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SUMMARY Epidemiological studies suggest that dietary habits can modulate the
pathogenesis of Parkinson’s disease. As an important source of omega-3 fatty acids,
consumption of fish promotes brain health, potentially mediated in part by the microbiome.
In this study, we investigated the influence of a high-fish diet on Parkinson’s disease onset
and whether this is associated with enrichment of microbial taxa that maintain a healthy gut.
We hypothesized that later-onset Parkinson’s disease is correlated with individuals
consuming high dietary fish, and that the putative effect is mediated through enrichment of
short-chain fatty acid-producing microorganisms. We used dietary information and
taxonomic data obtained from fecal samples of 197 Parkinson’s disease patients surveyed by
Cirstea et al. We observed a significant correlation between high-fish intake and later-onset
Parkinson’s disease in males. Although we did not find global perturbations in gut microbiota
composition due to fish intake and age of onset, short-chain fatty acid-producing microbes,
including Intestinimonas and Lachnospiraceae, were enriched in high-fish-consuming male
Parkinson’s disease patients relative to low-fish. Further, these microorganisms were
identified as indicator species for high-fish intake and later-onset Parkinson’s disease.
Additionally, we determined that high-fish diets may be associated with short-chain fatty acid
metabolic pathways, namely acetate and acetyl-CoA synthesis. Together, our findings suggest
that a high-fish diet selects for enrichment of short chain fatty acid-producing microorganisms
that may contribute to delaying onset of Parkinson’s disease in males by maintaining gut
health.

INTRODUCTION

I n North America, Parkinson’s disease (PD) is recognized as the second most prevalent
age-related neurodegenerative illness diagnosed following Alzheimer’s disease (1).
Although preventative measures to slow disease progression remain largely unknown, several
epidemiological studies have established that environmental risk factors have a greater
influence over genetic risk factors (2). PD risk is age-related, but age of onset can vary
considerably; 4% of PD patients in North America are diagnosed before 50, which means that
there are likely environmental and lifestyle factors that influence when disease occurs.
Specifically, a spotlight on dietary habits has revealed its dual disease-promoting and
therapeutic benefits on the development of PD (2). The Western diet (WD), characterized by
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processed foods, high salt intake, refined sugar, and omega-6 fatty acids is one of the greatest
risk factors for neurodegenerative diseases (2). Conversely, diet can be tuned to confer
protective benefits against neurodegenerative diseases as has been observed in PD patients
surveyed following the Mediterranean diet (MeDi). Unlike the WD, the MeDi focuses on
high daily fiber intake (>25-30 g/day as opposed to <10-15 g/day) and consists of fresh fruits
and vegetables, nuts, grains, fish, and no red meat consumption (2).

Epidemiological studies have identified a correlation between the MeDi and reduced PD
risk, as well as a later-onset of disease by up to 8.4 years in men with no effect in women
(2,3). The focus on fish in the MeDi is of particular interest as it is a source of omega-3 (©3)
polyunsaturated fatty acids (PUFAs), which promote brain health (e.g., synaptic plasticity
and reducing inflammation) and is therefore relevant to our study on PD (2,4). In the limited
number of studies conducted on gut microbiota alterations with ®3 supplementation, overall,
Faecalibacterium decreases while Bacteroidetes and Lachnospiraceae increase (5). The
general consensus is that ®3 PUFAs promote gut health by shifting the microbiota
composition towards selection of short-chain fatty acid (SCFA) producers (5,6). Of note, the
SCFA butyrate maintains proper function of the colonic mucosa and the intestinal barrier (6).
The MeDi diet is associated with an increase in the microbial production of SCFAs, while the
PD-associated microbiome is characterized by a significant reduction of SCFA-producing
bacteria and an increase in gram-negative bacteria, which instead feed on protein and promote
neuroinflammation and neurodegeneration (2). However, it is not yet clear how increased fish
intake affects the gut microbiome composition, and whether these changes to the gut
microbiome may also reduce PD risk.

A study by Cirstea et al. (7) investigated the relationship between microbiota composition
and gut dysbiosis in PD by assessing the taxonomic differences between PD patients (n=197)
and healthy individuals (n=103). Metadata collected on dietary information for the 300
participants includes intake of fish. We used taxonomic data collected from fecal samples of
PD patients surveyed in Cirstea et al. (7) in addition to the dietary information obtained using
the EPIC-Norfolk Food Frequency Questionnaire (8) to ascertain if delayed onset of PD is
correlated with a high-fish diet, and to determine which gut microbes are differentially
abundant with fish intake and PD onset. Our findings correlated high-fish consumption with
increased incidence of later-onset PD in male participants only, which is consistent with the
sex-stratified diet differences reported by Metcalfe-Roach et al. (3). Although we observed
no global changes in alpha and beta diversity, SCFA-producing microbes, namely
Intestinimonas and Lachnospiraceae, were differentially abundant in participants consuming
a high-fish diet and are an indicator species of high-fish intake and later-onset PD in males.
Our findings support the potential for a high-fish diet to promote the enrichment of gut
microbes that may elicit protection against the pathogenesis of Parkinson’s disease.

METHODS AND MATERIALS

Dataset collection. The dataset utilized throughout this project was generated from the cross-
sectional cohort study conducted by Cirstea et al. (7) at the University of British Columbia
(UBC). Fecal samples from 300 participants, 197 of which were PD patients from the Pacific
Parkinson’s Research Centre at UBC, were collected using the OMNIgeneGUT Kit and
sequenced to analyze microbiota composition. Cirstea et al. (7) used barcoded 515F/806R
primers (GTGCCAGCMGCCGCGGTAA/GGACTACHVHHHTWTCTAAT) to amplify
the V4 region of the 16s rRNA gene which was followed by sequencing on the Illumina
MiSeq platform. Additionally, metadata on dietary habits was collected according to the
EPIC-Norfolk Food Frequency Questionnaire.

Kaplan-Meier survival analysis. A sex-stratified survival analysis comparing fish intake
with PD age of onset using the R (v4.2.2; 9) packages survminer (v0.4.9; 10) and survival
(v3.5-5; 11) provided the proof-of-concept for our research project. Total fish consumption
(including both men and women) followed a right-skewed distribution (Fig S1); therefore,
we used the median to define our high/low threshold as 27.2 g of fish per day.
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Metadata manipulation. A new metadata column (“fish_age status”) indicating high- and
low-fish intake and early- and later-onset PD was created for downstream analyses using the
Tidyverse (v1.3.2; 12) package in R. We generated four categories: “High Fish, Later-Onset
(n =31)”, “High Fish, Early-Onset (n = 18)”, “Low Fish, Later-Onset (n = 26)”, and “Low
Fish, Early-Onset (n = 36).” The high- and low-fish threshold was defined as 27.2 g of daily
fish intake as per our population median. Age of onset was relatively normally distributed,
therefore, we used the mean of our study set to define the early/later PD onset threshold as 59
years of age (Fig S2). Since our survival analysis indicated a stronger relationship between
fish intake and age of onset in the male cohort, we filtered the metadata to only include male
participants.

QIIME2 pipeline. 16S rRNA reads from the dataset by Cirstea et al. (7) were imported into
Quantitative Insights Into Microbial Ecology 2 (QIIME2) (v2021.11; 13) and demultiplexed
using the manifest file. Denoising to correct for sequencing errors and clustering into
amplicon sequencing variants (ASVs) were performed using the Divisive Amplicon
Denoising Algorithm 2 (DADA?2) (14). Since the mean Phred quality scores for all base
positions were above 30, the reads were not trimmed and retained at a length of 251
nucleotides. The ASV feature table generated underwent taxonomy-based filtering to remove
mitochondrial and chloroplast sequences, which was followed by frequency-based filtering
to eliminate rare ASVs (<0.005% of total reads) not considered as biological variants. A
taxonomic classification of our representative sequences was performed using the 99%
SILVA 138 reference database and 515F/806R primers (15, 16). A rooted phylogenetic tree
was constructed by aligning ASVs using Multiple Alignment Fast Fourier Transform
(MAFFT) and FastTree (17, 18). The ASV feature table, taxonomy table, and rooted
phylogenetic tree were exported from QIIME?2 to R for further analysis.

Alpha and beta diversity metrics. For the purpose of our downstream analyses, a phyloseq
object containing the processed ASV table, taxonomy table, rooted phylogenetic tree, and
sample metadata was created in R using the packages Phyloseq (v1.42.0; 19), Tidyverse (12),
and Ape (v5.6-2; 20). We generated a rarefied version of the Phyloseq object with a sampling
depth of 3500 to optimize ASV saturation and sample retention. To investigate the differences
in gut microbial diversity between our four groups (“High Fish, Later-Onset”, “High Fish,
Early-Onset”, “Low Fish, Later-Onset”, and “Low Fish, Early-Onset”), we performed and
visualized diversity metrics in R using the following packages: Microbiome (v1.20.0; 21),
Phyloseq (19), Tidyverse (12), Ape (20), Vegan (v2.6-4; 22), and ggplot2 (v3.4.1; 23).
Shannon’s diversity index, which considers community abundance and richness, was used to
quantify the alpha diversity of each group (24). We visualized these results using a boxplot
and determined significance using Kruskal-Wallis pairwise testing (a = 0.05). A weighted
UniFrac analysis, which considers abundance and phylogenetic relatedness, was used to
evaluate beta diversity (25). The results were visualized using a PCoA plot and significance
was determined with PERMANOVA (a = 0.05).

Differential abundance analysis. To determine if there are differentially enriched microbial
taxa in the gut of male PD patients consuming higher quantities of fish, we conducted
differential abundance analysis in R using Differential Expression Sequence analysis
(DESeq) (v1.38.3; 25). The packages DESeq2 (26), Phyloseq (19), Tidyverse (12), and Ape
(20) were used. DESeq? is a parametric test that models sequence abundance using a negative
binomial distribution. The taxonomy data were glommed to the genus level and we applied
an abundance filter of 10**. Since our data were divided into four groups based on fish intake
and age of onset, we chose not to use a prevalence filter as this risked eliminating taxa that
were mostly present in only one age of onset / fish intake group (Fig S3). Low-fish intake
was defined as the reference group. An adjusted p-value of <0.05 was defined as the statistical
significance threshold. The significantly differentially abundant genera were visualized with
a barplot and volcano plot using ggplot2 (22) and ggrepel (v0.9.3; 27).

Indicator species analysis. To identify key taxa associated with high-fish intake and later-
onset PD, a non-parametric indicator species analysis was performed using the indicspecies
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package (v1.7.12; 28) in R. Genus-glommed and rarefied taxonomy data was used to identify
indicator genera for each of our four groups (“High Fish, Later-Onset”, “High Fish, Early-
Onset”, “Low Fish, Later-Onset”, and “Low Fish, Early-Onset”). Indicator values were
generated based on both abundance and prevalence (Indicator Value = 100 * mean relative
abundance * mean relative frequency). Data were filtered for p-values < 0.05. Genera that
were deemed to indicate biologically irrelevant pairs (ie: high fish, late onset and low fish,
early onset) or three of the four groups were excluded from further analysis.

Correlation analysis. Linear models in base R were iteratively applied across 13 out of the
16 genera of interest derived from our differential abundance analysis using age as a response
variable and relative abundance, disease status, and their interaction term as explanatory
variables. We only included cultured genera and removed any that did not meet log2 fold
change threshold of +1. This was also applied separately to the female participants in our
cohort to identify correlations that were exclusively present in males. Controls were also used
in this part of the analysis to provide a baseline with which to compare the correlation in
Parkinson patients; this would allow us to control for any correlations that exist due to aging.
Age was used as a proxy for age of onset for Parkinson’s patients given the high degree of
correlation between the two variables (Fig S2). This is primarily an artifact of the study design
whereby PD patients were specifically recruited following their diagnosis by a particular
window of time (approx. 7 years). We controlled for possible confounding variables including
kilocalorie intake and BMI. The p-value and coefficient of the interaction term (Age *
Disease) was captured and visualized using a heatmap (v1.0.12; 29) utilizing kmeans
(Euclidean distance) to cluster taxa. Unless otherwise specified, all corrections for multiple
hypothesis testing were conducted using a false discovery rate adjustment.

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSY) Version 2.0. Functional annotations of the ASVs obtained from our male PD
cohort were inferred using PICRUSt2.0 (20, 30, 31). We particularly focused on the MetaCyc
pathway output and determined differentially abundant metabolic pathways using DESeq
(25) between high dietary fish and low dietary fish consuming individuals in our population
of interest. Low fish intake was defined as the reference group. Pathways with adjusted p-
values under 0.05 were retained for further analysis.

RESULTS

A high-fish diet is significantly correlated to later-onset PD in males. To determine if
later onset of PD correlates with increased fish consumption, we performed a Kaplan-Meier
survival analysis. Using a threshold of 27.2 g of daily fish intake (Fig S1), our analysis
revealed that high-fish intake is associated with a delayed age of disease onset relative to
individuals consuming a low-fish diet (p<0.05) (Fig 1A). The trendlines describing the
Parkinson’s-free survival between high- and low-fish consumption particularly diverge at 50
years of age in the mixed male-female PD cohort. Since Metcalfe-Roach et al. (3) reported
that there were dietary sex differences, we sex-stratified the metadata (Fig 1B). This
strengthened the association between high-fish intake and increased incidence of later-onset
of PD in males (p<0.05), while revealing no effect of fish intake on disease onset in females
(p>0.05). Thus, our study moving forward focused on the male cohort only.

No changes in global gut microbiota composition associated with fish intake and age
of onset across male PD patients. To assess if there were any global perturbations in gut
microbial community composition due to fish consumption and age of onset, we evaluated
alpha and beta diversity for our four groups (“High Fish, Later-Onset”, “High Fish, Early-
Onset”, “Low Fish, Later-Onset”, and “Low Fish, Early-Onset”). For alpha diversity,
Kruskal-Wallis testing revealed that there were no significant differences between any of the
groups for Shannon’s diversity index, indicating that all four groups were similar in terms of
community richness and abundance (Fig 2A). Similarly, statistical testing using
PERMANOVA indicated that none of the four groups significantly differed in terms of beta
diversity when characterized using a weighted UniFrac analysis, as seen by the clustering in
the PCoA plot (Fig 2B). The lack of global microbiota composition changes thus indicates
that any microbial differences in fish intake can be attributed to select taxa.
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FIG. 1 Kaplan-Meier curves comparing fish intake to disease onset reveal a correlation between high-fish consumption
and later-onset PD in males. (A) Mixed male-female PD cohort. (B) Sex-stratified comparison for fish intake versus age of
onset. Window indicates a 95% confidence interval. Significance: p < 0.05.
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FIG. 2 No significant differences in gut microbial diversity between PD patients of each unique fish intake
(high/low) and age of onset (early/later) combination. (A) Shannon’s diversity index was used to measure
alpha diversity and was visualized with boxplots. Kruskal-Wallis testing yielded insignificant q values at a =
0.05. (B) Weighted UniFrac was used to determine beta diversity. The resulting PCoA plot shows no distinct
separation of the ellipses (95% confidence interval), suggesting no notable changes in diversity between the
groups. This was confirmed with PERMANOVA testing using a = 0.05.
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High-fish intake reveals enrichment of short-chain fatty acid producers in male PD
patients. Differential Expression Sequence (DESeq) analysis was used to identify taxa that
were more or less abundant in male PD patients consuming high-fish diets compared to those
with low-fish diets. Unrarefied taxonomy data were glommed by genus and analyzed. 16
genera had p values < 0.05 and fold change magnitudes > 2, including six genera that were
more abundant and 10 that were less abundant in patients with high-fish intake (Fig 3A, B).
Two of these genera were uncultured.
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FIG. 3 DESeq analysis reveals changes in abundance of gut microbes in high-fish intake male PD patients. (A) Bar
plot indicating genera differentially abundant with high-fish intake compared to low-fish intake patients. (B) Volcano plot
showing adjusted p-values and fold changes of all genera. Genera in blue indicate lower abundance while red signifies greater
abundance in high-fish intake PD patients compared to low-fish intake PD patients. Only genera with > 1 Log fold change
are shown. Significance: p < 0.05.

Intestinimonas is an indicator genus specific to high-fish intake and later-onset PD.
In total, 15 indicator genera for fish intake and age of onset were observed. Six were removed
from further analysis as they corresponded to multiple conflicting categories. The nine
remaining genera served as marker taxa for fish intake and age of onset in male PD patients
(Table 1). Of these, Intestinimonas, uncultured Bacteroidales, and Lachnospiraceae UCG-
008 were also observed in DESeq analysis for high-fish intake PD patients (Fig 3). Three
genera - Intestinimonas, uncultured Bacteroidales, and Lachnospiraceae NK4B4 - were
associated specifically with high-fish, later PD onset patients. No indicator genera were
associated with low fish intake, early onset patients.

TABLE. 1 Key genera distinguishing high- vs. low-fish intake and early vs. later age of onset
in males identified through indicator species analysis. Three genera corresponded to high-fish
and later age of onset in male PD patients. Significance: * < 0.05, ** <0.01.

Genus Condition Observed Indicator Value (IV) P
Paludicola High Fish, Early Onset 0.423 woH
Anaerotruncus Low Fish, Later Onset 0.333

Merdibacter Low Fish, Later Onset 0.363

Intestinimonas High Fish, Later Onset 0.481

Uncultured Bacteroidales High Fish, Later Onset 0.402 ok
Lachnospiraceae NK4B4 High Fish, Later Onset 0.341

Lachnospiraceae UCG-008  High Fish 0.417

Uncultured Tannerellaceae  Later Onset 0.583 woH
Hydrogenoanaerobacterium Later Onset 0.432 *

Relative abundance of high-fish enriched genera are not significantly correlated
with Parkinson’s age of onset when controlling for age correlation. In our cohort of
interest (male PD patients), the correlation between age and relative abundance of
Intestinimonas is more positive relative to control male participants, suggesting that people
with later-onset PD have higher levels of Intestinimonas than controls of the same age. This
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is reflected in a positive interaction term coefficient (0.19) for the male participants in our
cohort (Fig 4A). The coefficient in the female cohort is negative and much smaller (-0.098),
indicating that this trend is specific to male PD patients, which aligns with the sex-specific
delay in disease onset characterized by a high-fish diet in male patients (Fig 1B). However,
once corrected for multiple hypothesis testing, all interaction term coefficients had a non-
significant p-value (padj > 0.05).
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FIG. 4 Correlation between participant age and relative abundance of microbial taxa of interest. (A) Linear modeling
across 13 taxa of interest featuring both significantly over-abundant and under-abundant taxa. The interaction term
coefficient for disease status and relative abundance is displayed. All taxa expressed interaction terms with non-significant
adjusted p-values (>0.05). (B) The correlation between relative abundance and participant age for Intestinimonas.

High dietary fish intake is potentially associated with increased short chain fatty
acid metabolic pathways in male PD patients. Based on inferred MetaCyc pathways,
DESeq reveals an overabundance in active pathways involved in the synthesis of SCFAs and
SCFA precursors (Fig 5). These include amino-acid derived acetyl Coenzyme A (acetyl-CoA)
and propionate through threonine degradation. Additionally, high-fish diets are associated
with increased phenylacetate, phenylethylamine, and 4-hydroxyphenylacetate degradation -
all which are involved in the production of acetyl-CoA and succinate. High-fish diets are also
involved in increased production of bacterial lipopolysaccharide (LPS), peptidoglycan, and
aerobactin synthesis. Significantly downregulated pathways include the mevalonate pathway,
phosphopantothenate biosynthesis, and formaldehyde assimilation.
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DISCUSSION

Parkinson’s disease (PD) is the second leading age-related neurodegenerative illness in
North America and is currently treated with the palliative drug levodopa to replenish
dopamine levels (1, 32). However, irreversible motor complications occur in 50% of PD
patients due to long-term levodopa use, thus a need for new interventions to treat symptoms
and potentially delay disease progression is paramount (33). Epidemiological studies provide
evidence that environmental risk factors heavily influence pathogenesis and suggest that diet
impacts progression through dual disease-promoting and therapeutic effects (2). The Western
diet (WD) in particular is regarded as a prominent risk factor for neurodegenerative disease,
while the Mediterranean diet (MeDi) has been shown to confer protective benefits against
neurodegenerative decline in PD patients in terms of reduced PD risk and later-onset of
disease in men only (2,3).

A key feature of the MeDi is incorporation of fish; a rich source of omega-3 (®3)
polyunsaturated fatty acids (PUFAs) in the form of docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), which cannot be synthesized de novo in humans and promote
overall brain health (e.g., increasing synaptic plasticity and reducing inflammation) (2,4).
Studies have shown that ®3 supplementation leads to gut microbiota alterations that result in
higher abundances of short-chain fatty acid (SCFA) producing microbes (5,6). SCFAs exert
a range of beneficial effects on host health, including anti-inflammatory, immunoregulatory,
and neuroprotective activities (34). In this study, we aimed to ascertain if onset of PD is
correlated with higher dietary consumption of fish and if SCFA-producing microbes are
differentially enriched, potentially eliciting protection against PD development.

Our findings revealed that high-fish intake is indeed associated with later-onset PD,
although this effect is only evident in males (Fig 1B). Since fish intake and age of disease
onset unsurprisingly did not lead to global dysbiosis as per alpha and beta diversity (Fig. 2),
we then looked to see if select microbial taxa were differentially expressed between male PD
patients consuming high- versus low-fish (Fig 3). Further, linear models were applied to
correlate differentially abundant taxa to participant age, which was used as a proxy for age of
onset (Fig 4). Additionally, we conducted an indicator species analysis to assess if any genera
were associated with our condition of interest (high-fish, later-onset) (Table 1).

Linear modeling revealed that no taxa identified through DESeq significantly correlated
to age of onset (Fig 4A). However, Intestinimonas had a stronger correlation with males than
females, and was the only genus both more abundant in high-fish-consuming PD patients and
an indicator species for high-fish intake and later disease onset (Fig 4B, Fig 3, Table 1).
Moreover, we observed a positive correlation with age of onset in male patients, which was
not apparent in the female PD cohort (Fig 4B). As an important butyrate producer,
Intestinimonas promotes anti-inflammatory responses and helps to maintain the healthy gut
phenotype (35). Intestinimonas also metabolizes lysine as a precursor to butyrate, which may
explain the elevated Intestinimonas in high-fish PD patients, as fish are rich sources of lysine
and other proteins (36). In relation to w3 PUFAs, a study by Saravi et al. (37) assessed if long
dietary supplementation with the plant-derived w3, alpha-linolenic acid (ALA), could restore
a youthful enterotype in aging mice. Of interest, high dietary intake with ALA partly re-
established hallmarks of a youthful microbial community, including increased abundance of
Intestinimonas. However, in the context of PD, Aho et al (2021) found Intestinimonas was
negatively correlated with SCFAs (38). Nevertheless, Intestinimonas is a promising promoter
of gut health in response to high-fish intake, although its influence on PD is still unclear.

We observed higher abundances of Lachnospiraceae UCG-003 and UCG-008, and
Butyrivibrio for male PD patients consuming higher amounts of fish (Fig 3). In healthy
middle-aged individuals, Watson et al. found supplementation with ®3 PUFAs led to an
increased abundance of butyrate-producing Lachnospiraceae genera including Lachnospira
and Roseburia (39). The Lachnospiraceae family includes a number of species with diverse
functions in the maintenance of gut health, and many produce SCFAs (40). In addition,
Lachnospiraceae are often found to be less abundant in PD patients and are negatively
correlated with disease duration (41, 42). This suggests that Lachnospiraceae may play a role
in delaying or preventing PD. However, Lachnospiraceae are also correlated with worse
motor symptoms in PD and are implicated in obesity and multiple sclerosis (43, 44).
Furthermore, conflicting evidence exists on whether Butyrivibrio, another member of the
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Lachnospiraceae family, is associated with PD (45, 46, 47). Lachnospiraceae appear to have
complex influences on neurological health, thus we cannot confirm that greater abundance of
Lachnospiraceae observed in male PD patients consuming high-fish diets elicits a protective
effect against PD development.

Alloprevotella was also enriched in high-fish intake male PD patients and produces
SCFAs with negative correlations to inflammation markers in mice with inflammatory bowel
disease (Fig 3) (48, 49). We identified Merdibacter as an indicator of low fish and later PD
onset, but this taxon has not previously been linked to neurological diseases (Table 1) (50).
We also found that Anaerotruncus indicated patients with low-fish diets and later PD onset
(Table 1). Other studies, however, found that Anaerotruncus is more abundant in PD and
associated with worse motor and nonmotor symptoms (43, 47). Although Anaerotruncus
appears to be correlated to later PD onset in our study, this does not necessarily mean that
Anaerotruncus is beneficial.

In our study, Rikenellaceae was significantly less abundant in male PD patients
consuming a high-fish diet compared to those consuming a low-fish diet (Fig 3). Higher
abundance of Rikenellaceae has repeatedly been associated with Parkinson’s disease (45, 51,
52). As this bacterium is often correlated with PD, a decrease in Rikenellaceae in our high-
fish intake male PD patients may indicate improved outcomes. Sutterella, Hungatella, and
Hydrogenoanaerobacterium are negatively associated with Montréal Cognitive Assessment
(MoCA) scores in PD patients (53). In our study, Sutterella and Hungatella were less
abundant in a high-fish diet, which further suggests that these taxa indicate worse PD
outcomes and provides a further link between fish intake and reduced PD severity (Fig 3).
However, we found Hydrogenanaerobacterium also indicated later PD onset; therefore, it is
unclear whether Hydrogenanaerobacterium is helpful or harmful to PD progression (Table
D).

Asteroleplasma has previously been found to correlate to PD progression but was
suspected to be a false positive result (52). Paludicola and Megasphaera are more abundant
in females with Fibromyalgia, a neurological disorder associated with the gut microbiome,
specifically with lower levels of propionate (54). We found Paludicola was associated with
earlier-onset male PD patients, but specifically in those patients consuming high-fish diets.
Meanwhile, Eubacterium, a propionate producer, was less abundant in Fibromyalgia patients.
Eubacterium, Flavonifractor, and Catenibacterium were also found to be less abundant in
patients with colorectal cancer (55). Our findings showed that these three genera are less
abundant in high-fish intake PD patients. If these genera positively influence gut health, then
their depletion in high-fish consuming PD patients may be harmful. Further research on the
roles of all of these bacteria in gut health may shed light on how the microbiome affects
colorectal cancer, Fibromyalgia, and PD progression.

Using Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt2), marker genes were used to infer key metabolic pathways potentially
active in the gut (30). DESeq revealed a significant increase in pathways associated with the
production of acetate, propionate, and SCFA precursors such as acetyl-CoA and succinate
(Fig 5). Acetate is the most abundant SCFA in the gut, but it can be transformed into butyrate
by the enzyme butyryl kinase and butyryl-CoA:acetyl-CoA transferase. Butyrate production
in the gut is highly dependent on this cross-feeding, which is mediated by a variety of
butyrate-producing bacteria (56). Numerous studies attribute a role for SCFAs in mediating
protection against a variety of neurodegenerative diseases, including PD. These mechanisms
have the potential to target both the pathophysiology (alpha-synuclein mediated
dopaminergic receptor degeneration) and symptomatic presentation of PD. Radioactive
tracing has also shown that SCFAs are capable of crossing the blood brain barrier (BBB)
following absorption through the gut (57, 58). Within the central nervous system, SCFAs
have demonstrated the potential to induce the production of dopamine (59), while inhibiting
alpha synuclein-mediated degradation of dopaminergic neurons (60). Additionally, SCFAs
are believed to help maintain the integrity of the BBB, and impairment of the BBB has been
linked to PD in animal models (61). In the gut, reduced SCFA production in PD patients is
associated with impaired colonic peristalsis and reduced intestinal barrier integrity, leading
to PD-associated constipation and greater risk of gut colonization by pathobionts (62, 63).
This suggests that SCFA supplements are a potential avenue to mitigate PD risk and manage
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gut and motor symptoms. In the context of our study, a delayed age of onset identified in
high-fish intake male PD patients could be due to a protective role associated with PUFA-
driven remodeling of the gut microbiome favoring SCFA-producing taxa.

Other pathways of interest upregulated in our high-fish male PD cohort include
phenylethylamine metabolism and lipopolysaccharide biosynthesis. Phenylethylamine is
found in dietary sources including chocolate, wine, and nuts and is involved in altering brain
chemistry (64). In vivo studies have shown that chronic exposure to phenylethylamine is
associated with the neurodegeneration of dopaminergic receptors (65). Since
phenylethylamine is absorbed by intestinal epithelial cells and readily crosses the blood brain
barrier (66, 67), microbial-mediated breakdown of the compound may potentially prevent its
accumulation in the central nervous system and delay PD onset. Increased biosynthesis of
LPS is not surprising in PD patients given the association to gut inflammation (68); however,
it is unexpected for its synthesis to be upregulated in male patients consuming a high-fish diet
since SCFA abundance is associated with improved gut epithelial integrity and suppression
of inflammatory response.

Limitations The food and nutrition metadata categories, including the ‘fish’ category, were
collected by Cirstea et al. (7) through the EPIC-Norfolk Food Frequency Questionnaire. This
method of reporting dietary fish intake creates limitations regarding this study as self-
reporting through a questionnaire is subject to inaccuracies. Additionally, the questionnaire
lacks specificity toward the type of fish consumed, which is of importance given the varying
nutritional composition of different categories of fish. In comparison to lean fish (e.g., bass
or cod), fatty fish (e.g., salmon or tuna) have higher levels of omega-3 FAs, a factor that is
directly related to our investigation into how fish consumption is protective against PD (69).
Moreover, the median thresholds we chose for age of onset and fish intake are arbitrary and
may not accurately reflect biologically significant divisions. In addition to different
thresholds, testing multiple diversity metrics may elucidate differences in microbiome
composition between our groups of interest.

Similar to the study conducted on the original dataset by Cirstea et al. (7), the
observational nature of the data limits this study to drawing correlational, not causal,
conclusions. In an attempt to offset the effects of confounding variables, we controlled for
kilocalories and BMI in our correlational analysis, but controlling for these two variables still
does not eliminate the possibility of other confounding variables influencing our results. A
controlled experiment design would be necessary in order to establish causality that could be
explained by mechanistic links.

Another limitation of this study that stems from the original dataset is the limited sample
size; of the 300-patient cohort, only 111 subjects were males with PD. The relatively small
number of male PD patients in this study reduces the statistical power of the various statistical
tests we used, potentially resulting in us missing key findings that would be revealed by a
larger sample size. In addition, a limited sample size led to the inability to apply a prevalence
filter in our DESeq analysis without losing key results that had been validated by our Indicator
Species analysis. These limitations illustrate how increasing the sample size would enable a
more robust analysis and allow us to be more confident in our results. In addition to a small
sample size, DESeq is known to produce false positives; therefore, species identified through
our study may not be relevant to PD progression. Future studies could utilize optimized
packages for metagenomics or establish more thresholds for false discovery.

Conclusions The aim of our study was to investigate whether a diet rich in fish has any impact
on PD onset and if there is a unique gut microbiota composition associated with a high-fish
diet that may be involved in eliciting protection against the development of PD. We
hypothesized that a high-fish diet is correlated with a delayed onset of PD because consuming
high amounts of fish is thought to promote the enrichment of SCFA-producing microbes,
which can be protective against neurodegenerative diseases. Our findings indicate that a high-
fish diet is indeed associated with protection against PD onset but only in males. Results from
our diversity analyses identified no significant alterations in gut microbial composition due
to fish intake and age of onset, suggesting that fish consumption does not cause global
changes in the gut microbiota to affect PD onset. However, we did observe the enrichment of
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SCFA-producing microbes, including Intestinimonas and Lachnospiraceae, in male PD
patients consuming high amounts of dietary fish compared to those consuming lower amounts
of fish. Our indicator species analysis also identified these genera as key markers for high-
fish intake and later-onset of PD, further establishing their possible role in eliciting protection
against PD pathogenesis in males. MetaCyc analysis revealed that a high-fish diet is
associated with the enrichment of SCFA metabolic pathways, particularly acetate and acetyl-
CoA synthesis, which are believed to confer protection against PD. All together, these
findings establish a correlation between a high-fish diet and later onset of PD in males and
suggest that protection against PD could be mediated by promotion of SCFA-producing
microbes.

Future Directions This study provides proof of concept for further investigation into how
dietary fish intake influences protection against PD, potentially mediated by the enrichment
of SCFA-producing bacteria. To address one of the major limitations of this study, conducting
a similar study with a larger sample size would potentially elucidate more key taxa and allow
for verification of the trends we observed in the correlation analysis. Furthermore, collecting
metabolomic data from PD patients would enable a better understanding of the metabolic
pathways impacted by the presence of SCFA-producing bacteria enriched by a high-fish diet.
This would provide further insight into the mechanistic links between fish intake and age of
PD onset. After further in silico verification of our taxa of interest, in vivo studies of these
key taxa would be the logical next step in establishing their protective effect against PD-
associated gut-inflammation. This could be accomplished through experimental studies on 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) murine models of PD involving the
introduction of individual key taxa or dietary supplements (e.g., ®3) and then observing PD-
related pathologies and obtaining metabolomic data to support mechanistic links (70).
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