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SUMMARY Globally, Parkinson's disease (PD) is emerging as the most rapidly growing
neurological disorder. PD is associated with a strongly altered gut microbial composition,
which may promote disease in part by increasing inflammation. A high sodium diet (HSD)
has been shown to alter gut microbial composition in a pro-inflammatory manner, and thus
our study aimed to determine whether people with PD who had HSDs experienced more
dysbiosis than those with lower sodium intake. If a correlation between HSDs and an
exacerbated PD gut phenotype exists, adopting low-sodium diets could emerge as a viable
strategy to mitigate PD gut dysbiosis and alleviate associated downstream symptoms. We
examined differences in gut microbial diversity and composition related to an HSD within a
cross-sectional cohort of 281 individuals both with (n=182) and without PD (n=99). Our
approach involved employing alpha and beta diversity analyses alongside differential
abundance analyses at the amplicon sequence variant (ASV) level. An HSD was associated
with significant differences in the gut microbial composition within the control subjects, but
not those with PD. Thus, our findings suggest that the factors underlying the distinct gut
microbial profile associated with PD appear to exert a more pronounced influence than the
impact of sodium. Based on our findings, there is no compelling evidence to advise
individuals with PD against consuming HSD for alleviating gastrointestinal dysbiosis.
Overall, our research provides more insight into the correlation between sodium and the gut
microbial composition of individuals both with and without PD and establishes novel avenues
for future research.

INTRODUCTION

lobally, neurological disorders are the top cause of disability, with Parkinson's disease

(PD) the most rapidly growing among them (1). As the second most prevalent

neurodegenerative disorder worldwide, PD impacts over eight million individuals (2).  Published Online: September 2024
PD encompasses a range of symptoms including tremors, rigidity, bradykinesia, postural Citation: Huseynova, Alayoubi, Chau, Gama,
instability, and impairment of cognitive function (1). Another defining feature of PD Wong.2024. Parkinson’s disease status but not high
athogenesis is gastrointestinal tract dysfunction, reported to arise as early as ten years before S°%1™ consumption is correlated with alierations
p_ . 8 A g o y - Tep - ) ) y . ¥y . in the gut microbiome. UJEMI+ 10:1-12
clinical diagnosis (3). Individuals with PD report having major difficulties swallowing,

o X . . Editor: Shruti Sandilya, University of British Columbia
constipation, unexpected weight gain or loss, uncontrolled drooling, as well as oral and dental

) Copyright: © 2024 Undergraduate Journal of
disorders (4) Experimental Microbiology and Immunology.

Alterations in the gut microbial composition may promote oxidative stress, inflammation,  ajj Rights Reserved.
and in some cases, affect gut permeability, which impairs the blood-brain barrier and leads t0 5 gqress correspondence to:
neural degeneration (5, 6). Recent research has shed light on a potential link between the gut  https:/jemi.microbiology.ubc.ca/
microbiota and the onset of PD symptoms, particularly concerning gastrointestinal issues
including constipation and slow colonic transit time (6). To explore this link between the gut
microbiome and PD, Metcalfe-Roach et al. (7) collected fecal samples from a group of 197
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participants with Parkinson's and 103 healthy individuals, along with comprehensive data on
each individual’s medication, diet, demographics, and various motor and non-motor PD
symptoms. Cirstea et al. found a significant taxonomic difference in the gut microbiome in
participants with PD compared to controls (8). Several studies have suggested that distinct
differences in gut microbiota exist among PD patients compared to healthy controls (9-13).

Generally, Dietary Guidelines for Americans recommends consuming less than 2,300 mg
of sodium per day (14). Many individuals on Western diets regularly consume excess dietary
sodium, at an average of 3,500 mg per day (15). A high sodium diet (HSD) has been
demonstrated to alter microbial composition and function by reducing the occurrence of
short-chain fatty acid-producing bacteria such as Lactobacillus species in the gut microbiota,
thus promoting a pro-inflammatory environment in the gut (5). Short-chain fatty acids
(SCFAs) have shown promise in stimulating dopamine production and safeguarding
dopaminergic neurons. This physiological effect has been shown to partially alleviate
neurological damage in individuals with PD (16, 17, 18, 19). Previous studies have
demonstrated that certain diets such as low-protein, high-fiber or a high-quality (characterized
by a high HEI score) diet, may alter the gut microbial composition in individuals with and
without PD in a way that promotes SCFA production (20, 21, 22). However, there is a lack
of research on the impact of a diet that is particularly high in sodium on the gut microbiota in
the context of individuals with PD. Our study aims to investigate whether high sodium intake
is associated with alterations in the human gut microbiota composition and provide further
insight into whether such differences vary between individuals with PD and those without
PD. We hypothesize that high sodium intake correlates strongly with gut dysbiosis in
individuals both with PD and without PD, and we expect to observe significant differences in
the microbial gut diversity between individuals on high-sodium and low-sodium diets.
Investigating the effects of high sodium content on the human gut microbiome aligns with
the goal of informing lifestyle modifications, symptom management, and improving overall
quality of life of individuals with PD. Additionally, exploring the correlation between an
elevated sodium intake and the alterations in the gut microbial composition of individuals
with PD has not been attempted before; therefore, our research could contribute to better
understanding of whether a low-sodium diet could potentially be beneficial for alleviating
gastrointestinal symptoms in individuals with PD.

METHODS AND MATERIALS

Dataset and metadata. In this study, we utilized data from a cohort of 300 individuals,
comprising 197 PD individuals and 103 control subjects without PD or any related
degenerative disorders. (7). The data, including bacterial 16S rRNA gene sequencing
targeting the V4 region, was sourced from fecal samples collected and processed by Metcalfe-
Roach et al. using the Illumina MiSeq platform. Additionally, we leveraged extensive
metadata, which included 99 variables such as constipation severity score, body mass index
(BMI), age, disease duration, education, calcium and dietary intake variables like calcium,
sodium, and various food groups. Our analysis specifically focuses on sodium intake and
sodium-rich food groups as predictor variables. To better suit our investigation on the
correlation between sodium intake and PD gut microbiomes, participants with missing values
for sodium (n=15), age (n=0), and disease (n=0) were removed from the sample. Additionally,
sodium values exceeding 5000 mg/day were excluded to eliminate outliers (n=4). This
filtering process resulted in final sample sizes of 281 individuals for the entire cohort, with
182 in the PD group and 99 in the control group.

The data used in our study came from food frequency questionnaire (FFQ) responses
provided by participants, which were originally designed by Metcalfe-Roach et al. (7). Cirstea
et al. then ran these responses through the FFQ EPIC Tool for Analysis (FETA) software (8,
23). The median participant age was 66 years in both the control and PD groups, with an
overall age range from 58 to 71 years. Given the significant impact of age on gut microbial
composition, age was controlled in our analyses (24).

Preliminary data processing in QIIME2 and R. We performed the preliminary data
analysis on the dataset in QIIME2, which contained high-quality Amplicon Sequence Variant
(ASV) reads containing 251 nucleotides. Utilizing the DADA?2 pipeline (25), we filtered
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ASVs without truncating sample length, resulting in the retention of all ASVs. Preliminary
manipulation in RStudio (26) utilized tidyverse (27), ape (28), phyloseq (29), picante (30),
and vegan (31), filtering for bacteria, excluding chloroplast and mitochondrial ASVs,
eliminating rare ASVs with fewer than 5 counts, and removing samples with fewer than 100
total reads.

Statistical analysis of diversity. The phyloseq object created was rarefied in even depths of
6853 sample size, determined using a rarefaction curve of the cohort metadata. RStudio
(Version: 2023.12.1+402) was used to produce alpha and beta diversity metrics. Sodium
intake acted as the explanatory variable, allowing for assessment of metrics across the entire
disease cohort and for disease-stratified groups. RStudio packages utilized for these
calculations include tidyverse (27), ape (28), phyloseq (29), picante (30), vegan (31), and
geplot2 (32). Statistical significance, p, was set at an alpha level of less than 0.05. For alpha
diversity, assessed metrics included observed richness, Faith’s phylogenetic diversity and
Shannon’s diversity. Statistical analysis on alpha diversity was calculated using linear
regression, predicting the significance of sodium intake whilst controlling for age and/or
disease status. For beta diversity, assessed metrics by using Bray-Curtis, Weighted UniFrac,
and Unweighted UniFrac were performed on the overall cohort and disease-stratified groups,
while controlling for age and/or disease status. Permutational Analysis of Variance
(PERMANOVA) from vegan (31) compared beta diversity metrics and generated principal
coordinates analysis plots (PCoA). Steps are outlined in our scripts: ACGHW?7523 - 024
(Alpha & Beta - Entire Cohort) and ACGHW7523 - 027 (Alpha & Beta - Disease Stratified).

Differential abundance analyses. Differential abundance analyses of microbial genera were
conducted using DESeq2 in R v4.3.1 (33). The following packages were loaded into R for
the differential abundance analysis: phyloseq (29), which provided a framework to organize
and visualize microbiome data, and DESeq2, which allowed to model count data and apply
statistical tests to identify significant changes in microbial abundance between high-sodium
and low-sodium intake groups (34). As part of our analysis of the entire cohort, we controlled
for both age and disease status to address potential confounding factors. Analyses of divided
cohort participants with and without PD, we controlled for age as a covariate.

The following conditions were the same for all DESeq2 analyses. All reads were adjusted
by one count. Units of sodium were centered and scaled to unit variance to normalize the
values, and the taxonomy data were agglomerated to the genus level. The log,fold change
was calculated using sodium as a continuous variable and reported as the estimated change
in taxonomic abundance per unit of autoscaled sodium intake. The significance threshold for
the adjusted p-values was set to <0.01 and the threshold for log,fold changes was set to greater
than 2 or less than -2. The resulting significantly differentially abundant genera were
visualized via bar plots and volcano plots. All steps are outlined in scripts named
ACGHW?7523 -038 (Differential Abundance Tax Glom), ACGHW7523-059-1 (Differential
Abundance - Disease stratified - PD), ACGHW7523-059-2 (Differential Abundance -
Disease stratified - Ctrl) and the ACGHW7523 - 035 (Sodium and Food Groups) directories.

RESULTS

High and low sodium intake shows statistical significance in both alpha diversity
and beta diversity in the overall cohort. Alpha diversity metrics measure variation within
one community from a single sample (Figure 1), while beta diversity metrics measure
variation between different communities from multiple samples (Figure 2). Analysis of the
entire cohort revealed significant variations in alpha and beta diversity that correlated with
sodium consumption, even when controlling for age and disease status (Figure 1-2 A, C, E).

Across the entire cohort, alpha diversity metrics such as Faith’s phylogenetic diversity
(Figure 1A, p=0.0078), observed richness (Figure 1C, p=0.0343), and Shannon’s diversity
(Figure 1E, p=0.0426), showed significant differences in gut microbiota with increasing
sodium consumption, even when controlling for disease status and age. This highlights a clear
correlation between higher sodium intake and changes in microbial alpha diversity.

Similarly, the Unweighted Unifrac (Figure 2A, p=0.038) and Bray-Curtis plots (Figure
2E, p=0.029) indicated significant differences, whereas the Weighted Unifrac plot did not
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FIG. 1 Correlations between sodium intake (mg) and alpha diversity of gut microbiomes of the overall cohort and PD-
stratified groups. Linear regression models of the overall cohort (A, C, E), controlling for disease and age; of PD-stratified
groups (B, D, F), controlling for age. Faith’s Phylogenetic Diversity (A, B); Observed richness (C, D); Shannon Diversity (E,
F). Significance: P* < 0.05, p-value computed by linear regression model. Blue lines and shaded regions denote the linearized
model and error distribution, respectively.

show any significance (Figure 2C, p=0.419). These findings suggest that microbial beta
diversity also varies with increasing sodium consumption.

Significance of alpha and beta diversity is primarily influenced by control
participants. Stratifying by disease status revealed differences in alpha and beta microbiome
diversity between disease status cohorts (Figure 1-2: B, D, F), of which age is the controlling
variable. When separating our dataset into non-PD participants and PD participants to
investigate the effects of sodium on these two populations, we found that sodium only
correlated significantly with diversity in non-PD participants.

In alpha diversity analyses, significant correlations were observed in Faith’s phylogenetic
diversity (control: p=0.0228; PD: p=0.1465) (Figure 1B) and observed richness (control:
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FIG. 2 Correlations between sodium intake (mg) and beta diversity of gut microbiomes in the overall cohort and PD-
stratified groups. Sodium intake was separated into tertiles, with ellipses representing the 95% confidence interval of the
group centroids (high sodium in purple, medium in orange, low in yellow) on the PCoA plots. (A, C, E) PERMANOVA test
was conducted on the overall cohort, controlling for disease and age, and (B, D, F) on PD-stratified groups, controlling for
age. PCoA plots: Unweighted Unifrac (A, B); Weighted Unifrac (C, D); Bray-Curtis (E, F). Significance: P* < 0.05, p-value

indicative of PERMANOVA.

p=0.0257; PD: p=0.3707) (Figure 1D) among non-PD patients, whereas Shannon’s diversity
(control: p=0.2378; PD: p=0.1482) (Figure 1F) showed no significant correlation in either
cohort. These results highlight a clear association between increased sodium consumption
and changes in alpha microbiome diversity.

For beta diversity, Unweighted Unifrac (Control: p=0.021; PD: p=0.519) (Figure 2B) also
demonstrated a distinct clustering pattern, with participants without PD and high sodium
intake differing from those with low and medium sodium intake, after controlling for age.
However, this pattern was not evident in the Weighted Unifrac (Control: p=355; PD: p=0.508)
(Figure 2D) and Bray-Curtis plots (Control: p=0.178; PD: p=0.099) (Figure 2F), which did
not account for skewed clustering effect. Thus, similar to alpha diversity, beta diversity is
predominantly influenced by increased sodium consumption in control patients only.

High sodium consumption correlates with alterations in the prevalence of eight
bacterial genera in the entire cohort (PD and non-PD subjects). Differential abundance
analysis was performed to identify the association between elevated sodium consumption and
alterations in the abundance of bacterial genera. Differential abundance analysis of the overall
cohort exhibited an underrepresentation of Treponema (logrfold change of -3.22, equivalent
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to a 9.32-fold decrease in abundance) and overrepresentation of seven genera that include

Succinivibrio, Rikenellaceae RC9 gut group, Lactobacillus, Megasphaera, Bifidobacterium,

Asteroleplasma, and CAG-873. The most pronounced increase in abundance was observed in

Succinivibrio (logxfold change of 4.12, equivalent to a 17.4-fold increase in abundance)

(Figure 3A).
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FIG. 3 DESeq2 analysis reveals that high sodium consumption in the entire cohort correlates to gut microbial alterations
that are more typical of PD. Bar plots display differentially abundant genera in individuals with (A) high sodium consumption
and (B) high soups and sauces consumption. Blue bars indicate decreased abundance while red bars signify increased abundance.
(C) Volcano plot displays adjusted p-values and log>fold changes for all genera in individuals with high sodium consumption.
Significant genera are indicated in blue and non-significant genera are indicated in red. Logafold reflects the estimated change in
taxonomic abundance per unit of autoscaled sodium. Only genera with logzfold changes greater than 2 or less than -2 are considered
significant. Significance: pagj < 0.01.

No significant alterations in the abundance of bacterial genera were found with high
sodium consumption in individuals with PD. To investigate the association of disease status
and alterations in bacterial abundances with high sodium intake, we repeated the differential
abundance analysis after dividing the cohort based on the disease status (PD vs. control
individuals). Looking at individuals with PD, there were no differentially abundant genera
found in those with an HSD; interestingly, even the eight bacterial genera that were
abundantly present with elevated sodium in the overall cohort analysis (Figure 3A) were not
differentially abundant in individuals with PD (Figure 4A). The differences in the abundance
of Treponema approached significance in the non-PD group, with a log>fold change of 1.77,
equivalent to a 3.4-fold abundance increase. Differences in the abundance of Succinivibrio
were also verging on statistical significance with a log,fold change of -1.24, which translates
to a 2.4-fold decrease in the abundance with elevated sodium intake. In individuals without
PD, we identified one significantly differentially abundant genus, Rikenellaceae RC9 gut
group, with a log>fold change of 2.00, equivalent to a 4-fold increase in abundance with
elevated sodium intake. Notably, Rikenellaceae RC9 gut group also showed a log>fold change
of 0.66, equivalent to a 1.6-fold increase in its abundance in individuals with PD.

Consumption of sodium-rich food groups correlates with alterations in bacterial
genera abundances, mirroring alterations seen with high sodium consumption. To
explore the possibility that sodium alone is not the main driving factor of the observed
alterations in gut microbial composition and that constituents in sodium-rich food categories
may correlate more strongly with the observed changes than sodium itself, we conducted an
additional differential abundance analysis with specific food groups. First, we conducted
correlation tests to determine which one of the available food groups correlated with sodium
intake the most. Spearman’s correlation test was selected due to a left-skewed data
distribution of the food groups, as observed through the visualization of histograms
(Supplemental Figure S1). As evident from the Spearman’s correlation test, the food group
that correlated with sodium content the most was soups and sauces (Supplemental Figure
S2A). Consequently, we performed differential abundance analysis to investigate the
abundance of bacterial genera associated with high consumption of soups and sauces in the
overall cohort, and compared the log,fold changes of shared genera, with those obtained from
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FIG. 4 High sodium consumption is not associated with changes in the gut microbial composition of PD participants.
(A) Bar plot displays genera differentially abundant in PD participants with high sodium consumption and in (B) control
participants with high sodium consumption. Blue bars represent genera with decreased abundance, while red bars represent
genera with increased abundance. Logzfold reflects the estimated change in taxonomic abundance per unit of autoscaled
sodium. Only genera with >2 logzfold change are significant as indicated by the darker coloured bars. Significance: pagj <
0.01.

the analysis exclusively centered on sodium consumption (Figure 3A). There were a few
notable differences between the two groups, with the soups and sauces-related analysis
(Figure 3B) exhibiting non-significant results for CAG-873 and significant changes in the
Elusimicrobium abundances, as compared to sodium-associated changes seen in Figure 3A.
Overall, however, the two predictor variables, elevated consumption of sodium and that of
soups and sauces, correlate with roughly the same microbial organisms that demonstrate
similar log,fold changes (Table 1).

TABLE. 1 Log:fold changes of differentially abundant genera for individuals
consuming high amounts and sodium and high amounts of soups and sauces.
Logofold reflects the estimated change in taxonomic abundance per scaled unit of
variance for sodium. Significance: adjusted p <0.01.

G Log:fold changes
enus Sodium Soups and sauces
g Treponema -3.22 -2.73
g Elusimicrobium NA -2.07
g Bifidobacterium 2.10 2.10
g Megasphaera 2.52 2.19
g Asteroleplasma 2.04 2.21
g Lactobacillus 2.89 2.90
g Rikenellaceae RC9 3.04 3.07
g Succinivibrio 4.12 4.16
DISCUSSION

This study aimed to examine the correlation between high sodium intake and gut
microbial alterations in the entire cohort, as well as between PD and non-PD participants. We
investigated the gut microbiome variation through alpha and beta diversity analyses and
examined differential abundance in relation to sodium intake.

In our alpha diversity analysis, we found significance in Faith’s phylogenetic diversity —
which measures phylogenetic relationships — for the entire cohort (Figure 1A). These results
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are corroborated with a prior study in mice that examined the impact of varying NaCl
concentrations in the diet (0.03% for sodium deficiency, 0.5% as the control, and 4% and
10% NaCl for elevated intake) on the gut microbial diversity (35). The study found that the
10% NaCl group had greater Faith’s phylogenetic diversity compared to the 4% NaCl group,
which the author claims could be ascribed to the proliferation of halotolerant species in the
microbiota (35). Shannon’s diversity and observed richness — which measure community
richness with and without abundance respectively — were also significantly different between
high-sodium and low-sodium groups for the entire cohort. These results are supported by
Wilck et al.’s findings which state that high sodium consumption correlates with alterations
in microbial diversity and richness (36).

When looking at beta diversity within the entire cohort, sodium intake variation was
statistically significant in Bray-Curtis and Unweighted Unifrac (Figure 2A, E). Bray-Curtis
is a metric that reflects compositional dissimilarity between two different sites; Unweighted
Unifrac is a metric that reflects the changes in the abundance of rare genera. These results
suggest a correlative relationship between high sodium intake and diversification of the
overall microbiome composition, along with the presence of rare or low-abundance features
in the control group. Observing the same beta diversity metric after disease status
stratification, Unweighted UniFrac revealed significance in participants without PD (Figure
2B). These observations align with previous research done in healthy mice where high sodium
intake was shown to lead to alterations in beta diversity of the gut microbiome (35). However,
these observations in beta diversity are not reflected in our analysis of gut microbial diversity
in participants with PD, potentially suggesting that the diagnosis of PD likely has a more
pronounced influence on the gut microbial composition than the consumption of sodium. This
phenomenon could be attributed to the disease status of individuals, as PD has an established
impact on the gut microbiome (9-13). The disproportionate male representation of the PD
cohort and the varied medications used to treat PD further contribute to the complex picture
of microbial composition.

In our differential abundance analysis of the entire cohort, we found that eight genera had
significantly increased or decreased abundance with high sodium consumption (Figure 3).
Based on our results, we proposed that PD may be masking the impact of sodium on gut
microbial composition. This is further supported by our findings within the PD cohort, where
the eight genera that were initially differentially abundant across the entire cohort showed no
significant differential abundance in participants with PD. Therefore, we propose that the
influence of PD diagnosis on the composition of the human gut microbiome is likely more
significant than the correlation seen with sodium.

Furthermore, an HSD has been firmly linked to the depletion of the Lactobacillus genus
in humans (5, 36). However, our results deviate from this existing body of work, revealing an
elevated abundance of Lactobacillus with high sodium intake. A comparable pattern was
noted for Bifidobacterium, which exhibited increased abundance in individuals with
heightened daily sodium intake, presenting a contrast to prior literature (35). One plausible
explanation could be that, due to an overrepresentation of individuals with PD across our
cohort, the patterns identified in our study once again align more closely with the trends
observed in PD-associated gut microbiomes, wherein Lactobacillus and Bifidobacterium
have been shown to have increased abundances (6, 34). Nevertheless, this pattern is reflected
in our analysis of the control group that demonstrated a slight decrease in the differential
abundances of Lactobacillus and Bifidobacterium in individuals without PD, with elevated
sodium intake (Figure 4B). Overall, these results strengthen our hypothesis that the diagnosis
of PD likely exerts a more prominent impact on human gut microbial composition than
sodium.

Cirstea et al. proposed that higher levels of Bifidobacterium could be attributed to higher
doses of levodopa (L-DOPA), prescribed with increased disease severity in participants (8,
37). L-DOPA is the gold standard prescription for individuals with PD, and Bifidobacterium
has been shown to utilize excess L-DOPA for metabolism, leading to its proliferation in
individuals with PD (38). Bifidobacterium-containing probiotics have proven beneficial to
individuals with PD, by improving mood and alleviating gastrointestinal symptoms (39, 40).
Therefore, the augmented Bifidobacterium abundance that we observe should not be a cause
of concern considering the benefit this genus offers to individuals with PD. Also seen in
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individuals with PD reporting an HSD was a notable rise in the abundance of Rikenellaceae
RC9 gut group (Figure 4B). Consistent with our results, a previous study (35) found enriched
abundances of the Rikenellaceae genus with elevated sodium intake.

Certain food groups such as sauces and spreads, processed meats, and salty snacks, have
the highest mean sodium content among other foods (41). Our findings demonstrate
comparable microbial abundances when considering sodium consumption and consumption
of soups and sauces. Therefore, it is unclear if the consumption of soups and sauces confounds
that of sodium in the changes observed in the microbial composition. However, since sodium
is the only evident common dietary factor among all soups and sauces, sodium is the most
likely determining factor for the alterations in the microbial composition observed.

Limitations Metcalfe-Roach et al. gathered data on food and nutrition values, including
sodium, using the EPIC-Norfolk Food Frequency Questionnaire. The questionnaire uses
algorithms to estimate the average daily nutrition intake from reported amounts or groups of
food eaten (7). While some food items like snacks or prepackaged foods may have brand
names or manufacturer labels to provide information, it is difficult to account for homemade
foods or restaurant foods that may include more or less sodium than the average expected
amount. Therefore, the method used to report dietary sodium intake introduces limitations to
the dataset utilized for our study, as the values for sodium intake are estimates, and self-
reporting through a questionnaire is susceptible to inaccuracies.

Additionally, the PD cohort exhibits a notable overrepresentation of males (with a
distribution of 116 males and 66 females), in contrast to the control group (with a distribution
of 47 males and 52 females). Therefore, sex remains a confounding variable for variations in
the gut microbiome observed with elevated sodium intake between the PD and control
cohorts. Differences in the gut microbiome among people, influenced by genetic background
and environmental factors, could also be obscuring potential changes in the microbiome
associated with sodium. Finally, due to the cross-sectional design of the study, the data are
correlative; therefore, we cannot conclude cause and effect using the collected data.

In terms of the analyses conducted, one major limitation of applying DESeq?2 to microbial
data is the assumption that the underlying counts follow a negative binomial distribution.
Microbial datasets frequently contain a large number of zeros and highly variable counts,
which can lead to poor model fitting and, consequently, biased differential abundance
estimates. To mitigate this issue, counts were adjusted by one, however this may not have
been enough to fix the underlying issue, thus the data from this study is susceptible to bias.
Future studies can employ alternative methods such as zero-inflated models to more
accurately reflect the true distribution of microbial data.

Conclusions This study aimed to investigate whether high sodium intake is associated with
alterations in the human gut microbial composition and provide further insight into whether
such differences vary between individuals with PD and those without PD. We hypothesized
that high sodium intake would strongly correlate with disturbances in the gut microbial
diversity and composition in individuals both with PD and without PD in our cohort.
However, while the different alpha and beta diversity metrics investigated showcased
significant correlations with high sodium intake in the control group and in the overall cohort
(PD and non-PD), none of the diversity metrics showcased any significant correlations in
individuals with PD. Similarly, the differential abundance analysis only showcased
significant results when investigating either the control group or the overall cohort, but no
significant results were found when investigating solely individuals with PD. In the overall
cohort, our study displayed an unexpected overrepresentation of Lactobacillus and
Bifidobacterium populations with elevated sodium intake which is more consistent with the
gut microbial profile of individuals with PD and inconsistent with previous literature on
individuals consuming high sodium diets. Thus, based on our findings, we found no
compelling evidence to advise individuals with PD against consuming high-salt diets for
alleviating gastrointestinal symptoms. In this study, the correlation is more likely tied to the
manifestation of Parkinson's disease itself rather than an elevated sodium intake. Overall, our
research provides more insight into the gut microbial composition of individuals both with
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and without PD with respect to sodium intake and identified new directions for future
research.

Future Directions Our hypothesis that PD may be masking the effects of sodium on the
human gut microbial composition may be further investigated in a controlled animal study
using a mouse model of PD to be able to definitively conclude cause and effect. Moreover,
future research could also investigate the effects of medications prescribed in PD treatment
as a confounding variable on the gut microbiome in individuals with both high sodium and
low sodium intake. Future studies could also repeat the investigation of the effects of sodium
on the gut microbiome in a cohort of individuals with an equal distribution of individuals with
and without PD. To account for sex imbalances mentioned in the limitations section, follow-
up investigations could recruit more men for the control group to account for the
disproportionate representation of men in PD. This would minimize the effects of individuals’
sex as a confounding variable in the context of investigating the correlation between sodium
intake and alterations in the human gut microbial composition.
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