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TSP50 deficiency in neural stem cells
aggravates colitis in mice by altering
intestinal microbiome
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Inflammatory bowel disease (IBD) is a complex disease characterized by persistent chronic
inflammation of the gastrointestinal tract and periodic episodes. Despite the increasing number of
related studies, the detailed pathogenesis of IBD has not been elucidated. In recent years, host-
microbiota interactions in the pathogenesis of IBD have received extensive attention. Testes-specific
protease 50 (TSP50) is a potential risk gene for IBD, butwhether it can affect the susceptibility of colitis
by regulating the gutmicrobiome is still unclear. Here,we showed that TSP50deficiency in neural stem
cells (NSCs) aggravated colitis in mice by altering intestinal microbiome. Mechanistically, TSP50
maintained the level of neurotransmitter acetylcholine (ACh) by degrading acetylcholinesterase
(AChE), thereby maintaining intestinal mucosa and intestinal microecological homeostasis and
reducing the susceptibility to colitis. These findings provide a new perspective on the interaction
between host and commensal microbiota, which may be beneficial for developing potential
therapeutic strategies for IBD.

Inflammatory bowel disease (IBD), encompassingCrohn’s disease (CD) and
Ulcerative colitis (UC), is among themost prevalent gastrointestinal diseases
worldwide1,2. Due to the complexity of the pathogenesis of IBD, effective
treatments are currently lacking3,4. Therefore, it is urgent to elucidate the
precise pathogenesis of IBD and develop novel therapeutic strategies.

The gutmicrobiomehas long been thought to play a key role in human
health and disease5. Under normal physiological conditions, the gut
microbiota protects intestinal mucosal integrity as the first line of defense
against pathogenic microorganisms and produces short-chain fatty acids
(SCFAs), which have anti-inflammatory effects6,7. Dysbiosis of gut micro-
biota, particularly a reduction in the abundance and diversity of specific
genera, is thought to be a trigger in the development of IBD8. It has been
shown that the enteric nervous system (ENS) plays an important role in
shaping intestinal microecology9. In addition, the autonomic nervous sys-
tem (ANS)dysregulation can reduce intestinalmucosal barrier integrity and
lead to microbial dysregulation10. Accumulating evidence has shown that

neurotransmitters play an important role in promoting microbial
adaptability11–13. However, as a major neurotransmitter in the central and
peripheral nervous systems, the role of acetylcholine (ACh) in regulating
intestinal microecology is still unclear.

Numerous studies have shown that gene-microbiota interactions con-
tribute to the pathogenesis of IBD, such as nucleotide binding oligomeriza-
tion domain 2 (NOD2) or autophagyrelated16-like1 (ATG16L1)14–16. Testes-
specific protease 50 (TSP50) is a serine hydrolase expressed in various tissues,
including the brain and gut17. It is involved in the regulation of various
physiological processes, including cell proliferation18, spermatogenesis19,
embryonic development20, neurodevelopment21, and intestinal homeostasis.
Previous studies in our laboratory have shown that TSP50 in intestinal stem
cells protectsmice against DSS-induced colitis by regulating TGF-β signaling
pathway22. Although TSP50 plays a decisive role in maintaining intestinal
mucosal barrier, its roles in shaping the gut bacterial ecology have not been
investigated in depth.
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In this study, we found that TSP50 deficiency in neural stem cells
(NSCs) increased susceptibility of mice to dextran sulfate sodium (DSS)-
induced colitis, which was dependent on the gut microbiota. Furthermore,
our findings revealed that TSP50 deficiency in NSCs resulted in ANS dis-
orders and decreased ACh levels. Mechanistically, TSP50 deficiency in
NSCs reduced ACh levels by reducing acetylcholinesterase (AChE) degra-
dation, leading to altered gut homeostasis. ACh supplementation restored
the intestinal mucosal barrier damage and microbiome alterations induced
by NSCs TSP50 deficiency, and decreased susceptibility to colitis. Collec-
tively, our results highlight the critical role of TSP50 inNSCs inmaintaining
intestinal homeostasis andprotectingmice fromcolitis, particularly through
its regulation of gut microbiome. These findings provide a new perspective
on gene-nervous system-gut microbiota trilateral relationship, which may
be beneficial for the design of novel therapeutic approaches to alleviate IBD.

Results
TSP50 deficiency in NSCs increases susceptibility of mice to
DSS-induced colitis
It has been noted that TSP50 influences neurodevelopment21, and TSP50
deficiency in intestinal stem cells can aggravateDSS-induced colitis22. Given
the important role of the nervous system in regulating gastrointestinal tract
function23,24, we hypothesized that TSP50 may influence IBD susceptibility
through its action on the nervous system. To explore this hypothesis, we
engineered NSCs-specific knockout TSP50 mice-TSP50fl/flNestinCre mice.
Immunofluorescence staining of TSP50 in brain tissue sections from
embryonic day 16.5 (E16.5) demonstrated that TSP50 was absent in brain
NSCs of TSP50fl/flNestinCre mice (Supplementary Fig. 1a), which was con-
firmed by RT-qPCR andwestern blotting conducted on isolated embryonic
brain tissues (Supplementary Fig. 1b, c). Similar results were observed in the
intestinal tissues of TSP50fl/flNestinCre mice on E16.5 (Supplementary Fig.
1d–f) To determine whether there is a causal relationship between TSP50
expression in NSCs and IBD susceptibility, we induced experimental colitis
in both control and TSP50fl/flNestinCre mice by oral administration of 2.5%
DSS for seven consecutive days (Fig. 1a). Compared with control mice,
TSP50fl/flNestinCre mice showed increased susceptibility to colitis, as
demonstrated by greaterweight loss, higherDAI scores, lower survival rates,
and shorter colon lengths (Fig. 1b–e). HE staining of colon tissue sections
showed aggravated pathological changes in TSP50fl/flNestinCre mice,
including complete destruction of crypt structure and abnormal infiltration
of inflammatory cells,which resulted inhigher histopathological scores (Fig.
1f). In addition, the TSP50fl/flNestinCre mice exhibited higher levels of
proinflammatory factors, including tumor necrosis factor-α (TNF-α) and
interleukin- 6 (IL-6), in their serum, indicating a greater degree of systemic
inflammation (Fig. 1g, h). Together, these data show that TSP50 deficiency
in NSCs enhances the susceptibility of mice to DSS-induced colitis.

TSP50 deficiency in NSCs leads to intestinal mucosal
barrier damage
Previous studies have clearly established the critical role of the intestinal
mucosal barrier in the pathogenesis of colitis25. To further explore the
specific mechanism by which TSP50 deficiency in NSCs leads to increased
susceptibility to colitis, we examined the effect of TSP50 deficiency in NSCs
on intestinal mucosal barrier under normal conditions. Intestinal histo-
morphology examination showed that colon length and colon tissue mor-
phology were not altered in TSP50fl/flNestinCre mice compared with control
mice (Supplementary Fig. 2a, b); the intestinal mucosal mechanical barrier
was also not altered (Supplementary Fig. 2c, d). However, compared with
controlmice,TSP50fl/flNestinCremice presented a significant reduction in the
number of goblet cells and decreased levels ofMUC2protein (Fig. 2a, b and
Supplementary Fig. 2e), whereas nodifferenceswere observed in themRNA
levels of stemness-associated proteins (LGR5, BMI, and MSI) (Supple-
mentary Fig. 2f). Next, we evaluated the functions of TSP50 inNSCs in vitro
conditions using small intestinal organoids from control and TSP50fl/
flNestinCre mice. Compared with organoids from control mice, those
obtained fromTSP50fl/flNestinCremice exhibited a similar formation rate, but

the number of buddings was significantly reduced (Fig. 2c, d). Consistent
with the in vivodata, thenumber of goblet cells and theMUC2protein levels
were significantly decreased in TSP50fl/flNestinCre organoids compared to
controls (Fig. 2e, f).

Decreased mucin secretion can lead to intestinal mucosal barrier
damage and increased barrier permeability, thereby facilitating the occur-
rence of intestinal inflammation26. The results of bacterial translocation
experiments showed that bacterial translocation occurred in intestinal
mesentery of TSP50fl/flNestinCre mice (Fig. 2g). Moreover, we observed that
serum lipopolysaccharides (LPS) levels and colon proinflammatory cyto-
kinesTNF-α and IL-6 levelswere significantly increased inTSP50fl/flNestinCre

mice, suggesting impaired intestinal mucosal barrier function and that
direct contact between the gut microbiota and the intestinal epithelium
triggered intestinal inflammation in TSP50fl/flNestinCre mice (Fig. 2h–j).

TSP50 deficiency in NSCs changes intestinal microbiota and
reduces SCFAs production
There is a close interaction between intestinal microbiota and intestinal
mucosal barrier, and the change of intestinalmucosal barrier is likely to lead
to the change of intestinal microbiota27. To determine whether the gut
microbiota changed in TSP50fl/flNestinCre mice, we collected fecal samples
from control and TSP50fl/flNestinCre mice for 16S rRNA sequencing. Prin-
cipal coordinates analysis (PCoA) revealed major differences in the
microbial compositionbetweencontrol andTSP50fl/flNestinCremice (Fig. 3a).
Histograms of species composition at phylum and genus levels showed the
same results as forPCoA(Fig. 3b, c). Species compositiondifference analysis
at phylum level revealed that TSP50fl/flNestinCremice had a lower abundance
of Verrucomicrobia and a higher abundance of Tenericutes and Deferri-
bacteres (Fig. 3d). Species composition difference analysis at genus level
further showed that Akkermansia genus was significantly reduced in
TSP50fl/flNestinCre mice compared to control mice, and it was the only dif-
ferentially abundant genus among the TOP10most abundant taxa (Fig. 3e).
Heatmap analysis also revealed a significant reduction in Akkermansia
genus in TSP50fl/flNestinCre mice (Fig. 3f). In addition, LEfSe and LDA
analysis identified Akkermansia and Bacteroides as the key bacterial taxa
significantly enriched in the control and TSP50fl/flNestinCre groups, respec-
tively (Fig. 3g). These observations indicate that TSP50 deficiency in NSCs
results in alterations in intestinal microbiota composition.

SCFAs are the main metabolites produced by intestinal microbiota,
which can regulate immune function and delay the clinical progression of
IBD28. Measurement of SCFAs concentrations in fecal samples revealed a
significant decrease of acetic acid levels in TSP50fl/flNestinCremice compared
with control mice (Fig. 3h). Taken together, these results demonstrate that
TSP50 deficiency inNSCs changes the composition of intestinal microbiota
and reduces SCFAs production.

Exacerbation of colitis in TSP50fl/flNestinCre mice depends on the
gut microbiota
To determine whether a microbiota-dependent mechanism contributes
to deterioration of colitis, we treated control and TSP50fl/flNestinCre mice
with an antibiotic cocktail (ABX) for 4 weeks to consume their gut
microbiota before DSS treatment (Supplementary Fig. 3a). Surprisingly,
antibiotic treatment eliminated differences in the severity of colitis
including body weight loss, DAI scores, survival rates, colon length,
histological scores, and serum proinflammatory factors levels between
control and TSP50fl/flNestinCre mice (Supplementary Fig. 3b–h), suggest-
ing that the gut microbiota may play a crucial role in worsening colitis in
TSP50fl/flNestinCre mice.

To further verify whether the deterioration of colitis caused by
TSP50 deficiency in NSCs is due to gut microbiota dysbiosis, we
cohoused control mice with TSP50fl/flNestinCre mice for 4 weeks prior to
DSS treatment (Supplementary Fig. 4a). Cohoused TSP50fl/flNestinCre

mice showed symptoms of colitis comparable to those observed in
cohoused control mice and showedmilder symptoms of colitis relative to
non-cohoused TSP50fl/flNestinCre mice (Supplementary Fig. 4b–h),
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indicating gut microbiota contributes to the attenuated DSS-induced
colitis phenotype in TSP50fl/flNestinCre mice.

Given the disordered gut microbiota and reduced Akkermansia genus
abundance inTSP50fl/flNestinCremice,we rescued the increased susceptibility
to colitis in these mice with fecal microbiota transplantation (FMT) and
Akkermansia muciniphila (AKK) replantation (Fig. 4a). As evidenced by
bodyweight loss,DAI scores, survival rates, colon length, histological scores,
and serum inflammatory factors levels, TSP50fl/flNestinCre mice exhibited
increased resistance to colitis after FMT and AKK supplementation (Fig.
4b–h), demonstrating that gut microbiota disturbance, especially the
reduction of Akkermansia genus, may be a decisive factor in increased
susceptibility to colitis in TSP50fl/flNestinCre mice.

Furthermore, the SCFAs levels produced by fecal bacteria were com-
parable between control and TSP50fl/flNestinCre mice after cohousing (Sup-
plementary Fig. 5a). Notably, in TSP50fl/flNestinCre mice treated with FMT
and AKK replantation, the fecal bacterial SCFAs levels returned to normal

(Supplementary Fig. 5b). However, the differences in goblet cell numbers
and MUC2 protein expression between control and TSP50fl/flNestinCre mice
were not altered after modulation of gut microbiota (Supplementary Fig.
5c–h). These data collectively suggest that alterations of intestinal micro-
biomemay account for the colitis phenotype in TSP50fl/flNestinCremice, and
that reduced mucin secretion is a direct result of genetic defects in TSP50.

TSP50 deficiency in NSCs results in ANS disorders and reduced
ACh levels
To further explore the specificmechanismobservedabove,we examined the
effect of TSP50 deficiency in NSCs on the central nervous system (CNS)
under normal conditions. Nissl staining showed that there was no sig-
nificant change in the morphological structure of the brain in TSP50fl/
flNestinCre mice (Supplementary Fig. 6a). To further examine the effect of
TSP50 deficiency in NSCs on the CNS, we systematically examined
inflammatory cytokine levels in four key CNS regions: the cortex,

Fig. 1 | TSP50deficiency inNSCs increases susceptibility ofmice toDSS-induced
colitis. a Experimental design of DSS-induced colitis. b Body weight loss after DSS
treatment (n = 16). c, d The DAI scores and survival rates after DSS treatment
(n = 16). e Colon lengths and quantification after DSS treatment (n = 16).
fRepresentative HE staining and histopathological scores of colon tissues after DSS

treatment (n = 9). Scale bar: 50 μm. g ELISA analysis of serum TNF-α levels after
DSS treatment (n = 16). h ELISA analysis of serum IL-6 levels after DSS treatment
(n = 16). Values were expressed as means ± SEM. Two‑way ANOVA was used to
analyze (b, c) unpaired two-tailed Student’s t test was used to analyze (e, f, g, h). ns
(no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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hippocampus, hypothalamus, and pituitary gland. The ELISA results
showed that there were no statistically significant changes in inflammatory
cytokines such as TNF-α and IL-6 in these regions of NSCs TSP50-deficient
mice (Supplementary Fig. 6b–i). Additionally, serum analyses of hormones
related to the hypothalamic-pituitary-adrenal (HPA) axis, such as adreno-
corticotropic hormone (ACTH), corticotropin-releasing hormone (CRH)

and corticosterone (CORT), C-reactive protein (CRP), and systemic
inflammatory cytokines TNF-α and IL-6 also showed no differences
between the two groups (Supplementary Fig. 6j–o). Collectively, these
results indicate that TSP50 deficiency in NSCs does not cause detectable
structural disruption or CNS inflammation. However, heart rate variability
analysis revealed that the vagus nerve was depressed, and the sympathetic
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nervous systems (SNS) and parasympathetic nervous systems (PNS) were
unbalanced inTSP50fl/flNestinCremice (Fig. 5a–d). To explore the causeof the
ANS imbalance in TSP50fl/flNestinCre mice, we performed untargeted
metabolic sequencing on the brains of the mice. The results indicated that
the relative content of the neurotransmitter ACh was significantly reduced
in the hippocampal region of the brains ofTSP50fl/flNestinCremice compared
with control mice (Fig. 5e). The significant reduction in ACh levels in the
brains of TSP50fl/flNestinCre mice was further confirmed by ELISA (Fig. 5f).
Given that neurotransmitters play important roles in both the brain and the
gut, and that the ENS is present in the gut, colonic neurotransmitters were
measured in control and TSP50fl/flNestinCre mice. The results showed that
compared with controls, colonic ACh was reduced in TSP50fl/flNestinCre

mice, whereas no significant differences were observed in the other neu-
rotransmitters examined, indicating that TSP50 inNSCsmost likely plays a
regulatory role in intestinal homeostasis by regulating ACh levels (Fig. 5g).

ACh supplementation restores the intestinal mucosal barrier
damage and microbiome alterations induced by NSCs TSP50
deficiency
To test whether decreased ACh levels contributed to the disruption of
mucosal barrier in TSP50fl/flNestinCremice, we administered ACh via enema
every other day to control and TSP50fl/flNestinCre mice. The ELISA results
indicated that ACh enema increased colonic ACh levels in mice and
eliminated the difference in colonic ACh content between control and
TSP50fl/flNestinCre mice (Fig. 6a). Consistently, administration of an ACh
supplementation abolished the differences in goblet cell numbers and
MUC2 protein levels between control and TSP50fl/flNestinCre mice (Supple-
mentary Fig. 7a, b). Furthermore,when100 μMAChwas addedon the third
day of organoid culture, the budding rate of organoids from TSP50fl/
flNestinCre mice increased, and the number of goblet cells and MUC2
expression also returned to normal (Supplementary Fig. 7c–f). In addition,
ACh supplementation also abolished differences in intestinal mucosal
permeability and intestinal inflammation between control and TSP50fl/
flNestinCre mice (Supplementary Fig. 7g–j).

To investigate whether ACh has a regulatory effect onmicrobiota, 16S
rRNAsequencingwas used to analyze the diversity and composition of fecal
microbiota in control mice, TSP50fl/flNestinCre mice, ACh-treated control
mice and ACh-treatedTSP50fl/flNestinCremice. Consistent with the previous
results, PCoA showed a statistically significant difference in microbiota
between control and TSP50fl/flNestinCre mice. Additionally, PCoA showed a
statistically significant difference in microbiota between TSP50fl/flNestinCre

mice andACh-treatedTSP50fl/flNestinCremice,whereas the gutmicrobiotaof
TSP50fl/flNestinCre mice receiving ACh treatment was like that of control
mice (Fig. 6b). Histograms of species composition at phylum and genus
levels showed the same results as for PCoA (Fig. 6c, d). Analysis of species
composition difference further revealed that the abundance of Verruco-
microbia phylum and Akkermansia genus were significantly increased in
both control and TSP50fl/flNestinCre mice after ACh treatment. In addition,
ACh treatment significantly increased the abundance of Ruminococcus
genus and decreased the abundance ofMucispirillum genus in control mice
(Fig. 6e, f). The species composition heatmap andLEfSe analysis showed the
same experimental results (Fig. 6g–i). Moreover, the levels of SCFAs in the

fecal microbiota of ACh-treated TSP50fl/flNestinCre mice were also sig-
nificantly increased (Fig. 6j). Collectively, these results suggested that
intestinal mucosal barrier damage in TSP50fl/flNestinCre mice is caused by
reduced ACh levels, and ACh supplementation restores intestinal mucosal
barrier damage and gut microbiome, especially of Akkermansia genus, in
TSP50fl/flNestinCre mice.

Furthermore, to further elucidate the causal relationship between
ACh and gut microbiota, ACh levels in the colon of mice after ABX,
cohabitation, FMT and AKK replantation were examined. The results
showed that the levels of ACh in the colon of mice did not change sig-
nificantly after the modulation of gut microbiota (Fig. 6k–m). Combined
with the above results that ACh supplementation altered gut microbiota
in mice, we believe that ACh has a positive regulatory relationship with
gut microbiota.

ACh supplementation reduces colitis susceptibility in mice
To further explore the potential of ACh to ameliorate colitis in TSP50fl/
flNestinCre mice, DSS-induced colitis was administered to mice during ACh
supplementation as shown in Supplementary Fig. 8a. As expected, ACh
treatment attenuated the symptoms of DSS-induced colitis and eliminated
differences in susceptibility to colitis between control and TSP50fl/flNestinCre

mice. This was evidenced by the normalization of percent weight loss, DAI
scores, survival rates, colon length, histological scores, and serum proin-
flammatory cytokines levels (Supplementary Fig. 8b–h). In conclusion,
these data strongly suggest that TSP50maymaintain intestinal homeostasis
and reduce the susceptibility to colitis by regulating ACh levels.

TSP50 deficiency in NSCs reduces ACh levels by reducing AChE
degradation
Previous studies have shown that AChE is a highly efficient hydrolase
that catalyzes the hydrolysis of ACh29. To investigate whether the
decreased ACh content in TSP50fl/flNestinCre mice was associated with
AChE, AChE expression levels in mouse brain and colon were examined.
We found that TSP50fl/flNestinCre mice had reduced AChE protein
expression in both the brain and colon (Fig. 7a). To further explore the
specific mechanism, we performed Co-IP experiments and discovered
that TSP50 can bind AChE in both mouse brain and colon (Fig. 7b). The
GST-pulldown assay further demonstrated that TSP50 can directly bind
to AChE (Fig. 7c). To exclude the possibility that the decreased AChE
content was due to reduced protein synthesis, the protein synthesis
inhibitor CHX was used. 293T cells treated with 100 μg/mL CHX for 6 h
showed a decrease in AChE levels; most importantly, the TSP50-
overexpressing cells contained significantly and persistently lower AChE
levels than the control cells (Fig. 7d), indicating that TSP50 expression
significantly increased the rate of AChE degradation. To test whether
TSP50 had a direct degradation effect on AChE, purified TSP50 protein
and AChE protein were mixed and incubated in 20mmol/L Tris-HCl
(pH 7.6) at 37 °C for 1 h to restore the protease activity of TSP50, and
then AChE protein levels were measured. As expected, the AChE protein
levels were greatly reduced (Fig. 7e), suggesting that TSP50 acts as a
protease that can directly interact with and hydrolyze AChE proteins.
Previous studies have shown that the catalytic triplet structure of TSP50

Fig. 2 | TSP50 deficiency in NSCs reduces goblet cell numbers and mucin
secretion, increases mucosal permeability and intestinal inflammation.
a Representative alcian blue staining of colon tissues and quantification under
normal condition (n = 6). Scale bar: 50 μm. b Representative IHC staining of MUC2
expression in colon tissues and quantification under normal condition (n = 6). Scale
bar: 50 μm. c Representative images and quantification of small intestinal organoid
cultures on day 7 (n = 3, n represents the number of wells in which organoids were
cultured). Scale bar: 50 μm. d Quantification of the proportion of organoids with
different budding numbers on day 7 of the organoid culture (n = 50, n represents the
number of organoids observed from the same well). e Representative alcian blue
staining of small intestinal organoids and quantification (n = 15, n represents the
number of intact organoids observed in organoid sections from the same well). Scale

bar: 20 μm. f Representative IF staining of MUC2 expression in small intestinal
organoids and quantification (n = 11, n represents the number of intact organoids
observed in organoid sections from the same well). Scale bar: 20 μm. g Bacterial
translocation in mesentery, liver, spleen and kidney under normal condition. Red
arrows point to colonies that have undergone displacement. h ELISA analysis of
serum LPS levels under normal condition (n = 6). i ELISA analysis of colon TNF-α
levels under normal condition (n = 5). j ELISA analysis of colon IL-6 levels under
normal condition (n = 4). Values were expressed as means ± SEM. Unpaired two-
tailed Student’s t test was used to analyze (a, b, c, e, f, h, i, j), chi-square test was used
to analyze (d). ns (no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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is essential for its biological functions18, so we established three point
mutant constructs in the catalytic triad, named TSP50 T310A, TSP50
D206A and TSP50 H153A, respectively, to explore the key sites where
TSP50 exerts its effect on AChE hydrolysis. The results revealed that
AChE expression was not reduced only in TSP50 D206A-expressing cells
(Fig. 7f), suggesting that aspartic acid at position 206 of TSP50 may play a
key role in the hydrolysis of AChE.

TSP50 expression is negatively correlatedwith AChE expression
in IBD patients
To investigate the relationship betweenTSP50 andAChE expression in IBD
patients, we next assessed TSP50 and AChE protein expression in intestinal
tissues from CD patients during the active and remission phases. All sam-
ples (n = 19) of CD patients were obtained from Shenzhen Children’s
Hospital. Immunohistochemical staining showed that TSP50 protein

Fig. 3 | TSP50 deficiency in NSCs alters intestinal microbiota and reduces SCFAs
production. a PCoA analysis of fecal microbiota using weighted UniFrac distances
of beta diversity. bHistogram of phylum-level species composition. cHistogram of
genus-level species composition. d Histogram of species difference comparison for
the top 10 abundances at phylum-level (n = 6). e Histogram of species difference
comparison for the top 10 abundances at genus-level (n = 6). f Heat map of the

relative abundance of the dominant genus. g LEfSe analysis of differential micro-
biota. h GC-MS analysis of fecal SCFAs (n = 5). Values were expressed as means ±
SEM. Mann-Whitney U-test was used to analyze (d, e), one‑way ANOVA was used
to analyze (h). ns (no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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expressionwas significantly higher during the remission phase compared to
the active phase. Conversely, AChE protein expression was significantly
higher in the active stage than in the remission stage (Fig. 7g), suggesting that
TSP50 may play different roles in different stages of IBD. Moreover, cor-
relation analysis showed that TSP50 protein expression was negatively
correlated with AChE protein expression in both active and remission CD
patients (Fig. 7h).

AChE inhibitor neostigmine methyl sulfate (NMS) treatment res-
cues intestinal mucosal barrier disruption and reduces sus-
ceptibility to colitis in TSP50fl/flNestinCre mice
To verify the above mechanism, mice were intraperitoneally injected with
20 μg/kg AChE inhibitor NMS. ELISA results showed that intestinal ACh
levels were significantly increased in TSP50fl/flNestinCre mice treated with
NMS, and there was no difference compared with control mice

(Supplementary Fig. 9a). Consistent with this, NMS treatment significantly
increased goblet cell numbers and MUC2 secretion in TSP50fl/flNestinCre

mice, while decreasing intestinal mucosal barrier permeability and alle-
viating intestinal inflammation (Supplementary Fig. 9b–g), indicating that
NMS treatment could restore intestinal mucosal barrier damage in TSP50fl/
flNestinCre mice.

It has been shown that the administration ofAChE inhibitors such as
neostigmine and galantamine can alleviate colitis in mice30,31. To further
explore the role ofAChE inhibitor in colitis inTSP50fl/flNestinCremice,DSS
was administered to mice during NMS treatment to induce colitis, as
shown in Fig. 8a. The results of various indicators for colitis, including
weight loss, DAI scores, survival rates, colon length, histological scores,
and serum pro-inflammatory cytokine levels, consistently indicated that
NMS treatment reduced the susceptibility of TSP50fl/flNestinCre mice to
colitis (Fig. 8b–h).

Fig. 4 | FMT and AKK replantation rescues the phenotype of exacerbated colitis
caused by TSP50 deficiency in NSCs. a Scheme of FMT and AKK replantation
protocol. b Body weight loss after DSS treatment (n = 6). c, d The DAI scores and
survival rates after DSS treatment (n = 6). e Colon lengths and quantification after
DSS treatment (n = 6). f Representative HE staining and histopathological scores of
colon tissues afterDSS treatment (n = 6). Scale bar: 50 μm. gELISA analysis of serum

TNF-α levels after DSS treatment (n = 4). h ELISA analysis of serum IL-6 levels after
DSS treatment (TSP50fl/fl, n = 3; TSP50fl/flNestinCre, n = 3; FMT-TSP50fl/flNestinCre,
n = 4; AKK-TSP50fl/flNestinCre, n = 4). Values were expressed as means ± SEM.
Two‑way ANOVAwas used to analyze (b, c), one‑way ANOVAwas used to analyze
(e, f, g, h). ns (no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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CNS-targeted TSP50 replenishment restores ACh levels and
intestinal mucosal barrier integrity, and reduces susceptibility to
colitis in TSP50fl/flNestinCre mice
Previous studies have shown that intestine-derived TSP50 has an
important role in regulating the intestinal mucosal barrier22. To further
distinguish between the functions of NSCs-derived and intestine-derived
TSP50, we conducted experiments using AAV-PHP.eB vectors targeting
the CNS to replenish TSP50 in NSCs-TSP50 deficient mice. After intra-
venously injectingNSCs-TSP50 deficientmice withAAV-PHP.eB vectors
overexpressing TSP50 for 6 weeks, we detected TSP50 expression in both
the brain and colon. The results revealed that TSP50 expression in the
brain of NSCs-TSP50 deficient mice was restored to normal levels, while

TSP50 expression in the intestine remained significantly reduced (Sup-
plementary Fig. 10a). More importantly, replenishing TSP50 specifically
in the CNS was found to restore ACh levels, goblet cell numbers, mucin
secretion, intestinal mucosal permeability, and intestinal inflammation in
NSCs-TSP50 deficient mice (Supplementary Fig. 10b–g). Additionally,
the colitis susceptibility of NSCs-TSP50 deficient mice was significantly
reduced following this treatment (Supplementary Fig. 11). These experi-
mental results suggest that when only TSP50 in NSCs is replenished, the
intestinal mucosal barrier function and colitis susceptibility of NSCs-
TSP50 deficient mice return to normal, indicating that the phenotypes
observed in our study can primarily be attributed to the function of TSP50
in NSCs.

Fig. 5 | TSP50 deficiency in NSCs results in ANS disorders and reduced ACh
levels. a Time domain analysis of heart rate variability (n = 6). (SDNN: Standard
Deviation ofNormal-to-Normal Intervals; RMSSD: RootMean Square of Successive
Differences.) b Frequency domain analysis of heart rate variability (n = 6). (TP total
power, LF low frequency, HF high frequency.) c Ratio of low and high frequency
power in heart rate variability (n = 6). d SNS and PNS indices in heart rate variability

(n = 6). e Untargeted metabolic analysis of mice hippocampus. f ELISA analysis of
ACh levels in the hippocampus (n = 9). g LC-MS analysis of colonic neuro-
transmitters (n = 5). Values were expressed asmeans ± SEM.One‑wayANOVAwas
used to analyze (a, b, d, g), unpaired two-tailed Student’s t test was used to analyze
(c, f). ns (no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Discussion
Although the exact etiology of IBD is not fully understood, genetic sus-
ceptibility is considered as a key factor contributing to its pathogenesis32. To
date, genome-wide association studies have identified more than 200 IBD
risk loci, but they account for only a small fraction of disease
susceptibility33,34. It is critical to explore potential new candidate risk genes

for IBD and uncover the complex interactions that drive the disease. Recent
studies have indicated that most of the genetic risk variants associated with
IBD affect the structure of the gut microbiota, and an unbalanced gut
microbiota can further activate the immune system and induce intestinal
inflammation in genetically susceptible individuals32,35,36. TSP50 is a newly
identified potential IBD genetic risk factor, but whether it affects colitis
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susceptibility throughmodulationof gutmicrobiota remains unclear. In this
study, we found that TSP50 deficiency in NSCs led to alterations in gut
microbiomeofmice, particularly a significant reduction in the abundanceof
Akkermansia genus and increased susceptibility to colitis. These findings
indicate that host TSP50 gene expression contributes to maintaining the
balance between host andmicrobiota, thus refining the specificmechanisms
underlying TSP50 as an IBD risk locus.

In this study, we demonstrated that Nestin-Cre-driven TSP50
knockout resulted in reduced TSP50 levels in both brain and intestinal
tissues, which may be attributed to Nestin expression in enteric neural
cells37. Notably, CNS-targeted TSP50 rescue mediated by AAV-PHP.eB
vectors delivery restored intestinal ACh levels in NSCs-specific TSP50
deficient mice, highlighting the dominant role of TSP50 derived from brain
NSCs in intestinal ACh regulation. Mechanistically, TSP50-mediated reg-
ulation of AChE can control ACh degradation. However, the potential
direct effects of TSP50 on neural circuits or ACh secretion, independent of
degradation, warrant further exploration.

ACh plays a crucial role in various physiological processes, including
gut motility, secretion, and immune regulation and its role in IBD has
attracted much attention38,39. Our study revealed that TSP50 deficiency in
NSCs resulted in reduced colonicACh levels, decreased goblet cell numbers,
and reduced mucin secretion, thereby increasing colitis susceptibility in
mice. Importantly, the regulation of goblet cell function and stimulation of
mucin secretion by ACh have been well studied40,41. For example, ACh
enhances mucin secretion by activating the M3 receptors on goblet cells, a
process essential for maintaining intestinal mucosal barrier function42. This
is consistent with our experimental results showing that ACh treatment
restored themucous layer and reducedcolitis susceptibility inNSCs-specific
TSP50deficientmice, suggesting thatTSP50most likely affects the intestinal
mucosal barrier mucus layer by regulating ACh levels, which in turn affects
colitis susceptibility. Targeting ACh may thus be a potential therapeutic
strategy for promoting mucosal healing in IBD.

Notably, we also observed that ACh treatment significantly increased
the abundance of Akkermansia genus in NSCs-specific TSP50 deficient
mice. Surprisingly, the gut microbiota of control mice treated with ACh
exhibited more pronounced changes, with significant increases in the
abundance of Akkermansia genus and Ruminococcus genus and a sig-
nificant decrease in the abundance of Mucispirillum genus. Mucispirillum
genus is also a bacteria capable of degrading mucus43, and its decreased
abundance may be intended to partly balance the increased abundance of
Akkermansia genus. It has been shown that themucus layer can regulate the
growth of commensal and pathogenic microbial communities44,45. There-
fore, these significant changes in gut microbiota are likely related to the
increased mucin secretion stimulated by ACh treatment, especially con-
sidering thatAkkermansia genus is amucin-dependent bacteria. Combined
with our findings that alteration of gutmicrobiota could not restore colonic
ACh levels and mucous layer in NSCs-specific TSP50 deficient mice, we
established a positive regulatory relationship: TSP50 regulates ACh, ACh
regulates mucous layer, and mucous layer regulates gut microbiota. How-
ever, considering the critical role of ACh in immune regulation46 and the
close relationship between immune system and gutmicrobiota47, we cannot
rule out the possibility that ACh may also affect gut microbiota through
immune regulation or other pathways. Further studies are needed to explore
these potential mechanisms.

AKK, as a new generation of probiotics, has shown great potential in
the treatment of diseases such as IBD48,49. Numerous studies have reported
an inverse association between AKK and IBD50–52, and AKK treatment
ameliorated colitis and blunted colitis-related tumorigenesis53–55. The pos-
sible mechanism of AKK in the treatment of colitis is to increase the pro-
duction of SCFAs56. Consistent with this, we found that TSP50 deficiency in
NSCs resulted in less Akkermansia genus dominated microenvironment,
reduced SCFAs acetate production, and increased susceptibility to colitis.
Either direct AKK supplementation or indirect AKK restoration by ACh
treatment restored SCFAs production and reduced colitis susceptibility.
Therefore,we suggest that SCFAsproducedbyAKKmaymediate, at least in
part, the modulating effects of NSCs-specific TSP50 deletion on colitis
susceptibility. However, several studies have also shown a controversial role
for AKK inmouse IBDmodels. Specifically, the presence of AKKworsened
the symptoms of colitis caused by Salmonella typhimurium infection in
mice colonized with a simplified human gut microbiome (SIHUMI) com-
posed of eight bacterial species57. Additionally, repeated gavage of AKK
resulted in an increase in the severity of colitis in IL10−/− mice58. These
seemingly contradictory results could be explained by strain-specific effects
or the pathological context59. Therefore, further research is needed to elu-
cidate the mechanisms of action and strain specificity of AKK to ensure its
therapeutic efficacy in IBD.

In addition, it is noteworthy that the use of small intestinal organoids
from TSP50fl/flNestinCre mice, which exhibited reduced goblet cell numbers
and mucin secretion, reflected the colonic phenotypes observed in vivo,
suggesting that TSP50 in NSCs impacts intestinal epithelial function.
However, further studies using colonic organoids are needed to confirm
these findings, aswe used small intestinal organoids due to the currently low
differentiation efficiency of colonic organoids.

In summary, our study reveals that TSP50 in NSCs can protect mice
from DSS-induced colitis by regulating ACh levels and gut microbiota.
These findings provide a new perspective on host-commensal microbiota,
which may be beneficial for developing potential therapeutic strategies
for IBD.

Methods
Human IBD samples
All samples (n = 19) of IBD patients were obtained from Shenzhen Chil-
dren’s Hospital. The patients’ detailed information was provided in Sup-
plementary Table 1. This study was approved by the Institutional Review
Board of ShenzhenChildren’sHospital (No.2022057) andwritten informed
consent was obtained from all participants. All procedures complied with
the Declaration of Helsinki.

Mice
TSP50flox/flox (TSP50fl/fl) mice, generated as previously described22, were
used as controls in all experiments.Nestin-Cremice were purchased from
GemPharmatech Co., Ltd (Nanjing, China). TSP50fl/flNestinCre mice were
generated by crossing TSP50fl/fl mice with Nestin-Cremice. All mice were
bred on a C57BL/6J background and kept in a specific pathogen-free
environment. Mice were injected with 100mg/kg pentobarbital sodium
for euthanasia. All animal protocols were approved by the Animal
Advisory Committee of Northeast Normal University (NENU/IACUC,
AP20201029).

Fig. 6 | ACh supplementation restores the composition of gut microbiota and
SCFAs production. a ELISA analysis of ACh levels in the colon after ACh sup-
plementation (TSP50fl/fl, n = 6; TSP50fl/flNestinCre, n = 6; ACh-TSP50fl/fl, n = 8; ACh-
TSP50fl/flNestinCre, n = 8). b PCoA analysis of fecal microbiota using weighted Uni-
Frac distances of beta diversity after ACh supplementation. cHistogram of phylum-
level species composition after ACh supplementation. d Histogram of genus-level
species composition after ACh supplementation. e Histogram of species difference
comparison for the top 10 abundances at phylum-level (n = 6). f Histogram of
species difference comparison for the top 10 abundances at genus-level (n = 6).
g Heat map of the relative abundance of the dominant genus. h LEfSe analysis of

differential microbiota in TSP50fl/fl mice before and after ACh treatment. i LEfSe
analysis of differential microbiota in TSP50fl/flNestinCre mice before and after ACh
treatment. j GC-MS analysis of fecal SCFAs after ACh supplementation (n = 5).
k ELISA analysis of ACh levels in the colon after ABX treatment (n = 6). l ELISA
analysis of ACh levels in the colon after co-housing treatment (n = 6). m ELISA
analysis of ACh levels in the colon after FMT and AKK replantation (n = 6). Values
were expressed asmeans ± SEM.One‑wayANOVAwas used to analyze (a, j, k, l,m),
Kruskal-Wallis H test was used to analyze (e, f). ns (no significance), * P < 0.05, **
P < 0.01, *** P < 0.001, **** P < 0.0001.
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DSS-induced colitis
Mice were treated with 2.5% DSS (TdB, Uppsala, Sweden) in drinking
water for 7 days, followed by drinking water for the next 2 days,
and then sacrificed. The disease activity index (DAI) was scored
daily according to following parameters: weight loss (no loss = 0;

<5% = 1; 5–10% = 2; 10–15% = 3; >15% = 4), stool consistency (nor-
mal = 0; soft stool = 1; loose stool = 2; watery stool = 4), and
rectal bleeding (no blood = 0; hemoccult positive = 1; visual pellet
bleeding = 2; gross bleeding or blood around anus = 4). Scores ranged
from 0 to 12.

Fig. 7 | TSP50 deficiency in NSCs reduces ACh levels by reducing AChE degra-
dation. a WB analysis and quantification of AChE protein levels in mouse brain and
colon (n = 3). b Co-IP analysis of proteins interacting with TSP50 in mouse brain and
colon. c GST pull-down of AChE by GST-TSP50 using proteins purified in B21
bacteria, followed by WB analysis. dWB analysis and quantification of AChE protein
levels in control and TSP50-overexpressing 293T cells after CHX treatment (n = 4).
eWB analysis and quantification of AChE protein levels after incubation with TSP50
protein at 20mM Tris-HCL (pH7.6) for 1 h at 37 °C (n = 4). (Ctr: No incubation; 1 h:

Incubation for 1 h) fWB analysis and quantification of TSP50 and AChE protein levels
in 293T cells with normal and overexpression TSP50 and different TSP50 mutants
(n = 3). g Representative IHC staining of TSP50 and AChE protein expression in CD
patient tissues and quantification (n = 19). Scale bar: 50 μm. h Pearson correlation
analysis was performed between the relative levels of TSP50 and AChE protein in
samples of CD patients. Values were expressed as means ± SEM. One‑way ANOVA
was used to analyze (a, d, f, g), unpaired two-tailed Student’s t test was used to analyze
(e). ns (no significance), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Histological staining
Mouse colon tissues were collected, fixed in 10% formalin solution,
dehydrated by gradient alcohol, embedded in paraffin, and samples were
cut into 5 μm paraffin sections. The paraffin sections were then subjected
to hematoxylin and eosin (HE) or alcian blue (Solarbio, Beijing, China)
staining according to the manufacturer’s instructions. IHC and IF
staining were performed as previously reported22. The sections were
incubated with primary antibody: anti-MUC2 (1:1000; ab272692,
Abcam, Cambridge, United Kingdom), anti- TSP50 (1:500; 12574-1-AP,
Proteintech, Wuhan, China), anti- AChE (1:20; ab2803, Abcam), anti-
NESTIN (1:200; 19483-1-AP, Proteintech) and corresponding secondary
antibody. Images were acquired via a Nikon Eclipse microscope (Nikon,
Tokyo, Japan) or a laser scanning confocal microscope (Zeiss, Oberko-
chen, Germany).

Histological scoring
Histologic scoring of the colon was assessed based on HE staining
observations of colon tissue sections, including crypt architecture,
epithelial cell morphology, inflammatory cell infiltration, and gland-
ular morphology. The scoring criteria were as follows: 0 indicating
normal, 1 indicating mild abnormality, 2 indicating moderate
abnormality, and 3 indicating severe abnormality. Scores ranged
from 0 to 12.

RNA extraction and RT-qPCR
Total RNA was isolated using Trizol reagent and cDNAs were synthesized
by a RT-PCR Kit (TransGen Biotech, Beijing, China) and specific primers
were designed for RT-qPCR detection. The specific primer sequences were
shown in Supplementary Table 2. The detection conditions and procedures

Fig. 8 |AChE inhibitorNMS treatment reduces susceptibility to colitis inTSP50fl/fl

NestinCre mice. a Scheme of NMS treatment protocol. b Body weight loss after DSS
treatment (TSP50fl/fl, n = 8; TSP50fl/flNestinCre, n = 8; NMS-TSP50fl/fl, n = 6; NMS-
TSP50fl/flNestinCre, n = 6). c, d The DAI scores and survival rates after DSS treatment
(TSP50fl/fl, n = 8; TSP50fl/flNestinCre, n = 8; NMS-TSP50fl/fl, n = 6; NMS-TSP50fl/fl

NestinCre, n = 6). e Colon lengths and quantification after DSS treatment (TSP50fl/fl,
n = 8; TSP50fl/flNestinCre, n = 8; NMS-TSP50fl/fl, n = 6; NMS-TSP50fl/flNestinCre, n = 6).
(Tfl/fl: TSP50fl/fl; Tfl/flNCre: TSP50fl/flNestinCre; NMS-Tfl/fl: NMS-TSP50fl/fl; NMS-Tfl/flNCre:

NMS-TSP50fl/flNestinCre). f Representative HE staining and histopathological scores
of colon tissues after DSS treatment (n = 6). Scale bar: 50 μm. g ELISA analysis of
serum TNF-α levels after DSS treatment (TSP50fl/fl, n = 6; TSP50fl/flNestinCre, n = 6;
NMS-TSP50fl/fl, n = 5; NMS-TSP50fl/flNestinCre, n = 5). h ELISA analysis of serum IL-6
levels after DSS treatment (TSP50fl/fl, n = 8; TSP50fl/flNestinCre, n = 8; NMS-TSP50fl/fl,
n = 6; NMS-TSP50fl/flNestinCre, n = 6). Values were expressed as means ± SEM.
Two‑way ANOVAwas used to analyze (b, c), one‑way ANOVAwas used to analyze
(e, f, g,h). ns (no significance), *P < 0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001.
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were set according to instructions provided in SYBR Green Kit (TransGen
Biotech).

Western blot (WB)
The proteins were extracted using RIPA buffer, subsequently separated via
SDS‒PAGE, and transferred onto a PVDF membrane. After blocking with
5% skim milk, the membranes were incubated with specific primary anti-
bodyovernight at 4 °C: anti- TSP50 (1:1000; ab181993,Abcam), anti-AChE
(1:1000; ab183591, Abcam), anti- E-CADHERIN (1:1000; 20874-1-AP,
Proteintech), anti- OCCLUDIN (1:1000; 27260-1-AP, Proteintech), anti-
CLAUDIN-1 (1:1000; 28674-1-AP, Proteintech), followed by incubation of
corresponding secondary antibodies (Proteintech, China). The immuno-
blots were visualized via enhanced chemiluminescence (ECL) solution
(Beyotime, Beijing, China).

Co-immunoprecipitation (Co-IP)
The protein was extracted with IP lysis solution and incubated with anti-
TSP50 (1:100; ab181993, Abcam) overnight at 4 °C. The next day, sugar
beads were added and co-incubated for 4–6 h. The supernatant was
removed by centrifugation, and an appropriate amount of 1× loading buffer
was added for Western blot assay.

GST pull-down
The GST-TSP50 protein was prepared and purified as described
previously60. Meanwhile, the pCMV-AChE plasmid was transfected into
293T cells, and the protein was extracted. Then, GST-TSP50 was incubated
with GST beads for 3 h. Next, the proteins mentioned above were added to
the mixture and mixed for 3 h on a mixer with rotation. Finally, the
unbound proteins were discarded and an appropriate amount of 1× loading
buffer was added for Western blot assay.

Crypt isolation and organoid culture
After the small intestine was removed and cut into small pieces, it was
rinsed thoroughly withDPBS. And then digested with 20 mMEDTA for
40 min, filtered through a 70 μm cell strainer, and crypts were collected,
counted, and seeded into matrigel at various densities, and then drop-
ped into the center of a 24-well plate, with 500 μL organoid medium
added to each well and medium was changed every 2–4 days. Organoid
formation could be observed during 5–7 days. All organoids used in this
study were derived from primary cultures of mouse intestinal tissues
and were not passaged.

Bacterial translocation assay
Tissue samples from mesentery, liver, spleen and kidney were collected for
bacterial culture by using aseptic techniques. The tissue samples were
weighed and then homogenized with saline at a ratio of 1:9. After standing,
100 μL of the homogenate supernatant was taken and incubated on Luria-
Bertani (LB) agar at 37 °C for 24 h. Any growth of bacteria on the plates was
considered as positive.

ABX treatment
During antibiotic feeding, mice were given free access to water containing a
cocktail of antibiotics (1 g/L ampicillin, 1 g/L metronidazole, 1 g/L neo-
mycin and 0.5 g/L vancomycin, all from Solarbio) for 4 weeks.

Cohousing experiment
For the cohousing experiment, one TSP50fl/fl mouse and one TSP50fl/
flNestinCre mouse were housed in one cage at 4 weeks and cohoused for
4–6 weeks.

FMT and AKK supplementation
To better colonize the gut microbiota, recipient mice were treated with a
7-dayABX to deplete the gutmicrobiota prior to FMT. The fresh feces from
TSP50fl/fl mice were collected and then resuspended in PBS. The 50mg/mL
suspensionwasmixedvigorously for 3 min, naturally precipitated for 5min,

and then 200 μL of the supernatant was taken and administered to recipient
mice by gavage for 4weeks. AKK supplementedmicewere gavagedwith 108

CFU/0.2mL AKK for 4 weeks.

16S rRNA sequencing
Fecal microbiota DNA was extracted using MagPure Stool DNA KF Kit B
(Magen Biotechnology Co., Ltd, Beijing, China) and amplified by PCR. The
PCR amplification products were purified by Agencourt AMPure XP
magnetic beads and dissolved in elution buffer. The fragment range and
concentration of the library were examined using an Agilent 2100 Bioa-
nalyzer. The qualified libraries were selected for sequencing by HiSeq
platform according to the insert size. After data filtering, the remaining
high-quality clean datawere used for later analysis. The overlap relationship
between reads was used to concatenate reads into tags. Tags were clustered
into OTU and compared with Greengene database for species annotation.
Based on OTU and annotation results, species complexity analysis of
samples, species difference analysis between groups, and association ana-
lysis were performed. The protocols were conducted by BGI
(Wuhan, China).

Heart rate variability (HRV)
Mice were anesthetized with 0.25% tribromoethanol by intraperitoneal
injection, fixed in the supine position, and needle-like electrodes were
inserted into the right forelimb and both hind limbs of the mice. LabChart
software was used to record the signal for 10–15min, paying attention to
avoid the interferenceof soundandradiowaves at this time.Kubios software
was used to analyze the data of the stable part of the collected signal (5min),
including time domain analysis and frequency domain analysis.

Cytokine assay
Cytokine levels in Fig. 1g, h were measured using a fluorescence-based
multiplex ELISA microarray system (QAM-INT-1, RayBiotech, GA,
USA). Briefly, samples were processed according to the manufacturer’s
protocol, and signals were acquired using a laser scanner (Cy3 channel).
Data were analyzed using the QAM-INT-1 software to calculate cytokine
concentrations. For subsequent experiments (Figs. 4g, h and 8g, h),
cytokine levels were quantified using conventional single-analyte ELISA
kits (Mouse TNF-α ELISA Kit, CB10851-Mu; Mouse IL-6 ELISA Kit,
CB10187-Mu; CoBio, Shanghai, China). Absorbance at 450 nm was
measured with a microplate reader, and sample concentrations were
determined via standard curves generated for each assay. Differences in
cytokine level ranges between experiments are attributable to variations
in assay methods.

Neurotransmitters assay
Neurotransmitter levels were measured using a combined protocol of
metabolite extraction, liquid chromatography, andmass spectrometry (LC-
MS/MS). Briefly, tissue samples stored at −80 °C were homogenized in
liquid nitrogen, and 60mg aliquots were processed with 100 μL of 1%
formic acid (FA) in ultrapure water. After homogenization, 400 μL of pre-
chilled 1% FA-acetonitrile (ACN) was added, followed by vortexing (30 s),
sonication in an ice bath (30min), and incubation at −20 °C for 1 h. The
supernatant was collected after centrifugation (14,000 rcf, 20min, 4 °C),
vacuum-dried, and stored at −80 °C. Dried extracts were reconstituted in
100 μLof 1%FA-ACN/H2O(1:1, v/v), vortexed, andcentrifuged (14,000 rcf,
15min, 4 °C) before LC-MS/MS analysis. Chromatographic separation was
performed using an Agilent 1290 Infinity LC system with a 4 °C auto-
sampler and a 40 °C column. The mobile phases consisted of (A) 50mM
ammonium formate +0.425% FA and (B) methanol, delivered at 400 μL/
min with a 2 μL injection volume. The gradient program was: 5–70% B
(0–5min), 70–100% B (5–11min), 100% B (11–13min), 100–10% B
(13–13.1min), and 10% B (13.1–16min). Mass spectrometry was con-
ducted using a 5500 QTRAP instrument in negative ion mode with the
following parameters: ion source temperature 450 °C, Gas1/Gas2 45 psi,
curtain gas 30 psi, and ion spray voltage4500 V.Targetedquantificationwas
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achieved using multiple reaction monitoring (MRM). Data were processed
using Multiquant 3.0.2 software, and analyte concentrations were deter-
mined via external calibration curves. This protocolwas executedby Sangon
Biotech (Shanghai, China).

SCFAs assay
Fecal SCFAs concentrations were quantified using gas chromatography-
mass spectrometry (GC-MS) as follows. For metabolite extraction, thawed
fecal samples (4 °C) were homogenized with 20% phosphoric acid (50 μL
per 100mg sample) and 4-methylvaleric acid (internal standard, final
concentration: 500 μM), followed by vortex mixing and centrifugation
(14,000 × g, 20min, 4 °C). The supernatant was collected for analysis. GC-
MS separation was performed on an Agilent DB-FFAP capillary column
with helium carrier gas (1.0 mL/min). The oven temperature program was
90 °C initial, ramped at 10 °C/min to 160 °C, then at 40 °C/min to 240 °C
(held for 5min). A split injection mode (split ratio 10:1, 1 μL injection
volume) was applied. Detection utilized a 5977B MSD spectrometer with
electron impact ionization (70 eV). Temperatures were set as follows: inlet
250 °C, ion source 230 °C, transfer line 250 °C, andquadrupole 150 °C.Data
acquisition operated in SCAN/SIM mode. Chromatographic peaks were
integrated using MSD ChemStation software. SCFAs concentrations were
calculated against a standard curve. This protocol was conducted by Per-
sonalbio (Nanjing, China).

ACh and NMS treatment
ForACh treatment,mice were divided into two groups. One group received
intrarectal administration of either 50 μL of H2O or 25mg/kg ACh (dis-
solved in water; Sigma,Missouri, USA) every day for 14 consecutive days to
investigate the effects of ACh on healthy mice. The other group was treated
with 2.5% DSS to induce colitis starting on day 7 of ACh treatment and
administered continuously throughout the 7-day DSS treatment period to
assess the effects of ACh on colitis mice.

For NMS treatment, mice were similarly divided into two groups.
One group received intraperitoneal injections of 20 μg/kg NMS (Sigma)
daily for 14 consecutive days to observe the effects of NMS on healthy
mice. The other group was subjected to colitis induction with 2.5% DSS
starting on day 7 ofNMS treatment, withNMS administration continuing
throughout the 7-dayDSS treatment period to evaluate the effects ofNMS
on colitis mice.

AAV-PHP.eB vectors delivery
Empty AAV-PHP.eB vectors and TSP50-overexpressing AAV-
PHP.eB vectors were constructed by Vigene Biosciences (Shandong,
China). The empty and TSP50-overexpressing AAV-PHP.eB vectors
were injected into mice via the tail vein at a dose of 5 × 1013 genome
copies per mouse.

Statistical analysis
GraphPad Prism 9 software and IBM SPSS 26 software were used for sta-
tistical analysis. All data from at least three independent replicates were
presented asmean ± SEM.Thedatawere analyzedusingunpaired two-tailed
Student’s t test, chi-square test, one-way ANOVA, two-way ANOVA,
Mann-WhitneyU-test orKruskal-WallisH test analysis. Pearson correlation
analysis was used to analyze the correlation. Statistical significance was
indicated as follows: ns (no significance),*P < 0.05,**P < 0.01,***P < 0.001,
****P < 0.0001.

Data availability
Sequence data that support the findings of this study have been deposited in
the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra) with the
accession numbers PRJNA1158198 and PRJNA1158006.
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