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Introduction

Recent studies have highlighted the vital role of gut microbiota in traumatic brain injury (TBI). Fecal microbiota transplantation (FMT) is an effective means of regulating the microbiota–gut–brain axis, while the beneficial effect and potential mechanisms of FMT against TBI remain unclear. Here, we elucidated the anti-neuroinflammatory effect and possible mechanism of FMT against TBI in mice via regulating the microbiota–gut–brain axis.





Methods

The TBI mouse model was established by heavy object falling impact and then treated with FMT. The neurological deficits, neuropathological change, synaptic damage, microglia activation, and neuroinflammatory cytokine production were assessed, and the intestinal pathological change and gut microbiota composition were also evaluated. Moreover, the population of Treg cells in the spleen was measured.





Results

Our results showed that FMT treatment significantly alleviated neurological deficits and neuropathological changes and improved synaptic damage by increasing the levels of the synaptic plasticity-related protein such as postsynaptic density protein 95 (PSD-95) and synapsin I in the TBI mice model. Moreover, FMT could inhibit the activation of microglia and reduce the production of the inflammatory cytokine TNF-α, alleviating the inflammatory response of TBI mice. Meanwhile, FMT treatment could attenuate intestinal histopathologic changes and gut microbiota dysbiosis and increase the Treg cell population in TBI mice.





Conclusion

These findings elucidated that FMT treatment effectively suppressed the TBI-induced neuroinflammation via regulating the gut microbiota–gut–brain axis, and its mechanism was involved in the regulation of peripheral immune cells, which implied a novel strategy against TBI.
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1 Introduction

Traumatic brain injury (TBI) is one of the leading causes of incidence rate and mortality worldwide, which has brought a huge burden to society, the economy, and medical care (Jiang et al., 2019). Mechanical brain injury initiates inflammatory and neurovascular changes in the brain, which can lead to neuronal injury and death, which is involved in many complex factors such as oxidative stress, inflammation, and apoptosis. Disruption of the blood–brain barrier (BBB) was observed early after TBI, and the inflammatory response might be stimulated by the rapid release of molecular patterns, resulting in a significant local inflammatory response and intensifying brain damage (Navarrete et al., 2022). The neuroinflammatory response following TBI was known to be a key secondary injury factor, which can lead to neuronal damage (Corrigan et al., 2016). A strong inflammatory response was characterized by the recruitment and activation of immune cells, as well as the release of cytokines and chemokines. The immune status of the periphery directly impacted the inflammatory state of the neuropathology driven by the brain (Kempuraj et al., 2017). After a TBI event, aged mice showed different genetic characteristics of microglia and increased invasive T cells compared with young adult mice (Chen Z. et al., 2023). Therefore, the inhibition of neuroinflammation is a potential therapeutic target for TBI.

Recently, accumulating evidence indicated that gut microbiota and the brain were linked by the gut–brain axis. Gut microbiota are a symbiotic bacteria community that exists in the gut and may be closely related to gut–brain communication. Microbiota–gut–brain communication can theoretically occur through multiple pathways, such as endocrine, metabolic, and immune pathways. Accumulating evidence suggested that gut microbiota alterations might be involved in the progression and even deterioration of many diseases. Wang et al. analyzed the fecal bacterial communities in rats with mild traumatic brain injury (mTBI) at 12 different post-injury times, and the relative abundance of the bacterial communities had markedly varied at 2 h post-injury (Wang S. et al., 2023). Remarkably, gut microbiota dysbiosis was considered to be the main risk factor of TBI, which was likely to be alleviated by probiotic therapy. It was reported that antibiotic treatment could inhibit the gut microbiota of PGAM5(-/-) mice, partially alleviating post-TBI inflammatory response and motor dysfunction in mice, and Akkermansia muciniphila treatment inhibited neuroinflammation in the cerebral cortex after TBI (Chen Y. et al., 2023). Moreover, our previous study revealed that probiotic Clostridium butyricum treatment significantly improved neurological dysfunction, brain edema, and BBB impairment; reduced colonic IL-6 level; and protected the integrity of the intestinal barrier in the TBI mice (Li et al., 2018). Gut microbiota regulated the neuropathological changes through the microbiota–gut–brain axis. It was reported that quercetin could reverse the abnormalities of microbiota induced by repeated mild traumatic brain injury (rmTBI) and exerted a neuroprotective effect, which may be mediated by the regulation of the microbiota–gut–brain axis (Balasubramanian et al., 2023). The microbiota–gut–brain communication could be carried out by the immune system pathway. The leakage of microbiota or microbial metabolites from the intestine might lead to a systemic immune response, and pro-inflammatory cytokines might circulate to the brain, leading to subsequent brain inflammation. Th17 and Tregs were the most abundant lymphocytes in the lamina propria, and gut microbiota were crucial to the accumulation of these two cell types (Nishio et al., 2015). It was reported that gut microbiota could alter the ratio of pro-inflammatory Th17 to anti-inflammatory regulatory T cell (Treg), and the imbalance between Th17 and Treg cells was related to the development of TBI (Chen et al., 2022), indicating that gut microbiota might induce adaptive changes in immune response through the amplification of specific lymphocyte subtypes. With these lines of evidence, the immune pathway of the gut microbiota–gut–brain axis played an important role in TBI. Although the abnormal gut microbiota were closely related to the pathogenesis of TBI, the effects and mechanism of FMT against neuroinflammation of TBI are unclear.

In the present study, we explored the neuroprotective effects of FMT against neurological deficits, neuropathological changes, microglia activation, and neuroinflammation in the TBI mice by regulating the gut–brain axis. Meanwhile, gut microbiota composition and the population of Treg cells in the spleen were assessed. Moreover, we further confirmed that potential anti-inflammatory mechanisms were involved in the peripheral immune pathway, which would provide a potential strategy to alleviate TBI.




2 Materials and methods



2.1 Animals

Male C57BL/6J mice (2 months old) were purchased from the Hangzhou Ziyuan Experimental Animal Technology Co., Ltd., Hangzhou, China. Mice were raised under a constant temperature (22°C ± 1°C), stable humidity (50% ± 20%) with a 12-h light–dark cycle, as well as free access to food and water. All experiments were conducted in accordance with the guidelines of the Animal Experiment Ethics Committee of Wenzhou Medical University.




2.2 Induction of TBI

The TBI mouse model was induced by weight-drop impact head injury, as described previously (Li et al., 2016). Briefly, the mouse was anesthetized with 350 mg/kg of chloral hydrate and fixed on the operating table. A midline longitudinal incision was made on top of the mouse skull, the periosteum was peeled off, and the right parietal bone was exposed. A bone hole with a diameter of approximately 2 mm (located 2 mm next to the sagittal suture and 3 mm below the coronal suture) was drilled into the mouse. The weight (20 g) drops free fall at a height of 20 cm to impact the impact bar, and the end of the impact head is in vertical contact with the dura mater. After the impact, the impact device was immediately removed and bleeding was stopped with a gelatin sponge, and the scalp incision of the model mouse was sutured.




2.3 Experimental design

TBI mice were randomly divided into two groups: (1) the TBI model group (TBI), which was subjected to weight-drop impact head injury, and (2) the TBI+FMT group (TBI+FMT), which was subjected to weight-drop impact head injury, and C57BL/6J mice intragastrically administered with 0.2 ml of fresh fecal solution once a day for 5 days. The stool (200 mg) from healthy C57BL/6J mice was collected daily and resuspended in 5 ml of sterile physiological saline and then passed through a 20-mm filter to remove large particulate. The filtrate was centrifuged at 3,000×g for 15 min and dissolved in physiological saline with a concentration of 400 mg/ml for transplantation. Before FMT treatment, mice were treated with 200 μl of combined antibiotics (vancomycin 100 mg/kg, ampicillin 200 mg/kg, and metronidazole 200 mg/kg) once a day for 3 days, as previously described with a modification (Wu et al., 2014; Zhou et al., 2017). The sham group (sham) underwent the same surgical procedure except for the weight drop. Mice of the sham and TBI groups were treated with the same dose of physiological saline. A diagram to describe these procedures is shown in Figure 1A.




Figure 1 | Fecal microbiota transplantation (FMT) treatment improved neurological deficit and neuronal damage in traumatic brain injury (TBI) mice. (A) The experimental schematic diagram. (B) The mNSS after FMT treatment (1 and 7 days) was assessed. Error bars meant SEM. n = 6–8 per group. (C) Representative images of Nissl staining. The neuronal damage of mice was determined by Nissl staining. Magnification: 400×, Scale bars: 50 μm.






2.4 Evaluation of neurological deficit

Neurological deficit was evaluated by an 18-point modified Neurological Severity Score (mNSS), as previously described (Zuo et al., 2021). mNSS was conducted 1 and 7 days after FMT treatment. The mNSS scoring criteria were as follows: (1) tail suspension test (3 points); (2) mouse was placed on the floor and its walking performance was evaluated (3 points); (3) sensory test (2 points); (4) balance beam test (6 points); and (5) loss of reflexes and abnormal movements (4 points). The mNSS score was a comprehensive evaluation of the motor, sensory, balance, reflex, and other neurological conditions of TBI mice, with a score range of 0–18 points; the larger the score, the more severe the neurological deficit.




2.5 Nissl staining

After the behavior test, the mice were anesthetized with 10% chloral hydrate and perfused with 4% paraformaldehyde. The brain tissues were quickly taken out, fixed in 4% paraformaldehyde at 4°C for 72 h, dehydrated with gradient ethanol for 48 h, embedded in paraffin, and cut into slices with a thickness of 5 μM. After baking at 65°C for 1.5 h, the slices were dewaxed with xylene for 15 min and then rehydrated with gradient ethanol and distilled water. The slices were stained with Nissl’s dye for 20 min and the color was separated with 70% alcohol. Then, the slices were dehydrated with gradient alcohol for 1 min each, fixed in xylene for 15 min, and sealed with neutral resin. The number of Nissl bodies was observed under a microscope, and representative photographs were taken.




2.6 Immunohistochemical analysis

The sections of the brain were immersed in citrate buffer, subjected to heat-induced antigen retrieval for 10 min, and cooled at room temperature. Then, the sections were placed in 3% H2O2 for 15 min, sealed with 5% bovine serum albumin (BSA) for 30 min, and incubated with primary antibodies (PSD-95, 1:200, Bioworld, MN, USA; synapsin I, 1:200, Bioworld, MN, USA; CD11b, 1:200, Bioworld, MN, USA) at 4°C overnight. The sections were incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (Beyotime, Shanghai, China) at 37°C for 30 min, incubated with diaminobenzidine (DAB), and counterstained with hematoxylin. Then, the sections were differentiated with 1% hydrochloric acid for 3 s, dehydrated with gradient alcohol, cleared with xylene for 15 min, and sealed with neutral resin.




2.7 HE staining

The colon tissues of the mouse were removed, fixed in formaldehyde, embedded into paraffin, and then sliced. The slices were stained with hematoxylin for 8 min, differentiated with 1% hydrochloric acid alcohol for 3 s, and stained with eosin for 5 s. The slices were then dehydrated by gradient alcohol, fixed in xylene, and sealed with neutral resin.




2.8 Western blot

The brain tissue of the mouse was collected; added with RIPA lysate, PMSF, and phosphate protease inhibitor; and centrifuged at 12,000 rpm at 4°C for 20 min. The protein concentration of the sample was measured with bicinchoninic acid (BCA) solution and adjusted to the same concentration. The samples were subjected to SDS-PAGE electrophoresis and membrane transfer, sealed with 5% skim milk solution, and cut into corresponding bands. The bands were incubated with a dilution of primary antibody (PSD-95, 1:1,000, Bioworld, MN, USA; synapsin I, 1:1,000, Bioworld, MN, USA; CD11b, 1:1,000, Bioworld, MN, USA) overnight at 4°C, washed with PBST solution, and incubated with HRP-labeled secondary antibodies (1:5,000) at 37°C. Then, the bands were added with an ECL luminescent reagent, and the grayscale value of the band was analyzed using the ImageJ image processing system. β-Actin was used as the loading control.




2.9 Flow cytometry

The fresh spleen tissue from mice was obtained under sterile conditions and prepared as lymphocyte suspension (5 × 106 cells/ml). CD4+CD25+FoxP3+ cells were stained and detected according to the manufacturer’s instruction of the mouse regulatory T-cell staining kit (Multisciences, Hangzhou, Zhejiang, China). Briefly, the cells were stained with fluorescent monoclonal antibodies of anti-CD4-FITC (Multisciences) and anti-CD25-APC (Multisciences), incubated in the dark at 2°C–8°C for 30 min. As for intracellular FoxP3 staining, the cells were treated with fixation/permeabilization solution (Multisciences) and subsequently incubated with the fluorescent antibody of anti-FoxP3-PE (Multisciences) at 2°C–8°C for 40 min. The acquisition and detection were performed on flow cytometry (FACSCalibur; Becton Dickinson, USA), and isotype-matched negative controls were used in the assay.




2.10 ELISA assay

The content of TNF-α in the brain tissue was determined by ELISA (No. RK00027, Westang Bio-Tech Co., Ltd., Shanghai, China) according to the manufacturer’s instructions. Brain tissue and lysate were mixed at a ratio of 1:9, added with PMSF, and homogenized with a homogenizer, and then the supernatant was taken as a sample for absorbance detection. The absorbance was measured by a microplate reader at the wavelength of 450 nm, and the sample concentration was calculated.




2.11 Gut microbiota analysis

The colon contents of mice were collected and stored at −80°C for 16S rRNA sequencing. The DNA of gut microbiota in each sample was extracted. The V3–V4 region was selected for PCR amplification, where the upstream primer was 338 F (ACTCCTACGGGGAGCAG) and the downstream primer was 806 R (GGACTACHVGGGTWTCTAAT). The purified PCR products were subjected to Qubit quantitative detection and were sequenced by the Illumina MiSeq platform (Illumina, San Diego, USA). The original sequencing was controlled by Trimmomatic software and spliced by FLASH software. The amplicon sequence variant (ASV) clustering was performed on sequences according to 100% similarity using DADA2 software, and single sequences and chimeras were removed in the clustering process. Each sequence was annotated species classification by using the Ribosomal Database Project (RDP) classifier. Finally, community diversity, community composition, and the species difference of the gut microbiota were analyzed, in which the LDA threshold was 4.0 in linear discriminant analysis effect size (LEfSe). The Simpson index and the principal coordinates analysis (PCoA) on the Bray–Curtis dissimilarity index were measured. The intestinal typing analysis was performed at the levels of phylum, family, and genus by clustering samples with similar dominant microbiota structures. Moreover, we identified the significant differences in the relative abundance of gut microbiota by the Wilcoxon rank sum tests based on the obtained community abundance data. Linear discriminant analysis (LDA) effect size (LEfSe) was applied to detect enriched taxa by the non-parametric Kruskal–Wallis (KW) rank-sum test.




2.12 Statistical analysis

The data were expressed as mean ± standard error of the mean (SEM) and analyzed using SPSS 26.0 software (SPSS, Chicago, IL, USA). The differences of the three groups of data were compared by one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test. The values from mNSS were analyzed by Student’s t-test. P <0.05 was regarded as a significant difference.





3 Results



3.1 FMT treatment improved neurological deficit and pathological changes in TBI mice

The neurological deficit of mice was detected by mNSS after treatment (1 and 7 days). As shown in Figure 1B, on the 1st day, the mNSS of the FMT treatment group was lower than that of the TBI group, but there was no significant difference between the two groups (P = 0.0809). On the 7th day, the mNSS in the FMT treatment group was significantly decreased than in the TBI group (P < 0.0001), suggesting that FMT could improve TBI-induced neurological deficit in mice. The neuronal damage of mice was determined by Nissl staining. As shown in Figure 1C, the number of Nissl bodies in the TBI group was lower than that in the sham group, while that in the FMT treatment group was higher than that in the TBI group, indicating that FMT treatment could improve neuronal damage of TBI.




3.2 FMT treatment improved synaptic damage in TBI mice

The levels of synaptic plasticity protein PSD-95 and synapsin I were determined by immunohistochemistry and Western blot. The number of positive cells of PSD-95 and synapsin I in the TBI group was significantly lower than that in the sham group (PSD-95: F = 12.93, P < 0.05 vs. the sham group, Figures 2A, C; synapsin I: F = 21.06, P < 0.01 vs. the sham group, Figures 2B, D), while the number of positive cells of PSD-95 and synapsin I in the FMT treatment group was significantly higher than that in the TBI group (PSD-95: P < 0.01 vs. the TBI group, Figures 2A, C; synapsin I: P < 0.01, Figures 2B, D). To further verify these results, Western blot was performed. The level of PSD-95 in the TBI group was significantly reduced compared with the sham group (F = 6.70, P < 0.05 vs. the sham group, Figures 2E, F), while the level of PSD-95 in the FMT treatment group was significantly higher than that in the TBI group (P < 0.05 vs. the TBI group, Figures 2E, F). The level of synapsin I in the TBI group was significantly decreased compared with the sham group (F = 9.26, P < 0.01 vs. the sham group, Figures 2E, G), while the level of synapsin I in the FMT treatment group was significantly higher than that in the TBI group (P < 0.01 vs. the TBI group, Figures 2E, G). These results suggested that FMT treatment could improve the synaptic damage of TBI.




Figure 2 | FMT treatment improved synaptic damage in TBI mice. (A) Representative immunohistochemistry images of PSD-95 in the cortex among sham, TBI, and TBI+FMT groups. (B) Representative immunohistochemistry images of synapsin I in the cortex among the three groups. Magnification: 400×, scale bars: 50 μm. (C) Comparison of the average optical density of PSD-95 among the three groups. (D) Comparison of the average optical density of synapsin I among the three groups. (E) Representative Western blot images of PSD-95 and synapsin I in the brain among the three groups. (F) Quantitative analysis of PSD-95; the ratio of PSD-95/β-actin in the sham group was used as a reference value. (G) Quantitative analysis of synapsin I: the ratio of synapsin I/β-actin in the sham group was used as a reference value. Error bars meant SEM; n = 4–6 per group. *P < 0.05, compared with the sham group; **P < 0.01, compared with the sham group; #P < 0.05, compared with the TBI group; ##P < 0.01, compared with the TBI group.






3.3 FMT treatment relieved neuroinflammation in TBI mice

As shown in Figures 3A, B, the number of CD11b-positive cells in the TBI group was significantly higher than that in the sham group (F = 20.88, P < 0.01 vs. the sham group), while the number of CD11b-positive cells in the FMT treatment group was significantly lower than that in the TBI group (P < 0.01 vs. the TBI group). To further verify these results, Western blot was performed. The level of CD11b in the TBI group was significantly higher than that in the sham group (F = 24.73, P < 0.01 vs. the Sham group, Figures 3C, D), while the level of CD11b in the FMT treatment group was significantly lower than that in the TBI group (P < 0.01 vs. the TBI group, Figures 3C, D). Reactivated microglia produced a series of inflammatory factors including TNF-α, which were determined by ELISA. As shown in Figure 3E, the level of TNF-α in the TBI group was higher than that in the sham group (F = 22.2, P < 0.01 vs. the sham group), while the level of TNF-α in the FMT treatment group was significantly lower than that in the TBI group (P < 0.01 vs. the TBI group). These results suggested that FMT treatment could inhibit the excessive microglia activation and suppress the neuroinflammatory reaction of TBI.




Figure 3 | FMT treatment relieved neuroinflammation in TBI mice. (A) Representative immunohistochemistry images of CD11b in the cortex among the sham, TBI, and TBI+FMT groups. Magnification: 400×, scale bars: 50 μm. (B) Comparison of the average optical density of CD11b among the three groups. (C) Representative Western blot images of CD11b in the brain among the three groups. (D) Quantitative analysis of CD11b; the ratio of CD11b/β-actin in the sham group was used as a reference value. Error bars meant SEM; n = 4–6 per group. (E) Comparison of TNF-α level in the brain tissue among the three groups. **P < 0.01, compared with the sham group; ##P < 0.01, compared with the TBI group.






3.4 FMT treatment attenuated intestinal histopathologic changes in TBI mice

As shown in Figure 4, the intestinal histopathologic changes were detected by HE staining. The sham group showed that the villus was arranged neatly and the basement layer was intact. The TBI group showed cell damage and infiltration of inflammatory cells. However, FMT treatment significantly reduced cell damage and maintained the tissue structure, suggesting that FMT treatment might exhibit beneficial effects in attenuating TBI-induced intestinal injury.




Figure 4 | FMT treatment improved intestinal injury in TBI mice. The intestinal histopathologic changes in mice were detected by HE staining. Representative images of HE staining in the colon tissues among the sham, TBI, and TBI+FMT groups. Magnification: 200×, scale bar: 100 μm.






3.5 FMT treatment improved gut microbial dysbiosis in TBI mice

As shown in Figure 5A, there were no significant differences in the α-diversity Simpson index among the sham, TBI, and TBI+FMT groups (P > 0.05). As shown in Figure 5B, the Venn diagram displayed that there were 562, 592, and 115 specific OTUs in the three groups, respectively, and 13 operational taxonomic units (OTUs) were shared among these three groups. In addition, PCoA showed changes in microbial β-diversity, which was significantly different among the three groups (Figure 5C). As shown in Figure 5D, the alterations of community composition on the phylum level were observed. Then, we further evaluated the characteristic bacteria among the three groups. As shown in Figure 6A, at the phylum level, the relative abundance of Verrucomicrobiota in the TBI group was decreased compared with the sham group, while the abundance of Verrucomicrobiota in the TBI+FMT group was significantly increased than that in the TBI group (P < 0.01). As shown in Figure 6B, at the family level, the abundance of Muribaculaceae (P < 0.01), Rikenellaceae (P < 0.05), Saccharimonadaceae (P < 0.01), and Oscillospiraceae (P < 0.01) in the TBI+FMT group was significantly lower than that in the TBI group, and the relative abundance of Akkermansiaceae in the TBI+FMT group was significantly higher than that in the TBI group (P < 0.01). Moreover, as shown in Figure 6C, at the genus level, the abundance of Alistipes (P < 0.05), Candidatus Saccharimonas (P < 0.01), and Alloprevotella (P < 0.05) in the TBI+FMT group was significantly lower than that in the TBI group, and the relative abundance of Akkermansia (P < 0.01) in the TBI+FMT group was significantly higher than that in the TBI group. Furthermore, LEfSe analysis revealed significant taxonomic differences among the three groups. As shown in Figure 6D, Muribaculaceae and Bacteroidales in the TBI group were the dominant bacteria, while Akkermansiaceae, Verrucomicrobiales, and Proteobacteria were the dominant bacteria in the TBI+FMT group.




Figure 5 | FMT treatment regulated gut microbial diversity and community composition in TBI mice. (A) Alpha diversity Simpson index analysis of gut microbiota. (B) The Venn diagram displayed the discrepancy and overlap of OTUs among the three groups. (C) PCoA showed variations of gut microbiota composition among the three groups, P-value was indicated, and each character represented a sample. (D) Comparison of different taxa at the phylum level among the three groups.






Figure 6 | FMT treatment regulated the changes of differential microbiota in TBI mice. (A) Comparison of gut bacteria at the level of phylum among the sham, TBI, and TBI+FMT groups. (B) Comparison of gut bacteria at the level of family among the three groups. (C) Comparison of gut bacteria at the level of genus among the three groups. (D) LEfSe analysis revealed significant bacterial differences among the sham (green), TBI (red), and TBI+FMT (blue) groups. The LDA scores (log10) >4.0 and P <0.05 were listed. *P < 0.05, compared with the sham group; #P < 0.05, compared with the TBI group; ##P < 0.01, compared with the TBI group.






3.6 FMT treatment increased the population of Treg cells in TBI mice

As shown in Figure 7, we compared the CD4+CD25+FoxP3+ Treg cell population in the spleen between the TBI and FMT treatment groups. Our results showed that FMT treatment significantly increased the population of Treg cells in TBI mice (P < 0.01, Figures 7A, B), suggesting that FMT treatment could regulate peripheral immune cells of TBI.




Figure 7 | FMT treatment increased the population of Treg cells in TBI mice. (A) Representative flow cytometry images of Treg (CD4+CD25+FOXP3+) cells in the TBI and TBI+FMT groups. Blue indicated the number of rarer cells, and red indicated the number of denser cells; the Q2 quadrant represented Treg cells (CD4+CD25+FOXP3+). (B) The percentage of Treg (CD4+CD25+ FOXP3+) cells. ##P < 0.01, compared with the TBI group.







4 Discussion

Recently, the anti-neuroinflammatory effect of gut microbiota was linked to the gut microbiota–gut–brain axis. In this study, we demonstrated that FMT treatment significantly relieved TBI-induced neurological deficits, neuronal damage, synaptic dysfunction, intestinal injury, neuroinflammation, and gut microbial disturbances in mice via regulating the gut microbiota–gut–brain axis and elucidated its underlying mechanism.

Neurological deficit was a hallmark of secondary brain injury after TBI and an important cause of limb disability in patients (Zhang S. et al., 2022). Du et al. reported that FMT (specific pathogen-free donor rats) could significantly restore general neurological function and improve learning ability in rats with TBI (Du et al., 2021). In this study, FMT improved the neurological deficit of TBI mice. Generally, neurological impairment after TBI was caused by its pathological changes, such as neuronal damage and synaptic plasticity dysfunction (Hernandez et al., 2018; Chen et al., 2020; McDaid et al., 2021; Wang et al., 2022). It was reported that neuronal cell death was observed in TBI mice (Xie et al., 2019), and the levels of synaptophysin and PSD-95 were reduced in TBI mice (Ritzel et al., 2020; Zhuang et al., 2023). Xiao et al. proved that FMT enhanced neuronal survival in the hippocampus in rats with chronic cerebral hypoperfusion  (Xiao et al., 2022). In addition, FMT treatment remarkably restored the damage of dopaminergic neurons in the chronic rotenone-induced Parkinson’s disease mouse model (Zhao et al., 2021). Our previous studies have shown that FMT could increase synaptic plasticity by upregulating the levels of PSD-95 and synapsin I in the APP/PS1 mice (Sun et al., 2019). In this study, FMT reduced neuronal damage and increased the levels of PSD-95 and synapsin I in TBI mice, suggesting that FMT could improve the pathological changes of TBI.

Neuroinflammation was a key event after TBI, which exacerbated secondary brain injury and neurological deficits (Wu H. et al., 2021). Mounting studies indicated that there was a sustained neuroinflammatory process in TBI animal models (Radpour et al., 2022; Zhao et al., 2022). Kristina et al. reported that TBI induced the aggregation and activation of microglia and increased the mRNA expression of inflammation-related genes in mouse cortical tissue (Witcher et al., 2021). Our previous study showed that FMT downregulated the level of CD11b in APP/PS1 mice (Sun et al., 2019). Additionally, multitudinous pieces of evidence supported that FMT could downregulate the levels of the inflammatory factors IL-1β, IL-6, and TNF-α (Tang et al., 2021; Wen et al., 2022). Our results showed that FMT reduced the secretion of pro-inflammatory cytokines and inhibited the microglia reactivity, suggesting that FMT could relieve the neuroinflammation of TBI.

Intestinal injury was also a vital secondary pathological injury induced by TBI (Hanscom et al., 2021) and could be observed in TBI mice (You et al., 2022). Intestinal injury was often accompanied by disturbances in the gut microbiota, which existed in TBI mice (Treangen et al., 2018). It was reported that FMT enhanced intestinal barrier integrity in mice with spinal cord injury (Jing et al., 2021). In fact, several studies have shown a wide range of FMT intervention times. Kim et al. observed that a 5-day FMT from 5xFAD mice into C57BL/6 mice reduced adult hippocampal neurogenesis and brain-derived neurotrophic factor expression (Kim et al., 2021). Sun et al. reported that 7-day FMT treatment improved MPTP-induced motor dysfunction, increased striatal neurotransmitters, and improved dopaminergic neurons in mice (Sun et al., 2018). Wang et al. reported that 14-day FMT infusions improved MPTP-induced behavioral impairment and neuronal damage and reduced neuroinflammation in mice (Zhang T. et al., 2022). In this study, the 5-day FMT treatment could regulate the gut microbiota and inhibit the neuroinflammation of TBI mice. Taken together, these studies suggested the value of FMT in reconstructing gut microbiota, and different FMT intervention times might be due to differences in the diseases or animal models. In this study, Bacteroidota and Muribaculaceae were the dominant bacterial taxa in TBI mice, while FMT treatment could decrease the abundance of Bacteroidota and Muribaculaceae. Additionally, the study has shown the increased abundance of Muribaculum, the genus type of the family Muribaculaceae, order Bacteroidales, and phylum Bacteroidota in TBI mice (Chen Y. et al., 2023). In addition, our results showed that FMT treatment decreased the relative abundances of Patescibacteria, Saccharimonadaceae, Rikenellaceae, Alistipes, Ruminococcaceae, and Eggerthellaceae in TBI mice, which was consistent with previous studies. For instance, it was reported that the abundance of Patescibacteria, Saccharimonadales, and Saccharimonadia was increased in patients with Alzheimer’s disease and mild cognitive impairment (Zhu et al., 2022), and Patescibacteria was enriched in mice with neurobehavioral impairments (Diao et al., 2021). Furthermore, Rikenellaceae was the main dominant bacteria in mice after 28 days of TBI injury (Zheng et al., 2022), and the abundance of Alistipes increased in patients with chronic TBI (Urban et al., 2020). Moreover, the levels of Rikenellaceae and Alistipes were increased in rats with anxietylike behavior, accompanied by the activation of neuroinflammatory microglia and the increase of IL-1β expression in the hippocampus (Wu L. et al., 2021). Furthermore, the abundance of Ruminococcaceae was higher in moderate or severe TBI patients compared to controls (Urban et al., 2020). The relative abundance of Ruminococcaceae and Eggerthellaceae was significantly increased in high-status negative cognitive processing bias adults and cognitive dysfunction mice (Han et al., 2020; Xu et al., 2023). On the contrary, in this study, FMT increased the relative abundance of Verrucomicrobiota, Akkermansiaceae, and Akkermansia in TBI mice. Akkermansia, belonging to the family Akkermansiaceae of the phylum Verrucomicrobiota, exerted anti-inflammatory effects (Qu et al., 2021). The study has shown that the relative abundance of A. muciniphila was negatively correlated with intestinal injury and neurological dysfunction, as well as the levels of TNF-α and IL-1β in cortical tissue after TBI, and A. muciniphila treatment improved intestinal injury, neurological dysfunction, and neuroinflammation in the cerebral cortex of TBI mice (Chen Y. et al., 2023). To sum up, the enrichment of inflammation-related bacteria, such as Rikenellaceae and Alistipes, and the reduction of anti-inflammatory-related bacteria Akkermansia might participate in the process of TBI, and these changes in the relative abundance of bacteria could be reversed by FMT, which contributed to the explanation of the specific therapeutic mechanism of FMT in TBI.

The gut microbiota–gut–brain axis achieved functional interactions between the gut and brain through many pathways, such as the immune pathway (Mayer et al., 2022), which was closely related to gut microbiota (Yu et al., 2022). The alterations of gut microbiota stimulated peripheral immune cells and regulated neuroinflammation in the brain. The saponin treatment mediated the regulation of gut microbiota, significantly alleviated neurological impairment, and downregulated the ratio of Th17/Treg in the spleen of mice with autoimmune encephalomyelitis (EAE) (Wang J. et al., 2023). FMT from patients with rheumatoid arthritis induced a T-cell increase in the spleen, leading to depression-like behaviors in mice (Pu et al., 2022). Yan F. et al. confirmed that a positive correlation was observed between Akkermaniacaeae and peripheral anti-inflammatory macrophage CD8+ T cells in patients with hepatitis B virus associated hepatocellular carcinoma (HBV-HCC) (Yan et al., 2023). Additionally, the abundance of Bacteroides was positively correlated with the plasma level of TNF-α (Lin et al., 2019). Significantly, Treg cells, as regulatory T cells, acted on other immune cells through cell contact or secretion of anti-inflammatory cytokines, played an important role in adaptive immunity and maintaining immune homeostasis (Ohkura and Sakaguchi, 2020; Scheinecker et al., 2020), and had a close relationship to TBI. The infiltrating Tregs were observed in the brain of mice after 3 days of TBI and further increased after 7 days of TBI, while the absence of Tregs significantly reduced the protective effect of treatment measures on TBI mice, which indicated that regulating Treg-mediated peripheral immunity contributed to the improvement of TBI (Xie et al., 2022). In this study, FMT treatment significantly increased the percentage of Treg cells in the TBI. These results indicated that gut microbiota might interact with peripheral immune cells, affecting the activation of microglia, and then participate in regulating neuroinflammation of TBI, while the mechanism of gut microbiota–gut–brain communication is necessary to be further explored. Our hypothesis regarding this anti-neuroinflammatory mechanism of FMT is presented in Figure S1. In conclusion, our findings elucidated that FMT treatment effectively suppressed TBI-induced neuroinflammation in mice via regulating the gut microbiota–gut–brain axis, and its mechanism was involved in the regulation of peripheral immune cells, which provided insights for clinical strategies to alleviate TBI.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, bioproject/PRJNA992248.





Ethics statement

The animal study was approved by Animal Experiment Ethics Committee of Wenzhou Medical University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

XH: Investigation, Funding acquisition, Methodology, Validation, Writing – original draft. HJ: Investigation, Methodology, Writing – original draft. SY: Investigation, Methodology, Writing – original draft. TY: Investigation, Formal Analysis, Methodology, Writing – original draft. ZC: Investigation, Formal Analysis, Methodology, Writing – original draft. YK: Formal Analysis, Investigation, Methodology, Writing – original draft. JL: Project administration, Supervision, Methodology, Writing – original draft. KX: Project administration, Investigation, Methodology, Writing – original draft. JS: Project administration, Supervision, Formal Analysis, Methodology, Software, Writing – original draft.





Funding

This work was supported by Wenzhou Science and Technology Research Funds (Y20190146) and the Medical Health Science and Technology Project of Zhejiang Provincial Health Commission (2019KY463).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1254610/full#supplementary-material

Supplementary Figure 1 | Schematic diagram of the mechanism. FMT exerted beneficial effects against neuroinflammation of TBI via gut microbiota-gut-brain axis.




References

 Balasubramanian, R., Bazaz, M. R., Pasam, T., Sharief, N., Velip, L., Samanthula, G., et al. (2023). Involvement of microbiome gut-brain axis in neuroprotective effect of quercetin in mouse model of repeated mild traumatic brain injury. Neuromol Med. 25 (2), 242–254. doi: 10.1007/s12017-022-08732-z

 Chen, Y., Chen, J., Wei, H., Gong, K., Meng, J., Long, T., et al. (2023). Akkermansia muciniphila-Nlrp3 is involved in the neuroprotection of phosphoglycerate mutase 5 deficiency in traumatic brain injury mice. Front. Immunol. 14. doi: 10.3389/fimmu.2023.1172710

 Chen, C., Hu, N., Wang, J., Xu, L., Jia, X. L., Fan, X., et al. (2022). Umbilical cord mesenchymal stem cells promote neurological repair after traumatic brain injury through regulating Treg/Th17 balance. Brain Res. 1775, 147711. doi: 10.1016/j.brainres.2021.147711

 Chen, Z., Islam, M., Ford, K. P., Zhao, G., Chen, S. Y., Wang, Y., et al. (2023). Microglia and infiltrating T-cells adopt long-term, age-specific, transcriptional changes after traumatic brain injury in mice. Shock 59 (2), 267–276. doi: 10.1097/SHK.0000000000002027

 Chen, T., Zhu, J., Wang, Y. H., and Hang, C. H. (2020). Arc silence aggravates traumatic neuronal injury via mGluR1-mediated ER stress and necroptosis. Cell Death Dis. 11 (1), 4. doi: 10.1038/s41419-019-2198-5

 Corrigan, F., Mander, K. A., Leonard, A. V., and Vink, R. (2016). Neurogenic inflammation after traumatic brain injury and its potentiation of classical inflammation. J. Neuroinflamm. 13 (1), 264. doi: 10.1186/s12974-016-0738-9

 Diao, J., Xia, Y., Jiang, X., Qiu, J., Cheng, S., Su, J., et al. (2021). Silicon dioxide nanoparticles induced neurobehavioral impairments by disrupting microbiota-gut-brain axis. J. Nanobiotechnol 19 (1), 174. doi: 10.1186/s12951-021-00916-2

 Du, D., Tang, W., Zhou, C., Sun, X., Wei, Z., Zhong, J., et al. (2021). Fecal microbiota transplantation is a promising method to restore gut microbiota dysbiosis and relieve neurological deficits after traumatic brain injury. Oxid. Med. Cell Longev 2021, 5816837. doi: 10.1155/2021/5816837

 Han, D., Li, Z., Liu, T., Yang, N., Li, Y., He, J., et al. (2020). Prebiotics regulation of intestinal microbiota attenuates cognitive dysfunction induced by surgery stimulation in APP/PS1 mice. Aging Dis. 11 (5), 1029–1045. doi: 10.14336/ad.2020.0106

 Hanscom, M., Loane, D. J., and Shea-Donohue, T. (2021). Brain-gut axis dysfunction in the pathogenesis of traumatic brain injury. J. Clin. Invest. 131 (12), e143777. doi: 10.1172/JCI143777

 Hernandez, A., Tan, C., Plattner, F., Logsdon, A. F., Pozo, K., Yousuf, M. A., et al. (2018). Exposure to mild blast forces induces neuropathological effects, neurophysiological deficits and biochemical changes. Mol. Brain 11 (1), 64. doi: 10.1186/s13041-018-0408-1

 Jiang, J. Y., Gao, G. Y., Feng, J. F., Mao, Q., Chen, L. G., Yang, X. F., et al. (2019). Traumatic brain injury in China. Lancet Neurol. 18 (3), 286–295. doi: 10.1016/s1474-4422(18)30469-1

 Jing, Y., Yu, Y., Bai, F., Wang, L., Yang, D., Zhang, C., et al. (2021). Effect of fecal microbiota transplantation on neurological restoration in a spinal cord injury mouse model: involvement of brain-gut axis. Microbiome 9 (1), 59. doi: 10.1186/s40168-021-01007-y

 Kempuraj, D., Thangavel, R., Selvakumar, G. P., Zaheer, S., Ahmed, M. E., Raikwar, S. P., et al. (2017). Brain and peripheral atypical inflammatory mediators potentiate neuroinflammation and neurodegeneration. Front. Cell Neurosci. 11. doi: 10.3389/fncel.2017.00216

 Kim, N., Jeon, S. H., Ju, I. G., Gee, M. S., Do, J., Oh, M. S., et al. (2021). Transplantation of gut microbiota derived from Alzheimer’s disease mouse model impairs memory function and neurogenesis in C57BL/6 mice. Brain behavior Immun. 98, 357–365. doi: 10.1016/j.bbi.2021.09.002

 Li, H., Sun, J., Du, J., Wang, F., Fang, R., Yu, C., et al. (2018). Clostridium butyricum exerts a neuroprotective effect in a mouse model of traumatic brain injury via the gut-brain axis. Neurogastroenterol Motil. 30 (5), e13260. doi: 10.1111/nmo.13260

 Li, H., Sun, J., Wang, F., Ding, G., Chen, W., Fang, R., et al. (2016). Sodium butyrate exerts neuroprotective effects by restoring the blood-brain barrier in traumatic brain injury mice. Brain Res. 1642, 70–78. doi: 10.1016/j.brainres.2016.03.031

 Lin, C. H., Chen, C. C., Chiang, H. L., Liou, J. M., Chang, C. M., Lu, T. P., et al. (2019). Altered gut microbiota and inflammatory cytokine responses in patients with Parkinson’s disease. J. Neuroinflamm. 16 (1), 129. doi: 10.1186/s12974-019-1528-y

 Mayer, E. A., Nance, K., and Chen, S. (2022). The gut-brain axis. Annu. Rev. Med. 73, 439–453. doi: 10.1146/annurev-med-042320-014032

 McDaid, J., Briggs, C. A., Barrington, N. M., Peterson, D. A., Kozlowski, D. A., and Stutzmann, G. E. (2021). Sustained hippocampal synaptic pathophysiology following single and repeated closed-head concussive impacts. Front. Cell Neurosci. 15. doi: 10.3389/fncel.2021.652721

 Navarrete, C., García-Martín, A., Correa-Sáez, A., Prados, M. E., Fernández, F., Pineda, R., et al. (2022). A cannabidiol aminoquinone derivative activates the PP2A/B55α/HIF pathway and shows protective effects in a murine model of traumatic brain injury. J. Neuroinflamm. 19 (1), 177. doi: 10.1186/s12974-022-02540-9

 Nishio, J., Baba, M., Atarashi, K., Tanoue, T., Negishi, H., Yanai, H., et al. (2015). Requirement of full TCR repertoire for regulatory T cells to maintain intestinal homeostasis. Proc. Natl. Acad. Sci. United States America 112 (41), 12770–12775. doi: 10.1073/pnas.1516617112

 Ohkura, N., and Sakaguchi, S. (2020). Transcriptional and epigenetic basis of Treg cell development and function: its genetic anoMalies or variations in autoimmune diseases. Cell Res. 30 (6), 465–474. doi: 10.1038/s41422-020-0324-7

 Pu, Y., Zhang, Q., Tang, Z., Lu, C., Wu, L., Zhong, Y., et al. (2022). Fecal microbiota transplantation from patients with rheumatoid arthritis causes depression-like behaviors in mice through abnormal T cells activation. Transl. Psychiatry 12 (1), 223. doi: 10.1038/s41398-022-01993-z

 Qu, S., Fan, L., Qi, Y., Xu, C., Hu, Y., Chen, S., et al. (2021). Akkermansia muciniphila alleviates dextran sulfate sodium (DSS)-induced acute colitis by NLRP3 activation. Microbiol. Spectr. 9 (2), e0073021. doi: 10.1128/Spectrum.00730-21

 Radpour, M., Choopani, S., Pourbadie, H. G., and Sayyah, M. (2022). Activating toll-like receptor 4 after traumatic brain injury inhibits neuroinflammation and the accelerated development of seizures in rats. Exp. Neurol. 357, 114202. doi: 10.1016/j.expneurol.2022.114202

 Ritzel, R. M., Li, Y., He, J., Khan, N., Doran, S. J., Faden, A. I., et al. (2020). Sustained neuronal and microglial alterations are associated with diverse neurobehavioral dysfunction long after experimental brain injury. Neurobiol. Dis. 136, 104713. doi: 10.1016/j.nbd.2019.104713

 Scheinecker, C., Göschl, L., and Bonelli, M. (2020). Treg cells in health and autoimmune diseases: New insights from single cell analysis. J. Autoimmun 110, 102376. doi: 10.1016/j.jaut.2019.102376

 Sun, J., Xu, J., Ling, Y., Wang, F., Gong, T., Yang, C., et al. (2019). Fecal microbiota transplantation alleviated Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic mice. Transl. Psychiatry 9 (1), 189. doi: 10.1038/s41398-019-0525-3

 Sun, M. F., Zhu, Y. L., Zhou, Z. L., Jia, X. B., Xu, Y. D., Yang, Q., et al. (2018). Neuroprotective effects of fecal microbiota transplantation on MPTP-induced Parkinson’s disease mice: Gut microbiota, glial reaction and TLR4/TNF-α signaling pathway. Brain behavior Immun. 70, 48–60. doi: 10.1016/j.bbi.2018.02.005

 Tang, J., Xu, L., Zeng, Y., and Gong, F. (2021). Effect of gut microbiota on LPS-induced acute lung injury by regulating the TLR4/NF-kB signaling pathway. Int. Immunopharmacol 91, 107272. doi: 10.1016/j.intimp.2020.107272

 Treangen, T. J., Wagner, J., Burns, M. P., and Villapol, S. (2018). Traumatic brain injury in mice induces acute bacterial dysbiosis within the fecal microbiome. Front. Immunol. 9. doi: 10.3389/fimmu.2018.02757

 Urban, R. J., Pyles, R. B., Stewart, C. J., Ajami, N., Randolph, K. M., Durham, W. J., et al. (2020). Altered fecal microbiome years after traumatic brain injury. J. neurotrauma 37 (8), 1037–1051. doi: 10.1089/neu.2019.6688

 Wang, J., He, L., Wang, S., Zhao, H., Chen, J., Dong, Y., et al. (2023). Therapeutic effect of the total saponin from Panax Japonicus on experimental autoimmune encephalomyelitis by attenuating inflammation and regulating gut microbiota in mice. J. Ethnopharmacol 315, 116681. doi: 10.1016/j.jep.2023.116681

 Wang, S., Shang, Y., Pi, Z., Zhou, Z., Zhang, X., Ren, L., et al. (2023). Temporal Changes of the Oral and Fecal Microbiota after Mild Traumatic Brain Injury in Rats by 16S rRNA Sequencing. Microorganisms 11 (6), 1452. doi: 10.3390/microorganisms11061452

 Wang, D., Zhang, S., Ge, X., Yin, Z., Li, M., Guo, M., et al. (2022). Mesenchymal stromal cell treatment attenuates repetitive mild traumatic brain injury-induced persistent cognitive deficits via suppressing ferroptosis. J. Neuroinflamm. 19 (1), 185. doi: 10.1186/s12974-022-02550-7

 Wen, L., Shi, L., Kong, X. L., Li, K. Y., Li, H., Jiang, D. X., et al. (2022). Gut microbiota protected against pseudomonas aeruginosa pneumonia via restoring treg/th17 balance and metabolism. Front. Cell Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.856633

 Witcher, K. G., Bray, C. E., Chunchai, T., Zhao, F., O’Neil, S. M., Gordillo, A. J., et al. (2021). Traumatic brain injury causes chronic cortical inflammation and neuronal dysfunction mediated by microglia. J. Neurosci. 41 (7), 1597–1616. doi: 10.1523/jneurosci.2469-20.2020

 Wu, L., Han, Y., Zheng, Z., Zhu, S., Chen, J., Yao, Y., et al. (2021). Obeticholic acid inhibits anxiety via alleviating gut microbiota-mediated microglia accumulation in the brain of high-fat high-sugar diet mice. Nutrients 13 (3), 940. doi: 10.3390/nu13030940

 Wu, Y. Y., Hsu, C. M., Chen, P. H., Fung, C. P., and Chen, L. W. (2014). Toll-like receptor stimulation induces nondefensin protein expression and reverses antibiotic-induced gut defense impairment. Infect. Immun. 82 (5), 1994–2005. doi: 10.1128/IAI.01578-14

 Wu, H., Zheng, J., Xu, S., Fang, Y., Wu, Y., Zeng, J., et al. (2021). Mer regulates microglial/macrophage M1/M2 polarization and alleviates neuroinflammation following traumatic brain injury. J. Neuroinflamm. 18 (1), 2. doi: 10.1186/s12974-020-02041-7

 Xiao, W., Su, J., Gao, X., Yang, H., Weng, R., Ni, W., et al. (2022). The microbiota-gut-brain axis participates in chronic cerebral hypoperfusion by disrupting the metabolism of short-chain fatty acids. Microbiome 10 (1), 62. doi: 10.1186/s40168-022-01255-6

 Xie, D., Miao, W., Xu, F., Yuan, C., Li, S., Wang, C., et al. (2022). IL-33/ST2 axis protects against traumatic brain injury through enhancing the function of regulatory t cells. Front. Immunol. 13. doi: 10.3389/fimmu.2022.860772

 Xie, B. S., Wang, Y. Q., Lin, Y., Mao, Q., Feng, J. F., Gao, G. Y., et al. (2019). Inhibition of ferroptosis attenuates tissue damage and improves long-term outcomes after traumatic brain injury in mice. CNS Neurosci. Ther. 25 (4), 465–475. doi: 10.1111/cns.13069

 Xu, H. M., Xie, S. W., Liu, T. Y., Zhou, X., Feng, Z. Z., and He, X. (2023). Microbiota alteration of Chinese young male adults with high-status negative cognitive processing bias. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.989162

 Yan, F., Zhang, Q., Shi, K., Zhang, Y., Zhu, B., Bi, Y., et al. (2023). Gut microbiota dysbiosis with hepatitis B virus liver disease and association with immune response. Front. Cell Infect. Microbiol. 13. doi: 10.3389/fcimb.2023.1152987

 You, W., Zhu, Y., Wei, A., Du, J., Wang, Y., Zheng, P., et al. (2022). Traumatic brain injury induces gastrointestinal dysfunction and dysbiosis of gut microbiota accompanied by alterations of bile acid profile. J. Neurotrauma 39 (1-2), 227–237. doi: 10.1089/neu.2020.7526

 Yu, L. W., Agirman, G., and Hsiao, E. Y. (2022). The gut microbiome as a regulator of the neuroimmune landscape. Annu. Rev. Immunol. 40, 143–167. doi: 10.1146/annurev-immunol-101320-014237

 Zhang, T., Wang, T., Chen, X., Zhao, Z., and Chen, Z. (2022). Gut microbiota relieves inflammation in the substantia nigra of chronic Parkinson’s disease by protecting the function of dopamine neurons. Exp. Ther. Med. 23 (1), 52. doi: 10.3892/etm.2021.10974

 Zhang, S., Wu, X., Wang, J., Shi, Y., Hu, Q., Cui, W., et al. (2022). Adiponectin/AdiopR1 signaling prevents mitochondrial dysfunction and oxidative injury after traumatic brain injury in a SIRT3 dependent manner. Redox Biol. 54, 102390. doi: 10.1016/j.redox.2022.102390

 Zhao, Y., Mu, H., Huang, Y., Li, S., Wang, Y., Stetler, R. A., et al. (2022). Microglia-specific deletion of histone deacetylase 3 promotes inflammation resolution, white matter integrity, and functional recovery in a mouse model of traumatic brain injury. J. Neuroinflamm. 19 (1), 201. doi: 10.1186/s12974-022-02563-2

 Zhao, Z., Ning, J., Bao, X. Q., Shang, M., Ma, J., Li, G., et al. (2021). Fecal microbiota transplantation protects rotenone-induced Parkinson’s disease mice via suppressing inflammation mediated by the lipopolysaccharide-TLR4 signaling pathway through the microbiota-gut-brain axis. Microbiome 9 (1), 226. doi: 10.1186/s40168-021-01107-9

 Zheng, Z., Wang, S., Wu, C., Cao, Y., Gu, Q., Zhu, Y., et al. (2022). Gut microbiota dysbiosis after traumatic brain injury contributes to persistent microglial activation associated with upregulated lyz2 and shifted tryptophan metabolic phenotype. Nutrients 14 (17), 3467. doi: 10.3390/nu14173467

 Zhou, D., Pan, Q., Shen, F., Cao, H., Ding, W., Chen, Y., et al. (2017). Total fecal microbiota transplantation alleviates high-fat diet-induced steatohepatitis in mice via beneficial regulation of gut microbiota. Sci. Rep. 7 (1), 1529. doi: 10.1038/s41598-017-01751-y

 Zhu, Z., Ma, X., Wu, J., Xiao, Z., Wu, W., Ding, S., et al. (2022). Altered gut microbiota and its clinical relevance in mild cognitive impairment and Alzheimer’s disease: Shanghai aging study and shanghai memory study. Nutrients 14 (19), 3959. doi: 10.3390/nu14193959

 Zhuang, Y., Xu, X., Li, H., Niu, F., Yang, M., Ge, Q., et al. (2023). Megf10-related engulfment of excitatory postsynapses by astrocytes following severe brain injury. CNS Neurosci. Ther. doi: 10.1111/cns.14223 Epub ahead of print.

 Zuo, L., Xie, J., Liu, Y., Leng, S., Zhang, Z., and Yan, F. (2021). Down-regulation of circular RNA CDC14A peripherally ameliorates brain injury in acute phase of ischemic stroke. J. Neuroinflamm. 18 (1), 283. doi: 10.1186/s12974-021-02333-6




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Hu, Jin, Yuan, Ye, Chen, Kong, Liu, Xu and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1254610-g003.jpg
Cortex

Average optical

TBI+FMT

density of CD11b

CD11b/B-actin ratio

(¢
1.5+
*%
fie ## Sham TBI  TBHEMT
B-actin ; - e oo e= - |—4z kDa
0.5
0.0
Sham TBI TBI+FMT
E
2.0 200 *%
1.5 = 150
E
(=2
1.0 £ 100
4
[T
2
0.5 ' = 50
0.0 0

Sham TBI+FMT Sham TBI TBI+FMT





OEBPS/Images/fcimb.2023.1254610_cover.jpg
' frontiers ‘ Frontiers in Cellular and Infection Microbiology

Fecal microbiota transplantation inhibited
neuroinflammation of traumatic brain injury
in mice via regulating the gut— brain axis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Fecal microbiota transplantation inhibited neuroinflammation of traumatic brain injury in mice via regulating the gut–brain axis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 Induction of TBI

          



          		

            2.3 Experimental design

          



          		

            2.4 Evaluation of neurological deficit

          



          		

            2.5 Nissl staining

          



          		

            2.6 Immunohistochemical analysis

          



          		

            2.7 HE staining

          



          		

            2.8 Western blot

          



          		

            2.9 Flow cytometry

          



          		

            2.10 ELISA assay

          



          		

            2.11 Gut microbiota analysis

          



          		

            2.12 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 FMT treatment improved neurological deficit and pathological changes in TBI mice

          



          		

            3.2 FMT treatment improved synaptic damage in TBI mice

          



          		

            3.3 FMT treatment relieved neuroinflammation in TBI mice

          



          		

            3.4 FMT treatment attenuated intestinal histopathologic changes in TBI mice

          



          		

            3.5 FMT treatment improved gut microbial dysbiosis in TBI mice

          



          		

            3.6 FMT treatment increased the population of Treg cells in TBI mice

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-13-1254610-g005.jpg
0.6

0.4

0.2

Simpson index

0.0

PC2(8.93%)
S S ° °
N o o - N

s
w

H =

Sham TBI TBI+FMT

PCoA on Genus level
R=0.8836, P=0.001000

® Sham

® T8I
® TBI+FMT :
06 -04 -0.2 0 0.2 0.4
PC1(61.04%)

TBI
TBI+FMT
Phylum M Bacteroidota
I Firmicutes
B M Verrucomicrobiota

B Proteobacteria
[ Actinobacteriota
I Desulfobacterota
| Patescibacteria
M Deferribacterota
M others

Sham TBI TBI+FMT





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1254610-g001.jpg
TBI molding

v

2-month-old Adaption | Antibiotic treatment Fecal microbiota transplant . i
C57BL/6J mice |_|—|—| - Dissection

Day 1 Day 6 Day 9 Day 14

1§ P=0.0809 - 7B
P<0.0001 mEm TBI+FMT

10
[2])
(2]
=
£
5
0
1d 7d
Sham TBI TBI+FMT
" ,, &
- .,
_ . v
g Sy <
x 4 X <
) 2 g .
t < .
o Al e ;
(&) Eoi Y "
. L) V \
° B
—— )

Nissl





OEBPS/Images/fcimb-13-1254610-g004.jpg
TBI+FMT

TBI

Sham

A V

/
QWHV. 17, , B

l/.-






OEBPS/Images/fcimb-13-1254610-g007.jpg
FOXP3

TBI TBI+FMT

15

-
o

CD4+ CD25+ FOXP3+ (%)
o

TBI TBI+FMT
Treg





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-13-1254610-g006.jpg
Phylum

#H
- #

Firmicutes

Verrucomicrobiota
L ##

Sham
TBI
B TBHFMT
0 5 1015 20 25 30 35 40 45 50
Proportion (%)

Patescibacteria'
#H

Family

Muribaculaceae
Akkermansiaceae
#

Rikenellaceae|

Saccharimonadaceae)

:"'-|I:I

Oscillospiraceae

Eggerthellaceae|

B Sham
m TBI
B TBI+FMT

0 5 10 15 20 25 30 35 40 45
Proportion (%)

Ruminococcaceae|

k__—ir

Genus

Muribaculaceae )
[
I

unclassiﬁed_f_h

Lachnospiraceae|

Akkermansia

*

Alistipes|

Saccharimonas|

Lachnospiraceae_|
NK4A136_group

Alloprevotella

##
Candidatus_l
##
i
#
L
#

c__Bacilli
g__Lactobacillus|
f__Lactobacillaceae

o__Lactobacillales
o__Clostridia_UCG-014|

g__norank_f__norank_|
o__Clostridia_UCG-014
- f__norank_o.

Clostridia_UCG-014|
p__Actinobacteriota

o__Coriobacteriales
c__Coriobacteriia|
f__Atopobiaceae

f__Muribaculaceae
g_ norank_f_|
Muribaculaceae
o__Bacteroidales|

p__Bacteroidota|
c__Bacteroidia|

p__Firmicutes
g__unclassified_f_|
_Lachnospiraceae
o__Oscillospirales|

f__Prevotellaceae
f__Rikenellaceae|
g__Alistipes
f__Oscillospiraceae|

f__Saccharimonadaceae|
g__Candidatus_|
Saccharimonas
p__Patescibacteria

o__Saccharimonadales

c__Saccharimonadia
g__Lachnospiraceae|
_NK4A136_group
f__Eggerthellaceae

g__Alloprevotella

g__Enterorhabdus
g__unclassified_f_|
_Oscillospiraceae
f__Akkermansiaceae

p__Verrucomicrobiota
g__Akkermansia|
c__Verrucomicrobiae
o__Verrucomicrobiales
p__Proteobacteria

¢__Gammaproteobacteria

f__Enterobacteriaceae|
o__Enterobacterales
g__ Blautia
f__Bacteroidaceae|
g__Bacteroides
g__Escherichia-Shigella|
g__Parabacteroides
f__Tannerellaceae|

o__Burkholderiales

B Sham
Enterorhabdus m TBI f__Sutterellaceae ?glam
BTBLIMT g__Parasutterella B TBI+FMT
0 5 10 15 20 25 30 35 40 45 0 05 1 15 2 25 3 35 4 45 5 55

Proportion (%)

LDA SCORE (log10)





OEBPS/Images/fcimb-13-1254610-g002.jpg
Cortex Cortex

Average optical
density of PSD-95

PSD-95/B-actin ratio

1.5

-
o

o
o

g
)

-
G

-
o

I
2

o
=)

Sham

TBI

TBI+FMT

Sham

Syna

D

TBI

psin |

15
=
g8
8 £1.0
3 L] *%
o0
LIPS
9705
> Y-
<5
©
0.0
Sham TBI TBI+FMT
TBIH+FMT

PSD-95| S D S s -l—ss kDa
B-actin —.-..|—42 KkDa

TBI

TBI+FMT

G

1.5

Synapsin l/B-actin ratio

Sham TBI TBI+FMT





