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Abstract
Background  spinal cord injury (SCI) disrupts the gut microbiota, worsening the injury’s impact. Fecal microbiota 
transplantation (FMT) is increasingly recognized as a promising strategy to improve neural function post-SCI, yet its 
precise mechanisms are still far from clear. The present study aims to elucidate how FMT influences motor function 
recovery and its underlying mechanisms utilizing a SCI mouse model.

Methods  Mice with SCI received FMT from healthy donors. We used 16 S rRNA amplicon sequencing to analyze 
the alterations of gut microbes. Pathological alterations in the spinal cord tissue, including neuronal survival, axonal 
regeneration, cell proliferation, and neuroinflammation, were assessed among experimental groups. Additionally, RNA 
sequencing (RNA-seq) was used to explore alterations in relevant signaling pathways.

Results  Significant shifts in gut microbiota composition following SCI were observed through 16 S rRNA analysis. 
On day 7 post-SCI, the FMT group exhibited a significantly higher diversity of gut microbiota compared to the ABX 
group, with the composition in the FMT group more closely resembling that of healthy mice. FMT promoted neuronal 
survival and axonal regeneration, leading to notable improvements in motor function compared to control mice. 
Immunofluorescence staining showed increased neuronal survival, alleviated extracellular matrix (ECM) deposition, 
diminished glial scar formation, and reduced inflammation in FMT-treated mice. RNA-seq analysis indicated that 
FMT induced transcriptomic changes associated with material metabolism, ECM remodeling, and anti-inflammatory 
responses.

Conclusions  FMT restored gut microbiota balance in SCI mice, mitigated inflammation, and promoted ECM 
remodeling, establishing an optimal environment for neural recovery. These findings demonstrated that FMT may 
represent a valuable approach to enhance functional recovery following SCI.
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Introduction
Spinal cord injury results in not only motor and sensory 
dysfunction but also autonomic nervous system impair-
ment, significantly impacting the quality of life and men-
tal health of patients [1]. The pathophysiology of SCI is 
intricate, involving initial mechanical damage followed 
by secondary processes such as inflammation, cell death, 
oxidative stress, and the development of glial scars. These 
ongoing processes can hinder and complicate recovery 
[2]. Recent reports have increasingly highlighted the role 
of gut microbiota, the community of microorganisms 
in the digestive tract, in treating neurological diseases 
through the regulation of immune response [3, 4]. Dysbi-
osis of gut microbiota were observed following SCI and is 
believed to exacerbate the injury and hinder recovery [5, 
6]. Investigating the role and mechanisms of gut microbi-
ota in SCI presents a compelling research topic and could 
provide new therapeutic strategies to enhance recovery.

The digestive tract contains billions of microbes, col-
lectively known as the gut microbiota, which play a 
vital role in metabolic processes, immune function, and 
energy absorption [7, 8]. A recent study has shown that 
SCI causes a significant shift in the gut microbiota in 
fecal samples, including an increased abundance of pro-
inflammatory bacteria such as Staphylococcus, Rikenella, 
Bacteroides, and Shigella, and a decreased abundance of 
certain anti-inflammatory bacteria [9]. Clinical studies 
have also demonstrated a significant reduction in overall 
diversity and an altered structural composition in fecal 
samples of patients following SCI [10, 11], confirming 
that the gut microbiota undergoes substantial changes.

Given the dramatic changes in the gut microbiota dur-
ing disease, restoring its balance through fecal microbiota 
transplantation (FMT) has naturally attracted attention. 
This strategy has demonstrated beneficial effects in vari-
ous central nervous system (CNS) conditions, such as 
Parkinson’s disease, stroke, and Alzheimer’s disease [12–
15]. For instance, FMT treatment has been shown to sup-
press inflammatory responses by inhibiting the TLR4/
NF-κB pathway and improve motor impairment in Par-
kinson’s disease mice [15]. In Alzheimer’s disease models, 
FMT has reversed alterations in gut microbiota and ame-
liorated deleterious pathological changes. These studies 
indicate that replenishing the animals’ gut with beneficial 
microbes might alleviate disease-like pathology in vari-
ous CNS diseases.

In the context of SCI, previous study has shown that 
FMT treatment can promote intestinal integrity, increase 
short-chain fatty acids (SCFAs) levels, and improve 
motor functional deficits [16]. Recent studies have dem-
onstrated that FMT from uninjured donor rats increased 

the beneficial bacterium Akkermansia in SCI rats and 
improved pathological changes by regulating IL-17 pro-
duction [17]. These studies demonstrate the potential of 
FMT in the treatment of SCI by restoring gut microbiota. 
However, the mechanisms through which FMT exhibits 
therapeutic effects need further investigation.

In this study, the effects of FMT on motor function 
recovery and its underlying mechanisms were investi-
gated in a mouse SCI model. We examined neuronal 
survival, axonal regeneration, cell proliferation, extra-
cellular matrix deposition, and spinal cord inflamma-
tion to explore changes in the spinal microenvironment 
following FMT. Additionally, the composition of the gut 
microbiome was analyzed using 16 S rRNA gene ampli-
con sequencing, and RNA sequencing was employed to 
identify alterations in signaling pathways associated with 
neuroinflammation and regeneration.

Methods and materials
Animals
Adult female C57BL/6 mice (22 ± 2 g) were obtained from 
Zhuhai BesTest Bio-Tech Co., Ltd. (License No. SCXK, 
2020-0051) in Zhuhai, China. The mice were housed in 
groups of five under controlled conditions (20℃-25℃, 
12-hour light/dark cycle) with ad libitum access to food 
and water. All experimental procedures were approved by 
the Ethics Committee of Guangdong Second Provincial 
General Hospital. (Approval No. 2023-DW-KZ-091-01).

SCI model
A complete crush injury at T9 was induced using modi-
fied forceps under anesthesia with 1–3% isoflurane, 
as previously described [18]. In brief, after separating 
the paravertebral muscles, the lamina of T8-T10 was 
removed. The tips of No. 5 Dumont forceps (F. S. T., CA, 
USA) were inserted on either side of the ventral spinal 
cord and clamped for 2  s. After confirming compres-
sion, the spinal cord was fully clamped with 0.1 mm tip 
forceps. The muscle and skin were then sutured, and the 
mice were kept on a warming blanket for recovery. Post-
operatively, mice received daily intraperitoneal injections 
of 0.05 mg/kg buprenorphine dissolved in 1 ml saline for 
three days. All experiments adhered to international laws 
and NIH policies.

Experimental design
A total of 152 mice were randomly assigned to four 
experimental groups as follows:

(i) Sham Group: Mice underwent a laminectomy 
without SCI. (ii) SCI Group: Mice received SCI and 
were administered a vehicle solution (100  µl saline) as 
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a control. (iii) Gut Microbiome-Depleted Group (ABX 
Group): Mice were treated with an antibiotic cocktail 
(0.2  g/l ampicillin, 0.2  g/l metronidazole, 0.2  g/l neo-
mycin, and 0.1  g/l vancomycin) daily in their drinking 
water for three weeks prior to SCI. This treatment con-
tinued throughout the duration of the experiment. (iv) 
FMT Group: Mice received the same antibiotic cocktail 
as the ABX group to deplete their gut microbiome. Fol-
lowing depletion, fecal microbiota transplantation (FMT) 
was administered daily via intragastric gavage (100 µl of 
resuspended fecal material) from the onset of SCI until 
the time of sacrifice. Sample sizes for each group were 
determined based on previous studies [19–21]. Detailed 
numbers and additional experimental parameters are 
provided in Additional Table 1.

Fecal transplant material preparation
Fecal material was collected from healthy, age-matched 
female C57BL/6 mice housed under standardized condi-
tions. To reduce potential circadian rhythm effects, fecal 
samples were obtained in a specific pathogen-free envi-
ronment between 07:00–11:00 AM or 03:00–05:00 PM. 
The collected fecal matter was immediately resuspended 
at a concentration of 10% weight/volume (w/v) in sterile 
saline and mixed vigorously. The suspension was then 
centrifuged at 800 g for 5 min, and the supernatant was 
collected and used for fecal microbiota transplantation.

Behavioral testing
Motor function and coordination in mice were assessed 
using the Basso Mouse Scale (BMS) scoring system, 
Inclined Plane Test, and Footprint Analysis, to compre-
hensively evaluate recovery following SCI.

Basso mouse scale (BMS) scoring system
Motor function in mice was evaluated using the Basso 
Mouse Scale (BMS) scoring system, which ranges from 
0 to 9, with higher scores indicating better motor func-
tion. Assessments were performed prior to injury, weekly 
thereafter, and twice during the first week post-SCI. 
Before assessment, mice were placed in an open, flat area 
and allowed to acclimate for 5 min. Each mouse under-
went a 4-minute evaluation period. Two experimenters 
positioned themselves opposite each other to facilitate 
accurate assessment of both hind limbs. The evaluation 
included criteria such as plantar position, ankle joint 
movement, body coordination, and the ability of the hind 
limbs to bear weight.

Inclined plane test
The Inclined Plane Test was conducted at 35 days post-
injury to evaluate hind limb muscle strength and motor 

coordination. Adjustable inclined plates covered with 
rubber pads were used to increase friction. During test-
ing, each mouse was placed on the upper section of 
the inclined plate with its head facing the elevated side, 
ensuring that the body’s longitudinal axis was aligned 
parallel to the incline. The tilt angle started at 0° and was 
progressively increased in 5° increments. The maximum 
angle at which a mouse could maintain its position for 
at least 5  s without slipping was recorded. Each mouse 
underwent three trials, and the average value was used 
for analysis to ensure result accuracy.

Footprint analysis
Footprint analysis was performed at 35 days post-injury 
to assess gait characteristics and movement coordination. 
A continuous tunnel with enclosed walls was prepared 
to ensure unidirectional walking. A clean white paper 
was placed beneath the tunnel, and non-toxic dyes were 
applied to the mice’s limbs: red for the forelimbs and blue 
for the hind limbs. As the mice walked through the tun-
nel, their footprints were imprinted on the paper, which 
was collected for analysis. Clear footprints were selected, 
and the stride length and stride width of the hind limbs 
were measured and statistically evaluated.

Nissl staining and luxol fast Blue (LFB)
Nissl staining involved 12 μm spinal cord sections stained 
with methyl violet, differentiated until the background 
was clear, dehydrated, cleared with xylene, and sealed. 
Microscopic observation focused on cell bodies and Nissl 
bodies, with statistical analysis of Nissl body numbers 
near the lesion center to reflect relative neuronal survival.

LFB staining immersed sections in preheated LFB 
solution at 65  °C for 4 h, followed by rinsing, rapid dif-
ferentiation, dehydration, clearing, and sealing. Observa-
tions under the microscope assessed the morphology and 
pathological changes of the myelin sheath.

16 S rRNA gene sequencing
Fecal samples for 16 S rRNA gene sequencing were col-
lected following the same procedure outlined in the 
“Fecal transplant material preparation” section. Mouse 
feces were gathered and frozen in liquid nitrogen for 
analysis by BGI Genomics (Shenzhen, China). DNA 
extraction, library construction, sequencing, and genera-
tion of operational taxonomic units (OTUs) were carried 
out using Usearch. The RDP classifier was used to pro-
vide species information for the OTUs. α-Diversity analy-
sis was conducted with Mothur, β-diversity with QIIME, 
and microbial function prediction with PICRUSt2. Com-
munity composition similarities and differences were 
visualized with heatmaps.
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RNA sequencing analysis
Seven days post-operation, 1 cm sections of spinal cord 
tissue centered on the injury site were harvested. Total 
RNA was extracted from these samples using a standard 
RNA extraction protocol. Following extraction, library 
preparation was carried out according to the manufac-
turer’s instructions. RNA libraries were analyzed using 
the G400/T7/T10 platform (BGI-Shenzhen, China). 
Clean data were processed with SOAPnuke, and gene 
expression levels were quantified using RSEM. Differ-
ential expression analysis was performed using DESeq2. 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analyses were conducted 
to elucidate phenotypic changes. Significant terms and 
pathways were adjusted for multiple comparisons using 
Q values.

Immunofluorescence staining
At various time points, mice were sacrificed, and 1  cm 
segments of spinal cord, containing the injury center, 
were isolated through cardiac perfusion using ice-cold 
saline and 4% paraformaldehyde (PFA). The spinal cord 
specimens were post-fixed in 4% PFA overnight. Follow-
ing fixation, the specimens were dehydrated through a 
gradient of sucrose solutions and subsequently embed-
ded in Optimal Cutting Temperature (OCT) compound. 
The embedded tissues were sectioned into 12  μm thick 
slices using a Multicut microtome (Leica Microsystems). 
For analysis, median sagittal sections were prepared and 
subjected to staining procedures. After washing with 
PBS, sections were blocked with 5% donkey serum (Jack-
son) for one hour. Primary antibodies were then added 
and incubated overnight at 4 °C. The primary antibodies 
used, along with their dilutions, were as follows: NF-H 
(Rabbit, 1:100, Abcam), NeuN (Mouse, 1:400, Merck Mil-
lipore), aCaspase-3 (Rabbit, 1:100, Cell Signaling), IBA1 
(Rabbit, 1:500, Wako), GFAP (Mouse, 1:1000, EMD Mil-
lipore), CD68 (Rat, 1:200, Bio-rad), Fibronectin (Rab-
bit, 1:400, Jackson), Collagen I (Rabbit, 1:500, Abcam), 
PECAM-1 (Mouse, 1:300, BD Biosciences), Ki67 (Rab-
bit, 1:200, Abcam). Secondary antibodies conjugated 
with AlexaFluor 488 or AlexaFluor 594 (1:300, Jackson) 
and DAPI (1:1000, Invitrogen) were applied for one hour 
at ambient temperature. HE staining was performed 
according to standard procedures.

Image analysis
Fluorescence images were acquired with a Leica STEL-
LARIS 5 microscope (Leica Microsystems). To ensure 
seamless integration, Photoshop CC was used to combine 
the images. The images were subjected to thresholding at 
a constant setting after being converted to 8-bit. Immu-
nofluorescence mean intensity analyses were performed, 
calculating the mean intensity of NF-H and PECAM-1 

after subtracting background signals. Manual count-
ing of Ki67 + cells and NeuN/aCaspase-3 + neurons was 
done at magnifications of 100× and 200×, respectively. 
ImageJ software was utilized to measure the gray values 
of CD68 + cells at various distances to create distribution 
curves. For a detailed analysis of vascular orientation, 
three angle ranges (< 25°, 25°~50°, > 50°) were defined, 
and statistical analysis was carried out using ImageJ soft-
ware. To quantify neuronal survival, the relative number 
of Nissl bodies within each square millimeter was deter-
mined around the lesion center (upper left, upper right, 
lower left, and lower right) using ImageJ software. The 
analysis was performed at a magnification of 400×, and 
neuronal density was calculated based on the number of 
Nissl bodies observed in the selected regions.

Statistical analysis
Data were presented as Mean ± Standard Error of the 
Mean (SEM). Normality was assessed before conducting 
parametric analyses. Comparisons between two groups 
were conducted with unpaired t-tests. BMS scores were 
analyzed using two-way analysis of variance (ANOVA), 
with post hoc comparisons performed using Tukey’s test. 
One-way ANOVA was conducted for data involving mul-
tiple groups, with subsequent post hoc analysis carried 
out using Tukey’s test. A p-value of less than 0.05 was 
deemed statistically significant.

Results
SCI induced significant changes of gut microbial 
composition
We performed 16 S rRNA gene amplicon sequencing to 
examine changes in gut microbiota following SCI. The 
results revealed a significant decrease in species diversity 
in the SCI group, as evidenced by the Chao1(P = 0.00389) 
and coverage indices (P = 0.03546) (Fig.  1A). Although 
indices like Ace, Simpson, and Shannon did not reach 
a statistical significance, they also showed a downward 
trend (data not shown). β-diversity analysis showed 
clear differences between the SCI and Sham group 
(P = 0.00645) (Fig.  1B). Principal component analysis 
(PCA) revealed diverse microbial community structures, 
with PCA1 and PCA2 explaining 52.77% of the variance, 
highlighting significant functional differences (Fig.  1C). 
Partial Least Squares Discriminant Analysis (PLS-DA) 
and non-metric multidimensional scaling (NMDS) fur-
ther supported the PCA results, demonstrating distinct 
separation between the groups (Fig. 1D, E). Hierarchical 
clustering analysis revealed notable changes at the genus 
level; After SCI, Muribaculum, Roseburia, Turicibacter, 
Paramuibaculum, Lactobacillus, and Kineothrix sig-
nificantly decreased in abundance, while Schaedlerella, 
Saccharibacteria, Ligilactobacillus, Anaerotignum, Bacte-
roides, and Sporofaciens significantly increased (Fig. 1F). 



Page 5 of 18Xie et al. Journal of Translational Medicine          (2025) 23:210 

At the phylum level, increases in TM7 (Saccharibacte-
ria), Actinomycetota, and Bacillota following SCI were 
observed following SCI, while Bacteroidota significantly 
decreased relative to the Sham condition. Pseudomo-
nadota abundance showed minimal variation (Fig.  1G). 
Clusters of Orthologous Groups (COG) analysis 

indicated that the functional changes due to gut micro-
biota disturbances were mainly enriched in pathways 
related to secondary metabolite biosynthesis, transport, 
and extracellular matrix processes (Fig. 1H). These find-
ings suggest that SCI leads to significant dysbiosis of the 
intestinal flora in mice.

Fig. 1  SCI induced dysbiosis of gut microbiota. A. α-diversity indices (Chao, Ace, Coverage) comparing the Sham and injured mice. B. β-diversity index 
showing differences between the SCI and Sham group. C. PCA revealed differing microbial community structures between the Sham and SCI groups, 
with PCA1 and PCA2 explaining 52.77% of the variance. D. PLS-DA plot demonstrated a clear distinction between the Sham and SCI mice. E. NMDS plot 
revealed distinct clustering, with Sham and SCI groups occupying distinct regions in the ordination space. Hierarchical clustering analysis of microbial 
community composition at the genus level (F) and the phylum level (G) in Sham and SCI groups. H. Clusters of Orthologous Groups (COG) function 
analysis of the Sham and SCI group
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Fig. 2 (See legend on next page.)
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Antibiotic cocktail reduced gut microbiota and FMT 
enhanced motor recovery
To evaluate the therapeutic effects of FMT on SCI, we 
first eliminated intestinal flora in ABX and FMT groups 
with antibiotics for three weeks. Stool samples of ABX-
treated mice, collected immediately the antibiotic treat-
ment but before SCI, were compared with those from 
the sham group using 16  S rRNA sequencing. ABX-
treated mice exhibited a decreased relative abundance 
of taxa and a lower number of operational taxonomic 
units (OTUs), indicating a significant reduction in micro-
bial diversity (Fig. 2B). α-diversity analyses revealed sig-
nificant decreases in indices such as Chao1, coverage, 
Simpson, Observed species, and Shannon (Fig. S1B). 
PCA, PLS-DA, and NMDS results showed marked varia-
tions between sham and ABX-treated mice (Fig. S1C-E). 
Hierarchical clustering analysis revealed lower relative 
abundances of families such as Oscillospiraceae, Lachno-
spiraceae, and Muribaculaceae in the ABX-treated group 
compared to the sham group. Families like Desulfovibrio-
naceae, Clostridiaceae1, and Rikenellaceae were present 
at very low abundances in both groups, but even lower in 
the ABX group (Fig. S1F). COG analysis indicated signifi-
cant functional differences due to ABX treatment (Fig. 
S1G). These findings suggest that the antibiotics regi-
men effectively reduced gut microbiota composition and 
diversity.

To further investigate the gut microbiota after FMT, 
fecal samples from the ABX group at 7 d.p.i. were com-
pared with those from the FMT group using 16 S rRNA 
analysis. The results demonstrated that the α diver-
sity and β diversity of the FMT group were significantly 
higher than those of the ABX group at 7 d.p.i. (Fig. S2A, 
B), indicating that FMT significantly improved the diver-
sity and stability of intestinal flora. PCA, PLS-DA, and 
NMDS analyses revealed marked differences between 
the ABX group and FMT group (Fig. S2C-E). At the 
Genus level, Enterobacter, Parasutterella, Parabacte-
roides, Enterococcus, Akkermansia, and Ligilactobacil-
lus were significantly more abundant in the FMT group 
compared to the ABX group (Fig. S2F). At the Phylum 
level, Bacteroidota, Bacillota, and Verrucomicrobiota 

were significantly increased, while Pseudomonadota was 
decreased in the FMT group (Fig. S2G). COG functional 
difference analysis showed that the top 5 enriched func-
tions in the FMT group included RNA processing and 
modification, Nucleotide transport and metabolism, 
Signal transduction mechanisms, Intracellular traffick-
ing, secretion and vesicular transport, and Extracellu-
lar structures (Fig. S2H). These results suggest that the 
microbiota composition in the FMT group at 7 d.p.i. 
more closely resembled that of healthy mice, supporting 
intestinal microecological balance and positively influ-
encing the spinal cord microenvironment.

In line with the changes in microbial composition, 
motor function recovery showed that from 14 d.p.i., 
recovery in the ABX group was markedly diminished 
compared to the SCI group, while recovery in the FMT 
group surpassed both the SCI and ABX groups (Fig. 2C). 
Footprint Analysis revealed significant differences in 
stride length and stride width across groups. Compared 
to the sham group, the SCI group exhibited a significantly 
reduced stride length (P < 0.0001), indicating impaired 
motor function following SCI. Notably, the ABX group 
showed the shortest stride length, suggesting further 
deterioration of motor coordination and strength in gut 
microbiota-depleted mice. In contrast, FMT treatment 
partially restored stride length, which was significantly 
greater than that observed in the SCI group (P < 0.05) 
(Fig. 2F). A similar trend was observed for stride width, 
where the ABX group displayed the most pronounced 
deviation, while the FMT group demonstrated significant 
improvements compared to the SCI group (P < 0.001) 
(Fig. 2G). The results of the Inclined Plane Test revealed 
that the maximum angle at which mice could maintain 
their position for at least 5  s was 47.63° ± 0.80° in the 
sham group and significantly decreased to 33.00° ± 0.53° 
in the SCI group (P < 0.0001). The ABX group showed 
a further decline to 29.88° ± 0.69°, indicating greater 
impairment in motor function. Notably, FMT treatment 
improved this angle to 35.63° ± 0.56°, which was signifi-
cantly higher than that of the ABX group (P < 0.0001), 
suggesting a partial recovery of motor function and coor-
dination (Fig. 2H).

(See figure on previous page.)
Fig. 2  FMT treatment promoted functional recovery in mice with SCI. A. Experimental scheme diagram. B. 16 S rRNA OTUs RANK curve analysis indicated 
that species expression in ABX group was significantly decreased (n = 10 per group). C. From 14 d.p.i. to the end of observation, the FMT group dem-
onstrated superior recovery outcomes relative to the ABX group. (n = 8 per group). D. Representative images of longitudinal spinal cord sections from 
multiple experimental groups at 35 d.p.i. stained with HE. Scale bar = 2000 μm. E. Representative images of footprint analysis (red for forelimb and blue 
for hind limbs) in each group at 35 d.p.i. The FMT mice showed moderate step length and stable gait compared with the ABX group. Quantification of 
the stride length (F) and the stride width (G) (n = 8 per group). H. Histogram of the Inclined Plane Test showing the maximum angle maintained by mice, 
with the FMT group exhibiting significant improvement compared to the ABX group (n = 8 per group). I. Representative images of Nissl staining from 
each group of mice at 35 d.p.i. The images on the right are magnified views of the corresponding areas on the left, with arrows indicating Nissl bodies 
that represent intact and living neurons. Scale bar = 100 μm; 25 μm for enlarged figures. J. Quantification of surviving neurons based on Nissl staining. The 
FMT group shows significantly improved neuronal survival compared to the SCI and ABX groups. (K) Representative images of Luxol Fast Blue staining 
showing myelin structure in each group at 35 d.p.i., The FMT group showed visibly improved myelin preservation compared to the SCI and ABX groups. 
Data were presented as Mean ± SEM. For Fig. 2C, ###P < 0.001 indicates FMT group vs. other two groups; ***P < 0.001 indicates SCI group vs. ABX group. 
For other figures, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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HE staining at 35 d.p.i. revealed that in the SCI group, 
the spinal cord structure was intact, with a clearly vis-
ible scar at the injury center. In contrast, the ABX group 
showed atrophied spinal cord tissue and disorganized 
surrounding tissue structure. The FMT group exhibited 
relatively edematous spinal cord tissue with a larger scar 
area than the SCI group (Fig.  2D). Nissl staining was 
conducted to evaluate neuronal density and structural 
integrity in the spinal cord across the groups. As shown 
in Fig. 2I, the sham group displayed abundant intact neu-
ronal cell bodies with clear morphology. In contrast, the 
SCI group exhibited a significant reduction in neuronal 
density, with shrunken and irregularly shaped cell bod-
ies. The ABX group showed further exacerbation of neu-
ronal loss. Notably, FMT treatment improved neuronal 
preservation, as evidenced by increased intact neuronal 
bodies compared to the SCI and ABX groups. Quantita-
tive analysis (Fig.  2J) confirmed these findings, showing 
significantly higher neuronal density in the FMT group 
compared to the SCI group (P < 0.01) and the ABX group 
(P < 0.0001). Luxol Fast Blue (LFB) staining results are 
shown in Fig.  2K, the sham group exhibited dense and 
uniform blue staining, indicating intact myelin structure. 
In contrast, the SCI group displayed notable myelin loss, 
characterized by reduced staining intensity and frag-
mented architecture. The ABX group showed further 
deterioration with more disrupted and faint myelin stain-
ing. Notably, the FMT group demonstrated improved 
myelin preservation, with more continuous and intense 
staining compared to the SCI and ABX groups. These 
results indicate that ABX treatment reduced gut micro-
flora and aggravated SCI, while FMT treatment pro-
moted spinal cord healing and enhanced motor function 
recovery.

FMT treatment promoted neural repair
Mice from each group were sacrificed after their final 
behavioral evaluation. Median sagittal sections, including 
the lesion center, were prepared and stained with NF-H, 
a subunit of neurofilaments crucial for axonal regrowth. 
In the Sham group, NF-H signals were dense and aligned 
parallel to the longitudinal axis, indicating robust axonal 
integrity. The ABX mice displayed a substantial region 
devoid of NF-H staining, suggesting severe axonal dam-
age (Fig.  3A). Quantification of NF-H intensity among 
the four groups was shown in Fig. 3B. Neuronal survival 
following FMT treatment was assessed by immunostain-
ing for NeuN and activated caspase-3 at 14 d.p.i., the 
ABX group exhibited a significantly greater percentage of 
aCaspase-3+/NeuN + cells than the SCI group (P = 0.009), 
indicating enhanced neuronal apoptosis. FMT treatment 
substantially reduced the proportion of aCaspase-3+/
NeuN + cells compared to the ABX group, suggesting 
improved neuronal survival. These findings indicate that 

FMT treatment promoted neural integrity and supported 
axonal regeneration following SCI (Fig. 3C, D).

FMT treatment reduced glia scar formation and inhibited 
inflammation infiltration
Astrocytic gliosis and the inflammation are critical fac-
tors affecting spinal cord function following injury. 
Astrocyte and immune cell activation was examined by 
IF staining with GFAP, IBA1, and CD68 at 14 d.p.i. As 
shown in Fig.  4A, after SCI, IBA1 + activated macro-
phages/microglia clustered in the lesion center and were 
surrounded by activated astrocytes (GFAP+). In the ABX 
group, the lesion area was significantly expanded, with 
extensively infiltration of IBA1 + immune cells around 
the injury center and multiple foci of glial hyperplasia 
within the injury center (indicated by the white dashed 
line). FMT resulted in a marked reduction in the size of 
the glial scar and the number of lesion compartments 
(Fig. 4B, C). Enlarged images revealed inflammatory cells 
crossing the glial boundary into the injured parenchyma.

A detailed analysis of the spatial distribution pattern of 
the phagocytic marker CD68 in the region of interest was 
performed using ImageJ. In the SCI group, CD68 + sig-
nals were predominantly localized to the injury center, 
with a gradual decrease in intensity towards the periph-
ery. In contrast, the ABX group showed markedly lower 
CD68 expression at the injury center, with increase 
expression in the periphery regions. The FMT treatment 
group exhibited a more uniform distribution of CD68 
across the lesion site (Fig.  4D). These findings suggest 
that FMT treatment significantly modified the spatial 
distribution of CD68 + cells, potentially indicating a more 
regulated and less extensive inflammatory response in 
the spinal cord.

FMT treatment alleviated extracellular matrix (ECM) 
compaction
Matrix compacting plays a crucial role in spinal cord 
wound healing [22, 23]. We examined the extracellular 
matrix proteins fibronectin and collagen I at 14 d.p.i. to 
evaluate the impact of FMT on matrix expression fol-
lowing injury. The expression of these matrix proteins 
was minimal in the uninjured spinal cord but signifi-
cantly upregulated after injury (Fig.  5A, C). In the SCI 
group, collagen I and fibronectin were compacted in the 
lesion center, surrounded by a reactive astrocytic scar. 
Conversely, in the ABX group, fibronectin expression 
appeared widespread. Quantification of the lesion area 
indicated by fibronectin, and collagen I showed a signifi-
cant reduction following FMT treatment (Fig. 5B, D).

Vascular rearrangement and repair are pivotal during 
spinal cord wound healing. A recent study reported that 
FMT treatment significantly increased blood vessel frag-
mentation in SCI mice [24]. In our study, the expression 
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of endothelial marker PECAM-1 was evaluated. We 
observed that PECAM-1 expression intensity was com-
parable among the four groups (Fig. 5E, F) (P > 0.05). In 
the ABX mice, neurovascular structures at the lesion site 
showed engorgement with large lumen size, whereas in 
the FMT-treated mice, the lumen size returned to the 
levels observed in the SCI group (Fig. 5G). Additionally, 
blood vessels in the SCI group exhibited a well-aligned 
pattern, while those in the ABX group showed a random 
orientation (Fig. 5H).

FMT regulated transcriptional modifications in spinal cord 
tissue
To comprehensively assess mRNA expression patterns 
following FMT, spinal cord tissue was extracted from 
each experimental group for RNA sequencing analy-
sis at 7 d.p.i. Compared to the sham mice, the SCI mice 
showed 4636 differentially expressed genes (DEGs), 
comprising 2737 up-regulated and 1899 down-regulated 
genes (Fig.  6A, B). Following microbiota depletion in 
ABX group, 245 DEGs were identified relative to the SCI 
group, with142 genes showing increased expression, and 
103 genes showing decreased expression. FMT treatment 
resulted in a distinct gene expression profile compared 
to the ABX mice, with 393 DEGs observed, including 
183 genes with increased expression and 210 genes with 
decreased expression. The top 20 DEGs in each group 
were further analysed using gene heat mapping, depicted 
in Fig. 6C. Notably, the up-regulated and down-regulated 
DEGs in the ABX group exhibited reversed expression 
patterns in the FMT group. KEGG analysis revealed that 
the ABX group had a predominant upregulation of bio-
logical processes associated with cytokine interactions, 
substance metabolism, and inflammation compared to 
the SCI group (Fig.  6D). Interestingly, FMT treatment 
led to the enrichment of biological processes related to 
material metabolism, extracellular matrix deposition, and 
anti-inflammatory responses following the restoration of 
intestinal flora in mice (Fig. 6E). These findings highlight 
the potential of FMT to modulate these pathways benefi-
cially in the context of SCI. GO analysis of DEGs results 
were provided in Fig. S4.

Discussion
Spinal cord injury (SCI) represents a formidable chal-
lenge in the treatment of central nervous system (CNS) 
disorders, characterized by a high incidence rate and 
significant therapeutic difficulties [25, 26]. Emerging 

research suggests that imbalances in gut microbial com-
munities might influence the pathogenesis and functional 
recovery of SCI [5, 6, 27]. The findings of this study pro-
vide compelling evidence that fecal microbiota transplan-
tation (FMT) can significantly improve motor function 
recovery in mice with SCI. By restoring gut microbiota 
balance, FMT influences the spinal microenvironment, 
promoting neuronal survival, axonal regeneration, allevi-
ating extra cellular matrix (ECM) deposition and reduc-
ing neuroinflammation.

The disruption of gut microbiota following SCI is well-
documented, with dysbiosis contributing to exacerbated 
injury and impaired recovery [28–30]. Previous research 
has shown significant differences in microbial diversity 
indices like Chao1, observed species, Shannon, and Simp-
son indexes between SCI and sham groups [9]. Our find-
ings showed significant differences only in the Chao1 and 
coverage indices. Interestingly, our results also revealed 
downward trends in the Shannon, Simpson, and Ace 
indices, but these did not reach statistical significance. 
This discrepancy may stem from the distinct diversity 
components captured by these indices. Chao1 and cover-
age indices focus on species richness and are particularly 
sensitive to rare taxa, which may be disproportionately 
affected by SCI. In contrast, Shannon, Simpson, and Ace 
incorporate both richness and evenness, making them 
less responsive to changes predominantly involving rare 
species [31, 32]. These subtle shifts may require larger 
sample sizes or deeper sequencing to achieve statistical 
significance. Furthermore, Environmental factors such as 
diet, SCI severity, and methodological differences could 
also explain the variability in findings [33, 34]. Future 
studies integrating multi-omics approaches could shed 
more light on deepening functional understanding of 
microbial communities in SCI. FMT from healthy donors 
successfully restored the gut microbiota balance, aligning 
with previous studies that have demonstrated the ben-
eficial effects of FMT in restoring microbiota balance in 
various conditions [35, 36]. In line with the restoring of 
gut microbiota, behavioral assessments showed signifi-
cant improvements in motor function in FMT-treated 
mice compared with the SCI group from 14 d.p.i. to the 
end of observation period. The findings indicate that the 
SCI-induced imbalance of the gut microbiome is sig-
nificantly alleviated by FMT treatment, which promotes 
motor recovery.

Motor function recovery after SCI depends on the 
survival of neurons and the extension of axons to their 

(See figure on previous page.)
Fig. 3  FMT treatment promoted axonal regeneration and neuronal survival. A. Representative images of NF-H staining in each group. Scale bar = 200 μm; 
50 μm for enlarged figures. B. Quantification of NF-H staining intensity in different experimental groups (n = 6 per group). C. IF staining for NeuN (green) 
and activated caspase-3 (red) in the central sagittal section of the spinal cord. Scale bar = 100 μm.D. Quantification of cells co-staining for NeuN and 
activated caspase-3 (aCasp3) (n = 6 per group). Data were presented as Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. cc: central canal; R: 
rostral; C: caudal; D: dorsal; V: ventral; dpi: day post injury
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specific targets [37]. We observed that FMT-treated 
mice exhibited remarkable enhancement in neuronal 
survival and axonal regeneration compared to controls. 
Immunofluorescence staining revealed increased neuro-
nal survival and reduced apoptotic neurons in the FMT-
treated group. These results align with previous studies 
suggesting that FMT promotes neuroplasticity [38, 39]. 
To determine if FMT treatment affects cell proliferation 
after SCI, we conducted IF staining using the prolifera-
tion marker Ki67. Our analysis revealed that the number 
of Ki67 + cells remained comparable across all groups 
(Fig. S3). This finding suggests that the functional recov-
ery observed is likely not due to increased cell prolifera-
tion. The enhanced axonal regeneration observed in our 
study supports the hypothesis that gut microbiota can 
influence neural repair processes.

Neuroinflammation, characterized by complex interac-
tions between immune cells and glial cells such as mac-
rophages/microglia and astrocytes, can either facilitate 
tissue repair or worsen secondary injury [40, 41]. In our 
study, SCI mice treated with FMT exhibited a distinct 
pattern of immune cell distribution compared to ABX 
mice. Specifically, IBA1 + activated macrophages/microg-
lia clustered centrally encircled by astrocytic scar, indicat-
ing a controlled inflammatory response. In contrast, ABX 
mice showed expanded lesion areas with extensive infil-
tration of IBA1 + cells and multiple glial hyperplasia foci. 
Distribution of CD68 + phagocytic cells indicated distinct 
inflammatory patterns among groups. In the SCI mice, 
CD68 + cells were mainly concentrated at the injury cen-
ter. The ABX group showed reduced CD68 at the center 
with increased presence in peripheral areas, suggesting 
altered inflammation due to antibiotics. The FMT group 
exhibited a more even distribution of CD68, indicating 
a balanced immune response and potentially enhanced 
tissue repair. Our results align with previous studies that 
emphasize microbiota’s impact on modulating neuro-
inflammation and providing neuroprotection following 
SCI [15, 16, 42]. The observed compact ECM deposition, 
including collagen I and fibronectin, in the SCI lesion 
center underscores their role in creating a dense tissue 
that can promote wound repair and healing [23, 43]. The 
widespread expression of fibronectin in the ABX group 
and its reduction in the FMT treatment group suggests 
that FMT may attenuate detrimental ECM remodeling, 
facilitating a more conducive environment for healing. 

Though PECAM-1 expression levels were similar across 
groups, indicating consistent vascular density, the neuro-
vascular organization altered markedly. The ABX group 
exhibited enlarged blood vessels with disrupted integrity, 
whereas the FMT group showed normalized vessel size 
and better-aligned vasculature. These improvements in 
vascular architecture likely enhance nutrient and oxygen 
delivery, which is crucial for spinal cord repair and func-
tional recover [44]. The reduction of ECM deposition and 
glial scar formation observed in FMT-treated mice high-
lights its therapeutic potential for human SCI patients. 
Excessive ECM deposition is a well-recognized barrier 
to axonal regeneration, and therapies targeting ECM 
remodeling could be combined with existing regenerative 
strategies, such as stem cell transplantation or biomate-
rials, to enhance recovery [45–48]. Furthermore, FMT’s 
anti-inflammatory properties could mitigate secondary 
injury, providing a dual benefit for neural repair.

Prolonged antibiotic treatment in the ABX and FMT 
groups was employed to deplete gut microbiota, creat-
ing a baseline for evaluating the effects of FMT. How-
ever, antibiotics are known to induce significant changes 
beyond microbiota depletion, including increased gut 
permeability, altered immune responses, and poten-
tial systemic effects, which may influence the spinal 
microenvironment [49, 50]. These effects could contrib-
ute to inflammatory modulation and ECM remodeling 
observed in the study. While FMT partially restores the 
gut microbiota, future studies should investigate the spe-
cific contributions of antibiotics to gut-spinal axis inter-
actions and SCI outcomes.

To delve into the molecular underpinnings of FMT’s 
therapeutic potential, we utilized RNA sequencing anal-
ysis to explore the intricate gene expression changes 
following SCI and to evaluate how FMT influenced 
these patterns. Our RNA sequencing analysis identi-
fied substantial variations in gene expression across 
groups. In the SCI group, we identified 4636 differen-
tially expressed genes (DEGs) compared to the sham 
group, with a substantial number of genes being either 
up-regulated or down-regulated, indicating a robust 
inflammatory and metabolic response to injury. The ABX 
group showed 245 DEGs relative to the SCI group, with 
notable changes in cytokine interactions and inflamma-
tory pathways. Interestingly, FMT treatment led to 393 
DEGs compared to the ABX group, suggesting a shift 

(See figure on previous page.)
Fig. 4  FMT treatment diminished glial scarring and mitigated inflammation. A. Representative images of IBA1 and GFAP staining are shown. In the SCI 
group, IBA1 + cells aggregated within the lesion center. The ABX group displayed a significant expansion of the lesion cavity, with extensive infiltration of 
IBA1 + cells around the injury center and multiple glial hyperplasia foci within the injury site. Enlarged images revealed that, in the SCI group, IBA1 + cells 
were predominantly constrained by astrocytic borders, whereas in the ABX group, many IBA1 + cells crossed the scar boundary and infiltrated the injury 
periphery. Scale bar = 200 μm; 50 μm for enlarged figures. B. Quantification of the GFAP + area size (n = 6 per group). (C) Quantification of the number of 
glial hyperplasia foci (n = 6 per group). (D) Representative images of CD68 staining in each group (left) and corresponding fluorescence intensity spectra 
(right). Scale bar = 200 μm. Data were presented as Mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, ns = No significance. cc: central canal; R: rostral; C: 
caudal; D: dorsal; V: ventral; dpi: day post injury
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towards gene expression profiles associated with mate-
rial metabolism, extracellular matrix deposition, and 
anti-inflammatory responses. KEGG analysis of these 
DEGs revealed that the activated genes at 7 d.p.i. were 
involved in inflammation regulation, extracellular matrix 
(ECM) remodeling, and neuroprotection. Notably, the 
cytokine-cytokine receptor interaction pathway, the top 
differentially expressed pathway between the FMT and 
ABX groups, plays a key role in immune responses and 
inflammation [51]. This upregulation may help reduce 
glial scar formation and inflammation, both of which hin-
der recovery after SCI. Additionally, the downregulation 
of Col28a1 expression in the FMT group suggests that 
restoring ECM-receptor interaction integrity could pro-
mote axon regeneration by preventing inhibitory barri-
ers [52]. Furthermore, pathways related to neurovascular 
remodeling, such as the HIF-1 signaling pathway, which 
can upregulate the expression of various pro-angiogenic 
genes like VEGF, were upregulated in FMT-treated mice, 
potentially enhancing blood-brain barrier integrity and 
nutrient supply to the spinal cord [53]. The PI3K-AKT 
signaling pathway, involved in neurogenesis, was also 
activated, supporting neural regeneration and motor 
function recovery [54]. These findings suggest that FMT 
treatment induces molecular changes that may facilitate 
tissue repair and recovery following SCI.

While previous studies have demonstrated the thera-
peutic potential of FMT in spinal SCI [9, 16, 17, 24], our 
study provides new insights into the broader mecha-
nisms by which FMT promotes functional recovery. FMT 
has been shown to modulate the microbiota-gut-spinal 
cord axis, regulate immune responses, and improve spi-
nal cord pathology. However, our findings offer addi-
tional perspectives by focusing on the restoration of gut 
microbiota diversity and its direct link to motor function 
recovery post-SCI. Notably, our study highlights how 
FMT affects not only immune cell regulation but also 
the structural environment at the injury site, including 
extracellular matrix remodeling and neuroinflammation. 
This broader view helps to explain the improvements in 
both spinal cord tissue integrity and functional outcomes 
observed in FMT-treated mice. Additionally, while previ-
ous studies have identified shifts in microbial populations 
and their association with functional recovery, our work 
emphasizes the critical role of restoring gut microbiota 

diversity. We found that the restoration of microbial 
balance correlated with improved motor function and 
a more favorable microenvironment for tissue repair, 
further supporting the potential of FMT as an effective 
treatment strategy for SCI. Taken together, our study 
provides a more comprehensive understanding of how 
FMT can influence spinal cord regeneration by address-
ing both immune and structural components of SCI, 
offering a promising therapeutic approach with broad 
implications for future SCI treatments.

Conclusions
In summary, our study demonstrates that FMT effec-
tively modifies the spinal microenvironment, leading to 
improved motor function recovery in mice with SCI. By 
restoring gut microbiota balance, reducing neuroinflam-
mation, and enhancing ECM remodeling, FMT fosters an 
environment conducive to neural repair and functional 
recovery. This study highlights FMT’s potential in treat-
ing SCI and underscores the need for further research to 
translate these insights into clinical applications.

Figure S1. ABX significantly reduced gut microbiota 
composition and diversity. A. α diversity indices (Chao, 
Ace, Coverage, Simpson, Observed species, Shannon) 
and β diversity index (B) comparing the Sham and ABX-
treated mice. C. Principal Component Analysis (PCA) 
between the Sham and ABX-treated groups. D. PLS-
DA plot demonstrating a clear distinction between the 
Sham and ABX-treated mice. E. NMDS plot revealing 
distinct clustering, with Sham and ABX-treated groups 
occupying distinct regions in the ordination space. F. 
Hierarchical clustering analysis of microbial community 
composition in Sham and ABX-treated groups. G. Clus-
ters of Orthologous Groups (COG) function analysis of 
the Sham and ABX-treated group.

Figure S2. FMT significantly restored the composition 
and diversity of gut microbiota. (A) α-Diversity indices 
(Shannon, Simpson, and Coverage) comparing the ABX 
and FMT-treated groups at 7 d.p.i. (B) β-Diversity index 
showing differences in microbial composition between 
the ABX and FMT-treated groups at 7 d.p.i. (C) Princi-
pal Component Analysis (PCA) showing distinct micro-
bial community structures between the ABX and FMT 
groups. (D) Partial Least Squares Discriminant Analysis 
(PLS-DA) plot demonstrating clear separation between 

(See figure on previous page.)
Fig. 5  FMT treatment promoted ECM constriction and modulated neurovascular expression Patterns. A. Typical images of double staining for GFAP and 
Fibronectin. Scale bar = 200 μm. B. Quantification of lesion areas marked by Fibronectin staining (n = 6 per group). C. Typical images of sagittal spinal 
cord sections from different groups, double-stained for GFAP and Collagen I. Scale bar = 200 μm. D. Quantification of lesion areas marked by Collagen I 
staining (n = 6 per group). E. Typical images of PECAM-1 staining. Scale bar = 200 μm. F. Statistical analysis of mean fluorescence intensity for PECAM-1 
showing no significant differences among groups (n = 6 per group). G. Quantification of lumen diameter (n = 6 per group). H. Quantification of PECAM-1 
positive blood vessel orientation. The ABX group exhibited a significant increase in large-angle (> 50°) blood vessels in comparison with the SCI group. 
FMT markedly elevated the proportion of small-angle (< 25°) vessels while reducing the proportions of large-angle (> 50°) and medium-angle (25°-50°) 
vessels (n = 6 per group). Data were presented as Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = No significance. cc: central canal; R: 
rostral; C: caudal; D: dorsal; V: ventral; dpi: day post injury
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Fig. 6  Modulation of spinal cord tissue transcriptome by FMT treatment. A. Differentially expressed genes (DEGs) across each group are displayed using 
a Venn diagram. B. The number of DEGs that are upregulated and downregulated between the groups is depicted in a histogram. C. Heatmap analysis 
of the top 20 DEGs in each group, demonstrating that FMT treatment reversed many DEGs in the ABX group. KEGG pathway enrichment analysis shows 
pathways upregulated in the ABX group relative to the SCI group (D) and pathways upregulated in the FMT group compared to the ABX group (E) (n = 3 
per group, fold change > 1.5)
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the ABX and FMT groups. (E) Non-metric multidimen-
sional scaling (NMDS) plot revealing distinct clustering, 
with ABX and FMT groups occupying separate regions in 
the ordination space. (F) Hierarchical clustering analysis 
of microbial community composition at the genus level 
in ABX and FMT groups at 7 d.p.i. (G) Hierarchical clus-
tering analysis at the phylum level comparing microbial 
composition between ABX and FMT groups. (H) Clus-
ters of Orthologous Groups (COG) functional analysis 
comparing the gut microbiota in ABX and FMT-treated 
groups at 7 d.p.i.

Figure S3. Effects of FMT treatment on cell prolif-
eration. (A) IF staining showing representative images 
of Ki67 + proliferating cells in each group. Scale bar 
= 200 μm. (B) Quantitative analysis of Ki67 + cells across 
groups, indicating similar levels of proliferating cells 
among the SCI, ABX, and FMT groups (n = 6 per group). 
Data were presented as Mean ± SEM. ****P < 0.0001, 
ns = No significance.

Figure S4. Analysis of differentially expressed genes 
(DEGs) using Gene Ontology (GO).

(A) The top 20 enriched biological processes identified 
by GO analysis in the ABX group in comparison with the 
SCI group. (B) The top 20 enriched biological processes 
identified by GO analysis in the FMT group in compari-
son with the ABX group. This analysis highlights the bio-
logical processes most affected by antibiotic treatment 
and FMT in SCI.
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