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Abstract: Patients with Parkinson’s disease (PD) exhibit distinct gut microbiota, which may promote
gut-derived inflammation. Rifaximin is a nonabsorbable antibiotic that can modify gut microbiota.
The present study investigated the effect of rifaximin on gut microbiota and inflammation status in
PD. The study examined the effect of long-term rifaximin treatment on in vivo transgenic PD mice
(MitoPark) and short-term rifaximin treatment on patients with PD. Rifaximin treatment caused
a significant change in gut microbiota in the transgenic PD mice; in particular, it reduced the relative
abundance of Prevotellaceae UCG-001 and increased the relative abundance of Bacteroides, Muribaculum,
and Lachnospiraceae UCG-001. Rifaximin treatment attenuated serum interleukin-1β, interleukin-6
and tumor necrosis factor-α, claudin-5 and occludin, which indicated the reduction of systemic
inflammation and the protection of the blood–brain barrier integrity. The rifaximin-treated MitoPark
mice exhibited better motor and memory performance than did the control mice, with lower microglial
activation and increased neuronal survival in the hippocampus. In the patients with PD, 7-day
rifaximin treatment caused an increase in the relative abundance of Flavonifractor 6 months after
treatment, and the change in plasma proinflammatory cytokine levels was negatively associated
with the baseline plasma interleukin-1α level. In conclusion, the present study demonstrated that
rifaximin exerted a neuroprotective effect on the transgenic PD mice by modulating gut microbiota.
We observed that patients with higher baseline inflammation possibly benefited from rifaximin
treatment. With consideration for the tolerability and safety of rifaximin, randomized controlled trials
should investigate the disease-modification effect of long-term treatment on select patients with PD.

Keywords: rifaximin; gut microbiota; Parkinson’s disease; inflammation

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease [1].
The deposition of Lewy bodies formed by the aggregation of α-synuclein in the midbrain
substantia nigra is the pathological hallmark of PD [2]. The intestines are hypothesized
to be the site of origin of pathological α-synuclein, which is transmitted to the brain and
then to the medulla through the vagus nerve [3]. Numerous studies have demonstrated the
accumulation of α-synuclein in the colonic tissue of patients with early- and prodromal-
stage PD [4–6]. Moreover, findings related to the gut–brain axis strongly support the
association between the intestinal environment and neurodegeneration [7].

Gut microbiota (GM) are microorganisms present in the intestines; they are a cru-
cial determinant of the intestinal environment. The GM profile affects food and drug
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metabolism and absorption as well as local and systemic inflammatory responses, and it
is affected by systemic conditions, such as stress and depression [8]. GM is crucial for the
aggregation of α-synuclein, and the absence of microorganisms in the intestines prevented
the aggregation of pathological α-synuclein in transgenic PD mice [9]. The GM profile
differs between patients with PD and healthy individuals [10–12]. Although GM profile is
strongly associated with diet, the enrichment of the genera Lactobacillus, Akkermansia, and
Bifidobacterium and the depletion of bacteria belonging to the family Lachnospiraceae and the
genus Faecalibacterium are consistently noted [13].

GM can be modified by probiotics and prebiotics. Prebiotics, such as starches, provide
a favorable environment for the enrichment of beneficial microorganisms. Probiotics are
select microorganisms such as Lactobacillus and Bifidobacterium that can be orally prescribed
and that can colonize the intestines [14]. Antibiotics have an adverse effect on GM. Systemic
antibiotic treatment reduces the diversity of GM; increases the proportion of resistant
bacterial strains, which induce a focal intestinal inflammatory response; disrupts the tight
junction in the intestines; and causes the influx of intestinal toxins into the bloodstream
(leaky gut syndrome) [15].

Rifaximin is a nonaminoglycoside, semisynthetic, nonsystemic antibiotic derived
from rifamycin SV [16]. Rifaximin is approved by the United States Food and Drug
Administration for the treatment of travelers’ diarrhea [17] and hepatic encephalopathy
and for the prevention of bacterial outgrowth in patients with liver cirrhosis [18]. Rifaximin
exhibits unique eubiotic characteristics and does not reduce either the diversity of GM
or the abundance of beneficial bacterial strains [19]. Rifaximin has been used in patients
with PD to prevent bacterial overgrowth in the small intestine. Treatment with 1100 mg of
rifaximin per day for 7 days significantly reduced the growth of undesirable bacterial strains,
especially Helicobacter pylori, with minimal side effects [20]. Regarding neuroprotection,
rifaximin treatment reduced the serum neurofilament light chain levels in patients with
mild to moderate Alzheimer disease [21].

We hypothesized that rifaximin modifies GM and exerts beneficial effects on patients
with PD through the gut–brain axis. A preclinical study investigated the protective effect
of long-term rifaximin treatment on transgenic PD mice. This phase I/IIa open-label
clinical study investigated the effect of 7-day rifaximin treatment on GM and systemic
inflammatory responses in patients with PD.

2. Methods
2.1. Study Participants and Rifaximin Treatment

Twenty participants were enrolled in this study. PD was diagnosed on the basis of the
United Kingdom Parkinson’s Disease Society Brain Bank Diagnostic Criteria. Only patients
with mild to moderate PD, defined as stage I to III PD according to the Hoehn and Yahr
scale, were included in the PD group. This study was approved by the Joint Institutional
Review Board of Taipei Medical University (approval no. N201005044) and registered at
ClinicalTrials.gov (Identifier: NCT03958708). In this open-label, single-arm study, all the
patients with PD were prescribed 550 mg of rifaximin twice per day for 7 days. Baseline
GM, clinical performance, and blood samples were examined before rifaximin treatment.
GM was assessed immediately and 6 months after treatment, whereas motor performance
and blood samples were examined 6 months after treatment. Side effects of rifaximin were
recorded immediately and 6 months after treatment. For the clinical study, rifaximin was
provided by CK Medtech Corporation, Taiwan.

2.2. Experimental Animals and Rifaximin Treatment

All animal procedures were approved and performed in accordance with the guide-
lines of the Institutional Animal Care and Use Committee/Laboratory Animal Center of
Taipei Medical University (LAC-2020-0308). Transgenic DAT-cre × TfamloxP MitoPark
mice [22] were maintained in the animal unit of Taipei Medical University in accor-
dance with Taiwan’s regulations for experimental animals. The mice were maintained
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in a temperature-controlled room (22 ◦C) under a 12-hour light–dark cycle. Transgenic
MitoPark mice were provided by the National Laboratory Animal Center, Taiwan. At the
age of 8 weeks, the mice were divided into two groups and fed either 50 mg/kg rifaximin
5 days per week or continual normal diet for up to 3 months. In total, 6 MitoPark mice were
treated with rifaximin, and another 6 MitoPark mice were not. One MitoPark mouse in the
non-treated group was dead during the experimental period. In order to mimic the clinical
study (PD patients only), the in vivo study did not include wide-type mouse. Regarding
the in vivo study, rifaximin was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).

2.3. GM: 16S rRNA Assessment

DNA was extracted from stool samples (approximately 200 mg) by using the
QIAamp Fast DNA Stool Mini Kit (Catalog no. 51604; Qiagen, Germantown, MD, USA)
according to the manufacturer’s instructions. The amount of buffer was adjusted in
proportion to the amount of stool. Subsequently, 16S ribosomal RNA (rRNA) gene am-
plification and library construction were performed following protocols provided by
Illumina [https://support.illumina.com/downloads/16s_metagenomic_sequencing_
library_preparation.html (assessed on 22 February 2022)]. The V3–V4 region of bac-
terial 16S rRNA genes was amplified through polymerase chain reaction by using
the universal bacterial primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R
(5′-GACTACHVGGGTATCTAATCC-3′), which contain Illumina overhang adapter se-
quences in the forward (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3′) and
reverse (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′) primers. Illumina
sequencing adapters and dual-index barcodes were added to amplicon targets by using
the Nextera XT Index kit. The quantity and quality of libraries were measured using the
QSep100 Analyzer (BiOptic, New Taipei City, Taiwan). Finally, the libraries were normal-
ized and pooled in an equimolar ratio and sequenced using an Illumina MiSeq System.

The 16S rRNA gene sequencing data were analyzed as follows. The universal primers
were removed from demultiplexed paired reads by using Cutadapt [version 1.12; https:
//github.com/marcelm/cutadapt (assessed on 22 February 2022)]. Subsequently, se-
quences were processed using the DADA2 workflow [version 1.6; http://bioconductor.
org/packages/dada2/ (assessed on 22 February 2022)] in the R environment. In brief,
filtering, trimming, and dereplication were independently performed on the forward
and reverse reads, and a denoising algorithm was then applied to the reads. The paired
reads were merged, and they required a minimum 20 bp overlap. Chimeras were subse-
quently removed. The taxonomy of the inferred ribosomal sequence variants (SVs) was
determined using the SILVA database [version 138; http://www.arb-silva.de (assessed
on 22 February 2022)] as a reference, with the minimum bootstrap confidence being 80.
Multiple sequence alignment of the SVs was performed using DECIPHER [version 2.6.0;
http://bioconductor.org/packages/DECIPHER/ (assessed on 22 February 2022)], and
a phylogenetic tree was constructed from the alignment using phangorn [version 2.3.1;
https://cran.r-project.org/package=phangorn (assessed on 22 February 2022)]. A phyloseq
object was created using information on the frequency table, taxonomy assignment, and
phylogenetic tree, and community analyses were performed using phyloseq [version 1.19.1;
http://bioconductor.org/packages/phyloseq/ (assessed on 22 February 2022)]. Raw abun-
dances were converted into normalized abundances by using the getVarianceStabilizedData
function of DESeq2 [version 1.18.1; http://bioconductor.org/packages/DESeq2/ (assessed
on 22 February 2022)] after the phyloseq data were converted into a DESeq2 object by using
the phyloseq_to_deseq2 function. The exact Wilcoxon rank-sum test (Mann–Whitney U
test) was performed to determine differentially abundant taxonomic ranks between the con-
trol and rifaximin-treated mice and between the control and rifaximin-treated participants
with PD at different time points. We analyzed sample relatedness by calculating UniFrac
distances by using the GUniFrac package (version 1.1) to determine the community dis-
similarity between the groups. Principal coordinate analysis (PCoA) ordination of UniFrac
distances was performed, and the adonis and betadisper functions in the vegan package
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[version 2.4; https://CRAN.R-project.org/package=vegan (assessed on 22 February 2022)]
were used to statistically analyze the dissimilarity of compositions among the groups and
the homogeneity of dispersion, respectively.

2.4. Protein Quantification: Western Blot Analysis

Total proteins were extracted from frozen midbrain, cortical, and hippocampal tissue
samples after homogenization in ice-cold RIPA buffer (Millipore, Temecula, CA, USA)
containing protease (Sigma-Aldrich Inc., St. Louis, MO, USA) and a phosphatase inhibitor
(BioShop, Ontarrio, Canada). Protein concentrations were measured using the Bradford
protein assay (Bio-Rad, Hercules, CA, USA). In total, 20 µg of protein was separated in
a 4–20% sodium dodecyl sulfate–polyacrylamide gradient gel (TOOLS, New Taipei City,
Taiwan). After electrophoresis, the proteins were transferred onto Hybond-enhanced
chemiluminescence nitrocellulose membranes. Antibodies against interleukin (IL)-1β
(Cell Signaling Technology, Beverly, MA, USA, Cat.#12242, 1:1000), IL-6 (Cell Signaling
Technology, Cat. #12912, 1:1000), tumor necrosis factor (TNF)-α (Cell Signaling Technology,
Cat.# 11948, 1:1000), claudin-5 (Abcam, Burlingame, CA, USA, ab131259, 1:1000), occludin
(Abcam, ab216327, 1:1000), CD-86 (Cell Signaling Technology, Cat. #91882, 1:1000) and
arginase-1 (Cell Signaling Technology, Cat. #43933, 1:1000) were used. β-Actin (Millipore,
MAB1501, 1:10,000) was used as a loading control in the mouse tissue. For the mouse and
human plasma, equal loading was achieved using identical volumes of samples.

2.5. Immunohistochemistry

Brain tissues were collected from the MitoPark mice and perfused with 4% paraformalde-
hyde. The tissues were incubated at 4 ◦C for postfixation overnight. The tissues were cut
into 5 µm slices. Parafilm slides were deparaffinized using Trilogy (Cell Marque Corpo-
ration, Hot Springs, AR, USA) at 120 ◦C for 15 min and washed with tap water several
times. The slides were blocked with phosphate-buffered saline containing 0.5% Triton X-100
(v/v) and 5% bovine serum albumin. Anti-tyrosine hydroxylase (TH) (Millipore, AB152,
1:1000), anti-NeuN (Millipore, Burlington, MA, USA, MAB377, 1:100), and anti-ionized
calcium-binding adapter molecule 1 (Iba1) (Genetex, Irvine, CA, USA, GTX100042, 1:100)
antibodies were used. The slides were incubated with the primary antibody overnight.
After washing, a peroxidase-labeled polymer conjugated to a secondary antibody (Agilent,
Santa Clara, CA, USA) was added, and the slides were incubated for 30 min. Subsequently,
the slides were stained with a Dako REAL EnVision Detection system (Agilent) at room
temperature for 5 min. Images were obtained using the MoticEasyScan Pro 6 Imaging
System (Motic, Schertz, TX, USA). Microglia morphology analysis was performed using
ImageJ [23] according to previous literature [24]. In brief, the obtained Iba1 immunohis-
tochemistry images over substania nigra and hippocampus went through the protocols
of skeleton analysis. The number of branches and the length of branches were obtained
and averaged.

2.6. Human Plasma Cytokine Quantification

Six biomarkers (IL-1α, IL-1β, IL-6, IL-10, interferon (IFN)-γ, and TNFα) in the plasma
samples of the participants with PD were concurrently measured using the Multiplex
enzyme-linked immunosorbent assay (ELISA) kit for human cytokine panel 1 (6-Plex;
MEK1010, BOSTER, Pleasanton, CA, USA). A 5-point calibration curve was prepared using
undiluted and 1:9-, 1:27-, 1:81-, and 1:729-diluted aliquots of the reconstituted calibrator
in the aforementioned kit through serial dilution and loaded along with blank and undi-
luted samples in duplicate onto the assay plate. The assay was performed following the
manufacturer’s instructions.

2.7. Clinical Assessments

The baseline demographic data of all the participants were obtained through inter-
views. The cognitive function of study participants was evaluated by trained nurses by
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using the Taiwanese versions of the Mini-Mental Status Examination (MMSE) and Montreal
Cognitive Assessment (MoCA). All the study participants were evaluated using Part I, II,
and III of the Unified Parkinson’s Disease Rating Scale (UPDRS) during outpatient visits.
The time between the most recent dose of anti-PD medication and the assessment of UPDRS
Part IV was not recorded; the patients with PD were assumed to be on their “on” time.

2.8. Behavioral Assessments

The motor balance and coordination of the mice were evaluated using the beam
walking and rotarod tests, respectively. For the beam walking test, the MitoPark mice
were trained for 3 days to walk along a narrow Plexiglas beam (100 cm long, 0.5 cm
wide) toward a home cage located at one end of the beam. The mean time required to
walk across the beam was used as a measure of motor coordination. For the rotarod test,
a rotating rod (Rotarod, Ugo Basile, Washington, DC, USA) was used to evaluate the motor
coordination and balance of the mice. The accelerating protocol was started at a speed of
5 revolutions per minute (rpm) and reached 40 rpm within 300 s. The time to fall was the
primary endpoint. For the MitoPark mice, both tests were performed five times at 30 min
intervals monthly.

The novel object recognition (NOR) test procedure was reported in our previous
study. In brief, the MitoPark mice were administered the NOR test in a black plastic box
(45 × 45 × 60 cm3) with a camera at the top. The mice were habituated and trained before
testing. Each mouse was placed in the box for 15 min to freely explore the environment on
days 1 to 3. On day 3, each mouse was trained for 15 min in the box by using two identical
objects, and they were then returned to their cages to wait for 4 h. The mouse was then
placed back into the box with one familiar object and one novel object, and a video was
recorded for 15 min. Objects and the test box were cleaned with 70% ethanol before each
test. The video was analyzed using Noldus software (Noldus, Leesburg, VA, USA). The NOR
index indicated the percentage of total time spent on the novel object and was calculated as
follows: NOR = [(time of novel object)/(time of novel object + time of familiar object)] × 100).
Three independent experiments were performed monthly.

Gait was analyzed during spontaneous walking by using an automated gait analysis
system (Gaitlab, Viewpoint, France). Images of the mice were captured from below by
using a high-speed camera (B150 frames per second) while they ran along a narrow glass
corridor (790 cm) to identify paw step positions and moving speed. Different metrics were
calculated, namely speed, stride length, stance time, swing time, and number of strides
per second.

3. Results
3.1. Rifaximin Treatment Altered the GM of Transgenic PD Mice

Continuous rifaximin treatment for 3 months significantly altered the GM of the
transgenic PD mice (MioPark). The GM alpha diversity of the rifaximin-treated MitoPark
mice significantly differed from that of the control MitoPark mice (p = 0.008) (Figure 1A).
The results of weighted UniFrac PCoA revealed that the fecal microbiome profile signifi-
cantly differed between the rifaximin-treated MitoPark mice and nontreated MitoPark mice
(p = 0.02) (Figure 1B). A taxonomic analysis of GM demonstrated a significant reduction in
the relative abundance of the genera Prevotellaceae UCG-001 and an increase in Bacteroides,
Muribaculum, and Lachnospiraceae UCG-001 after 3 months of rifaximin treatment in the
MitoPark mice (Figure 1C,D). Prevotellaceae UCG-001 was not detectable at the beginning of
the experiments in both mouse groups (in 8-week-old mice). The relative abundance in-
creased with age in the nontreated MitoPark mice but not in the rifaximin-treated MitoPark
mice (Figure 1E).
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Figure 1. Effect of rifaximin treatment on the alteration of gut microbiota in MitoPark mice. The
stool samples of the MitoPark mice that were or were not treated with rifaximin were prepared for
fecal microbiome profiling through the high-throughput sequencing of the 16S rRNA gene by using
the Illumina MiSeq system. (A) Alpha diversity of the rifaximin-treated samples and nontreated
controls after 3-month treatment. (B) A weighted principal coordinate analysis (PCoA) plot based
on the UniFrac distances of the rifaximin-treated samples and nontreated controls after 3-month
treatment. (C) The taxonomic analysis of GM revealed the relative abundance of bacterial genera in
the MitoPark mice that were or were not treated with rifaximin over 3 months. (D) Differences in the
relative abundance of bacteria genera between the MitoPark mice that were or were not treated with
rifaximin. (E) Changes in the relative abundance of Prevotellaceae UCG-001 in the MitoPark mice that
were or were not treated with rifaximin during experiments. Data are presented as mean ± standard
deviation. *, p < 0.05, **, p < 0.01.

3.2. Rifaximin Treatment Preserved Intestinal Epithelial Integrity and Reduced Systemic
Inflammation in Transgenic PD Mice

Gut dysbiosis causes inflammation in the intestines and affects intestinal epithelial
integrity (also known as leaky gut syndrome), which increases systemic inflammation.
Systemic inflammation results in the permeabilization of the blood–brain barrier (BBB) [25].
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The present study investigated whether rifaximin treatment attenuates these detrimental
effects. Rifaximin treatment significantly reduced the serum concentrations of proinflam-
matory cytokines IL-1β, IL-6, and TNF-α in the MitoPark mice (representative image,
Figure 2A and analysis, Figure 2B, Supplementary Figure S1 for the full blot). Further-
more, the rifaximin-treated MitoPark mice had a significant reduction in blood claudin-5
and occludin, which are markers of BBB permeabilization [26,27] (representative image
in Figure 2C and analysis results in Figure 2D). These results suggested that the robust
anti-inflammatory effect of rifaximin prevented leaky gut syndrome-associated systemic
inflammation and subsequent BBB permeabilization.
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Figure 2. Effect of rifaximin treatment on the serum markers of inflammation and the blood–brain
barrier in MitoPark mice. The serum samples of the MitoPark mice that were or were not treated
with rifaximin for 3 months were obtained after the end of experiments before sacrifice. (A,B) The
representative image and densitometry analysis results related to serum proinflammatory cytokines,
namely IL-1β, IL-6, and TNF-α, in the MitoPark mice that were or were not treated with rifaximin
for 3 months. Standard IL-1β (10 pg/mL), IL-6 (2 ng/mL), and TNF-α (0.5 ng/mL) were as the
reference. (C,D) Representative image and densitometry analysis results related to the serum markers
of blood–brain barrier permeabilization, namely claudin-5 and occludin, in the MitoPark mice that
were or were not treated with rifaximin for 3 months. Data are presented as mean ± standard
deviation. *, p < 0.05, **, p < 0.01.

3.3. Rifaximin Treatment Prevented Motor and Cognitive Dysfunction in Transgenic PD Mice

The rifaximin-treated MitoPark mice exhibited significantly better motor activity in the
beam walk test than did the nontreated MitoPark mice. The rifaximin-treated MitoPark mice
required a shorter time to complete the beam walk test after 2 and 3 months of treatment
compared with the control MitoPark mice that exhibited gradual deterioration (Figure 3A).
Gait analysis performed 3 months after rifaximin treatment revealed a significant increase
in gait speed (43.2% faster) and stride length in the rifaximin-treated MitoPark mice (15.6%
longer; Figure 3B). To investigate whether rifaximin can ameliorate the memory decline in
the MitoPark mice, we compared the NOR index of the MitoPark mice that received and
did not receive rifaximin treatment. The results revealed significant increases in the NOR
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index from 52% (no treatment) to 81% (rifaximin treatment; p < 0.05 (Figure 3C)), and the
cumulative length of time spent near the novel object (control, 59%; rifaximin, 78%; p < 0.05
(Figure 3D)).
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Figure 3. Effect of rifaximin treatment on motor and memory function in MitoPark mice. The
behavioral test results of MitoPark mice that were or were not treated with rifaximin for 3 months.
(A) Rifaximin treatment prevented a decline in the motor performance of the MitoPark mice in
the beam walk assessment after 2 and 3 months of treatment. (B) The MitoPark mice that were
treated with rifaximin for 3 months exhibited higher gait speed and longer stride length than did
the nontreated MitoPark mice. (C,D) The dot and box plot demonstrated that the rifaximin-treated
MitoPark mice were significantly more likely to make contact with the novel object (frequency) and
stay longer (cumulative duration) with the novel object in the novel object recognition assessment,
which indicated better memory. Data are presented as the mean ± standard deviation (A,B) or
medians with the first and third quartiles (C,D). *, p < 0.05, **, p < 0.01.

3.4. Rifaximin Treatment Attenuated Neuroinflammation in the Midbrain and Neurodegeneration
in the Hippocampus of Transgenic PD Mice

To determine the neuroprotective effect of rifaximin on PD, we examined the neuronal
viability of the MitoPark mice. We observed that rifaximin treatment did not prevent the
loss of midbrain dopaminergic neurons in the MitoPark mice (Figure 4A,B). However, rifax-
imin treatment significantly preserved neuronal viability in the hippocampus (Figure 4C,D).
Furthermore, considering the anti-inflammatory property of rifaximin, we examined the
activation of microglia. The rifaximin-treated MitoPark mice had a significant reduction
in Iba1 immunostaining in the midbrain substantia nigra (SNR). Moreover, a similar but
nonsignificant reduction in Iba1 immunostaining was noted in the hippocampus of the
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MitoPark mice (Figure 4E–G). The morphology of microglia, assessed by the number of
branches (Figure 4H) and the length of the branches (Figure 4I) in the midbrain SNR and
hippocampus, were also analyzed. It was found that the number of branches significantly
reduced in the midbrain SNR, without a significant difference in the length of the branches.
In general, the deramification (reduced the branches) of the microglia indicated the acti-
vation of the microglia, no matter the activation of M1 (pro-inflammatory) or M2 (anti-
inflammatory) microglia. We further investigated the ratio of the expression of arginase-1
(a marker of M2 microglia) to CD86 (a marker of M1 microglia) in the midbrain SNR and
hippocampus. We found a trend of increased M2 microglia in the midbrain SNR (Figure 4J
for densitometry analysis and Supplementary Figure S2 for representative images).

3.5. Effect of Rifaximin Treatment on Patients with PD: Alterations in GM

This open-label, single-arm clinical trial involving the administration of 1100 mg of
rifaximin treatment per day for 7 days was conducted at Taipei Medical University-Shuang
Ho Hospital. The first enrollment was conducted in June 2018, and the last one was in
March 2020. In total, 20 patients with early to middle stage PD signed informed consent
forms. Two patients withdrew from the study before the initiation of treatment, one patient
failed to collect their stool sample before the prescription of rifaximin, and one patient was
excluded due to a change in diagnosis from idiopathic PD to progressive supranuclear
palsy during the follow-up period. The stool samples of three other study participants
were not suitable for the analysis due to contamination, incorrect storage, or being of poor
quality. Finally, 13 study participants, six female, with mean age of 61.59 ± 5.34 years
as well as 1.77 ± 1.74 years of disease duration completed biological sample collection
(stool samples before, immediately after, and 6 months after rifaximin treatment and blood
samples before and 6 months after rifaximin treatment) and clinical assessment (UPDRS
part III before and 6 months after rifaximin treatment) (demographic data shown in Table 1).
Rifaximin did not change the overall relative abundance (Figure 5A), α-diversity (p = 0.20)
(Figure 5B), and β-diversity (p = 0.94) (Figure 5C) of GM immediately and 6 months after
1-week rifaximin treatment. Rifaximin treatment resulted in a significant increase in the
relative abundance of Flavonifractor (Figure 5D) but no other bacterial genera in the patients
with PD (Supplementary Figure S3). No severe side effect or adverse event was reported.

Table 1. Demographic data of study participants. The demographic data of 13 PD patients who were
analyzed. Data are presented as mean± standard deviation for continuous variables.

n = 13

Female 6
Age (year-old) 61.59 ± 5.34

Disease duration (years) 1.77 ± 1.74
UPDRS part III

Baseline 13.69 ± 8.75
6-month post rifaximin 12.31 ± 9.21

MMSE 27.92 ± 2.33
UPDRS, Unified Parkinson’s Disease Rating Scale; MMSE, mini-mental status examination.

3.6. Effect of Rifaximin Treatment on Patients with PD: Serum Cytokine Profile

One-week rifaximin treatment caused an increased trend of serum anti-inflammatory
cytokine, IL-10 increase (baseline:15.88± 8.60, 6-month post-rifaximin: 26.82± 25.32 pg/mL,
p = 0.06) without significant change in the rest of the serum cytokine profile of the patients
with PD (Table 2). However, a significant negative correlation was observed between the
baseline IL-1α level and changes in the levels of the proinflammatory cytokines IL-1α,
IL-1β, IFN-γ, and TNF-α (Figure 6A–D). These results indicated that the anti-inflammatory
effect of rifaximin treatment may be more robust in patients with a higher baseline inflam-
matory status.
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Figure 4. Effect of rifaximin treatment on neuroprotection and neuroinflammation in MitoPark mice.
The quantification of neuronal survival, microglial activation, and proinflammatory cytokines in
the brains of MitoPark mice. (A,B) Representative immunohistochemistry (IHC) images of tyrosine
hydroxylase (TH), dopaminergic neuron markers, and immunoreactivity in the midbrain substantia
nigra (SNR) of the MitoPark mice that were or were not treated with rifaximin. (C,D) Representative
IHC images of neuronal nuclear protein (NeuN), neuronal markers, and immunoreactivity in the
hippocampus of the MitoPark mice that were or were not treated with rifaximin. (E–G) Represen-
tative IHC images of ionized calcium-binding adapter molecule 1 (Iba1), microglia markers, and
immunoreactivity in the midbrain substantia nigra and hippocampus of the MitoPark mice that were
or were not treated with rifaximin. (H,I) The morphological analysis of the stained microglia by
the numbers of branches and the length of the branches. (J) The ratio between M2 microglia to M1
microglia, defined by the expression level of arginase-1 and CD86, was analyzed in the midbrain
SNR and hippocampus. Data are presented as mean ± standard deviation. n.s., non-significant.
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Figure 5. Effect of 7-day rifaximin on patients with PD: Alteration in GM. The stool samples of the
study participants before, immediately, and 6 months after rifaximin treatment were prepared for
fecal microbiome profiling through the high-throughput sequencing of the 16S rRNA gene by using
the Illumina MiSeq system. (A) The taxonomic analysis of GM revealed the relative abundance of
bacterial genera in the study participants at three time points. (B) Alpha diversity of the GM in the
study participants at three time points. (C) A weighted principal coordinate analysis (PCoA) plot
based on UniFrac distances for the study participants at three time points. (D) The difference in the
relative abundance of Flavonifractor gena in the study participants before and 6 months after 7-day
rifaximin treatment. Data are presented as medians with the first and third quartiles, *, p < 0.05.
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Table 2. Serum Cytokine profile. The change in serum cytokine level between baseline and 6-month
post-rifaximin treatment in PD patients. Data are presented as mean ± standard deviation (pg/mL).

Baseline 6-Month Post-Rifaximin p Value

Interleukin-1α 4.83 ± 3.94 4.25 ± 2.70 0.21
Interleukin-1β 17.26 ± 2.88 16.88 ± 1.96 0.32
Interleukin-6 4.42 ± 1.24 4.52 ± 1.77 0.80

Interleukin-10 15.88 ± 8.60 26.82 ± 25.32 0.06
Interferon-γ 7.73 ± 4.41 8.41 ± 5.39 0.72

Tumor necrosis factor-α 13.96 ± 8.59 13.13 ± 7.47 0.37
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Figure 6. Effect of 7-day rifaximin on patients with PD: Association with baseline interleukin (IL)-1α.
The association between the baseline plasma IL-1α level and changes in plasma IL-1α (A), IL-1β (B),
IFN-γ (C), and TNF-α (D) levels before and 6 months after 7-day rifaximin treatment.

4. Discussion

The present study investigated the effect of rifaximin on PD experimentally and clini-
cally. Rifaximin treatment significantly altered GM in the transgenic PD mice (MitoPark);
it reduced Prevotellaceae UCG-001 levels and increased Bacteroides, Muribaculum, and Lach-
nospiraceae UCG-001 levels. Moreover, rifaximin treatment reduced systemic inflammatory
responses, protected the BBB’s epithelial function, prevented motor dysfunction and cogni-
tive impairment, and alleviated neuroinflammation in the MitoPark mice. In the patients
with PD, 7-day rifaximin treatment increased the abundance of Flavonifractor 6 months
after treatment without causing a significant change in plasma cytokine levels. However,
changes in proinflammatory cytokine levels were negatively associated with baseline IL-1α
levels. These results indicated that long-term rifaximin treatment exerted a neuroprotec-
tive effect on the MitoPark mice by modifying GM and attenuating inflammation. Thus,
short-term rifaximin treatment may not be adequate to exert a prolonged effect; however,
patients with higher baseline inflammation were more likely to experience a reduction
in systemic inflammation following 7-day rifaximin treatment. This is the first study to
investigate the neuroprotective and anti-inflammatory effects of rifaximin on PD in vivo
and in clinical settings. The findings of the in vivo model indicated that select patients with
PD and hyperinflammation can benefit from rifaximin treatment.

The mutual link between the gut and brain has been identified in recent years [28,29].
GM is a major determinant of the gut environment. GM is essential for digestion and
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prevents the entry of pathogens into the body. In addition, GM is essential for the synthesis
of several key components, including neurotransmitters, hormones, and fatty acids [30].
Neurological diseases affect the composition of GM, and gut dysbiosis in turn contributes
to neurodegeneration [31]. GM markedly differs between patients with PD and healthy
controls [10,32–34]. However, the causal relationship between the differences in GM and
PD remains unclear. Although Lactobacillus and Bifidobacterium are typically recognized as
beneficial bacterial strains, their abundances increase in patients with PD. By contrast, the
family Lachnospiraceae and the genus Faecalibacterium are believed to be pathogenic GM, and
their numbers are reduced in patients with PD [13]. Rifaximin modulates GM in humans
by increasing the abundance of Lactobacilli and Eubacteriaceae and reducing the abundance
of Roseburia, Haemophilus, Veilonella, and Streptococcus [35–37]. Additionally, rifaximin treat-
ment protects gut permeability and reduces plasma lipopolysaccharide levels [38,39]. In
the present study, the results demonstrated that continuous rifaximin treatment modified
GM in the transgenic PD mice. Several abundant genera were significantly altered after
treatment. Prevotellaceae UCG-001 was not detected in the 8- and 12-week-old nontreated
MitoPark mice, and the relative abundance of this genus increased with age, indicating
the progression of neurodegeneration. Rifaximin treatment delayed this age-associated
increase and significantly attenuated the relative abundance of Prevotellaceae UCG-001 in the
16- and 20-week-old mice. The abundance of Prevotella was associated with inflammatory
disorders. Additionally, the increased abundance of Prevotella has been associated with
persistent inflammation in the gut and subsequent mucosal dysfunction and systemic
inflammation [40,41]. Furthermore, Prevotellaceae is associated with periodontal disease [42]
and inflammatory bowel diseases [43]. Provotellaceae breaks down the mucosal barrier by
their secretion of sulfatases. The interaction of Provotellaceae with the inflammasome ac-
counts for their pro-inflammatory role [44]. Reducing the abundance surge of Provotellaceae
UCG-001 by rifaximin may explain the benefit of rifaximin on anti-inflammation.

In addition to Prevotellaceae, rifaximin changed the abundance levels of other major
bacterial genera in the gut of the MitoPark mice; rifaximin caused a significant increase
in the relative abundance of Bacteriodes, Muribaculum, and Lachnospiraceae UCG-001. Bac-
teroides, the most abundant genus in the gut, can exert both beneficial and detrimental
effects; however, Bacteriodes are essential for health because they reinforce the epithelial
barrier and ameliorate inflammation by producing anti-inflammatory molecules such
as polysaccharide A, sphingolipids, and outer membrane vesicles [45,46]. Muribaculum
and Lachnospiraceae produce short-chain fatty acids as metabolites with anti-inflammatory
properties in the gut and are associated with longevity [47,48]. The findings of this study
indicated that alterations in GM caused by rifaximin treatment reduced inflammation and
blood proinflammatory cytokine levels, preserved intestinal tight junction integrity, and
prevented BBB breakdown. However, in our clinical study, short-term rifaximin treatment
did not modify GM 6 months after treatment, and significant alteration was noted only in
the relative abundance of Flavonifractor. The relative abundance of Flavonifractor is associ-
ated with the severity of PD motor symptoms and the disease stage [49,50]. The increase in
the relative abundance of Flavonifractor in the present study may be due to a long disease
duration among the study participants.

Systemic inflammation is a crucial factor in the pathogenesis of PD [51]. The as-
sociation between inflammatory bowel disease and PD risk indicates the contribution
of systemic inflammation to neurodegeneration [52,53]. Nonsteroidal anti-inflammatory
drugs, especially ibuprofen, have been demonstrated to reduce the risk of PD [54,55]. Gut
dysbiosis and subsequent leaky gut syndrome result in the entry of pathogens and toxins
into systemic blood flow, thus triggering gut-derived inflammation. Furthermore, systemic
inflammation leads to the impairment of the BBB, thus inducing the infiltration of immune
cells into the brain and activating microglia-dependent neuroinflammation [25,56]. Studies
have reported the presence of elevated proinflammatory cytokine levels in the serum and
plasma extracellular vesicles of patients with PD [57–59]. In the present study, rifaximin
treatment significantly altered GM and downregulated blood proinflammatory cytokine
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levels. It has been studied that the invasion of intestinal bacteria into systemic blood
circulation is responsible for the dysfunction of BBB. Low-dose antibiotic treatment in the
early life of experimental animals upregulated the expression of tight junction proteins of
BBB [60]. Furthermore, bacterial products, such as pilli and cell wall components, trigger
the pro-inflammatory cytokines and damage the BBB function [61]. The benefit of rifaximin,
which reduced systemic inflammation, may contribute to the prevention of BBB breakdown,
which was evaluated by examining blood claudin-5 and occludin levels.

A reduction in microglial activation and proinflammatory cytokine levels was ob-
served in the midbrain and cortex of the rifaximin-treated MitoPark mice. Rifaximin exerts
protective effects possibly through the gut–blood–brain inflammatory response axis. Be-
cause of considerable variations in baseline inflammatory status, no significant difference
in plasma cytokine levels was noted before and after treatment in the patients with PD.
However, a significant negative association was observed between the baseline IL-1α level
and changes in the levels of other proinflammatory cytokines, including IL-1α, IL-1β, IFN-
γ, and TNF-α, before and 6 months after 7-day rifaximin treatment. An elevated systemic
inflammatory response is known to predict the progression of PD. Baseline C-reactive
protein levels (≥0.7 mg/L) were significantly associated with greater motor decline [62].
In addition, it was found that an inflammatory summary score, including five inflammatory
markers, at baseline predicted cognitive decline in patients with PD [63]. The present study
may suggest that rifaximin treatment is more likely to attenuate inflammation in patients
with PD with higher baseline systemic inflammation, who are at risk of progression.

The present study demonstrated that in the transgenic PD mice, rifaximin treatment
altered GM and attenuated systemic inflammation, which may result in the preservation
of BBB integrity, a reduction in neuroinflammation, and protection against neuronal loss.
Moreover, rifaximin treatment prevented the deterioration of motor and memory functions
in the transgenic PD mice. Given that rifaximin is a 99% nonabsorbable antibiotic [64], its
anti-inflammatory and neuroprotective effects most likely resulted from the gut, especially
through the modification of GM. This study demonstrated the role of the gut–brain axis in
the pathogenesis of PD and the significance of gut-derived inflammation in PD. Although
short-term rifaximin treatment did not exert a significant beneficial effect on patients
with PD, the results indicated that rifaximin treatment may be beneficial for patients
with baseline hyperinflammation. The safety of long-term rifaximin treatment has been
confirmed in patients with hepatic encephalopathy who continuously received rifaximin
to prevent intestinal bacterial outgrowth [65]. The present study has some limitations. In
the transgenic PD mice, neuroprotection in midbrain dopaminergic neurons was not noted
despite the preservation of motor function. MitoPark mouse models are established through
the dopaminergic neuron-specific inactivation of mitochondrial transcription factor A [22].
The detrimental effect of mitochondrial dysfunction may overwhelm the modulation of
neuroinflammation for neuroprotection. The preservation of motor function may result
from better cognition or other nondopaminergic neuron-dependent movements, such as
serotonergic neurons in the brainstem, which are responsible for the gait [66,67]. Multiple
factors, including inflammation, are involved in the pathogenesis of PD. Prescription of
rifaximin may not universally benefit all patients with PD, and patients with gut dysbiosis
and a proinflammatory status may be suitable candidates for further clinical trials. Lastly,
the detected serum cytokines of MitoPark mice were the precursors but not the cleaved,
active form, which was short, half-lived, and degraded rapidly in serum.

5. Conclusions

The present study demonstrated that rifaximin exerted a neuroprotective effect on
transgenic PD mice by modulating GM and the gut–brain axis. The clinical study suggested
that patients with gut dysbiosis and a proinflammatory status would benefit from rifaximin
treatment. With consideration for the tolerability and safety of rifaximin, randomized
controlled trials should investigate the disease modification effect of long-term rifaximin
treatment on select patients with PD.
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ratio of the expression of arginase-1 (a marker of M2 microglia) to CD86 (a marker of M1 microglia)
in the midbrain substantia nigra (SNR) and hippocampus; Figure S3: The difference in the rela-
tive abundance of major bacterial gena in the study participants before and 6 months after 7-day
rifaximin treatment.
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BBB blood-brain barrier
ELISA enzyme-linked immunosorbent assay
GM gut microbiota
IFN interferon
IL interleukin
Iba1 ionized calcium-binding adapter molecule 1
MMSE Mini-Mental Status Examination
NOR novel object recognition
PD Parkinson’s disease
PCoA principal coordinate analysis
rRNA ribosomal RNA
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TH tyrosine hydroxylase
TNF tumor necrosis factor
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