
RESEARCH PAPER

B. vulgatus ameliorates high-fat diet-induced obesity through modulating 
intestinal serotonin synthesis and lipid absorption in mice
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ABSTRACT
The consumption of high-fat diets (HFD) and an imbalance in gut microbiome are linked to obesity. 
However, the intricate connection between them and the underlying mechanisms involved in lipid 
digestion and absorption remain largely unclear. This study shows that after 12 weeks of HFD 
feeding, C57BL/6J mice exhibit two distinct metabolic phenotypes with significant differences in 
gut microbiota composition. The LOW and LOW FMT group mice with increased Bacteroides are 
protected from obesity, insulin resistance, and lipid accumulation. Supplementation with 
B. vulgatus or cholic acid (CA) alleviates HFD-induced obesity and metabolic dysfunction. This is 
due to the accumulation of lipid droplets and the retention of chyle particles in jejunal epithelial 
cells, which reduces chyle intake in the jejunal mesentery after HFD. Decreased 5-HT synthesis in 
the jejunal enterochromaffin cells of these mice, along with reduced chyle intake in the jejunal 
mesentery after HFD in Tph1△IEC, suggests that intestinal 5-HT is required for host lipid absorption. 
TRPV1, a calcium-permeable ion channel, mediates the basolateral 5-HT-induced increase of Isc 
and ion channel open probability. This study uncovers a novel signaling axis of microbiota- 
metabolite-5-HT and intracellular calcium-dependent lipid absorption, which may serve as the 
potential therapeutic targets for treating HFD-induced obesity.
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Introduction

Obesity is a critical global public health concern of 
the twenty-first century, and a major risk factor for 
several serious diseases such as cardiovascular

disease, cancer, diabetes and osteoarthritis.1,2 

Although genetics, behavior and hormones have 
an impact on body weight, obesity often results 
from consuming excessive calories. Studies have
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reported that consuming high-fat diets (HFD) sig
nificantly and persistently alter microbial commu
nities in both humans and mice, leading to 
metabolic disorders.3–5 Additionally, the gut 
microbiota of individuals is determined by specific 
bacterial lineages that are linked to either thinness 
or obesity,6,7 consistent with the findings in adult 
female monozygotic and dizygotic twin pairs.8 

Firmicutes and Bacteroidetes are recognized as 
two major bacterial phyla closely related to obesity 
in humans and mice.9 Obese individuals have a 
higher abundance of Firmicutes and an increased 
ratio of Firmicutes/Bacteroidetes, while non-obese 
individuals have a higher abundance of Bacteroides 
and the opposite trend of Firmicutes/Bacteroidetes 
ratio.10 Studies on obese animals and humans have 
proposed that Firmicutes are more effective than 
Bacteroidetes in extracting energy from food, pro
moting more effective caloric intake and subse
quent weight gain. As the improved sequencing 
and analysis technologies have become available, 
attention has turned to strain level differences 
between microbes. However, an integrated view 
focusing on strain-level colonization of obesity 
has been lacking until recently.

Both imbalanced gut microbiota and excess diet
ary fat intake are correlated with the development of 
obesity. The proximal small intestine serves as the 
primary site for the digestion and absorption of 
macronutrients. Complex interactions between diet
ary composition, gut microbiota, intestinal endo
crine, bile and pancreatic fluid release, and 
absorptive enterocyte function are necessary for the 
efficient absorption of dietary nutrients.11 Dietary 
fats are absorbed by enterocytes in the small intes
tine and converted into triglyceride-rich particles, 
known as chylomicrons. These chylomicrons are 
then secreted from the basolateral side of the intest
inal epithelium into the lamina propria and enter the 
lacteal, which is a capillary lymphatic vessel located 
in the core of the intestinal villi and responsible for 
transporting chylomicrons processed by the entero
cytes into the lymphatic system. Subsequently, chy
lomicrons are transported through the mesenteric 
lymphatic vessels into the thoracic duct and then 
drain into the venous circulation.12 During the pro
cess of lipid absorption, the gut basolateral mem
brane acts as a temporary barrier that facilitates the 
transport of chylomicrons, playing a crucial role in

dietary lipid transport and the onset of obesity.13 

Nevertheless, the intricate relationship between 
HFD and microbiome dysbiosis as well as their 
underlying mechanism in lipid digestion and 
absorption remains largely unknown.

Microbes play an essential role in the systemic 
control of enteroendocrine signaling-mediated lipid 
digestion and absorption in the small intestine.14,15 

Compared to specific pathogen-free (SPF) mice, 
HFD-fed germ-free (GF) mice have higher levels of 
fecal lipid, indicating the impact of gut microbiota on 
lipid metabolism.16 Fecal microbiota transplantation 
(FMT) results in significant changes in lipid meta
bolic pathways in peripheral tissues, highlighting the 
influence of gut microbiota on lipid absorption in 
hosts. Microbial-derived metabolites or products 
from specific microbial strains have also been demon
strated to affect lipid absorption in hosts. Among the 
microbial-derived metabolites examined, α-toco
pherol, butyrate, cholate, deoxycholate, p-amino
benzoate (PABA), propionate and tyramine elevate 
serotonin (5-hydroxytryptamine [5-HT]) in RIN14B 
chromaffin cell cultures.17 5-HT is a key signaling 
molecules involved in the regulation of energy 
balance.18,19 The majority of the body’s 5-HT is 
synthesized in the gut by two types of cells, entero
chromaffin (EC) cells and enteric serotonergic neu
rons in the myenteric plexus.20,21 The EC cells express 
tryptophan hydroxylase-1 (TPH1) to synthesize 5- 
HT, while enteric serotonergic neurons express 
TPH2 to produce 5-HT. Indigenous spore-forming 
bacteria (Sp) from the mouse and human microbiota 
promote 5-HT biosynthesis from EC cells,17 and the 
gut microbiota metabolite valeric acid promotes 
TPH2 expression in enteric serotonergic neurons. In 
the present study, we found that HFD-induced obe
sity was related to the promotion of 5-HT synthesis 
by metabolites of gut microbiota.

Therefore, we propose that gut microbial meta
bolism associated with HFD may play a crucial role 
in promoting 5-HT synthesis, which is a key signal
ing molecule and is essential for the host lipid 
absorption, facilitating the secretion and transpor
tation of chyle particles and ultimately promoting 
the absorption of nutrients. Our study aimed to 
investigate the possibility of altering the gut micro
biota to prevent and treat HFD-induced obesity by 
inhibiting the synthesis of 5-HT and thereby redu
cing lipid absorption.

2 X. WEN ET AL.



Results

Gut microbiota participates in regulating HFD- 
induced obesity

After 12 weeks on the same HFD, two distinct 
metabolic phenotypes emerged in the C57BL/6J 
mice. The LOW group mice gained significantly 
less body weight (Figure 1a), along with reduced 
fat and increased lean body mass ratios compared 
to the HIGH group mice (Figure 1b). The LOW 
group mice also had lower liver weights (Figure 1c) 
characterized by less lipid accumulation (Figure 
1d) and epididymal adipocytes to shrink exhibited 
a sharp decrease in cell size than that in HIGH 
group (Figure 1e,f). Consistent with less adiposity, 
the LOW group mice improved glucose tolerance 
(Figure 1g) and insulin sensitivity (Figure 1h) com
pared to the HIGH group. These findings sug
gested that LOW group mice were protected from 
obesity and related metabolic diseases follow
ing HFD.

Numerous studies have provided compelling evi
dence indicating the involvement of gut microbiota 
in fat storage and blood glucose regulation.4,22 To 
explore the role of gut microbiota in HFD-induced 
obesity, antibiotic-treated mice (Supplementary 
Figure S1a) were transplanted with fecal samples 
from HFD-fed mice belonging to either the HIGH 
or LOW groups. Consistent with the results from 
the LOW group, mice gavaged with fecal samples 
from the LOW group mice exhibited a reduction in 
body weight gain following FMT for 12 weeks 
(Supplementary Figure S1b). The LOW FMT 
group mice exhibited a lower fat mass ratio 
(Supplementary Figure S1c), along with decreased 
adiposity weight and lipid accumulation in the liver 
(Supplementary Figure S1d,e) and epididymal adi
pocytes (Supplementary Figure S1f) compared to 
the HIGH FMT group, with no discernible differ
ence in lean mass ratio. These findings indicate that 
gut microbiota plays a role in the regulation of 
HFD-induced obesity.

B.vulgatus alleviates HFD-induced obesity

The diversity and composition of gut microbiota 
have been identified as an important contributor to 
metabolic associated disorders. To explore the 
potential effect of gut microbial dysbiosis on

HFD-induced obesity, we performed metagenomic 
sequencing on stool samples from mice in the 
HIGH and LOW groups. The microbial commu
nity diversity was analyzed using both alpha and 
beta diversity metrics. Shannon’s index and 
Simpson’s index were used to reflect alpha diver
sity, calculating the species richness and homoge
neity of the microbial community. Bray-Curtis 
PERMANOVA beta diversity was used to evaluate 
the microbiota diversity among samples in each 
group. The results showed that the gut microbiota 
of the LOW group mice clustered separately from 
that of the HIGH group mice, with the LOW group 
displaying lower alpha diversity and higher beta 
diversity (Figure 1i,j, Supplementary Figure S2a,b).

Further analysis of the relative abundance of 
microbes at the phylum level showed that 
Firmicutes and Actinobacteria were significantly 
more abundant in the HIGH group mice (30.82% 
and 11.66%, respectively) than in the LOW group 
mice (22.46% and 9.47%, respectively). In contrast, 
Bacteroidetes and Verrucomicrobia were signifi
cantly more abundant in the LOW group mice 
(38.46% and 5.61%, respectively) than in the 
HIGH group mice (28.49% and 3.01%, respec
tively) (Supplementary Figure S2c ~ 2f). Previous 
studies have indicated that obese individuals typi
cally show a higher ratio of Firmicutes/ 
Bacteroidetes compared to normal-weight indivi
duals, which is considered a possible hallmark of 
obesity.23 Consistent with this observation, the 
HIGH group mice demonstrated a significantly 
increased Firmicutes/Bacteroidetes ratio compared 
to the LOW group mice (Supplementary Figure 
S2g). The LOW group mice showed an increase 
in abundance of Bacteroidetes and a normalized 
ratio of Firmicutes/Bacteroidetes, parallel to low 
body weight gain (Supplementary Figure S2e,g).

At the genus level, Bacteroides, a genus within 
the phylum Bacteroidetes, was significantly 
increased in the LOW group mice, while 
Lactobacillus, a genus within the phylum 
Firmicutes, was significantly more abundant in 
the HIGH group (Figure 1l). Linear discriminant 
analysis coupled with LDA Effect Size Analysis 
(LEfSe) identified B. dorei and B. vulgatus as key 
phylotypes in the LOW group, whereas multiple 
strains of the Clostridium genus and L. reuteri of 
the Lactobacillus genus were more abundant in the
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Figure 1. Gut microbiota participates in regulating HFD-induced obesity. (a~c) Body weight gain, body composition, and liver weight of 
HIGH and LOW group mice over 12 weeks of HFD feeding (n = 5); (d&e) Hematoxylin and eosin (H&E) staining of liver and epididymis 
fat; (f) Adipocyte area of epididymis fat (n = 5); (g) Oral glucose tolerance test (n = 10 ~ 11); (h) Insulin tolerance test (n = 3 ~ 6). (i&j) 
Alpha diversity and principal component analysis (PCoA) of fecal microbiota; (k) Phylum-level distribution of fecal microbiota; (l&m) 
Genus-level distribution and LDA Effect Size (LEfSe) of fecal microbiota; (n) Body weight gain of mice supplemented with B. dorei, 
B. vulgatus, L. reuteri and C. beijerinckii (n = 3 ~ 4). Data are expressed as mean ± standard deviation. Two-way ANOVA and Student’s 
t test were used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001.
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HIGH group (Figure 1m). To assess whether these 
specific strains contribute to HFD-induced obesity, 
B. dorei, B. vulgatus, L. reuteri and C. beijerinckii 
were orally administrated to mice twice a week for 
the first 8 weeks following a periodic antibiotic 
cocktail treatment. After 12 weeks of HFD feeding, 
only B. vulgatus showed a significant regulatory 
effect on body weight (Figure 1n).

Mice colonized with B. vulgatus displayed sig
nificantly less weight than Control mice after 12  
weeks of HFD feeding (Figure 2a). B. vulgatus 
supplementation reduced the HFD-induced fat 
body mass ratio, liver weights, and epididymal 
adipocyte size while increasing the lean body mass 
ratio compared to Control mice (Figure 2b–e). 
Additionally, mice colonized with B. vulgatus dis
played improved glucose tolerance (Figure 2f) and 
insulin sensitivity (Figure 2g). These data indicate 
that B. vulgatus supplementation alleviates HFD- 
induced obesity and metabolic dysfunction.

Conversely, C. beijerinckii-colonized mice dis
played a tendency toward increased body weight com
pared to Control mice after 12 weeks of HFD feeding 
(Figure 2h). Supplementation with C. beijerinckii 
increased the HFD-induced fat body mass ratio, 
liver weights and epididymal adipocyte size while 
reducing the lean body mass ratio (Figure 2i–l). 
These suggest that C. beijerinckii supplementation 
may promote HFD-induced obesity.

Microbial metabolite cholic acid prevents 
HFD-induced obesity

Gut microbiota are known to secrete metabolites 
that regulate various biological and pathological 
processes in the host.23,24 Gut microbiota modify 
primary bile acids into secondary bile acids, which 
play a role in regulating lipid metabolism, glucose 
homeostasis, and energy balance. In this study, the 
alterations of fecal metabolites in the HIGH and 
LOW group mice were detected by using UHPLC- 
MS/MS. Principal component analysis revealed sig
nificant differences in fecal metabolites between 
the LOW and HIGH group mice (Figure 3a). 
Volcanic plot analysis identified cholic acid (CA), 
β-Muricholic acid (β-MCA), 7-ketodeoxycholic 
acid, and glycodeoxycholic acid as candidate mar
kers distinguishing the HIGH from the LOW 
group (Figure 3b). Among the metabolites

examined, primary bile acids, particularly cheno
deoxycholic acid, CA, and murine-specific primary 
bile acids (α-MCA and β-MCA), as well as the 
secondary bile acid ursodeoxycholic acid, were sig
nificantly upregulated in the LOW group mice 
(Figure 3c). Bile acids are generally known for 
their roles in facilitating the digestion and absorp
tion of dietary fats.25 However, our findings suggest 
that these bile acids may also play an unexpected 
role in reducing obesity after HFD.

To further verify the role of CA, we observed 
that HFD-fed mice supplemented with CA gained 
less weight (Figure 3d) and had a lower fat body 
mass ratio (Figure 3e). Additionally, CA supple
mentation improved glucose tolerance (Figure 3f), 
reduced lipid accumulation in the liver (Figure 3g), 
and decreased the size of epididymal adipocytes 
(Figure 3h) in HFD-fed mice. Our study highlights 
the significant role of microbial metabolites, parti
cularly bile acids like CA, in reducing obesity in 
HFD-fed mice.

Gut microbiota modulates intestinal lipid 
absorption to reduce HDF-induced obesity

In the small intestine, lipid digestion products 
enter the epithelial cells, where most bind to apo
lipoproteins to form chyle particles. These chyle 
particles pass through the basolateral side of the 
intestinal epithelium into the lamina propria and 
subsequently diffuse into the lymphatic vessels.26 

Transmission Electron Microscope (TEM) tech
nology was used to observe lipid transport within 
intestinal epithelial cells of different model mice. 
Compared to HIGH group mice, the LOW group 
mice exhibited more intracellular lipid droplets 
(CLDs) in their intestinal epithelial cells and 
a significant accumulation of chyle particles 
(Figure 4a). Similarly, mice supplemented with B. 
vulgatus (Figure 4c) or CA (Figure 4e) showed 
accumulation and retention of CLDs and chylomi
crons. However, neither B. vulgatus colonization 
nor CA supplementation altered the food intake 
(Supplementary Figure S3a,b) or fecal lipid excre
tion (Supplementary Figure S3c,d) after HFD, indi
cating that lipid absorption on the luminal side of 
the jejunal epithelial cells was unaffected. 
Additionally, qPCR results indicated no significant 
differences in the expression of key enzymes and
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components essential for chylomicron assembly, 
including fatty acid transporters (CD36 and 
Fatp4), FABP1, FABP2, ApoB, MTP, HSL, and 
ATGL, between Control mice and those supple
mented with B. vulgatus (Supplementary Figure

S3e). This suggests that the gut microbiota does 
not influence the ingestion and assembly of chylo
microns within intestinal cells. The transport of 
chylomicrons from the intracellular space to the 
lamina propria is controlled by the gut basolateral

Figure 2. B.vulgatus alleviates HFD-induced obesity. (a~c) Body weight gain (n = 9), body composition (n = 5 ~ 6), and liver weight 
(n = 6) of Control and B. vulgatus supplemented mice over 12 weeks of HFD feeding; (d&e) H&E staining of liver and epididymis fat, 
and adipocyte area of epididymis fat (n = 3); (f) Oral glucose tolerance test (n = 5); (g) Insulin tolerance test (n = 5); (h~j) Body weight 
gain, body composition and liver weight of Control and C. beijerinckii supplemented mice over 12 weeks of HFD feeding (n = 3); (k&l) 
H&E staining of liver and epididymis fat, and adipocyte area of epididymis fat (n = 3). Data are expressed as mean ± standard 
deviation. Two-way ANOVA and Student’s t test were used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001. 
Scare bars: 100 µm.
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membrane.26 Mice of LOW group (Figure 4b) and 
supplemented with B. vulgatus (Figure 4d) or CA 
(Figure 4f) exhibited chyle particle accumulation 
and retention near jejunal basolateral membrane. 
Mice colonized with B. vulgatus (Figure 4g) or fed 
with CA (Figure 4h) showed a significant reduction 
in chylomicron uptake in the jejunal mesentery

following HFD, as indicated by the reduced num
ber of chyle-filled ducts. These findings suggest 
that basolateral transit of lipids was slowed down, 
leading to delayed lipid absorption following 
HFD. Furthermore, these mice exhibited signifi
cantly lower levels of total cholesterol (TC), 
triglycerides (TG), high-density lipoprotein

Figure 3. Microbial metabolites CA prevents HFD-induced obesity. (a~c) Principal components analysis (PCoA), volcanic plot, and heat 
map analysis of fecal metabolites of HIGH and LOW group mice over 12 weeks of HFD feeding; (d&e) Body weight gain and body 
composition of Control and CA supplemented mice (n = 5 ~ 9); (f) Oral glucose tolerance test (n = 5 ~ 9); (g&h) H&E staining of liver 
and epididymis fat, and adipocyte area of epididymis fat (n = 4). Data are expressed as mean ± standard deviation. Two-way ANOVA 
and Student’s t test were used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001. Scare bars: 100 µm.
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Figure 4. Gut microbiota modulates intestinal lipid absorption to reduce HFD-induced obesity. (a~f) Transmission electron microscopy 
of the jejunal epithelium and CLD statistical analysis in HIGH and LOW group mice, Control and B. vulgatus (or CA) supplemented mice 
(n = 3 ~ 4). Yellow dashed lines represent the basolateral membrane, with yellow arrows pointing to lipid aggregation on the 
basolateral membrane side. Scare bars: 5 µm; (g&h) Chylous uptake in the jejunum and statistical analysis of the number of chylous
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cholesterol (HDL-C), and low-density lipopro
tein cholesterol (LDL-C) in their serum com
pared to the Control group (Figure 4i,j). These 
data indicate that gut microbiota hindered the 
transport of chyle particles in the jejunum to the 
chyle ducts.

The mRNA of the jejunal epithelium in Control 
and B. vulgatus supplementation mice, as well as 
Control and CA fed mice, was extracted and sub
jected to transcriptome (RNA-seq) analysis. The 
Venn diagram (Figure 4k) showed the overlap of 
differentially expressed genes identified in these 
two groups of model mice. KEGG enrichment ana
lysis indicated that the top 10 most significant sig
naling pathways were shown in Figure 4l, including 
protein digestion and absorption, serotonergic 
synapse, and tryptophan metabolism. Additionally, 
we found that differentially expressed genes were 
enriched in lipid transport, lipid storage, and the 
positive regulation of lipid metabolic processes in 
the BP enrichment analysis; in plasma lipoprotein 
particle, lipoprotein particle, and the basement 
membrane in the CC enrichment analysis; and in 
G protein-coupled serotonin receptor and serotonin 
receptor activity pathway in MF enrichment analysis 
(Figure 4m). Gut microbiota regulates host periph
eral 5-HT biosynthesis via metabolites,11,18 such as 
deoxycholic acid, a major secondary bile acid, which 
stimulates 5-HT release from EC cells in the prox
imal and distal colon.19 These findings suggest that 
the reduced transport of chyle particles in our pre
vious experiments may be closely related to 5-HT.

Loss of intestinal 5-HT synthesis hinders host lipid 
absorption

Immunofluorescence double-labeling experiments 
confirmed the scattered distribution of cells co- 
stained with chromogranin A-positive (CgA+) 
and 5-HT in the jejunal epithelium. 
Immunofluorescence analysis revealed a signifi
cant decrease in the number of CgA+

enterochromaffin (EC) cells and 5-HT immu
noreactive cells in the LOW group mice com
pared to the HIGH group (Figure 5a,b). The 
results of UHPLC-MS/MS and ELISA demon
strated a reduced concentration of 5-HT in both 
the jejunal mucosa and serum of the LOW group 
(Figure 5c). Similar findings were observed in 
mice supplemented with B. vulgatus (Figure 5d– 
f) or CA (Figure 5g–i) when compared to 
Control mice. The qPCR results also indicated 
that the gene level of CgA was significantly 
decreased in the mice colonized with B. vulgatus 
or fed with CA (Supplementary Figure S4a,b), 
which consistent with the results of immuno
fluorescence staining. Numerous studies have 
indicated that inhibiting peripheral 5-HT synth
esis can reduce obesity and metabolic 
dysfunction.19,27 To investigate the role of 5-HT 
produced by intestinal EC cells, Tph1 specific 
knockout mice in the intestinal epithelium 
(Tph1△IEC) were utilized. These mice exhibited a 
complete absence of Tph1 expression at the 
mRNA level (Supplementary Figure S4c) and a 
significant reduction at the protein level 
(Supplementary Figure S4d). In Tph1△IEC mice, 
5-HT was nearly undetectable in the intestinal 
epithelial tissue (Supplementary Figure S4e), and 
serum 5-HT levels were significantly reduced 
(Supplementary Figure S4f). Tph1△IEC mice 
showed notable improvements in HFD-induced 
obesity, with less weight gain and improved glu
cose tolerance compared with Tph1fl/fl mice 
(Supplementary Figure S4g,h). Additionally, 
neither B. vulgatus colonization nor CA supple
mentation led to further weight loss in Tph1△IEC 

mice after HFD feeding, suggesting that the 
anti-obesity effects of B. vulgatus or CA are 
mediated by the inhibition of 5-HT 
(Supplementary Figure S4g). Furthermore, 
Tph1△IEC mice had an increased number of 
CLDs in intestinal epithelial cells and significant 
accumulation of chyle particles. These mice also

jejunal ducts filled with chyle in Control and B. vulgatus (or CA) supplemented mice (n = 3 ~ 4). Scare bars: 1 mm. CLD: Cellular lipid 
droplets; CM: Chylomicron; (i&j) Serum levels of total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-density 
lipoprotein (LDL) in Control and B. vulgatus (or CA) supplemented mice (n = 5 ~ 7); (k~m)Venn diagram analysis, KEGG pathway 
analysis, and GO pathway analysis of overlapping differentially expressed genes in the intestinal epithelium of Control and B. vulgatus 
supplemented mice and Control and CA supplemented mice (n = 3). Data are expressed as mean ± standard deviation. Student’s t test 
was used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 5. Loss of intestinal 5-HT synthesis hinders host lipid absorption. (a~i) Immunofluorescence labeling of CgA (chromogranin A, 
red) and 5-HT (green), along with the number of CgA-positive (CgA+) EC cells and 5-HT-positive (5-HT+) cells in the jejunum and 
relative 5-HT levels in the jejunal mucosa and serum of HIGH and LOW group mice, Control and B. vulgatus (or CA) supplemented mice 
(n = 3 ~ 10). Scare bars: 50 µm; (j) Transmission electron microscopy of the jejunal epithelium and CLD statistical analysis in Tph1fl/fland 
Tph1△IEC mice (n = 3). Scare bars: 5 µm; (k) Representative images of chylous uptake in the jejunum of Tph1fl/fl and Tph1△IEC mice with 
statistical analysis of the number of chylous jejunal ducts filled with chyle (n = 6). Scare bars: 1 mm. Data are expressed as mean ±  
standard deviation. Student’s t test was used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001.
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exhibited a marked reduction in chyle particle 
uptake in the jejunal mesentery after HFD, as 
determined by the number of chyle filled ducts 
(Figure 5j,k). These suggested that the loss of 
intestinal 5-HT synthesis hindered the transport 
of chyle particles from the jejunum to the chyle 
ducts.

Increased intracellular calcium promotes 5-HT 
induced lipid absorption

The intestinal epithelium plays a crucial role in 
nutrient absorption, transportation and secretion 
of various active molecules.28 To identify the key 
molecules involved in the transport of chyle micro
particles in the jejunal epithelium, we collected 
jejunal epithelial tissues from all the four groups 
of mice for RNA-seq analysis. A Venn diagram 
illustrated the overlap of differentially expressed 
genes among these groups (Figure 6a). GO enrich
ment analysis showed significant enrichment of 
intersecting differential genes in ion transport- 
related pathways (Figure 6b). Short-circuit current 
(Isc) is a classic method for detecting ion transport. 
The basolateral, not apical, 5-HT-induced increase 
of Isc in the jejunum of HIGH group mice was 
much higher than in the LOW group 
(Supplementary Figure S5 and Figure 6c), indicat
ing enhanced substance transport mediated by 5- 
HT. Supplementing with B. vulgatus and metabo
lite CA significantly reduced 5-HT-induced 
changes of Isc in the jejunum (Figure 6d,e). 
KEGG enrichment analysis further highlighted sig
nificant enrichment of intersecting genes in the 
calcium signaling pathway, serotonergic synapse, 
and tryptophan metabolism (Figure 6f). Transient 
receptor potential vanilloid subfamily member 1 
(TRPV1), a Ca2+-permeable ion channel, is impli
cated in modulating intestinal permeability29 and 
lipid metabolism.30 Capsazepine, the most com
monly used specific antagonist of TRPV1,31–35 

was employed to block TRPV1 activity. Blocking 
TRPV1 with capsazepine significantly reduced the 
5-HT-induced increase of Isc in the jejunal epithe
lium of Control mice, while a decreasing trend was 
observed in the jejunal mucosal epithelium of mice 
colonized with B. vulgatus (Figure 6g), suggesting 
that TRPV1 is involved in 5-HT-induced jejunal 
substance transport. To further investigate the role

of calcium signaling in the process, we transfected 
TRPV1 plasmids into HEK293 cells and found that 
5-HT increased the open probability (NPo) of ion 
channels, which was significantly reduced by the 
TRPV1 inhibitor capsazepine (Figure 6h). 
Additionally, 5-HT increased both the average 
and ∆fold change in fluorescence intensity of 
fluo-4 in HEK 293 cells transfected with TRPV1, 
while pretreatment with capsazepine completely 
blocked this effect (Figure 6i). These data suggest 
that the 5-HT-induced increase in intracellular cal
cium in intestinal epithelial cells is mediated via 
TRPV1. The secretion of chylomicrons in intestinal 
epithelial cells requires the participation of intra
cellular calcium ions.26 Our findings suggest that 
the increase in intracellular calcium mediated by 
intestinal 5-HT has a positive regulatory effect on 
the transport of lipid droplets and chyle particles in 
intestinal epithelial cells.

Discussion

Various studies suggest that the intestinal micro
biota structure is one of the most critical factors 
affecting individual energy homeostasis.36 

Individuals prone to obesity possess a unique 
intestinal microbiota that promotes energy intake 
and storage from specific diets which differs from 
that of non-obese individuals.11 Although lower 
diversity is generally considered a characteristic of 
obesity in humans and mice, some studies report 
that the bacterial diversity in obese individuals is 
higher than in those with a normal BMI.37,38 Our 
study found that after administering an HFD for 
12 weeks, the Shannon index and Simpson index, 
which reflect the alpha diversity of the gut micro
biota, were significantly higher in the HIGH group 
mice compared to the LOW group mice. Principal 
components analysis (PCoA) and Non-metric 
Multidimensional Scaling (NMDS) plots, which 
reflect beta diversity of the gut microbiota, revealed 
distinct differences in microbiota composition 
between these two groups. Over the last decade, 
the Firmicutes/Bacteroidetes ratio has been fre
quently considered as a possible hallmark for 
obesity.39 Similarly, our results indicated that the 
HIGH group mice had the highest proportion of 
Firmicutes, whereas the LOW group mice had the 
highest proportion of Bacteroides. The HIGH
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Figure 6. Increased intracellular calcium promotes 5-HT induced lipid absorption. (a) Venn diagram analysis and (b) GO pathway 
analysis of overlapping differentially expressed genes in the intestinal epithelium across HIGH and LOW group mice, Control and B. 
vulgatus supplemented mice, Control and CA supplemented mice, as well as Tph1fl/fl and Tph1△IEC mice (n = 3); (c~e) Short circuit 
current (ISC) recordings (Left) and 5-HT-induced changes (Right) in jejunal epithelium of HIGH and LOW group mice, Control and B. 
vulgatus (or CA) supplemented mice, with 5-HT addition marked by an arrow; (f) KEGG pathway analysis of overlapping differentially 
expressed genes in the four group mice (n = 3); (g) ISC recordings (Left) and the effect of TRPV1 inhibitor capsazepine on 5-HT-induced 
changes (Right) in Control and B. vulgatus supplemented mice; (h) Cell-attached patch clamp showing open probability (NPo) of ion 
channels in Control and capsazepine-pretreated cells with 5-HT (Left), magnification (Middle), and 5-HT-induced NPo changes (Right). 
The membrane potential was held at -100 mV; (i) The average and ∆fold change in fluo-4 fluorescence intensity in HEK 293 cells 
transfected with TRPV1 treated with 5-HT or capsazepine + 5-HT. 5-HT:10 μM. Data are expressed as mean ± standard deviation. One- 
way ANOVA and Student’s t test were used to analyze statistical differences; *p < 0.05, **p < 0.01, and ***p < 0.001.
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group mice exhibited a significant increase of 
Firmicutes/Bacteroidetes ratio compared to the 
LOW group mice. To accurately identify specific 
differential strains, we utilized third-generation 
sequencing and metagenomic analysis. Bacteroides 
vulgatus (B. vulgatus), a member of the Bacteroides 
genus, was the highly abundant in the feces of the 
LOW group mice (Figure 1) and demonstrated a 
significant reduction in obesity, as shown in mice 
with B. vulgatus supplementation (Figure 2).

Furthermore, the abundance of B. vulgatus and 
genes encoding bile salt hydrolase (BSH) was ele
vated in patients with polycystic ovary syndrome 
(PCOS), thereby influencing the metabolism of 
glycine deoxycholic acid (GDCA) and taurine 
ursodeoxycholic acid (TUDCA) in the host.40 The 
classic route for the synthesis of primary bile acid 
involves the production of cholic acid (CA) and 
chenodeoxycholic acid (CDCA) from cholesterol. 
The synthesis, metabolism, and biological transfor
mation of bile acids require the involvement of 
intestinal microbiota, including Bacteroides fragilis 
(B. fragilis), which plays a vital role in the entero
hepatic circulation of bile acids by facilitating the 
binding and hydrolysis of bile salts during the 
biological transformation process.41 The hydrolysis 
of amino acid residues in bile acids by BSH is a 
common phenomenon among archaea and 
bacteria.42 Bacteria with BSH activity include 
Bacteroides, Clostridium, Lactobacillus, and 
Bifidobacterium.43 The abundance of BSH gene in 
intestinal microbiota is significantly correlated 
with several diseases, including type 2 diabetes, 
breast cancer, ulcerative colitis, Parkinson’s disease 
and others.44 Additionally, HFD feeding alters the 
structure of intestinal microbiota by affecting the 
secretion of bile acids.45 Administration of gut 
commensal Christensenella minuta alleviated fea
tures of metabolic disease in HFD-induced obese 
mice associated with a signifcant increase in acy
lated bile acids with 3-O-acylation.46 The targeted 
screening of bile acid metabolites in our study 
revealed that the LOW group mice had a higher 
content of primary cholates than that in the HIGH 
group, which corresponded to the metagenome 
sequencing results in the previous study. The high 
abundance of Bacteroides in the LOW group was 
closely related to the high content of primary cho
lates. To confirm the findings of the targeted

screening of bile acid metabolites, we conducted a 
supplementation experiment on the highly 
expressed primary cholate metabolite CA in the 
LOW group. Supplementation with metabolite 
CA significantly inhibited the obesity phenotype 
compared to the Control group (Figure 3), sup
porting the possibility of Bacteroides and metabo
lite CA participating in obesity regulation.

The small intestine is a vital organ for nutrient 
absorption, primarily through the numerous 
intestinal epithelial cells. The subepithelial lamina 
propria of the small intestine contains a central 
chylous tube and a network of capillaries respon
sible for transporting various absorbed nutrients.47 

After entering the intestinal lumen, the lipids are 
digested and re-esterified into complex lipid mole
cules in intestinal epithelial cells. Most lipids in 
these cells are reorganized into lipoproteins, form
ing chyle particles that enter the chyle ducts of the 
lamina propria through the intercellular space, and 
eventually into the lymphatic system for transport 
throughout the body.26 Additionally, some lipids 
within the cell may form cytoplasmic lipid droplets 
for energy storage or undergo fatty acid oxidation 
for energy supply.47,48 It has been reported that 
treatment with B. vulgatus Bv46 restores the intest
inal flora composition, enhances the bioconversion 
of cholesterol to bile acids, which accelerates 
energy expenditure, promotes cholesterol excre
tion, and improves lipid homeostasis of HFD-feed
ing rats.49 However, our study focused on the 
process of intestinal lipid absorption. The results 
of qPCR and transcriptome pathway enrichment 
analyses in intestinal epithelial tissues showed no 
significant changes in genes related to the assembly 
and secretion of chylomicrons within intestinal 
cells. We found retention of lipid droplets and 
chyle particles in intestinal epithelial cells of mice 
supplemented with B. vulgatus or metabolite CA 
(Figure 4). This retention hindered the secretion of 
chyle particles from the jejunum to the intestinal 
lymph and reduced serum lipids.

5-HT is a monoamine neurotransmitter that 
plays a crucial role in the body. Recent studies 
have shown that the levels of 5-HT in both the 
serum and intestine of germ-free mice were signif
icantly decreased compared to the control group.50 

This indicates that intestinal microbiota is a main 
regulator of 5-HT production in the intestine.17
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Intestinal microbiota produces fecal metabolites, 
such as α-tocopherol, p-aminobenzoate, and tyra
mine that stimulate the synthesis of 5-HT in intest
inal chromaffin cells, which then supply 5-HT to 
the mucosa, lumen, and circulating platelets. The 
use of different antibiotics can cause a structural 
disorder in the intestinal microbiota, which affects 
the level of serum 5-HT,51 however, the exact 
strains involved in the regulation of 5-HT are not 
yet clear. Bacteria regulate the expression of 5-HT 
by modulating the intestinal chromaffin cell net
work in mice, mainly reflected in the expression of 
intestinal chromaffin marker chromaffin protein A 
and numbers of intestinal chromaffin cells that 
produce 5-HT.52

5-HT has been observed to impact the levels of 
glycolipid metabolism-related metabolites in per
ipheral blood and liver, leading to an acceleration 
of bile acid metabolism.53 The synthesis of 5-HT is 
positively correlated with the production of deoxy
cholic acid (DCA), and this synthesis is primarily 
regulated by Clostridium sp.,17 which suggests that 
the synthesis of 5-HT can participate in the regula
tion of glycolipid metabolism through bile acid 
metabolism, with the intestinal microbiota acting 
as a mediator. Our results also showed that 
B. vulgatus and CA supplementation led to a 
decrease in the expression of 5-HT in both intest
inal epithelium and serum (Figure 5), indicating 
that B. vulgatus and the metabolite CA may be 
involved in the regulation of obesity by inhibiting 
the production of intestinal 5-HT. Previous studies 
have indicated that bile acids, including CA, are 
critical regulators of epithelial function in both 
health and disease.23 Under physiological condi
tions, CA represent an intrinsic stimulus that dic
tates intestinal stem cell proliferation to sustain daily 
epithelial regeneration.54 In colitis, CA potentiates 
intestinal epithelial injury by suppressing intestinal 
stem cell renewal. However, the mechanisms under
lying these findings remain unexplored, which is a 
limitation of the present study.

We conducted a transcriptomic analysis on the 
jejunal epithelium of four different groups of 
model mice: obesity model (HIGH and LOW 
groups), B. vulgatus supplementation mice, meta
bolite CA supplementation mice, and Tph1△IEC 

mice. Through this analysis, we identified intersec
tion differential genes enriched in the ion

transport-related pathways using GO pathway 
enrichment analysis and the calcium signaling 
pathway using KEGG pathway enrichment analysis 
(Figure 6). Calcium is known to play a critical role 
in various biological processes,55 and TRPV1 is 
functionally involved in regulating Ca2+ homeos
tasis of organelles and cells.30 The experimental 
evidence indicates that TRPV1 knockout mice are 
resistant to obesity induced by a HFD,10 suggesting 
the importance of TRPV1 in lipid homeostasis 
maintenance.56 TRPV1 activity is potentiated by 
the PLC/PKC and cAMP/PKA pathways,49,57 

which are known to be involved in the modulation 
of TRPV1 by 5-HT through activation of 5-HT2A 
and 5-HT7 receptors.58 Additionally, 5-HT- 
induced calcium signals are primarily mediated 
by Ca2+ influx and are regulated by the 5-HT2B/ 
2C-PKCε pathway.59 Therefore, the proposed 
mechanism suggests that 5-HT enhances Ca2+ 

influx through TRPV1 by activating specific sero
tonin receptors (such as 5-HT2A, 5-HT2B/2C, and 
5-HT7) and downstream signaling pathways (such 
as PKA and PKC pathway), which potentiate 
TRPV1 function and increase calcium influx into 
the cell. In our study, blocking TRPV1 with capsa
zepine significantly reduced 5-HT-induced the 
increase of Isc and the NPo of TRPV1(Figure 6), 
suggested that TRPV1 is involved in the jejunal 
substance transport induced by 5-HT. There is a 
complex interaction between 5-HT and TRPV1, 
and 5-HT-triggered GPCR cascades are able to 
decrease the threshold for TRPV1 activation and 
increase the number of receptors at the cell 
surface.60 In the entire small intestine of mammals, 
chyle particles enter the lymphatic system through 
cell exocytosis, and Ca2+ is known to play a crucial 
role in the secretion of chyle particles.26 Our study 
found that 5-HT induced increments of average 
and ∆fold change fluorescence intensity of fluo-4 
were increased in HEK 293 cells transfected with 
TRPV1, which enhanced the secretion and trans
port of chyle particles. Pretreatment with the 
TRPV1 inhibitor capsazepine completely blocked 
5-HT induced changes of fluorescence intensity 
(Figure 6), suggest that the positive regulatory 
effect of intestinal 5-HT on the transport.

In summary, our findings revealed that HFD- 
associated gut microbial metabolism regulates 
intestinal 5-HT synthesis, which is essential for the
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host lipid absorption. We confirmed that B. vulgatus 
and metabolite cholic acid reduce HFD-induced 
obesity via inhibiting 5-HT synthesis from EC cells 
and innovatively found that 5-HT increased intra
cellular calcium in intestinal epithelial cells by acti
vating TRPV1, thereby promoting lipid absorption. 
This study uncovers a novel signaling axis of micro
biota-metabolite-5-HT and lipid absorption, which 
provides potential therapeutic targets for the treat
ment of HFD-induced obesity.

Methods

Ethics statement

All animal care and experimental procedures were 
performed in accordance with the Interdisciplinary 
Principles and Guidelines for the Use of Animals in 
Research, Testing, and Education issued by the New 
York Academy of Sciences Adhoc Committee on 
Animal Research. All the procedures employed in 
our animal experiments were approved by the 
Animal Ethics Committee of the Capital Medical 
University (AEEI-2023-061). All efforts were made 
to minimize animal suffering, and the minimum 
number of animals necessary to produce reliable 
scientific data was used.

Animal care

Eight-week-old C57BL/6J SPF male mice were pur
chased from Vital River Laboratory Animal 
Technology Co Ltd. (Beijing, China) and fed in the 
Experimental Animal Center of Capital Medical 
University. All the mice were housed in a specific- 
pathogen-free facility (SPF) under a 12-h dark–light 
cycle with ad libitum access to food and water.

Obesity mouse model

The production of obese model was repeated three 
times, using 40 wild-type eight-week-old male SPF 
mice each time. Mice were given a 60 kcal% high-fat 
diet (HFD, MP Biomedicals, USA) for 12 weeks, and 
a significant difference was observed in the body 
weight of mice. The weight of HFD-induced mice 
with low body weight gain was similar to that of 
mice on a normal diet fed simultaneously (33.4 ±  
1.7, n = 4). Then, we used the body weight of male

wild-type mice at twenty-week-old on a normal diet 
provided by Jackson’s laboratory (34.2 ± 2.9, n = 40) 
as the standard for screening the LOW group mice, 
and the proportion of LOW group mice is 19.4%. To 
compare the differences, we selected the mice with 
the highest body weight as the HIGH group mice in 
the same proportion. Collect fresh feces from mice 
during 9–12 weeks of the feeding period, freeze the 
feces of HIGH and LOW group mice in liquid 
nitrogen, and store them at −80°C.

Fecal microbiota transplantation (FMT)

The production of FMT models was repeated twice, 
using 10 wild-type eight-week-old male SPF mice 
each time. Mice were treated with water containing 
a combination of antibiotics61–64 (neomycin sulfate 
0.5 mg/mL, metronidazole 0.5 mg/mL, ampicillin 
sodium 0.5 mg/mL, vancomycin 0.25 mg/mL) for 
2 weeks. The antibiotic treated mice were randomly 
divided into two groups feeding with HFD 12  
weeks and transplanted with the feces of HIGH 
group and LOW group mice. We dissolved 100  
mg of mixed feces in 5 mL of sterile PBS, vortex 
mixed thoroughly, and allowed to settle at room 
temperature for 10 min before collecting the super
natant for gavage. To ensure the effectiveness of 
microbiota colonization, each mouse was given 
gavages twice per week for 12 weeks.

Strain replenishment

The production of B. vulgatus or C. beijerinckii 
replenishment models was repeated three times, 
using 10 wild-type eight-week-old male SPF mice 
each time. Mice were treated with water containing 
a variety of antibiotics (neomycin sulfate 0.5 mg/mL, 
metronidazole 0.5 mg/mL, ampicillin sodium 
0.5 mg/mL, vancomycin 0.25 mg/mL) for 2 weeks. 
The antibiotic treated mice were randomly divided 
into two groups: (a) Control: the medium of strain 
was taken for gavage and fed with HFD; (b) Strain: 
the concentration of 6.0–7.0 × 108 CFU/mL strain 
suspension was administered by gavage and fed 
with HFD. Mice were given a 60 kcal% HFD for 
12 weeks. To ensure the effect of strain coloniza
tion, each mouse was administered twice a week 
for 12 weeks. Weights of the mice were recorded 
every 2 weeks.
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Cholic acid replenishment

The production of cholic acid replenishment mod
els was repeated twice, using 10 wild-type eight- 
week-old male SPF mice each time. Mice were 
randomly divided into two groups: (a) Control: 
fed with HFD for 12 weeks; (b) CA: HFD supple
mented with 0.5% cholic acid (sigma V900488, 
USA) for 12 weeks. Weights of the mice were 
recorded every 2 weeks.

Tph1△IEC mice

Tph1flox/flox mice were hybridized with villin-Cre to 
produce Tph1△IEC mice. PCR was used for geno
typing. The verified primers used in the present 
study were as follows: Flox Common Reaction A, 
5′- TCT GCT CTG TTT CTC CTT GTT CTA −3′; 
Reverse Reaction A, 5′- AAA GTG ACA GCA ACA 
CTG TTA GTC −3′; Cre Common Reaction A, 5′- 
CCA TAG GAA GCC AGT TTC CCT TC −3′; 
Reverse Reaction A, 5′- TTC CAG GTA TGC 
TCA GAA AAC GC −3′. The expected PCR pro
ducts were as follows: mutant (Tph1△IEC) = 265 bp; 
heterozygote = 265 bp and 216 bp; wild type (WT)  
= 216 bp. Eight-week-old male mice were given a 
60 kcal% HFD for 12 weeks. Weights of the mice 
were recorded every 2 weeks.

Bacterial DNA extraction

Total DNA in stool was isolated using the SPINeasy 
DNA Kit for Feces (MP Biomedicals). DNA con
centration was determined using the NanoDrop™ 
One (Thermo Scientific). The results were normal
ized by multiplying the DNA volume (50 μL) by the 
DNA concentration and dividing by the mass of 
mouse feces. After antibiotic water treatment, there 
is a significant reduction in the concentration of 
bacterial DNA in the feces.

Observation of mesenteric lymphatic vessels

Following euthanasia and laparotomy, the mesen
teric lymphatics around the jejunum were exposed, 
and images were acquired using a stereo-micro
scope. Numbers of chyle-filled lymphatic vessels 
were measured using ImageJ software.

Body composition

After 12 weeks HFD feeding, the mice were put 
into the body composition analysis and imaging 
system (PET/CT/SPECT three-in-one system for 
small animals), and the total body fat and lean 
body mass (LBM) were measured in vivo.

Metabolic tests in vivo

Metabolic tests in vivo were performed with adult 
male mice 1 week before euthanasia. Intraperitoneal 
glucose tolerance tests (IPGTT) were carried out 
using mice that had been fasted overnight for 12 h. 
Mice received 1.2 g/kg of glucose i.p., and blood was 
collected from the tail vein at specific time points (0, 
15, 30, 60, 90, and 120 min post-injection). Blood 
glucose concentrations were determined using a 
portable glucometer (Contour Glucometer; Bayer). 
For insulin tolerance tests (IPITT), mice were fasted 
for 6 h and then injected with human insulin (i.p. 1  
U/kg; Beyotime). Subsequently, blood glucose levels 
were determined at time points similar to those used 
for the IPGTT assay.

Histological analyses

All animals were euthanized by decapitation. The 
abdominal wall was opened, and the jejunum was 
quickly removed and immersed in Krebs-Henseleit 
solution (K-HS) for other experiments. Liver and 
epididymal adipose tissue (eWAT) were fixed in 
10% neutral formalin solution for 24 h at room 
temperature. Samples were then dehydrated by 
immersion in ethanol 100% for 24 h and processed 
for paraffin embedding. Paraffin sections of 5 µm 
were stained with hematoxylin and eosin. Images 
were obtained using a SCN400 slide scanner and 
Digital Image Hub software (Leica Biosystems, 
Wetzlar, Germany). Adipocyte size and distribu
tion in epididymal adipose tissues were calculated 
from three random fields per sample for eWAT 
using ImageJ software.

Immunofluorescence staining

Mice were fed with HFD for 12 weeks, the intest
inal tissue was taken from the small intestine and

16 X. WEN ET AL.



cleaned in cold PBS, then fixed in 10% neutral 
formalin solution for 24 h. After dehydration in 
gradient ethanol for 24 h, the intestinal samples 
were embedded in paraffin and cut into 5 μm long
itudinal sections. Section staining steps: after 
dewaxing the sample, antigens were repaired in 
95°C 10 mM EDTA (pH = 9.0) for 15 min, and 
when the temperature cooled to room temperature, 
slides were washed with PBS, sealed with 5% BSA 
for 1 h, and stained using the primary antibodies, 
rabbit anti-CgA polyclonal antibody (1:500; Abcam 
#ab254322)65, rat anti-5-HT monoclonal antibody 
(1:50; Abcam #ab6336)66 overnight at 4°C. The 
next day, Alexa fluor 594 or 488 conjugated sec
ondary antibodies, goat anti-rabbit IgG (1:1000 
Invitrogen #A-11012) and goat anti-rat IgG (1:50 
proteintech #SA00003-11), were incubated for 1 h 
at room temperature. For 5-HT (488) and CgA 
(594) staining, the number of positive staining 
spots on each intestinal villus in each field of view 
for the same sample was counted, and the average 
value for each sample was calculated. ImageJ soft
ware was used to artificially color, perform back
ground correction, and merge monochrome 
images. The area of intestinal villi in each field of 
view for the same sample was circled using ImageJ 
software, and the average area was determined. The 
data were standardized by dividing the average 
number of positive cells by the average area of 
intestinal villi in the same sample.

High-performance liquid chromatography analysis 
(HPLC)

Each sample (50 ~ 60 mg) was homogenized in 
150 μL of cold solution A (0.4 M perchloric acid, 
protected from light), incubated on ice for 1 h, and 
then centrifuged for 20 min at 12,000 rpm at 4°C. 
The clear supernatant was transferred to a new 
clear tube, and then solution B (20 mM potassium 
citrate, 300 mM dipotassium hydrogen phosphate, 
2 mM EDTA·2Na, half the volume of the trans
ferred supernatant) was added and vortexed. The 
samples were further incubated on ice for another 
1 h and then centrifuged for 20 min at 12,000 rpm 
at 4°C. The clear supernatant was transferred to a 
new clear tube and stored at −80°C. All samples 
were injected into the HPLC system (Liquid

chromatography-2695/2165, Waters, Central 
Laboratory of Capital Medical University).

Transmission electron microscope (TEM)

The preparation of transmission electron micro
scope samples was completed by the cell platform 
electron microscope room of the Biomedical 
Testing Center of Tsinghua University. Briefly, 
the intestinal tissue was fixed in 2.5% glutaralde
hyde 2.0% paraformaldehyde solution at 4°C over
night to prepare 1 μm semi thin section. An optical 
microscope is used to locate, observe, and select the 
appropriate section. After the location was deter
mined, ultrathin sections were made and installed 
on the copper mesh, stained with 5% uranium 
acetate and lead citrate.

RNA extraction and quantitative real-time PCR 
(rt-qPCR)

Use FastRNA™ SPIN Kit for Yeast (MP 
Biomedicals, USA) extracted total RNA from iso
lated intestinal epithelial tissue (isolated the epithe
lial fraction from intestinal tissue). The purified 
RNA was reverse transcribed using FastKing RT 
Kit (With gDNase) kit (Tiangen, China), and the 
cDNA template was mixed with SYBR PowerUp 
Master Mix (Invitrogen, USA). Real-time PCR was 
performed using the ABI 7500 Fast Real-Time PCR 
System (Applied Biosystems). Relative quantities 
(Δcycle threshold values) were obtained by nor
malizing against those of β-actin (Actb). The pri
mer sequences are shown in Supplementary 
Table S1.

Western blotting

Isolated intestinal epithelial tissue was lysed in 
RIPA buffer (C1053, Applygen Technologies) con
taining protease inhibitor cocktail (#04693116001, 
Roche) and phenylmethane-sulfonyl fluoride 
(PMSF) (#ST506, Beyotime). Protein concentra
tion was measured using the BCA protein assay 
kit (#23225, Thermo Scientific). Protein samples 
were separated by using 4–20% SDS/PAGE 
(#B1005, Applygen Technologies). After blocking 
for 1 h in Tris-buffered saline-Tween (TBS-T)
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containing 10% nonfat milk at room temperature 
and then incubated with primary antibodies over
night at 4°C, followed by incubation for 1 h at room 
temperature with the appropriate horseradish per
oxidase-conjugated secondary antibodies, protein 
signals were detected by chemiluminescence 
(AI600 image system, GE Healthcare). The primary 
antibodies were rabbit anti-TPH1 polyclonal anti
body (1:1,000 diluted; abcam; ab52954)67 and 
mouse anti-β-actin monoclonal antibody (1:1,000 
diluted; CST; #3700).

Short-circuit current (ISC) measurement

ISC is an electrophysiological experimental method 
used to detect the transport of electrogenic ions. The 
epithelium can be simplified to an equivalent circuit 
model, where the cellular pathway acts as a resistor in 
series with a battery, in parallel with a resistor repre
senting the paracellular pathway. The jejunal mucosa 
was mounted between two halves of the Ussing 
chambers (exposed area of 0.30 cm2), equipped with 
water-jacketed gas lifts and were bathed on both sides 
with 5 ml K-HS, gassed with 95% O2 and 5% CO2, 
and maintained at 37°C by circulating the solution 
through a reservoir. The tissue was continuously vol
tage-clamped to zero potential difference by the appli
cation of an external current, and the current 
generated is Isc. This current is generated by the ion 
flow on the biofilm, so the generated Isc is the total 
active ion flow passing through the epithelial tissue. 
The tissues were allowed to rest for approximately 20  
min to stabilize the ISC prior to the addition of drugs. 
The transepithelial potential difference for each 
mucosa was measured with Ag/AgCl reference elec
trodes (Physiologic Instruments, San Diego, CA, 
USA; P2020S) connected to a preamplifier that was 
connected to a voltage clamp amplifier (Physiologic 
Instruments, San Diego, CA, USA; VCC MC6). 5-HT 
(10 μM)-induced change in the short circuit current 
was calculated by the area under the curve for 15 min 
after the stimulation.

HEK293 cell culture and transfection

HEK293 cells were purchased from Procell Life 
Science and Technology (China) and cultured in 
DMEM (C11995500BT, Gibco) with 10% fetal 
bovine serum (10100147, Gibco). HEK293 cells

were seeded in 35 mm dishes 12 h before transfec
tion. Lipofectamine 3000 (L3000015, Invitrogen) 
was used to transfect plasmid (2.5 μg) in HEK293 
cells.

Calcium imaging

The HEK293 cells were seeded in glass bottom cell 
culture dishes (NEST, China) and transfected as 
described above. A 1 mM Fluo-4 AM (F14021, 
Thermo) stock solution was diluted to 5 μM Fluo- 
4 AM working solution using Hank’s balanced salt 
solution (HBSS). Then, cells were incubated with 
5 μM Fluo-4 AM working solution for 30 min at 
37°C. The fluorescence signal acquisition instru
ment is OLYMPUS FLUOVIEW FV3000 
(OLYMPUS, Japan), and the excitation wavelength 
is 488 nm. Image J software was used to analyze the 
fluorescence intensity. Image analysis was per
formed as reported earlier.68

Patch-clamp experiment

Patch-clamp recordings were performed at room 
temperature with a HEKA EPC-10 patch-clamp 
amplifier and recorded by associated PatchMaster 
software (HEKA Electronic, Germany). Cell- 
attached patch configuration of patch-clamp tech
nique was used. For HEK293 cells, the bath solu
tion contained 140 mM NaCl, 4 mM CsCl, 1 mM 
MgCl2, 1 mM EGTA, 10 mM HEPES, 10 mM 
Glucose, with pH adjusted to 7.4; and the pipette 
solution contained 140 mM CsCl, 10 mM NaCl, 1  
mM MgCl2, 5 mM EGTA, 10 mM HEPES, 2 mM 
Mg-ATP, with pH adjusted to 7.3. Membrane 
potential was holding at −100 mV. Patch pipettes 
were resisted between 4 and 6 MΩ. Data analyze 
was performed as reported earlier.68

Metagenomic data analysis

The total DNA in fecal samples was extracted uti
lizing MagBeads FastDNA Kit (MP Biomedicals). 
The purity of extracted DNA was evaluated by the 
Nanodrop, the concentration was detected by the 
Qubit instrument, and the integrity of DNA chain 
was detected by agarose gel electrophoresis.

The native barcoding genomic DNA (with EXP- 
NBD104, EXP-NBD114, and SQK-LSK109) of
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Oxford Nanopore Technologies Co., Ltd. was used 
to construct the metagenomic sequencing library. 
A brief operation process was as follows: Since the 
end of the DNA was repaired, it could be connected 
with Barcode was purified by method using mag
netic bead, and then different DNA was connected 
with their own specific Barcodes under the action 
of ligase. DNA strand was then connected with a 
sequencing connector to prepare a DNA library. 
The DNA library was loaded into the sequencing 
chip, and the chip was performed with the MinION 
Mk1C instrument.

Raw fast5 sequencing signals were generated 
using the MinKNOW instrument. The fast5 files 
were base called using Guppy Basecalling Software 
(v6.5.7) to obtain fastq files. The passed reads were 
then trimmed for adapters and split with barcode 
using guppy_barcoder (v6.5.7). The parameter “– 
enable_trim_barcodes” was utilized to remove 
reads with internal barcode adapters. Statistical 
analysis of the MinION sequencing data was per
formed in R and visualized.

Metagenomic sequencing reads were mapped to 
the nucleotide database of NCBI (nt-NCBI) using 
the k-mer-based metagenomic classification tool 
Centrifuge (v.1.0.4). The gut microbial composi
tion was represented as the relative abundance of 
taxa. The relative abundance of each taxon at phy
lum, class, order, family, genus, and species levels 
was computed as the proportion of reads assigned 
to the respective taxonomical clade among the total 
classified reads.

Alpha-diversity and beta-diversity were calcu
lated at the genus level using functions from the R 
package vegan (v.2.5). To identify the different 
abundant taxa between different sample groups, 
linear discriminant analysis effect size (LEfSe) was 
conducted using the LEfSe software.

Metabolomics data analysis

Bile acid separation was carried out using an 
UHPLC System (Vanquish, Thermo Fisher 
Scientific), equipped with a Waters ACQUITY 
UPLC BEH C18 column (150 × 2.1 mm, 1.7 μm, 
Waters). The mobile phase A was 1 mmol/L 
ammonium acetate and 0.1% acetic acid in water, 
and the mobile phase B was acetonitrile. The col
umn temperature was set at 50°C. The auto-

sampler temperature was set at 4°C, and the injec
tion volume was 1 μL. A Q Exactive HFX mass 
spectrometer (Thermo Fisher Scientific) was 
applied for assay development. Typical ion source 
parameters were as follows: spray voltage = +3500/- 
3100 V, sheath gas (N2) flow rate = 40, aux gas (N2) 
flow rate = 15, sweep gas (N2) flow rate = 0, aux gas 
(N2) temperature = 350°C, capillary temperature =  
320°C.

Data were scaled and logarithmic transformed to 
minimize the impact of both noise and high var
iance of the variables. After these transformations, 
PCoA (Principal components analysis, PCoA), an 
unsupervised analysis that reduces the dimension 
of the data, was carried out to visualize the distri
bution and the grouping of the samples. Ninety- 
five percent confidence interval in the PCoA score 
plot was used as the threshold to identify potential 
outliers in the dataset. Fold changes were calculated 
as mass response ratio between two arbitrary 
groups (HIGH vs. LOW). The variable contribu
tion of the OPLS-DA model was ranked by the 
variable importance in the projection (VIP). 
Metabolites passing the threshold of VIP > 1 were 
considered as significantly different between the 
HIGH and LOW groups, which were validated at 
a univariate level with p < 0.05.

RNA sequencing

Total RNA was extracted with Trizol (15596018, 
Thermo Scientific) from the intestinal epithelial 
tissue. RNA integrity testing and library construc
tion were performed as reported earlier.69 The 
quality evaluation of RNA-Seq raw reads was per
formed with the FastQC (v.0.11.9). Reads were pre- 
processed with trim_galore (v0.6.6) software to 
trim adaptor sequences and reads with low quality. 
Clean reads from each library were independently 
aligned to Mus musculus (mm10), using STAR 
(v2.7.2a) software with default parameters, fol
lowed by gene expression quantification which 
was performed with featureCounts (v1.6.3). The 
differential expression analysis was carried 
out with the Bioconductor R package DESeq2. 
p ≤ 0.05, log2 (Fold Change) >2 or log2 (Fold 
Change) <−2 were set as the thresholds for signifi
cantly differential expression. Then, hierarchical 
clustering analysis of DEGs was performed to
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explore gene expression patterns. We used 
clusterProfiler software to perform Gene 
Ontology (GO) functional enrichment analysis 
and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis on the DEG 
sets.

Statistical analysis

All statistics and graphs were generated using 
GraphPad Prism, version 8.0 (GraphPad Software, 
San Diego, Calif., USA). The data were given as 
arithmetic means ± SEM; “n” refers to the number 
of mice or the number of cells from different 
batches. Statistical analyses were performed by 
Student’s unpaired t-test, One-way ANOVA, and 
Two-way ANOVA after confirming the normal 
distribution of data and homogeneity of the var
iance. *p < 0.05, **p < 0.01 and ***p < 0.001 were 
assumed to denote a significant difference.
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Bacteroides vulgatus B.vulgatus
LBM lean body mass
FMT Fecal microbiota  

transplantation
SPF specific pathogen free
GF germ-free
PCoA Principal Component  

Analysis
LDA Linear discriminant  

analysis
LEfSe Linear discriminant analysis 

effect size
eWAT epididymal white adipose  

tissue
AUC Area under curve
CA Cholic acid
β-MCA β-Muricholic acid
TC Total Cholesterol
HDL-C high-density lipoprotein  

cholesterol
LDL-C low-density lipoprotein  

cholesterol
TG Triglyceride
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