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ABSTRACT: Background: The complexity of the pathogenic mechanisms underlying neurodegenerative
disorders such as Parkinson’s disease (PD) is attributable to multifactorial changes occurring at a molecular
level, influenced by genetics and environmental interactions. However, what causes the main hallmarks of PD is
not well understood. Recent data increasingly suggest that imbalances in the gut microbiome composition
might trigger and/or exacerbate the progression of PD.

Objective: The present review aims to (1) report emerging literature showing changes in microbiota composition
of PD patients compared to healthy individuals and (2) discuss how these changes may initiate and/or
perpetuate PD pathology.

Methods: We analyzed 13 studies published from 2015 and included in this review. Altered microbial taxa were
compiled in a detailed table summarizing bacterial changes in fecal/mucosal samples. The methodology was
systematically reviewed across the articles and was also included in a table to facilitate comparisons between
studies.

Results: Multiple studies found a reduction in short-chain fatty-acid-producing bacteria that can rescue
neuronal damage through epigenetic mechanisms. Overall, the studies showed that changes in the gut
microbiota composition might influence colonic inflammation, gut permeability, and a-synuclein aggregation,
contributing to the neurogenerative process.

Conclusion: Further studies with larger cohorts and high-resolution sequencing methods are required to better
define gut microbiota changes in PD. Furthermore, additional longitudinal studies are required to determine the
causal link between these changes and PD pathogenesis as well as to study the potential of the intestinal
microbiota as a biomarker.

During early postnatal stages, the mammalian intestine is colo-

Microbiota-Gut-Brain Axis

nized by bacteria, reaching an individually distinct microbiota dur-

Recent neurobiological research suggests a strong impact of the
microbiota-gut-brain axis on the pathogenesis of neurodegenera-
tive disorders.'™ The brain-gut axis is a long-recognized bidirec-
tional communication system with great implications in health
and disease.” There is growing evidence that the gut microbiota
(GM) modulates the crosstalk between the brain and gastrointes-
tinal tract to maintain homeostasis, giving rise to a more inclusive

. . . . 4-6
concept, the microbiota-gut-brain axis.

ing the first year of extrauterine life. The diversity and composition
of the GM reaches the adult microbial profile at 3 to 5 years of
age,”® and it comprises around 3.8 x 10" microorganisms in the
colon.” This bacterial colonization has a vital role in the develop-
ment, maturation, and modulation of the nervous and immune
systems. On one hand, studies with germ-free (GF) mice demon-
strate that a successtully established enteric microbiota is essential to

establish the neurochemical signaling profile in the central nervous
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system (CNS).'"!! In addition, GF mice show reduced expression

12,13 . . .
7 and deficient microglia

of proteins involved in synaptogenesis
function and maturation.’* On the other hand, bacterial coloniza-
tion and composition shape the host’s adaptive and innate immu-
nity by promoting differentiation of specific T-cell lines that has a
protective effect against pathogens and maintains a balanced

15,16

immune activity and therefore prevents the onset of autoim-

. . 17
mune responses and other immune-related disorders.

Modulation Mechanisms of CNS
Function by the Gut Microbiota

The bottom-up regulation of GM on brain function occurs by
neural, hormonal, and immune pathways. Based on previous evi-
dence, Galland presented multiple routes and mechanisms, pres-
ented hereafter.” First, the GM communicates directly with the
CNS through the vagal-mediated pathway, which stimulates
intrinsic primary afferent neurons of the enteric nervous system
(ENS), which transmit the signals to the brain through the vagal
nerve that innervates the intestine and proximal colon.*'®?
Second, based on its composition, the GM induces the release of
diverse cytokines, resulting in different cytokine profiles, with
more pro- or more anti-inflammatory characteristics.>***! Cyto-
kines released from the enteric mucosal immune cells or bacterial
components, such as lipopolysaccharide (LPS), can reach the
brain either by the ENS-vagal-mediated pathway route or
through the bloodstream.'® Third, the GM produces molecules
with neuroactive properties that are able to induce changes in
the CNS, like short-chain fatty acids (SCFAs) and neurotrans-
mitters such as gamma-aminobutyric acid, noradrenaline, acetyl-

. : . 12,1822
choline, dopamine, and serotonin.

GM in Parkinson’s Disease

The high complexity of the pathogenic mechanisms underlying
neurodegenerative disorders such as Parkinson’s disease (PD) is
attributable to multifactorial changes occurring at a molecular
level, influenced by genetics and environmental interactions.
However, what causes the main hallmarks of PD remains to be
elucidated. Still, emerging data increasingly confirm the contribu-
tion of imbalances in the GM community structure as an etiologi-
cal factor triggering or exacerbating the progression of PD. 24
PD is a neurodegenerative movement disorder occurring late in
life.*> The main hallmark of PD is a-synuclein (aSyn) misfolding
and aggregation in neurons, forming the so-called Lewy bodies.?
aSyn aggregates particularly affect the dopaminergic neurons in the
SNc by inducing neurodegeneration, ultimately leading to motor
impairment.”” According to the dual-hit hypothesis that Braak and
colleagues postulated, PD pathology originates in the nasal and/or
the enteric neurons and ultimately reaches the brain by the olfac-
tory tract and the vagal nerve, respectively.”® Based on this hypoth-
esis, it has been suggested that aSyn aggregates may potentially
spread from the gut (ENS) to the brain (CNS) as a prion-like pro-

26.

tein by cell-to-cell transfer.>**’ These assumptions seem to be con-

sistent with the long-reported nonmotor symptoms of PD patients,
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often occurring before the onset of motor symptoms, including
olfactory impairment and gastrointestinal (GI) dysfunctions, such as
constipation and colonic inflammation.' >

The mechanisms by which changes in the GM composition
may cause or perpetuate PD pathology are not yet fully
established. However, based on experimental evidences, hypothet-
ical mechanisms have been proposed. Imbalances in the gut
microbiota composition may overstimulate the innate immune
system of the intestinal mucosa, possibly through Toll-like recep-
tor 4 activation,” increasing the levels of oxidative stress in the
gut. Oxidative stress may activate enteric neurons and enteric glial
cells, contributing to misfolding and accumulation of aSyn in the
ENS.***3% In fact, enteric neurons in colon biopsies of early
untreated PD patients show aSyn accumulation before the onset

4 although other studies

of PD’s characteristic motor symptoms,
have shown that aSyn immunoreactivity was also observed in
some of the healthy individuals.**™*>

aSyn aggregation in the ENS may reach the brain through sys-
temic and vagal routes. Regarding the systemic route, sustained
gut inflammation and increased intestinal permeability might trig-
ger systemic inflammation, which may induce microglia activation
in the brain through enhancement of blood-brain barrier (BBB)

36384647 R egarding the vagal route, aSyn accumula-

permeability.
tion in the intestine may be transferred from cell to cell from the
enteric neurons to the brain through the vagal nerve in a prion-

2848 The resulting aSyn aggregation in

like propagation fashion.
the brain activates microglia, which causes an increase in oxidative
stress that exacerbates neuroinflammation. aSyn-induced microglia
activation would, in turn, potentiate further aSyn aggregation and
propagation specifically in nigrostriatal dopaminergic neu-
rodegeneration, thus contributing to PD progression.””** Another
possible mechanism for the GM to induce oxidative stress and
neuroinflammation is through gut-derived microbial products that
could impact the brain though systemic mechanisms, including

BBB disruption described in PD patients.>”

Methods

To determine whether there are objective evidences supporting
the hypothesis that changes in the intestinal microbiota composi-
tion are involved in the pathogenesis of PD, we identified
13 human studies published from 2015 and included in this
review. Twelve studies were case-control studies and one was a
longitudinal study. All studies were based on fecal samples col-
lected from PD patients and control participants (age matched in
most cases), except one study that also included mucosal samples.
Altered microbial taxa were compiled in a table summarizing bac-
terial changes in fecal/mucosal samples (Supporting Information
Table S2). The methodology was reviewed across the articles and
was also included in a table to facilitate the comparison between
studies (Supporting Information Table S1). Using available data in
literature, we then attempted to propose a potential mechanism
by which disrupted microbiota composition/function might initi-
ate and/or perpetuate PD pathology.
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Results
Bacterial Taxonomic Differences

To date, 13 studies have described gut bacterial changes in fecal
samples of PD patients,”' 2 including one longitudinal study®’
(Supporting Information Tables S1 and S2).

To address the hypothesis that the GM composition is altered
in PD, the case-control studies examined the differences in fecal
microbiome composition of PD patients compared to control

3176062 T analyse the GM during PD progression,

participants.
the follow-up study examined the changes in fecal microbiome
of PD patients at two time points 2 years apart.’’ The fecal
microbiome was analyzed at multiple taxonomic levels, as
described below in more detail.

At the phylum level, a reduction in the abundance of Bacte-

54,59 . . s 57
and an increase in Firmicutes abundance®’ were

roidetes
reported in fecal samples of PD patients compared to control
participants. Only Keshavarzian and colleagues found a trend
toward a lower Firmicutes/Bacteroidetes (F/B) ratio in fecal sam-
ples, but not in mucosal biopsies, of PD patients.”” Furthermore,
Keshavarzian and colleagues and Li and colleagues reported an
increased abundance of Verrucomicrobia®® and Actinobacteria,s‘q
respectively, in fecal samples of PD patients compared to con-
trols. Both studies also confirmed increased Proteobacteria®>>’
(Supporting Information Table S2).

At the family level, Scheperjans and colleagues found a signifi-
cant reduction of 78% in the abundance of Prevotellaceae in feces
of PD patients compared to healthy controls,” confirmed by the
also significant decrease observed in the Heintz-Buschart and col-
leagues® and reinforced by the strong downward trend reported in
three other studies here reviewed, which failed to reach statistical

52,54,59
"7 In contrast to Prevotellaceae, Ver-

51,52,55,57

significant differences.
rucomicrobiaceae was found to be enriched in four studies.

Other reproducible findings were increased abundance of Lacto-

51,55,58,63

bacillaceae, only refuted by the Unger and colleagues

54 . 52,55,59,63
study,”” and reduced abundance of Lachnospiraceae.” ’

In addition, fewer studies detected significant reduced levels

59

as well as increased levels of Entero-
58,59

55
of Pasteurellaceae,”

54,59 in fecal samples of PD

bacteriaceae and Enterococcaceae
patients, although the abundance of the latter was reduced in the
Unger and colleagues study.”* Only Heintz-Buschart and colleagues
showed a significantly lower abundance of Ruminococcaceae,®’
together with a remarkable, but not significant, lower abundance in
the Li and colleagues study.” In contrast, two studies observed a
significant enrichment of Ruminococcaceae.?”®® This increase was
suggested to be compensating the decreased abundance of
Prevotellaceae in PD patients rather than being associated with the
disease itself>' Recently, Johnson and colleagues published a study
about GM alteration in a rotenone-induced rat model of PD.%*
Consistently with the studies aforementioned, lower levels of
Prevotellaceae and Lachnospiraceae were reported in these rote-
none rats, as well as lower levels of Ruminococcaceae 16VC]S,64
which still does not enlighten the ambiguous findings regarding
the abundance of Ruminococcaceae across the studies con-

d51,55,59,()0 (

cerne Supporting Information Table S2).

At the genus level, several works reported overlapping findings.
On one hand, the levels of Akkermansia were significantly increased

in feces of PD patients compared to control groups in four

52,55,57,60

studies, with particular mention to the increase in

57 Multiple studies also revealed an

Akkermansia  muciniphila.
increase in Bifidobacterium® > and Lactobacillus,>>>>® aligning with
the increase in the abundance of these bacteria in the colon and small
intestine of rotenone-treated rats®* and in stool samples of rotenone-
treated mice.®> On the other hand, the abundances of genera such as

) . 5255,56,59
Faecalibacterium®>>">°

4,55
)

(including the species Faecalibacterium

. 52,55,50
. Blautia>™>>"

, and Prevotella

pravsnitzii® (including the species Blautia

56) 56,57,60

glucerase (including Prevotella levels with a
remarkable but nonsignificant reduction®>*) were significantly
impoverished in fecal samples of PD patients. In addition,
Keshavarzian and colleagues observed a nonsignificant decrease in
Prevotella in mucosal biopsies of PD patients.>* Other differences in

bacterial abundances less characterized across the studies reviewed

52,56

contrary to the Johnson
52,56

included an elevation of Oscillospira,

.64 60,65
and colleagues findings, ™ and Anaerotruncus’"”; whereas Dorea

. 52,55,63
and Roseburia®=>>"

showed lowered levels in PD groups.

Besides the reproducible findings previously mentioned, the
changes in the abundances of specific bacterial taxa differed
among studies. For instance, Clostridiaceae, as well as several

d 52,60,62

clusters and genera from this family, were increase How-

. - . 53,57
ever, specific Clostridium species were reduced.”””’ Moreover,

56,60
»?" and spe-

Bacteroides showed lower abundance at the genus
cies”>>® levels, except in the Keshavarzian and colleagues study.>?
Finally, bacteria from the family Ruminococcaceae were more
elevated in feces of PD patients compared to controls, including

51,52,55,56 )
21252220 except for Ruminococeus,

most Ruminococcaceae genera,
which showed to be reduced.®® Two studies reported reduced
levels of Ruminococcaceae, although they missed the level of

59,60

significance (Supporting Information Table S2).

In general, the inconsistencies among studies, absence of changes

>+39 and lack of analysis at the phylum level indicate

in some phyla,
that the examination of bacterial changes at lower taxonomic ranks
(family, genus, and species) may better define modifications in the
microbiota composition. In fact, relative abundances of bacterial
families and genera can change within a phylum without altering
the phylum’s overall relative abundance.

It should be noted that these studies were conducted in differ-

. 52
ent parts of the United States,>>>>
51,54,57,58,60,63
ern

Europe (including West-
and Eastern Europe®), and Asia.>>>?¢162 All
studies found abnormal microbiota composition in PD compared
to controls. The observed differences in microbiota compositions
in PD patients among studies could be attributable to differences
in environmental factors known to impact microbiota structures
like the dietary habits in study subjects.

Overall, the case-control studies here reviewed suggest
changes in the gut environment in PD caused by an imbalance
in the GM. As highlighted by Mertsalmi and colleagues, patients
suffering from PD and inflammatory bowel disease share some

66 . . . .
*” and inflammatory bowel disease increases the risk

67

bacterial taxa,
of developing PD.”” Even if these common bacteria may not
have a PD-specific predictive value, they confirm the intestinal

inflammatory component in PD pathology.
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Bacterial-Derived Products and
Potential Effects in PD Pathology

To address the potential effects of the aforereviewed GM com-
position changes in PD pathology, the consequences of the pre-
sumably altered microbial products secretion and metabolic

activity are examined henceforth.

SCFAs

The studies here examined reported a decrease in the abundance
of putative SCFA-producing bacteria® from bacterial families,
such as Prevotellaceae, Lachnospiraceae, and Ruminoccocaceae,
in feces and/or intestinal mucosa of PD patients. A reduction in
the abundances of SCFA-producing bacteria seems to fit well
with the observed significant reduction in fecal concentrations of
health-promoting neuroactive SCFAs, such as butyrate, propio-
nate, and acetate, in PD patients.>* SCFAs have potent anti-

. . . 69,70
inflammatory and -oxidant properties,’

47,71,72

and they enhance
intestinal epithelial barrier function. Thus, as suggested by
several of the reviewed studies, a reduction of SCFA-producing
bacteria leading to SCFA deficiency may result in detrimental
effects in PD patients, including increased colonic inflammation,
gut leakiness, increased risk of aSyn deposition in the GI tract,

. . T - 52,54,55,59
and microglial activation in the brain,>*>*>%*

Butyrate
The studies here analyzed reported a decrease in putative-

68,70 . .
such as Faecalibacterium

butyrate—producing (pBP) bacteria,
prausnitzii, Blautia, Coprococcus, Roseburia, and Eubacterium.
Only the abundances of Clostridium clusters IV and XIV, also
pBPs, were increased (Supporting Information Table S2).
Butyrate is a well-known SCFA with anti-inflammatory prop-
erties, which is able to regulate the expression of cell-survival—,

regeneration-, and plasticity-related genes.®®”?

Butyrate exerts
neuroprotection against cell death by its histone deacetylase
(HDAC) inhibitory activity.*®”>”* For instance, a treatment with
sodium butyrate prevents MPTP-induced dopaminergic neu-
rodegeneration in mice” and improves motor impairment in a

rotenone-induced Drosophila model of PD.”®

Interestingly,
under the assumption that aSyn in PD can modulate gene tran-
scription by altering the acetylation status of histones, a study
with a dopaminergic neuronal cell model demonstrated the abil-
ity of sodium butyrate to rescue the DNA damage induced by
aSyn.”” Furthermore, by inhibiting HDAC activity, butyrate
strengthens the integrity of the BBB, known to be disrupted in
PD,%*7® and reinforces the intestinal barrier integrity by modu-
lating tight junction protein expression between epithelial cells.”’
Besides this, the anti-inflammatory effects of butyrate are
achieved by promoting apoptosis in colonic T cells and inducing

80,81

differentiation of T-regulatory cells, which could possibly

reduce the colonic inflammation characterizing PD.

Propionate
As observed in multiple studies, feces from PD patients were
shown to have a decreased abundance of Prevotella, which is
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known to produce propionate.82 Same as butyrate, propionate is
an HDAC inhibitor®®”* with anti-inflammatory properties and
protective properties in BBB integrity.83

Acetate

By a cross-feeding mechanism, the SCFA acetate is used by pBP-
and propionate-producing bacteria as a substrate to synthetize
butyrate and propionate, respectively.®’® The studies here
reviewed detected an increased abundance of several putative-ace-

870 such as Bifidobacterium, Lactobacillus,

tate—producing bacteria,
Clostridium clusters, and Akkermansia muciniphila. Similarly, Wang
and colleagues found enriched levels of Bifidobacterium and Lactoba-
cillus accompanied by a reduction of pBP bacteria in fecal samples
of patients with inflammatory bowel disease (IBD).** Gargari and
colleagues recently showed that intake of Bifidobacterium bifidum
decreases butyrate concentrations in stools of healthy individuals.®®
In contrast, the examined studies also reported a reduction in

870 such as Prevotella, Bacteroides, Blautia,

other acetate producers,
Clostridium spp, and Ruminococcus. Intriguingly, Gargari and col-
leagues showed in the aforementioned study that administration of
Bifidobacterium bifidum also decreased the relative abundance of
Prevotellaceae (including Prevotella) and led to an enrichment in
Ruminococcaceae,” in line with the results compiled in the pre-
sent review. In addition, acetate concentrations detected in feces
of PD patients were lower compared to controls.”*

In contrast to the neuroprotective function attributed to
bacterial-derived SCFAs above described, Sampson and colleagues
suggested a negative impact of these compounds on inflammation,
potentially leading to aSyn aggregation and subsequently promot-
ing aSyn-dependent microglia activation. This would exacerbate
oSyn pathology, ultimately enhancing impairment of motor func-
tion.?” First, Sampson and colleagues’ findings are not fully consis-
tent with the depletion of SCFAs detected in human PD feces
and seem to contradict the beneficial role attributed to SCFAs,
especially considering the findings from the human PD studies
here analyzed. Second, the adverse effects attributed to SCFAs in
the Sampson and colleagues study should be interpreted carefully,
given that the GF mice were orally administered with a mixture
of acetate, propionate, and butyrate?” in a ratio that may not
reflect the proportion of bacterial-derived SCFAs in the gut®
(either in a “healthy gut” or in a “PD gut”). Third, the use of
GF mice in Sampson and colleagues’ experiments does not reca-
pitulate or model PD patients’ gut microenvironment, including
GM-ecosystem interactions on the overall SCFA production and
consumption, and their subsequent effects in PD pathology.
Finally, GF mice have a different mucosal and neuronal immune
system that might have a different response to SCFAs compared to
a host with intestinal microbiota.

Mucin-Degrading Activity

The under-representation of Prevotellaceae (including Prevotella)
and the genus Ruminococcus in PD fecal samples observed across the
studies reviewed seems to be consistent with the increased intestinal
permeability reported in PD.*
important mucin degraders,”” and therefore a reduced abundance

Prevotella and Ruminococcus are
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of these bacteria may reveal a lower mucin synthesis in the colonic
mucosal layers, which is related to higher mucosal permeability.®®
Subsequently, translocation of bacteria to the inner mucus layers is
facilitated, stimulating epithelial immune cells and ultimately trig-
gering colonic inflammation >

Similarly to Prevotella and Ruminococcus, the genus Akkermansia
comprises mucin-degrading species.”” Akkermansia muciniphila, for
instance, is closely associated with the mucosal layer by adhesion
to enterocytes. Akkermansia muciniphila has been proposed to
strengthen the integrity of the intestinal epithelium®"** by stimu-
lating mucus synthesis. However, other studies reported an associ-
ation between increased abundance of Akkermansia muciniphila and
leaky gut, presumably through mucus degradation.”® Based on
these studies, it can be hypothesized that mucus degradation by
Akkermansia muciniphila might lead to a compensatory increased
synthesis of mucus and anti-inflammatory effects in the host”*%;
then, Akkermansia muciniphila would strengthen barrier integrity.
However, if the host cannot create thiscompensatory response,
Akkermansia muciniphila will lead to an increase in gut leakiness
and inflammatory state. Intriguingly, five of the studies here
reviewed reported an increased abundance of Akkermansia and/or
Akkermansia muciniphila in PD feces, suggesting that Akkermansia
muciniphila is associated with a proinflammatory state in PD. In
general, the studies analyzed revealed a decrease of Prevotella and
Ruminococcus, together with an increase of Akkermansia and/or
Akkermansia  muciniphila. Interestingly, a negative correlation
between Akkermansia and Prevotella has been found in dietary-
fiber—deprived mice”® and in human enterotypes,®” suggesting a
compensatory effect of Akkermansia in response to the reduction
of Prevotella abundance as an attempt to maintain the mucin degra-
dation status.

Hydrogen Production

The reduction in abundance of Prevotella across the studies
reviewed may be associated with the impairment in endogenous
hydrogen production observed in PD, as noted by Cakmak.””"*®
Hydrogen sulfide (H,S) is an intestinal gaseous neurotransmitter
produced by Prevotella’® that exerts a protective effect in dopami-
nergic neurons of the SN in mouse and rat models of PD.'*"12
Therefore, a decrease in Prevotella is likely to drive to H,S intesti-
nal underproduction, limiting its availability in nigrostriatal dopa-
minergic neurons.”® As suggested by Cakmak, the increased gut
permeability in PD might be a compensatory mechanism of the
body to enhance a better intestinal H,S intake in response to
reduced Prevotella levels.”” Similarly to Prevotella, some reviewed
studies reported a reduction in Roseburia population (Supporting
Information Table S1), another putative hydrogen-producing
genus.'® H,S might have beneficial properties'®; its depletion
could cause an exacerbation of LPS-induced microglial inflam-

105,106

mation leading to neurodegeneration. Moreover, a recent

study demonstrates a reduction of nitrated aSyn after H,S treat-

ment in MPTP-treated mice,102

reinforcing the negative impact
of a reduction in hydrogen-producing bacteria in PD.
In contrast, the abundance of the putative hydrogen-consumer

Blautia"” was reduced, possibly caused by the afore-mentioned

depletion of H,. Intriguingly, the levels of Enterobacteriaceae, also
putative hydrogen-producing bacteria,'”® were increased, although
this enrichment seems to be more relevant for motor symptoms

development in PD pathology (see Motor Symptoms).

Vitamin Biosynthesis

The GM enterotype dominated by Prevotella is associated with a
higher capacity of thiamine biosynthesis.*’” Therefore, the reduc-
tion of Prevotellaceae and Prevotella detected in PD feces in some
of the studies here examined is consistent with the already

109,110 .
and with

reported deficiencies in thiamine in PD patients
the olfactory dysfunction associated with low levels of thiamine
in carly stages of the discase.""! Similarly, Bacteroides are associ-
ated with an enriched riboflavin biosynthesis,*” which has shown
potential neuroprotective effects in PD''? given that riboflavin

deficiency may cause an upregulation of PD pathways.'"

Intestinal Ghrelin Secretion

The findings of the reviewed studies showed a decrease in
Prevotella levels, as well as an increase in Bifidobacterium and Lactoba-
cillus levels in PD feces. These bacterial changes have been associ-
ated with a reduction of ghrelin secretion in the intestine.'™*
Accordingly, the concentration of ghrelin is low in plasma of PD
patients, regardless of the disease stage,'" and its acylated isoform
has neuroprotective effects in dopaminergic neurons of the SN in

a MPTP-induced mouse model of PD."'%!”

Correlation Between GM
Changes and PD Clinical
Features

To explore whether changes in GM are associated with PD clin-
ical features, most of the reviewed studies found relevant correla-

tions between these two aspects.

Disease Severity

The severity of the disease (total or specific UPDRS scores) was
positively correlated with the abundances of Enterococcus and
Escherichia-Shigella®®® and negatively correlated with the abun-
dance of Bacteroides fragilis, Bifidobacterium, Blautia, Ruminococcus,

. . 59,61,62
and Faecalibacterium.>”"""

In line with this, Li and colleagues
found a remarkable decrease of Faecalibacterium in the severe PD
group compared to a lower decrease detected in the mild PD
group.®” In addition, Prevotellaceae abundance was related to
UPDRS-IIL>" These findings suggest that GM may shift as the
disease progresses, apparently toward a more proinflammatory

2118 Eyrthermore, Minato and colleagues could

bacterial profile.
build a model based on Bifidobacterium and Atopobium abundances
at the beginning of the study to predict worsening of total
UPDRS scores in 2 years.! However, only Bifidobacterium was

correlated with worsening of UPDRS-L.°!
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PD Duration

PD duration was positively correlated with Bacteroidetes,
Enterococcus, Lactobacillus spp, Proteobacteria, and Rumino-

52,53,55,59,62
coccaceae

and negatively correlated with Blautia,
Clostridium spp, Faecalibacterium, Ruminococcus, Lachnospiraceae,
and Firmicutes.>>>>”%? Interestingly, most bacteria showing
negative correlations with disease duration are SCFA pro-

68
ducers.”

Therefore, a gradual decrease of these bacterial taxa
may lead to a depletion of SCFA production, which would
entail a progressive reduction in the antioxidant, anti-inflamma-
tory, and neuroprotective eftects of SCFAs, together with an
increase in inflammation and intestinal permeability along time.
However, two studies found opposite results regarding the cor-

relation of Escherichia-Shigella with PD duration,>”®> which is
not sufficient evidence to speculate about their role in disease

duration.

Medication

Regarding medication, Dorea and Phascolarctobacterium were found
to be negatively correlated with levodopa equivalent doses,®?
and Enterobacteriaceae had a negative correlation with catechol-
O-methyl transferase inhibitor intake.”'

Overall, these studies suggest that changes in the GM com-
position may occur even in early diagnosed PD patients. These
changes worsen with longer duration of the disease, possibly as
a consequence of: PD medication,”® constipation,'"? disrupted
sleep,'?” and more severe inflammatory state of the intestine. '’
Moreover, a recent study shows that L-dopa availability is com-
promised by high abundance of intestinal bacterial tyrosine
decarboxylase in patients with PD,'?* suggesting that not only
medication can aftect GM composition, but GM can affect drug

effectivity.

Motor Symptoms

Motor symptoms were related to Anaerotruncus (Clostridiaceae,
Firmicutes), Agquabacterium (Proteobacteria), Peptococcus (Firmi-
cutes), Clostridium XIVa, and Lalchnospirace.@me(’o‘(’2 abundances.
In addition, Scheperjans and colleagues found that the severity
of motor deficits in PD patients with postural instability and
gait difficulty (PIGD) was positively correlated with the abun-
dance of Enterobacteriaceac.”’ As suggested in that study,
PIGD phenotype may imply a more severe aSyn pathology in
the colon.®® Another study showed Escherichia coli staining to be
positively correlated with aSyn staining in PD patients.*®
Therefore, the association between the levels of Enterobacteriaceae
and the mentioned motor phenotype may be explained by an
increased translocation of E. coli (Enterobacteriaceae) into the
colonic mucosa, causing a more severe aSyn pathology poten-
tially leading to the PIGD phenotype. In contrast to Sche-
perjans and colleagues, Unger and colleagues did not find any
differences in the abundance of Enterobacteriaceae between PD
motor phenotypes, probably because of the small sample size of
PD patients.54
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Nonmotor Symptoms

Nonmotor symptoms were in general associated with Akkermansia
and Anacrotruncus (Clostridiaceae). Bradyrhizobiaceae and Ver-
rucomicrobiaceae were related to constipation in PD patients.>"
For instance, an increase in Akkermansia, a mucin-degrading bacte-
rium from the family Verrucomicrobiaceae, has been detected in
IBD patients,'* suggesting a role of these bacteria in the develop-
ment of GI problems characterized in PD.'**

Gut Microbiota Changes as
Predictors for PD

Based on the abundance of bacterial taxa in PD fecal samples,
four of the reviewed studies generated predictive models to iden-
tifty PD using the receiver operating characteristic (ROC) curve

: : 51,57,58,62
for diagnostic tests®'>’ (

Supporting Information Table S1).
They included taxa with significant different abundances in PD
compared to control participants. At the family level, Scheperjans
and colleagues and Hopfner and colleagues found four and three
different taxa, respectively, predicting PD.>'® At the genus
level, Bedarf and colleagues and Qian and colleagues found
5 and 18 different taxa, respectively, predicting PD.>"** The
areas under curve were similar among the four studies and indi-
cated that the taxa included may be a valuable tool to identify
PD patients before motor symptoms development. In contrast
with the Scheperjans and colleagues study,”’ Bedarf and col-
leagues did not find any added predictive value of the constipa-
tion degree added to the bacterial taxa predicting PD.>’

Potential Confounding Factors in
the Observed PD-Associated GM
Changes

Age and Sex

Five of the case-control studies matched study participants by age
and sex to rule out any associations between these two parameters

125126 (Supporting  Information

and GM composition in PD
Table S1). Regarding sex, the Hill-Burns and colleagues study had
an imbalanced sex distribution,®® which could have influenced the
bacterial relative abundances measured.'?® Based on this potential
confounder, Bedarf and colleagues included only males in their
study.®” Regarding age, case and control groups significantly dif-
fered in the Keshavarzian and colleagues study,®® which might
have biased the results. Advanced age is the greatest risk factor for

125 Interestingly, some GM changes detected in

developing PD.
PD have opposite trends when compared to GM changes in the
elderly. For instance, Bacteroides and Eubacterium are elderly-

127

associated bacteria =’ that showed decreased abundances in PD

among the studies here examined. Moreover, the elderly present a
lower Akkermansia abundance compared to young individuals'*®;
however, a remarkable enrichment of Akkermansia was widely
reported among the studies analyzed. Besides, some studies did not

find significant associations between bacterial composition in feces
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of PD patients and age.>* Altogether, these evidences support
the association between the abundance of certain bacteria and PD
pathology rather than the aging process. Nevertheless, age and
sex seem to have low impact on GM composition changes in
PD patients compared to the influence of environment in
PD-associated GM changes, as discussed below.

Environmental Factors

Keshavarzian and colleagues found that GM composition in feces
or mucosa of control participants did not differ between whites
and blacks,”® suggesting that the environment, rather than eth-
nicity, is a key factor influencing GM, including diet and geo-
graphical region.

GM is strongly influenced by diet, which can lead to shifts in
bacterial taxa abundances depending on the dietary habits.'* For
instance, evidences show that fiber-rich diets increase the produc-
tion of SCFAs through gut bacterial fiber fermentation,”"”>%? thus
determining the GM’s capacity to maintain a functional mucosal
barrier to prevent pathogen susceptibility.”® Among the studies
reviewed, only Keshavarzian and colleagues compiled information
about dietary habits of the participants. Li and colleagues did not
strictly control for diet as a confounder, only dietary habits consid-
ered to have great potential confounding effects on the GM were
ruled out from the analysis.>’ In the follow-up study by Minato
and colleagues, only consumption of Lactobacillus-fermented milk
was considered, but not other dietary habits.®! To minimize the
strong effects that environmental factors may have on GM
changes, three studies included individuals sharing daily living
environment and diet, being most of them the spouses of PD

: 53,55,58
patients.””>>

Medication can have profound effects on GM composition.'*”
Hill-Burns and colleagues found a remarkable decrease in the asso-
ciation between Bifidobacterium and Blautia and PD after excluding
patients taking COMT inhibitors and/or anticholinergics.”® In
addition, the negative correlations of Dorea, Phascolarctobacterium,
and Enterobacteriaceae with parkinsonian drugs found in two

. 51,62
studies

supports the idea that medication can have a strong
impact on GM composition. In contrast, Heintz-Buschart and col-
leagues did not find any effects of medication in differentially

abundant bacteria between PD patients and controls.*”

Limitations of the Studies
Reviewed and Future
Directions

Study Design

From the 13 studies reviewed, 12 were case-control stud.if:s,514’()’(’2
whereas Minato and colleagues’ was a longitudinal study.®' An
advantage of the latter is that GM changes during disease progres-
sion can be examined, which is not possible in a case-control

study. Further large-sample and longitudinal studies using

additional controls like household control and first-degree non-
PD controls with careful information regarding factors that could
impact microbiota composition/function (e.g., diet, sleep, exercise,

. . - 1120,121,131,132
socioeconomic state, stress, and crowding)

and using
validated questionnaires are required to further interrogate the
contribution of the microbiota in pathogenesis, disease phenotype,

and disease course of PD.

Demographics and Clinical
Characteristics

Including the 2-year follow up study from Minato and col-
leagues, the studies reviewed had a limited sample size, except

. 51,55,56,60,63
for five studies,” y

and therefore the absence/presence of
a certain abundance difference in these studies might be caused
by insufficient sample size. Moreover, the cohorts from each
study included participants from difterent geographic areas, dis-
ease duration, and disease stages (Supporting Information
Table S1). The clearest example is the Bedarf and colleagues
study, which included early-stage PD patients,”” thus restricting
the implications of the findings in PD pathology in more
advanced stages. While most of the PD patients examined were
taking PD medication, the Bedarf and colleagues study included
L-dopa-naive patients,”’ which may have influenced the results
compared to the other studies. Still, most of the studies included
PD patients under diverse antiparkinsonian medications, which

may have differential effects on GM in a drug-specific manner.

Methodology

First, Keshavarzian and colleagues analyzed the microbiota from
both feces and intestinal mucosa,® whereas the rest of the studies
only examined fecal samples (Supporting Information Table S1).
Analyzing microbiota and bacterial-derived products, such as
SCFAs, also from mucosal biopsies would provide higher accuracy
in determining the relative abundance of mucosal-associated bac-
terial taxa and SCFA concentrations in the intestine of PD
patients, given that fecal samples may not completely reflect the

. . . 65,86
intestinal environment.

The sequencing approaches used to
analyze GM differed among studies. Most of the studies sequenced
the bacterial 16S rRNA gene. And only three studies used
nonsequencing techniques to identify target bacteria: Unger and
colleagues used quantitative polymerase chain reaction,” whereas
Hasegawa and colleagues and Minato and colleagues used the
Yakult Intestinal Flora-SCAN  (YIF-SCAN)***!  (Supporting
Information Table S1). The YIF-SCAN allows species resolution,
determines the exact microbial cell quantification, and counts only
life bacteria by analyzing ribosomal RINA (rRNA) instead of

133
rRINA gene sequences.

Still, by using this technique, Hasegawa
and colleagues and Minato and colleagues could analyze a very
limited number of target microbial taxa, which could also have
been biased given that the amount of rRINA quantified depends
on bacterial metabolism.***"'** Additionally, Bedarf and col-
leagues used metagenomic shotgun sequencing of single-copy

marker genes, allowing a high resolution of GM analysis at a
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species level®” (Supporting Information Table S1). Moreover, in a
recent study, Barichella and colleagues showed that the significant
changes in GM composition were reduced after adjusting for con-
founders, including disease duration and clinical profile.*?

In general, the relative abundances of bacterial taxa in PD
may not be directly comparable across the studies because of
environmental, clinical, and methodological differences. How-
ever, there are some clearly overlapping findings across studies, as
reported along the Discussion section, that may add valuable
information about the GM in PD.

Together, the studies here examined suggest the need for bet-
ter designed human studies to assess GM changes in all stages of
PD. First, studies with larger cohorts and from wider geographi-
cal regions are needed to draw more definitive conclusions about
GM changes in PD. Second, the use of age- and sex-matched
controls should be maintained in future studies to avoid any pos-
sible confounding effects on GM. Based on the study from
Unger and colleagues,>* future studies could also include young
controls to better assess potential effects of aging in GM of PD
patients. Third, the use of spouses/household controls seems to
be an appropriate strategy to minimize the environmental impact
on GM composition changes in PD. However, evidence suggests
that PD can also occur in couples exposed to shared environ-
mental risk factors,** thus questioning their validity as controls.
For this reason, using two complete sets of controls, spouses and
nonspouses, could be an optimal approach. Fourth, although the
influence of medication appears to be difficult to control, studies
with PD patients under different medications could be grouped
and assessed both independently and as a single group. Fifth,
given that GM changes during PD progression may be key for a
better understanding of the mechanisms of GM-host interactions
in PD pathology, follow-up evaluations should be carried out.
To further elucidate the causal role of GM in the onset, develop-
ment, and/or exacerbation of the pathology, studies should focus

135 Sixth, in contrast to Minato and colleagues’

on all PD stages.
longitudinal study,®’ the inclusion of control participants in
follow-up studies is necessary to take into account the potential
effects of time in GM changes. Additionally, a wide case-control
design involving PD patients in all disease phases, including pro-
dromal stages, could be a valid alternative to longitudinal designs.
Finally, It should be noted that published studies only interro-
gated bacteria composition. It is now well established that fungi,
archaea, and virus are an important part of intestinal microenvi-

136 .
> Future studies

ronment that could influence the host biology.
are required to use available techniques, such as shot gun meta-
genomics, transcriptomics, and metabolomics, to not only inter-
rogate bacteria composition, but also bacterial function, archaea,

virome, and mycobiota in PD.

Gut Bacteria as Biomarkers for
PD Diagnosis: Is There a
Microbial Signature for PD?

Based on the 13 studies reviewed, no specific bacterium seems to
be linked to PD. For instance, the decreased abundance of
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Prevotella has also been reported in multiple sclerosis,>”"?® type
1 diabetes,'’

Prevotella levels in feces would unlikely be a PD-excluding bio-

. . 140,141 17
and autism spectrum disorders. High

marker, given that the diet has a marked and immediate impact
on Prevotella abundance with consumption of a plant-based diet

51

significantly increasing its abundance in stools.”” In addition,

enrichment in Lactobacillus was also reported in type 2 diabetes

127144 Ghgoesting that its predictive value is not

and constipation,
disease specific. In fact, multiple bacterial taxa were reported to
be changed in PD, and the potential interactions between them
indicate that the effects of the GM in PD may be the result of
complex community relationships within the entire GM, as well
as with the host.>¥ The studies here examined consistently
reported abundances of some bacteria discriminating PD patients
from control participants. Therefore, in the future, it might be
possible to link a microbial profile to PD.

ROC analyses conducted in four of the studies examined
showed potential GM predictive values for PD diagnosis, always

. 51,57,58,62
bacterial  taxa >

including  several simultaneously
(Supporting Information Table S1). For example, Lactobacillaceae
was identified as a predictor of PD together with other bacterial
taxa, but not alone, in two of the studies.’"®® The bacterial taxa
involved in ROC analyses were used to predict PD after the onset
of motor symptoms, given that three of four studies included PD
patients with a disease duration (years from onset of motor symp-

toms) higher than 5 years.>">7>%62

However, predictive analyses
of the GM are also required in the prodromal phases of PD.
In this respect, Heintz-Buschart and colleagues did not perform
predictive analysis in either PD patients or idiopathic rapid-

60
" Inter-

eye-movement sleep behavior disorder (iIRBD) patients.
estingly, Prevotella and Bacteroides were reduced in both PD and
iRBD patients”’ (Supporting Information Table S2), suggesting
the potential of these two bacterial taxa as useful biomarkers for
PD diagnosis in premotor phases.

Opverall, the use of the GM as a diagnostic biomarker for PD
pathophysiology may be a valuable noninvasive tool in the
future.'*® To this end, future studies should focus on the devel-
opment of predictive models with putative PD-associated bacte-

ria as potential biomarkers for PD.

GM Changes in PD: Cause
or Consequence of the Disease?

Although PD patients seem to have different bacterial abun-
dances compared to controls, the causal relationship between
GM composition and PD is still under discussion. On one hand,
Heintz-Buschart reported changes in the GM in the prodromal
stages of PD,% suggesting that it may precede motor symptoms.
On the other hand, Hill-Burns suggested that reduction of
SCFA-producing bacteria may be a consequence of several dis-
eased states, rather than a PD-specific cause, given that other dis-
orders also show a depletion in SCEA-producing bacteria.”® It
might also be a common causal factor to different disease.
Intriguingly, epidemiological studies have associated the expo-

146

sure to pesticides and herbicides with PD, ™ and studies with
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mutated aSyn transgenic animal models show that these toxic
compounds cause dopaminergic neurodegeneration and motor

147,148

dysfunction by exacerbating aSyn pathology. Thus, a role

for xenobiotics in the disturbance of the gut bacterial community

has been hypothesized'*’

that could, in turn, initiate PD pathol-
ogy in genetically susceptible individuals.

The GM may have different effects in the host depending on
its genetic predisposition to develop PD. Sampson and colleagues
demonstrated that human PD-derived fecal transplants in GF mice
induce motor impairment in aSyn transgenic mice.”’” In the same
animal model (aSyn-overexpressing mice), the investigators
showed that bacterial depletion with antibiotics ameliorates
PD-like pathophysiology in adult mice.”” These results together
suggest that the GM can trigger PD symptoms in genetically sus-
ceptible individuals. Furthermore, several risk loci have been asso-
ciated to the disease, including inflammatory-associated loci, such
as HLA-DRB5."*° As mentioned above, epigenetic changes
induced by bacterial-derived products, such as SCFAs, strongly
influence the expression and differentiation of proinflammatory

. 74
molecules and immune cells.

Thus, the GM composition,
including changes in both pathobionts and nonpathogenic com-
mensal bacteria, may exacerbate gut and brain inflammation in a
PD-genetically susceptible host carrying risk loci associated with
inflammation. Therefore, the GM may ultimately enhance neuro-
nal degeneration by aggravating and perpetuating inflammatory
responses in the brain.

Further microbiota-directed interventional studies and long-
term longitudinal studies in a high-risk population are required
to determine the causal link between imbalances in the GM and
PD. One possible scenario is that the GM imbalances might sim-
ply be a marker of the environmental factor(s) that triggers PD
pathological processes in a susceptible host. This concept is
supported by the fact that microbiota are exquisitely susceptible
to environmental factors and changes in their composition in PD
might simply be “the canary in the coal mine” representing nox-
ious environmental factor(s) that trigger and promote PD. This
scenario is compatible with the recent rise of PD incidence in
“modern” societies. Interrogating microbiota and identifying
environmental factors leading to a similar shift in the microbiota
community could lead to the identification of the pathogenic
culprit that might be the novel therapeutic target to prevent PD.

Conclusion

. 37,52,
Based on the aforementioned

! findings, a hypothesis seems
to emerge to explain the potential consequences of GM changes
in PD. A proinflammatory and mucus degrading microbiota com-
munity might increase intestinal barrier permeability by disrupting
the apical junctional complex and mucus layer, leading to enteric
and systemic exposure to LPS and other bacterial products
resulting in intestinal and neuroinflammation in PD. Decreased
levels of bacterial derived anti-inflammatory products might also
impact the proinflammatory state. This state would lead to an

increased intestinal oxidative stress, which may increase

immunoreactivity to aSyn and perpetuate its overexpression, mis-
folding, and accumulation in the ENS. Subsequently, aSyn
pathology could reach the brain though the vagus nerve in a
prion-like fashion. Alternatively, bacterial products and peripheral
immune cells could reach the brain through blood circulation,
facilitated by an LPS-induced increased BBB permeability, and
activate microglia, ultimately leading to dopaminergic cell loss.
Although there are clear differences in methodology, the stud-
ies here reviewed reveal similar patterns in structural gut bacterial
changes in PD patients. Examination of GM changes has been
mainly performed at the genus level, probably because of techni-
cal limitations, but specific strains and species as well as their
functional properties are the ultimate point of interest. Still, the
causal role of GM in PD pathology needs to be understood. In
the future, GM changes may not only be a therapeutic target,
but might also become effective biomarkers with highly predic-

tive value on prodromal diagnosis for PD.
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Table S1. Methodology of the 13 studies reviewed Age,
disease duration, UPDRS, and H & Y shown as mean =+ SD.
Disease duration refers to years from onset of motor symptoms.
*Calculated from data in the original article.

A-st, advanced-stage PD patients; DG, deteriorated group; E-st,
early-stage PD patients; GM, gut microbiota; iRBDp, iRBD
patients (IRBD, idiopathic rapid eye movement sleep behavior
disorder); mOTU, molecular operational taxonomic unit; MPD,
mild PD group; MS, motor symptoms; M-st, mid-stage PD
patients; MX, mixed phenotype; NMS, nonmotor symptoms;
PDp, PD patients; PIGD, postural instability and gait difficulty;

SG, stable group; SPD, severe PD group; TD, tremor dominant;
YIF-SCAN, Yakult Intestinal Flora-SCAN.

Table S2. Altered bacterial taxa in fecal/mucosal samples of
PD patients compared to controls across the studies reviewed
Increased/reduced taxa refers to taxa changes in PDp compared
to control participants.

*Change in 2 years in PDp (Minato and colleagues study).

*Only in mucosal samples (and not in fecal samples).

“In both mucosal and fecal samples.

+ iRBDp, also in RBD patients (RBD, rapid eye movement
sleep behavior disorder); cl., class; DG, deteriorated group; Fi.,
Firmicutes; i.s., incertae sedis; incr, increased; n.c., not confirmed
by ANCOM (analysis of composition of microbiomes); n.s., not
significant; NM, no mention; o., order; PDp, PD patients; red,
reduced; SG, stable group; uncl., unclassified; y, years.
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