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Introduction

Urolithins: potential biomarkers of gut dysbiosis
and disease stage in Parkinson'’s patients}

Maria Romo-Vaquero,® Emiliano Fernandez-Villalba,”* Ana-Luisa Gil-Martinez,®<
Lorena Cuenca-Bermejo,>< Juan Carlos Espin, {22 Maria Trinidad Herrero*®< and
Maria Victoria Selma @ *2

Gut microbiota alteration (gut dysbiosis) occurs during the onset and progression of Parkinson's disease.
Gut dysbiosis biomarkers could be relevant to prodromal disease. Urolithins, anti-inflammatory metab-
olites produced from some dietary polyphenols by specific gut microbial ecologies (urolithin metabo-
types), have been proposed as biomarkers of gut microbiota composition and functionality. However, this
has not been explored in Parkinson's disease patients. The current study aimed to assess associations
between urolithin metabotypes, gut dysbiosis and disease severity in Parkinson's disease patients.
Participants (52 patients and 117 healthy controls) provided stool samples for microbiota sequencing and
urine samples for urolithin profiling before and after consuming 30 g of walnuts for three days. Data on
demographics, medication, disease duration and Hoehn and Yahr disease stage were collected. We
observed a significant gradual increase of urolithin non-producers (metabotype-0) as the disease severity
increased. The gut microbiome of metabotype-0 patients and patients with the greatest severity was
characterized by a more altered bacterial composition, ie., increased pro-inflammatory
Enterobacteriaceae and reduced protective bacteria against autoimmune and inflammatory processes,
including butyrate and urolithin-producing bacteria (Lachnospiraceae members and Gordonibacter).
Besides, their microbiome was characterized by predictive functions of lipopolysaccharide biosynthesis
and metabolism of glutathione, cysteine and methionine that could indirectly reflect the gut pro-inflam-
matory status. Urolithin detection in urine is a feasible, non-invasive and fast approach that can reflect gut
microbiome dysbiosis and intestinal inflammation in Parkinson’s disease patients. Our current study could
provide novel strategies for improving diagnostics, and for preventing and treating disease progression in

microbiota-based interventions.

biosis) during the onset and progression of PD. Therefore, gut
dysbiosis biomarkers could be relevant to identify prodromal

The diagnosis of Parkinson’s Disease (PD) is based on clinical
observations." As motor impairment symptoms occur only late
in the course of the disease, the interventions are generally tar-
geted at alleviating symptoms rather than preventing disease
progression. Consequently, there is a need to know better the
pathogenesis of PD in its early stages.” Clinical and experi-
mental evidence has shown gut microbiota alteration (gut dys-
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PD patients.”® Gut dysbiosis has been associated with an
alteration of microbial metabolites and neurotoxins in PD,
highlighting the need to investigate microbial metabolomes as
potential biomarkers that predict PD and possibly reflect its
progression.'*™*

Gut microbiome biomarkers are being postulated as poten-
tial functional markers in health and disease states. The
ability or not to transform some polyphenols in the diet (for
example ellagitannins from walnuts, pomegranate, strawber-
ries, etc. into urolithins) has been proposed as a biomarker of
the state of the intestinal microbiota.”>™*° The gut microbial
ecologies associated with this specific polyphenol metabolism
are known as urolithin metabotypes (UMs). In the Western
and Eastern populations, three UMs have been identified
depending on the final urolithins produced, i.e., metabotype
A (UM-A, only urolithin A producers), metabotype B (UM-B,
urolithin A, isourolithin A and urolithin B producers), and
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metabotype 0 (UM-0, urolithin non-producers).***" The percen-
tage of individuals with UM-0 (10%) remains approximately con-
stant in the population from 5 to 90 years,*” although this pro-
portion can be affected in transient or permanent gut dysbiosis
states.>>**

Based on the gut dysbiosis involvement in the onset and
progression of PD and the potential to stratify individuals in
UMs as a tool to predict functionality and health status of gut
microbiota, we speculated that UM distribution (%) could be
altered in PD patients. We hypothesized that urolithin metabo-
typing could be used as a biomarker of the gut microbiota state
in PD, which could correlate with disease severity and progno-
sis. Therefore, we aim here to assess associations between UMs,
gut dysbiosis and severity stage in Parkinson’s disease patients.

Materials and methods
Participant recruitment and data collection

The study was approved by the ethics committee of the
University of Murcia (Spain), and PD patients (n = 52) gave
informed consent. The study was conducted following the
guidelines established in the Declaration of Helsinki (1975)
and its amendments. The Hoehn and Yahr (H&Y) stage was
assessed.”® Disease duration was the difference between age at
study and age at onset. All other metadata were collected using
questionnaires that the participants completed. For compara-
tive purposes, samples from healthy controls (n = 117)
obtained in a previous trial'® were also used (Table 1).

Sampling procedure and determinations

Stool samples were collected for the gut microbiota analysis at
baseline, while urine samples were collected for the urolithin
analysis after consuming 30 g of walnuts for three days, a
short polyphenol-rich intervention in which participants can
produce urolithins.>® Urolithins were determined in urine
samples by ultra performance liquid chromatography-electro
spray ionization-quadrupole time of flight-mass spectrometry
(UPLC-ESI-qToF-MS) as previously described.***°

Faecal microbiota analysis of PD patients and healthy con-
trols was performed by 16S ribosomal RNA gene sequencing in
a MiSeq-Illumina® platform as described previously."® Relative
abundances were calculated. Linear discriminant (LDA) and
partial least squares discriminant (PLS-DA) analyses were used
to identify taxonomic and functional differences in the gut
microbiota of PD patients depending on the urolithin pro-
duction capacity and PD severity. Patients with H&Y stages
ranging from 1 to 2.5 were included in the mild PD (MPD)
group, while patients with H&Y stages ranging from 3 to 5
were included in the severe PD (SPD) group as previously
described.”” The LDA effect size (LEfSe) algorithm was assayed
with the online interface Galaxy (https:/huttenhower.sph.
harvard.edu/galaxy/root). Only variables with log LDA scores of
>2.0 were considered. PLS-DA was performed using the R
package mixOmics (https:/www.mixOmics.org). The variable
importance for the projection (VIP) scores was used to rank
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Table 1 Demographic and clinical characteristics of participants

PD patients  Healthy controls
(n=52) (n=117) p
Demographics
Sex (females, %) 40.4% 41.2% NS
Mean age (years) and range 68 + 8 60 + 6 (44-72) <0.001
(44-88)
Body mass index (kg m™®)  26.7 + 3.4 27.2+4.7 NS
Disease duration
Mean age (years) and range 9.7 + 6.0 n/a
(2-24)
<10 years (%) 52% 0% n/a
>10 years (%) 48% 0% n/a
Hoehn and Yahr disease stage (%)
H&Y score (mean + SD) 2.9+0.9
Stage I (%) 6% 0% n/a
Stage 1T (%) 33% 0% n/a
Stage III (%) 22% 0% n/a
Stage IV (%) 39% 0% n/a
Medication (%)
Carbidopa/levodopa 91% 0% n/a
COMT inhibitor 51% 0% n/a
MAO inhibitor 51% 0% n/a
Dopamine agonist 40% 0% n/a
Amantadine 9% 0% n/a
UMs (%) 0.015
UM-A 45% 57%
UM-B 27.5% 34%
UM-0 27.5% 9%

n/a not applicable; NS, not significant; COMT, catechol-ortho-methyl
transferase; MAO, monoamine oxidase; UMs, urolithin metabotypes;
UM-A, metabotype A (only urolithin A producers); UM-B, metabotype B
(urolithin A, isourolithin A and urolithin B producers); UM-0, urolithin
non-producers.

the ability of different taxa to discriminate between different
groups. Volunteers were grouped depending on health status,
urolithin production and PD stage using principal component
analysis (PCA) and hierarchical clustering analysis (HCA) via R
commander using ‘ggbiplot’ graphics."® The Wilcoxon signed-
rank test was performed to detect significant differences.
When more than two groups were compared, analyses of var-
iance (ANOVA) and Bonferroni ¢-test or the Kruskal-Wallis test
followed by Dunn’s test were used for normally and non-nor-
mally distributed data, respectively. We applied a multinomial
logit model to evaluate changes in UM distribution in volun-
teers depending on the health status and PD stage.

Potential microbial functions were identified by PICRUst
v0.9.0 (https://picrust.github.io/picrust/). Following PICRUst
analysis, the potential microbial functions associated with the
health status, urolithin production and PD stage were identi-
fied by LEfSe. Additionally, microbial and potential microbial
functions were associated by Spearman’s correlation using the
SPSS software, version 23.0 (SPSS Inc., Chicago, IL, USA).

Results
Participant characteristics

Participant characteristics are summarized in Table 1. Sex (%)
and body mass index were similar between the PD and healthy
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control (HC) groups. In contrast, the mean age was higher in
the group with PD (68 years) than in the HC group (60 years) (P
< 0.001); therefore, analyses comparing the PD and HC groups
were adjusted for age. PD patients had an average disease dur-
ation of 9.75 + 6.0 years with a distribution of 52% (<10 years)
and 48% (>10 years). The mean H&Y stage was 2.94 + 0.9. All
PD patients were using antiparkinsonian medication, whereas
HC subjects were not taking any medication at the time of
sample collection.

Alterations of gut microbiota composition and UM
distribution in PD patients

UM distribution showed differences between PD and HC vol-
unteers (P = 0.015) (Table 1). UM-A individuals (producers of
only urolithin A) were prevalent in both groups (PD and HC)
but reduced in PD (45%) compared to HC (57%). UM-B indi-
viduals (urolithins A and B and isourolithin A producers) were
also slightly reduced in PD (27%) versus HC (34%). In contrast
to urolithin producers (either UM-A or UM-B), urolithin non-
producers (UM-0) were abnormally increased in PD (27%) with
respect to HC (9%). Thus, in the PD group, the abundance of
urolithin non-producers (UM-0) was significantly higher than
in the HC group (P = 0.004) (Table 1).

Faecal microbiota differences between PD and HC were also
analysed to ensure concordance with previous studies. No differ-
ence in alpha diversity (Shannon and Chaol indexes) was
observed between PD and HC groups (data not shown). However,
LDA (Fig. 1A) and the cladogram (Fig. 1B) generated from LEfSe
analysis confirmed the differences between PD and HC groups in
the abundance of several bacterial groups. In the LEfSe analysis,
health status (HC vs. PD) was used as class and age as a subclass
to find biomarkers for health status consistent also at the age
level. The abundance of Firmicutes was higher in the HC group
at the phylum level, whereas Proteobacteria and Cyanobacteria
were higher in PD (Fig. 1A and B). PD patients had a higher rela-
tive abundance of Enterobacteriaceae, Desulfovibrionaceae,
Lactobacillaceae, Enterococcaceae, Actinomycetaceae, and their
corresponding genera Escherichia-Shigella, Klebsiella,
Desulfovibrio,  Bilophila,  Lactobacillus,  Enterococcus, and
Actinomyces than the HC group. Conversely, PD patients had a
lower abundance of Clostridia, their families Ruminococcaceae
(now Oscillospiraceae) and Lachnospiraceae, and their genera
Faecalibacterium, Anaerostipes, Clostridium XVIII cluster and
Lachnospiraceae incertae sedis than the HC group (Fig. 1A and B).
PCA plot of the gut microbiome illustrated differences between
the PD and HC groups (P < 0.001), but only in the second princi-
pal component (PC2), where the main drivers
Proteobacteria, bacilli and Lactobacillales versus the Firmicutes
phylum, Clostridia class, Clostridiales order (now Eubacteriales),
as well as their families Lachnospiraceae and Ruminococcaceae
(Fig. 1C).

were

Associations of disease severity with gut microbiome
composition and UM distribution in PD patients

LDA (Fig. 2A) and the cladogram (Fig. 2B) generated from
LEfSe analysis showed the differences between MPD (H&Y
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Fig. 1 Differences in the faecal microbiome between healthy control
(HC) and Parkinson'’s disease (PD) volunteers. (A) LDA score (log 10) and
(B) cladogram generated by LEfSe analysis show potential microbial bio-
markers of health status vs. PD. The green and red dashed lines highlight
the biomarkers discussed in the text. (C) Principal component analysis
(PCA) with clustering analysis shows differences in the faecal micro-
biome between HC and PD. (D) Distribution of urolithin metabotypes
UM-A (metabotype A: producers of only urolithin A), UM-B (metabotype
B: urolithin A, isourolithin A and urolithin B producers), and UM-0 (uro-
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urolithin metabotypes in HC volunteers and PD patients grouped by
disease duration (< or >10 years).
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Fig. 2 Differences in the faecal microbiome between mild Parkinson’s disease (MPD: 1-2.5) and severe Parkinson's disease (SPD: 3-5) patients
based on the Hoehn and Yahr stage. (A) LDA score (log 10) and (B) cladogram generated by LEfSe analysis shows potential microbial biomarkers of
PD severity. (C) Principal component analysis (PCA) with clustering analysis shows differences in the faecal microbiome between HC, Mild PD (MPD)
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(=)). Groups with different letters were significantly different (P < 0.05). The green and red dashed lines highlight the biomarkers discussed in the

text.

stage ranging from 1 to 2.5) and SPD (H&Y stage ranging from
3 to 5) groups in several bacterial groups. Most microbial bio-
markers for health status (HC vs. PD) mentioned in the previous
section (Fig. 1A and B) were higher in MPD than in SPD (Fig. 2A
and B). Besides, Gordonibacter was also higher in MPD than in
SPD. Conversely, SPD patients had a higher relative abundance of
biomarkers mentioned before for disease status (PD vs. HC)
(Fig. 1A and B) than MPD (Fig. 2A and B). The PCA plot of the gut
microbiome illustrated differences between the MPD and SPD
groups (P < 0.001), but only in PC2 as shown between HC and PD
(Fig. 2C). In summary, PD patients were grouped by PD severity
(MPD and SPD), the group with the greatest severity of PD (SPD)
being more distant from the HC group. Gradual differences in
PC2 were observed when PD patients were clustered by health
status (HC, MPD and SPD) (P < 0.001) (Fig. 2D) but also by
disease duration (more or less than 10 years) (P < 0.001) (Fig. 2E).
Spearman correlation analysis confirmed positive correlations
between PC2 and both H&Y stages (r = 0.572; P < 0.001) and PD
disease duration in years (r = 0.553; P < 0.001). Interestingly,
differences depending on PD medication were also observed in
the case of COMT inhibitors in the second principal component
(PC2) (P < 0.013).

Concerning UM distribution, we observed a gradual and
significant increase of UM-0 (percentage of urolithin non-pro-

This journal is © The Royal Society of Chemistry 2022

ducers) as the disease severity increased (P = 0.041) (Fig. 1D).
Thus, UM-0 abundance in the H&Y stage I was 10%, similar to
that in the HC group, but increased up to 45% in the H&Y
stage IV, whereas UM-A abundance was especially reduced
(Fig. 1D). Also, UM-0 abundance increased up to 36% when
PD duration was higher than 10 years fundamentally at the
expense of the reduction in UM-A (Fig. 1E). In contrast, UM-0
was only slightly superior in COMT inhibitor consumers
(26.1%) than in non-consumers (22.7%). The PCA of the gut
microbiome illustrated differences between urolithin-produ-
cing (PD(+)) and non-producing (PD(-)) patients, but only in
PC2 (P = 0.003) (Fig. 2F) as shown between HC, MPD and SPD
(Fig. 2D). PD(—) differed from PD(+), either UM-A (P = 0.007) or
UM-B (P = 0.015), in PC2 without differences between them.
When HC volunteers were clustered into producers (HC+) and
non-producers (HC—) of urolithins, differences in PC2 were
not significant (Fig. 2F). Indeed, PC2 did not differ among
UMs in the HC group.

In the PD group, LDA generated from LEfSe analysis
showed the differences between PD patient producers (PD+)
and non-producers (PD-) of urolithins (Fig. 3A). Interestingly,
most microbial biomarkers for health-disease status (HC vs.
PD) (Fig. 1A and B) and PD disease severity (MPD vs. SPD)
(Fig. 2A and B) also differed between PD(+) and PD(-)
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letters were significantly different (P < 0.05).

(Fig. 3A-C). The PLS-DA model and the VIP score confirmed it
(Fig. S1A and S1Bf). PD(+) had higher levels of urolithin-pro-
ducing bacteria (Gordonibacter and Ellagibacter) but also
higher levels of other butyrate-producing bacteria associated
with less PD severity (MPD), such as Blautia, Roseburia, and
Anaerostipes, all from the Lachnospiraceae family (Fig. 3A and
B). The heatmap of UMs, firstly differed in two groups, non-
producers (PD(-)) and producers (PD(+)), and secondly subdi-
vided producers (PD+), into two more similar groups (urolithin
producers from UM-A and UM-B) (Fig. 3D).

The abundance of other taxa, mainly Coriobacteriia (class
level), Coriobacteriaceae, Prevotellaceae and Methanobacteriaceae
(family level) and some of their genera (ie., Adlercreutzia,
Senegalimassilia and Methanobrevibacter) were also potential
markers of PD(+) (Fig. 3A). According to these findings, microbial
richness (Chao1 index) was significantly higher (P = 0.034) in PD
(+) (1911 = 613) than in PD(—) (1680 + 594). Similarly, in the HC
group, a significant difference (P = 0.011) in the Chaol index
between urolithin producers (HC(+), 1900 + 585) and non-produ-
cers (HC(—), 1514 + 634) was also observed. However, differences
between HC(+) and HC(-) in the microbial composition affected
a minimal number of bacteria (Fig. S27).
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Functional alterations of gut microbiome in PD and
correlations with disease severity and UMs

We used PICRUSt to evaluate potential functional alterations
in the microbiome of PD patients. Pathways including LPS bio-
synthesis, metabolism of some amino acids (tyrosine, cysteine
and methionine, and a few other amino acids including gluta-
thione and selenocompounds) and xenobiotic biodegradation
and metabolism (degradation of naphthalene, benzoate, ami-
nobenzoate and toluene) were more abundant in SPD and PD
(+) than in MPD (Fig. S1C}) and PD(—) (Fig. 4A), respectively.
Conversely, biosynthetic pathways of amino acids such as
phenylalanine, tyrosine and tryptophan biosynthesis, as well
as arginine and proline metabolism, had more genes in MPD
and PD(+), relative to SPD and PD(—) patients, respectively
(Fig. 4A and Fig. S1Ct). Fig. 4B shows significant correlations
between some predicted microbial functions and microbial
groups, whereas correlations among microbial groups are
shown in Fig. 4C. Interestingly, phenylalanine, tyrosine and
tryptophan biosynthesis and arginine and proline metabolism,
which were increased in PD(+) and MPD, were positively
associated with several microbial groups increased in PD(+)

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Functional predictions for the faecal microbiome of PD patients. (A) LDA score (log 10) generated by LEfSe analysis shows potential microbial
biomarkers of urolithin production (PD(+): producers from UM-A & UM-B) vs. non-production (PD(-): UM-0) in PD patients. (B) Spearman’s corre-
lation heatmap of microbial abundances with microbial metabolic functions in PD patients. (C) Spearman’s correlation heatmap of microbial abun-
dances. #Higher abundance in urolithin producers (PD(+): producers from UM-A & UM-B) and mild PD (MPD: 1-2.5); *higher abundance in urolithin
non-producers (PD(-): UM-0) and severe PD (SPD: 3-5) based on the Hoehn and Yahr stage. *Spearman'’s correlation values with P < 0.05.

and MPD, such Blautia, Roseburia, Anaerostipes,
Faecalibacterium and Gordonibacter. Several bacterial groups,
augmented in PD(—) and SPD (Proteobacteria and bacilli
members), positively correlated with many of the microbial

functions enriched in PD(-) and SPD (Fig. 4B).

as

Discussion

We investigated the possible associations between clinical phe-
notypes of PD patients, their gut microbiome and their ability
to produce urolithins. Our results confirmed associations
between PD and gut microbiome, including reduced levels of
some bacterial genera, such as Faecalibacterium and
Anaerostipes, associated with anti-inflammatory properties and
preservation of the gut mucosa barrier through the synthesis
of SCFA or mucin. This agrees with several studies reporting
that a decrease in butyrate-producing bacteria characterizes

This journal is © The Royal Society of Chemistry 2022

2:478,27,28 \we also confirmed

intestinal dysbiosis in PD patients.
elevated levels of bacterial genera associated with pro-inflam-
matory properties due to LPS bacterial endotoxin such as
Escherichia-Shigella and Klebsiella (family
Enterobacteriaceae). The family Desulfovibrionaceae,
which can obtain energy from the sulphate released from
intestinal mucins by cross-feeding of bacteria, was also signifi-
cantly increased in the PD group. Overall, these findings
would suggest an aberrant breakdown of the intestinal
mucous layer in PD as previously described.® Interestingly,
Olsenella, a p-cresol producer, was also augmented in PD
versus HC. In this regard, Cirstea et al. showed that this
microbial metabolite produced from tyrosine degradation was
elevated in the serum of PD patients, and it correlated with
Olsenella, firmer stool consistency and constipation but not
with PD severity.?

When the gut microbiota composition was evaluated
depending on the H&Y stage of PD patients, we observed that

2,4-8,27
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most microbial biomarkers for health-disease status (HC vs.
PD) also discriminated between SPD (where postural instability
exists) and MPD. This could suggest that these microbial bio-
markers are primarily related to the composition of the dysbio-
tic gut microbiome rather than being alterations intrinsically
associated with PD per se. The gut microbiome PCA plot illus-
trated that the PD data showed greater dispersion than HC.
Therefore, the gut microbiota may reflect different pathophy-
siological mechanisms behind the clinical heterogeneity of
PD. A higher distance of SPD than MPD from the centroid of
the HC group suggests a more altered bacterial composition
(deeper dysbiotic state) in SPD versus MPD. This aligns with
previous studies supporting the idea that gut dysbiosis is
associated with the development and progression of PD.*®?°
In addition to microbial biomarkers of health/disease status
(HC vs. PD), a reduction of other bacteria associated with pre-
serving the intestinal mucosa barrier such as Blautia,
Roseburia and Coprococcus was observed in SPD versus MPD.
Our findings agree with a recent report in which the reduction
in several butyrate-producing bacteria such as Blautia,
Coprococcus, and Lachnospira was associated with dysbiosis,
non-tremor-dominant (non-TD) phenotypes and a more severe
a-synucleinopathy.’® In the same line, another study showed
that Enterobacteriaceae was more abundant in PD with pos-
tural instability and gait difficulty (PIGD phenotype; a non-TD
form) than in tremor-dominant (TD) patients.’® In our current
study, Olsenella did not differ between the MPD and SPD
groups, confirming the lack of correlation between this bacter-
ium and motor/neurological characteristics as previously
reported.® Interestingly, Gordonibacter abundance did not dis-
tinguish between HC and PD but discriminated SPD from
MPD. This bacterium could be potentially associated with anti-
inflammatory properties and gut mucosa barrier preservation
because of urolithin production.***> Indeed, the anti-inflam-
matory and neuroprotective effects of urolithins have been
shown in different in vitro and animal studies.*®® We
observed a gradual increase in urolithin non-producers as the
PD severity augmented. The PCA diagram of the gut micro-
biome illustrated the more distant group (PD(—)) characterized
by a more altered bacterial composition and less diversity. The
main discriminant taxa between MPD and SPD (butyrate, LPS
and urolithin producers) also discriminated between PD(+)
and PD(-). The aberrant abundance of these 3 bacterial
groups was also observed in other diseases such as active
Crohn’s disease, presenting intestinal inflammation.?”
Therefore, that alteration of butyrate, LPS and urolithin produ-
cing bacteria may have a specificity of inflammatory status
applicable to different diseases, including PD. This agrees
with a previous study in PD, which reported a reduction in
Blautia, Coprococcus, Roseburia and Faecalibacterium, which
potentially shifts the microbial balance within the colon to a
more inflammatory phenotype.”

An imbalance between regulation and inflammation could
be underlying the pathogeny of PD, as suggested before.*®
Thus, a decrease in levels of anti-inflammatory regulatory T
(Treg) cells could play an important role in the progression of
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PD where reduced levels of Tregs are unable to control the pro-
inflammatory response associated with PD progression.*® In
fact, both the levels of cytokines and immune cells have been
related to symptom worsening, as reflected in clinical scales
like the H&Y scale and the Unified Parkinson’s Disease Rating
Scale (UPDRS). Consistent with this, in SPD and PD(-), we
observed the deepest reduction in Lachnospiraceae members
and Gordonibacter, which are recognized as Treg-inducing bac-
teria’® and inflammatory T helper 17 (TH17) cell-inhibitory
bacteria,*' respectively. SCFA and secondary bile acids pro-
duced by these bacteria are involved in modulating the differ-
entiation and function of T cells, including inflammatory T
helper 17 (TH17) cells and Treg cells.*>*" Furthermore, the
deeper reduction of these bacteria in SPD and PD(—) might
lead to a decrease in the synthesis of butyrate and mucin,
which can result in increased gut permeability, as reviewed
before.*® This may, in turn, promote more translocation, from
the intestine to the systemic circulation, of LPS-producing
Enterobacteriaceae such as Escherichia-Shigella, also overgrown
in PD(—) and SPD groups, probably favoured by greater intra-
luminal oxygen because of a disruption of the epithelium. LPS
circulation activates innate immunity characterized by pro-
inflammatory cytokine production, which can cross the brain-
blood barrier resulting in neuroinflammation and aggravating
PD.?® Together, this suggests that the gut microbiota of PD(-)
and SPD reflect the pro-inflammatory status of these patients.
We confirmed correlations of some members of these 3
bacterial groups (butyrate, LPS and urolithin producers) with
predictive functions of the gut microbiome in PD. Pathways of
LPS biosynthesis were augmented in PD but especially in SPD
and PD(-) and correlated to Enterobacteriaceae members. It
has been proposed that microbial components (LPS, proteins
etc.) or metabolites may influence neurodegeneration by pro-
moting amyloid formation by human proteins or enhancing
inflammatory responses to endogenous neuronal amyloids.*?
We also found that predictive functional pathways of some
amino acids’ metabolism were augmented in PD and
especially in SPD and PD(-). A recent study also showed that
the microbiota of PD versus HC was characterized by increased
proteolytic fermentation and the production of harmful
metabolites from amino acids such as tyrosine.? The pathway
of tyrosine metabolism, mainly increased in SPD and PD(-),
correlated with Enterococcus abundance in PD patients.
According to this, a recent study has identified a conserved
tyrosine decarboxylase (TyrDC) in Enterococcus faecalis able to
metabolize levodopa (1-dopa; the primary medication used to
treat PD) to dopamine, which cannot cross the blood-brain
barrier and causes unwanted side effects.”’ Glutathione
metabolism, which was also mainly increased in PD(—) and
SPD and correlated to Proteobacteria members (Proteus,
Morganella and Escherichia-Shigella) and Bacilli members
(Streptococcus, Lactobacillus and Enterococcus), was one of the
five most predictive pathways in paediatric Crohn’s disease
with more severe dysbiosis.>” Interestingly, glutathione, syn-
thesized by Proteobacteria and some Enterococci and
Streptococci, protects these bacteria from oxidative stress and

This journal is © The Royal Society of Chemistry 2022
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allows them to keep their homeostasis.** Glutathione, which is
a cysteine-containing tripeptide, can be used as a sulfur source
by different bacteria. The metabolism of sulfur-containing
amino acids (cysteine and methionine) was also increased in
PD(—) patients and SPD and correlated to Bifidobacterium,
which increased in PD(—) patients, as well. Consistent with
this, bifidobacteria have long been known to be cysteine auxo-
trophs, although various bifidobacteria strains can also use
methionine when it is the only available sulphur source.*” A
previous study with a colitis rat model also showed increased
cysteine and methionine metabolism.*® In the present study,
the increased levels of cysteine and methionine metabolism,
as well as glutathione metabolism in PD(—) and SPD, could
result in the biosynthesis of advantageous compounds for bac-
teria against oxidative stress, a feature of the inflammatory
environment. Accordingly, the increases in those microbial
products from amino acid metabolism could indirectly reflect
the gut pro-inflammatory status in PD(—) and SPD patients. In
contrast, PD(+) and MPD patients were predicted to have
enriched arginine and proline metabolism functions.
Polyamines, such as putrescine and spermidine, are gut
microbial metabolites derived from arginine. They protect
intestinal mucosa cells from oxidative damage maintaining
the intestinal barrier and influencing the immune system.*”
Therefore, the higher abundance of arginine and proline
metabolism in the gut microbiome of MPD and PD(+) could
indirectly reflect a healthier status of the gut barrier than that
of the SPD and PD(-) patients. Xenobiotic biodegradation and
metabolism were also increased in PD but mainly in SPD and
PD(—) versus MPD and PD(+). A previous study hypothesized
the role of xenobiotics in initiating the dysbiosis of the gut
microbiome and whether recent or continued exposure to PD-
associated xenobiotics (i.e., herbicide or insect repellent such
as naphthalene) may contribute to the progression of neurode-
generation.® Therefore, the increases in xenobiotic bio-
degradation and metabolism pathway could indirectly reflect
gut dysbiosis associated with xenobiotic exposition of PD
patients, especially in PD(—) and SPD.

Indicators of gut microbiota dysbiosis include low
microbial diversity, decreased butyrate-producing bacteria and
an increase in genera of LPS-producing
Enterobacteriaceae.”® However, identifying each disease-
specific dysbiotic microbial signature has proven to be challen-
ging. Furthermore, gut dysbiosis severity in PD and other dis-
eases is difficult to quantify, and this depends on many
microbial groups, as indicated above. A recent study has
identified metabolites of potential bacterial origin that are
altered in PD, such as p-cresol and phenylacetylglutamine, but
they are not related to motor/neurological features or inflam-
mation status.® In the current study, for the first time, we
identified that urolithin non-production in PD is associated
with more severe PD. Besides, the gut microbiota of these
UM-0 patients enriched in  pro-inflammatory
Enterobacteriaceae and reduced in protective bacteria, such as
Lachnospiraceae members and Gordonibacter, against auto-
immune and inflammatory disorders and potentially a more

several

was
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severe o-synucleinopathy in the enteric nervous system.
However, more research is needed to confirm this.

Conclusions

Although the causal role of the gut microbiota in PD pathogen-
esis has been previously reported,*®° it is unknown whether
host signals in PD could promote gut dysbiosis or a specific
gut microbiota played a possible role in the onset and pro-
gression of PD. Therefore, we cannot establish whether being
UM-0 or having a high abundance of pro-inflammatory micro-
biota is the cause or the consequence of the severity in PD.
Nevertheless, the statistically significant associations found in
the present study establish a potential connection between
urolithin production, gut dysbiosis and PD severity. In this
regard, urolithin detection in urine samples is a feasible, fast,
and non-invasive approach that may reflect gut microbiome
dysbiosis and gut inflammation in PD patients. Our study
could pave the way to implement novel strategies for improving
the diagnostics, and preventing and treating disease pro-

gression in microbiota-targeted interventions, including
drugs, antibiotics, probiotics, and faecal microbiota
transplants.
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