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Background: Probiotics have been demonstrated to repair spinal cord injuries (SCI) by improving gut microbiota dysbiosis; however,
the specific mechanisms underlying their therapeutic effects on SCI remain incompletely elucidated.

Objective: This study aims to investigate the therapeutic effects of probiotics and analyze the mechanisms of probiotic treatment for
SCI through the gut-spinal cord axis.

Methods: A rat model of SCI was established to evaluate the therapeutic effects of probiotics. Fecal samples were analyzed to assess
gut microbiota composition and metabolite profiles, while differential gene expression in spinal cord tissue was examined.

Results: Pathological assessments demonstrated that probiotic treatment facilitated structural restoration of the spinal cord tissue.
Behavioral evaluations via the Basso Mouse Scale (BMS) and inclined plane tests revealed significant improvements in locomotor
recovery after SCI. Metagenomic sequencing showed that probiotics enhanced gut microbiota diversity, particularly enriching the
relative abundance of Bacillota (formerly Firmicutes) and Clostridia. Metabolite profiling identified an enrichment of key tryptophan
metabolites, including 3-Indoleacetonitrile, Xanthoxic acid, Serotonin, and Tryptophanol. Transcriptomic analysis identified 468
upregulated and 173 downregulated genes in spinal cord tissues. Furthermore, gut microbiota, microbial metabolites and spinal
cord gene expression were integrated to construct a “gut microbiota-tryptophan metabolites-signaling pathway network” using
Cytoscape v.3.10.2. This network linked 19 microbial species (17 belonging to Bacillota and Clostridia, including seven
Lactobacillus species) with tryptophan metabolites and downstream signaling pathways. Among these, tryptophan metabolites
activated 17 genes predominantly involved in anti-inflammatory and neuroregenerative processes. Protein-level validation confirmed
the neuroprotective and anti-inflammatory effects of probiotics.

Conclusion: The “Gut microbiota-tryptophan metabolites-signaling pathway network” offers novel therapeutic targets for SCI injury
treatment. Probiotics exert their effects by modulating gut microbiota and enhancing tryptophan metabolism, thereby influencing
multiple signaling pathways in the spinal cord that can lead to anti-inflammatory and neuroprotective outcomes.

Keywords: Probiotic, Gut-Spinal Cord Axis, Spinal Cord Injury, tryptophan metabolism, Inflammatory Response, Neural
Regeneration

Introduction

Spinal cord injury (SCI) is a severe disabling condition that results in the loss of motor, sensory, and autonomic
functions, commonly causes by traffic accidents, falls, or sports injuries.' The incidence of SCI is increasing annually,
with the mortality rate for spinal cord injuries in developed countries ranging from 3.1% to 22.2%.? Current clinical
treatments for SCI primarily include early surgical spinal cord decompression and improvement of spinal perfusion.’
Although these interventions have reduced the mortality rate associated with SCI, effective methods to repair SCI and
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improve severe neurological dysfunction are still lacking.* Therefore, this study attempts to explore effective treatments
for SCI by focusing on improving gut microbiota dysbiosis after SCI.

The gut microbiota is a diverse and dynamic community of microorganisms that includes beneficial, commensal, and
potentially harmful bacteria. Maintaining microbial diversity and a balanced composition is crucial for supporting the
host’s internal ecological stability.””” There is a bidirectional regulatory pathway between the gut microbiome and the
central nervous system (CNS), commonly referred to as the “gut-brain axis”.* Through this axis, gut microbiota can
influence immune responses, which may play a role in the progression and treatment of diseases such as multiple
sclerosis, Alzheimer’s disease, and Parkinson’s disease.'®!" Additionally, gut microbes can produce specific metabolites
that promote neural regeneration, playing a key role in treating neurodegenerative diseases.'®'® Therefore, this study
builds upon existing research highlighting the role of gut microbiota in SCI by further exploring the “gut-brain axis” and
proposing the “gut-spinal cord axis” as a potential therapeutic target for SCI, which might represent a promising research
direction. Studies have shown that SCI leads to an increase in inflammation-associated microbes.'* Additionally, several
studies have confirmed that improvement of gut microbiota dysbiosis could effectively repair SCI and promote the
recovery of motor function after SCL.'> However, the mechanisms that the improvement of gut microbiota disorder
repairs SCI remain unclear.

This study aims to investigate how probiotics contribute to SCI treatment through the concept of the “gut-spinal cord
axis”. By constructing rat models, the study will evaluated the effects of probiotic treatment. Metagenomic sequencing,
untargeted metabolomics analysis, and transcriptome sequencing (RNA-seq) were performed to analyze changes in the
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gut microbiota, microbial metabolites, and spinal cord target genes. Based on the sequencing data, a gut microbiota-
metabolite-signaling pathway network was constructed to explore the molecular mechanisms by which probiotics
improve SCI through gut microbiota modulation. The findings of this study provide new potential therapeutic targets
for SCI treatment.

Materials and Methods

Animals and Model Preparation

A total of 24 adult female Sprague-Dawley rats (250 + 20 g) were housed in standard environmental conditions, with
a temperature of 22 + 2°C, humidity of 55% =+ 10%, and a 12-hour light-dark cycle. The rats were provided with
unrestricted access to food and water throughout the study. The animals were randomly assigned to three groups, with
eight rats in each group: a sham surgery group, a spinal cord injury (SCI) group, and a VSL#3 treatment group. In the
sham surgery group, rats underwent laminectomy at the T10 level without SCI induction. Rats in the SCI and VSL
groups were subjected to SCI modeling. For SCI induction, animals were anesthetized with 2% isoflurane, and a T10
laminectomy was performed to expose the spinal cord. A 5 g weight was dropped from a height of 6.5 cm onto the
exposed spinal cord to induce a contusive injury. After surgery, rats in the SCI group were maintained on a standard diet,
while those in the VSL group received daily oral administration of VSL#3 probiotics via gavage. VSL#3 is a multi-strain
probiotic, classified as a medical food, containing 8 bacterial species: Lactobacillus acidophilus, Lactobacillus plantarum,
Lactobacillus paracasei, Lactobacillus delbrueckii subsp. bulgaricus, Bifidobacterium longum, Bifidobacterium breve,
Bifidobacterium infantis, and Streptococcus thermophilus. The bacterial content in 1 gram of VSL#3 ranges from
112.5 billion to 900 billion colony-forming units (CFU), depending on the product formulation. On day 21 post-
surgery, fresh fecal samples were collected from each rat and placed into sterile tubes for metagenomic and untargeted
metabolomic analyses. The rats were then euthanized, and spinal cord tissue was harvested for subsequent RNA
sequencing (RNA-seq) analysis.

Magnetic Resonance Imaging (MRI)

At 3 days post-injury, the rats underwent MRI using a Bruker 9.4T Biospec small animal MRI scanner (Bruker BioSpin,
Ettlingen, Germany) equipped with a four-channel surface coil. Anesthesia was induced with 1.5% isoflurane (RWD Life
Science Co., Shenzhen, China), administered via a small animal anesthesia device compatible with the MRI system. The
rats were then placed on a dedicated fixation system. The imaging protocol included T1-weighted and T2-weighted
sequences with the following parameters: matrix size of 320%320, slice thickness of 0.3 mm, echo time/repetition time of
24/1200 milliseconds, and flip angle of 90°. Vascular images were obtained in the sagittal plane using the Bruker
ParaVision 6.0 system (Bruker, Ettlingen, Germany). Subsequently, the rats were placed on a 40°C heating pad to
recover.

Hematoxylin and Eosin Staining (H&E)

Histopathological changes were observed using H&E. At 21 days post-injury, rats were anesthetized with 3% pento-
barbital sodium and underwent cardiac perfusion. The T8~T10 spinal cord tissues, 5 mm above and below the injury site,
were carefully collected and fixed in 4% paraformaldehyde (Solarbio, Beijing, China) at 4°C overnight. These spinal cord
tissue specimens were then sectioned into 5 pum thick slices using a microtome (Leica, Wetzlar, Germany). The prepared
slices were deparaffinized in xylene and different concentrations of ethanol. They were stained with hematoxylin
(Solarbio) for 5 minutes, washed with water, and differentiated. The slices were dehydrated in 85% and 95% graded
alcohols for 5 minutes each, stained with eosin for 5 minutes, dehydrated in graded ethanol, and then mounted in neutral
gum. Representative images were observed and captured using a light microscope (BX53F2, Olympus, Tokyo, Japan).

Behavioral Tests
The motor function of rats was observed at 1 day, 1 week, 2 weeks, and 3 weeks after SCI modeling. All observations
and data analysis were conducted in a double-blind manner, where the evaluators were unaware of the rat’s identification
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number and group assignment. Two researchers performed the functional assessments, and the final score for each rat
was determined by consensus between the two researchers. In case of a disagreement, a third independent evaluator was
invited to participate in the assessment. The same researchers were responsible for the entire process of functional
assessment, and no personnel changes or substitutions were allowed midway.

The Basso Mouse Scale (BMS) Score was calculated as following: each rat underwent a double-blind motor function
test, with hindlimb movements recorded at specified time points. The BMS score represents the recovery status of
hindlimb motor function after SCI, with higher scores indicating better recovery. The scores range from 0 to 9, with 9
indicating normal motor function equivalent to that of healthy animals, and 0 indicating full loss of motor function.

The Inclined Plane Test was performed as followed: rats were placed on an inclined plane with a rubber mat. The rat’s
body axis was aligned parallel to the axis of the inclined plane, with the rat’s head facing the higher end of the inclined
plane. Starting from 0°, the angle of inclination was increased by 5° each time to observe the maximum angle at which
the rat could remain on the inclined plane for 5 seconds. Each animal was tested 5 times, and the average angle was taken
as the measurement value.

Metagenomics Analysis

DNA extraction and sequencing: Fecal DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Germany)
according to standardized protocols. Paired-end sequencing (2 x 150 bp) was performed on the Illumina NovaSeq 6000
platform. Raw sequencing reads underwent a series of processing steps to obtain quality-filtered reads for further analysis.
Firstly, sequencing adapters were removed from reads using Cutadapt (v1.2.1). Secondly, low-quality reads were trimmed
using a sliding-window algorithm in fastp, a FASTQ data pre-processing tool.'® Thirdly, reads were aligned to the host rat
genome using BMTagger to eliminate host contamination. Following these steps, taxonomic classifications of metagenomic
sequencing reads from each sample were performed using Kraken2'” against a RefSeq-derived database containing
genomes from archaea, bacteria, viruses, fungi, protozoans, metazoans, and Viridiplantae. Reads assigned to metazoans
or Viridiplantae were removed for downstream analysis. For each sample, assembly was performed using Megahit
(v1.1.2)'* with the meta-large preset parameters. Contigs longer than 200 bp were pooled and clustered using
mmseqs2'’ with the “easy-linclust”mode, setting a sequence identity threshold of 0.95 and a covered residue of the shorter
contig to 90%. Taxonomy of the non-redundant contigs was assigned by aligning them against the NCBI-nt database using
mmseqs2 with the “taxonomy” mode, excluding contigs assigned to Viridiplantae or Metazoa from further analysis. Gene
prediction in the contigs was performed using MetaGeneMark™® with the “easy-cluster” mode, setting a protein sequence
identity threshold of 0.90 and a covered residue of the shorter contig to 90%. To assess gene abundances, high-quality reads
from each sample were mapped to the predicted gene sequences using Salmon in the quasi-mapping-based mode with —
meta —minScoreFraction=0.55. Abundance values were normalized in metagenomes using CPM (copies per kilobase
per million mapped reads). Functional annotations of the non-redundant genes were obtained by annotating them against
the protein databases of KEGG, EggNOG, and CAZy using mmseqs2 with the “search” mode. EggNOG and GO
annotations were obtained using EggNOG-mapper (v2),”' while KOs were obtained using KOBAS.*

Untargeted Metabolomics

Fecal samples were collected immediately after defecation, flash-frozen in liquid nitrogen, and stored at —80°C until
further processing. Approximately 10 mg of each sample was placed on dry ice and transferred into 2 mL Eppendorf
tubes. The samples were homogenized in 200 pL of water with five ceramic beads using a tissue homogenizer.
Metabolites were extracted by adding 800 puL of a methanol/acetonitrile (1:1, v/v) mixture. The resulting solution was
centrifuged at 14,000g for 15 minutes at 4°C, and the supernatant was subsequently dried using a vacuum centrifuge. For
LC-MS analysis, the dried samples were reconstituted in 100 pL of a solvent mixture (acetonitrile/water, 1:1, v/v).
Metabolite separation was conducted using an Agilent 1290 Infinity ultra-high-performance liquid chromatography
(UHPLC) HILIC column. To minimize detection variability, samples were analyzed in random order, with quality
control (QC) samples included to ensure system stability and data reliability. Mass spectrometric analysis was performed
on an AB Triple TOF 6600 mass spectrometer, allowing for the acquisition of both primary and secondary spectra. Raw
data in Wiff format were converted to.mzXML format using ProteoWizard software. Further processing, including peak
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alignment, retention time correction, and peak area extraction, was carried out using XCMS software. The processed data
underwent metabolite identification, followed by data preprocessing, quality evaluation, and statistical analyses, includ-
ing univariate and multivariate assessments, differential metabolite identification, correlation analysis, and pathway
analysis using the KEGG database.

RNA-Seq Analysis

Total RNA was extracted using Trizol Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The concentration,
purity, and integrity of the RNA were evaluated using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA,
USA). A total of 3 pg of RNA was used as input material for the subsequent RNA sequencing library preparation. The
sequencing libraries were constructed through the following steps. First, mRNA was isolated from the total RNA using
poly-T oligo-attached magnetic beads. RNA fragmentation was induced by divalent cations in the presence of heat, within
an [llumina proprietary fragmentation buffer. First-strand cDNA synthesis was performed using random primers and
SuperScript 11 reverse transcriptase. Second-strand cDNA synthesis was then carried out using DNA Polymerase I and
RNase H. Any remaining overhanging ends were converted into blunt ends via exonuclease and polymerase activities, and
the enzymes were subsequently removed. The 3’ ends of the DNA fragments were adenylated before Illumina PE adapter
oligonucleotides were ligated to the fragments in preparation for hybridization. To select cDNA fragments of the preferred
400-500 bp length, the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, USA).
DNA fragments with ligated adaptor molecules on both ends were selectively enriched using Illumina PCR Primer Cocktail
in a 15-cycle PCR reaction. Products were purified using the AMPure XP system and quantified using the Agilent high
sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent, La Jolla, USA). The sequencing library was then sequenced
on the NovaSeq 6000 platform (Illumina, San Diego, USA) by Shanghai Personal Biotechnology Co. Ltd.

Multi-Omics Analysis and Network Construction

Based on the changes of gut microbiota, gut microbiota metabolites, and genetic changes between the SCI group and the
VSL group, the gut-spinal cord axis: the gut microbiota-metabolite-signaling pathway network was constructed by multi-
omics analysis to analyze the mechanism of repairing SCI. Correlations between these datas were calculated, with
significant correlations defined as |r| > 0.8 and p < 0.05. These correlations formed the edges in the network, while nodes
represented microbial genera, metabolites, and differentially expressed genes. The network was visualized using
Cytoscape (3.10.2), with node sizes and colors reflecting their connectivity and type. The network layout was optimized
for readability, and key hubs and interactions were explored to understand the “gut-spinal cord axis.”

Western Blot (WB)

Total protein from rat spinal cord tissue was extracted using RIPA lysate (PO013B, Beyotime, Shanghai, China). Proteins
were separated by SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked with 5%
skim milk for 90 minutes to prevent non-specific binding. The membranes were then incubated overnight at 4°C with
primary antibodies against p-Akt, Akt, p-P65, P65, p-Erk1/2, Erk1/2, and GAPDH. After primary antibody incubation,
the membranes were incubated with HRP-conjugated secondary antibodies [HRP anti-mouse (AWS0001a) and HRP anti-
rabbit (AWS0002a), both 1:5,000, Abiowell, Changsha, China] at room temperature for 90 minutes. Protein bands were
visualized using SuperECL Plus (K-12045-D50, Advansta, San Jose, USA) and photographed using a Chemiscope6100
(CLiNX, Shanghai, China). GAPDH was used as the internal reference.

Statistical Analysis

Based on the taxonomic and functional profiles of non-redundant genes, linear discriminant analysis effect size (LEfSe)
was performed to detect differentially abundant taxa and functions across groups using the default parameters.”> Beta
diversity analysis was performed to investigate the compositional and functional variation of microbial communities
across samples using Bray-Curtis distance metrics and visualized via principal coordinate analysis (PCoA), nonmetric
multidimensional scaling (NMDS), and unweighted pair-group method with arithmetic means (UPGMA) hierarchical
clustering.”* Western blot data were analyzed using unpaired Student’s r-test for two-group comparisons or one-way
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ANOVA followed by Tukey’s post-hoc test for multiple-group comparisons. Behavioral test data were analyzed using
two-way repeated-measures ANOVA with Bonferroni correction to assess group differences over time. Metabolomics
data were analyzed using univariate and multivariate statistical methods after preprocessing with XCMS software.
Normality of the data was assessed using the Shapiro—Wilk test before parametric tests were applied. All statistical
analyses were performed using GraphPad Prism 9.0 and R software, and results were considered statistically significant
at P <0.05.

Results

The Therapeutic Effects of Probiotics

In the sham surgery (Sham) group, SCI group, and VSL (SCI+VSL#3) group, sagittal T1- and T2-weighted images were
obtained using an MRI scanner 3 days post-operation (Figure 1A). Spinal cord MRI revealed a T1 hypointense area and
a T2 hyperintense area at the surgical site, indicating successful modeling of SCI. At 21 days post-injury, cross sections
of the rat spinal cord were collected and subjected to H&E to observe histopathological changes. The sham group
exhibited intact spinal cord structures without hemorrhage, necrosis, or inflammatory cell infiltration. In contrast, the SCI
group showed disrupted spinal cord architecture with hemorrhage, inflammatory cell infiltration, and neuronal loss. The
VSL group demonstrated spinal cord repair with the recovery of spinal cord morphology and only a few scabs are still
healing (Figure 1B). According to BMS score and inclined plane test, the study found that the SCI group exhibited
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Figure | Imaging, histopathological, and behavioral changes in the rat model of SCI. (A) MRI images of sagittal sections of the rat spinal cord showing TIW MRI and T2W
MRI at 3 days. MRI of the SCI group shows a T hypointense area and a T2 hyperintense area at the injury site. Red arrows indicate abnormal signal areas around the impact
point of the spinal cord (a, b). TIW MRI and T2W MRI of the sham group show intact spinal cord tissue (c, d). (B) The images of H&E of across sections of the rat spinal
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group shows a noticeable blood scab on the spinal cord surface and significant tissue damage at 21 days, whereas the SCI+VSL#3 group shows good recovery with almost
restored spinal cord morphology and minimal blood scabs on the surface still healing. (C) Behavioral monitoring assessed by Basso Mouse Scale (BMS) scores and (D)
inclined plane test. On the first day post-operation, both the SCI and SCI+VSL#3 groups suffered the same degree of SCI. Over time, the injuries gradually recovered, with
the SCI+VSL#3 group showing better recovery in both tests. Data are expressed as x + s, n = 8 rats for each group. *: Statistically significant compared to the sham group,
P < 0.05; #: Statistically significant compared to the SCI group, P < 0.05.
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significant motor function impairment, while the administration of probiotics significantly improved motor function
recovery in the rats with SCI (Figure 1C and D).

The Effects of SCI and Probiotics on Gut Microbial Composition
To investigate the effect of probiotics on the gut microbiota of rats, fecal samples were subjected to metagenomic
sequencing to compare the microbiota composition of the sham-operated group (n = 8), SCI group (n = 8), and VSL
group (n=8). Alpha diversity indices were used to compare microbial richness. As shown in Figure 2A, compared to the
sham group, the Chaol index, ACE index, and Observed species index were significantly decreased in both the SCI
group and the VSL group. The rarefaction curve showed clear asymptotes in all three groups (Figure 2B), Good’s
coverage index is close to 1, which indicated that the sequencing data was reasonable. Beta-diversity analysis was
conducted based on Bray-Curtis dissimilarity. The results of PCoA analysis showed significant differences in bacterial
colony composition among the samples of the SCI group, the sham-operated group, and VSL group (Figure 2C). These
results indicated that SCI significantly reduced gut microbiota diversity in rats.

Based on the species annotation results, the top ten species of various groups were selected at the genus level
(Figure 3A). We found that Enterenecus, UBA3282, Lawsonibacter, Pelethomonas, Ligilactobacillus, COE]I,
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Dysosmobacter, Lactobacillus, Acetatifactor, and Limosilactobacillus were dominant in all rat gut microbiomes.
Comparatively, the abundance of Lactobacillus, Acetatifactor, Limosilactobacillus, and Ligilactobacillus in the SCI
group was significantly lower than that in the sham group. However, after the application of probiotics, the abundance
of these genera increased significantly.

To study common and unique species across rat groups, we performed community analysis using a Venn diagram
(Figure 3B). The diagram showed 4633 shared amplicon sequence variants (ASVs) among the three groups, with 497
unique ASVs in the sham group, 243 in the SCI group, and 395 in the VSL group. Both the sham and VSL groups
contained more unique ASVs than the SCI group. PLS-DA revealed significant differences in bacterial community
composition between the groups (Figure 3C). Linear discriminant analysis (LDA) identified significant differences in
bacterial taxa at all taxonomic levels (P<0.05, LDA>3.85; Figure 3D). Specifically, probiotics led to significant changes
in the VSL group, including increased abundance of Bacillota (formerly Firmicutes) (phylum), Clostridia (class),
Oscillospirales and Lachnospirales (order), and Anaerotignaceae, Oscillospiraceae, Ruminococcaceae, and
Lachnospiraceae (family). At the genus and species levels, the VSL group showed greater species richness, suggesting
that these microbiota changes may affect the host in various ways. Random forest analysis identified key marker species
driving group differences, with dominant strains in the VSL group including Fimicola, Methanobacter, Geosporobacter,
Anaerotignum, Lactobacillus, and Limosilactobacillus (Figure 3E), indicating that probiotics can improve the microbiota
composition in SCI rats.

The Effects of SCI and Probiotics on Gut Microbiota-Derived Metabolites

To investigate the effect of probiotics on the gut metabolism of SCI rats, we used a non-targeted metabolomic approach.
After characterizing the metabolites, principal component analysis (PCA, Figure 4A) and partial least squares discrimi-
nant analysis (PLS-DA, Figure 4B) were performed. PCA revealed significant metabolic differences (PC1: 15.1%, PC2:
13.4%, R2X= 0.53). PLS-DA showed strong separation between the sham, SCI, and VSL groups (R2X= 0.475, R2Y=
0.992, Q2= 0.84). The volcano plot indicated that in the VSL group, 376 metabolites were significantly decreased, and
658 were increased (Figure 4C). A heatmap of 132 metabolites from fecal screening showed significant differences
between the sham and SCI groups, with probiotic treatment partially reducing these differences (Figure 4D). These
results suggest that SCI-induced changes in gut metabolism can be reversed by probiotics.

Subsequently, KEGG pathway enrichment analysis was applied to the differential metabolites, selecting the top 20
pathways with the lowest p-values for enrichment display (Figure 4E). The KEGG pathway enrichment analysis revealed
that the two primary metabolic pathways regulated by probiotics are Arachidonic acid metabolism and Tryptophan
metabolism. The Rich Factor represents the ratio of the number of differential metabolites enriched in a pathway to the
total number of differential metabolites annotated within that pathway. A higher Rich Factor indicates a greater degree of
enrichment. Among the significantly upregulated pathways, Arachidonic acid metabolism, Tryptophan metabolism,
Phenylalanine metabolism, Prodigiosin biosynthesis, and Caprolactam degradation exhibited the highest levels of
enrichment (Figure 4F). Random forest analysis indicated that 3-Indoleacetonitrile, belonging to the tryptophan meta-
bolic pathway, had the highest feature importance value (Figure 5A), underscoring the critical role of tryptophan
metabolism in model predictions and suggesting that this pathway may play a significant role in the therapeutic
mechanisms for SCI. Furthermore, we conducted a metabolomic analysis targeting tryptophan to elucidate the regulatory
effects of probiotics on tryptophan metabolism. As illustrated, SCI significantly reduced the levels of
3-Indoleacetonitrile, Indoleacetaldehyde, Xanthoxic acid, and Tryptophanol in the gut, whereas the administration of
probiotics restored the concentrations of these tryptophan derivatives (Figure 5SB-E). Additionally, probiotics increased
the levels of Tryptamine, Serotonin, and 3-Geranylgeranylindole in the gut (Figure SF—H). These metabolites, which are
part of the tryptophan indole metabolic pathway, are closely associated with inflammation and immune regulation.?

The Effects of SCI and Probiotics on Gene Expression

Transcriptome analysis was performed on samples from the three groups to quantify changes in gene expression. PCA
based on PCI1 clearly separated the samples from the sham-operated group, the SCI group, and the VSL group, with PC1
contributing to 99.1% of the variation, making it the major component (Figure 6A). Compared to the SCI group, the
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volcano plot showed that there were 468 genes significantly increased and 173 genes significantly decreased in the spinal
cord of rats in the VSL group (Figure 6B). GO functional enrichment analysis indicated significant enrichment of
multiple pathways associated with insulin-like growth factor signaling and growth factor complexes (Figure 6C). This
suggests that VSL may promote the repair and regeneration of SCI by regulating cellular proliferation. Moreover, KEGG
pathway enrichment analysis revealed significant enrichment in several pathways within the treatment group, including
those related to mineral absorption, cellular senescence, Cushing’s syndrome, proximal tubular reabsorption, autoimmune
diseases, graft rejection, antigen processing and presentation, and the p53 signaling pathway (Figure 6D). These
pathways encompass critical mechanisms involved in mineral metabolism, cellular aging, immune and inflammatory
regulation, metabolic modulation, viral infection response, and apoptosis. This indicates that probiotic treatment may
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regulate metabolic homeostasis through multiple pathways, enhance immune function, and improve the repair and
regeneration of SCI.

Network Was Established by Multi-Omics Analysis

A visual integration network of the “gut microbiota-metabolites-signaling pathway” was constructed using Spearman
correlation analysis (Figure 7A). The differential microbiota, metabolites, and KEGG enrichment analysis results from
the SCI group and the VSL group were imported into Cytoscape v.3.10.2. This software facilitated the integration of the
relationships between gut microbiota, metabolites, and spinal cord signaling pathways, culminating in the formation of
the “gut microbiota-metabolites-signaling pathway network”. As previously demonstrated, the tryptophan metabolic
pathway is a principal metabolic pathway influenced by probiotics; therefore, we refined this network axis based on
tryptophan metabolites. The core metabolites identified, which were significantly increased in the VSL group, included
3-Indoleacetonitrile, Xanthoxic acid, Serotonin, and Tryptophanol. According to the correlation network, the adminis-
tration of probiotics resulted in a significant increase in 19 microbial species producing these metabolites (eg,
Limosilactobacillus reuteri, Parabacteroides distasonis, and Lactobacillus johnsonii), while seven species exhibited
significant decreases (eg, Duncaniella freteri). Moreover, these tryptophan derivatives upregulated the expression of 17
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Figure 7 Network of Significant Interactions between Gut Microbiota, Gut Microbiota Metabolites, and Genes. (A) The relevant network consists of 26 bacteria, 4
tryptophan metabolites, and 17 pairs of regulatory genes. The Orange parallelogram represents the gut microbiota, the green diamond represents the corresponding
tryptophan metabolites of the microbiota, and the blue triangle represents the target genes. The red and gray lines represent positive and negative correlations, respectively,
with parameters set to | r |>0.8 and p<0.05. (B) Western blotting analysis showing the effect of probiotics on the NF-kB, MAPK/ERK, and PI3K/Akt signaling pathways in SCI
rats. (C) Relative expression ratio of Akt, Erkl/2 and P65. Compared to the sham group, the expression levels of p-Akt are significantly decreased, while the expression
levels of p-P65 and p-Erkl/2 are significantly increased in the SCI group. Compared to the SCI group, treatment with probiotics (VSL#3) significantly upregulates the
expression of p-Akt and significantly downregulates the expression of p-P65 and p-Erk1/2. GAPDH is used as an internal reference to ensure consistency in protein loading.
Data are expressed as x * s, n = 3 rats for each group.
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Table | Information of Target Genes in the Network Diagram

Gene Name Protein Name Signalling Pathway Regulation

Sppl Secreted phosphoprotein | PI3K-Akt signaling pathway, Apelin signaling pathway Up Regulation
Thbs4 Thrombospondin 4 PI3K-Akt signaling pathway, Phagosome Up Regulation
Whnt4 Whnt family member 4 Wt signaling pathway, mTOR signaling pathway Up Regulation
Sfrpl Secreted frizzled-related protein | Wht signaling pathway Up Regulation
Trdn Triadin Calcium signaling pathway Up Regulation
Pdela Phosphodiesterase Calcium signaling pathway Up Regulation

| Aphosphodiesterase 1A
Htr2b 5-hydroxytryptamine receptor 2B Inflammatory mediator regulation of TRP channels, Serotonergic Up Regulation
synapse, Gap junction, Neuroactive ligand-receptor interaction,
Calcium signaling pathway

Dab2 DAB adaptor protein 2 Endocytosis Up Regulation

Colecl2 Collectin sub-family member 12 Phagosome Up Regulation

Ptgs2 Prostaglandin-endoperoxide Serotonergic synapse, VEGF signaling pathway Up Regulation
synthase 2

Cd8a CD8a molecule T cell receptor signaling pathway, Antigen processing and Up Regulation

presentation

Ifitm| Interferon induced transmembrane | B cell receptor signaling pathway Up Regulation
protein |

Sytl Synaptotagmin | Synaptic vesicle cycle Up Regulation

Slcéal2 Solute carrier family 6 member 12 | Synaptic vesicle cycle, GABAergic synapse Up Regulation

Slc6al3 Solute carrier family 6 member 13 | Synaptic vesicle cycle, GABAergic synapse Up Regulation

Batf Basic leucine zipper ATF-like PD-LI expression and PD-| checkpoint pathway in cancer Up Regulation
transcription factor

Ccn2 Cellular communication network Apelin signaling pathway Up Regulation
factor 2

genes, which, through KEGG pathways, are involved in the activation of multiple signaling pathways, including the
PI3K-Akt signaling pathway, Wnt signaling pathway, mTOR signaling pathway, Calcium signaling pathway, and the
regulation of TRP channels by inflammatory mediators (Table 1). The activation of these signaling pathways is
associated with various biological processes, such as cell proliferation, survival, and inflammation regulation, potentially
contributing to the suppression of inflammation and the repair of nerve damage following SCI. In summary, the
activation of these signaling pathways may represent a potential mechanism through which VSL facilitates the repair
of SCI.

The Western blot (WB) analysis results are presented in Figure 7B and C. In the sham group, the baseline levels of
p-Akt, p-P65, and p-Erk1/2 were relatively low. In contrast, the SCI group showed a marked reduction in p-Akt
expression, while p-P65 and p-Erk1/2 levels were significantly elevated. These findings suggest that SCI induction led
to the upregulation of the NF-xB and MAPK/ERK signaling pathways, alongside the suppression of the PI3K/Akt
pathway. In the SCI+VSL#3 group, a notable increase in p-Akt expression was observed compared to the SCI group,
while p-P65 and p-Erk1/2 expression levels were significantly lower. These results further support the hypothesis that
probiotics promote SCI recovery by enhancing the PI3K/Akt pathway and inhibiting the NF-kB and MAPK/ERK
signaling cascades.

Discussion

Probiotics have demonstrated promising therapeutic effects for SCI in our study. Cross sections of the rat spinal cord
after H&E staining showed the recovery of spinal cord morphology in the VSL group. According to the BMS score and
inclined plane test, the study also found that the VSL group exhibited motor function recovery. Previous studies have

26-34

shown that SCI affects the types and composition of gut microbiota, our study also demonstrated that SCI could lead
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to a decrease in gut microbiota diversity. After the application of probiotics, both the gut microbiota diversity and
probiotics abundance increased significantly, meanwhile, some specific metabolites and gene expression also changed in
our study. These results above implied that probiotics might improve intestinal flora imbalance and up-regulate specific
intestinal microbial metabolites, which in turn regulate gene expression — possibly contributing to the repair of SCI.
Based on the changes in the gut microbiota, microbial metabolites, and gene expression, the gut-spinal cord axis: the gut
microbiota-metabolite-signaling pathway network was constructed by multi-omics analysis to analyze the mechanism of
repairing SCI by probiotics.

Metabolites produced by the gut microbiota serve as a bridge between the gut microbiome and the central nervous
system.”* Research indicates that these metabolites can enter the bloodstream and spinal cord through various pathways,
thereby influencing recovery from SCL'**® This study identifies tryptophan metabolism as a key metabolic pathway
involved in the VSL-mediated repair of SCI, based on differential metabolite enrichment analysis and random forest
model predictions. Tryptophan is an essential amino acid that cannot be synthesized by the human body and must be
obtained through dietary sources.*® Notably, a significant portion of ingested tryptophan is metabolized into bioactive
compounds, primarily produced by the gut microbiota.>”** The gut microbiota plays a crucial role in regulating
tryptophan metabolism and directing its catabolism towards the production of bioactive compounds that affect immune
function, metabolism, and neurotransmission.>® This study utilized Cytoscape v.3.10.2 to integrate gut microbiota,
microbial metabolites, and spinal cord gene expression, constructing a “gut microbiota-metabolites-signaling pathway
network”. Given that the primary metabolic pathway identified is tryptophan metabolism, we further refined this to the
“gut microbiota-tryptophan metabolites-signaling pathway network”, highlighting 3-Indoleacetonitrile, Xanthoxic acid,
Serotonin, and Tryptophanol as key tryptophan metabolites.

Based on metagenomic sequencing, this study found that probiotic use altered the diversity of the gut microbiota,
specifically increasing the abundance of Bacillota (at the phylum level), Clostridia (at the class level), Oscillospirales and
Lachnospirales (at the order level), as well as Anacrotignaceae, Oscillospiraceac, Ruminococcaceae, and
Lachnospiraceae (at the family level). Within the “gut microbiota-tryptophan metabolites-signaling pathway network”,
17 of the 19 gut microbes positively correlated with the tryptophan metabolic pathway were found to belong to the
1*° have established a “Bacillota-SCFAs-GP metabolism-tryptophan path-
way”, indicating that 5-HT may serve as a mediator through which Bacillota regulate brain function. This supports the

Bacillota and Clostridia. Reports by Tian et a

correlation observed in our study between Bacillota and the tryptophan metabolic pathway. Additionally, multiple studies
have shown that members of the Clostridia enhance the metabolic capacity for tryptophan, promoting its conversion into
bioactive metabolites.*' ™ The increased abundance of these microorganisms across various taxonomic levels may
influence the host’s systemic response by modulating tryptophan metabolism. Existing research indicates that tryptophan
can be metabolized into various indole derivatives by aromatic amino acid aminotransferases (ArATs), which are stable
in some Lactobacillus species.** Consistent with this, the administration of probiotics resulted in a significant increase in
the abundance of six Lactobacillus species that produce indole derivatives, including Limosilactobacillus reuteri,
Lactobacillus johnsonii, and others. It has been reported that Lactobacillus species can indirectly enhance colonic
serotonin synthesis by increasing TPHI expression.*>*’ Extensive studies have confirmed that indole metabolites
produced by Limosilactobacillus reuteri possess antioxidant and neuroprotective properties, protecting neurons by
reducing oxidative stress and inflammation-mediated damage.’”*® Additionally, Lactobacillus johnsonii contributes to
the generation of indole derivatives, which not only play a role in regulating host immune responses but are also
associated with the synthesis of neurotransmitters such as serotonin.**° Furthermore, research has indicated that
Lactobacillus johnsonii exerts neuroprotective effects against anxiety and depression-like behaviors in stressed mice
through the modulation of tryptophan metabolism.>' Collectively, these findings suggest that the use of VSL probiotics
significantly influences the microbiota-tryptophan axis by modulating the composition of the gut microbiota.

It is noteworthy that tryptophan metabolism is not only closely linked to the gut microbiota but also plays a critical
role in neuroregulation.®® Research indicates that tryptophan metabolites derived from the microbiota can influence the
central nervous system by activating aryl hydrocarbon receptors (AhR) in astrocytes.”> AhR acts as an upstream
regulatory factor that can initiate the expression of multiple genes and mediate a range of responses.” For instance, it
plays a significant role in modulating various signaling pathways related to neuroinflammatory responses and the
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regeneration and repair of neural cells.”*° Through transcriptomic analysis and results from the “gut microbiota-
tryptophan metabolites-signaling pathway network”, this study discovered that tryptophan derivatives can upregulate the
expression of 17 genes, thereby activating multiple signaling pathways, including the PI3K-Akt, Wnt, and mTOR
pathways. The activation of these pathways is involved in several biological processes such as cell proliferation, survival,
and inflammation regulation, which may be closely related to the suppression of inflammation and the repair of SCI.
Reportedly, tryptophan absorbed by intestinal epithelial cells can directly activate the mTOR pathway of intracellular
tryptophan receptors through a PI3K/AK T-independent mechanism.”’ Simultaneously, the PI3K/AKT/mTOR pathway, as
a pro-survival signaling pathway, is activated to promote endothelial cell survival, reduce neuronal damage, minimize
inflammation-induced cell death, and block neuronal injury, thereby exerting protective effects on nerve cells.”®
Furthermore, Wnt/mTOR signaling can regulate neural stem cell proliferation, differentiation, axonal regeneration, and

neuroinflammation, contributing to the repair of SCI.>°

The regulation observed at the gene level suggests that tryptophan
metabolism may possess extensive regulatory potential during the repair process following SCI. However, the validation
results at the protein level reveal dynamic feedback regulatory characteristics of specific pathways. Notably, while the
PI3K-Akt pathway is significantly activated, the MAPK/ERK and NF-«B signaling pathways are found to be suppressed.
This outcome suggests that although tryptophan metabolic pathways can upregulate the expression of genes associated
with pro-survival pathways such as PI3K-Akt, their activation may exert negative feedback inhibition on NF-xB and
MAPK/ERK pathways, thereby reducing neuroinflammatory responses. This dynamic regulatory mechanism may
provide a unique modulatory framework for neuroprotection and inflammation control in SCI, indicating that tryptophan
metabolites may have multifaceted roles in the repair process.

In summary, this study provides new insights into probiotic therapy for SCI by analyzing the correlation among gut
microbiota, characteristic microbial metabolites and signaling pathways. The therapeutic mechanism of probiotics for
SCI can be explored through multi-omics analysis of gut microbiota, gut microbiota metabolites and RNA-seq. Based on
the sequencing data, we constructed the “gut-spinal cord axis”: Probiotic (e.g., Limosilactobacillus reuteri) - Tryptophan
Metabolites (e.g., 3-Indoleacetonitrile) - Signaling Pathway Network (e.g., PI3K-Akt signaling pathway), which support
the potential mechanisms of probiotic therapy for SCI: inhibiting spinal cord inflammation and promoting nerve repair.
This comprehensive regulatory strategy in treatment approaches is innovative. This approach elucidates the multi-
component and multitarget mechanisms of probiotics in treating SCI, contributing to a comprehensive understanding
of the effects and mechanisms of probiotic therapy for patients with SCI. However, our study has several limitations. In
future sequencing experiments, more samples need to be included. Additionally, in human studies, the specific effects of
probiotics on gut microbiota and SCI are unclear. Future research and clinical trials can further explore the mechanisms
of these pathways and evaluate the effectiveness and potential risks of probiotic therapy in clinical applications.
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