
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)   2023 24(4):312-325

Short-chain fatty acids ameliorate spinal cord injury recovery by 
regulating the balance of regulatory T cells and effector IL-17+ γδ 
T cells

Pan LIU1,2*, Mingfu LIU1*, Deshuang XI1, Yiguang BAI1,3, Ruixin MA4, Yaomin MO1, Gaofeng ZENG5*, 
Shaohui ZONG1*

1Department of Spine Osteopathic, the First Affiliated Hospital of Guangxi Medical University, Nanning 530021, China 
2Department of Orthopaedics, the Third Affiliated Hospital of Xinxiang Medical University, Xinxiang 453000, China 
3Department of Orthopaedics, Nanchong Central Hosipital, the Second Clinical Institute of North Sichuan Medical College, Nanchong 
637000, China 
4Collaborative Innovation Centre of Regenerative Medicine and Medical BioResource Development and Application Co-constructed by the 
Province and Ministry, Guangxi Medical University, Nanning 530021, China 
5College of Public Hygiene of Guangxi Medical University, Nanning 530021, China

Abstract: Spinal cord injury (SCI) causes motor, sensory, and autonomic dysfunctions. The gut microbiome has an important 
role in SCI, while short-chain fatty acids (SCFAs) are one of the main bioactive mediators of microbiota. In the present study, 
we explored the effects of oral administration of exogenous SCFAs on the recovery of locomotor function and tissue repair in 
SCI. Allen’s method was utilized to establish an SCI model in Sprague-Dawley (SD) rats. The animals received water containing a 
mixture of 150 mmol/L SCFAs after SCI. After 21 d of treatment, the Basso, Beattie, and Bresnahan (BBB) score increased, the 
regularity index improved, and the base of support (BOS) value declined. Spinal cord tissue inflammatory infiltration was 
alleviated, the spinal cord necrosis cavity was reduced, and the numbers of motor neurons and Nissl bodies were elevated. 
Enzyme-linked immunosorbent assay (ELISA), real-time quantitative polymerase chain reaction (qPCR), and immunohistochemistry 
assay revealed that the expression of interleukin (IL)-10 increased and that of IL-17 decreased in the spinal cord. SCFAs 
promoted gut homeostasis, induced intestinal T cells to shift toward an anti-inflammatory phenotype, and promoted regulatory T 
(Treg) cells to secrete IL-10, affecting Treg cells and IL-17+ γδ T cells in the spinal cord. Furthermore, we observed that Treg 
cells migrated from the gut to the spinal cord region after SCI. The above findings confirm that SCFAs can regulate Treg cells in 
the gut and affect the balance of Treg and IL-17+ γδ T cells in the spinal cord, which inhibits the inflammatory response and 
promotes the motor function in SCI rats. Our findings suggest that there is a relationship among gut, spinal cord, and immune 
cells, and the “gut-spinal cord-immune” axis may be one of the mechanisms regulating neural repair after SCI.

Key words: Short-chain fatty acids (SCFAs); Spinal cord injury (SCI); Regulatory T cells; IL-17+ γδ T cells; Neuroprotection;  
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1 Introduction 

Spinal cord injury (SCI) causes motor, sensory, 
and autonomic dysfunctions (Eli et al., 2021). As a 

result of SCI, the sympathetic control of the gastroin‐
testinal tract is lost, which leads to acute and persis‐
tent gastrointestinal problems including intestinal bar‐
rier dysfunction, deficits in motility, and compromised 
immune function (Cervi et al., 2014; Tate et al., 2016). 
The gut microbiota may be an important factor in gut 
and immune dysfunction (Jing et al., 2021b; Lu et al., 
2022). Neuronal lower urinary tract dysfunction is also 
one of the common complications after SCI, which 
seriously affects the life quality of patients (Dodd 
et al., 2022). Exploring the correlation between urine 
microbiome and clinical presentation in patients with 

Research Article
https://doi.org/10.1631/jzus.B2200417

* Shaohui ZONG, xiaohui3008@126.com
Gaofeng ZENG, fengfeng_388@126.com

 *  The two authors contributed equally to this work
 Shaohui ZONG, https://orcid.org/0000-0003-0868-6222
Gaofeng ZENG, https://orcid.org/0000-0002-0541-7388

Received Aug. 22, 2022; Revision accepted Dec. 30, 2022; 
Crosschecked Mar. 22, 2023

© Zhejiang University Press 2023

https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.B2200417&domain=pdf&date_stamp=2023-03-22


J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(4):312-325    |

neurogenic lower urinary tract dysfunction may help 
to guide treatment strategies (Lane et al., 2022).

Recent studies have shown that the gut micro‐
biota after SCI becomes disordered, bacterial diversity 
declines, potential pathogenic or pro-inflammatory 
bacteria increase, and short-chain fatty acid (SCFA)-
producing bacteria dwindle, which leads to gut dysfunc‐
tion and exacerbates inflammatory responses, thus affect‐
ing the recovery of motor function after SCI (Kigerl 
et al., 2016; Bazzocchi et al., 2021; Valido et al., 2022). 
Jing et al. (2021a) demonstrated that fecal microbiota 
transplantation (FMT) can improve motility and gastro‐
intestinal function in SCI mice via the anti-inflamma‐
tory effect of SCFAs. The spinal cord, gut, and immune 
system form an interactive network, where damage 
or dysfunction to any of the components can alter the 
homeostasis and cause disease (Kigerl et al., 2018).

Gut microbiota and their metabolic products play 
an important role in the clinical outcome of SCI. As 
one of the main bioactive mediators produced by micro‐
biota, the potential application of SCFAs in SCI remains 
to be further explored. To identify new therapeutic strat‐
egies for SCI, we explored the effects of oral adminis‐
tration of exogenous SCFAs on motor function recov‐
ery and tissue repair in SCI from the behavioral to the 
cellular level.

2 Materials and methods 

2.1 Experimental animals

Sixty-five female Sprague-Dawley (SD) rats (age: 
4‒6 weeks; weight: (200±20) g) were provided by and 
housed in the Animal Experimental Centre of Guangxi 
Medical University (license No. SCXK(Gui)2014-
0005). The animals were kept in a room with a 12/12-h 
light/dark cycle at 20‒25 ℃ with access to food and 
water ad libitum.

2.2 Study groups and SCI model establishment

The rats were divided into a sham operated group, 
SCI group, and SCFA-treated group. In the sham 
group, there was no SCI by laminectomy alone. Allen’s 
method was utilized to establish an SCI model (Allen, 
1911). The sham and SCI groups were provided with 
ordinary water, and the SCFA-treated group was given 
water containing a mixture of 150 mmol/L acetate 
sodium, propionate sodium, and butyrate sodium (all 

from Sigma (St. Louis, Missouri, USA) with catalog 
Nos. of 71183, 303410, and P5436, respectively) in a 
volume ratio of 12:5:3 after SCI. The concentrations 
and ratios of SCFAs were chosen in accordance with 
previous studies (Ramos et al., 1997; Ferreira et al., 
2012; Lucas et al., 2018; Zhang et al., 2020). Each 
group was randomly divided into four subgroups with 
five rats each. One of the subgroup samples was used 
for hematoxylin-eosin (HE) staining, Nissl staining, 
and immunohistochemistry. Samples of another sub‐
group were taken for flow cytometry analysis. The 
tissues of the remaining two groups were used for 
enzyme-linked immunosorbent assay (ELISA) and real-
time quantitative polymerase chain reaction (qPCR), 
respectively. Additionally, five SCI rats were used for 
the migration assay.

2.3 Behavioral analysis

The rats were assessed for locomotor function 
using the Basso, Beattie, and Bresnahan (BBB) motor 
rating scale (Basso et al., 1995, 1996) after SCI was 
induced. Each animal was independently assessed for 
4 min by three reviewers blinded to the study group, 
and the mean of the measurements was used.

The catwalk gait analysis system (VisuGait, Shang‐
hai, China) was adopted to measure the gait parame‐
ters of each group on Day 21 post-injury. The record‐
ing criterion was that the rats could continuously run 
through the channel without stopping in less than 10 s. 
Since SCI at the T10 level is primarily a hind limb 
dysfunction, gait data from the hind limbs of the rats 
were collected in this study.

2.4 Hematoxylin-eosin (HE) staining

Tissue samples were taken on Day 21 post-injury. 
Spinal cord samples containing the injury epicenter and 
terminal ileum samples were taken from rats after being 
transcardially perfused with 4% (volume fraction) para‐
formaldehyde (P1110; Solarbio, Beijing, China). Rep‐
resentative sections of the paraffin-embedded tissue 
were cut and deparaffinized with xylene (10023418; 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China) and graded ethanol (100092683; Sinopharm 
Chemical Reagent Co., Ltd.), and then mounted on 
slides for HE staining (G1003; Servicebio, Wuhan, 
China). Random sections were picked from each set, 
observed and photographed under a Zeiss microscope 
(Axio Imager A2, Jena, Germany). ImageJ 5.0 software 
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(Rawak Software Inc., Stuttgart, Germany) was used 
to analyze the villus length, crypt length, and mucosal 
thickness in each group.

2.5 Nissl staining

The paraffin section was deparaffinized with xy‐
lene and graded ethanol, followed by rinsing in dis‐
tilled water. Then, the sections were stained with Nissl 
staining (G1036; Servicebio) for 5 min. After rinsing in 
distilled water and thorough drying, the sections were 
fixed with neutral gum and observed under a Zeiss 
microscope. ImageJ 5.0 software was employed to 
analyze the number of spinal motor neurons.

2.6 ELISA

After the rats were sacrificed, the spinal cord 
segment containing the injury epicenter was removed. 
This was added with radio immunoprecipitation assay 
(RIPA) lysis buffer (P0013B; Beyotime, Beijing, China), 
homogenized thoroughly, and then incubated on ice 
to allow the cells to cleave fully. After centrifuga‐
tion, the supernatant was carefully collected for detec‐
tion. The concentrations of interleukin (IL)-10 and 
IL-17A in spinal cord tissues were determined with 
ELISA kits (Mlbio Biotechnology Co., Ltd., Shanghai, 
China).

2.7 qPCR

RNAiso Plus (9109; TaKaRa, Dalian, China) was 
used to extract the total RNA from spinal cord tissues. 
RNA was detected based on the ratio of absorbance 
at 260 nm and 280 nm (A260/A280) (NanoDrop 2000, 
Thermo Fisher Scientific, MA, USA) to assess the 
integrity of the RNA. The RNA PCR kit (RR019A; 
TaKaRa) was utilized to synthesize complementary 
DNA (cDNA) from total RNA. PCR amplification was 
performed with a TB Green Premix Ex Taq II (RR820B; 
TaKaRa). The relative expression of each target gene 
was determined by the 2−ΔΔCT method. The rat primer 
sequences are listed in Table 1.

2.8 Immunohistochemistry

The paraffin slices of the spinal cord were depar‐
affinized with xylene and graded ethanol. Then, citric 
acid antigen repair buffer (G1202, Servicebio) was used 
for antigen repair. After washing in phosphate-buffered 
saline (PBS) (G0002; Servicebio), the slices were incu‐
bated with 3% (volume fraction) hydrogen peroxide 
solution (10011208, Sinopharm Chemical Reagent Co., 
Ltd.) for 25 min in the dark. Next, 3% (0.03 g/mL) 
bovine serum albumin (BSA) (G5001; Servicebio) was 
added, followed by sealing for 30 min and incubation 
with rabbit polyclonal anti-IL-10 (GB11534; Service‐
bio) or rabbit polyclonal anti-IL-17 (GB11110; Service‐
bio) primary antibodies overnight in a humid box at 
4 ℃. After rinsing with PBS, the slices were added 
with secondary antibody (GB23303; Servicebio) and 
incubated for 50 min. Images were captured using a 
Zeiss microscope. The relative gray value was calcu‐
lated by ImageJ 5.0 software.

2.9 Lymphocyte isolation from spinal cord and 
terminal ileum

The spinal cords were digested in PBS contain‐
ing 25 mg trypsin (P-9460; Solarbio) and 50 mg colla‐
genase IV (17104019; Gibco, USA) for 20 min. Sub‐
sequently, the cell suspension was resuspended in 30% 
(volume fraction) Percoll solution (P8370; Solarbio) 
and overlaid on 70% Percoll solution. The interphase 
cells were collected for flow cytometric analysis after 
being centrifuged at 500g for 30 min.

The terminal ilea tissues were cut into small pieces, 
and digested in PBS containing 0.5 mg/mL deoxyribonu‐
clease I (DNase I) (D8071; Solarbio), 4% (volume frac‐
tion) fetal calf serum, 50 U/mL neutral protease (Z8031; 
Solarbio), and 0.5 mg/mL collagenase IV (17104019; 
Gibco). This was performed in a shaking incubator, 
and the cell suspension of the intrinsic layer of single 
nucleated cells was collected, filtered, and washed. The 
same gradient centrifugation was used to collect cells 
on the interphase for flow cytometric analysis.

Table 1  Primer sequences for PCR

Target gene

IL-17A

IL-10

GAPDH

Forward primer

5'-AGTGTGTCCAAACGCCGAG-3'

5'-AGCAAAGGCCATTCCATCCG-3'

5'-GGCACAGTCAAGGCTGAGAATG-3'

Reverse primer

5'-GTCCAGGGTGAAGTGGAACG-3'

5'-CACTTGACTGAAGGCAGCCC-3'

5'-ATGGTGGTGAAGACGCCAGTA-3'

PCR: polymerase chain reaction; IL: interleukin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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2.10 Flow cytometry

The density of the cell suspension was adjusted, 
and cells were stained in the dark for 20 min with 
cluster of differentiation 4 (CD4) (11-0040-82; Mono‐
clonal Antibody (OX35), fluorescein isothiocyanate 
(FITC), eBioscience, San Diego, USA), CD3 (11-0030-
82; Monoclonal Antibody (G4.18), FITC, eBioscience), 
CD25 (17-0390-82; Monoclonal Antibody (OX39), 
allophycocyanin (APC), eBioscience), and T cell recep‐
tor (TCR)-γδ (202605; Monoclonal Antibody (V65), 
phycoerythrin (PE), BioLegend) for surface marker anal‐
ysis. For intracellular staining, surface marker stain‐
ing was first performed. After fixation and permeation 
with fixative and permeation buffers, respectively, 
FoxP3 (12-4774-42; Monoclonal Antibody (150D/E4), 
PE, eBioscience) and IL-17A (17-7177-81; Monoclonal 
Antibody (eBio17B7), APC, eBioscience) were added, 
followed by incubation for 30 min. Cells were subjected 
to flow cytometry (Beckman Coulter, California, USA) 
after washing and resuspension. The analysis was per‐
formed with CytExpert 2.0 software (Beckman Coulter).

2.11 Isolation of Treg cells and γδ T cells

The lymphocytes isolated from terminal ilea were 
suspended in 100 μL MACS running buffer cell sepa‐
ration solution (Miltenyi Biotec, Germany), and the cell 
concentration was adjusted to 1×107 cells/mL. Cell sus‐
pensions were incubated with CD4-APC and CD25-PE 
antibodies. Next, the separation column (Miltenyi Bio‐
tec) was installed, and CD4+ cells were adsorbed by 
anti-APC multi-sorting magnetic beads on MACS Sep‐
arators (Miltenyi Biotec). Once the release of multi-
sorting magnetic beads was completed, CD25+ cells 
were sorted using anti-PE magnetic beads. For γδ T 
cells, γδ TCR antibody coupled to magnetic beads (Mil‑
tenyi Biotec) was added. The mixture was incubated at 
4 °C in the dark for 25 min, followed by washing and 
resuspension. The Miltenyi separation solumn was 
used to adsorb TCR-γδ+ cells. Subsequently, the mag‐
netic field was removed, the positively selected cells 
were washed out to be γδ T cells, and the sorted cells 
were transferred to Roswell Park Memorial Institute 
(RPMI)-1640 medium (G4534, Servicebio).

2.12 Tracing the migration of Treg cells from the 
gut to the spinal cord region

Two days after SCI surgery, 2 μL carboxyfluo‐
rescein succinimidyl amino ester (CFSE) (65-0850-84; 

eBioscience)-labeled regulatory T (Treg) cells were 
injected into the Peyer’s patches (Benakis et al., 2016). 
The labeled Treg cells in the spinal cord and blood 
were detected after 24 h. The spinal cord tissue was re‐
moved, embedded with tissue optimum cutting tempera‐
ture (OCT)-freeze medium (4583; Sakura, USA), and 
fixed in the slicer for continuous slicing. Next, the 
slices were sealed with anti-fluorescence fade solution. 
Finally, the distribution of lymphocytes (CFSE-labeled) 
in the spinal cord was observed under a fluorescent 
microscope (EVOS FL Auto, Massachusetts, USA).

2.13 Cell cytotoxicity and proliferation assay

Treg cells and γδ T cells were collected and sus‐
pended in RPMI-1640 medium at a concentration of 
2×104 cells/mL. The cell suspension was inoculated 
overnight in 96-well plates containing 100 μL medium 
per well. The Treg cells treated with SCFAs (0, 0.1, 
0.5, 1.0, and 2.0 mmol/L) and γδ T cells treated with 
IL-10 (0, 50, 100, and 150 mmol/L) were incubated 
with 5% (volume fraction) CO2 at 37 °C. Next, 100 μL 
fresh RPMI-1640 medium containing 10% (volume 
fraction) cell counting kit-8 (CCK-8) reagent (Dojindo, 
Japan) was added to each well and the cells were incu‐
bated in the dark. The absorbance of each well was mea‐
sured at 450 nm wavelength using an enzyme marker 
(Gen5; BioTek, USA).

2.14 Statistical analysis

The SPSS statistical software (V23.0; IBM, Ar‐
monk, NY, USA) was employed to analyze the data. 
One-way analysis of variance (ANOVA) was used to 
analyze differences between groups. In addition, the 
Pearson’s correlation method was applied to evaluate 
the correlations. All data were expressed as mean±
standard deviation (SD). Differences of P<0.05 were 
considered statistically significant.

3 Results 

3.1 Improvement of locomotor recovery in SCI 
via orally administered SCFAs

In order to determine whether gut microbiota 
metabolite SCFAs affected the recovery of SCI, acetate 
sodium, propionate sodium, and butyrate sodium were 
orally administered to post-SCI rats through the animals’ 
drinking water for 21 d until euthanasia. After observing 
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the locomotor recovery during these three weeks, there 
was no remarkable improvement in hind limb motor 
function in the SCI group or the SCFA group at 3 
and 7 d following injury. The motor function of the 

hind limbs was significantly enhanced 14 d after injury 
in the SCFA-treated group, and the improvement in 
BBB score continued up to the end of the experiment 
(Fig. 1a). Due to the subjectivity of BBB score, we 

Fig. 1  Improvement of locomotor recovery in SCI via exogenously administered oral SCFAs. (a) The BBB score of each 
group was recorded. (b) The typical “catwalk” image of each group at 21 d after SCI. (c) The regularity indexes of the 
different groups were analyzed. (d) The BOS value of the rat hind limb was determined. (e) Hematoxylin-eosin (HE) 
staining was used to assess injury in spinal cord slices from different groups. Representative images of Nissl staining for spinal 
motor neurons. (f) The proportion of the lesion cavity area to the total area was calculated. (g) The number of surviving 
motor neurons was counted after Nissl staining. Data were expressed as mean±standard deviation (SD), n=5. *** P<0.001, 
SCI vs. sham; ## P<0.01, ### P<0.001, SCI vs. SCI+SCFAs; †† P<0.01, ††† P<0.001, SCI+SCFAs vs. sham. SCI: spinal cord 
injury; SCFAs: short-chain fatty acids; BBB: Basso, Beattie, and Bresnahan; BOS: base of support; LF: left forelimb; 
LH: left hindlimb; RF: right forelimb; RH: right hindlimb.
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used catwalk to evaluate the recovery of hind limb 
motor function in rats with SCI. After three weeks of 
SCI, the sequence in the SCFA treatment group was 
significantly improved, and the base of support (BOS) 
value of the hind limbs was significantly decreased 
in the SCI group (Figs. 1b‒1d). In conclusion, rats 
treated with SCFAs exhibited relatively enhanced 
motor recovery.

The results of HE staining in the sham group 
showed that the spinal cord structure was intact and 
the boundaries between the gray and white matter could 
be clearly distinguished. The nuclei were normal, show‐
ing no inflammatory cell infiltration, hemorrhage, 
necrosis, and/or tissue edema. The spinal cord struc‐
ture was disordered in the SCI group, with a wide 
range of lesion cavities; some neurons were dissolved 
and numerous inflammatory cells could be observed. 
The inflammatory cell infiltration and spinal cord necro‐
sis cavity were reduced in the SCFA group (Figs. 1e 
and 1f).

In order to evaluate the neuroprotective effect 
of SCFAs after SCI, the number of surviving motor 
neurons was determined by Nissl staining 21 d after 
treatment. In the SCI group, the number of motor 
neurons significantly reduced, the nucleus showed 
shrinkage, and the protrusions around neuron cells 
were reduced. After treatment with SCFAs, the num‐
ber of motor neurons was increased, and the color of 
Nissl bodies was deeper, indicating that SCFAs had a 
good neuroprotective effect after SCI in rats (Figs. 1e 
and 1g).

3.2 Relationship between SCFA-induced alleviation 
of neuroinflammation and IL-10

In order to explore the effect of SCFAs on inflam‐
mation in SCI, the expression levels of IL-10 and IL-17 
in the spinal cord tissue were detected by ELISA, 
qPCR, and immunohistochemistry. ELISA and qPCR 
showed that the expression of IL-10 varied signifi‐
cantly among different groups. The expression of IL-10 
was decreased in the SCI group and increased with 
SCFA treatment after SCI (Figs. 2a and 2c). Mean‐
while, the expression of IL-17 was increased in the SCI 
group and decreased with SCFA treatment after SCI 
(Figs. 2b and 2d). Furthermore, the immunostaining 
results of IL-10 and IL-17 in the spinal cord tissues at 
21 d after SCI induction were consistent with the ELISA 
and qPCR results (Figs. 2e and 2f), which indicated 

that the SCFA-induced alleviation of neuroinflamma‐
tion after SCI likely depends on IL-10.

3.3 Effects of SCFAs on gut homeostasis and intes‐
tinal T cell differentiation

In order to explore the effect of oral SCFAs on 
intestinal barrier dysfunction after SCI, we assessed the 
villus height, crypt depth, and the mucosal thickness 
of ileum. In the sham group, the intestinal mucosa epi‐
thelial structure was intact, the mucosal glands were 
orderly and regular, and the villi were intact and slen‐
der without obvious hyperemia, edema, or inflamma‐
tory cell infiltration. However, in the SCI group, the 
integrity of intestinal mucosa was damaged, the intes‐
tinal villi were shortened and blunt, the gap between 
the top of villi was enlarged, and the infiltration of 
inflammatory cells was noted. The intestinal villus 
height was decreased and the crypt depth was enlarged 
with statistically significant differences. After 21 d of 
continuous treatment with SCFAs, villus height and 
mucosal thickness in the SCFA group were improved 
compared with the SCI group (P<0.05). At the same 
time, the depth of crypts did not decrease significantly 
(P>0.05) (Figs. 3a‒3d).

In the gut, bacterial metabolites can be translo‐
cated from the intestinal lumen to the lamina propria, 
regulating the differentiation of T cells into different sub‐
groups, which in turn affects host immunity. To deter‐
mine the effect of oral administration of SCFAs on 
intestinal T cell differentiation, we first analyzed lym‐
phocytes of the small intestinal lamina propria of SCI 
rats treated with SCFAs. The flow cytometry analysis 
revealed no statistical difference in the frequency of 
CD4+ T cells of the small intestine lamina propria be‐
tween the groups. However, we found that treatment 
with SCFAs significantly increased the abundance of 
Treg cells, as compared to the SCI and sham groups 
(Figs. 3e–3g). These data suggested that SCFAs pro‐
mote the differentiation of T cells in the small intes‐
tinal lamina propria towards an anti-inflammatory state.

3.4 Effects of oral SCFAs on the frequencies of 
Treg cells and IL-17+ γδ T cells in the spinal cord

Next, we investigated whether SCFAs can alter 
the frequency of Treg cells in the spinal cord after 
SCI. Flow cytometry analysis revealed that, compared 
to the SCI group, the SCFA-treated group showed a sig‐
nificantly enhanced frequency of Treg cells in the spinal 
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cord (Figs. 4a and 4b). We explored whether SCFAs 
altered IL-17+ γδ T cells in the spinal cord after SCI. 
Twenty-one days after SCI, the frequency of the spinal 
cord IL-17+ γδ T cells in CD3+ T cells was significantly 
increased compared with the sham group, and the fre‐
quency of IL-17+ γδ T cells was lower in SCI rats 
treated with SCFAs than in the SCI group (Figs. 4a and 
4c). Moreover, Pearson’s correlation analysis showed 
that the frequency of Treg cells was correlated between 
the intestine and the spinal cord. At the same time, 
there was a certain association between the two groups 
of cells, with an increase in Treg cells suppressing the 
frequency of IL-17+ γδ T cells (Figs. 4d and 4e).

3.5 Migration of Treg cells from the gut to the spinal 
cord region after SCI

In order to study Treg cell migration from the gut 
to the spinal cord region, we microinjected fluorescently 
labeled Treg cells into the Peyer’s patches in the gut of 

mice with SCI (Benakis et al., 2016) (Fig. 5a). We then 
performed flow cytometry analysis of the gut-derived 
Treg cells, and confirmed that the gut-derived Treg 
cells migrated through the Peyer’s patches to the spinal 
cord without potentially spreading through the blood 
circulatory system (Figs. 5b‒5d). Here, we detected 
the infiltration of Treg cells around the injury, which 
migrated from the Peyer’s patches to the spinal cord 
(Fig. 5d). These results clearly showed that in SCI, 
Treg cells migrate from the intestine to the damaged 
spinal cord region.

3.6 Effects of SCFAs on the proliferation and via‐
bility of γδ T cells

In order to investigate the effect of SCFAs on the 
IL-10 secretion of Treg cells, we treated Treg cells 
with mixed SCFAs at a concentration of 0.5 mmol/L 
for 24 h (Fig. 5e). The expression of IL-10 detected by 
qPCR increased with SCFA treatment (Fig. 5f). Then, 

Fig. 2  Expression of IL-10 and IL-17 in the spinal cord after SCFA treatment. (a, b) The expression of IL-10 and IL-17 was 
detected by ELISA. (c, d) The relative expression of IL-10 and IL-17 mRNAs was detected by qPCR. (e) IL-10 and IL-17 
were stained by IHC in the spinal cord. (f) The IHC scores of IL-10 and IL-17 of the spinal cord. Data were expressed as 
mean±standard deviation (SD), n=5. * P<0.05, *** P<0.001, SCI vs. sham; # P<0.05, ## P<0.01, ### P<0.001, SCI vs. SCI+
SCFAs; † P<0.05, ††† P<0.001, SCI+SCFAs vs. sham. IL: interleukin; SCI: spinal cord injury; SCFA: short-chain fatty acid; 
ELISA: enzyme-linked immunosorbent assay; mRNA: messenger RNA; qPCR: real-time quantitative polymerase chain 
reaction; IHC: immunohistochemistry.
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Fig. 3  Effects of SCFAs on the gut homeostasis and intestinal T cells differentiation. (a) Assessment of terminal ileum 
homeostasis of different groups using hematoxylin-eosin (HE) staining. (b) The length of villus. (c) The depth of crypt. 
(d) The thickness of mucosa. (e) Flow cytometry was used to identify Treg cells in the small intestinal lamina propria of 
different groups. (f) The ratio of small intestinal lamina propria CD4+ T cells in the lymphocytes of different groups. (g) The 
ratio of small intestinal lamina propria Treg cells in CD4+ T cells of different groups. Data were expressed as mean±
standard deviation (SD), n=5. * P<0.05, SCI vs. sham; # P<0.05, ### P<0.001, SCI vs. SCI+SCFAs; † P<0.05, SCI+SCFAs vs. 
sham. SCI: spinal cord injury; SCFAs: short-chain fatty acids; SSC-A: side scatter-area; FSC-A: forward scatter-area; 
Treg: regulatory T; CD4: cluster of differentiation 4.
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the γδ T cells were treated with IL-10 for 24 h. CCK-8 
assay revealed that IL-10 suppressed the proliferation 

and viability of γδ T cells (Fig. 5g).

4 Discussion 

SCI can have severe consequences for patients. 

Certain compounds such as betulinic acid and canna‐
binoids are gaining attention in the treatment of SCI 

(Michel et al., 2021). As the largest microbiota in the 

body, intestinal flora and their metabolites are emerg‐

ing drug candidates in SCI. It has been demonstrated 
that FMT can improve motility and gastrointestinal 
function in SCI mice (Jing et al., 2021b). In this study, 

we determined that exogenous administration of SCFAs 
can regulate Treg cells in the gut and promote their secre‐
tion of IL-10. This in turn alters the balance of Treg and 

IL-17+ γδ T cells in the spinal cord, inhibits the inflam‐

matory response, and promotes the motor function in 

Fig. 4  Effects of SCFAs on the frequencies of Treg cells and IL-17+ γδ T cells in the spinal cord. (a) Representative flow 
cytometry plots to identify Treg cells and IL-17+ γδ T cells in the spinal cord of different groups. (b, c) The ratios of spinal 
cord Treg cells in CD4+ cells and IL-17+ γδ T cells in CD3+ cells of different groups. (d) Correlations between Treg cells and 
IL-17+ γδ T cells in the spinal cord. A negative correlation was found between Treg cells and IL-17+ γδ T cells. (e) Correlations 
of Treg cells between spinal cord and intestine. There was a positive correlation of Treg cells between spinal cord and 
intestine. Data were expressed as mean±standard deviation (SD), n=5. *** P<0.001, SCI vs. sham; ### P<0.001, SCI vs. SCI+
SCFAs; †† P<0.01, SCI+SCFAs vs. sham. Treg: regulatory T; SCI: spinal cord injury; SCFAs: short-chain fatty acids; 
SSC-A: side scatter-area; IL: interleukin; CD: cluster of differentiation; TCR: T cell receptor.
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SCI rats. In addition, we demonstrated that Treg cells 
migrate from the intestinal tract to the damaged region 
in SCI, which provides a new direction for understand‐
ing the interaction between the gut and the spinal cord.

Inflammatory immune imbalance plays a key role 
in a series of important processes such as secondary 
injury and nerve regeneration after SCI (Michel et al., 
2021). Imbalance and disorders of the intestinal flora 
after SCI result in a decrease in SCFA metabolizing 
flora (Gungor et al., 2016; Kigerl et al., 2018; O'Connor 
et al., 2018; Wallace et al., 2019; Jogia and Ruitenberg, 
2020; Jing et al., 2021a; Yu et al., 2021; Valido et al., 

2022). Recent studies have demonstrated that SCFAs 
play an important role in stabilizing the immune re‐
sponses, modulating the central nervous system, and 
maintaining an anti/pro-inflammatory balance, which 
act as a bridge between the gut microbiota and the 
immune system (Kigerl et al., 2016, 2018; Ratajczak 
et al., 2019). Our results showed that exogenously 
administered oral SCFAs into SCI rats exert a benefi‐
cial effect on behavioral recovery. After 21 d of treat‐
ment with SCFAs, the BBB scores were significantly 
increased, the regularity index was improved, and the 
BOS value was decreased, suggesting that SCFAs have 

Fig. 5  Migration of Treg cells from the gut to the spinal cord region after SCI and the effect on the γδ T cells. (a) Experimental 
design of gut-derived Treg cell migration following SCI in rats. On the second day after SCI, fluorescently labeled Treg 
cells were injected into the Peyer’s patches, and the labeled Treg cells in the spinal cord and blood were detected 24 h 
later. (b) Flow cytometric detection of labeled Treg cells in the spinal cord and blood 24 h after enteral microinjection of 
Peyer’s patch microinjection. (c) Treg cells stained with CFSE. (d) Fluorescently labeled Treg cells from the gut were 
found in the SCI area and displayed in the horizontal sections of the spinal cord. (e) CCK-8 assays were used to detect 
the effects of varying SCFA concentrations (0‒2 mmol/L) on the proliferation of Treg cells. (f) The relative expression of 
IL-10 mRNA in Treg cells was detected by qPCR. (g) CCK-8 assays were used to measure the effects of varying IL-10 
concentrations (0‒20 ng/mL) on the proliferation of γδ T cells. Data were expressed as mean±standard deviation (SD), n=5. 
* P<0.05, ** P<0.01, *** P<0.001. Treg: regulatory T; SCI: spinal cord injury; CFSE: carboxyfluorescein succinimidyl amino 
ester; DAPI: 4',6-diamidino-2-phenylindole; SCFA: short-chain fatty acid; IL: interleukin; CCK-8: cell counting kit-8; 
mRNA: messenger RNA; qPCR: real-time quantitative polymerase chain reaction.
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a certain effect on the promotion of motor function 
recovery. The results of tissue staining revealed that 
local inflammatory infiltration was inhibited, cell mor‐
phology was regular, and the numbers of motor neuron 
cells and Nissl bodies were increased after SCFA treat‐
ment, which indicated that SCFAs can alleviate inflam‐
mation and improve motor function to some extent.

Treg cells are a set of regulatory immune cells 
that block the immune response owing to their anti-
inflammatory activity. After the initiation and comple‐
tion of immune response, Treg cells prevent immune 
cells from continuing to attack the body, thereby avoid‐
ing excessive inflammation and promoting healing 
and repair. In models of stroke and immune-mediated 
neurodegeneration, Treg cells have been found to in‐
hibit inflammatory response and exert protective effects 
(Benakis et al., 2016; Stephenson et al., 2018; Huang 
et al., 2022). Treg cells can reduce the infiltration of 
inflammatory factors by secreting anti-inflammatory 
factor IL-10, which is key to inhibiting the inflamma‐
tory response and producing an immunosuppressive 
effect (Park et al., 2015). γδ T cells are mainly dis‐
tributed in epithelial tissues, especially the intestinal 
mucosa. Although their number is small, their role in 
immunity cannot be underestimated. Their activation 
process is faster than that of traditional T cells and 
secrete the important regulatory molecule IL-17, which 
is a powerful early inflammatory factor in the disease. 
In addition, γδ T cells can activate B/dendritic cell (DC)/
αβ T/natural killer (NK) cells in a variety of ways to 
promote inflammation. Studies have shown that γδ T 
cells and IL-17 are related to SCI, and γδ T cells can be 

recruited to SCI sites through C-C motif chemokine 
ligand 2/C-C chemokine receptor type 2 (CCL2/CCR2) 
signal transduction, thereby promoting inflammatory 
responses and aggravating neurological damage (Hill 
et al., 2011; He et al., 2017; Sun et al., 2018; Xu et al., 
2021). In our study, we found that the frequency of 
IL-17+ γδ T cells changed in the spinal cord of rats 
after SCFA treatment; hence, IL-17+ γδ T cells were 
identified as potentially effector T cells. Similar to our 
results, another study demonstrated that SCFAs could 
reduce ocular inflammation by altering Treg cells in the 
gut and distal tissues (Nakamura et al., 2017). SCFAs 
have pleiotropic properties in the nervous system, 
which can act on microglia and neurons (Silva et al., 
2020). Microglia are widely distributed immune cells 
in the central nervous system and play an important 
role in secondary SCI. Research has shown that ace‐
tate can attenuate the production of nitric oxide (NO) 
and reactive oxygen species (ROS) in microglia to 
alleviate neuroinflammatory response (Moriyama et al., 
2021). Butyrate attenuates the expression of proin‐
flammatory factors in microglia and performs an anti-
inflammatory function, so SCFAs can inhibit microg‐
lia inflammatory response to improve SCI (Huuskonen 
et al., 2004; Patnala et al., 2017; Matt et al., 2018). In 
this study, we found that SCFAs can regulate Treg 
cells in the gut and promote their secretion of IL-10, 
which in turn affects the balance of Treg and IL-17+ γδ 
T cells in the spinal cord, thus inhibiting the inflamma‐
tory response and promoting motor function in SCI rats 
(Fig. 6). This may be another mechanism of SCFAs 
promoting SCI repair.

Fig. 6  Effects of SCFAs on the inflammatory response and the recovery of motor function in rats after SCI through regulation 
of Treg/IL-17+ γδ T cells. SCFAs promote gut homeostasis, induce intestinal T cells to shift toward an anti-inflammatory 
phenotype, promote Treg cells to secrete IL-10, and migrate from the gut to the spinal cord region after SCI to affect Treg 
cells and IL-17+ γδ T cells in the spinal cord. This exerts an inhibitory effect on the inflammatory response and promotes 
motor function in SCI rats. SCI: spinal cord injury; IL: interleukin; Treg: regulatory T; SCFAs: short-chain fatty acids.
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Recently, increasing research has focused on the 
effects of gut microbiota metabolites on the gut envir‑
onment and distant target organs in the body. However, 
the exact mechanism linking the intestine immune-
phenotypic changes with the target tissues away from 
the intestine has been elusive. In vivo cell tracking 
experiments determined that some of the Treg cells 
invading the spinal cord after injury originated from 
the gut. For example, one study showed that T cells 
from the intestine can migrate to the leptomeninges 
after an ischemic stroke (Benakis et al., 2016). In this 
work, we observed that inflammatory cells entered the 
injured spinal cord, which might be caused by compro‐
mised spinal meninges after trauma.

The spinal cord, gut, and immune system are all 
interconnected, and a problem in any of these can 
cause the imbalance of homeostasis and result in dis‐
ease. The recovery of patients with spinal cord inju‐
ries will undoubtedly accelerate if there is an effective 
interplay among the spinal cord, gut, and immune sys‐
tem. Oral probiotics or FMT has been used to treat rats 
with SCI (Kigerl et al., 2016; Jing et al., 2021b). A 
large proportion of oral probiotics fail to reach the gut 
and exert their curative effects because of the killing 
effect of digestive juice. However, oral SCFAs can 
counter the effects of these factors and may be a rela‐
tively effective choice (Bezkorovainy, 2001; Nakamura 
et al., 2017). Meanwhile, SCFA supplementation has 
certain risks, which requires further elucidation. For 
example, high levels of SCFAs were found to cause 
inflammation in a kidney disease model and increase 
the risk of icteric hepatocellular carcinoma (HCC) in 
wild-type mice (Park et al., 2016). For SCFAs to be used 
to treat clinically relevant diseases and avoid poten‐
tially detrimental side effects, a deeper knowledge of 
the interactions between microbial metabolites and host 
is required.

Our study has some limitations. First, the rela‐
tionship between Treg and IL-17+ γδ T cells and the spe‐
cific mechanism of action need to be further explored. 
Second, due to the experimental design, cells were 
labeled in vitro, and the changes in the number of cells 
that migrated from the intestinal tract to the spinal 
cord after treatment with SCFAs could not be directly 
demonstrated. Third, a mixture of SCFAs was used in 
the study; hence, the effects of single SCFAs on SCI 
rats must be further explored. Despite the above limi‐
tations, this study successfully performed the initial 

therapeutic assessment of a mixture of SCFAs in an 
in vivo SCI rat model. The findings will provide a valu‐
able theoretical foundation for the treatment of SCI 
with SCFAs. It is worth mentioning that most previous 
studies employed millimolar concentrations to study the 
biological effects of SCFAs, which may be much higher 
than the physiological concentrations of SCFAs in 
humans.

In summary, we have demonstrated the potential 
of oral SCFAs in the treatment of SCI in a rat model, 
where the motor function was significantly improved 
after SCFA treatment. Hence, our tentative conclusion 
is that SCFAs can regulate Treg cells in the gut and 
promote their secretion of IL-10, affecting the balance 
of Treg and IL-17+ γδ T cells in the spinal cord, which 
in turn inhibits the inflammatory response and pro‐
motes the motor function of SCI rats. We suggest that 
the intimate relationship among the gut, spinal cord, and 
immune cells, that is, the “gut‒spinal cord‒immune” 
axis may be one of the vital mechanisms regulating 
neural repair after SCI.
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