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Gut Microbiota Disorders Promote Inflammation and Aggravate Spinal Cord Injury Through the TLR4/MyD88 Signaling Pathway
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Background: In spinal cord injury (SCI), systemic inflammation and the death of nerve cells in the spinal cord are life threatening. The connection between gut microbiota and signaling pathways has been a hot research topic in recent years. The Toll-like receptor 4/Myeloid differentiation factor 88 (TLR4/MyD88) signaling pathway is closely related to the inflammatory response. This study explored whether the gut microbiota imbalance could affect the TLR4/MyD88 signaling pathway to regulate SCI to provide a new basis for SCI research and treatment.

Methods: An SCI model was constructed to study the influence on the injury of gut microbiota. 16S amplicon sequencing was used to identify the diversity and abundance of gut microbes. Fecal microbiota transplantation was performed in mice with SCI. ELISA was used to detect the serum levels of pro-inflammatory and anti-inflammatory factors in mice. Hematoxylin and eosin staining was used to observe SCI in mice. Immunofluorescence was used to detect the rates of loss glial fibrillary acidic protein (GFAP), neuronal nuclear protein (NeuN), and ionized calcium-binding adapter molecule 1 (IBA1) in the spinal cord as indicators of apoptosis. The expression of the TLR4/MyD88 signaling pathway was detected by qRT-PCR and western blotting.

Results: Significant differences were observed in the gut microbiota of SCI mice and normal mice. The gut microbiota of SCI mice was imbalanced. The levels of pro-inflammatory cytokines tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 in SCI mice were increased, as was the level of the toxic induced nitric oxide synthase. The levels of anti-inflammatory factors IL-4, transforming growth factor-β, and IL-10 were decreased, as was the level of arginase-1. The apoptosis rates of GFAP, NeuN, and IBA1 were increased. The TLR4/MyD88 signaling pathway was activated. In the SCI group, inflammation increased after fecal transplantation, apoptosis of GFAP, NeuN, and IBA1 increased, and SCI was more serious.

Conclusion: The TLR4/MyD88 signaling pathway promotes the death of nerve cells by inducing inflammation. Gut microbiota dysregulation can lead to aggravated SCI by activating the TLR4/MyD88 signaling pathway.
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INTRODUCTION

SCI has a significant socio-economic impact on society reflecting the considerable life-long health care expenditures (1). In SCI, synaptic connection loss, demyelination, and axonal injury destroy signal propagation, and neurons undergo mechanically induced cell death (2). Excessive inflammation may hinder nerve repair and regeneration. Many studies have been conducted to improve the treatment of SCI by reducing secondary inflammation (3). However, SCI treatment remains a medical concern worldwide.

Oral broad-spectrum antibiotics produce an imbalance in the gut microbiota due to the perturbation of the gut microbiota. This alteration in the gut microbiota can exacerbate neurological damage and spinal cord pathology after SCI. Dysbiosis develops when the composition of the gut microbiota is altered such that beneficial non-pathogenic gut bacteria (i.e., probionts) are depleted or become overwhelmed by pathogenic inflammatory bacteria (i.e., pathobionts). Autoimmune diseases (e.g., multiple sclerosis, type I diabetes, and rheumatoid arthritis), allergies, and metabolic disorders have been linked to gut dysbiosis (4–7). Recent data in humans and rodent models suggest that changes in the gut microbiota are disease-mitigating factors that could affect system physiology and pathophysiology. The exact mechanism remains unclear.

Changes in the composition of the gut microbiota and its metabolites will transfer from the intestine to the intestinal wall and cross the ruptured intestinal barrier, intensifying inflammation and affecting various organs (8). Fecal microbiota transplantation (FMT) protects Parkinson's disease model mice by inhibiting neuroinflammation and reducing Toll-like receptor 4/Tumor necrosis factor-alpha (TLR4/TNF-α) signaling (9). Studies show that SCI-induced gut dysbiosis is involved in the development of anxiety-like behavior following SCI, since both gut dysbiosis and anxiety-like behaviors were significantly reduced following treatment with an FMT. TLR4 is expressed on the cell membranes of microglia, the principal immune cells of the central nervous system (CNS). It was postulated that microglial activation participates in I/R injury through the release of growth factors, chemokines, regulatory cytokines, and other toxic mediators (10). Changes in the gut microbiota lead to neuroinflammation and intestinal damage through intestinal leakage and TLR4 activation (11). TLR4 promotes microglial apoptosis by activating the phosphoinositide 3-kinase (PI3K)/AKT pathway after SCI (12). Following SCI, necrotic astrocytes induce high inflammatory response genes encoding TLR4 and myeloid differentiation primary response gene 88 (MyD88) (13). Overexpression of the TLR4 receptor leads to enhanced astrocyte proliferation/microglial cell response and exacerbates SCI (14). However, it has not yet been reported that the gut microbiota exacerbates SCI through the TLR4/MyD88 signaling pathway. We used FMT to explore whether the gut microbiota of SCI mice could exacerbate SCI and systemic inflammation in mice.

TLR4 is activated by lipopolysaccharide (LPS), a component of the cell envelope of gram-negative bacteria. Activated TLR4 induces the production of pro-inflammatory mediators to destroy the bacteria (15). Dysregulation of the host response to LPS can lead to a systemic inflammation called sepsis (16). Typically, before TLR4 is activated, it binds to CD14 proteins anchored in cholesterol and sphingolipid-rich microdomain (termed a raft) in the plasma membrane (17). MyD88 is mainly responsible for directing intracellular signal transduction, which is essential for innate immune regulation (18). MyD88 is an anchoring adaptor protein that integrates and transduces intracellular signals generated by the TLR and interleukin (IL)-1 receptor (TLR/IL-1R) superfamily (19). We are interested in exploring whether activation of the TLR4/MyD88 signaling pathway could aggravate SCI and systemic inflammation in mice.

Although previous research results support that activation of the TLR4/MyD88 signaling pathway may trigger spinal cord cell inflammation and apoptosis, there has been no relevant research on whether the SCI gut microbiota could aggravate SCI through the TLR4/MyD88 signaling pathway.



MATERIALS AND METHODS


Cell Culture

Mouse microglia BV2 cells and LPS (1 μg/mL) were used to establish like a microglial model of inflammation. The number of cells in each well was normalized to the average number of cells in the control condition (100%). Then cultured for 7 days. The Control group comprised BV2 cells and the LPS group comprised LPS-treated BV2 cells for 24 h.



Animals

Thirty-two, 6-week-old C57BL/6 mice weighing 25 ± 2 g were purchased from Hunan Slack Jingda Experimental Animal Co., Ltd. The handling of animals during the experiment complied with the Guiding Opinions on the Good Treatment of Laboratory Animals, published by the Ministry of Science and Technology in 2006. 10 mice were selected as the Sham group, and the remaining 22 were used to construct the SCI model.



SCI Model

After anesthetizing the mouse, laminectomy was performed to expose the spinal cord at T10. A spinal cord impactor (68,097, RWD, CA, USA) was used to create injuries by dropping a 5-g rod onto the spinal cord from a height of 6.5 cm. Immediately afterward, the overlying muscle was sutured and the skin were sutured. The animal's bladder was emptied three times a day until reflex control of bladder function was restored. The procedure in the Sham operation group was similar to that in the SCI group, except that no substantial injury was caused to the spinal cord. Twenty-two animals were used for modeling. Two died, representing a modeling success rate was 90.91%. On the 1st day after operation, hind limb paralysis and motor deficits appeared in mice. 20 successfully modeled animals were divided into four groups (n = 5): SCI (spinal cord injury mice), SCI+PBS (spinal cord injury mice have received the enema with PBS), SCI + Sham-FMT group (spinal cord injury transplanted with Sham mouse feces transplanted), and SCI + SCI-FMT group (spinal cord injury transplanted with SCI mouse feces). 10 mice of Sham were divided into two groups (n = 5): Sham (A laminectomy without SCI damage), Sham+PBS (Mice without SCI damage have received the enema with PBS). Seven days after operation, locomotor behavior was monitored Subsequently, mice were euthanized with an overdose of barbiturate (150 mg/kg) and spinal cord tissues at the injury epicenter were isolated for quantitative real-time PCR (qRT-PCR) and western blot.



Analysis of rRNA Amplicons

After collecting fecal samples from normal and SCI mice, three qualified Control groups (10.1, 8.1, and 9.1) and seven SCI DNA samples from the SCI group (1.1, 2.1, 3.1, 3.2, 4.1, 4.2, and 4.3) were detected. The qualified library was sequenced using an Illumina pe150 device. The raw data were used for later information analysis. The representative sequences of each operational taxonomic unit (OUT) were annotated to obtain the corresponding species and species abundance distributions. At the same time, OTU abundance and alpha diversity were calculated to obtain species richness and evenness information in samples and common and unique OTU information among different samples or groups. Multi-sequence alignment of OTUs was performed and a phylogenetic tree was constructed. To further explore the differences in community structure among grouped samples, t-test, metastat, lefse, analysis of similarities, and multiple response permutation procedures were used to test the significance of species composition and community structure of grouped samples.



ELISA

Concentrations of stimulating follicle hormone, progesterone, luteinizing hormone, and testosterone in serum samples were determined using an ELISA kit (CSB-E04634m, CSB-E08054m, CSB-E08326m, CSB-E04639m, CSB-E04594m, CSB-E04741m, CSB-E04726m, CusaBio, Wuhan, China) according to the manufacturer's instructions, and were repeated three times. The liquid was discarded and the wells dried without washing. Biotin-labeled antibody working solution (100 μL) was added to each well, covered with a new plate, and incubated at 37°C for 1 h. Horseradish peroxidase-labeled avidin solution (100 μL) was added to each well, covered with a new plate, and incubated at 37°C for 1 h. Substrate solution (90 μL) was added to each well to develop the color at 37°C in darkness for 15–30 min. Within 5 min after the termination of the reaction, the optical density of each well was measured using a microplate reader at 450 nm.



Hematoxylin-Eosin Staining

Sections were heated at 60°C for 1–2 h. Each section was immersed in solutions of 100, 95, 85, and 75% ethanol for 5 min each. Hematoxylin was applied for 5–10 min, the section was washed with distilled water, and PBS back to blue. Eosin was applied for 3–5 min followed by rinsing with distilled water. Each section was dehydrated using a graded series of ethanol solutions gradient alcohol (95–100%) for 5 min each. The final solution was removed and replaced by xylene for 10 min. The sections on a slide were sealed with neutral gum and examined by microscopy. Each group of three mice were selected and a cross section was selected on each mouse.



Quantitative Real-Time PCR

Total RNA from colon and spinal cord cells was extracted using TRIzol (15596026, Thermo Fisher Scientific, Waltham, MA, USA). The sample RNA was reverse transcribed to cDNA according to the instructions of the reverse transcription kit (cw2569, Kangwei Century Company, China). Subsequently, real-time PCR was performed on a fluorescence quantitative RCP instrument (QuantStudio1, Thermo, USA) using a UltraSYBR Mixture (CW2601, CWBIO, China). The reaction system is 20 μL. Fluorescence quantitative PCR was performed in a fluorescence quantitative RCP instrument (QuantStudio1, Thermo, USA). The reaction conditions were denaturation at 95°C for 10 min, denaturation at 94°C for 15 s, annealing at 60°C for 30 s, for 40 cycles. The primer internal reference was β-actin. The primer sequences are shown in Table 1. With 2 μg cDNA as template, the relative quantitative method (2−ΔΔCt method) was used to calculate the relative transcription level of the target gene: ΔΔCt = Δ experimental group –Δ Control group, ΔCt = Ct (target gene)-Ct (β-actin). The experiment was repeated three times.


Table 1. Primer sequences.
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Western Blot

Total protein was extracted from colon and spinal cord cells using the Ripa Kit (r0010, Solarbio, China). The protein concentration was determined using the BCA method. Quantitative analysis was performed in accordance with the different concentrations. Protein were resolved was by 10% SDS-PAGE and transferred to a nitrocellulose membrane by electroporation. The membrane was incubated with 5% skim milk for 2 h at room temperature to bind with nonspecific protein, and then incubated at 4°C. Primary antibodies, rabbit anti-TLR4 (1:500 dilution, ab13867, Abcam, Cambridge, UK), rabbit anti-MyD88 (1:1000, 23230-1-AP, Proteintech, Rockford, IL, USA), rabbit anti-p-IkBα (1:2000, ab133462, Abcam), rabbit anti-IκBα (1:2000, 10268-1-AP, Proteintech), rabbit anti-p-p65 (1:1000, #3033, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-p65 (1:1000, ab32536, Abcam), followed by rinsing three times for 10 min each time using Tris-buffered saline-Tween. This was followed by exposure to horseradish peroxidase-conjugated goat anti-mouse IgG (1:5000, sa00001-1, Proteintech). The membrane was immersed in Supernal Plus (k-12045-d50, Advansta, USA) for luminescence development. β-actin was used as an internal reference. Protein bands were scanned using Scion image software.



Immunofluorescence Double-Staining

The sections were deparaffinized with water. Sections were stained to detect apoptosis using a terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick end-labeling (TUNEL) assay. The sections were placed in three xylene solutions for 20 min each time. They were then treated with 100, 95, 85, and 75% ethanol for 5 min each. The sections were then soaked in distilled water for 5 min and then placed in citrate buffer solution (pH 6.0) and boiled by continuous microwaving for 23 min, and cooled to room temperature. Each section was then placed in sodium borohydride solution at room temperature for 30 min and rinsed with water for 5 min. This was followed by exposure to Sudan black dye solution at room temperature for 5 min and rinsing with water for 3 min. Following addition of normal serum (10%) and bovine serum albumin (5%) for 60 min, each section was exposed to terminal deoxynucleotidyl transferase (TDT) buffer, 34 uL deionized distilled water, 10 μL 5× equilibration buffer, 5 μL fluorescein isothiocyanate-12-Dutp Labeling Mix, and 1 uL recombinant TDT. The primary antibodies incubated overnight at 4°C were anti-GFAP (1:100, 16825-1-AP, Proteintech), anti-IBA1 (1:100, 10904-1-AP, Proteintech), and anti-NeuN (1:100, AB177487, Abcam). The sections were rinsed with PBS three times, 5 min each time, and then treated with 50 to 100 uL of anti-rabbit, rabbit, and rabbit-IgG-labeled fluorescent antibody at 37 °C for 90 min. Following rinsing with PBS three times for 5 min each time, cell nuclei were stained by 4', 6-diamidino-2-phenylindole (DAPI) at 37 °C for 10 min. Each section was rinsed three times with PBS for 5 min each 3 time, sealed with buffered glycerin, and examined by fluorescence microscopy. The confocal images of cells were sequentially acquired with Zeiss AIM software on a Zeiss LSM 510 confocal microscope system. Each group of three mice was selected and a cross section was selected on each mouse.



Statistical Analyses

All data were analyzed using GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA). The results were expressed as mean ± standard deviation (SD). Unpaired t-test was used to compare the two groups with a normal distribution. Comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA), followed by Tukey's post hoc test. Differences were considered statistically significant at P < 0.05.




RESULTS


LPS Induces Inflammation in BV2 Cells and Promotes Apoptosis

We constructed an in vitro microglial model of inflammation in mice using BV2 cells to evaluate the inflammatory response and survival of BV2 cells. ELISA was used to identify the levels of pro-inflammatory and anti-inflammatory factors released by BV2 cells. Compared with the Control group, LPS-treated cells released more pro-inflammatory factors (IL-1β, TNF-α, and IL-6), induced nitric oxide synthase (iNOS) was significantly increased (p < 0.001). Anti-inflammatory factors (TGF-β, IL-4, IL-10) and arginase 1 (Arg-1) were significantly decreased (p < 0.001). These data indicate that the LPS-induced inflammatory response in BV2 cells was exacerbated (Figures 1A,B). Compared with the Control group, the fluorescence intensity of TUNEL increased in the LPS group. Apoptosis in the spinal cord of mice was examined in more detail (p < 0.001) (Figure 1C). The collective findings indicate the LPS-induced inflammation in BV2 cells.


[image: Figure 1]
FIGURE 1. LPS induces apoptosis of BV2 cells. (A) Level of the measured pro-inflammatory factors in BV2 cells. (B) ELISA determination of the levels of anti-inflammatory factors in BV2 cells. (C) TUNEL assay (Scale bar = 25 μm). The unpaired t-test was used to analyze comparisons between two groups. *P < 0.05 compared with the control group.




LPS Activates the TLR4/MyD88 Signaling Pathway in Microglia

The initial results indicated that LPS could induce apoptosis of BV2 cells. We next explored whether LPS could affect the viability of BV2 cells by activating the TLR4/MyD88 signaling pathway. qRT-PCR was used to detect the expression of TLR4/MyD8. In LPS stimulated BV2 cells, the mRNA expression of TLR4, MyD88, p65, and IκBα increased (p < 0.001) (Figure 2A). The findings indicated that LPS might affect the TLR4/MyD88 signaling pathway. LPS stimulation of BV2 also significantly increased the protein expression levels of TLR4, MyD88, p-p65, and p-IκBα (p < 0.001), with no significant change in p65 and IκBα (p > 0.05) (Figure 2B). The findings indicate that LPS may promote the activation of the TLR4/MyD88 signaling pathway in microglia.


[image: Figure 2]
FIGURE 2. LPS activates the TLR4/MyD88 signaling pathway in microglia. (A) The expression of TLR4, MyD88, p65, and IκBα increased after LPS stimulation of BV2 cells. (B) Western blot measurement of the expression of MyD88, TLR4, p65, p-p65, IκBα, and p-IκBα protein in BV2 cells. *P < 0.05 compared with the Control group. The unpaired t-test was used to analyze comparisons between two groups.




Inflammatory Response Is Enhanced in SCI Mice, and SCI Is Aggravated

The above experiments showed that the inflammatory response in the SCI model in vitro was enhanced, and that the apoptosis of BV2 cells was intensified. Next, an SCI mouse model was constructed. The results of ELISA experiments in Figures 3A,B demonstrated that compared with the Sham group, serum pro-inflammatory factors (TNF-α, IL-1β, IL-6) and nitric oxide synthase (iNOS) in SCI mice were significantly higher (p < 0.001). Increased, anti-inflammatory factors (TGF-β, IL-4, IL-10) and arginase 1 (Arg-1) decreased significantly. The findings indicated the successful construction of the SCI model (p < 0.001). The TUNEL and immunofluorescence co-localization experiment was performed on spinal cord sections of Sham and SCI mice to determine the survival and apoptotic cells in the spinal cord. Compared with the Sham group, the fluorescence intensity of the neuron marker (NeuN), microglia marker (IBA1) and astrocyte marker (GFAP) increased in the spinal cord tissue in SCI group. The results suggested that the body may activate neuron, microglia and astrocyte cells to repair the damage when the spinal cord was injured. The amount of apoptotic neurons, microglia and astrocyte also increased, suggesting that spinal cord injury could cause apoptosis at a certain degree (p < 0.001) (Figure 3C). In fact, the amounts of both survival and apoptotic neuron, microglia and astrocyte increased based on the fluorescence images from the co-localization experiments of TUNEL and immunofluorescence.


[image: Figure 3]
FIGURE 3. The successful construction of the SCI mouse model. (A,B) Pro-inflammatory factors were increased in SCI mice and anti-inflammatory factors were decreased. (C) Terminal deoxynucleotidyl transferase dUTP nick end labeling assay was used to detect cell apoptosis in the spinal cord of mice (Scale bar = 25μm). *P < 0.05 compared with Sham group. The unpaired t-test was used to analyze comparisons between two groups n = 5.




Activation of the TLR4/MyD88 Signaling Pathway in the Spinal Cord and Colon of SCI Mice

To further investigate whether the TLR4/MyD88 signaling pathway was activated in vivo, we removed spinal cord and colon tissues from the SCI mice for qRT-PCR and western blot analyses. Compared with the Sham group, the mRNA expression of TLR4, MyD88, p65, and IκBα in the spinal cord and colon tissues of the SCI group was considerably increased (p < 0.001) (Figure 4A). The data indicated that the TLR4/MyD88 signaling pathway was activated. Western blot examination was used to detect the TLR4/MyD88 signaling pathway in the spinal cord and colon tissue. The expression of TLR4, MyD88, p-p65, and p-IκBα increased dramatically (p < 0.001), while the expression of non-phosphorylated p65 and IκBα did not increase significantly (p < 0.001) (Figure 4B). The collective findings indicate that the TLR4/MyD88 signaling pathway was activated in SCI mice.


[image: Figure 4]
FIGURE 4. Activation of the TLR4/MyD88 signaling pathway in the spinal cord and colon of SCI mice. (A) qRT-PCR was used to analyze the expression of TLR4, MyD88, p65, IκBα in the spinal cord and colon tissues. (B) The protein expression of TLR4, MyD88, p-p65, and p-IκBα increased significantly in SCI mice. *P < 0.05 compared with the Sham group. The unpaired t-test was used to analyze comparisons between two groups n = 5.




Gut Microbiota Imbalance in SCI Mice

The above experimental results indicated that the inflammatory response of the SCI model in vivo was increased, and the TLR4/MyD88 signaling pathway was activated. We speculated that these physiological phenomena might reflect changes in the gut microbiota of SCI mice. Rank-abundance curve analysis revealed that the SCI group curve had a smaller range on the horizontal axis, indicating that the species abundance was the lowest (Figure 5A). The distance matrix between the samples was analyzed (R = −0.008) (Figure 5B). Although the difference between the Control and SCI groups was not noticeable, the principal component analysis revealed differences in microbial communities in the two samples (Figure 5C). The farther the distance, the lower was the similarity. The species distribution map and operational taxonomic unit (out) abundance clustering heat map indicated a difference in bacterial population distribution between the control and SCI groups (Figures 5D,E). The collective findings were indicative of gut microbiota deregulation in SCI mice.


[image: Figure 5]
FIGURE 5. Gut microbiota analyses. (A) Rank-abundance curve. (B) Box plot of diversity differences between the analyses of similarities groups. (C) Principal component analysis plot. (D) Histogram of species distribution. (E) Operational taxonomic unit abundance clustering heat map.




Gut Microbiota Imbalance Activates the TLR4/MyD88 Signaling Pathway

We speculated that activation of the mouse TLR4/MyD88 signaling pathway is related to an imbalance in the gut microbiota. To assess this, we performed FMT in mice to detect the expression of the TLR4/MyD88 signaling pathway in the spinal cord and colon. Compared with the SCI + Sham-FMT group, the mRNA expression of TLR4, MyD88, p65, and IκBα in the SCI + SCI-FMT group increased sharply and was more significant than that in the SCI + phosphate-buffered saline (PBS) group (p < 0.001). The data indicated that the imbalance of gut microbiota could promote the activation of the TLR4/MyD88 signaling pathway (Figure 6A). Next, we used western blot to detect the expression of proteins in the TLR4/MyD88 signaling pathway in spinal cord tissue and colon tissue. Compared with the SCI + Sham-FMT group, the data of the SCI + SCI-FMT group showed that the expression of TLR4, MyD88, p-p65, and p-IκBα increased dramatically (p < 0.001), while the levels of non-phosphorylated p65 and IκBα were not significantly different (p < 0.001) (Figure 6B). The collective findings supported the view that the gut microbiota imbalance in SCI mice could activate the TLR4/MyD88 signaling pathway.


[image: Figure 6]
FIGURE 6. The imbalance of the gut microbiota in SCI mice could activate the TLR4/MyD88 signaling pathway. (A) The expression of TLR4, MyD88, p65, and IκBα in the spinal cord and colon tissues. (B) Imbalance of the gut microbiota of SCI mice could promote the protein expression of TLR4, MyD88, p-p65, and p-IκBα. *, P < 0.05 compared with the Sham + PBS group. #, P < 0.05 compared with the SCI + PBS group. &, P < 0.05 compared with the SCI + Sham-FMT group. Multiple comparisons in groups were evaluated by one-way analysis of variance n = 5.


The data in Figure 6 indicated that an imbalance of the gut microbiota could activate the TLR4/MyD88 signaling pathway, promote inflammation, and exacerbate SCI. To study this further, we analyzed explored mice following FMT. Compared to Sham + PBS mice, the visible damage to SCI + PBS mice was more serious. The SCI + SCI + FMT group displayed the most severe SCI (p < 0.001) (Figure 7A). The results showed that the imbalance of gut microbiota exacerbated SCI. ELISA determined the levels of pro-inflammatory cytokines and anti-inflammatory cytokines in the serum. The increase in pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in the SCI + SCI + FMT group was the most obvious, and the anti-inflammatory cell factors (TGF-β, IL-4, and IL-10) were most severely inhibited (p < 0.001) (Figures 7B,C). Finally, the fluorescence intensity of GFAP, NeuN and IBA1 was the highest in SCI + SCI + FMT. It showed that fecal transplantation could increase the amount of survival neuron, microglia and astrocyte cells at the site of spinal cord injury (p < 0.001) (Figure 7D). The collective results showed that an imbalance in gut microbiota could promote inflammation and exacerbate SCI.


[image: Figure 7]
FIGURE 7. Imbalance of gut microbiota exacerbates SCI. (A) Hematoxylin and eosin staining was used to detect SCI in each group. (B, C) ELISA was used to observe the content of inflammatory factors in the serum of mice in each group. (D) TUNEL assay and immunofluorescence detection of spinal cord cell apoptosis in each group of mice (Scale bar = 25 μm). *, P < 0.05 compared with the Sham + PBS group. #, P < 0.05 compared with the SCI + PBS group. &, P < 0.05 compared with the SCI +Sham-FMT group. Multiple comparisons in groups were evaluated by one-way analysis of variance n = 5.





DISCUSSION

The gut microbiota of mice with SCI was disordered, which caused systemic inflammation. After FMT in mice with SCI, the injury aggravated systemic inflammation. In vitro, LPS activated the TLR4/MyD88 signaling pathway in microglia, inducing the production of inflammatory cytokines and increasing microglial apoptosis. The findings indicate that TLR4/MyD88 pathway signal transduction may be related to the aggravation of SCI caused by the imbalanced gut microbiota.

SCI refers to the direct or indirect external damage to normal spinal and spinal cord tissues, which can affect spinal cord function. Recent data from rodents indicate that SCI causes gut dysbiosis, which exacerbates intraspinal inflammation and lesion pathology leading to impaired recovery of motor function. Postinjury delivery of probiotics containing various types of “good” bacteria can partially overcome the pathophysiologic effects of gut dysbiosis. Immune function, locomotor recovery, and spinal cord integrity are partially restored by a sustained regimen of oral probiotics (5). Firmicutes and Bacteroides spp. are the most predominant phylum in the gut. They ferment non-digestible polysaccharides and generate metabolites that can be used for energy by the host. Acetate, propionate and butyrate are among the most well characterized single chain fatty acid metabolites that are produced following carbohydrate fermentation in the gut. Short chain fatty acids, butyrate in particular, have potent anti-inflammatory effects on macrophages and can suppress ongoing inflammation in the Central nervous system (20). Gut microbiota is a key and potential target for SCI (4, 7), although its crosstalk with the TLR4/MyD88 signaling pathway during SCI is still unclear (21). The gut microbiota relies on the TLR4 pathogen recognition receptor, which interacts with the host. TLR4 recognizes LPS in gram-negative bacteria and activates downstream pro-inflammatory signaling, including the TLR4/MyD88/p38 mitogen-activated protein kinase pathway, which is also thought to be involved in the regulation of TJPs and intestinal permeability (22, 23). Compared with wild-type mice, TLR4-/- mice reportedly show less pancreatic damage and inflammation in pancreatitis, which supports the importance of TLR4 in the pathogenesis of pancreatitis. TLR4 has also been shown to cause intestinal damage. TLR4 signal transduction increased the immunopathology of the ileum in TLR4-/- mice (24). Neuroinflammation plays a crucial role in the secondary phase of SCI, and is initiated following the activation of TLR4. Pyroptosis is a form of inflammatory programmed cell death, which is closely involved in neuroinflammation, and it can be regulated by TLR4 according to a recent research (12). BMSCs-derived exosomes could inhibit apoptosis and inflammation response induced by spinal cord injury and promote motor function recovery by inhibiting the TLR4/MyD88/NF-κB signaling pathway (25). In the present study, FMT led to the activation of the TLR4/MyD88 signaling pathway in the transplanted mice and aggravation of SCI was. The data verified that the gut microbiota may be a key target of SCI and may target TLR4.

Activation of the TLR4/MyD88 pathway and upregulation of the TNF-α, IL-12, and IL-6 inflammatory cytokines are involved in the development of SCI, which are closely related to neuroinflammatory injury and can be used as a reference index to evaluate the prognosis of SCI patients (26). TLR4/MyD88 was shown to activate the nuclear factor-kappa B (NF-κB) inflammatory pathway in enteritis (27), promote myocardial infarction (28) and induce acute pneumonia (29). As a key component of the inflammatory microenvironment, inflammatory factors also play a key role in the repair of nerve damage after SCI. This involves pro-inflammatory factors, including IL-1β, TNF-αIL-6, and β, IL-4, IL-10 and IL-13 (30). Most TLRs perform their functions through the MyD88 pathway (31). GFAP and IBA1, which are the assigned markers for the activated astrocytes and microglia, were significantly upregulated in the treated group. The inhibition of TLR4 further inhibited the expression of its downstream effectors (IBA1) in the microglial cells (32). Studies hypothesized that suppressed MyD88 adaptor protein in the spinal cord could alleviate peripheral nerve injury-induced neuropathic pain. MyD88 adaptor protein involved in the neuropathic pain and may provide potential therapeutic strategies for treatment of neuropathic pain (33). Previous studies revealed that GFAP and IBA1 labeled astrocyte and microglia increased and NeuN labeled neuron decreased in SCI spinal cord injury (34). Our results showed that GFAP, NeuN and IBA1 labeled cells increased. However, the co-localization results of TUNEL showed that the amount of apoptotic neurons also increased. There may exist several reasons. Firstly, apoptotic cells associated with spinal cord injury cannot be avoided. It is possible that rapid self-repair happened in SCI mice. In a previous study, neurons of spinal cord injury also increased at 8 days after SCI modeling (35). Moreover, endogenous neural stem cells and ependymal stem cells could differentiate into neurons after spinal cord injury (36, 37). Lineage tracing experiments have shown that it is solely the ependymal cell population that is capable of generating neurospheres in vitro, and this hallmark of NSC potential remains restricted to the ependymal population following SCI (38). This may also be one of the reasons for the increase in neuron. We are very interested in the emergence of these different results. We plan to study the reasons for the increase in NeuN under spinal cord injury in the future. The results of the present study showed that the activation of the TLR4/MyD88 pathway could trigger the overexpression of pro-inflammatory factors, promote cell apoptosis, and further aggravate nerve damage.

In conclusion, LPS-induced microglia have an inflammatory response, TLR4/MyD88 is activated, and the rate of microglial apoptosis increases. In vivo, the disturbance of the gut microbiota in mice with SCI confirmed that gut microbiota disorders can aggravate SCI by activating the TLR4/MyD88 signaling pathway in mice and has potential value as a treatment for SCI and other neuroinflammation-related diseases.
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