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Abstract

Background and Objectives

Coffee intake is linked to a reduced risk of Parkinson disease (PD), but whether this effect is
mediated by gut microbiota and metabolomic changes remains unclear. This study examines
PD-associated metabolomic shifts, caffeine metabolism, and their connection to gut micro-
biome alterations in a multicenter study.

Methods

We conducted an untargeted serum metabolomic assay using liquid chromatography with high-
resolution mass spectrometry on an exploratory cohort recruited from National Taiwan Uni-
versity Hospital (NTUH). A targeted metabolomic assay focusing on caffeine and its 12
downstream metabolites was conducted and validated in an independent cohort from Uni-
versity Malaya Medical Centre (UMMC). In the exploratory cohort, the association of each
caffeine metabolite with gut microbiota changes was investigated by metagenomic shotgun
sequencing. A clustering-based approach was used to correlate microbiome changes with
plasma caffeine metabolite level and clinical severity. Body mass index, antiparkinsonism
medication use, and dietary habits (including coffee and tea intake) were recorded.

Results

Sixty-three patients with PD and 54 controls from NTUH formed the exploratory cohort while 36
patients with PD and 20 controls from UMMC served as an validation cohort to replicate the
plasma caffeine findings. A total of 5,158 metabolites were detected from untargeted metabolomic
analysis, with 3,131 having high confidence for analysis. Compared with controls, the abundance
of 56 metabolites was significantly higher and that of 7 metabolites was significantly lower
(adjusted p < 0.05 and log2 fold change >1) in patients with PD. Caffeine metabolism was
significantly lower in patients with PD (p = 0.0013), and serum levels of caffeine and its
metabolites negatively correlated with motor severity (p < 0.01). Targeted metabolomic analysis
confirmed reduced levels of caffeine and its metabolites, including theophylline, paraxanthine, 1,7-
dimethyluric acid, and S-acetylamino-6-amino-3-methyluracil, in patients with PD; these findings
were replicated in the validation cohort (p < 0.05). A clustering approach found that 56
microbiome species enriched in patients with PD negatively correlated with caffeine and its
metabolites paraxanthine and theophylline (both p < 0.05), notably Clostridium sp00043565S,
Acetatifactor sp900066563, Oliverpabstia intestinalis, and Ruminiclostridium siraeum.
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Glossary

AAMU = 1,7-dimethyluric acid, 3,7-dimethyluric, 1-methyluric acid, S-acetylamino-6-amino-3-methyluracil; AFMU = §-
acetylamino-6-formylamino-3-methyluracil; C3 = cluster 3; LEDD = levodopa equivalent daily dose; MDS-UPDRS =
Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MTBE = methyl tert-butyl ether; NTUH = National
Taiwan University Hospital; PD = Parkinson disease; UMMC = University Malaya Medical Centre.

Discussion

This study identifies PD-related changes in microbial-caffeine metabolism compared with controls. Our findings offer insights
for future functional research on caffeine-microbiome interactions in PD.

Introduction

Parkinson disease (PD) is a complex neurodegenerative disor-
der characterized by both motor and nonmotor symptoms
driven by diverse pathophysiology." Neuropathologic evidence
reveals that, at least in some patients, the pathognomonic PD
pathology, termed Lewy bodies, was observed in the intestine.”
In addition, the gut microbiome is altered in patients with PD
compared with unaffected controls.” Gut microbiota affect brain
health through multiple routes within the gut-brain crosstalk,
including the production of neuroactive metabolites, modulat-
ing the immune system, and excretion of aggregation-prone
proteins.* The multifaceted interaction between intestinal
microorganisms, the host, and their diets contributes to the
metabolites in the systemic circulation, which act as signaling
molecules modulating neuropathology, because these metabo-
lites can cross the blood-brain barrier.” Deciphering how
metabolomic changes can be attributed to the gut microbiome-
host interactions in PD could not only shed light on the path-
ophysiology of PD but also facilitate approaches to modulating
diet or the gut microbiome to shape a healthy metabolome as
a novel treatment strategy for PD.

Alterations of gut microbiota detected by 16S rRNA se-
quencing and plasma metabolites measured with targeted
assays have revealed that several bacterial taxa are associated
with altered metabolism in PD, including metabolism of lipid
and energy,6 amino acids,” sulfur,® and short-chain fatty
acids.” However, characterizing gut microbial communities
using the 16S rRNA gene has been hampered by inherent
limitations, including challenges in generating community
profiles when sequencing hypervariable regions, short read
lengths, taxonomic classification difficulties due to limited
resolution of closely related species, and the lack of functional
pathway information. In addition, targeted metabolomic
approaches may be restricted by overlooking the metab-
olomic response of interest. Recent advances in high-
resolution untargeted metabolomic profiling allow for the
simultaneous measurement of thousands of metabolites to
provide novel information about the initiation and pro-
gression of PD.'® A recent study combined longitudinal
untargeted metabolome data from 30 patients with drug-naive
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PD and 30 controls and analyzed those with published gut
microbiome data from another independent PD cohort. This
revealed that sulfur metabolism driven by Akkermansia muci-
niphila and Bilophila wadsworthia may be involved in PD
pathophysiology.® However, studies that simultaneously mea-
sure plasma untargeted metabolomics with fecal metagenomics
data within the same individuals are still lacking. In this study,
we first set out to determine PD-associated metabolic changes
by analyzing the plasma metabolome using an untargeted
metabolomic approach. Among these pathways, caffeine me-
tabolism was notably lower in patients with PD compared with
controls. A subsequent targeted metabolomic assay focusing on
caffeine and its complete downstream pathways was validated
and replicated in another independent cohort. We then in-
tegrated metagenomic shotgun sequencing data obtained from
the same individuals to identify the potential microbial con-
tribution to the observed metabolic changes in PD.

Methods

Enrollment and Study Participants

Patients with PD and neurologically normal controls were en-
rolled from National Taiwan University Hospital (NTUH) and
University Malaya Medical Centre (UMMC). PD was clinically
diagnosed according to the Movement Disorder Society Clin-
ical Diagnostic Criteria for PD'' by movement disorder spe-
cialists (CH Lin in NTUH, AH Tan and SY Lim in UMMC).
The Movement Disorder Society Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) parts I-III was evaluated during
therapy. Levodopa equivalent daily dose (LEDD) was calcu-
lated as previously described.'” Control participants were neu-
rologically healthy individuals or spouses of patients with PD,
with no neuropsychiatric disorders and normal neurologic
examinations. Participants were excluded if they were vegeta-
rians; had renal or liver disease; history of inflammatory bowel
disease, irritable bowel syndrome, colitis, or colon cancer; and
had used antibiotics or probiotic supplements within 3 months
of enrollment.

Among the enrolled participants, those recruited from NTUH
formed an exploratory cohort that underwent the untargeted
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metabolomic assay for plasma metabolite profiling and tar-
geted metabolomic analyses for quantification of caffeine and
its metabolites, and individuals with PD simultaneously un-
derwent fecal metagenomic shotgun sequencing for gut
microbiota compositions. A dietary history was collected us-
ing the Food Frequency Questionnaire." Participants were
defined as coffee or tea drinkers if they drank coffee or tea 3 or
more times per week for more than 1 year.'* Decaffeinated
beverages and energy drinks were not included in this study.
Participants recruited from UMMC served as an independent
validation cohort with different dietary habits to replicate the
findings of plasma levels of caffeine and its metabolites.

Standard Protocol Approvals, Registrations,
and Participant Consents

The research protocol was reviewed by the Institutional
Research Board Committee at NTUH (IRB number:
202205017RINB) and approved by the UMMC Medical
Research Ethics Committee (MECID number: 20149-564).
All participants provided written informed consent before
joining the study.

Plasma Sample Collection and

Metabolomics Analysis

We collected 10 mL of venous blood from each participant.
Blood was sampled in the morning after participants had
fasted for at least 10 hours. The methyl tert-butyl ether
(MTBE) extraction protocol was used for serum metabolite
extraction.””> The 50-pL plasma sample was extracted by
adding MTBE, methanol, and double-distilled water. The
upper portion containing mostly lipids and the lower portion
containing hydrophilic metabolites were separated, dried, and
stored at —80°C before analysis, as described previously.'®
Details of untargeted and targeted metabolomics analysis are
provided in the eMethods.

Stool Sample Collection and

Metagenomics Analysis

Fecal samples were collected in stool specimen collection
tubes with DNA stabilizer (Sarstedt) within 2 weeks of fasting
venous blood sample collection. Fecal samples were imme-
diately flash-frozen on dry ice and stored at —80°C before
analyses. Total fecal DNA was extracted using a QlAamp
DNA Stool Mini Kit, as previously described.'® Details of fecal
metagenomic analysis are provided in the eMethods.

Sample Size Estimation

For untargeted metabolomics, we used the R package Met-
SizeR (doi: 10.1186/1471-2105-14-338) to estimate a sample
size of 40 participants per group to achieve a False Discovery
Rate <0.05. For metagenomics, based on previous research,’’
we estimated a sample size of 50 participants per group for
80% power. Using the MultiPower R package (doi: 10.1038/
$41467-020-169), we determined that 30 participants per
group would provide 80% power for the multiomics analysis.
Combining these estimates, we selected a final sample size of
at least 50 participants per group to ensure robustness.
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Statistical Analyses

All statistical analyses and visualizations were performed using
R (v4.0.2). The Spearman correlation coefficient was used to
assess correlations between variables, with significance tested
using the cor.test function in R and adjusted by the Benjamini-
Hochberg procedure. To control the influence of confound-
ing variables, partial correlation analyses were conducted with
the ppcor package in R. To identify differences in gut
microbiome abundance, the Wilcoxon rank-sum test was
applied, with adjustments for multiple comparisons using the
Benjamini-Hochberg procedure. Comparisons of continuous
variables between 2 groups were also conducted using the
Wilcoxon rank-sum test.

Data Availability

The raw data of metagenomic sequencing are available to the
public with no restriction at the European Nucleotide Archive
with accession number PRJEBS7770. The processed metab-
olomics and metagenomics data are provided on Zenodo at
zenodo.org/records/12230084.

Results

Clinical Characteristics of Participants in the
Exploratory and Validation Cohorts

Among the enrolled participants, those from NTUH (63
patients with PD and 54 controls) formed the exploratory
cohort and those from UMMC (36 patients with PD and 20
controls) served as an independent validation cohort to
replicate the plasma caffeine findings. In both cohorts, the
age at enrollment, sex, body mass index, medical comor-
bidities, and percentages of coffee and tea drinkers were
comparable between patients with PD and control partic-
ipants (Table). Significantly worse cognitive function was
observed in patients with PD than in controls, in both
cohorts. In the exploratory cohort, the groups did not sig-
nificantly differ in dietary intake patterns measured using the
food frequency questionnaire (eTable 1).

Untargeted and Targeted Metabolomics
Analyses of Plasma Samples

To characterize the serum metabolomics of PD, an LC-
MS-based untargeted metabolomics analysis was performed on
an exploratory cohort recruited from NTUH, including 63
participants with PD and 54 healthy controls (Figure 1A). A total
of 5,158 metabolites were detected, with 60.7% (3,131 of 5,158)
of these metabolites at a high confidence level because they could
be matched in at least one spectrum database. Comparing the 2
groups, 56 metabolites had significantly higher abundance and 7
metabolites had significantly lower abundance in patients with
PD vs controls (adjusted p value <0.05 and [log2FC| > 1)
(Figure 1B, eFigure 1, and eTable 2). Metabolic pathway analysis
revealed that serum metabolites were enriched in amino acid
metabolism, linoleic acid metabolism, sphingolipid metabolism,
and caffeine metabolism (Figure 1C and eTable 3). Caffeine
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Table Clinical Characteristics and Plasma Concentrations of Microbial Metabolites in Participants

Exploratory cohort

Validation cohort

Healthy controls Patients with PD

Healthy controls Patients with PD

(N =54) (N =63) p Value (N =20) (N =36) p Value
Age (y) 67.4+75 67.4+7.7 0.95 64.5+9.1 65.6 +9.2 0.54
Sex (male), n (%) 25 (46.3) 32(50.8) 0.63 6(30.0) 14 (38.9) 0.51
BMI 23.8+1.9 22615 0.21 25.0+54 229+39 0.27
Constipation, n (%) 21 (38.9) 31(49.2) 0.26 3(15.0) 13(36.1) 0.10
Disease duration (y) N.A. 7.4+24 N.A. 7.9+28
Hoehn and Yahr stage N.A. 3.2+09 N.A. 22+0.7
MDS-UPDRS part | score N.A. 6.7+ 2.1 N.A. 73+1.9
MDS-UPDRS part Il score N.A. 129+2.8 N.A. 11.7+2.6
MDS-UPDRS part Ill score N.A. 35.0+9.9 N.A. 29.4+8.1
MoCA score 289+ 1.1 26.5+2.7 <0.01? 29.0+0.9 245+2.8 <0.01°?
LEDD N.A. 649.2 £ 206.0 N.A. 593.5 £ 352.7
Medical comorbidity, n (%)
Diabetes mellitus 11 (20.4) 12(19.0) 0.86 3(15.0) 6(16.7) 0.87
Hypertension 15 (27.8) 14 (22.2) 0.49 9 (45.0) 13 (36.1) 0.51
History of stroke 7(12.9) 7(11.1) 0.55 1(5.0) 1(2.8) 0.67
Coffee drinker, n (%) 46 (85.2) 55 (87.3) 0.74 17 (85.0) 28 (77.8) 0.51
Tea drinker, n (%) 32(59.2) 37(58.7) 0.95 11 (55.0) 18 (50.0) 0.72

Abbreviations: BMI = body mass index; LEDD = levodopa equivalent daily dose; MDS-UPDRS = Movement Disorder Society Unified PD Rating Scale; MoCA =

Montreal Cognitive Assessment; NA = not available; PD = Parkinson disease.
Variables are expressed as mean + SD or number (percentage).
ap<0.01.

metabolism not only was significantly enriched in the differential
abundance metabolites (p = 0.0013) but also had a high pathway
impact (Figure 1C). According to the Kyoto Encyclopedia of
Genes and Genomes database, 10 metabolites from the caffeine
metabolism pathway have been reported in humans and 7 of
them were detected in our untargeted metabolomics analysis
(Figure 2). Among these metabolites, the abundance of caffeine,
paraxanthine, and 1,7-dimethyluric acid was significantly lower in
the PD group compared with the healthy control group
(Figure 3). Although the differences in 1-methylxanthine,
theobromine, 7-methylxanthine, and 7-methylurate representa-
tion did not reach statistical significance, their abundance in the
PD group was lower than in the control group (Figure 3).

To further confirm the abundance of metabolites related to
caffeine metabolism, we conducted targeted metabolomics
analyses to detect caffeine and its downstream 12 metabolites in
the exploratory cohort and another independent validation co-
hort recruited from another region (Figure 1A, Table). The
targeted metabolites examined included caffeine, theophylline,
paraxanthine, theobromine, 3-methylxanthine, 1-methylxanthine,
S-acetylamino-6-formylamino-3-methyluracil  (AFMU), 1,7-
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dimethyluric acid, 3,7-dimethyluric, 1-methyluric acid, $-
acetylamino-6-amino-3-methyluracil (AAMU)), 1,3,7-trimethylu-
rate, and 7-methylxanthine. Owing to the low detection rates for
3,7 dimethyluric acid (0%) and 1,3,7-trimethylurate (9.8%), these
2 metabolites were excluded from further analysis. Caffeine,
theophylline, and 1,7-dimethyluric acid showed significantly
lower levels in the PD group compared with levels in the controls
in both cohorts (eFigures 2 and 3). Coffee consumption increases
serum concentrations of caffeine metabolites, particularly caf-
feine, paraxanthine, and theophylline, in coffee drinkers com-
pared with nondrinkers among both patients with PD and
control individuals (eFigure 4). In the initial exploratory cohort,
paraxanthine, AFMU, and AAMU were also significantly reduced
in patients with PD in comparison with controls (eFigure 2). The
untargeted and targeted metabolomics analyses revealed a de-
crease in the concentration of caffeine and its metabolites in the
serum of individuals with PD compared with healthy controls.
The results were replicated in another independent validation
cohort (eFigure 3). Notably, the serum concentrations of
abovementioned caffeine metabolites also showed a negative
correlation with the UPDRS part III motor score in both cohorts
(eFigure S, A and B).
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Figure 1 Serum Untargeted Metabolomics Analysis in Patients With PD and Healthy Controls in the Exploratory Cohort
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(A) Flowchart and participants enrolled in the study. (B) The volcano plot reveals the metabolites with differential abundance between patients with PD and
controls in the exploratory cohort. The orange and green points indicate metabolites that were in significantly higher and lower abundance in the PD group
compared with the control group (adj. p value <0.05 and |log2(fold-change)| > 1). (C) Pathway enrichment analysis identified the most relevant metabolic
pathways through pathway impact (x-axis) and p value (y-axis). Pathway impact represents a combination of centrality and pathway enrichment results:
higher impact values indicate the relative importance of the pathway. The size and color of the points represent the impact and significance of the pathway,
respectively, with more intense red colors indicating lower p values. PD = Parkinson disease.

Metagenomic Shotgun Analysis of

Fecal Samples

Recent investigations suggest a mutual interaction between
caffeine and gut microbiota: drinking coffee may directly af-
fect gut microbiota and gut microbiota affect caffeine me-
tabolism, which potentially influences the development of
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PD.'®" Because our metabolomics analysis revealed that
serum concentrations of caffeine metabolites are negatively
associated with PD, we investigated the potential connections
between the gut microbiome and caffeine metabolism. To
address this, we simultaneously performed a metagenomics
analysis on fecal samples collected from the same individuals
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Figure 2 KEGG Reference Caffeine Metabolism Pathway
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in the exploratory cohort of 63 participants with PD and 54
controls matched for age, sex, and dietary habits (Figure 14),
achieving an average of 74.1 million reads per sample. A total
of 1,525 species were profiled in at least one sample, with
Bacteroidetes and Firmicutes being the most abundant phyla
across all samples (eFigure 6A). The gut metagenomes of

individuals with PD exhibited significantly higher numbers of
observed species (p = 0.001, Wilcoxon rank-sum test) and sig-
nificantly higher diversity compared with those of controls
(p = <0.001 for Shannon diversity and p = <0.001 for Faith
phylogenetic diversity, Wilcoxon rank-sum test) (eFigure 6, B
and C). Principal coordinate analysis based on the Bray-Curtis

Figure 3 Comparative Abundance of Caffeine Metabolites Between the PD and Control Groups From the Untargeted

Metabolomics Analysis
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dissimilarity matrix showed that interindividual differences in the
global composition of the gut metagenome differed significantly
between the PD and control groups (p = 0.004, PERMANOVA)
(eFigure 6D). Moreover, the dispersion between PD and control
groups was significantly different (p = 0.036, PERMDISP). A
total of 122 species exhibited differential abundance between the
PD and control groups (p < 0.05, Wilcoxon rank-sum test), with
115 species enriched and 7 species depleted in the PD group
(eFigure 6E and eTable 4). Among these, several species have
been previously reported as PD-associated microbes, including
Faecalibacterium prausnitzii, Eubacterium ramulus, and Para-
bacteroides distasonis (eFigure 6F).°

We next examined the association between the gut microbiome
and caffeine metabolites in patients with PD. A correlation
analysis using the Spearman metric on samples derived from
the exploratory cohort that had both fecal metagenomics and
targeted metabolomics data was performed. We focused on the
microbial features that were differentially abundant in patients
with PD. Of these species, the abundance of 102 species was
significantly correlated with the serum concentration of at least
one caffeine metabolite (p < 0.0, eFigure 7, A and B). Among
these 102 species, 32 exhibited differential abundance between
the PD and control groups (eFigure 7A). Among species with
multiple correlated caffeine metabolites, most showed coherent
correlations. For example, Parabacteroides merdae was posi-
tively correlated with caffeine, paraxanthine, theophylline,
1-methylxanthine, and 1-methyluric acid. However, several
species, including Lachnoclostridium sp90006655S, UBA3818
sp90005571SS, Parasutterella  excrementihominis, ~Sutterella
wadsworthensis, Ruthenibacterium lactatiformans, and Blautia
sp90006614S, exhibited incoherent correlations with their
corresponding caffeine metabolites. These findings suggest
a complex interaction between the gut microbiome and caffeine
metabolism in individuals with PD.

Correlation of Fecal Microbiota Changes With
Caffeine Metabolism in PD

To explore the complex interactions between the gut micro-
biome and caffeine metabolism in PD, we proposed a clus-
tering-based approach to identify microbiome clusters based
on their correlation profiles with caffeine metabolites. A total
of 8 consensus microbiome clusters, from cluster 1 to cluster
8, were identified (Figure 4 and eTable S), each revealing
distinct correlation patterns with individual caffeine metabo-
lites (Figure S). Among these metabolites, caffeine, para-
xanthine, theophylline, AAMU, and AFMU were clustered
together because of their similar correlation patterns
(Figure 4). These S metabolites showed decreased concen-
trations in the PD group compared with controls (eFigure 2),
reinforcing a potential link between altered gut microbiome
composition and impaired caffeine metabolism in PD.

We compared the abundance of each microbiome cluster
(summing up profile values of species in the given cluster) be-
tween the PD and control groups and found that the abundance
of cluster 3 (C3) was significantly higher in the PD group

Neurology.org/N

Figure 4 Heatmap Shows the Correlation Profiles Between
Gut Microbiome Abundance and the Serum Con-
centrations of Caffeine and Its Downstream
Metabolites
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compared with the control group (p = 0.013, Figure 6A).
Moreover, the species of C3 were negatively correlated with
caffeine metabolites except 1,7-dimethyluric acid (Figure S).
The abundance of the C3 microbiome also revealed significant
negative correlations with the concentrations of paraxanthine,
theophylline, AFMU, and AAMU (Figure 6B), consistent with
the results of metabolomics analysis showing low caffeine me-
tabolite concentrations in the serum of patients with PD. These
findings suggest that the microbiome species in C3 may con-
tribute to PD pathogenesis by disrupting caffeine metabolism.

Association Between Specific Gut Microbiome
Species, Pathways, and Plasma Caffeine
Metabolites and Clinical Severity in PD

A total of 56 species constituted C3 based on the correlation
profiles of caffeine metabolites, and 22 of these 56 species showed
differential abundance between the PD and control groups
(eFigure 8A). Most species exhibited high co-abundance, except
for Paraprevotella clara, Clostridium sp00043565S, Veillonella
nakazawae, Acetatifactor sp900066565, and Agathobaculum
butyriciproducens (eFigure 9). To investigate the pathways po-
tentially involved with these species, we used 2 pathway analysis
approaches. The first approach involved performing pathway
annotation on each species (eFigure 10), followed by over-
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Figure 5 Violin Plots Reveal the Distribution of Correlation Values Between the Abundance of Species in a Given Micro-
biome Cluster and a Specific Metabolite in Patients With PD

8?®®®@®®$060¢
2 Vgoo0egoeos-
i Qpoeboecade.
5 (0000000900
2 AOOPO00Qes
_£$®®®®©ooo¢6

Spearman correlation coefficient
o
w

N

3

0

4

n

6

N

7

)

8

PD = Parkinson disease.

representation analysis using the Fisher exact test. The signifi-
cantly enriched pathways for the species in microbiome C3 are
illustrated in eFigure 8B. The top 4 enriched pathways were
phosphotransferase, photosynthesis, novobiocin biosynthesis, and
amino acid metabolism. The second approach involved obtaining
functional profiles from metagenomics data using HUMAnN
3.0*" and then calculating the correlation between pathway pro-
files and microbiome cluster abundance. eFigure 8C depicts the
pathways that are significantly correlated with microbiome C3,
and most pathways were related to amino acid biosynthesis.

Among the 56 species of microbiome in C3, 2 species, Clos-
tridium sp000435655 and Acetatifactor sp90006656S, were not
only enriched in the PD group compared with the control
group but also were significantly negatively correlated with
serum caffeine concentration (eFigures 8, D and E) and
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paraxanthine level (eFigures 8, F and G). These results
highlight specific microbial species and pathways enriched in
patients with PD that are significantly negatively correlated
with serum caffeine metabolites, suggesting potential patho-
genic mechanisms implicated in PD.

Furthermore, to untangle whether changes in gut microbiota
are driven by caffeine intake or by PD itself, we performed
a comparative analysis of the entire cohort of patients with PD
and controls, stratified by caffeine use (users vs nonusers), to
identify differences in the microbiota. Eighteen species showed
significant differences in abundance (p < 0.0S, eTable 6), and
three of these species also exhibited differential abundance
when comparing patients with PD and healthy controls
( eFigure 1 1A). Among these 3 species, Butyricimonas virosa and
Oliverpabstia intestinalis were more enriched in patients with
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Figure 6 Gut Microbiome Clusters Identified Based on the Correlation Profiles Between Species Abundance and Caffeine
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(A) Comparative abundance of the microbiome clusters in the PD and control groups. (B) The scatter plots show the correlation between the concentration of
caffeine metabolite and the abundance of microbiome C3. PD = Parkinson disease.

PD but less abundant in coffee drinkers (eFigure 11A). By
contrast, Ventricola sp90054812S was more abundant in both
patients with PD and coffee drinkers. Notably, Oliverpabstia
intestinalis was also found in microbiome C3, which showed
a negative correlation with plasma caffeine metabolites (eFi-
gure 8A). The abundance of Oliverpabstia intestinalis also
revealed a significantly negative correlation with plasma para-
xanthine concentration (eFigure 11B). However, the correla-
tions between the abundance of Oliverpabstia intestinalis or
microbiome in C3 and motor symptom severity of PD were not
statistically significant (eFigures 11C and 12, and eTable 7).
Our findings identify specific gut microbiome species that are
less abundant in coffee drinkers but more abundant in patients
with PD, with levels negatively correlated with plasma caffeine
metabolites. These results suggest that coffee intake may in-
fluence PD severity by modulating both serum caffeine
metabolites and gut microbiome changes, which interact with
each other (eFigure 13).

Effects of Antiparkinsonism Medications on
Plasma Caffeine Metabolites and Gut
Microbiome Compositions in PD

Antiparkinsonism medications may influence metabolomics
and gut microbiome profiles in PD.*> We next explored the
associations between treatment regimens, serum caffeine
metabolites, and the gut microbiome in PD. Serum concen-
trations of caffeine and paraxanthine were negatively correlated
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with LEDD, levodopa dosage, and catechol-O-methyl-
transferase (COMT) dosage while AFMU and AAMU were
negatively correlated with LEDD and levodopa dosage (eTa-
ble 8). However, LEDD, levodopa dosages, and COMT in-
hibitor dosages were strongly correlated with PD motor
severity (p = 0.84 p < 10e-10 for LEDD, p = 0.83, p < 10e-10 for
levodopa, and p = 0.57, p < 0.001 for COMT). After adjusting
for MDS-UPDRS part III scores through partial correlation
analyses, the associations between LEDD, levodopa, and
COMT inhibitor and caffeine metabolites were no longer sig-
nificant (eTable 7). No significant associations were found with
other medications (eTable 7).

In microbiome C3, only Dorea_A longicatena_B and Limivivens
sp900543575 showed negative correlations with LEDD (p <
0.05, eTable 8). In addition, the abundance of Limivivens
sp900543575 and CAG-95 sp900066375 was negatively associ-
ated with levodopa (p < 0.0S, eTable 8). There were 6 species
that negatively correlated with COMT dosage, including Dorea_
A longicatena_B, Choladousia  sp90236313S, Copromonas
sp90006678S, Blautia A obeum, Limivivens sp90521495S, and
Roseburia hominis (p < 0.0S, eTable 8). Although some species
exhibited differential abundance with the use of other categories
of antiparkinsonism medications (eTable 8), these findings
suggest that the impact of antiparkinsonism medications on the
gut microbiome is majorly influenced by PD itself.
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Discussion

In this integrated study, the untargeted metabolomics approach
broadly implicated multiple metabolomic pathways that dif-
fered between patients with PD and controls. The subsequent
targeted metabolomic assays focusing on caffeine metabolism
revealed significantly decreased levels of caffeine and its down-
stream metabolites, including theophylline, paraxanthine, 1,7-
dimethyluric acid, and AAMU, in patients with PD, and these
findings were consistently observed in another independent
validation cohort. Combining fecal metagenomic sequencing
results, we recognized that the abundance of a cluster of
microbiome species negatively correlated with serum levels of
caffeine and paraxanthine, especially Clostridium sp00043565S,
Acetatifactor sp90006656S, Oliverpabstia intestinalis, and Rumi-
niclostridium siraeum. Our findings, using the integration of
multiomics data, uncover PD-specific patterns in microbial-
caffeine metabolism that may contribute to the disease.

Our findings align with those of several previous case-control
studies that found reduced serum concentration of caffeine and
its major metabolites in patients with PD compared with
controls.”*?>> Compared with the results of a previous study
conducted in Japan,”* caffeine and its downstream metabolites
showed a similar profile pattern in our 2 cohorts. Recently, a large
prospective cohort study with more than 20 years of follow-up
found that plasma levels of caffeine and its metabolites para-
xanthine and theophylline were reduced even in prediagnostic
samples, suggesting that caffeine pathway metabolites could be
protective in the prodromal stage of the disease.”® A further
meta-analysis using a genome-scale metabolic model of PD
consistently showed a reduced caffeine pathway in PD.>” Despite
these clinical associations, experimental studies have shown that
caffeine, at doses comparable with those of typical human ex-
posure, attenuated MPTP-induced loss of striatal dopamine
through multiple mechanisms, including attenuation of gluta-
matergic excitotoxicity and neuroinflammation through activat-
ing adenosine A2A receptors.28 In addition, caffeine can
attenuate abnormal a-synuclein aggregation and neurotoxicity by
re-establishing autophagy activity in animal models of PD.”
Furthermore, the 2 major caffeine metabolites, paraxanthine and
theophylline, have also been demonstrated to mitigate motor
symptoms in PD animal models.*>*' However, in an opposite
trend, other caffeine-derived metabolites, for example, AFMU,
1,3,7-trimethyldihydrouric acid, and 1,3,7-trimethyl-5-hydrox-
yisourate, exhibited negative associations with PD, although the
differences did not reach statistical signiﬁcance.26 One of the
possible reasons for the varying effects of caffeine metabolites on
PD risk could be due to the different metabolic activities of
individual hosts, with which the gut microenvironment will be
involved. Understanding the mechanisms that produce these
metabolites requires concomitant consideration of gut micro-
biome changes to decipher the impacts of changes in caffeine
metabolites on PD.

The gut microbiome ecosystem contributes to systemic me-
tabolite composition.5 Given the gastrointestinal involvement
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in PD, it has been speculated that the associations between
coffee intake and PD risk could be mediated by gut micro-
biota.** There is recent evidence for gut microorganisms
interacting with caffeine metabolism in a complex and re-
ciprocal manner in PD.'®'” Caffeine is initially absorbed in
the stomach and small intestine but is further fermented in the
colon by gut microbiota.’> Long-term caffeine consumption
was recently found to be associated with colonic microbial
composition in humans."” Increased coffee intake was asso-
ciated with an increase in anti-inflammatory Bifidobacteria and
a decrease in Clostridium spp. and Escherichia coli that invade
the gut mucosa in PD.>* Lower caffeine levels were associated
with higher abundance of Erysipelatoclostridium, which has
been linked to systemic inflammation.'® On the other side,
intestinal microorganisms can, conversely, affect the metab-
olism of caffeine. These include prominent Pseudomonas
species that subsist on caffeine in the gut of the coffee insect
pest Hypothenemus hampei.>* Consistently, we observed that
several PD-dominant microbiota species inversely correlated
with plasma levels of caffeine and its major metabolites, in-
cluding Clostridium sp0004356SS, Acetatifactor sp90006656S,
Oliverpabstia intestinalis, and Ruminiclostridium siraeum. The
richness of Clostridium sp000435655 has been reported to
associate with the increased risk of fatty liver disease, with
potential involvement in ethanol fermentation pathways.*®
Acetatifactor sp90006656S was present in higher abundance in
the rats with metabolic syndrome than in rats supplemented
with coffee pulp, in which caffeine is the most abundant
bioactive component.*® Oliverpabstia intestinalis has been as-
sociated with the intake of human milk oligosaccharides and
its abundance associated with the fecal level of SCFAs,>’
which has been linked to the risk of PD.>® Finally, Rumini-
clostridium siraeum has been linked to increased risk of Crohn
disease,® which is associated with increased risk of PD. All
these microbiome species are directly or indirectly linked to
inflammation and energy metabolism, which have been linked
to PD pathophysiology.* We hypothesize that these micro-
biomes may influence caffeine metabolism through various
mechanisms; for example, certain gut bacteria produce
enzymes that can break down caffeine, altering its metabolism
and absorption by the body.>* Gut microbiota may influence
the activity of liver enzymes responsible for caffeine metab-
olism, such as cytochrome P450 enzymes.** Furthermore,
metabolites produced by gut bacteria may affect the body’s
metabolic pathways, potentially affecting how caffeine is
processed and used. Finally, the genetic composition of gut
microbiota can interact with the host genome, influencing
individual differences in caffeine metabolism.> Future studies
concomitantly including host genomics with a longitudinal
study design incorporating intestinal inflammatory markers
could delineate the complex interactions between the host
and its microbiota affecting caffeine metabolism in PD

pathology.

The strength of this study lies in its use of both serum
untargeted metabolomics and fecal metagenomic sequencing
approaches simultaneously in the same individuals of a cohort
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of patients with PD and age/sex/diet-matched controls,
allowing the identification of multiple metabolic pathways
that differ between the groups. Of note, the absolute con-
centration of caffeine and its downstream metabolites were
determined using a targeted metabolomic assay and were
replicated in another independently external cohort recruited
from another region with different dietary habits and genetic
backgrounds. Although caffeine metabolism has been known
to be reduced in patients with PD, our study provides new
insights by showing that altered gut microbiota with an
abundance of specific species are negatively associated with
the serum concentrations of caffeine and its major metabo-
lites, providing objective evidence in humans linking PD-
associated microbiota to disrupted caffeine metabolism in PD.
This study has several limitations. First, coffee intake could
not be quantified objectively and was based on the partic-
ipants’ recall. However, there were no significant differences
in the percentage of individuals with caffeine intake between
groups in both cohorts. Second, the observed associations
could be confounded by different host susceptibility. Genes
such as CYP1A2, CYP2El, NAT2, and ADORA2A, which
encode caffeine metabolism enzymes, might modify the cat-
alyzing effect of caffeine.*' Third, this is a cross-sectional
study, and we cannot determine the causal relationship be-
tween the observed gut microbiota changes and the reduced
caffeine metabolism in patients with PD. A future longitudinal
follow-up study including patients with drug-naive PD is
needed to further explore the complex interactions between
host genetics, gut microbiota, caffeine metabolism, and anti-
parkinsonism medications in the progression of both motor
and nonmotor symptoms of PD. Finally, all the patients with
PD enrolled in this study were receiving anti-PD treatment.
The use of antiparkinsonism medications is another potential
confounding factor because levodopa has been shown to
upregulate CYP1A2 activities, which increases caffeine me-
tabolism. However, a study using prediagnostic blood samples
from patients with PD who had not yet received any anti-PD
medications also revealed reduced levels of caffeine and its
metabolites compared with controls,* reinforcing the finding
that caffeine metabolism is downregulated in PD, regardless of
anti-PD medication use.

In conclusion, this integrated multiomics study identified PD-
specific patterns in microbial-caffeine metabolism, with key
findings validated in an independent cohort. These findings
provide new insights into microbial-caffeine interactions and
pave the way for functional studies in the disease process of PD.
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