [PubMed]

56. Marin, I.A.; Goertz, J.E.; Ren, T.; Rich, S.S.; Onengut-Gumuscu, S.; Farber, E.; Wu, M.; Overall, C.C.; Kipnis, J.;
Gaultier, A. Microbiota alteration is associated with the development of stress-induced despair behavior.
Sci. Rep. 2017, 7. [CrossRef] [PubMed]

57. Zapata, H.J.; Quagliarello, V.J. The Microbiota and Microbiome in Aging: Potential Implications in Health
and Age-Related Diseases. J. Am. Geriatr. Soc. 2015, 63, 776–781. [CrossRef] [PubMed]

58. Goedert, M.; Spillantini, M.G.; Del Tredici, K.; Braak, H. 100 years of Lewy pathology. Nat. Rev. Neurol. 2013,
9, 13–24. [CrossRef] [PubMed]

59. Braak, H.; Del Tredici, K.; Rüb, U.; de Vos, R.A.I.; Jansen Steur, E.N.H.; Braak, E. Staging of brain pathology
related to sporadic Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef]

60. Braak, H.; Ghebremedhin, E.; Rüb, U.; Bratzke, H.; Del Tredici, K. Stages in the development of Parkinson’s
disease-related pathology. Cell Tissues Res. 2004, 318, 121–134. [CrossRef] [PubMed]

61. Schapira, A.H.V.; Chaudhuri, K.R.; Jenner, P. Non-motor features of Parkinson disease. Nat. Rev. Neurosci.
2017, 18, 435–450. [CrossRef] [PubMed]

62. Arizona Parkinson’s Disease Consortium; Beach, T.G.; Adler, C.H.; Sue, L.I.; Vedders, L.; Lue, L.;
White, C.L., III; Akiyama, H.; Caviness, J.N.; Shill, H.A.; et al. Multi-organ distribution of phosphorylated
α-synuclein histopathology in subjects with Lewy body disorders. Acta Neuropathol. 2010, 119, 689–702.
[CrossRef] [PubMed]

63. Del Tredici, K.; Hawkes, C.H.; Ghebremedhin, E.; Braak, H. Lewy pathology in the submandibular gland of
individuals with incidental Lewy body disease and sporadic Parkinson’s disease. Acta Neuropathol. 2010,
119, 703–713. [CrossRef] [PubMed]

64. Gelpi, E.; Navarro-Otano, J.; Tolosa, E.; Gaig, C.; Compta, Y.; Rey, M.J.; Martí, M.J.; Hernández, I.;
Valldeoriola, F.; Reñé, R.; et al. Multiple organ involvement by α-synuclein pathology in Lewy body
disorders: Peripheral α-Synuclein In Pd. Mov. Disord. 2014, 29, 1010–1018. [CrossRef] [PubMed]

65. Luk, K.C.; Song, C.; O’Brien, P.; Stieber, A.; Branch, J.R.; Brunden, K.R.; Trojanowski, J.Q.; Lee, V.M.-Y.
Exogenous α-synuclein fibrils seed the formation of Lewy body-like intracellular inclusions in cultured cells.
Proc. Natl. Acad. Sci. USA 2009, 106, 20051–20056. [CrossRef] [PubMed]

66. Volpicelli-Daley, L.A.; Luk, K.C.; Patel, T.P.; Tanik, S.A.; Riddle, D.M.; Stieber, A.; Meaney, D.F.;
Trojanowski, J.Q.; Lee, V.M.-Y. Exogenous α-Synuclein Fibrils Induce Lewy Body Pathology Leading to
Synaptic Dysfunction and Neuron Death. Neuron 2011, 72, 57–71. [CrossRef] [PubMed]

67. Colla, E.; Panattoni, G.; Ricci, A.; Rizzi, C.; Rota, L.; Carucci, N.; Valvano, V.; Gobbo, F.; Capsoni, S.; Lee, M.K.;
et al. Toxic properties of microsome-associated α-synuclein species in mouse primary neurons. Neurobiol.
Dis. 2018, 111, 36–47. [CrossRef] [PubMed]

68. Luk, K.C.; Kehm, V.M.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M.Y. Intracerebral inoculation of
pathological α-synuclein initiates a rapidly progressive neurodegenerative α-synucleinopathy in mice. J. Exp.
Med. 2012, 209, 975–986. [CrossRef] [PubMed]

69. Luk, K.C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M.-Y. Pathological α-Synuclein
Transmission Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. Science 2012, 338, 949–953.
[CrossRef] [PubMed]

70. 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]

71. Masuda-Suzukake, M.; Nonaka, T.; Hosokawa, M.; Oikawa, T.; Arai, T.; Akiyama, H.; Mann, D.M.A.;
Hasegawa, M. Prion-like spreading of pathological α-synuclein in brain. Brain 2013, 136, 1128–1138.
[CrossRef] [PubMed]

72. Recasens, A.; Dehay, B.; Bové, J.; Carballo-Carbajal, I.; Dovero, S.; Pérez-Villalba, A.; Fernagut, P.-O.; Blesa, J.;
Parent, A.; Perier, C.; et al. Lewy body extracts from Parkinson disease brains trigger α-synuclein pathology
and neurodegeneration in mice and monkeys: LB-Induced Pathology. Ann. Neurol. 2014, 75, 351–362.
[CrossRef] [PubMed]

73. Peelaerts, W.; Bousset, L.; Van der Perren, A.; Moskalyuk, A.; Pulizzi, R.; Giugliano, M.; Van den Haute, C.;
Melki, R.; Baekelandt, V. α-Synuclein strains cause distinct synucleinopathies after local and systemic
administration. Nature 2015, 522, 340–344. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27315483
http://dx.doi.org/10.1038/srep43859
http://www.ncbi.nlm.nih.gov/pubmed/28266612
http://dx.doi.org/10.1111/jgs.13310
http://www.ncbi.nlm.nih.gov/pubmed/25851728
http://dx.doi.org/10.1038/nrneurol.2012.242
http://www.ncbi.nlm.nih.gov/pubmed/23183883
http://dx.doi.org/10.1016/S0197-4580(02)00065-9
http://dx.doi.org/10.1007/s00441-004-0956-9
http://www.ncbi.nlm.nih.gov/pubmed/15338272
http://dx.doi.org/10.1038/nrn.2017.62
http://www.ncbi.nlm.nih.gov/pubmed/28592904
http://dx.doi.org/10.1007/s00401-010-0664-3
http://www.ncbi.nlm.nih.gov/pubmed/20306269
http://dx.doi.org/10.1007/s00401-010-0665-2
http://www.ncbi.nlm.nih.gov/pubmed/20229352
http://dx.doi.org/10.1002/mds.25776
http://www.ncbi.nlm.nih.gov/pubmed/24395122
http://dx.doi.org/10.1073/pnas.0908005106
http://www.ncbi.nlm.nih.gov/pubmed/19892735
http://dx.doi.org/10.1016/j.neuron.2011.08.033
http://www.ncbi.nlm.nih.gov/pubmed/21982369
http://dx.doi.org/10.1016/j.nbd.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29246724
http://dx.doi.org/10.1084/jem.20112457
http://www.ncbi.nlm.nih.gov/pubmed/22508839
http://dx.doi.org/10.1126/science.1227157
http://www.ncbi.nlm.nih.gov/pubmed/23161999
http://dx.doi.org/10.1007/s00401-013-1160-3
http://www.ncbi.nlm.nih.gov/pubmed/23925565
http://dx.doi.org/10.1093/brain/awt037
http://www.ncbi.nlm.nih.gov/pubmed/23466394
http://dx.doi.org/10.1002/ana.24066
http://www.ncbi.nlm.nih.gov/pubmed/24243558
http://dx.doi.org/10.1038/nature14547
http://www.ncbi.nlm.nih.gov/pubmed/26061766


Cells 2019, 8, 222 13 of 16

74. Sacino, A.N.; Brooks, M.; Thomas, M.A.; McKinney, A.B.; Lee, S.; Regenhardt, R.W.; McGarvey, N.H.;
Ayers, J.I.; Notterpek, L.; Borchelt, D.R.; et al. Intramuscular injection of α-synuclein induces CNS α-synuclein
pathology and a rapid-onset motor phenotype in transgenic mice. Proc. Natl. Acad. Sci. USA 2014, 111,
10732–10737. [CrossRef] [PubMed]

75. Holmqvist, S.; Chutna, O.; Bousset, L.; Aldrin-Kirk, P.; Li, W.; Björklund, T.; Wang, Z.-Y.; Roybon, L.; Melki, R.;
Li, J.-Y. Direct evidence of Parkinson pathology spread from the gastrointestinal tract to the brain in rats.
Acta Neuropathol. 2014, 128, 805–820. [CrossRef] [PubMed]

76. Pan-Montojo, F.; Anichtchik, O.; Dening, Y.; Knels, L.; Pursche, S.; Jung, R.; Jackson, S.; Gille, G.;
Spillantini, M.G.; Reichmann, H.; et al. Progression of Parkinson’s Disease Pathology Is Reproduced
by Intragastric Administration of Rotenone in Mice. PLoS ONE 2010, 5, e8762. [CrossRef] [PubMed]

77. Pan-Montojo, F.; Schwarz, M.; Winkler, C.; Arnhold, M.; O’Sullivan, G.A.; Pal, A.; Said, J.; Marsico, G.;
Verbavatz, J.-M.; Rodrigo-Angulo, M.; et al. Environmental toxins trigger PD-like progression via increased
α-synuclein release from enteric neurons in mice. Sci. Rep. 2012, 2. [CrossRef] [PubMed]

78. Breen, D.P.; Halliday, G.M.; Lang, A.E. Gut-brain axis and the spread of α-synuclein pathology: Vagal
highway or dead end? Mov. Disord. 2019. [CrossRef] [PubMed]

79. Svensson, E.; Horváth-Puhó, E.; Thomsen, R.W.; Djurhuus, J.C.; Pedersen, L.; Borghammer, P.; Sørensen, H.T.
Vagotomy and subsequent risk of Parkinson’s disease: Vagotomy and Risk of PD. Ann. Neurol. 2015, 78,
522–529. [CrossRef] [PubMed]

80. Schwiertz, A.; Spiegel, J.; Dillmann, U.; Grundmann, D.; Bürmann, J.; Faßbender, K.; Schäfer, K.-H.;
Unger, M.M. Fecal markers of intestinal inflammation and intestinal permeability are elevated in Parkinson’s
disease. Parkinsonism Rel. Disord. 2018, 50, 104–107. [CrossRef] [PubMed]

81. Perez-Pardo, P.; Dodiya, H.B.; Engen, P.A.; Forsyth, C.B.; Huschens, A.M.; Shaikh, M.; Voigt, R.M.; Naqib, A.;
Green, S.J.; Kordower, J.H.; et al. Role of TLR4 in the gut-brain axis in Parkinson’s disease: A translational
study from men to mice. Gut 2018. [CrossRef] [PubMed]

82. Forsyth, C.B.; Shannon, K.M.; Kordower, J.H.; Voigt, R.M.; Shaikh, M.; Jaglin, J.A.; Estes, J.D.; Dodiya, H.B.;
Keshavarzian, A. Increased Intestinal Permeability Correlates with Sigmoid Mucosa alpha-Synuclein Staining
and Endotoxin Exposure Markers in Early Parkinson’s Disease. PLoS ONE 2011, 6, e28032. [CrossRef]
[PubMed]

83. Devos, D.; Lebouvier, T.; Lardeux, B.; Biraud, M.; Rouaud, T.; Pouclet, H.; Coron, E.; Bruley des Varannes, S.;
Naveilhan, P.; Nguyen, J.-M.; et al. Colonic inflammation in Parkinson’s disease. Neurobiol. of Dis. 2013, 50,
42–48. [CrossRef] [PubMed]

84. Clairembault, T.; Leclair-Visonneau, L.; Coron, E.; Bourreille, A.; Le Dily, S.; Vavasseur, F.; Heymann, M.-F.;
Neunlist, M.; Derkinderen, P. Structural alterations of the intestinal epithelial barrier in Parkinson’s disease.
Acta Neuropathol. Commun. 2015, 3. [CrossRef] [PubMed]

85. Kelly, L.P.; Carvey, P.M.; Keshavarzian, A.; Shannon, K.M.; Shaikh, M.; Bakay, R.A.E.; Kordower, J.H.
Progression of intestinal permeability changes and α-synuclein expression in a mouse model of Parkinson’s
disease: GI Dysfunction in a Premotor Model of PD. Mov. Disord. 2014, 29, 999–1009. [CrossRef] [PubMed]

86. Stolzenberg, E.; Berry, D.; Yang, D.; Lee, E.Y.; Kroemer, A.; Kaufman, S.; Wong, G.C.L.; Oppenheim, J.J.;
Sen, S.; Fishbein, T.; et al. A Role for Neuronal α-Synuclein in Gastrointestinal Immunity. J. Innate Immun.
2017, 9, 456–463. [CrossRef] [PubMed]

87. Colla, E.; Coune, P.; Liu, Y.; Pletnikova, O.; Troncoso, J.C.; Iwatsubo, T.; Schneider, B.L.; Lee, M.K.
Endoplasmic Reticulum Stress Is Important for the Manifestations of α-Synucleinopathy In Vivo. J. Neurosci.
2012, 32, 3306–3320. [CrossRef] [PubMed]

88. Colla, E.; Jensen, P.H.; Pletnikova, O.; Troncoso, J.C.; Glabe, C.; Lee, M.K. Accumulation of Toxic α-Synuclein
Oligomer within Endoplasmic Reticulum Occurs in α-Synucleinopathy In Vivo. J. Neurosci. 2012, 32,
3301–3305. [CrossRef] [PubMed]

89. Burbulla, L.F.; Song, P.; Mazzulli, J.R.; Zampese, E.; Wong, Y.C.; Jeon, S.; Santos, D.P.; Blanz, J.;
Obermaier, C.D.; Strojny, C.; et al. Dopamine oxidation mediates mitochondrial and lysosomal dysfunction
in Parkinson’s disease. Science 2017, 357, 1255–1261. [CrossRef] [PubMed]

90. Peng, C.; Gathagan, R.J.; Covell, D.J.; Medellin, C.; Stieber, A.; Robinson, J.L.; Zhang, B.; Pitkin, R.M.;
Olufemi, M.F.; Luk, K.C.; et al. Cellular milieu imparts distinct pathological α-synuclein strains in
α-synucleinopathies. Nature 2018, 557, 558–563. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1321785111
http://www.ncbi.nlm.nih.gov/pubmed/25002524
http://dx.doi.org/10.1007/s00401-014-1343-6
http://www.ncbi.nlm.nih.gov/pubmed/25296989
http://dx.doi.org/10.1371/journal.pone.0008762
http://www.ncbi.nlm.nih.gov/pubmed/20098733
http://dx.doi.org/10.1038/srep00898
http://www.ncbi.nlm.nih.gov/pubmed/23205266
http://dx.doi.org/10.1002/mds.27556
http://www.ncbi.nlm.nih.gov/pubmed/30653258
http://dx.doi.org/10.1002/ana.24448
http://www.ncbi.nlm.nih.gov/pubmed/26031848
http://dx.doi.org/10.1016/j.parkreldis.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29454662
http://dx.doi.org/10.1136/gutjnl-2018-316844
http://www.ncbi.nlm.nih.gov/pubmed/30554160
http://dx.doi.org/10.1371/journal.pone.0028032
http://www.ncbi.nlm.nih.gov/pubmed/22145021
http://dx.doi.org/10.1016/j.nbd.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23017648
http://dx.doi.org/10.1186/s40478-015-0196-0
http://www.ncbi.nlm.nih.gov/pubmed/25775153
http://dx.doi.org/10.1002/mds.25736
http://www.ncbi.nlm.nih.gov/pubmed/24898698
http://dx.doi.org/10.1159/000477990
http://www.ncbi.nlm.nih.gov/pubmed/28651250
http://dx.doi.org/10.1523/JNEUROSCI.5367-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22399753
http://dx.doi.org/10.1523/JNEUROSCI.5368-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22399752
http://dx.doi.org/10.1126/science.aam9080
http://www.ncbi.nlm.nih.gov/pubmed/28882997
http://dx.doi.org/10.1038/s41586-018-0104-4
http://www.ncbi.nlm.nih.gov/pubmed/29743672


Cells 2019, 8, 222 14 of 16

91. Hasegawa, S.; Goto, S.; Tsuji, H.; Okuno, T.; Asahara, T.; Nomoto, K.; Shibata, A.; Fujisawa, Y.; Minato, T.;
Okamoto, A.; et al. Intestinal Dysbiosis and Lowered Serum Lipopolysaccharide-Binding Protein in
Parkinson’s Disease. PLoS ONE 2015, 10, e0142164. [CrossRef] [PubMed]

92. Petrov, V.A.; Saltykova, I.V.; Zhukova, I.A.; Alifirova, V.M.; Zhukova, N.G.; Dorofeeva, Y.B.; Tyakht, A.V.;
Kovarsky, B.A.; Alekseev, D.G.; Kostryukova, E.S.; et al. Analysis of Gut Microbiota in Patients with
Parkinson’s Disease. Bul. Exp. Biol. Med. 2017, 162, 734–737. [CrossRef] [PubMed]

93. Unger, M.M.; Spiegel, J.; Dillmann, K.-U.; Grundmann, D.; Philippeit, H.; Bürmann, J.; Faßbender, K.;
Schwiertz, A.; Schäfer, K.-H. Short chain fatty acids and gut microbiota differ between patients with
Parkinson’s disease and age-matched controls. Parkinsonism Rel. Dis. 2016, 32, 66–72. [CrossRef] [PubMed]

94. 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: PD, Medications, and Gut Microbiome. Mov. Disord. 2017, 32,
739–749. [CrossRef] [PubMed]

95. 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: COLONIC MICROBIOTA IN PARKINSON’S DISEASE.
Mov. Disord. 2015, 30, 1351–1360. [CrossRef] [PubMed]

96. 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:
Gut Microbiota in Parkinson’s Disease. Mov. Disord. 2015, 30, 350–358. [CrossRef] [PubMed]

97. 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: Nose and Gut Microbiome in PD and iRBD. Mov. Disord. 2018,
33, 88–98. [CrossRef] [PubMed]

98. Bedarf, J.R.; Hildebrand, F.; Coelho, L.P.; Sunagawa, S.; Bahram, M.; Goeser, F.; Bork, P.; Wüllner, U.
Functional implications of microbial and viral gut metagenome changes in early stage L-DOPA-naïve
Parkinson’s disease patients. Gen. Med. 2017, 9. [CrossRef]

99. Gerhardt, S.; Mohajeri, M. Changes of Colonic Bacterial Composition in Parkinson’s Disease and Other
Neurodegenerative Diseases. Nutrients 2018, 10, 708. [CrossRef] [PubMed]

100. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.;
Rocha, S.; Gradinaru, V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model
of Parkinson’s Disease. Cell 2016, 167, 1469–1480.e12. [CrossRef] [PubMed]

101. Leclercq, S.; Mian, F.M.; Stanisz, A.M.; Bindels, L.B.; Cambier, E.; Ben-Amram, H.; Koren, O.; Forsythe, P.;
Bienenstock, J. Low-dose penicillin in early life induces long-term changes in murine gut microbiota, brain
cytokines and behavior. Nat. Commun. 2017, 8, 15062. [CrossRef] [PubMed]

102. Johnson, M.E.; Stringer, A.; Bobrovskaya, L. Rotenone induces gastrointestinal pathology and microbiota
alterations in a rat model of Parkinson’s disease. NeuroToxicology 2018, 65, 174–185. [CrossRef] [PubMed]

103. Dodiya, H.B.; Forsyth, C.B.; Voigt, R.M.; Engen, P.A.; Patel, J.; Shaikh, M.; Green, S.J.; Naqib, A.; Roy, A.;
Kordower, J.H.; et al. Chronic stress-induced gut dysfunction exacerbates Parkinson’s disease phenotype
and pathology in a rotenone-induced mouse model of Parkinson’s disease. Neurobiol. Dis. 2018. [CrossRef]
[PubMed]

104. Lai, F.; Jiang, R.; Xie, W.; Liu, X.; Tang, Y.; Xiao, H.; Gao, J.; Jia, Y.; Bai, Q. Intestinal Pathology and Gut
Microbiota Alterations in a Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) Mouse Model of Parkinson’s
Disease. Neurochem. Res. 2018, 43, 1986–1999. [CrossRef] [PubMed]

105. Rota, L.; Pellegrini, C.; Benvenuti, L.; Antonioli, L.; Fornai, M.; Blandizzi, C.; Cattaneo, A.; Colla, E.
Constipation, deficit in colon contractions, and α-synuclein inclusions within the colon precede motor
abnormalities and neurodegeneration in the central nervous system in a mouse model of α-synucleinopathy.
Transl Neurodegener. 2019, 8. [CrossRef] [PubMed]

106. Choi, J.G.; Kim, N.; Ju, I.G.; Eo, H.; Lim, S.-M.; Jang, S.-E.; Kim, D.-H.; Oh, M.S. Oral administration of
Proteus mirabilis damages dopaminergic neurons and motor functions in mice. Sci. Rep. 2018, 8. [CrossRef]
[PubMed]

107. Pellegrini, C.; Fornai, M.; Colucci, R.; Tirotta, E.; Blandini, F.; Levandis, G.; Cerri, S.; Segnani, C.; Ippolito, C.;
Bernardini, N.; et al. Alteration of colonic excitatory tachykininergic motility and enteric inflammation
following dopaminergic nigrostriatal neurodegeneration. J. Neuroinflam. 2016, 13. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0142164
http://www.ncbi.nlm.nih.gov/pubmed/26539989
http://dx.doi.org/10.1007/s10517-017-3700-7
http://www.ncbi.nlm.nih.gov/pubmed/28429209
http://dx.doi.org/10.1016/j.parkreldis.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27591074
http://dx.doi.org/10.1002/mds.26942
http://www.ncbi.nlm.nih.gov/pubmed/28195358
http://dx.doi.org/10.1002/mds.26307
http://www.ncbi.nlm.nih.gov/pubmed/26179554
http://dx.doi.org/10.1002/mds.26069
http://www.ncbi.nlm.nih.gov/pubmed/25476529
http://dx.doi.org/10.1002/mds.27105
http://www.ncbi.nlm.nih.gov/pubmed/28843021
http://dx.doi.org/10.1186/s13073-017-0428-y
http://dx.doi.org/10.3390/nu10060708
http://www.ncbi.nlm.nih.gov/pubmed/29857583
http://dx.doi.org/10.1016/j.cell.2016.11.018
http://www.ncbi.nlm.nih.gov/pubmed/27912057
http://dx.doi.org/10.1038/ncomms15062
http://www.ncbi.nlm.nih.gov/pubmed/28375200
http://dx.doi.org/10.1016/j.neuro.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29471018
http://dx.doi.org/10.1016/j.nbd.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30579705
http://dx.doi.org/10.1007/s11064-018-2620-x
http://www.ncbi.nlm.nih.gov/pubmed/30171422
http://dx.doi.org/10.1186/s40035-019-0146-z
http://www.ncbi.nlm.nih.gov/pubmed/30774946
http://dx.doi.org/10.1038/s41598-018-19646-x
http://www.ncbi.nlm.nih.gov/pubmed/29352191
http://dx.doi.org/10.1186/s12974-016-0608-5
http://www.ncbi.nlm.nih.gov/pubmed/27295950


Cells 2019, 8, 222 15 of 16

108. Guilherme, L.; Kalil, J.; Cunningham, M. Molecular mimicry in the autoimmune pathogenesis of rheumatic
heart disease. Autoimmunity 2006, 39, 31–39. [CrossRef] [PubMed]

109. Cazalla, D.; Yario, T.; Steitz, J.A. Down-Regulation of a Host MicroRNA by a Herpesvirus saimiri Noncoding
RNA. Science 2010, 328, 1563–1566. [CrossRef] [PubMed]

110. Taylor, J.D.; Matthews, S.J. New insight into the molecular control of bacterial functional amyloids. Front. Cell
Infect. Microbiol 2015, 5. [CrossRef] [PubMed]

111. Chapman, M.R. Role of Escherichia coli Curli Operons in Directing Amyloid Fiber Formation. Science 2002,
295, 851–855. [CrossRef] [PubMed]

112. Evans, M.L.; Chorell, E.; Taylor, J.D.; Åden, J.; Götheson, A.; Li, F.; Koch, M.; Sefer, L.; Matthews, S.J.;
Wittung-Stafshede, P.; et al. The Bacterial Curli System Possesses a Potent and Selective Inhibitor of Amyloid
Formation. Mol. Cell 2015, 57, 445–455. [CrossRef] [PubMed]

113. Pavlopoulos, E.; Trifilieff, P.; Chevaleyre, V.; Fioriti, L.; Zairis, S.; Pagano, A.; Malleret, G.; Kandel, E.R.
Neuralized1 Activates CPEB3: A Function for Nonproteolytic Ubiquitin in Synaptic Plasticity and Memory
Storage. Cell 2011, 147, 1369–1383. [CrossRef] [PubMed]

114. Berson, J.F.; Theos, A.C.; Harper, D.C.; Tenza, D.; Raposo, G.; Marks, M.S. Proprotein convertase cleavage
liberates a fibrillogenic fragment of a resident glycoprotein to initiate melanosome biogenesis. J. Cell Biol.
2003, 161, 521–533. [CrossRef] [PubMed]

115. Hou, F.; Sun, L.; Zheng, H.; Skaug, B.; Jiang, Q.-X.; Chen, Z.J. MAVS Forms Functional Prion-like Aggregates
to Activate and Propagate Antiviral Innate Immune Response. Cell 2011, 146, 448–461. [CrossRef] [PubMed]

116. Mabbott, N. How do PrPSc Prions Spread between Host Species, and within Hosts? Pathogens 2017, 6, 60.
[CrossRef] [PubMed]

117. Mudher, A.; Colin, M.; Dujardin, S.; Medina, M.; Dewachter, I.; Alavi Naini, S.M.; Mandelkow, E.-M.;
Mandelkow, E.; Buée, L.; Goedert, M.; et al. What is the evidence that tau pathology spreads through
prion-like propagation? Acta Neuropathol. Commun. 2017, 5. [CrossRef] [PubMed]

118. Gotz, J. Formation of Neurofibrillary Tangles in P301L Tau Transgenic Mice Induced by Aβ 42 Fibrils. Science
2001, 293, 1491–1495. [CrossRef] [PubMed]

119. Masliah, E.; Rockenstein, E.; Inglis, C.; Adame, A.; Bett, C.; Lucero, M.; Sigurdson, C.J. Prion infection
promotes extensive accumulation of α-synuclein in aged human α-synuclein transgenic mice. Prion 2012, 6,
184–190. [CrossRef] [PubMed]

120. Guo, J.L.; Covell, D.J.; Daniels, J.P.; Iba, M.; Stieber, A.; Zhang, B.; Riddle, D.M.; Kwong, L.K.; Xu, Y.;
Trojanowski, J.Q.; et al. Distinct α-Synuclein Strains Differentially Promote Tau Inclusions in Neurons. Cell
2013, 154, 103–117. [CrossRef] [PubMed]

121. Vasconcelos, B.; Stancu, I.-C.; Buist, A.; Bird, M.; Wang, P.; Vanoosthuyse, A.; Van Kolen, K.; Verheyen, A.;
Kienlen-Campard, P.; Octave, J.-N.; et al. Heterotypic seeding of Tau fibrillization by pre-aggregated Aβ

provides potent seeds for prion-like seeding and propagation of Tau-pathology in vivo. Acta Neuropathol.
2016, 131, 549–569. [CrossRef] [PubMed]

122. Römling, U.; Bian, Z.; Hammar, M.; Sierralta, W.D.; Normark, S. Curli fibers are highly conserved between
Salmonella typhimurium and Escherichia coli with respect to operon structure and regulation. J. Bacteriol.
1998, 180, 722–731. [PubMed]

123. Reichhardt, C.; Jacobson, A.N.; Maher, M.C.; Uang, J.; McCrate, O.A.; Eckart, M.; Cegelski, L. Congo Red
Interactions with Curli-Producing E. coli and Native Curli Amyloid Fibers. PLoS ONE 2015, 10, e0140388.
[CrossRef] [PubMed]

124. Wang, H.; Shu, Q.; Frieden, C.; Gross, M.L. Deamidation Slows Curli Amyloid-Protein Aggregation.
Biochemistry 2017, 56, 2865–2872. [CrossRef] [PubMed]

125. LeVine, H. Thioflavine T interaction with synthetic Alzheimer’s disease β-amyloid peptides: Detection of
amyloid aggregation in solution. Protein Sci. 1993, 2, 404–410. [CrossRef] [PubMed]

126. Westermark, G.T.; Johnson, K.H.; Westermark, P. Staining methods for identification of amyloid in tissue.
In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1999; pp. 3–25.

127. Bokranz, W. Expression of cellulose and curli fimbriae by Escherichia coli isolated from the gastrointestinal
tract. J. Med. Microbiol. 2005, 54, 1171–1182. [CrossRef] [PubMed]

128. Lundmark, K.; Westermark, G.T.; Olsen, A.; Westermark, P. Protein fibrils in nature can enhance amyloid
protein A amyloidosis in mice: Cross-seeding as a disease mechanism. Proc. Natl. Acad. Sci. USA 2005, 102,
6098–6102. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/08916930500484674
http://www.ncbi.nlm.nih.gov/pubmed/16455580
http://dx.doi.org/10.1126/science.1187197
http://www.ncbi.nlm.nih.gov/pubmed/20558719
http://dx.doi.org/10.3389/fcimb.2015.00033
http://www.ncbi.nlm.nih.gov/pubmed/25905048
http://dx.doi.org/10.1126/science.1067484
http://www.ncbi.nlm.nih.gov/pubmed/11823641
http://dx.doi.org/10.1016/j.molcel.2014.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25620560
http://dx.doi.org/10.1016/j.cell.2011.09.056
http://www.ncbi.nlm.nih.gov/pubmed/22153079
http://dx.doi.org/10.1083/jcb.200302072
http://www.ncbi.nlm.nih.gov/pubmed/12732614
http://dx.doi.org/10.1016/j.cell.2011.06.041
http://www.ncbi.nlm.nih.gov/pubmed/21782231
http://dx.doi.org/10.3390/pathogens6040060
http://www.ncbi.nlm.nih.gov/pubmed/29186791
http://dx.doi.org/10.1186/s40478-017-0488-7
http://www.ncbi.nlm.nih.gov/pubmed/29258615
http://dx.doi.org/10.1126/science.1062097
http://www.ncbi.nlm.nih.gov/pubmed/11520988
http://dx.doi.org/10.4161/pri.19806
http://www.ncbi.nlm.nih.gov/pubmed/22460692
http://dx.doi.org/10.1016/j.cell.2013.05.057
http://www.ncbi.nlm.nih.gov/pubmed/23827677
http://dx.doi.org/10.1007/s00401-015-1525-x
http://www.ncbi.nlm.nih.gov/pubmed/26739002
http://www.ncbi.nlm.nih.gov/pubmed/9457880
http://dx.doi.org/10.1371/journal.pone.0140388
http://www.ncbi.nlm.nih.gov/pubmed/26485271
http://dx.doi.org/10.1021/acs.biochem.7b00241
http://www.ncbi.nlm.nih.gov/pubmed/28497950
http://dx.doi.org/10.1002/pro.5560020312
http://www.ncbi.nlm.nih.gov/pubmed/8453378
http://dx.doi.org/10.1099/jmm.0.46064-0
http://www.ncbi.nlm.nih.gov/pubmed/16278431
http://dx.doi.org/10.1073/pnas.0501814102
http://www.ncbi.nlm.nih.gov/pubmed/15829582


Cells 2019, 8, 222 16 of 16

129. Hartman, K.; Brender, J.R.; Monde, K.; Ono, A.; Evans, M.L.; Popovych, N.; Chapman, M.R.; Ramamoorthy, A.
Bacterial curli protein promotes the conversion of PAP248–286 into the amyloid SEVI: Cross-seeding of
dissimilar amyloid sequences. PeerJ 2013, 1, e5. [CrossRef] [PubMed]

130. Phillips, R.J.; Walter, G.C.; Ringer, B.E.; Higgs, K.M.; Powley, T.L. Alpha-synuclein immunopositive
aggregates in the myenteric plexus of the aging Fischer 344 rat. Exp. Neurol. 2009, 220, 109–119. [CrossRef]
[PubMed]

131. 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
α-Synuclein Aggregation in Aged Fischer 344 Rats and Caenorhabditis elegans. Sci. Rep. 2016, 6. [CrossRef]
[PubMed]

132. Tükel, Ç.; Wilson, R.P.; Nishimori, J.H.; Pezeshki, M.; Chromy, B.A.; Bäumler, A.J. Responses to Amyloids
of Microbial and Host Origin Are Mediated through Toll-like Receptor 2. Cell Host Microbe 2010, 6, 45–53.
[CrossRef] [PubMed]

133. Tükel, Ç.; Nishimori, J.H.; Wilson, R.P.; Winter, M.G.; Keestra, A.M.; Van Putten, J.P.M.; Bäumler, A.J. Toll-like
receptors 1 and 2 cooperatively mediate immune responses to curli, a common amyloid from enterobacterial
biofilms: TLR2 interacts with TLR1 to recognize curli. Cell. Microbiol. 2010, 12, 1495–1505. [CrossRef]
[PubMed]

134. Nishimori, J.H.; Newman, T.N.; Oppong, G.O.; Rapsinski, G.J.; Yen, J.-H.; Biesecker, S.G.; Wilson, R.P.;
Butler, B.P.; Winter, M.G.; Tsolis, R.M.; et al. Microbial Amyloids Induce Interleukin 17A (IL-17A) and IL-22
Responses via Toll-Like Receptor 2 Activation in the Intestinal Mucosa. Infect. Immun. 2012, 80, 4398–4408.
[CrossRef] [PubMed]

135. Rapsinski, G.J.; Newman, T.N.; Oppong, G.O.; van Putten, J.P.M.; Tükel, Ç. CD14 Protein Acts as an Adaptor
Molecule for the Immune Recognition of Salmonella Curli Fibers. J. Biol. Chem. 2013, 288, 14178–14188.
[CrossRef] [PubMed]

136. Rapsinski, G.J.; Wynosky-Dolfi, M.A.; Oppong, G.O.; Tursi, S.A.; Wilson, R.P.; Brodsky, I.E.; Tükel, Ç.
Toll-Like Receptor 2 and NLRP3 Cooperate To Recognize a Functional Bacterial Amyloid, Curli. Infect. Immun
2015, 83, 693–701. [CrossRef] [PubMed]

137. Kim, C.; Ho, D.-H.; Suk, J.-E.; You, S.; Michael, S.; Kang, J.; Joong Lee, S.; Masliah, E.; Hwang, D.; Lee, H.-J.;
et al. Neuron-released oligomeric α-synuclein is an endogenous agonist of TLR2 for paracrine activation of
microglia. Nat. Comm. 2013, 4. [CrossRef] [PubMed]

138. Daniele, S.G.; Béraud, D.; Davenport, C.; Cheng, K.; Yin, H.; Maguire-Zeiss, K.A. Activation of
MyD88-dependent TLR1/2 signaling by misfolded α-synuclein, a protein linked to neurodegenerative
disorders. Sci. Signal. 2015, 8, ra45. [CrossRef] [PubMed]

139. Fellner, L.; Irschick, R.; Schanda, K.; Reindl, M.; Klimaschewski, L.; Poewe, W.; Wenning, G.K.; Stefanova, N.
Toll-like receptor 4 is required for α-synuclein dependent activation of microglia and astroglia. Glia 2013, 61,
349–360. [CrossRef] [PubMed]

140. Caputi, V.; Giron, M. Microbiome-Gut-Brain Axis and Toll-Like Receptors in Parkinson’s Disease. Int. J. Mol.
Sci. 2018, 19, 1689. [CrossRef] [PubMed]

141. Gao, H.-M.; Jiang, J.; Wilson, B.; Zhang, W.; Hong, J.-S.; Liu, B. Microglial activation-mediated delayed and
progressive degeneration of rat nigral dopaminergic neurons: Relevance to Parkinson’s disease. J. Neurochem.
2002, 81, 1285–1297. [CrossRef] [PubMed]

142. Qin, L.; Wu, X.; Block, M.L.; Liu, Y.; Breese, G.R.; Hong, J.-S.; Knapp, D.J.; Crews, F.T. Systemic LPS causes
chronic neuroinflammation and progressive neurodegeneration. Glia 2007, 55, 453–462. [CrossRef] [PubMed]

143. Woulfe, J.M.; Gray, M.T.; Gray, D.A.; Munoz, D.G.; Middeldorp, J.M. Hypothesis: A role for EBV-induced
molecular mimicry in Parkinson’s disease. Parkinsonism Rel. Dis. 2014, 20, 685–694. [CrossRef] [PubMed]

144. Caggiu, E.; Paulus, K.; Arru, G.; Piredda, R.; Sechi, G.P.; Sechi, L.A. Humoral cross reactivity between
α-synuclein and herpes simplex-1 epitope in Parkinson’s disease, a triggering role in the disease?
J. Neuroimmunol. 2016, 291, 110–114. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7717/peerj.5
http://www.ncbi.nlm.nih.gov/pubmed/23638387
http://dx.doi.org/10.1016/j.expneurol.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19664623
http://dx.doi.org/10.1038/srep34477
http://www.ncbi.nlm.nih.gov/pubmed/27708338
http://dx.doi.org/10.1016/j.chom.2009.05.020
http://www.ncbi.nlm.nih.gov/pubmed/19616765
http://dx.doi.org/10.1111/j.1462-5822.2010.01485.x
http://www.ncbi.nlm.nih.gov/pubmed/20497180
http://dx.doi.org/10.1128/IAI.00911-12
http://www.ncbi.nlm.nih.gov/pubmed/23027540
http://dx.doi.org/10.1074/jbc.M112.447060
http://www.ncbi.nlm.nih.gov/pubmed/23548899
http://dx.doi.org/10.1128/IAI.02370-14
http://www.ncbi.nlm.nih.gov/pubmed/25422268
http://dx.doi.org/10.1038/ncomms2534
http://www.ncbi.nlm.nih.gov/pubmed/23463005
http://dx.doi.org/10.1126/scisignal.2005965
http://www.ncbi.nlm.nih.gov/pubmed/25969543
http://dx.doi.org/10.1002/glia.22437
http://www.ncbi.nlm.nih.gov/pubmed/23108585
http://dx.doi.org/10.3390/ijms19061689
http://www.ncbi.nlm.nih.gov/pubmed/29882798
http://dx.doi.org/10.1046/j.1471-4159.2002.00928.x
http://www.ncbi.nlm.nih.gov/pubmed/12068076
http://dx.doi.org/10.1002/glia.20467
http://www.ncbi.nlm.nih.gov/pubmed/17203472
http://dx.doi.org/10.1016/j.parkreldis.2014.02.031
http://www.ncbi.nlm.nih.gov/pubmed/24726430
http://dx.doi.org/10.1016/j.jneuroim.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26857504
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Human Microbiome and Its Function 
	Origin of PD and Alpha-Synuclein Transmission 
	Microbiome and PD 
	Mechanisms of Molecular Mimicry 
	Evidence of Molecular Mimicry in the Pathogenesis of PD 
	Conclusions 
	References

