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Abstract

Dysregulation of the microbiota—gut—brain axis has been implicated in Parkinson’s disease
(PD), and modulation of the intestinal microbiota may offer a complementary nutritional
approach. This study evaluated the preventive attenuation of MPTP-induced PD-like abnor-
malities by Lactiplantibacillus plantarum SHOU LAC-1 and examined associated microbiota—
gut-brain axis-related changes. Forty male C57BL/6] mice were allocated to Control,
MPTP, L-DOPA, and SHOU LAC-1 groups (1 = 10 per group). SHOU LAC-1 was orally
administered at 1 x 10° CFU per mouse per day for 42 days, with MPTP administered
during the final 14 days; L-DOPA was administered during the MPTP-treatment period
as a positive control. Motor performance and defecatory parameters, nigrostriatal TH
and «-SYN immunoreactivity, neurotrophic-support-related gene expression, inflamma-
tory markers, glial-cell-related gene expression, Nrf2-related antioxidant gene expression,
colonic histopathology and tight-junction-related gene expression, gut microbiota compo-
sition, and serum metabolic profiles were assessed. Compared with MPTP-treated mice,
SHOU LAC-1-treated mice showed better motor and defecatory performance, partial preser-
vation of nigrostriatal TH immunoreactivity, reduced a-SYN immunoreactivity, increased
neurotrophic-support-related gene expression, lower central and colonic inflammatory
markers and glial-cell-related gene expression, increased Nrf2/HO-1/NQO1-related an-
tioxidant gene expression, and comparatively better-preserved colonic morphology with
higher tightjunction-related gene expression. 16S rRNA sequencing and untargeted serum

Foods 2026, 15, 3116

https://doi.org/10.3390/foods15173116


https://crossmark.crossref.org/dialog?doi=10.3390/foods15173116&domain=pdf&date_stamp=2026-09-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0002-1710-8582
https://orcid.org/0009-0007-5942-6208
https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116

2 of 32

metabolomics further showed that SHOU LAC-1 administration was accompanied by
changes in gut microbial diversity and composition and serum metabolic profiles. Over-
all, under this preventive experimental design, SHOU LAC-1 administration was asso-
ciated with attenuation of multiple MPTP-induced PD-like abnormalities, accompanied
by changes in gut microbial and serum metabolic profiles. These preclinical findings are
predominantly associative; causal relationships among microbial, metabolic, intestinal, and
neurological changes remain to be established, and the translational relevance of SHOU
LAC-1 requires further validation.

Keywords: Parkinson’s disease; Lactiplantibacillus plantarum SHOU LAC-1; microbiota—gut—
brain axis; gut microbiota; neuroinflammation; serum metabolomics

1. Introduction

Parkinson’s disease (PD) is among the most prevalent neurodegenerative disorders
worldwide, and its incidence and prevalence increase markedly with age. As population
aging continues to accelerate globally, the public health burden associated with PD is
projected to increase substantially in the coming decades. Modeling analyses based on
the Global Burden of Disease 2021 dataset have estimated that approximately 25.2 million
individuals may be living with PD worldwide by 2050 [1,2]. The principal neuropatho-
logical features of PD include the progressive degeneration of dopaminergic neurons in
the substantia nigra pars compacta, impairment of nigrostriatal dopaminergic projections,
and abnormal aggregation of o-synuclein (x-SYN) [3-5]. These pathological alterations are
closely associated with the classical motor manifestations of PD, including bradykinesia,
resting tremor, muscular rigidity, postural instability, and gait disturbance. At present,
dopamine replacement therapy, particularly levodopa (L-DOPA), remains the main phar-
macological approach for alleviating motor symptoms in patients with PD. However,
currently available treatments are largely symptomatic and have not been demonstrated
to prevent or reverse the underlying neurodegenerative process. Moreover, long-term
dopaminergic therapy may be accompanied by motor fluctuations, dyskinesia, and other
treatment-related complications [3,4]. Therefore, there remains considerable interest in safe
and sustainable adjunctive approaches that may address PD-related dysfunction beyond
symptomatic dopaminergic replacement.

Beyond motor impairment, PD is characterized by a broad spectrum of non-motor
symptoms, among which gastrointestinal dysfunction is particularly common. Consti-
pation, delayed intestinal transit, and defecatory abnormalities may occur years before
the emergence of classical motor symptoms and are increasingly recognized as clinically
relevant features of the prodromal phase of PD [3,6]. These observations suggest that the
initiation and progression of PD may not be restricted to the central nervous system but
may also involve peripheral organs, particularly the gastrointestinal tract. Bidirectional
communication between the gut and the central nervous system is mediated through neural,
immune, endocrine, and metabolic pathways, which together constitute the microbiota—
gut-brain axis (MGBA) [6-9]. Within this network, the gut microbiota is involved not only
in maintaining intestinal ecological homeostasis, but also in processes related to epithelial
barrier integrity, immune and inflammatory responses, neuroactive molecule production,
and host metabolic status. Accordingly, alterations in the intestinal microbial ecosystem
have been associated with central nervous system homeostasis and PD-related pathological
processes [7-9].
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Increasing evidence from clinical cohorts, metagenomic analyses, and experimental
models has associated gut microbial dysbiosis with PD-related abnormalities. Compared
with healthy individuals, patients with PD have frequently been reported to exhibit altered
gut microbial composition and microbial functional profiles, including reduced abun-
dance of several taxa previously associated with short-chain fatty acid (SCFA) production
and increased abundance of certain inflammation-associated or potentially pathogenic
taxa [10-14]. Metagenomic studies have further suggested that PD-associated microbial
alterations may be linked to inflammatory regulation, neuroactive molecule metabolism,
lipid and energy metabolism, and the depletion of potentially neuroprotective microbial
metabolites [11,14]. In particular, reductions in taxa previously associated with SCFA
production, together with lower SCFA levels, have been associated with gastrointestinal
symptoms, impaired intestinal barrier function, and disease progression in PD [12,15,16].
However, such associations do not establish a causal contribution of particular microbial
taxa or SCFA-related changes to PD. Nevertheless, the role of gut microbial dysbiosis in PD
remains incompletely defined. It is still debated whether microbial alterations represent
contributors to disease progression, secondary consequences of disease development, or in-
tegrated outcomes shaped by diet, medication, disease stage, and host physiology [6,13,14].
Further mechanistic studies are therefore needed to clarify how gut microbial changes may
participate in PD-related gut-brain interactions.

Intestinal alterations, inflammatory and oxidative-stress-related responses, gut micro-
bial composition, and host metabolism have all been implicated in PD-related gut-brain
interactions [7,13,14,17-20]. Gut microbiota-derived metabolites may also be associated
with inflammatory, oxidative, metabolic, and neuroimmune processes relevant to the
MGBA. Nevertheless, the relationships among these central and peripheral alterations
remain complex, and their causal organization has not been fully established. Accord-
ingly, integrated assessment of intestinal, microbial, inflammatory, antioxidant-related,
metabolic, and neurological changes may provide a more comprehensive understanding of
PD-related gut-brain interactions without presupposing a causal pathway among these
biological domains.

Probiotic intervention has been increasingly investigated as a nutritional strategy
targeting gut-related abnormalities associated with PD. Clinical studies and systematic
reviews have indicated that probiotic or synbiotic supplementation may improve constipa-
tion in patients with PD to some extent and may also be associated with changes in motor
performance, inflammatory status, and gut-brain axis-related outcomes [21-23]. However,
the biological effects of probiotics are generally strain-specific and may be influenced by
strain origin, host condition, disease stage, dosage, and intervention duration. Therefore,
findings obtained from one probiotic strain should not be directly extrapolated to another.
These strain-specific differences highlight the need to evaluate individual candidate strains
within appropriate experimental models.

Lactiplantibacillus plantarum is widely present in fermented foods and gastrointestinal
environments and has attracted attention because of its environmental adaptability and
functional diversity [24]. Previous animal studies have suggested that certain L. plantarum
strains may alleviate motor deficits and neuropathological alterations in PD-like models,
with these effects being accompanied by changes in gut microbiota composition, microbial
metabolite-related pathways, neuroinflammation, and oxidative stress [25-29]. However, it
remains unknown whether L. plantarum SHOU LAC-1 can preventively attenuate MPTP-
induced PD-like abnormalities. Moreover, whether SHOU LAC-1-associated phenotypic
changes occur in parallel with coordinated alterations in gut microbial composition, intesti-
nal indicators, inflammatory and antioxidant-related responses, and systemic metabolic
profiles has not yet been systematically investigated. We hypothesized that preventive
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administration of SHOU LAC-1 would attenuate selected MPTP-induced PD-like abnor-
malities and that these phenotypic changes would be accompanied by coordinated central
and peripheral alterations relevant to the MGBA.

A distinctive aspect of the present study is the integrated evaluation of central and
peripheral outcomes within an MGBA framework. Behavioral and neuropathological
assessments were integrated with analyses of gastrointestinal function, inflammatory
and antioxidant-related responses, gut microbial composition, and serum metabolic pro-
files. This multidimensional strategy was designed to characterize coordinated changes
associated with SHOU LAC-1 administration rather than to establish a causal microbiota—
metabolite—gut-brain pathway. L-DOPA was included solely as a positive control to
demonstrate the responsiveness of the experimental model, and the study was not de-
signed to compare the relative efficacy of SHOU LAC-1 and L-DOPA. Because SHOU
LAC-1 administration began before MPTP exposure, the experimental design represents a
preventive/protective intervention paradigm rather than treatment of established PD-like
injury. Accordingly, the present study aimed to evaluate whether SHOU LAC-1 attenuates
MPTP-induced PD-like abnormalities and whether these changes are accompanied by
coordinated central and peripheral alterations relevant to the MGBA.

2. Materials and Methods
2.1. Animals and Experimental Design

Male C57BL/6] mice aged 6-8 weeks and weighing 18-20 g were obtained from Spefo
Biotechnology Co., Ltd. (Suzhou, Jiangsu, China). All animals were maintained under
specific pathogen-free conditions in a controlled environment with a 12 h light/dark cycle,
an ambient temperature of 22 & 2 °C, and a relative humidity of 55 4+ 10%. Standard
rodent chow and drinking water were provided ad libitum throughout the experimental
period. The Animal Ethics Committee of Shanghai Ocean University approved all animal
experiments (protocol number: SHOU-DW-2025-184).

The overall experimental schedule is shown in Figure 1A. After a 7-day acclimatization
period, 40 male C57BL/6] mice were allocated to four experimental groups (1 = 10 per
group at study initiation): Control, MPTP, L-DOPA, and SHOU LAC-1. Group allocation
was performed using a body-weight-stratified procedure, whereby mice across the baseline
body-weight range were distributed among the four groups to achieve comparable initial
body-weight profiles. No formal a priori sample-size or statistical power calculation was
performed. Formal investigator blinding was not prospectively documented; therefore,
a strictly blinded experimental design is not claimed. Male mice were used to maintain
consistency with commonly used MPTP-induced PD-like mouse protocols [30-33].

From day 8 to day 49, mice in the Control and MPTP groups were administered
200 puL of sterile saline once daily by oral gavage. Mice in the SHOU LAC-1 group
were administered Lactiplantibacillus plantarum SHOU LAC-1 suspension at a dose of
1 x 10° CFU in 200 pL of sterile saline per mouse per day. The MPTP-induced mouse
model has been widely used to investigate PD-like dopaminergic abnormalities and motor
dysfunction [30-32]. From day 36 to day 49, mice in all groups except the Control group
received daily intraperitoneal injections of MPTP hydrochloride at 20 mg/kg [33], whereas
mice in the Control group received an equivalent volume of sterile saline.

MPTP hydrochloride (HY-15608), L-DOPA (HY-N0304), and benserazide hydrochlo-
ride (HY-B0404A) were purchased from MedChemExpress (Monmouth Junction, NJ, USA).
Mice in the L-DOPA group were administered 200 pL of sterile saline once daily by oral
gavage from day 8 to day 35. During the MPTP modeling period, mice in this group were
administered L-DOPA at 100 mg/kg in combination with benserazide at 25 mg/kg by oral
gavage. Body weight was recorded weekly, and fecal samples were collected according to
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the experimental schedule. Behavioral tests were performed during the modeling period
on separate days in a fixed order. Behavioral assessments were performed during the
modeling period as described below.

On Day 50, mice were anesthetized by intraperitoneal injection of Delivector™ Avertin
(DW3101; Dowobio, Shanghai, China; tribromoethanol) at 20 pL/g body weight. Blood was
collected under anesthesia, after which the mice were euthanized by cervical dislocation and
tissues were collected for subsequent analyses. No animals were excluded from the experimental
cohort, and no animal deaths or serious adverse events occurred during the study.
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Figure 1. Lactiplantibacillus plantarum SHOU LAC-1 was associated with attenuation of MPTP-induced
reduction in body-weight gain and motor dysfunction in mice. (A) Timeline of the animal experiment
and treatment schedule. (B) Changes in body weight during the experimental period. (C) Body-
weight gain during the experiment. (D) Rotarod latency to fall assessed on Days 37, 42, and 47.
(E) Pole descent time assessed on Days 38, 43, and 48. (F) Balance beam traversal time assessed
on Days 39, 44, and 49. Data are presented as the mean + SD. For body-weight measurements
and body-weight gain, n = 10 mice per group; for the rotarod test, n = 6 mice per group; and for
the pole and balance beam tests, n = 8 mice per group. At each behavioral testing session, each
mouse completed three within-session trials, and the mean of the three trials was used as the session-
level outcome for that animal. Individual within-session trials were not treated as independent
observations. Longitudinal body-weight data and repeated behavioral-session data were analyzed
using two-way repeated-measures ANOVA. # p < 0.05, ## p < 0.001, and #HH p < 0.0001 versus the
Control group; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 versus the MPTP group.

2.2. Preparation of Lactiplantibacillus plantarum SHOU LAC-1 Suspension

Lactiplantibacillus plantarum SHOU LAC-1 was isolated from a pickled Chinese cabbage
sample collected from Chuzhou, Anhui Province, China. The strain was taxonomically
identified as L. plantarum by 16S rRNA gene sequencing followed by sequence comparison
against the NCBI database and was deposited in the China General Microbiological Culture
Collection Center under accession number CGMCC No. 38417.

For activation, the glycerol-preserved strain was streaked onto de Man, Rogosa, and
Sharpe (MRS) agar and cultured anaerobically at 37 °C for 48 h to obtain single colonies.
MRS agar and broth were purchased from Beijing Land Bridge Technology Co., Ltd. (Beijing,
China). A single colony was inoculated into MRS broth and cultured anaerobically at 37 °C
overnight. The activated culture was then transferred into fresh MRS broth at an inoculation
ratio of 1% (v/v) and cultured under the same conditions for 24 h.
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Viable bacterial counts were determined by serial dilution and spread plating on MRS
agar, and the resulting CFU counts were used to standardize the bacterial concentration.
Bacterial cells were harvested by centrifugation at 8000 g for 10 min at 4 °C and washed
twice with sterile 0.9% saline. Before oral gavage, the bacterial cells were resuspended in
sterile saline to a final concentration of 5 x 10 CFU/mL. Each mouse received 200 pL per
day, corresponding to approximately 1 x 10 CFU of SHOU LAC-1 per mouse per day.

2.3. Behavioral Tests and Gastrointestinal Function Assessment

Motor function was evaluated using the rotarod test, pole test, and balance beam test. With
the first day of acclimatization defined as experimental Day 1, the rotarod test was performed
on Days 37, 42, and 47; the pole test on Days 38, 43, and 48; and the balance beam test on Days
39, 44, and 49. Behavioral tests were conducted on separate days under standardized testing
conditions to reduce potential interference caused by fatigue and stress.

At each assessment session, each mouse completed three trials, and the mean of the
three trials was used as the session-level value. Thus, the three time points for each be-
havioral test represent three repeated assessment sessions conducted on separate days
rather than three independent trials within a single session. Session-level values repeatedly
obtained from the same animals were treated as repeated measurements across time in the
statistical analysis. Formal investigator blinding to group allocation was not implemented
during behavioral testing; however, all tests were conducted according to predefined stan-
dardized procedures using objective time-based endpoints. These behavioral paradigms
are commonly used to assess neurotoxin-induced motor abnormalities in PD-related animal
models [34].

For the rotarod test, mice were trained before modeling at 10 r/min and 20 r/min for
180 s at each speed. During formal testing, the rotation speed was set at 30 r/min, and the
latency to fall was recorded. At each assessment session, each mouse completed three trials
with an interval of 30 min between trials, and the mean of the three trials was used as the
session-level outcome.

For the pole test, each mouse was placed head-upward on the top of a rough-surfaced
vertical pole measuring 50 cm in length and 1 cm in diameter. The time required for the
hindlimbs to reach the base of the pole was recorded, with a maximum cutoff time of 60 s.
At each assessment session, each mouse completed three trials, and the mean of the three
trials was used as the session-level outcome.

For the balance beam test, each mouse was placed on a narrow beam measuring 80 cm
in length, with a dark box positioned at the endpoint. The time required to traverse the
beam was recorded. At each assessment session, each mouse completed three trials, and
the mean of the three trials was used as the session-level outcome.

Gastrointestinal function was assessed before terminal sample collection. Each mouse
was individually placed in a clean and sterilized container for 30 min, during which freshly
excreted fecal pellets were collected. The number of fecal pellets was recorded, and the
wet weight was measured immediately. A portion of each fecal sample was stored at
—80 °C for subsequent analyses, whereas the remaining feces were dried at 90 °C for 24 h
to determine the dry weight. Fecal water content was calculated as follows: (wet weight —
dry weight)/wet weight x 100%.

2.4. Sample Collection and Tissue Preparation

After completion of the behavioral assessments, mice were fasted overnight with free
access to water. On Day 50, mice were anesthetized by intraperitoneal administration of
Avertin (tribromoethanol; 20 uL/g body weight), and blood was collected from the retro-
orbital venous plexus. Blood samples were allowed to clot at room temperature for 30 min.
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The centrifuge was precooled to 4 °C before use. Serum was separated by centrifugation at
approximately 625x ¢ (3000 r/min) for 15 min at 4 °C using a TG20.5 centrifuge equipped
with a 12 x 1.5/2.2 mL fixed-angle rotor (Shanghai Lu Xiangyi Centrifuge Instrument Co.,
Ltd., Shanghai, China), aliquoted, and stored at —80 °C until metabolomic analysis.

Following blood collection, mice were euthanized by cervical dislocation under anes-
thesia. Brain and colon tissues were rapidly collected and processed on ice. The midbrain
was collected for inflammatory cytokine assays, whereas the striatum was collected for
gene-expression analyses of inflammatory-, glial-cell-related, dopaminergic, neurotrophic,
and Nrf2-related antioxidant markers. Brain tissues designated for immunohistochemical
analysis were fixed in 4% paraformaldehyde.

An approximately 1-2 cm long segment of the distal colon was collected, gently rinsed
with pre-cooled phosphate-buffered saline to remove intestinal contents, and blotted dry.
A portion of the colon tissue was fixed in 4% paraformaldehyde for histological analysis,
whereas the remaining tissue was snap-frozen in liquid nitrogen and stored at —80 °C for
subsequent molecular and biochemical analyses.

The animal experiment was initiated with 10 mice per group. All animals were
included in body-weight monitoring and fecal measurements and were scheduled for
behavioral assessment. For the individual behavioral assays, complete valid assay-specific
measurements were available for six mice per group in the rotarod test and eight mice per
group in the pole and balance beam tests; therefore, these assay-specific sample sizes were
used for the corresponding analyses. These assay-specific sample sizes did not represent
exclusion from the experimental cohort.

Four individual mice per group were used for immunohistochemical analyses and
colon H&E staining. Four biological samples per group were used for RT-qPCR analyses,
whereas three biological samples per group were used for ELISA analyses. Ten fecal
samples per group were subjected to 165 rRNA gene sequencing. The final exploratory
microbiota analyses were conducted using the six biological samples per group included in
the original bioinformatics analysis workflow. Six serum samples per group were subjected
to untargeted metabolomic profiling. The final exploratory metabolomic analyses were
conducted using the four biological samples per group included in the original metabolomic
data-analysis workflow. Exact assay-specific biological sample sizes are also specified in
the corresponding method subsections and figure legends.

2.5. Hematoxylin and Eosin Staining

Colon tissue samples were fixed in 4% paraformaldehyde for 24 h, dehydrated through
a graded ethanol series, embedded in paraffin, and sectioned at a thickness of 5 ym. The
sections were stained with hematoxylin and eosin, followed by dehydration, clearing,
and mounting. Four biological samples per group were examined (n = 4 per group).
Representative colonic images were examined at 200 x and 400 x magnification. Colonic
morphological alterations were evaluated qualitatively based on tissue architecture and
mucosal morphology. Because no predefined semiquantitative histopathological scoring
system was applied, the histological observations were treated as descriptive rather than
quantitative histopathological outcomes. Formal investigator blinding during histological
evaluation was not prospectively documented; therefore, a strictly blinded histological
assessment is not claimed.

2.6. Immunohistochemistry

Paraffin-embedded brain tissues were sectioned at a thickness of 5 um. The sections
were deparaffinized and rehydrated, and heat-induced antigen retrieval was performed
in citrate antigen retrieval buffer (pH 6.0) at 100 °C for 15 min. After natural cooling,
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the sections were washed three times with phosphate-buffered saline and incubated with
3% hydrogen peroxide at room temperature in the dark for 25 min to block endogenous
peroxidase activity. The sections were then blocked with 3% bovine serum albumin at room
temperature for 30 min and incubated with primary antibodies overnight at 4 °C.

The primary antibodies included anti-tyrosine hydroxylase antibody (TH; GB11181;
rabbit IgG; 1:1000; Servicebio, Wuhan, China) and anti-a-synuclein antibody (x-SYN;
GB112945; rabbit IgG; 1:1500; Servicebio, Wuhan, China). After washing, the sections were
incubated with an S-vision immunohistochemical polymer secondary antibody against
rabbit IgG (G1302; ready to use; Servicebio, Wuhan, China) at room temperature for
approximately 50 min. Immunoreactivity was visualized using 3,3'-diaminobenzidine,
followed by hematoxylin counterstaining, dehydration through a graded ethanol series,
clearing in xylene, and mounting.

For each immunohistochemical marker, four biological samples from four individ-
ual mice per group were analyzed (n = 4 per group). For each immunohistochemical
marker, one anatomically comparable section from each animal was used for quantitative
analysis. Sections were selected according to consistent anatomical landmarks across all
experimental groups. The stained sections were digitized using a slide scanner to obtain
whole-slide images. Corresponding anatomical regions of interest were identified on the
digitized sections, and representative regions were digitally enlarged and exported for
figure preparation. Multiple regions, screenshots, or measurements obtained from the same
animal were not treated as independent biological replicates.

Quantitative image analysis was performed using Image]2 [35], with consistent region-
of-interest selection criteria and image-analysis procedures across all experimental groups.
TH and «-SYN immunoreactivity was quantified as the percentage of positively stained area
within the corresponding anatomical region of interest. Each individual animal represented
one biological replicate for statistical analysis. Formal investigator blinding during digital
image selection and quantitative analysis was not prospectively documented; therefore, a
strictly blinded image analysis is not claimed.

2.7. Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA was extracted from striatal and colonic tissues using a total RNA extraction
kit (AG21017; Accurate Biotechnology Co., Ltd., Hunan, China) according to the manu-
facturer’s instructions. RNA concentration and purity were assessed using a NanoDrop
spectrophotometer, and RNA integrity was evaluated by agarose gel electrophoresis. The
extracted RNA was reverse-transcribed into complementary DNA using Hifair® IIT 1st
Strand cDNA Synthesis SuperMix for qPCR with gDNA digester plus (11141ES60; Yeasen
Biotechnology Co., Ltd., Shanghai, China). Quantitative polymerase chain reaction was per-
formed using Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix (11184ES08;
Yeasen Biotechnology Co., Ltd., Shanghai, China) on a SLAN automated medical PCR
detection system. Four biological samples from four individual mice per group were ana-
lyzed for each RT-qPCR outcome (1 = 4 per group). Each biological sample was analyzed
in three technical replicates in a total reaction volume of 20 uL, and the mean Ct value of
the technical replicates was used for subsequent analysis. The cycling conditions were
95 °C for 2 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s, followed by
melting-curve analysis. No-template and no-reverse-transcription controls were included.

In the striatum, the mRNA expression levels of inflammatory-related genes (Tnf, Il1b,
and I16), glial-cell-associated genes (Gfap and Aifl), dopaminergic- and neurotrophic-related
genes (Th, Bdnf, and Gdnf), and Nrf2-related antioxidant-response genes (Nfe2l2, Ngol,
and Hmox1) were determined. In the colon, the mRNA expression levels of inflammatory-
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related genes (Tnf, 111b, and 1I6) and tight-junction-related genes (Tjp1, Ocln, and Cldn1)
were measured.

Cycle threshold values were obtained, and relative gene expression was calculated
using the 2-AACt method [36], with Gapdh used as the internal reference gene. Primer
amplification efficiencies were not independently determined, and the stability of Gapdh
expression across experimental groups was not formally evaluated in the present study.
Primer sequences are provided in the Supplementary Materials.

2.8. Enzyme-Linked Immunosorbent Assay

The protein levels of the inflammatory cytokines TNF-«, IL-1f3, and IL-6 were mea-
sured in mouse midbrain and colon tissues using commercial mouse enzyme-linked im-
munosorbent assay (ELISA) kits purchased from Shanghai Jianglai Biotechnology Co., Ltd.
(Shanghai, China), according to the manufacturer’s instructions. The catalog numbers were
JL10484 for TNF-«, JL18442 for IL-1§3, and JL20268 for IL-6.

Tissues were rinsed with ice-cold phosphate-buffered saline (PBS; 0.01 M, pH 7.4),
weighed, minced, and homogenized on ice in ice-cold PBS at a tissue-to-buffer ratio of
1:9 (w/v). The homogenates were centrifuged at 5000x g for 5-10 min, and the resulting
supernatants were collected for ELISA analysis. Three biological samples from three
individual mice per group were analyzed for each tissue and cytokine assay (n = 3 per
group). Each biological sample was analyzed in three technical replicate wells, and the
mean value of the three replicate wells was used as the value for that individual animal.

Samples and standards were assayed according to the manufacturer’s protocol. Cy-
tokine concentrations were calculated from the corresponding standard curves. The assay
sensitivities were 7.26 pg/mL for TNF-o, 1.98 pg/mL for IL-13, and 2.63 pg/mL for IL-6.
According to the manufacturer, the intra- and inter-assay coefficients of variation were
<10%. Absorbance was measured at 450 nm using a Bio-Tek ELX-800 microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA). Cytokine concentrations were normalized
to the original tissue weight and expressed as pg/mg tissue.

2.9. Gut Microbiota and Bioinformatics Analysis

Total microbial DNA was extracted from fecal samples using a fecal genomic DNA
extraction kit (DP328; TIANGEN BIOTECH (BEIJING) CO., LTD., Beijing, China). No
extraction blank was included during the DNA extraction procedure. The V4 region of the
bacterial 16S rRNA gene was amplified using the 515F/806R primer pair, with a negative
PCR control included. PCR products were purified and used for library construction.
Qualified libraries were quantified and subjected to PE250 paired-end sequencing on an
Nlumina NovaSeq 6000 platform by Novogene Co., Ltd. (Beijing, China).

Raw paired-end reads were quality filtered, merged, and screened for chimeras. Am-
plicon sequence variants (ASVs) were generated using the DADA2 module implemented in
QIIME2 version 2022.2 (QIIME2-202202), and taxonomic annotation was performed against
SILVA release 138.1 [37-39]. Sequence abundance was rarefied to 80,907 reads per sam-
ple before diversity analyses. Alpha diversity was evaluated using the Chaol, Observed
features, and Shannon indices. Differences in alpha-diversity indices among groups were
assessed using the Kruskal-Wallis rank-sum test, followed by the Conover-Iman post hoc
test for pairwise comparisons.

Beta diversity was evaluated using weighted and unweighted UniFrac distances and
visualized by principal coordinate analysis (PCoA); principal component analysis (PCA)
was additionally used for ordination visualization. Differences in microbial community
composition among groups were assessed using PERMANOVA (Adonis) based on Bray-
Curtis distances with 999 permutations.
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Ten fecal samples per group were subjected to 165 rRNA gene sequencing. The final
exploratory microbiota analyses were conducted using six biological samples per group
(n = 6 per group), corresponding to the sample subset used in the original bioinformatics
analysis workflow. Six biological samples per group were included in the LEfSe analysis
(n = 6 per group). Differentially abundant taxa from the phylum to genus levels were
identified using linear discriminant analysis effect size (LEfSe), with a Kruskal-Wallis
threshold of p < 0.05 and an LDA score threshold of 2.0. A one-against-one comparison
strategy was applied, and unclassified taxa were retained. LEfSe findings were interpreted
as exploratory taxonomic associations rather than direct evidence of microbial function.

2.10. Untargeted Serum Metabolomics

Untargeted metabolomic profiling of mouse serum samples was performed by Shang-
hai Biotree Biotech Co., Ltd. (Shanghai, China) using an ultra-high-performance liquid
chromatography—tandem mass spectrometry platform. Serum samples were thawed on
ice, and 50 puL of each sample was mixed with 200 uL of methanol/acetonitrile (1:1, v/v)
extraction solution containing isotope-labeled internal standards. Samples were shaken at
750 rpm for 5 min, allowed to stand for 5 min, and filtered through a protein-precipitation
plate. Quality control (QC) samples were prepared by pooling equal aliquots of the pro-
cessed samples. Experimental samples were analyzed in a randomized injection order, and
one QC sample was injected after every nine experimental samples.

Chromatographic separation was performed using a Vanquish UHPLC system
(Thermo Fisher Scientific, Germering, Germany) coupled to an Orbitrap Exploris 120
high-resolution mass spectrometer with a Waters ACQUITY UPLC BEH Amide column
(2.1 x 50 mm, 1.7 pm). Mobile phase A consisted of 25 mmol/L ammonium acetate and
25 mmol/L ammonium hydroxide in water (pH 9.75), and mobile phase B was acetonitrile.
The autosampler temperature was maintained at 4 °C, the column temperature was 30 °C,
the injection volume was 2 pL, and the flow rate was 0.50 mL/min.

The mass-spectrometric settings included a sheath gas flow rate of 50 Arb, an auxiliary
gas flow rate of 15 Arb, a capillary temperature of 320 °C, a full-MS resolution of 60,000, an
MS/MS resolution of 15,000, stepped normalized collision energies of 20/30/40, and spray
voltages of 3.8 kV and —3.4 kV in positive and negative ionization modes, respectively.
The full-MS scan range was m/z 70-1200. Data acquisition was controlled using Xcalibur
version 4.4.

Raw data were converted to mzXML format using ProteoWizard V3.0.24054 and
processed using an R/ XCMS-based workflow for feature detection, extraction, alignment,
and integration. Metabolite annotation was performed using BiotreeDB V3.0 based on
MS1, MS2, and retention-time information, and identification confidence was annotated
according to Metabolomics Standards Initiative levels. Data preprocessing included RSD-
based feature filtering, missing-value filtering, imputation of missing values using one-half
of the minimum value, and total ion current normalization.

Six biological serum samples per group were subjected to untargeted metabolomic
profiling. The final exploratory metabolomic analyses were based on four biological
samples per group (n = 4 per group), corresponding to the sample subset used in the
original metabolomic data-analysis workflow. The processed data were imported into
SIMCA 18.0.1 for multivariate analysis. PCA was used for unsupervised visualization,
whereas OPLS-DA was used as an exploratory supervised model. OPLS-DA models were
evaluated using seven-fold cross-validation and 200 permutation tests, with R?> and Q2
used to assess model fit and predictive performance. Differential metabolic features were
initially screened using VIP > 1.0 and nominal p < 0.05. To account for multiple testing, p-
values were further adjusted using the Benjamini-Hochberg false-discovery-rate procedure;
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features with q < 0.05 were considered FDR-supported, whereas features not surviving FDR
correction were interpreted as exploratory. Pathway annotation and enrichment analysis
were performed using KEGG and MetaboAnalyst [40,41].

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10.1 unless otherwise
specified. Data are presented as the mean =+ standard deviation unless otherwise stated.

Longitudinal body-weight data and repeated behavioral-session data were analyzed
using two-way repeated-measures ANOVA, with group as the between-subject factor and
time or testing session as the within-subject factor, including the group x time/session
interaction. For behavioral assessments, the mean of the three within-session trials was used
as the session-level outcome for each animal, and individual within-session trials were not
treated as independent observations. Where applicable, Dunnett’s multiple-comparisons
test was used for comparisons between treatment groups and the MPTP group.

For conventional endpoint analyses, normality of model residuals was assessed using
the Shapiro-Wilk test, and homogeneity of variance among groups was evaluated using the
Brown-Forsythe test. Parametric analyses were used when the relevant assumptions were
reasonably satisfied. For HO-1, marginal heterogeneity of variance was detected by the
Brown-Forsythe test (p = 0.0496); therefore, Welch’s ANOVA was additionally performed
as a sensitivity analysis and yielded the same overall statistical conclusion.

For endpoint variables measured once per animal, comparisons among multi-
ple groups were performed using one-way ANOVA followed by Dunnett’s multiple-
comparisons test when treatment groups were compared with the MPTP group, where
the relevant assumptions were satisfied. A two-sided p < 0.05 was considered statistically
significant for conventional analyses. Multiple-testing procedures for microbiome and
metabolomics analyses are described in Sections 2.9 and 2.10.

No single primary endpoint was prospectively designated before the experiment.
Accordingly, behavioral, histological, RT-qPCR, and ELISA measurements were treated as
planned study outcomes, whereas 165 rRNA sequencing, untargeted serum metabolomics,
pathway-enrichment analyses, and descriptive cross-omics group-level visualization were
considered exploratory analyses.

Because microbiota and serum metabolomic measurements were not completely paired
at the individual-animal level, no inferential microbiota—metabolite correlation analysis was
performed. Representative microbial and metabolic features were standardized independently
within their respective datasets and summarized as group-level mean z-scores for descriptive
visualization. This analysis was considered descriptive and hypothesis-generating only and was
not used to infer individual-level associations or causal relationships.

3. Results

3.1. SHOU LAC-1 Was Associated with Attenuation of MPTP-Induced Reduction in Body-Weight
Gain and Motor Impairment in Mice

The experimental design is presented in Figure 1A. Body weight was monitored
throughout the experimental period to evaluate the general physiological status of mice
during SHOU LAC-1 administration and MPTP modeling. As shown in Figure 1B, body
weight gradually increased during the early phase of the experiment and tended to de-
cline during the later modeling period. Because body weight was repeatedly measured
in the same animals, longitudinal body-weight data were analyzed using a two-way
repeated-measures analysis. The analysis showed no significant group effect (p = 0.1610) or
group X time interaction (p = 0.1317), whereas the time effect was significant (p < 0.0001).
Mice in the MPTP group showed significantly lower body-weight gain than the Control
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group (adjusted p = 0.0009; Figure 1C). Compared with the MPTP group, body-weight
gain was significantly higher in both the L-DOPA (adjusted p = 0.0074) and SHOU LAC-1
groups (adjusted p < 0.0001).

Motor function was evaluated using the rotarod, pole, and balance beam tests. For
each behavioral testing session, each mouse underwent three within-session trials, and the
mean of the three trials was used as one outcome value for that animal. Individual within-
session trials were not treated as independent observations. The three testing sessions
performed in the same animals were analyzed using repeated-measures models.

In the rotarod test, mice in the MPTP group showed shorter latencies to fall than
Control mice, whereas higher latencies were observed in the L-DOPA and SHOU LAC-1
groups (Figure 1D). These findings suggest that SHOU LAC-1 administration improved
motor coordination. Repeated-measures analysis showed significant group and testing-
session effects (both p < 0.0001), with no significant group X session interaction (p = 0.5234).

In the pole test, MPTP-treated mice showed longer descent times than Control mice,
whereas lower descent times were observed in the L-DOPA and SHOU LAC-1 groups
(Figure 1E). These findings suggest that SHOU LAC-1 may partly alleviate MPTP-associated
bradykinesia-like behavioral impairment. Repeated-measures analysis showed significant
group and testing-session effects (both p < 0.0001), with no significant group x session
interaction (p = 0.8713).

In the balance beam test, mice in the MPTP group showed longer traversal times than
Control mice, whereas lower traversal times were observed in the L-DOPA and SHOU LAC-1
groups (Figure 1F). These results suggest that SHOU LAC-1 intervention was associated with
partial improvement in MPTP-induced balance and fine motor deficits. Repeated-measures anal-
ysis showed a significant group effect (p < 0.0001) and a significant group X session interaction
(p = 0.0019), whereas the testing-session effect was not significant (p = 0.0554).

Collectively, MPTP treatment was associated with reduced body-weight gain and
impaired motor performance, whereas SHOU LAC-1 administration was associated with
attenuation of these MPTP-induced abnormalities.

3.2. SHOU LAC-1 Was Associated with Partial Preservation of Nigrostriatal Dopaminergic
Markers and Increased Neurotrophic-Factor-Related Gene Expression

To further examine whether the behavioral improvement observed after SHOU LAC-
1 administration was accompanied by changes in nigrostriatal dopaminergic markers,
immunohistochemical staining for tyrosine hydroxylase (TH) and «-synuclein (x-SYN)
was performed. TH immunoreactivity in the substantia nigra and striatum was assessed by
quantifying TH-positive areas, whereas «-SYN immunoreactivity in the substantia nigra
was evaluated by quantifying the «-SYN-positive area. In parallel, the striatal mRNA
expression levels of TH, BDNF, and GDNF were measured to evaluate dopaminergic- and
neurotrophic-support-related gene expression.

As shown in Figure 2A-C, MPTP-treated mice exhibited visibly weaker TH-positive staining
in the substantia nigra and striatum than Control mice, whereas x-SYN-positive staining in the
substantia nigra was increased. Quantitative analysis confirmed that the TH-positive areas in both
the substantia nigra and striatum were significantly reduced in the MPTP group compared with
the Control group. In contrast, the «-SYN-positive area in the substantia nigra was significantly
increased after MPTP treatment (Figure 2D-F). These results indicate that MPTP treatment was
associated with reduced TH immunoreactivity in the substantia nigra and striatum and increased
o-SYN immunoreactivity in the substantia nigra.
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Figure 2. SHOU LAC-1 Was Associated with Partial Preservation of Nigrostriatal Dopaminergic Markers
and Increased Neurotrophic-Factor-Related Gene Expression. (A) Representative immunohistochemical
images showing TH immunoreactivity in the substantia nigra. (B) Representative immunohistochemical
images showing TH immunoreactivity in the striatum. (C) Representative immunohistochemical images
showing a-SYN immunoreactivity in the substantia nigra. (D) Quantification of the TH-positive area in
the substantia nigra. (E) Quantification of the TH-positive area in the striatum. (F) Quantification of the
«-SYN-positive area in the substantia nigra. (G-I) Relative mRNA expression levels of striatal TH, BDNF,
and GDNF determined by RT-qPCR. For immunohistochemical analyses in panels (A-F), n = 4 biological
samples per group; for RT-qPCR analyses in panels (G-I), n = 4 biological samples per group. Data are
presented as the mean + SD. ### p < 0.001 and #### p < 0.0001 versus the Control group; ** p < 0.01,
***p <0.001, and **** p < 0.0001 versus the MPTP group.
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Compared with the MPTP group, L-DOPA treatment increased TH-positive areas in
the substantia nigra and striatum and reduced o-SYN-positive staining in the substan-
tia nigra. Compared with the MPTP group, SHOU LAC-1-treated mice showed larger
TH-positive areas in the substantia nigra and striatum and a smaller x-SYN-positive
area in the substantia nigra (Figure 2D-F). These findings indicate that SHOU LAC-1
administration was associated with partial preservation of TH immunoreactivity and
reduced «-SYN immunoreactivity.

The expression of dopaminergic- and neurotrophic-support-related genes was then
examined in the striatum. Compared with the Control group, MPTP treatment significantly
decreased the relative mRNA expression levels of TH, BDNF, and GDNF (Figure 2G-I).
L-DOPA treatment significantly increased the relative mRNA expression levels of TH,
BDNE, and GDNF compared with the MPTP group. SHOU LAC-1 administration also
significantly increased the relative mRNA expression levels of TH, BDNF, and GDNF
compared with the MPTP group.

Collectively, MPTP treatment was associated with reduced TH immunoreactivity in
the substantia nigra and striatum, increased a-SYN immunoreactivity in the substantia
nigra, and decreased striatal expression of TH, BDNF, and GDNFE. SHOU LAC-1 adminis-
tration was associated with partial preservation of TH immunoreactivity, reduced «-SYN
immunoreactivity, and increased striatal expression of TH, BDNFE, and GDNF relative
to the MPTP group. These findings suggest that the observed improvement in motor
performance was accompanied by changes in nigrostriatal dopaminergic markers and
neurotrophic-factor-related gene expression.

3.3. SHOU LAC-1 Partially Improved Defecatory Function and Colonic Barrier-Related Indicators

Given that gastrointestinal dysfunction is frequently observed as a non-motor manifestation
of PD, defecatory function and colonic barrier-related indicators were further evaluated in MPTP-
treated mice. Defecatory function was assessed by measuring the number of fecal pellets, total
stool weight, and fecal water content within 30 min. Colonic morphology was examined by
hematoxylin and eosin staining, and tight-junction-related changes were assessed by determining
the mRNA expression levels of ZO-1, Occludin, and Claudin-1.

As shown in Figure 3A-C, the number of fecal pellets, stool weight, and fecal water
content was significantly reduced in the MPTP group compared with the Control group.
These findings indicate that MPTP treatment was associated with impaired defecatory
function. Compared with the MPTP group, these defecatory parameters were increased
in the L-DOPA and SHOU LAC-1 groups, consistent with partial improvement of MPTP-
associated defecatory dysfunction.

Histological examination showed that the colonic mucosa in the Control group dis-
played a relatively intact architecture, with regularly arranged glands and preserved
mucosal organization. In contrast, descriptive examination of the MPTP group showed
a less organized glandular arrangement and partial disruption of mucosal architecture.
Compared with the MPTP group, the L-DOPA and SHOU LAC-1 groups showed compara-
tively better-preserved colonic morphology, including more orderly glandular structures
and mucosal organization (Figure 3D). These observations were descriptive and were not
based on a blinded quantitative histopathological scoring system.

The expression of tightjunction-related genes was then analyzed as an additional colonic
barrier-related indicator. Compared with the Control group, the mRINA expression levels
of colonic ZO-1, Occludin, and Claudin-1 were significantly decreased in the MPTP group
(Figure 3E-G). Compared with the MPTP group, both L-DOPA and SHOU LAC-1 administration
increased the expression of these tightjunction-related genes, with SHOU LAC-1 treatment being
associated with increased ZO-1, Occludin, and Claudin-1 mRNA expression.
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Figure 3. Lactiplantibacillus plantarum SHOU LAC-1 partially improved MPTP-associated defecatory
dysfunction and colonic barrier-related indicators. (A) Number of fecal pellets within 30 min. (B) Total
stool weight within 30 min. (C) Fecal water content. (D) Representative images of H&E-stained colon
sections from each group. (E-G) Relative mRNA expression levels of the colonic tight-junction-related
genes ZO-1, Occludin, and Claudin-1 determined by RT-qPCR. For defecatory measurements, n = 10
mice/group; for H&E staining, 1 = 4 biological samples/group; for RT-qPCR analyses, n = 4 biological
samples/group. Data are presented as the mean £ SD. ## p < 0.01 and #### p < 0.0001 versus the
Control group; * p < 0.05, ** p < 0.01, and **** p < 0.0001 versus the MPTP group.
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Collectively, MPTP treatment was associated with impaired defecatory function, al-
tered colonic morphology, and decreased expression of tight-junction-related genes. SHOU
LAC-1 administration partially improved defecatory parameters and was associated with
comparatively better-preserved colonic morphology and increased expression of tight-
junction-related genes. These findings therefore indicate improvements in colonic barrier-
related indicators rather than direct evidence of restored intestinal barrier function.

3.4. SHOU LAC-1 Was Associated with Attenuated Inflammatory Responses in the Midbrain,
Striatum, and Colon

To evaluate inflammatory responses following SHOU LAC-1 administration, repre-
sentative pro-inflammatory cytokines were measured in central and peripheral tissues.
The protein levels of TNF-«, IL-13, and IL-6 were determined in the midbrain and colon
by ELISA. In parallel, the mRNA expression levels of these inflammatory cytokines were
analyzed in the striatum and colon. The striatal mRNA expression levels of GFAP and
Iba-1 were also examined as glial-cell-related markers.

As shown in Figure 4A-C, the midbrain levels of TNF-«, IL-1f3, and IL-6 were sig-
nificantly increased in the MPTP group compared with the Control group. These results
indicate that MPTP treatment was associated with increased midbrain pro-inflammatory
cytokine levels. Compared with the MPTP group, L-DOPA treatment reduced the levels
of these cytokines. After SHOU LAC-1 administration, the levels of TNF-o and IL-6 were
significantly decreased, whereas the difference in IL-1f3 was not statistically significant.

Striatal inflammation-related gene expression was then examined. Compared with
the Control group, the mRNA expression levels of striatal TNF-, IL-1f3, and IL-6 were
markedly upregulated in the MPTP group (Figure 4D-F). Compared with the MPTP
group, both L-DOPA and SHOU LAC-1 treatment reduced the expression levels of these
inflammatory cytokine genes. These findings suggest that SHOU LAC-1 was associated
with attenuation of MPTP-induced inflammatory gene expression in the striatum.

A similar inflammatory pattern was observed in the colon. MPTP treatment increased
the colonic mRNA expression levels of TNF-«, IL-1§3, and IL-6 compared with those in the
Control group. These increases were reduced after L-DOPA or SHOU LAC-1 administration
(Figure 4G-I). Consistently, the colonic protein levels of TNF-«, IL-13, and IL-6 were
elevated in the MPTP group and were decreased in the L-DOPA and SHOU LAC-1 groups
(Figure 4J-L). These results indicate that SHOU LAC-1 was associated with reduced colonic
pro-inflammatory cytokine expression and protein levels.

The expression of glial-cell-related markers was further assessed in the striatum.
Compared with the Control group, MPTP treatment significantly increased the mRNA
expression levels of GFAP and Iba-1. Compared with the MPTP group, both L-DOPA
and SHOU LAC-1 treatment decreased GFAP and Iba-1 mRNA expression (Figure 4M,N).
Because glial-cell morphology and protein-level markers were not evaluated, these tran-
scriptional changes should not be interpreted as direct evidence of suppressed astrocyte or
microglial activation.

Collectively, MPTP treatment was associated with increased pro-inflammatory cy-
tokine levels and/or gene expression in the midbrain, striatum, and colon, together with
increased striatal expression of glial-cell-related markers. SHOU LAC-1 administration was
associated with reductions in these inflammatory indicators and lower striatal expression
of glial-cell-related markers.
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Figure 4. Lactiplantibacillus plantarum SHOU LAC-1 was associated with attenuated inflammatory
responses in the midbrain, striatum, and colon. (A—-C) Midbrain levels of TNF-«, IL-13, and IL-6
measured by ELISA. (D-F) Relative mRNA expression levels of striatal TNF-«, IL-1§3, and IL-6
determined by RT-qPCR. (G-I) Relative mRNA expression levels of colonic TNF-«, IL-1f3, and
IL-6 determined by RT-qPCR. (J-L) Colonic levels of TNF-«, IL-1§3, and IL-6 measured by ELISA.
(M,N) Relative mRNA expression levels of striatal GFAP and Iba-1 determined by RT-qPCR. For
ELISA measurements in panels (A—C) and (J-L), n = 3 biological samples per group; for RT-qPCR anal-
yses in panels (D-I) and (M,N), n = 4 biological samples per group. Data are presented as the mean
=+ SD. ##p < 0.01, ### p < 0.001, and #### p < 0.0001 versus the Control group; * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 versus the MPTP group; ns indicates no statistical significance.
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3.5. SHOU LAC-1 Was Associated with Partial Recovery of Nrf2-Related Antioxidant Defense
Gene Expression

To examine antioxidant-defense-related gene expression following SHOU LAC-1
intervention, the striatal mRNA expression levels of the antioxidant-defense-related genes
Nrf2, NQO1, and HO-1 were examined. Nrf2 is a key transcription factor involved in
cellular antioxidant responses, whereas NQO1 and HO-1 are representative downstream
antioxidant-defense-related genes.

As shown in Figure 5A-C, the mRNA expression levels of striatal Nrf2, NQO1, and
HO-1 were significantly decreased in the MPTP group compared with the Control group.
These results suggest that MPTP treatment was associated with reduced expression of
Nrf2-related antioxidant-defense genes in the striatum. Compared with the MPTP group,
L-DOPA treatment increased the expression levels of these genes.

xpression
xpression
I NQOI/GAPDH

mRNA exj
of striatal HO-1/GAPDH

Relative mRNA expression

Relative mRNA expressi
of striatal Nrf2/GAPDH

Figure 5. Lactiplantibacillus plantarum SHOU LAC-1 was associated with partial recovery of Nrf2-
related antioxidant-defense gene expression in the striatum of MPTP-treated mice. (A—C) Relative
mRNA expression levels of striatal Nrf2, NQO1, and HO-1 determined by RT-qPCR. n = 4 biological
samples per group. Data are presented as the mean & SD. ### p < 0.0001 versus the Control group;
*p <0.05 *p <0.01, *** p < 0.001, and **** p < 0.0001 versus the MPTP group.

After SHOU LAC-1 administration, the mRNA expression levels of Nrf2, NQO1, and
HO-1 were also higher than those in the MPTP group (Figure 5A-C). Although the extent of
recovery differed among these genes, SHOU LAC-1 treatment was associated with partial
recovery of Nrf2-related antioxidant-defense gene expression.

Collectively, MPTP treatment was associated with decreased striatal Nrf2, NQO1, and
HO-1 mRNA expression, whereas higher expression levels were observed following SHOU
LAC-1 administration. These findings indicate partial recovery of antioxidant-defense-
related gene expression; however, they do not demonstrate functional restoration of the
antioxidant defense system or a reduction in oxidative stress.

3.6. SHOU LAC-1 Administration Was Associated with Changes in Gut Microbial Diversity
and Composition

To determine whether SHOU LAC-1 administration was associated with changes
in the gut microbiota of MPTP-treated mice, fecal samples were analyzed by 165 rRNA
gene sequencing. As shown in Figure 6A,B, shared and group-specific amplicon sequence
variants (ASVs) were detected among the four groups. The total number of ASVs was
reduced in the MPTP group compared with the Control group, whereas higher ASV
numbers were observed in the L-DOPA and SHOU LAC-1 groups. These observations
indicate differences in the numbers of detected ASVs among the experimental groups.

According to the a-diversity analysis, the Chaol, Observed features, and Shannon
indices were significantly lower in the MPTP group compared with the Control group
(Figure 6C-E). These findings indicate significant differences in x-diversity indices between
the Control and MPTP groups. Compared with the MPTP group, the Chaol and Observed
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features indices were significantly higher in the L-DOPA and SHOU LAC-1 groups, while
the Shannon index did not differ significantly between the MPTP and SHOU LAC-1 groups.
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Figure 6. ASV composition and microbial diversity analysis of the gut microbiota in the Control,
MPTP, L-DOPA, and SHOU LAC-1 groups. (A) Venn diagram showing shared and group-specific
ASVs among the four groups. (B) Total number of ASVs detected in each group. (C-E) x-diversity
analysis, including the Chaol index, Observed features index, and Shannon index. (F) PCoA of
B-diversity. (G) PCA of 3-diversity. n = 6 biological samples per group. Statistical significance for the
indicated pairwise comparisons is shown above the corresponding brackets: * p < 0.05 and ** p < 0.01.

PCoA and PCA showed different sample-distribution patterns among the experi-
mental groups (Figure 6F,G). PERMANOVA (Adonis) showed a significant difference
in microbial community composition between the Control and MPTP groups (pseudo-
F =2.568, R? = 0.125, p = 0.002) and between the MPTP and SHOU LAC-1 groups (pseudo-
F =1.984, R? = 0.099, p = 0.017). These results indicate differences in microbial community
composition between the relevant experimental groups.

The taxonomic composition of the gut microbiota was then examined at the phylum
and genus levels. At the phylum level, Bacteroidota and Bacillota were the predominant
bacterial phyla across all groups (Figure 7A,B). Compared with the Control group, the
relative abundance of Bacteroidota was lower in the MPTP group, whereas Bacillota was
higher. Relative to the MPTP group, the SHOU LAC-1 group showed a higher relative
abundance of Bacteroidota and a lower relative abundance of Bacillota. These observations
indicate differences in the relative abundance profiles of the dominant bacterial phyla
among the experimental groups.

At the genus level, MPTP administration was accompanied by differences in the
gut microbial composition compared with the Control group (Figure 7C). Unclassi-
fied_Muribaculaceae was a predominant taxon in the Control group and showed a lower
relative abundance in the MPTP group, whereas the proportion of low-abundance taxa
grouped as “Others” was higher. The L-DOPA and SHOU LAC-1 groups showed different
genus-level relative abundance profiles from the MPTP group.

In addition, MPTP treatment was accompanied by changes in several taxa, including Bi-
fidobacterium, Lactobacillus, Faecalibaculum, Turicibacter, and unclassified_Desulfovibrionaceae.
Compared with the MPTP group, differences were observed in several taxa in the SHOU
LAC-1 group, including Prevotellaceae_UCG-001, unclassified_Ruminococcaceae, unclas-
sified_Oscillospiraceae, Anaerotruncus, and Colidextribacter. These observations indicate
differences in genus-level microbial composition between the MPTP and SHOU LAC-1
groups [10,42].
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Figure 7. Phylum- and genus-level composition of the gut microbiota in the Control, MPTP, L-DOPA,
and SHOU LAC-1 groups. (A) Stacked bar plot showing the relative abundance of bacterial taxa at
the phylum level in individual samples from the four groups. (B) Cluster heatmap of the relative
abundance of dominant bacterial phyla. (C) Stacked bar plot showing the relative abundance of
bacterial taxa at the genus level in individual samples from the four groups. n = 6 biological samples
per group. Heatmap colors indicate normalized relative abundance, with red representing higher
relative abundance and blue representing lower relative abundance.

LEfSe analysis was further performed to identify differentially abundant bacterial
taxa. Compared with the Control group, the MPTP group was mainly enriched in Bifi-
dobacterium, Lactobacillus, Faecalibaculum, Turicibacter, unclassified Desulfovibrionaceae, and
Parasutterella, whereas the Control group was mainly enriched in Prevotellaceae_UCG-
001, Rikenellaceae_RC9_gut_group, Harryflintia, and [Eubacterium]_ventriosum_group
(Figure 8A). These findings indicate differences in gut microbial taxonomic composition
between the Control and MPTP groups.

Compared with the MPTP group, the SHOU LAC-1 group showed higher relative
abundances of Prevotellaceae_UCG-001, unclassified Oscillospiraceae, unclassified Ru-
minococcaceae, Anaerotruncus, Colidextribacter, and ASF356 (Figure 8B). These findings
indicate compositional differences in the gut microbiota after SHOU LAC-1 administration.

Collectively, MPTP treatment was associated with differences in gut microbial diversity,
community composition, and taxonomic profiles relative to the Control group, whereas
SHOU LAC-1 administration was accompanied by differences in these microbial features
relative to the MPTP group.
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Figure 8. LEfSe analysis of differentially abundant gut microbial taxa in the Control, MPTP, and
SHOU LAC-1-related comparisons. (A) LEfSe analysis of differentially abundant taxa between the
Control and MPTP groups. (B) LEfSe analysis of differentially abundant taxa between the MPTP and
SHOU LAC-1 groups. n = 6 biological samples per group. The bar plots show taxa identified by linear
discriminant analysis, and LDA scores indicate the effect size of each differentially abundant taxon.

3.7. SHOU LAC-1 Administration Was Associated with Changes in Serum Metabolic Profiles

To characterize serum metabolic differences associated with MPTP treatment and
SHOU LAC-1 administration, untargeted serum metabolomics was performed using four
biological samples per group in the final metabolomic analysis. PCA showed differences
in sample-distribution patterns between the Control and MPTP groups (Figure 9A). The
distribution of samples from the SHOU LAC-1 group also differed from that of the MPTP
group (Figure 9B).

OPLS-DA was further performed as an exploratory supervised analysis. Model
performance and potential overfitting were evaluated using seven-fold cross-validation
and 200 permutation tests. For the Control versus MPTP comparison, the model showed
R%2X(cum) = 0.384, R?Y(cum) = 1.000, and Q?*(cum) = 0.625, and the permutation test
supported the model (p < 0.05). For the MPTP versus SHOU LAC-1 comparison,
R?X(cum) = 0.299, R?Y(cum) = 0.999, and Q?*(cum) = 0.353; however, the permutation
test was not significant (p > 0.05) (Figure 9C,D). Therefore, although an apparent separa-
tion was observed in the MPTP versus SHOU LAC-1 OPLS-DA score plot, this separa-
tion was interpreted cautiously because the corresponding model was not supported by
permutation testing.

The heatmap showed group-associated abundance patterns among several candidate
serum metabolic features. Compared with the Control group, candidate features anno-
tated as Carnitine, 2-Methylguanosine, 1-Methylguanosine, 3’-O-Methylguanosine, and
2/-O-Methylguanosine showed higher relative abundances in the MPTP group, whereas
linoleic acid, trans-vaccenic acid, cis-9-palmitoleic acid, LPC(18:0/0:0), LPC(O-18:2(12,9Z7)),
PC(P-16:0/0:0), decanoylcarnitine, and lauroylcarnitine showed lower relative abundances
(Figure 9E). These representative features included fatty-acid-, glycerophospholipid-,
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acylcarnitine-, and nucleotide-related compounds. Because these representative fea-
tures did not remain significant after FDR correction, their differences were consid-
ered exploratory. Acylcarnitines are involved in mitochondrial fatty-acid transport and
oxidation [43]. Comprehensive metabolite resources such as HMDB provide reference

information for the nomenclature and classification of such serum metabolites [44].
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Figure 9. Serum metabolic profiles associated with MPTP treatment and SHOU LAC-1 administration.
(A,B) PCA score plots comparing the Control and MPTP groups (A) and the MPTP and SHOU LAC-1
groups (B). (C,D) OPLS-DA score plots comparing the Control and MPTP groups (C) and the MPTP
and SHOU LAC-1 groups (D). OPLS-DA models were evaluated using seven-fold cross-validation
and 200 permutation tests. (E,F) Heatmaps showing representative candidate serum metabolic
features for the Control versus MPTP comparison (E) and the MPTP versus SHOU LAC-1 comparison
(F). Candidate features were initially screened using VIP > 1 and nominal p < 0.05, followed by
Benjamini-Hochberg FDR correction. Corresponding fold-change values, individual VIP scores, raw
p-values, FDR-adjusted g-values, and identification-confidence levels for the features shown in panels
(E,F) are provided in Supplementary Table S2. Colors indicate normalized relative abundance. n = 4
biological samples per group in the final metabolomic analysis. PCA, principal component analysis;
OPLS-DA, orthogonal partial least-squares discriminant analysis.

Following SHOU LAC-1 administration, several representative candidate metabolic
features showed different relative abundance patterns compared with the MPTP group.
2-Hydroxytetradecanoic acid and 2-hydroxyoctanoic acid were among the features show-
ing higher relative abundance, whereas N-acetylhistidine, carnosine, cholesteryl sulfate,
glutaric acid, and PC(36:3) showed lower relative abundance (Figure 9F). However, these
representative features did not remain significant after FDR correction and were therefore
interpreted as exploratory candidate metabolic features rather than statistically confirmed
differential metabolites. Detailed feature-level quantitative information for the metabolic
features shown in Figure 9E,F, including fold change, VIP score, raw p-value, FDR-adjusted
g-value, and identification-confidence level, is provided in Supplementary Table S2.

KEGG pathway-enrichment analysis [45] was further conducted using the candidate
metabolic features, with Benjamini-Hochberg FDR correction applied for multiple testing.
In the Control versus MPTP comparison, histidine metabolism (q = 0.0013), cysteine and

https://doi.org/10.3390/foods15173116


https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116

23 of 32

methionine metabolism (q = 0.0037), and pyrimidine metabolism (q = 0.0499) remained
significant after FDR correction (Figure 10A). Other pathways identified at the nominal p-
value level, including 3-alanine metabolism, phenylalanine metabolism, sulfur metabolism,
and carbon metabolism, did not remain significant after FDR correction and were therefore
considered exploratory. In the MPTP versus SHOU LAC-1 comparison, several pathways
were identified at the nominal p-value level; however, no pathway remained significant after
Benjamini-Hochberg FDR correction (Figure 10B). Accordingly, pathway-level findings for
the SHOU LAC-1 comparison were interpreted as exploratory and were not considered

evidence of confirmed pathway modulation or altered metabolic flux.
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Figure 10. KEGG pathway-enrichment analysis of candidate serum metabolic features and descriptive
group-level patterns of gut bacterial genera and serum metabolic features. (A) KEGG enrichment
bubble plot for the Control versus MPTP comparison. (B) KEGG enrichment bubble plot for the MPTP
versus SHOU LAC-1 comparison. Bubble size represents the number of metabolic features mapped
to each pathway, and color indicates the nominal p value. Benjamini-Hochberg FDR correction
was additionally applied for multiple testing, and FDR-adjusted results are reported in the Results.
KEGG, Kyoto Encyclopedia of Genes and Genomes. (C) Descriptive heatmap showing group-level
mean z-score patterns of representative gut bacterial genera and serum metabolic features across the
Control, MPTP, L-DOPA, and SHOU LAC-1 groups. Microbiota data (1 = 6 biological samples per
group) and metabolomics data (1 = 4 biological samples per group) were standardized independently
within their respective datasets and summarized at the group level. Because the datasets were not
completely paired at the individual-animal level, panel (C) is descriptive and hypothesis-generating
only; no inferential correlation coefficients or p-values were calculated.

Collectively, the untargeted serum metabolomic analysis showed differences in serum
metabolic profiles associated with MPTP treatment and SHOU LAC-1 administration.
The candidate features included lipid-, amino-acid-, nucleotide-, and acylcarnitine-related
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compounds; however, most of the representative heatmap-selected features did not remain
significant after FDR correction, and no KEGG pathway in the MPTP versus SHOU LAC-
1 comparison remained significant after FDR correction. Therefore, the SHOU LAC-1-
associated metabolomic findings should be considered exploratory and associative and do
not establish specific metabolic remodeling or a causal metabolic mechanism.

3.8. Group-Level Patterns of Gut Microbial and Serum Metabolic Alterations

To descriptively compare gut microbial and serum metabolic patterns across the
experimental groups, representative bacterial genera from the final 16S rRNA sequencing
dataset (1 = 6 biological samples per group) and representative serum metabolic features
from the final untargeted metabolomics dataset (n = 4 biological samples per group)
were visualized at the group level. Each selected feature was standardized within its
corresponding dataset and summarized as the mean z-score for the Control, MPTP, L-
DOPA, and SHOU LAC-1 groups (Figure 10C).

The resulting heatmap showed distinct group-level patterns among the experimental
groups. However, because the microbiota and metabolomics measurements were not com-
pletely paired at the individual-animal level, these patterns were considered descriptive and
hypothesis-generating only. No inferential microbiota—metabolite correlation coefficients
or p-values were calculated. Accordingly, Figure 10C does not establish individual-level
associations or causal relationships between specific bacterial taxa and serum metabolites.

4. Discussion

The present study evaluated Lactiplantibacillus plantarum SHOU LAC-1 as a strain-
specific candidate in an MPTP-induced PD-like mouse model using an integrated assess-
ment of central and peripheral outcomes. SHOU LAC-1 administration was associated with
coordinated changes in motor and defecatory performance, nigrostriatal TH and «-SYN
immunoreactivity, neurotrophic-support-related gene expression, inflammatory markers,
glial-cell-related gene expression, Nrf2-related antioxidant gene expression, colonic mor-
phology and tight-junction-related gene expression, gut microbial composition, and serum
metabolic profiles. Inflammatory and glial-cell-related abnormalities are well-recognized
components of PD pathophysiology [46,47]. The integrated evaluation of neurological,
gastrointestinal, inflammatory, antioxidant-related, microbial, and metabolic outcomes
represents a distinctive aspect of the present study. However, these findings are predom-
inantly preclinical and associative and do not establish a causal microbiota—gut-brain
pathway. Moreover, because SHOU LAC-1 administration began before MPTP exposure
and continued during the modeling period, the present design primarily evaluates pre-
ventive/protective attenuation of MPTP-induced abnormalities rather than therapeutic
reversal of established PD-like pathology.

MPTP is widely used to induce PD-like dopaminergic and motor abnormalities be-
cause its active metabolite, MPP+, disrupts mitochondrial function and damages the
nigrostriatal dopaminergic system [30-32,48,49]. In the present study, MPTP treatment
was accompanied by smaller TH-positive areas in the substantia nigra and striatum and
greater x-SYN immunoreactivity in the substantia nigra, whereas SHOU LAC-1 adminis-
tration was associated with partial preservation of TH immunoreactivity and lower a-SYN
immunoreactivity. These histological findings were accompanied by improved motor
performance. Nevertheless, TH immunoreactivity is an indirect indicator of dopaminergic
integrity, and the present analysis quantified TH-positive area rather than stereologically
determined dopaminergic neuronal number. Likewise, x-SYN-positive area does not distin-
guish among soluble, oligomeric, and aggregated forms of x-SYN. The findings therefore
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support treatment-associated differences in TH and «-SYN immunoreactivity rather than
definitive neuronal rescue or reduced -SYN aggregation.

Striatal Bdnf and Gdnf mRNA expression was lower after MPTP treatment and higher
following SHOU LAC-1 administration. These genes are relevant to neurotrophic sup-
port of the dopaminergic system [50,51]; however, their assessment in the present study
was restricted to the transcriptional level. Accordingly, the findings indicate changes in
neurotrophic-support-related gene expression but do not demonstrate restoration of BDNF-
or GDNF-mediated protein signaling. Taken together with the TH and «-SYN findings, the
results suggest coordinated changes in dopaminergic- and neurotrophic-support-related
indicators, while the underlying molecular mechanisms remain to be established.

Gastrointestinal abnormalities represent an important peripheral component of the
PD-like phenotype examined in this study [6,7,52-54]. MPTP-treated mice showed reduced
fecal pellet number, fecal weight, and water content, together with histomorphological
alterations in the colon and lower mRNA expression of the tight-junction-related genes
Z20-1, Occludin, and Claudin-1. SHOU LAC-1 administration was associated with improved
defecatory parameters, comparatively better-preserved colonic morphology, and increased
expression of these tight-junction-related genes. However, epithelial permeability and
tight-junction protein abundance and localization were not directly assessed, and micro-
bial translocation was not measured. Therefore, these observations should be interpreted
as changes in gastrointestinal and intestinal barrier-related indicators rather than direct
evidence of restored intestinal barrier function. Prior PD studies have linked increased in-
testinal permeability with intestinal «-synuclein and endotoxin-exposure markers [55], but
those functional permeability and translocation endpoints were not directly evaluated here.

Inflammatory changes were observed in both central and colonic tissues. SHOU LAC-1
administration was associated with lower levels or expression of several inflammatory
markers relative to MPTP treatment. These findings are consistent with an association
between SHOU LAC-1 administration and a less pronounced inflammatory-marker profile
in the tissues examined. However, they do not establish a causal inflammatory pathway
connecting the intestine and brain, because circulating inflammatory mediators, micro-
bial translocation, and blood-brain barrier permeability were not evaluated. In addition,
GFAP and Iba-1 were measured at the mRNA level. Their lower expression after SHOU
LAC-1 administration should therefore be described as changes in glial-cell-related gene
expression rather than direct evidence of suppression of astrocyte or microglial activation.
Protein-level and cell-specific morphological analyses would be required to characterize
glial activation directly. These observations are consistent with the established relevance of
inflammatory and glial-cell-related abnormalities to PD and MGBA-related neuroinflam-
matory processes [46,47,53,54].

MPTP treatment was also accompanied by lower striatal expression of Nrf2-, HO-
1-, and NQO1-related genes, whereas higher expression was observed following SHOU
LAC-1 administration. These results indicate changes in Nrf2-related antioxidant gene
expression. Nrf2-related antioxidant signaling has been implicated in MPTP-induced
injury and broader neurodegenerative oxidative-stress responses [56-58]. Nevertheless,
Nrf2 nuclear translocation, HO-1 and NQO1 protein abundance, antioxidant enzyme
activity, reactive oxygen species, and direct oxidative-damage markers were not measured.
Consequently, the present findings should not be interpreted as direct evidence of Nrf2
pathway activation, restoration of antioxidant capacity, or functional reduction in oxidative
stress. Protein-level and functional validation will be required to determine the biological
significance of these transcriptional changes.

The gut microbiota data further showed that SHOU LAC-1 administration was asso-
ciated with changes in microbial diversity and taxonomic composition relative to MPTP
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treatment. Community-level ordination analyses showed group-related distribution pat-
terns in microbial composition, but these findings should not be interpreted as restoration
of a normal microbial state or as evidence of altered microbial metabolic activity. Several
taxa showing treatment-associated differences, including members of Ruminococcaceae-
, Oscillospiraceae-, and Prevotellaceae-related groups, have previously been associated in
the literature with fermentation or SCFA-related functions [10,12]. However, 165 rRNA
sequencing provides limited taxonomic and functional resolution, and the presence or
relative abundance of a bacterial taxon does not establish its metabolic activity in vivo.
Most importantly, acetate, propionate, butyrate, valerate, and other SCFAs were not directly
quantified in the present study. Therefore, references to SCFA-related taxa are based solely
on taxonomic composition and previously reported biological associations and should be
regarded as hypothesis-generating rather than evidence that SHOU LAC-1 increased SCFA
production, restored SCFA-associated microbial function, or mediated its effects through
SCFAs. In addition, increases or decreases in Lactobacillus, Bifidobacterium, and other genus-
level taxa should not be interpreted as uniformly beneficial or detrimental because their
biological functions are species-, strain-, and context-dependent. Functional metagenomic
analyses together with direct targeted measurement of microbial metabolites would be
required to test these possibilities. The Muribaculaceae-related differences observed in this
dataset are also relevant to prior descriptions of this family’s metabolic and gut-homeostatic
functions [59]. Desulfovibrio-related bacteria have been associated with PD-related gut
dysbiosis and a-synuclein phenotypes in prior studies [60,61]. SCFA-related microbiota
have also been discussed in relation to PD-associated neuroinflammatory and oxidative
processes [62]. These interpretive cautions are consistent with the broader strain-specific
probiotic literature [10,42,63].

Untargeted serum metabolomics showed that SHOU LAC-1 administration was ac-
companied by changes in several serum metabolic features relative to MPTP treatment.
The observed patterns involved features related to fatty-acid, phospholipid, acylcarnitine,
nucleotide, and other metabolic categories. However, these findings should be regarded
as exploratory rather than as evidence of definitive metabolic remodeling. OPLS-DA was
used as an exploratory supervised approach and was evaluated by cross-validation and
permutation testing; nevertheless, supervised discrimination does not itself establish a
biological mechanism. Furthermore, not all candidate metabolic features retained statistical
significance after false-discovery-rate correction. Accordingly, features that did not re-
main significant after multiple-testing correction should be considered exploratory signals,
and metabolite identities and concentration changes derived from untargeted analysis
require targeted quantitative confirmation before specific metabolic pathways can be con-
sidered established. Comparable PD studies have reported alterations in amino-acid, lipid,
nucleotide/purine, and microbiota-linked systemic metabolic features [17-20,64—66].

The descriptive group-level comparison of selected gut microbial and serum metabolic
features should be interpreted with particular caution. Because the microbiota and serum
metabolomics datasets were not completely paired one-to-one at the individual-animal
level, the observed patterns cannot be interpreted as inferential individual-level microbiota—
metabolite correlations. Instead, they represent descriptive and hypothesis-generating
group-level patterns among selected microbial and metabolic features. Such patterns
may be useful for generating hypotheses for future paired multi-omics studies, but the
present data do not demonstrate direct microbiota-metabolite coupling, microbial pro-
duction of particular serum metabolites, metabolite-mediated neurological effects, or di-
rectionality among microbial, intestinal, metabolic, and neurological changes. Thus, the
current findings support parallel changes in multiple microbiota—gut-brain-axis-related
readouts rather than a demonstrated causal microbiota—metabolite-brain mechanism. Pre-
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vious PD multi-omics studies have likewise reported associations between gut microbial
composition and systemic metabolic features [17,65,67], while gut microbiota-derived
tryptophan/indole metabolites are biologically relevant to inflammatory, oxidative, and
nervous-system homeostasis [68]. These prior observations provide biological context only
and do not validate individual-level microbiota-metabolite coupling in the present dataset.

Taken together, the findings indicate coordinated central and peripheral changes fol-
lowing SHOU LAC-1 administration. Nevertheless, the present experimental design does
not establish whether alterations in the intestinal environment, gut microbial composition,
systemic metabolism, inflammatory and antioxidant-related indicators, and neurological
outcomes are mechanistically linked. The results are therefore more appropriately inter-
preted as a multilevel association study within a microbiota—gut-brain axis framework
rather than as direct elucidation of a causal pathway. Experimental PD-model studies have
shown that gut-directed microbial or metabolite interventions can modify gastrointesti-
nal, inflammatory, motor, or neurodegeneration-related outcomes [69-74]; however, the
present design does not establish that such a causal pathway underlies the observed SHOU
LAC-1-associated changes.

L-DOPA was included as a positive control to demonstrate the responsiveness of the
experimental model; clinically, levodopa remains a standard symptomatic dopaminergic
therapy [3,4]. Although SHOU LAC-1 and L-DOPA were associated with changes in
partially overlapping outcomes, their administration schedules differed and the study was
not designed as a superiority, equivalence, or non-inferiority comparison. No conclusion
regarding their relative efficacy can therefore be drawn. SHOU LAC-1 should instead be
regarded as a strain-specific candidate for further investigation as an adjunctive nutritional
intervention and not as an alternative to standard dopaminergic therapy. This positioning
is consistent with literature describing gut microbiota-targeted and synbiotic approaches as
adjunctive rather than replacement strategies [75-77].

Several limitations should be acknowledged. First, the study included only young male
mice and used a single MPTP-based PD-like model, which limits generalization across sexes,
ages, and complementary experimental models. Second, a SHOU LAC-1-only control group was
not included. Third, several mechanism-related outcomes were evaluated predominantly at the
transcriptional level without corresponding protein-level or functional confirmation. In particular,
intestinal permeability, tightjunction protein abundance and localization, Nrf2 nuclear translo-
cation and downstream protein expression, direct oxidative-stress and antioxidant-capacity
markers, glial-cell morphology and protein expression, aggregated x-SYN, circulating micro-
bial products, and SCFA concentrations were not directly evaluated. The study also did not
include causal microbiota-transfer or depletion experiments of the type used to test microbiota-
dependent PD-like phenotypes in prior models [78]. Fourth, 165 rRNA sequencing provides
limited strain-level and functional resolution [79], whereas untargeted metabolite annotations
and abundance patterns require targeted quantitative validation. Fifth, incomplete individual-
level pairing between the microbiota and metabolomics datasets precluded valid inferential
microbiota—metabolite correlation analysis and therefore restricted the cross-omics comparison
to descriptive group-level visualization. In addition, no formal a priori power calculation was
performed and formal blinding was not implemented during behavioral testing or tissue col-
lection, which should be considered when interpreting the findings. Future studies should
therefore incorporate complementary PD models and sex/age groups, appropriate strain-only
controls, individually paired multi-omics datasets, targeted SCFA and metabolite quantification,
protein-level and functional assessment of intestinal barrier and antioxidant-related outcomes,
and causal approaches such as microbiota transfer, microbiota depletion, germ-free models, or
defined microbial /metabolite supplementation; validation across complementary chemically
induced PD models is also warranted [11,62,80-82].
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Overall, SHOU LAC-1 administration was associated with coordinated changes in
central and peripheral indicators in MPTP-treated mice. These findings provide preliminary
preclinical support for further strain-specific investigation of SHOU LAC-1 in PD-related
nutritional strategies. However, the evidence remains predominantly associative, and both
the causal mechanisms and potential translational relevance require further validation.

5. Conclusions

In conclusion, Lactiplantibacillus plantarum SHOU LAC-1 administration was associated with
partial improvement in motor and defecatory performance in MPTP-treated mice within the
preventive intervention paradigm. These changes were accompanied by partial preservation
of nigrostriatal TH immunoreactivity, lower a-SYN immunoreactivity, increased expression
of neurotrophic-support-related genes, and lower central and colonic inflammatory markers.
SHOU LAC-1 administration was also associated with comparatively better-preserved colonic
morphology, increased expression of intestinal tight-junction-related genes, higher Nrf2-related
antioxidant gene expression, including Nrf2, HO-1, and NQO1, and changes in gut microbial
composition and serum metabolic profiles.

Together, these findings indicate coordinated central and peripheral changes following
SHOU LAC-1 administration but do not establish causal relationships among gut microbial
alterations, systemic metabolism, intestinal changes, and neurological outcomes. These
preclinical findings provide preliminary support for further investigation of SHOU LAC-1
as a strain-specific candidate for adjunctive nutritional strategies. Additional mechanistic
studies and validation in complementary experimental models are required before its
translational relevance to PD can be determined.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods15173116/s1, Table S1: Primer information used for qRT-PCR;
Table S2. Quantitative information for the serum metabolic features shown in Figure 9E,F.

Author Contributions: Conceptualization, WW. (Wangiang Wu), ET. and J.Z.; methodology, W.Z.,
Y.H., WW. (Wangiang Wu), ET. and J.Z.; software, W.Z., YH., HM. and D.T.; validation, W.Z., YH.,
H.M. and D.T,; formal analysis, W.Z., Y.H., H.M. and D.T,; investigation, W.Z., YH., HM., D.T.,, Z.A.
and PP; resources, ].C., WW. (Wenhui Wu), X.W. and W.W. (Wangiang Wu); data cu-ration, W.Z,,
Y.H., HM. and D.T.; writing—original draft preparation, W.Z.; writing—review and editing, Q.S., Y.P.
and W.W. (Wangiang Wu); visualization, W.Z., Y.H. and W.W. (Wangiang Wu); supervision, W.W.
(Wangiang Wu), ET. and J.Z.; project administration, W.W. (Wangiang Wu), ET. and J.Z.; funding
acquisition, W.W. (Wangiang Wu), ET. and J.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Young Scientists Fund of the National Natural Science
Foundation of China (No. 82103844); The Industry-Education-Research Collaborative Talent Cultiva-
tion Team for Advanced Aquatic-Product Processing and Green Intelligent Manufacturing; Nanping
Resource Chemical Industry Science and Technology Innovation Joint Funding Project (N20227002),
and Nanping Science and Technology Expert Innovation & Entrepreneurship Competition Project
(N2023T026).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of Shanghai Ocean University (approval code: SHOU-DW-2025-184, approval date:
9 October 2025).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/foods15173116


https://www.mdpi.com/article/10.3390/foods15173116/s1
https://www.mdpi.com/article/10.3390/foods15173116/s1
https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116 29 of 32

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Su, D.; Cui, Y,; He, C;; Yin, P; Bai, R.;; Zhu, J.; Lam, J.S.T.; Zhang, J.; Yan, R.; Zheng, X,; et al. Projections for prevalence of
Parkinson’s disease and its driving factors in 195 countries and territories to 2050: Modelling study of Global Burden of Disease
Study 2021. BM]J 2025, 388, e080952. [CrossRef] [PubMed]

Dorsey, E.R.; Sherer, T.; Okun, M.S.; Bloem, B.R. The Emerging Evidence of the Parkinson Pandemic. J. Park. Dis. 2018, 8, S3-58.
[CrossRef] [PubMed]

Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284-2303. [CrossRef] [PubMed]

Armstrong, M.J.; Okun, M.S. Diagnosis and Treatment of Parkinson Disease: A Review. JAMA 2020, 323, 548-560. [CrossRef]
[PubMed]

Calabresi, P.; Mechelli, A.; Natale, G.; Volpicelli-Daley, L.; Di Lazzaro, G.; Ghiglieri, V. Alpha-synuclein in Parkinson’s disease
and other synucleinopathies: From overt neurodegeneration back to early synaptic dysfunction. Cell Death Dis. 2023, 14, 176.
[CrossRef] [PubMed]

Zhang, X.; Tang, B.; Guo, J. Parkinson’s disease and gut microbiota: From clinical to mechanistic and therapeutic studies. Transl.
Neurodegener. 2023, 12, 59. [CrossRef] [PubMed]

Romano, S.; Savva, G.M.; Bedarf, ].R.; Charles, I.G.; Hildebrand, F.; Narbad, A. Meta-analysis of the Parkinson’s disease gut
microbiome suggests alterations linked to intestinal inflammation. npj Park. Dis. 2021, 7, 27. [CrossRef] [PubMed]

Wallen, Z.D.; Demirkan, A.; Twa, G.; Cohen, G.; Dean, M.N.; Standaert, D.G.; Sampson, T.R.; Payami, H. Metagenomics of
Parkinson’s disease implicates the gut microbiome in multiple disease mechanisms. Nat. Commun. 2022, 13, 6958. [CrossRef]
[PubMed]

Nishiwaki, H.; Ito, M.; Hamaguchi, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Yoshida, T.; Hanada, H.; Takeuchi, L; et al.
Short chain fatty acids-producing and mucin-degrading intestinal bacteria predict the progression of early Parkinson’s disease.
npj Park. Dis. 2022, 8, 65. [CrossRef] [PubMed]

Huang, B.; Chau, SW.H.; Liu, Y;; Chan, JW.Y,; Wang, J.; Ma, S.L.; Zhang, J.; Chan, PK.S.; Yeoh, YK,; Chen, Z; et al. Gut
microbiome dysbiosis across early Parkinson’s disease, REM sleep behavior disorder and their first-degree relatives. Nat.
Commun. 2023, 14, 2501. [CrossRef] [PubMed]

Vascellari, S.; Palmas, V.; Melis, M.; Pisanu, S.; Cusano, R.; Uva, P;; Perra, D.; Madau, V.; Sarchioto, M.; Oppo, V.; et al. Gut
Microbiota and Metabolome Alterations Associated with Parkinson’s Disease. mSystems 2020, 5, e€00561-20. [CrossRef] [PubMed]
Chen, S.J.; Chen, C.C.; Liao, H.Y; Lin, Y.T.; Wu, Y.W.; Liou, ].M.; Wu, M.S.; Kuo, C.H.; Lin, C.H. Association of Fecal and Plasma
Levels of Short-Chain Fatty Acids With Gut Microbiota and Clinical Severity in Patients With Parkinson Disease. Neurology 2022,
98, 848-e858. [CrossRef] [PubMed]

Nishiwaki, H.; Hamaguchi, T.; Ito, M.; Ishida, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Shimamura, T.; Mori, H.; et al.
Short-Chain Fatty Acid-Producing Gut Microbiota Is Decreased in Parkinson’s Disease but Not in Rapid-Eye-Movement Sleep
Behavior Disorder. mSystems 2020, 5, e00797-20. [CrossRef] [PubMed]

Loh, J.S.; Mak, W.Q.; Tan, LK.S.; Ng, C.X.; Chan, H.H.; Yeow, S.H.; Foo, ].B.; Ong, Y.S.; How, C.W.; Khaw, K.Y. Microbiota-gut-
brain axis and its therapeutic applications in neurodegenerative diseases. Signal Transduct. Target. Ther. 2024, 9, 37. [CrossRef]
[PubMed]

Klann, E.M.; Dissanayake, U.; Gurrala, A.; Farrer, M.; Wagle Shukla, A.; Ramirez-Zamora, A.; Mai, V.; Vedam-Mai, V. The
Gut-Brain Axis and Its Relation to Parkinson’s Disease: A Review. Front. Aging Neurosci. 2021, 13, 782082. [CrossRef] [PubMed]
Pereira, P.A.B.; Trivedi, D.K,; Silverman, J.; Duru, I.C.; Paulin, L.; Auvinen, P; Scheperjans, F. Multiomics implicate gut microbiota
in altered lipid and energy metabolism in Parkinson’s disease. npj Park. Dis. 2022, 8, 39. [CrossRef] [PubMed]

Paul, K.C.; Zhang, K.; Walker, D.I; Sinsheimer, J.; Yu, Y.; Kusters, C.; Del Rosario, I.; Folle, A.D.; Keener, A.M.; Bronstein, J.; et al.
Untargeted serum metabolomics reveals novel metabolite associations and disruptions in amino acid and lipid metabolism in
Parkinson’s disease. Mol. Neurodegener. 2023, 18, 100. [CrossRef] [PubMed]

Luo, X,; Liu, Y.; Balck, A.; Klein, C.; Fleming, RM.T. Identification of metabolites reproducibly associated with Parkinson’s
Disease via meta-analysis and computational modelling. npj Park. Dis. 2024, 10, 126. [CrossRef] [PubMed]

de Lope, E.G.; Loo, R.T]J.; Rauschenberger, A.; Ali, M.; Pavelka, L.; Marques, T.M.; Gomes, C.P.C.; Kriiger, R.; Glaab, E.
Comprehensive blood metabolomics profiling of Parkinson’s disease reveals coordinated alterations in xanthine metabolism. npj
Park. Dis. 2024, 10, 68. [CrossRef] [PubMed]

Xie, L.; Chen, D.; Zhu, X.; Cheng, C. Efficacy and safety of probiotics in Parkinson’s constipation: A systematic review and
meta-analysis. Front. Pharmacol. 2022, 13, 1007654. [CrossRef] [PubMed]

Tan, A.H.; Lim, S.Y.; Chong, K.K,; Maa, A.M.; Hor, JW,; Lim, J.L.; Low, 5.C.; Chong, C.W.; Mahadeva, S.; Lang, A.E. Probiotics for
Constipation in Parkinson Disease: A Randomized Placebo-Controlled Study. Neurology 2021, 96, €772—e782. [PubMed]

Park, ].M.; Lee, S.C.; Ham, C.; Kim, Y.W. Effect of probiotic supplementation on gastrointestinal motility, inflammation, motor,
non-motor symptoms and mental health in Parkinson’s disease: A meta-analysis of randomized controlled trials. Gut Pathog.
2023, 15, 9. [CrossRef] [PubMed]

https://doi.org/10.3390/foods15173116


https://doi.org/10.1136/bmj-2024-080952
https://www.ncbi.nlm.nih.gov/pubmed/40044233
https://doi.org/10.3233/jpd-181474
https://www.ncbi.nlm.nih.gov/pubmed/30584159
https://doi.org/10.1016/s0140-6736(21)00218-x
https://www.ncbi.nlm.nih.gov/pubmed/33848468
https://doi.org/10.1001/jama.2019.22360
https://www.ncbi.nlm.nih.gov/pubmed/32044947
https://doi.org/10.1038/s41419-023-05672-9
https://www.ncbi.nlm.nih.gov/pubmed/36859484
https://doi.org/10.1186/s40035-023-00392-8
https://www.ncbi.nlm.nih.gov/pubmed/38098067
https://doi.org/10.1038/s41531-021-00156-z
https://www.ncbi.nlm.nih.gov/pubmed/33692356
https://doi.org/10.1038/s41467-022-34667-x
https://www.ncbi.nlm.nih.gov/pubmed/36376318
https://doi.org/10.1038/s41531-022-00328-5
https://www.ncbi.nlm.nih.gov/pubmed/35650236
https://doi.org/10.1038/s41467-023-38248-4
https://www.ncbi.nlm.nih.gov/pubmed/37130861
https://doi.org/10.1128/msystems.00561-20
https://www.ncbi.nlm.nih.gov/pubmed/32934117
https://doi.org/10.1212/wnl.0000000000013225
https://www.ncbi.nlm.nih.gov/pubmed/34996879
https://doi.org/10.1128/msystems.00797-20
https://www.ncbi.nlm.nih.gov/pubmed/33293403
https://doi.org/10.1038/s41392-024-01743-1
https://www.ncbi.nlm.nih.gov/pubmed/38360862
https://doi.org/10.3389/fnagi.2021.782082
https://www.ncbi.nlm.nih.gov/pubmed/35069178
https://doi.org/10.1038/s41531-022-00300-3
https://www.ncbi.nlm.nih.gov/pubmed/35411052
https://doi.org/10.1186/s13024-023-00694-5
https://www.ncbi.nlm.nih.gov/pubmed/38115046
https://doi.org/10.1038/s41531-024-00732-z
https://www.ncbi.nlm.nih.gov/pubmed/38951523
https://doi.org/10.1038/s41531-024-00671-9
https://www.ncbi.nlm.nih.gov/pubmed/38503737
https://doi.org/10.3389/fphar.2022.1007654
https://www.ncbi.nlm.nih.gov/pubmed/36703760
https://www.ncbi.nlm.nih.gov/pubmed/33046607
https://doi.org/10.1186/s13099-023-00536-1
https://www.ncbi.nlm.nih.gov/pubmed/36879342
https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116 30 of 32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Yilmaz, B.; Bangar, S.P,; Echegaray, N.; Suri, S.; Tomasevic, I.; Manuel Lorenzo, J.; Melekoglu, E.; Rocha, ].M.; Ozogul, F. The
Impacts of Lactiplantibacillus plantarum on the Functional Properties of Fermented Foods: A Review of Current Knowledge.
Microorganisms 2022, 10, 826. [CrossRef] [PubMed]

Chu, C; Yu, L; Li, Y;; Guo, H.; Zhai, Q.; Chen, W.; Tian, F. Lactobacillus plantarum CCFM405 against Rotenone-Induced
Parkinson’s Disease Mice via Regulating Gut Microbiota and Branched-Chain Amino Acids Biosynthesis. Nutrients 2023, 15, 1737.
[CrossRef] [PubMed]

Lee, Y.Z.; Cheng, S.H.; Chang, M.Y,; Lin, Y.E; Wu, C.C.; Tsai, Y.C. Neuroprotective Effects of Lactobacillus plantarum PS128 in a
Mouse Model of Parkinson’s Disease: The Role of Gut Microbiota and MicroRNAs. Int. . Mol. Sci. 2023, 24, 6794. [CrossRef]
[PubMed]

Wang, L.; Zhao, Z.; Zhao, L.; Zhao, Y.; Yang, G.; Wang, C.; Gao, L.; Niu, C.; Li, S. Lactobacillus plantarum DP189 Reduces «-SYN
Aggravation in MPTP-Induced Parkinson’s Disease Mice via Regulating Oxidative Damage, Inflammation, and Gut Microbiota
Disorder. . Agric. Food Chem. 2022, 70, 1163-1173. [CrossRef] [PubMed]

Lu, C.S.; Chang, H.C.; Weng, Y.H.; Chen, C.C.; Kuo, Y.S.; Tsai, Y.C. The Add-On Effect of Lactobacillus plantarum PS128 in
Patients With Parkinson’s Disease: A Pilot Study. Front. Nutr. 2021, 8, 650053. [CrossRef] [PubMed]

Liao, J.F; Cheng, Y.E; You, S.T.; Kuo, W.C.; Huang, C.W.; Chiou, ].J.; Hsu, C.C.; Hsieh-Li, H.M.; Wang, S.; Tsai, Y.C. Lactobacillus
plantarum PS128 alleviates neurodegenerative progression in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mouse
models of Parkinson’s disease. Brain Behav. Immun. 2020, 90, 26—46. [CrossRef] [PubMed]

Lama, J.; Buhidma, Y.; Fletcher, E.J.R.; Duty, S. Animal models of Parkinson’s disease: A guide to selecting the optimal model for
your research. Neuronal Signal 2021, 5, Ns20210026. [CrossRef] [PubMed]

Mustapha, M.; Mat Taib, C.N. MPTP-induced mouse model of Parkinson’s disease: A promising direction of therapeutic strategies.
Bosn. . Basic Med. Sci. 2021, 21, 422-433. [CrossRef] [PubMed]

Jackson-Lewis, V.; Przedborski, S. Protocol for the MPTP mouse model of Parkinson’s disease. Nat. Protoc. 2007, 2, 141-151.
[CrossRef] [PubMed]

Zhang, S.; Geng, Y.; Jiang, X; Sun, Z.; Yan, M,; Bi, J; Tian, X.; Wang, Q. Investigating the mechanisms of inflammation and
immune alterations in Parkinson’s disease using spatial transcriptomics techniques. Brain Res. Bull. 2024, 217, 111076. [CrossRef]
[PubMed]

Prasad, E.M.; Hung, S.Y. Behavioral Tests in Neurotoxin-Induced Animal Models of Parkinson’s Disease. Antioxidants 2020, 9,
1007. [CrossRef] [PubMed]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [PubMed]

Bolyen, E.; Rideout, ].R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37,852-857. [CrossRef] [PubMed]

Callahan, B.].; McMurdie, PJ.; Rosen, M.].; Han, A.W.; Johnson, A.].; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef] [PubMed]

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, ].; Schweer, T.; Yarza, P,; Peplies, ].; Glockner, EO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef] [PubMed]
Pang, Z.; Lu, Y.; Zhou, G.; Hui, E; Xu, L.; Viau, C.; Spigelman, A.F.; MacDonald, P.E.; Wishart, D.S.; Li, S.; et al. MetaboAnalyst
6.0: Towards a unified platform for metabolomics data processing, analysis and interpretation. Nucleic Acids Res. 2024, 52,
W398-W406. [CrossRef] [PubMed]

Pang, Z.; Xu, L.; Viau, C.; Lu, Y,; Salavati, R.; Basu, N.; Xia, ]. MetaboAnalystR 4.0: A unified LC-MS workflow for global
metabolomics. Nat. Commun. 2024, 15, 3675. [CrossRef] [PubMed]

McFarland, L.V.; Evans, C.T.; Goldstein, E.J.C. Strain-Specificity and Disease-Specificity of Probiotic Efficacy: A Systematic Review
and Meta-Analysis. Front. Med. 2018, 5, 124. [CrossRef] [PubMed]

Dambrova, M.; Makrecka-Kuka, M.; Kuka, J.; Vilskersts, R.; Nordberg, D.; Attwood, M.M.; Smesny, S.; Sen, Z.D.; Guo, A.C.; Oler,
E.; et al. Acylcarnitines: Nomenclature, Biomarkers, Therapeutic Potential, Drug Targets, and Clinical Trials. Pharmacol. Rev. 2022,
74,506-551. [CrossRef] [PubMed]

Wishart, D.S.; Guo, A.; Oler, E.; Wang, F; Anjum, A.; Peters, H.; Dizon, R.; Sayeeda, Z.; Tian, S.; Lee, B.L.; et al. HMDB 5.0: The
Human Metabolome Database for 2022. Nucleic Acids Res. 2022, 50, D622-D631. [CrossRef] [PubMed]

Kanehisa, M.; Furumichi, M.; Sato, Y.; Kawashima, M.; Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 2023, 51, D587-D592. [CrossRef] [PubMed]

Kam, T.I; Hinkle, ].T.; Dawson, T.M.; Dawson, V.L. Microglia and astrocyte dysfunction in parkinson’s disease. Neurobiol. Dis.
2020, 144, 105028. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/foods15173116


https://doi.org/10.3390/microorganisms10040826
https://www.ncbi.nlm.nih.gov/pubmed/35456875
https://doi.org/10.3390/nu15071737
https://www.ncbi.nlm.nih.gov/pubmed/37049578
https://doi.org/10.3390/ijms24076794
https://www.ncbi.nlm.nih.gov/pubmed/37047769
https://doi.org/10.1021/acs.jafc.1c07711
https://www.ncbi.nlm.nih.gov/pubmed/35067061
https://doi.org/10.3389/fnut.2021.650053
https://www.ncbi.nlm.nih.gov/pubmed/34277679
https://doi.org/10.1016/j.bbi.2020.07.036
https://www.ncbi.nlm.nih.gov/pubmed/32739365
https://doi.org/10.1042/ns20210026
https://www.ncbi.nlm.nih.gov/pubmed/34956652
https://doi.org/10.17305/bjbms.2020.5181
https://www.ncbi.nlm.nih.gov/pubmed/33357211
https://doi.org/10.1038/nprot.2006.342
https://www.ncbi.nlm.nih.gov/pubmed/17401348
https://doi.org/10.1016/j.brainresbull.2024.111076
https://www.ncbi.nlm.nih.gov/pubmed/39306046
https://doi.org/10.3390/antiox9101007
https://www.ncbi.nlm.nih.gov/pubmed/33081318
https://doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1038/s41587-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/nar/gkae253
https://www.ncbi.nlm.nih.gov/pubmed/38587201
https://doi.org/10.1038/s41467-024-48009-6
https://www.ncbi.nlm.nih.gov/pubmed/38693118
https://doi.org/10.3389/fmed.2018.00124
https://www.ncbi.nlm.nih.gov/pubmed/29868585
https://doi.org/10.1124/pharmrev.121.000408
https://www.ncbi.nlm.nih.gov/pubmed/35710135
https://doi.org/10.1093/nar/gkab1062
https://www.ncbi.nlm.nih.gov/pubmed/34986597
https://doi.org/10.1093/nar/gkac963
https://www.ncbi.nlm.nih.gov/pubmed/36300620
https://doi.org/10.1016/j.nbd.2020.105028
https://www.ncbi.nlm.nih.gov/pubmed/32736085
https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116 31 of 32

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Chen, K.; Wang, H.; Ilyas, I.; Mahmood, A.; Hou, L. Microglia and Astrocytes Dysfunction and Key Neuroinflammation-Based
Biomarkers in Parkinson’s Disease. Brain Sci. 2023, 13, 634. [CrossRef] [PubMed]

Dovonou, A.; Bolduc, C.; Soto Linan, V,; Gora, C.; Peralta, M.R., III; Lévesque, M. Animal models of Parkinson’s disease: Bridging
the gap between disease hallmarks and research questions. Transl. Neurodegener. 2023, 12, 36. [CrossRef] [PubMed]

Khan, E.; Hasan, I.; Haque, M.E. Parkinson’s Disease: Exploring Different Animal Model Systems. Int. ]. Mol. Sci. 2023, 24, 9088.
[CrossRef] [PubMed]

Bondarenko, O.; Saarma, M. Neurotrophic Factors in Parkinson’s Disease: Clinical Trials, Open Challenges and Nanoparticle-
Mediated Delivery to the Brain. Front. Cell. Neurosci. 2021, 15, 682597. [CrossRef] [PubMed]

Barker, R.A.; Bjorklund, A.; Gash, D.M.; Whone, A.; Van Laar, A.; Kordower, ].H.; Bankiewicz, K.; Kieburtz, K.; Saarma, M.;
Booms, S.; et al. GDNF and Parkinson’s Disease: Where Next? A Summary from a Recent Workshop. J. Park. Dis. 2020, 10,
875-891. [CrossRef] [PubMed]

Pellegrini, C.; D’Antongiovanni, V.; Miraglia, F.; Rota, L.; Benvenuti, L.; Di Salvo, C.; Testa, G.; Capsoni, S.; Carta, G.; Antonioli, L.;
et al. Enteric a-synuclein impairs intestinal epithelial barrier through caspase-1-inflammasome signaling in Parkinson’s disease
before brain pathology. npj Park. Dis. 2022, 8,9. [CrossRef] [PubMed]

Li, Q.; Meng, L.B.; Chen, L.J.; Shi, X;; Tu, L.; Zhou, Q.; Yu, J.L,; Liao, X.; Zeng, Y.; Yuan, Q.Y. The role of the microbiota-gut-brain
axis and intestinal microbiome dysregulation in Parkinson’s disease. Front. Neurol. 2023, 14, 1185375. [CrossRef] [PubMed]
Kearns, R. Gut-Brain Axis and Neuroinflammation: The Role of Gut Permeability and the Kynurenine Pathway in Neurological
Disorders. Cell. Mol. Neurobiol. 2024, 44, 64. [CrossRef] [PubMed]

Forsyth, C.B.; Shannon, K.M.; Kordower, ]. H.; Voigt, R.M.; Shaikh, M.; Jaglin, J.A.; Estes, ].D.; Dodiya, H.B.; Keshavarzian, A.
Increased intestinal permeability correlates with sigmoid mucosa alpha-synuclein staining and endotoxin exposure markers in
early Parkinson’s disease. PLoS ONE 2011, 6, €28032. [CrossRef] [PubMed]

Lu, R; Zhou, X.; Zhang, L.; Hao, M.; Yang, X. Nrf2 Deficiency Exacerbates Parkinson’s Disease by Aggravating NLRP3
Inflammasome Activation in MPTP-Induced Mouse Models and LPS-Induced BV2 Cells. J. Inflamm. Res. 2024, 17, 6277-6295.
[CrossRef] [PubMed]

Rehman, I.U.; Khan, A.; Ahmad, R.; Choe, K.; Park, H.Y.; Lee, H.J.; Atiq, A.; Park, J.; Hahm, J].R.; Kim, M.O. Neuroprotective
Effects of Nicotinamide against MPTP-Induced Parkinson’s Disease in Mice: Impact on Oxidative Stress, Neuroinflammation,
Nrf2/HO-1 and TLR4 Signaling Pathways. Biomedicines 2022, 10, 2929. [CrossRef] [PubMed]

Mayer, C.; Riera-Ponsati, L.; Kauppinen, S.; Klitgaard, H.; Erler, ].T.; Hansen, S.N. Targeting the NRF2 pathway for disease
modification in neurodegenerative diseases: Mechanisms and therapeutic implications. Front. Pharmacol. 2024, 15, 1437939.
[CrossRef] [PubMed]

Zhu, Y.; Chen, B.; Zhang, X.; Akbar, M.T.; Wu, T.; Zhang, Y.; Zhi, L.; Shen, Q. Exploration of the Muribaculaceae Family in the Gut
Microbiota: Diversity, Metabolism, and Function. Nutrients 2024, 16, 2660. [CrossRef] [PubMed]

Huynh, V.A,; Takala, TM.; Murros, K.E.; Diwedj, B.; Saris, P.E.J. Desulfovibrio bacteria enhance alpha-synuclein aggregation in a
Caenorhabditis elegans model of Parkinson’s disease. Front. Cell. Infect. Microbiol. 2023, 13, 1181315. [CrossRef] [PubMed]
Murros, K.E.; Huynh, V.A ; Takala, T.M.; Saris, PE.J. Desulfovibrio Bacteria Are Associated With Parkinson’s Disease. Front. Cell.
Infect. Microbiol. 2021, 11, 652617. [CrossRef] [PubMed]

Kalyanaraman, B.; Cheng, G.; Hardy, M. Gut microbiome, short-chain fatty acids, alpha-synuclein, neuroinflammation, and
ROS/RNS: Relevance to Parkinson’s disease and therapeutic implications. Redox Biol. 2024, 71, 103092. [CrossRef] [PubMed]
Hill, C.; Guarner, E; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514. [CrossRef] [PubMed]

Shebl, N.; El-Jaafary, S.; Saeed, A.A.; Elkafrawy, P.; El-Sayed, A.; Shamma, S.; Elnemr, R.; Mekky, J.; Mohamed, L.A.; Kittaneh, O.;
et al. Metabolomic profiling reveals altered phenylalanine metabolism in Parkinson’s disease in an Egyptian cohort. Front. Mol.
Biosci. 2024, 11, 1341950. [CrossRef] [PubMed]

Hensen, T.; Thiele, I. Metabolic modeling links gut microbiota to metabolic markers of Parkinson’s disease. Gut Microbes 2025, 17,
2554195. [CrossRef] [PubMed]

Zhang, Y.; He, X,; Qian, Y.; Xu, S.; Mo, C.; Yan, Z,; Yang, X.; Xiao, Q. Plasma branched-chain and aromatic amino acids correlate
with the gut microbiota and severity of Parkinson’s disease. npj Park. Dis. 2022, 8, 48. [CrossRef] [PubMed]

Cirstea, M.S.; Yu, A.C; Golz, E.; Sundvick, K.; Kliger, D.; Radisavljevic, N.; Foulger, L.H.; Mackenzie, M.; Huan, T.; Finlay, B.B.;
et al. Microbiota Composition and Metabolism Are Associated With Gut Function in Parkinson’s Disease. Mov. Disord. 2020, 35,
1208-1217. [CrossRef] [PubMed]

Konopelski, P.; Mogilnicka, I. Biological Effects of Indole-3-Propionic Acid, a Gut Microbiota-Derived Metabolite, and Its Precursor
Tryptophan in Mammals’ Health and Disease. Int. . Mol. Sci. 2022, 23, 1222. [CrossRef] [PubMed]

https://doi.org/10.3390/foods15173116


https://doi.org/10.3390/brainsci13040634
https://www.ncbi.nlm.nih.gov/pubmed/37190599
https://doi.org/10.1186/s40035-023-00368-8
https://www.ncbi.nlm.nih.gov/pubmed/37468944
https://doi.org/10.3390/ijms24109088
https://www.ncbi.nlm.nih.gov/pubmed/37240432
https://doi.org/10.3389/fncel.2021.682597
https://www.ncbi.nlm.nih.gov/pubmed/34149364
https://doi.org/10.3233/jpd-202004
https://www.ncbi.nlm.nih.gov/pubmed/32508331
https://doi.org/10.1038/s41531-021-00263-x
https://www.ncbi.nlm.nih.gov/pubmed/35022395
https://doi.org/10.3389/fneur.2023.1185375
https://www.ncbi.nlm.nih.gov/pubmed/37305758
https://doi.org/10.1007/s10571-024-01496-z
https://www.ncbi.nlm.nih.gov/pubmed/39377830
https://doi.org/10.1371/journal.pone.0028032
https://www.ncbi.nlm.nih.gov/pubmed/22145021
https://doi.org/10.2147/jir.s478683
https://www.ncbi.nlm.nih.gov/pubmed/39281779
https://doi.org/10.3390/biomedicines10112929
https://www.ncbi.nlm.nih.gov/pubmed/36428497
https://doi.org/10.3389/fphar.2024.1437939
https://www.ncbi.nlm.nih.gov/pubmed/39119604
https://doi.org/10.3390/nu16162660
https://www.ncbi.nlm.nih.gov/pubmed/39203797
https://doi.org/10.3389/fcimb.2023.1181315
https://www.ncbi.nlm.nih.gov/pubmed/37197200
https://doi.org/10.3389/fcimb.2021.652617
https://www.ncbi.nlm.nih.gov/pubmed/34012926
https://doi.org/10.1016/j.redox.2024.103092
https://www.ncbi.nlm.nih.gov/pubmed/38377788
https://doi.org/10.1038/nrgastro.2014.66
https://www.ncbi.nlm.nih.gov/pubmed/24912386
https://doi.org/10.3389/fmolb.2024.1341950
https://www.ncbi.nlm.nih.gov/pubmed/38516193
https://doi.org/10.1080/19490976.2025.2554195
https://www.ncbi.nlm.nih.gov/pubmed/40995781
https://doi.org/10.1038/s41531-022-00312-z
https://www.ncbi.nlm.nih.gov/pubmed/35449203
https://doi.org/10.1002/mds.28052
https://www.ncbi.nlm.nih.gov/pubmed/32357258
https://doi.org/10.3390/ijms23031222
https://www.ncbi.nlm.nih.gov/pubmed/35163143
https://doi.org/10.3390/foods15173116

Foods 2026, 15,3116 32 of 32

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Guo, T.T;; Zhang, Z.; Sun, Y.; Zhu, R.Y.; Wang, EX; Ma, L.J; Jiang, L.; Liu, H.D. Neuroprotective Effects of Sodium Butyrate by
Restoring Gut Microbiota and Inhibiting TLR4 Signaling in Mice with MPTP-Induced Parkinson’s Disease. Nutrients 2023, 15, 930.
[CrossRef] [PubMed]

Zhang, Y.; Xu, S.; Qian, Y.; Mo, C.; Ai, P; Yang, X.; Xiao, Q. Sodium butyrate ameliorates gut dysfunction and motor deficits in a
mouse model of Parkinson’s disease by regulating gut microbiota. Front. Aging Neurosci. 2023, 15, 1099018. [CrossRef] [PubMed]
Bhattarai, Y; Si, J.; Pu, M.; Ross, O.A.; McLean, PJ.; Till, L.; Moor, W.; Grover, M.; Kandimalla, K.K.; Margolis, K.G.; et al. Role of
gut microbiota in regulating gastrointestinal dysfunction and motor symptoms in a mouse model of Parkinson’s disease. Gut
Microbes 2021, 13, 1866974. [CrossRef] [PubMed]

Koutzoumis, D.N.; Vergara, M.; Pino, J.; Buddendorff, J.; Khoshbouei, H.; Mandel, R.J.; Torres, G.E. Alterations of the gut
microbiota with antibiotics protects dopamine neuron loss and improve motor deficits in a pharmacological rodent model of
Parkinson’s disease. Exp. Neurol. 2020, 325, 113159. [CrossRef] [PubMed]

Aktas, B.; Aslim, B.; Ozdemir, D.A. A neurotherapeutic approach with Lacticaseibacillus rhamnosus E9 on gut microbiota and
intestinal barrier in MPTP-induced mouse model of Parkinson’s disease. Sci. Rep. 2024, 14, 15460. [CrossRef] [PubMed]

Dong, X.; Yang, T.; Jin, Z. Lactobacillus reuteri-derived y-amino butyric acid alleviates MPTP-induced Parkinson’s disease
through inhibiting ferroptosis via the AKT-GSK3p3-GPX4 axis. npj Park. Dis. 2025, 11, 149. [CrossRef] [PubMed]

Liu, J.; Xu, F; Nie, Z; Shao, L. Gut Microbiota Approach-A New Strategy to Treat Parkinson’s Disease. Front. Cell. Infect. Microbiol.
2020, 10, 570658. [CrossRef] [PubMed]

Panaitescu, P-S.; Razniceanu, V.; Mocrei-Rebrean, S.-M.; Neculicioiu, V.S.; Dragos, H.-M.; Costache, C.; Filip, G.A. The Effect of
Gut Microbiota-Targeted Interventions on Neuroinflammation and Motor Function in Parkinson’s Disease Animal Models-A
Systematic Review. Curr. Issues Mol. Biol. 2024, 46, 3946-3974. [CrossRef] [PubMed]

Andreozzi, V.; Cuoco, S.; Balestrieri, M.; Fierro, E; Ferrara, N.; Erro, R.; Di Filippo, M.; Barbella, G.; Memoli, M.C.; Silvestri, A.;
et al. Synbiotic supplementation may globally improve non-motor symptoms in patients with stable Parkinson’s disease: Results
from an open label single-arm study. Sci. Rep. 2024, 14, 23095. [CrossRef] [PubMed]

Sampson, T.R.; Debelius, ].W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru,
V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167,
1469-1480.e1412. [CrossRef] [PubMed]

Johnson, ].S.; Spakowicz, D.J.; Hong, B.Y.; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M.; et al. Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 2019,
10, 5029. [CrossRef] [PubMed]

Wen, S.; Aki, T.; Unuma, K.; Uemura, K. Chemically Induced Models of Parkinson’s Disease: History and Perspectives for the
Involvement of Ferroptosis. Front. Cell. Neurosci. 2020, 14, 581191. [CrossRef] [PubMed]

Gao, T,; Liu, Z.; Zhou, Y.; Huang, R.; Ye, H.; Liu, X.; Wang, J.; Song, M.; Huang, Y.; Sun, Q.; et al. Pinto bean consumption mitigates
colorectal tumorigenesis through reshaping gut microbiota and metabolic signatures. Curr. Res. Food Sci. 2026, 12,101387.
[CrossRef] [PubMed]

Lin, J.; Qi, Z.; Wang, G.; Zheng, J.; Cui, L.; Peng, Y.; Sun, Q. Parental permethrin exposure disrupts offspring metabolism via
microbiota-tryptophan axis and is rescued by Lactobacillus plantarum Y1. J. Hazard Mater. 2025, 499, 140226. [CrossRef] [PubMed]
Zhou, Y,; Qin, Y.,; He, R;; Cao, Y.; Ye, H.; Xu, W.; Peng, Y. Plant proteins modulate m(6)A RNA methylation via the regulation of
gut microbiota. Int. |. Biol. Macromol. 2026, 358, 151641. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/foods15173116


https://doi.org/10.3390/nu15040930
https://www.ncbi.nlm.nih.gov/pubmed/36839287
https://doi.org/10.3389/fnagi.2023.1099018
https://www.ncbi.nlm.nih.gov/pubmed/36761177
https://doi.org/10.1080/19490976.2020.1866974
https://www.ncbi.nlm.nih.gov/pubmed/33459114
https://doi.org/10.1016/j.expneurol.2019.113159
https://www.ncbi.nlm.nih.gov/pubmed/31843492
https://doi.org/10.1038/s41598-024-65061-w
https://www.ncbi.nlm.nih.gov/pubmed/38965287
https://doi.org/10.1038/s41531-025-01022-y
https://www.ncbi.nlm.nih.gov/pubmed/40467635
https://doi.org/10.3389/fcimb.2020.570658
https://www.ncbi.nlm.nih.gov/pubmed/33194809
https://doi.org/10.3390/cimb46050244
https://www.ncbi.nlm.nih.gov/pubmed/38785512
https://doi.org/10.1038/s41598-024-74400-w
https://www.ncbi.nlm.nih.gov/pubmed/39367119
https://doi.org/10.1016/j.cell.2016.11.018
https://www.ncbi.nlm.nih.gov/pubmed/27912057
https://doi.org/10.1038/s41467-019-13036-1
https://www.ncbi.nlm.nih.gov/pubmed/31695033
https://doi.org/10.3389/fncel.2020.581191
https://www.ncbi.nlm.nih.gov/pubmed/33424553
https://doi.org/10.1016/j.crfs.2026.101387
https://www.ncbi.nlm.nih.gov/pubmed/41939136
https://doi.org/10.1016/j.jhazmat.2025.140226
https://www.ncbi.nlm.nih.gov/pubmed/41167153
https://doi.org/10.1016/j.ijbiomac.2026.151641
https://www.ncbi.nlm.nih.gov/pubmed/41887432
https://doi.org/10.3390/foods15173116

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Preparation of Lactiplantibacillus plantarum SHOU LAC-1 Suspension 
	Behavioral Tests and Gastrointestinal Function Assessment 
	Sample Collection and Tissue Preparation 
	Hematoxylin and Eosin Staining 
	Immunohistochemistry 
	Reverse Transcription-Quantitative Polymerase Chain Reaction 
	Enzyme-Linked Immunosorbent Assay 
	Gut Microbiota and Bioinformatics Analysis 
	Untargeted Serum Metabolomics 
	Statistical Analysis 

	Results 
	SHOU LAC-1 Was Associated with Attenuation of MPTP-Induced Reduction in Body-Weight Gain and Motor Impairment in Mice 
	SHOU LAC-1 Was Associated with Partial Preservation of Nigrostriatal Dopaminergic Markers and Increased Neurotrophic-Factor-Related Gene Expression 
	SHOU LAC-1 Partially Improved Defecatory Function and Colonic Barrier-Related Indicators 
	SHOU LAC-1 Was Associated with Attenuated Inflammatory Responses in the Midbrain, Striatum, and Colon 
	SHOU LAC-1 Was Associated with Partial Recovery of Nrf2-Related Antioxidant Defense Gene Expression 
	SHOU LAC-1 Administration Was Associated with Changes in Gut Microbial Diversity and Composition 
	SHOU LAC-1 Administration Was Associated with Changes in Serum Metabolic Profiles 
	Group-Level Patterns of Gut Microbial and Serum Metabolic Alterations 

	Discussion 
	Conclusions 
	References

