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ABSTRACT
The gut microbiota interacts with intestinal epithelial cells through microbial metabolites to 
regulate the release of gut hormones. We investigated whether the gut microbiota affects the 
postprandial glucagon-like peptide-1 (GLP-1) response using antibiotic-treated mice and germ- 
free mice. Gut microbiome depletion completely abolished postprandial GLP-1 response in the 
circulation and ileum in a lipid tolerance test. Microbiome depletion did not influence the GLP-1 
secretory function of primary ileal cells in response to stimulators in vitro, but dramatically changed 
the postprandial dynamics of endogenous bile acids, particularly ω-muricholic acid (ωMCA) and 
hyocholic acid (HCA). The bile acid receptor Takeda G protein-coupled receptor 5 (TGR5) but not 
farnesoid X receptor (FXR), participated in the regulation of postprandial GLP-1 response in the 
circulation and ileum, and ωMCA or HCA stimulated GLP-1 secretion via TGR5. Finally, fecal 
microbiota transplantation or ωMCA and HCA supplementation restored postprandial GLP-1 
response. In conclusion, gut microbiota is indispensable for maintaining the postprandial GLP-1 
response specifically in the ileum, and bile acid (ωMCA and HCA)-TGR5 signaling is involved in this 
process. This study helps to understand the essential interplay between the gut microbiota and 
host in regulating postprandial GLP-1 response and opens the foundation for new therapeutic 
targets.
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Introduction

The prevalence of chronic metabolic diseases, such 
as type 2 diabetes and obesity, has increased glob
ally. Glucagon-like peptide-1 (GLP-1) is an incretin 
and satiety hormone secreted by intestinal enter
oendocrine L-cells. It enhances glucose-induced 
insulin release and suppresses appetite, thus con
tributing to the control of blood glucose levels and 
body weight.1–4 Therefore, a better understanding 
of the mechanism underlying GLP-1 secretion is of 
great importance for the development of new ther
apeutic approaches for type 2 diabetes and obesity.5

GLP-1, a post-translational product of progluca
gon, is packaged in secretory granules and released 
by L-cells located predominantly in the distal ileum 
and colon.1,6,7 Total GLP-1 (1–37) is susceptible to 

amidation and proteolytic cleavage, which gives 
rise to the two truncated and equally biologically 
active GLP-1 forms, amidated GLP-1 (7–36) and 
glycine-extended GLP-1 (7–37).1 L-cells are open- 
type triangular epithelial cells that directly contact 
the intestinal lumen and can be stimulated by var
ious luminal nutrients or other factors.8 In the 
fasting state, GLP-1 is autonomously released into 
the circulation.9 Upon ingestion of a meal, GLP-1 
secretion is augmented shortly, and the amplitude 
of plasma GLP-1 spike is influenced by the compo
sition and size of the meal.10,11 A lot of nutrients 
have been found to stimulate GLP-1 secretion, 
including glucose,4,12 lipids,13 proteins14 and cer
tain amino acids.15,16 The mechanism of nutrient- 
induced GLP-1 secretion has been illustrated quite 
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clearly in vitro. However, it is still unclear which 
part of the intestine contributes the most in vivo 
and whether other factors, such as gut microbiota, 
are involved in the postprandial GLP-1 response.

The intestinal microbial ecosystem, comprising 
bacteria, viruses, and fungi, forms a critical interface 
between the host and external environment. 
Accumulating evidence has shown that commensal 
bacteria, hereto referred to as gut microbiota, are 
involved in the etiology of type 2 diabetes, obesity, 
and many other metabolic diseases.17,18 Gut micro
biota produces a vast array of metabolites by break
ing down dietary nutrients or other components of 
the host. Subsequently, these microbial metabolites 
act as signaling molecules and transmit signals to the 
intestinal epithelial cells and distal organs to mod
ulate a variety of pathophysiological processes.17,19 

A range of microbial metabolites, including second
ary bile acids and short chain fatty acids, have been 
shown to stimulate GLP-1 secretion.19 Bile acids are 
produced in the liver from cholesterol and released 
into the duodenum upon food intake to facilitate the 
digestion and absorption of lipids.20 Around 95% of 
the released bile acids are reabsorbed at the terminal 
ileum into the enterohepatic circulation. Only 
around 5% of bile acids reach the colon, where the 
local bacteria promote the deconjugation and bio
transformation of the primary bile acids into sec
ondary bile acids.21 The bile acid receptor Takeda 
G protein-coupled receptor 5 (TGR5) has been 
shown to regulate GLP-1 secretion and glucose 
metabolism,22,23 while the effect of farnesoid 
X receptor (FXR) on GLP-1 secretion is not 
consistent.24,25 Until now, it has not been deter
mined whether gut microbiota and microbial bile 
acids contribute to the regulation of postprandial 
GLP-1 response, and whether TGR5 or FXR is 
involved in this process.

Studies have shown that fasting plasma GLP-1 
levels increase dramatically in germ-free (GF) 
mice26 as well as in mice with antibiotic-induced 
microbiome depletion.27 In this study, we aimed to 
further investigate whether the postprandial GLP-1 
response is influenced by gut microbiota. Lipids 
account for a large proportion of dietary ingredi
ents, and a high-fat diet is a major risk factor for 
obesity. Therefore, we performed a lipid tolerance 
test to determine the postprandial state. Using 

antibiotic-treated (ABX) mice and GF mice, we 
found that the gut microbiome was indispensable 
for maintaining the postprandial GLP-1 response 
specifically in the ileum. Endogenous bile acids, 
especially ω-muricholic acid (ωMCA) and hyo
cholic acid (HCA), participated in this acute phy
siological process by activating the bile acid 
receptor TGR5.

Results

Gut microbiome depletion abolishes postprandial 
GLP-1 response in the circulation

In comparison with control male SPF mice, fasting 
plasma levels of total and active GLP-1 dramati
cally increased in ABX mice and GF mice 
(Figure 1a,b). Postprandial GLP-1 response was 
evaluated by a lipid tolerance test using olive oil 
gavage. Plasma levels of total and active GLP-1 
secretion increased and peaked at 20 min after 
olive oil gavage in SPF mice. Strikingly, this reac
tion completely disappeared in ABX and GF mice, 
resulting in a significant difference between groups 
(Figure 1c,d). To confirm the phenotypes of GLP-1 
response observed in males, the lipid tolerance test 
was performed in female SPF- and ABX- mice. 
Similar to male mice, fasting plasma GLP-1 level 
was increased and the GLP-1 response was abol
ished by ABX treatment in female mice (Fig. S1A 
and S1B). Therefore, the following experiments 
were mainly done in male mice.

To illustrate the effect of gut microbiome depletion 
on GLP-1 levels, we treated mice with antibiotics for 
a short term of 24 h, 48 h, and 72 h, respectively. 
Antibiotic treatment for 24 h did not significantly 
influence fasting GLP-1 levels or postprandial GLP- 
1 responses in the plasma (Figure 1e,f). However, the 
fasting GLP-1 level increased 5 times (19.00 ± 1.59 
pmol/L vs. 3.57 ± 0.09 pmol/L) after antibiotics treat
ment for 48 h, and went further high at 72 h 
(Figure 1e). Meanwhile, GLP-1 levels did not increase 
in response to olive oil gavage after antibiotics treat
ment for 48 h and 72 h (Figure 1f). These results 
indicated that gut microbiome depletion rapidly 
affected the postprandial GLP-1 response.

Fasting plasma levels of other hormones, includ
ing PYY and ghrelin, were also elevated by gut 
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microbiome depletion (Fig. S1C and S1D). In con
trast, fasting insulin and C-peptide levels decreased 
in ABX mice, but did not change in GF mice (Fig. 
S1E and S1F). In the lipid tolerance test, the post
prandial PYY response was eliminated in ABX and 
GF mice (Fig. S1G). The ghrelin response was not 
obviously affected by gut microbiome depletion 
(Fig. S1H). Plasma insulin and C-peptide levels 
were elevated after olive oil gavage in SPF and 
ABX mice but not in GF mice (Fig. S1I and S1J).

Gut microbiome depletion abolishes postprandial 
GLP-1 response particularly in the ileum

Since plasma GLP-1 is mainly derived from the 
secretion of intestinal enteroendocrine L-cells, we 
measured GLP-1 levels in gut tissue segments (jeju
num (12 cm from the pylorus), terminal ileum, and 
proximal colon) to investigate whether the post
prandial GLP-1 response was affected by gut micro
biota in an intestinal region-dependent manner.

In comparison with the jejunum, basal active 
GLP-1 content was much higher in the ileum and 
colon of SPF, ABX and GF mice (Table S1). This 
indicated that the majority of GLP-1 levels came 
from the ileum and colon, supporting the impor
tance of the distal gut for GLP-1 secretion. Further, 
active GLP-1 content increased in the ileum and 
colon but not in the jejunum of ABX and GF mice 
as compared with SPF mice (Figure 2a). 
Consistently, immunofluorescence staining showed 
that the number of GLP-1 positive cells increased in 
the ileum and colon, but not in the jejunum, after 
gut microbiome depletion (Figure 2b).

In the lipid tolerance test, GLP-1 levels were 
significantly increased in the jejunum from SPF 
mice, as well as from ABX and GF mice after 
olive oil gavage, and no difference was observed 
between the three groups (Figure 2c and Table S1). 
Notably, in the ileum, GLP-1 levels increased sig
nificantly in response to olive oil gavage in SPF 
mice, but this response was lost in ABX and GF 

Figure 1. Gut microbiome depletion increases fasting plasma GLP-1 level and completely abolishes postprandial GLP-1 response. (a, b) 
Comparison of fasting levels of total GLP-1 (a) and active GLP-1 (b) in the plasma of control SPF mice and gut microbiome-depleted 
(ABX and GF) mice (n = 6 per group). (c, d) Total GLP-1 response (c) and active GLP-1 response (d) after olive oil gavage in the plasma 
of SPF, ABX and GF mice (n = 6/time point/group). (e, f) Fasting active GLP-1 levels (e) and active GLP-1 response after olive oil gavage 
(f) in the plasma from mice treated with antibiotics for 0 h, 24 h, 48 h, 72 h, respectively (n = 5 per group). Data are shown as mean ±  
SEM. *P < .05, **P < .01, ***P < .001, vs. 0 min; #P < .05, ##P < .01, ###P < .001, vs. SPF mice or 0 h. Statistical significance was 
determined by (a, b, e) one-way ANOVA with the Dunnett’s posttest or (c, d, f) two-way ANOVA with the Dunnett’s posttest.
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mice (Figure 2d and Table S1). GLP-1 secretion in 
the colon did not respond to olive oil gavage 
(Figure 2e and Table S1). These results indicated 
that the gut microbiota modulated the postprandial 
GLP-1 response, particularly in the ileum.

Primary intestinal epithelial cells were isolated 
from the ileum of SPF and ABX mice. Sodium 
palmitate was used to mimic the effects of olive 
oil in vitro, and IBMX/forskolin was used as 
a positive control, to determine the secretory func
tion of ileal cells in vitro. Sodium palmitate stimu
lated GLP-1 secretion in primary ileal cells from 
both SPF and ABX mice with the same sensitivity, 

as well as other known GLP-1 secretagogues, 
including glucose and bile acid deoxycholic acid 
(DCA) (Figure 2f). Similar results were observed 
by using isolated fresh ileal tissue segments 
(Figure 2g). These data suggested that gut micro
biome depletion did not affect GLP-1 secretion in 
ileal cells in response to stimulators in vitro. In 
addition, the mRNA expression of GPR120 (a 
receptor that can mediate lipid-induced GLP-1 
secretion),13 SGLT1 (a transporter that can mediate 
glucose-induced GLP-1 secretion),28 or the bile 
acid receptor FXR was not different in the ileum 
between SPF and ABX or GF mice (Fig. S2A-S2C). 

Figure 2. Gut microbiome depletion abolishes postprandial GLP-1 response particularly in the ileum. (a) Comparison of fasting active 
GLP-1 level in the intestinal tissue from SPF, ABX and GF mice (n = 6 per group). (b) Representative immunofluorescence staining for 
GLP-1 (green) and quantification of GLP-1 positive cells in the jejunum, ileum and colon of SPF, ABX and GF mice (n = 6 fields of 3 
mice per group with each mice containing 2 fields). Nuclei were stained by DAPI (blue). Scale bars, 200 μm. (c-e) GLP-1 response after 
olive oil gavage in the jejunum (c), ileum (d), and colon (e) of SPF, ABX and GF mice (n = 6/time point/group). (f, g) The effect of known 
GLP-1 secretagogues (Ibmx/forskolin (I/F), palmitate, glucose and deoxycholic acid (DCA)) on GLP-1 secretion in primary ileal cells (n =  
4 per group) (f) and in fresh ileal tissue segments (n = 6 per group) (g) isolated from SPF and ABX mice. Data are shown as mean ±  
SEM. *P < .05, **P < .01, ***P < .001, vs. 0 min or control; #P < .05, ##P < .01, ###P < .001, vs. SPF mice. Statistical significance was 
determined by (a, b) one-way ANOVA with the Dunnett’s posttest or (c-g) two-way ANOVA with the Dunnett’s posttest.
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The bile acid receptor TGR5 was downregulated in 
GF mice but not in ABX mice (Fig. S2D). 
Therefore, we speculated that gut microbiome 
depletion may influence the production of some 
metabolites in vivo, which contributed to the reg
ulation of the postprandial GLP-1 response.

Gut microbiome depletion eliminates the increase 
of postprandial bile acids that stimulate GLP-1 
secretion in the ileum

Bile acids, metabolized by gut microbiota, play essen
tial roles in lipid metabolism and are released imme
diately into the duodenum upon food intake.20 

What’s more, large amounts of bile acids are reab
sorbed into the enterohepatic circulation at the term
inal ileum. Therefore, we speculated that gut 
microbiome depletion altered bile acid dynamics, 
which may lead to the loss of postprandial GLP-1 
response in the ileum. 28 bile acids were included in 
this quantification. We divided these bile acids (BAs) 
into four groups: primary unconjugated BAs (Cholic 
acid (CA), Chenodeoxycholic acid (CDCA), α- 
muricholic acid (αMCA), β-muricholic acid 
(βMCA), HCA and Ursodeox 
ycholic acid (UDCA)), primary conjugated BAs 
(Glycocholic acid (GCA), Taurocholic acid (TCA), 
Glycochenodeoxycholic acid (GCDCA), Taurocheno 
deoxycholic acid (TCDCA), Tauro-α-muricholic acid 
(TαMCA), Tauro-β-muricholic acid (TβMCA), 
Glycohyocholic acid (GHCA), Taurohyocholic acid 
(THCA) and Glycoursodeoxycholic acid (GUD 
CA)), secondary unconjugated BAs (DCA, ωMCA, 
Hyode 
oxycholic acid (HDCA), Murideoxycholic acid 
(MDCA) and 12-ketolithocholic acid (12KLCA)), 
and secondary conjugated BAs (Glycodeoxycholic 
acid (GDCA), Taurodeoxycholic acid (TDCA), 
Glycolithocholic acid (GLCA), Taurolithocholic acid 
(TLCA), Tauro-ω-muricholic acid (TωMCA), Glyco 
dehydrocholic acid (GDHCA), Taurodehydro 
cholic acid (TDHCA), Taurohyodeoxycholic acid 
(THDCA)).

In the fasting state, the total bile acid pool was 
significantly decreased in the ileum of ABX and GF 
mice compared to SPF mice (Fig. S2E). Specifically, 
the concentration of primary unconjugated BAs 
and secondary BAs was largely reduced after gut 
microbiome depletion (Fig. S2F). After olive oil 

gavage, the concentration of primary unconjugated 
BAs tended to decrease, and primary- and second
ary conjugated BAs decreased at 60 min and 30  
min in the plasma of SPF mice, respectively, 
whereas secondary unconjugated BAs increased 
significantly at 10 min (Fig. S3A). A similar pattern 
was observed in the ileum of SPF mice (Fig. S3B). 
As expected, in microbiome-depleted mice, BAs 
did not show these fluctuations in response to 
olive oil gavage in the ileum (Fig. S3C and S3D).

Among the 28 bile acids, the concentrations of 
HCA (0.65±0.21 ng/mg vs. 0.032±0.029 ng/mg) 
and ωMCA (245.1 ± 81.9 ng/mg vs. 54.5 ± 24.0 
ng/mg) increased at the time point of 10 min after 
olive oil gavage in the ileum of SPF mice (Figure 3a, 
d,e), while GCA, TCA, and TβMCA decreased in 
a time-dependent manner, and other bile acid 
components did not change significantly 
(Figure 3a). In contrast to SPF mice, no significant 
increase in bile acid levels was detected in the ileum 
of ABX and GF mice (Figure 3b,c). TβMCA 
decreased in the ileum of ABX mice (Figure 3b), 
whereas TCA and TβMCA decreased in GF mice 
(Figure 3c). In the plasma of SPF mice, ωMCA 
increased at 10 min and HCA tended to increase 
at 10 min after olive oil gavage (Figure 3f,g). An 
in vitro study of primary ileal cells isolated from 
SPF mice showed that ωMCA and HCA stimulated 
GLP-1 secretion in a concentration-dependent 
manner (Figure 3h). Taken together, these results 
indicated that gut microbiome depletion elimi
nated the increase of postprandial ωMCA and 
HCA that stimulate GLP-1 secretion, which may 
lead to the loss of GLP-1 response.

Bile acid receptor TGR5 mediates postprandial 
GLP-1 response in the circulation and ileum

Using the bile acid receptor TGR5 or FXR global 
knockout (KO) mice, we found that in the fasting 
state (0 min), GLP-1 levels in the plasma and in 
the intestinal tissue were not affected by TGR5 
ablation (Figure 4a–d) or FXR ablation 
(Figure 4e–h). The L-cell density in the intestinal 
tissue was not influenced by TGR5 or FXR abla
tion as well (Fig. S4). These data indicated that the 
bile acid receptor TGR5 and FXR deletion did not 
affect basal GLP-1 levels.
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Since GLP-1 secretion peaked at 20 min after 
olive oil gavage, we next selected this time point 
to study whether TGR5 or FXR participated in the 
regulation of postprandial GLP-1 response. Plasma 
GLP-1 levels increased after olive oil gavage in 
wild-type (WT) mice, whereas this response was 
partially abolished in TGR5 KO mice (Figure 4a). 
At the intestinal tissue level, olive oil gavage ele
vated GLP-1 levels in the jejunum of both WT and 
TGR5 KO mice with the same sensitivity 
(Figure 4b). Notably, GLP-1 levels increased after 
olive oil gavage in the ileum of WT mice but not in 
TGR5 KO mice, resulting in a significant difference 
between the two groups (Figure 4c). No increase in 
GLP-1 levels after olive oil gavage was observed in 
the colon of the two groups (Figure 4d). FXR KO 

did not alter GLP-1 levels in response to olive oil in 
the plasma or intestinal tissues (Figure 4e–h).

An in vitro study in primary ileal cells showed 
that the TGR5 agonist INT777 and the TGR5/FXR 
dual agonist INT767 stimulated GLP-1 secretion 
(Figure 4i). The FXR agonists, Fexaramine and 
GW4064, did not affect GLP-1 secretion 
(Figure 4i). The bile acids ωMCA and HCA 
increased GLP-1 secretion in ileal cells isolated 
from WT mice, but not in those from TGR5 KO 
mice (Figure 4j). FXR KO did not influence the 
effects of ωMCA and HCA on GLP-1 secretion 
(Figure 4k). Taken together, these results indicated 
that the bile acid receptor TGR5, but not FXR, 
participated in the mediation of the postprandial 
GLP-1 response in the circulation and ileum.

Figure 3. Gut microbiome depletion eliminates the changes of specific bile acids in response to olive oil. (a-c) Heatmap showing the changes 
in 28 bile acids after olive oil gavage in the ileum of SPF (a), ABX (b) and GF (c) mice (n = 5-6/time point/group). (d-g) Changes in ωMCA and 
HCA after olive oil gavage in the ileum (d, e), and plasma (f, g) of SPF mice (n = 5-6 per time point). (h) The effect of ωMCA and HCA on GLP-1 
secretion in primary ileal cells isolated from SPF mice (n = 3 per group). Data are shown as mean ± SEM. *P < .05, 
**P < .01, ***P < .001, vs. 0 min or control. Statistical significance was determined by one-way ANOVA with the Dunnett’s posttest. 
Abbreviations: ωMCA: ω-muricholic acid; HCA: hyocholic acid.

6 Q. WANG ET AL.



FMT or bile acid treatment recovers postprandial 
GLP-1 response in microbiome-depleted mice

We next examined whether the postprandial GLP-1 
response could be recovered by fecal microbiota 
transplantation (FMT). Compared to GF mice, fast
ing plasma GLP-1 levels were largely decreased after 
FMT (Figure 5a). FMT also reduced GLP-1 levels and 
the number of GLP-1 positive cells in the ileum and 
colon (Figure 5b,c). After olive oil gavage, the GLP-1 
response was recovered in the plasma and ileum by 
FMT, while GLP-1 response in the jejunum and 
colon was not influenced by FMT (Figure 5d–g). 

Meanwhile, fasting levels of secondary BAs were dra
matically increased in the ileum after FMT (Figure 5h, 
i), indicating the efficient metabolism of the gut 
microbiota on bile acids. In the lipid tolerance test, 
ωMCA was significantly increased at 10 min in the 
ileum and plasma of FMT mice (Figure 5j,k), while 
HCA was not significantly increased (Figure 5l).

We further investigated whether bile acid 
treatment could restore the postprandial GLP-1 
response in antibiotic-treated mice. In compar
ison with the control group, intragastric admin
istration of ωMCA and HCA did not influence 

Figure 4. Bile acid receptor TGR5 but not FXR mediates postprandial GLP-1 response in the circulation and ileum. (a-d) GLP-1 response 
after olive oil gavage in the plasma (a) and intestinal tissue (b-d) of wild-type (WT) and TGR5 KO mice (n = 5–6/time point/group). (e-h) 
GLP-1 response after olive oil gavage in the plasma (e) and intestinal tissue (f-h) of WT and FXR KO mice (n = 6/time point/group). (i) The 
effect of TGR5 or FXR agonists on GLP-1 secretion in primary ileal cells isolated from SPF mice (n = 4 per group). (j, k) The effect of ωMCA 
and HCA on GLP-1 secretion in primary ileal cells isolated from WT vs. TGR5 KO mice (j) and WT vs. FXR KO mice (k) (n = 4 per group). Data 
are shown as mean ± SEM. *P < .05, **P < .01, ***P < .001, vs. 0 min or control; #P < .05, ###P < .001, vs. WT mice. Statistical significance 
was determined by (a-h, j, k) two-way ANOVA with the Dunnett’s posttest or (i) one-way ANOVA with the Dunnett’s posttest.
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the fasting GLP-1 levels in the plasma and the 
intestinal tissue of ABX mice (Figure 5m,n). 
Expectedly, ωMCA and HCA treatment recov
ered the postprandial GLP-1 response in the 
plasma and ileum of ABX mice (Figure 5o–r), 
further supporting that bile acid-TGR5 signaling 
pathway was involved in the regulatory effects 
of gut microbiota on postprandial GLP-1 
response.

Discussion

Gut microbiota interacts with intestinal enteroen
docrine cells via a wide range of microbial meta
bolites to modulate gut hormone release, which 
further influences numerous essential metabolic 
processes, including glucose metabolism and body 
weight control. To date, no study has shown 
whether the gut microbiota affects the postprandial 

Figure 5. FMT or bile acid treatment recovers postprandial GLP-1 response in microbiome- depleted mice. (a, b) Comparison of fasting GLP-1 
levels in the plasma (a) and intestinal tissue (b) of GF mice and GF mice colonized with fecal microbiota (FMT) (n = 6 per group). (c) 
Representative immunofluorescence staining for GLP-1 (green) and quantification of GLP-1 positive cells in the ileum and colon from GF and 
FMT mice (n = 6 fields of 3 mice per group with each mice containing 2 fields). Nuclei were stained by DAPI (blue). Scale bars, 200 μm. (d-g) 
GLP-1 response after olive oil gavage in the plasma (d) and intestinal tissue (e-g) of GF and FMT mice (n = 6/time point/group). (h, i) 
Concentration of fasting primary bile acids (h) and secondary bile acids (i) in the ileum of GF and FMT mice (n = 6/group). (j, k) Changes in 
ωMCA after olive oil gavage in the ileum (j) and plasma (k) of FMT mice (n = 6 per time point). (l) Changes in HCA after olive oil gavage in the 
ileum of FMT mice (n = 6 per time point). (m, n) Comparison of fasting GLP-1 levels in the plasma (m) and intestinal tissue (n) of control or 
ωMCA + HCA treated ABX mice (n = 6 per group). (o-r) GLP-1 response after olive oil gavage in the plasma (o) and intestinal tissue (p-r) of 
control or ωMCA + HCA treated ABX mice (n = 6/time point/group). Data are shown as mean ± SEM. *P < .05, **P < .01, vs. 0 min; ##P < .01, 
###P < .001, vs. GF mice or control group. Statistical significance was determined by (a-c, h and i, m and n) unpaired Student’s t-test, (d-g, o-r) 
two-way ANOVA with the Dunnett’s posttest, or (j-l) one-way ANOVA with the Dunnett’s posttest. Abbreviations: ωMCA: ω-muricholic acid; 
HCA: hyocholic acid.
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GLP-1 response in an acute physiological manner. 
In this study, we used ABX mice and GF mice to 
reveal that the gut microbiome is indispensable for 
maintaining postprandial GLP-1 response specifi
cally in the ileum, which involves the endogenous 
bile acids (especially ωMCA and HCA) – TGR5 
signaling pathway.

Studies have shown that fasting plasma GLP-1 
levels are much higher in antibiotic-induced micro
biome depletion mice27 and GF mice.26 However, 
elevated GLP-1 in GF mice does not improve glu
cose metabolism but slows intestinal transit, which 
might be an adaptive response to insufficient energy 
availability that allows for greater nutrient 
absorption.26 This indicates that maintaining the 
normal GLP-1 level and its functional activity 
requires the presence of gut microbiota. In line 
with these studies, our study showed that gut micro
biome depletion elevated fasting GLP-1 levels both 
in the plasma and in the distal intestinal tissue, 
which could be due to an increase in L-cell numbers. 
Moreover, we found that fasting GLP-1 level signif
icantly increased as early as 48 h and 72 h of anti
biotics treatment, indicating that the gut microbiota 
affects baseline GLP-1 levels in a quite rapid way. 
Regarding the possible mechanisms of basal GLP-1 
elevation in the absence of gut microbiota, some 
previous studies have reported from different per
spectives. Arora et al.29 show that gut microbiota 
exerts major effects on ileal L-cells by suppressing 
vesicle localization and synaptic vesicle cycling, thus 
increases the number of densely packed vesicles in 
L-cells of GF mice. Zhao et al.30 report that gut 
microbiome depletion relieves the inhibition of 
O-linked β-N-acetylglucosamine transferase on the 
expression of lineage-specifying transcription factor 
Neurogenin 3, which results in an increase in L-cell 
differentiation and GLP-1 secretion.

GLP-1 is released postprandially to regulate blood 
glucose levels and appetite. Various nutrients, 
including glucose,12 lipids,16 and amino acids31 can 
induce GLP-1 release. In a lipid tolerance test using 
olive oil gavage, we found for the first time that gut 
microbiome depletion completely eliminated the 
postprandial GLP-1 response in the plasma. We 

further studied how fast the gut microbiome deple
tion caused the loss of plasma GLP-1 response. 
Strikingly, the GLP-1 response to olive oil was 
diminished as early as 48 h and 72 h of antibiotics 
treatment. Taken together, these data indicate that 
the gut microbiome is indispensable for maintaining 
the postprandial GLP-1 response in mice. Regarding 
the changes in plasma GLP-1 in humans receiving 
antibiotics, in a randomized double-blind placebo- 
controlled trial including 57 obese and prediabetic 
men, the fasting and postprandial plasma GLP-1 
level was not affected by amoxicillin or vancomycin 
treatment for 7 days.32 While, in another study, era
dication therapy with omeprazole, clarithromycin 
and amoxicillin for 2 months increased fasting and 
postprandial GLP-1 level in 40 Helicobacter pylori- 
positive patients.33 These different results may arise 
from varied disease status or applied antibiotics. 
Future studies are warranted to clarify the essential 
effects of gut microbiome on postprandial GLP-1 
response in humans.

Plasma GLP-1 is mainly derived from the secre
tion of intestinal enteroendocrine L-cells. We mea
sured GLP-1 levels in the intestinal tissue segments 
to determine the key site where gut microbiota 
affects the postprandial GLP-1 response. Firstly, 
in the fasting state, GLP-1 content was much 
higher in the ileum and colon than in the jejunum, 
indicating the importance of the distal gut for GLP- 
1 secretion.1,8 Interestingly, we found that after 
olive oil gavage, GLP-1 level was promoted in the 
jejunum independent of the presence of gut micro
biota, which indicated that the jejunal GLP-1 
response to lipids may be caused by the direct 
interaction between fatty acids and jejunal 
L-cells.13 In the colon, GLP-1 secretion did not 
respond to olive oil in all three groups of mice, 
which could be due to the fact that no nutrients 
or secretagogues reached the colon during the mea
sured time period.34 Most importantly, in the 
ileum, GLP-1 levels increased after olive oil gavage 
in SPF mice but lost the response in microbiome- 
depleted mice, which suggested that the ileum was 
the key site where gut microbiota modulated post
prandial GLP-1 response. Grasset et al. shows that 
gut microbiota dysbiosis, especially in the ileum, 
causes GLP-1 resistance in type 2 diabetic mice.35,36 

Using primary ileal cells and fresh ileal tissue 
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segments, we found that depletion of gut micro
biome did not affect the GLP-1 secretory function 
of ileal cells, which may not contribute to the loss of 
GLP-1 response in vivo, and other gut microbiota- 
derived metabolites may affect it.

When food is ingested (especially fat-rich meals), 
the gallbladder contracts immediately to release bile 
acids into the duodenum. Approximately 95% of bile 
acids are reabsorbed at the terminal ileum into the 
enterohepatic circulation.37 Secondary bile acids are 
derived from primary bile acids through the modifi
cation carried out by gut microbiota.38 Bile acids have 
been found to control a variety of physiological func
tions, including modulation of appetite and glycemia 
via the regulation of GLP-1 secretion.39–42 Alterations 
in bile acid signaling are associated with many meta
bolic diseases, including type 2 diabetes and 
obesity.39,40 Previous studies have shown that second
ary bile acids and primary unconjugated bile acids 
decreases while primary taurine-conjugated bile acids 
mainly TCA and TβMCA increases in the serum or 
small intestine of antibiotic-treated mice27 and GF 
mice.43 In our study, the ileal bile acid pool including 
the secondary bile acids and the primary unconju
gated bile acids was largely reduced in the fasting state 
of ABX and GF mice, which was in line with the 
changes in the circulation of previous studies. We 
did not observe an increase of TCA and TβMCA in 
the ileum after microbiome depletion, which may be 
due to varied tested locations or antibiotic cocktails 
used between studies. Importantly, we observed an 
acute increase in secondary unconjugated bile acids at 
10 min after olive oil gavage in the terminal ileum of 
SPF mice, supporting the rapid bile acid response to 
nutrients and essential roles of ileal bacteria in the 
metabolism of bile acids. Specifically, we found that 
the concentrations of ωMCA and HCA were elevated 
in the ileum and plasma of SPF mice after olive oil 
gavage, but not in the ileum of gut microbiome- 
depleted mice after olive oil gavage. We further 
demonstrated that both ωMCA and HCA stimulated 
GLP-1 secretion in vitro in primary ileal cells. ωMCA 
was a secondary bile acid that derived from gut 
microbiota, and the concentration of ωMCA was 
the highest among the secondary unconjugated bile 
acids in the small intestine and plasma of SPF mice, 
consistent with previous reports.43 HCA was at a very 
low concentration. This indicates that ωMCA may be 

more important than HCA in mediating the post
prandial GLP-1 response in SPF mice. More impor
tantly, GF mice colonized with the fecal microbiota of 
SPF mice recovered fasting GLP-1 levels, postprandial 
GLP-1 responses, and ωMCA dynamics. Moreover, 
intragastric administration of ωMCA and HCA also 
restored postprandial GLP-1 response in antibiotic- 
treated mice. These results demonstrate that bile acid 
signaling is involved in the regulation of gut micro
biota on the postprandial GLP-1 response.

Both the bile acid receptors TGR523 and 
FXR24 are expressed in GLP-1 positive cells. 
Many studies have shown that activation of 
TGR5 stimulates GLP-1 secretion both in vivo23 

and in vitro.44–46 Lund et al.47 show that TGR5 
participates in the facilitation of bile acids in 
L-cell differentiation and GLP-1 secretion in 
mouse and human intestinal organoids. 
Research conclusions on the regulatory effects 
of FXR on GLP-1 secretion are not consistent. 
Trabelsi et al.24 show that FXR activation inhi
bits proglucagon gene expression and GLP-1 
secretion. Recently, HCA is found to promote 
GLP-1 secretion by activating TGR5 and inhibit
ing FXR simul 
taneously.48 In contrast, Pathak et al.49 show 
that intestine-restricted FXR agonist fexaramine 
shapes the gut microbiota to produce more LCA, 
and thus activates TGR5-GLP-1 signaling to 
improve metabolism. In the present study, by 
using TGR5 or FXR KO mice, we found that 
TGR5 and FXR ablation did not affect basal 
GLP-1 level, while importantly, TGR5 but not 
FXR was involved in the modulation of post
prandial GLP-1 response in the plasma and 
ileum. Our in vitro study in primary ileal cells 
also showed that activation of TGR5, but not 
FXR, stimulated GLP-1 release, and TGR5 also 
mediated ωMCA- and HCA-induced GLP-1 
secretion. Therefore, it is likely that after 
a meal, bile acids are released into the small 
intestine, and reabsorbed in the distal ileum, 
where they can activate TGR5 in L-cells and 
promote GLP-1 secretion. Together, we uncov
ered the novel role of endogenous bile acid 
(ωMCA and HCA)-TGR5 signaling in mediating 
the postprandial GLP-1 response specifically in 
the ileum.
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In conclusion, our results demonstrate that the 
gut microbiome is indispensable for postprandial 
GLP-1 response to lipids. The postprandial 
dynamics of endogenous bile acids (especially 
ωMCA and HCA) and the bile acid receptor 
TGR5 are essential for the acute GLP-1 response 
to lipids. More importantly, the ileum is the key site 
where gut microbiota-bile acid-TGR5 signaling 
modulates the postprandial GLP-1 response. Our 
findings help to better understand the complex 
mechanism underlying GLP-1 secretion in 
response to nutrients such as lipids in vivo and 
open the foundation for new therapeutic targets 
in the treatment for type 2 diabetes and obesity.

Materials and methods

Animals

Specific-pathogen-free (SPF) grade male or female 
C57BL/6J mice (8- to 10-week-old) were purchased 
from Jihui Company (Shanghai, China) and housed 
in a 12 h dark-light cycle room. Germ-free (GF) male 
C57BL/6J mice (8- to 10-week-old) were purchased 
from Cyagen Biosciences (Suzhou, China) and 
housed in sterile isolators. The Gpbar1 (also known 
as TGR5) global knock out (KO) mice were generated 
by Cyagen Biosciences (Guangzhou, China) using 
CRISPR-Cas9 technology. Nr1h4 (also known as 
FXR) KO mice were purchased from Jackson 
Laboratory (RRID: IMSR_JAX:004144; Bar Harbor, 
ME, USA) and maintained on a C57BL/6J back
ground. All the mice were allowed free access to 
food and water. All experimental procedures were 
approved by the Animal Care Committee of the 
Shanghai Jiaotong University School of Medicine.

Antibiotics (ABX) treatment

The ABX cocktail, comprising vancomycin hydro
chloride (250 mg/L), ampicillin (1 g/L), streptomy
cin sulfate (5 g/L), and colistin sulfate (1 g/L) 
(Meilunbio, China), was added to the drinking 
water of SPF mice for 24 h, 48 h, 72 h or 10 days 
to deplete the gut microbiome. The matched con
trol SPF mice were administered normal water.

Fecal microbiota transplantation (FMT)

Feces for FMT were collected from conventionally 
raised 8-week-old C57BL/6J donor mice and stored 
in 20% glycerol at − 80°C until use. Fecal pellets 
(100 mg) were resuspended in 1 ml of sterile PBS, 
homogenized, settled, and the supernatant was col
lected. The germ-free recipient mice were intragas
tric administrated with 200 μL fecal solution for 
two consecutive days and housed in a sterile iso
lator for two weeks.

Lipid tolerance test

Mice were fasted for 16 h with free access to water. 
Afterwards, each mouse was orally gavaged with 200  
µl of olive oil. Mice were sacrificed at specified time 
points, including before lipid infusion (0 min) and 10  
min, 20 min, 30 min, and 60 min thereafter. The jeju
num (12 cm from the pylorus), terminal ileum, and 
proximal colon were collected and stored at −80°C. 
Blood samples were collected in ethylenediaminete
traacetic acid (EDTA)-coated capillary microvette 
tubes. Dipeptidyl Peptidase IV (DPPIV) inhibitor 
(EMD Millipore, USA) was added to the blood (1% 
(v/v)) to reduce GLP-1 degradation. Plasma was iso
lated by centrifugation at 3000 g for 10 min at 4°C 
and stored at −80°C until hormone analysis.

Bile acid treatment

SPF mice were treated with antibiotics for 10 days. 
Afterwards, antibiotics were withdrawn. 50 mg/kg 
ωMCA and HCA were orally gavaged once a day 
for 4 days, followed by another gavage right before 
the fasting in the afternoon on the 4th day. PBS 
gavage was as a control group. Lipid tolerance tests 
were performed to collect blood samples and the 
intestinal tissues for GLP-1 measurement.

Primary intestinal epithelial cultures

Intestinal epithelial cells were isolated as previously 
described.50 Fresh ileum tissue (distal part, 5 cm 
length) was dissected free of connective tissue, 
minced, rinsed with cold PBS, and digested with 
collagenase XI (0.35 mg/ml, Millipore Sigma, USA) 
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in DMEM at 37°C. The resulting cell suspensions 
were centrifuged, filtered (100 µM) and resuspended 
in DMEM supplemented with 10% fetal bovine 
serum, 1% penicillin and streptomycin, and 10 µM 
Y-27632 (Tocris Biosciences). Cell aliquots were 
seeded on matrigel (1.4% (v/v), Corning)-coated 96- 
well plates. After 24 h incubation at 37°C, cells 
reached at least 60% confluence and were incubated 
for 2 h in saline solution (4.5 mM KCl, 138 mM 
NaCl, 4.2 mM NaHCO3, 1.2 mM NaH2PO4, 2.6 mM 
CaCl2, 1.2 mM MgCl2, 10 mM glucose, and 10 mM 
Hepes, pH 7.4) supplemented with 1 mM sodium 
palmitate (Millipore Sigma, USA), 200 mM glucose, 
30–100 µM bile acids (Meilunbio, China), or 1–10  
µM TGR5/FXR agonists (Absin, China). 10 µM 
IBMX/forskolin was used as the positive control. 
Stock solutions were prepared in ethanol (sodium 
palmitate), or in DMSO (IBMX/forskolin, ωMCA, 
HCA and TGR5/FXR agonists). The maximum 
ethanol and DMSO concentration of the final treat
ment solutions was 0.2% and 0.1%, respectively. 
A 1% (v/v) DPPIV inhibitor was added to reduce 
GLP-1 degradation. The culture supernatants were 
collected to measure GLP-1 levels, and the cells were 
lysed to determine the protein level per well.

Fresh ileal tissue segments

Overnight fasted SPF and ABX mice were sacri
ficed, and the fresh ileum (distal part, 5 cm length) 
was longitudinally cut open. Ileal segments (0.5 × 1  
cm) were dissected and incubated at 37°C for 2 h 
with GLP-1 secretagogues as mentioned in primary 
ileal cells.51 To avoid the impact of ileal segment 
location, the position of tissue segments applied in 
each treatment group was the same in SPF mice 
and ABX mice. A 1% (v/v) DPPIV inhibitor was 
added to reduce GLP-1 degradation. The culture 
supernatants were collected to measure GLP-1 
levels, and the tissue segments were lysed to deter
mine the protein level per well.

Hormone measurement

The intestinal tissue segments (0.5 cm length) were 
homogenized, lysed (1 M Tris-HCl, 5 M NaCl, 1% 
(v/v) Igepal CA-630, 0.5% (w/v) sodium deoxycho
late monohydrate, and one tablet of EDTA-free 
protease inhibitor cocktail), and centrifuged to 

prepare the tissue extracts. GLP-1 levels in the 
plasma, cell culture supernatants, and tissue 
extracts were measured using an active GLP-1 (7– 
36 and 7–37; EGLP-35K) or total GLP-1 (7–36 and 
9–36; EZGLP1T-36K) ELISA kit (EMD Millipore, 
USA). The quantification of GLP-1 levels in cell 
culture supernatants and tissue extracts was nor
malized to the protein levels of cell or tissue lysates, 
which were determined using the Pierce BCA 
Protein Assay Kit (Thermo Fisher Scientific, 
USA). Other hormones, including peptide YY 
(PYY), ghrelin, insulin, and C-peptide, were mea
sured using a mouse metabolic hormone expanded 
panel kit (EMD Millipore, USA).

Bile acids quantification

Bile acid concentration in plasma and tissues was 
quantified using ultra-high-performance liquid 
chromatography-tandem mass spectrometry 
(UHPLC-MS/MS). 30 μl plasma was mixed with 
20 μl internal standard and 150 μl of acetonitrile. 
The mixture was centrifuged, evaporated, and 
reconstituted in 40 μl of 50% methanol. We 
resected the ileum tissue (distal part, 3 cm length) 
and flushed out the luminal content. The tissue was 
then weighed, mixed with 20 μl/mg of methanol, 
homogenized, centrifuged, evaporated, and recon
stituted in 100 μL of 50% methanol supplemented 
with an internal standard. The internal standards 
including deuterium-labeled CA-d4, CDCA-d4, 
LCA-d4 and GCA-d4 were purchased from 
Steraloids Inc (Newport, RI, USA). TCA-d4, 
TβMCA-d4 and TUDCA-d4 were obtained from 
Toronto Research Chemicals (North York, 
Ontario, Canada). βMCA-d4 was obtained from 
IsoSciences (Ambler, PA, USA). GCDCA-d4, 
DCA-d4, TDCA-d4, GDCA-d4, GLCA-d4, 
GUDCA-d4, and UDCA-d4 were the products of 
Cambridge Isotope Laboratories Inc (Tewksbury, 
MA, USA). The quality control sample was 
obtained by pooling all prepared samples. UHPLC- 
MS/MS analysis was performed on an Agilent 1290 
Infinity II UHPLC system coupled to a 6470A 
Triple Quadrupole mass spectrometer (Santa 
Clara, CA, United States). Samples were injected 
into a Waters UPLC BEH C18 column (100 mm ×  
2.1 mm, 1.7 μm) at a flow rate of 0.4 ml/min. The 
mobile phase A was 0.1% (v/v) formic acid/water. 
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The mobile phase B was 0.1% (v/v) formic acid/ 
acetonitrile. The chromatographic separation was 
conducted by a gradient elution program as fol
lows: 15% B at 0.5 min, 25% B at 1.5 min, 25% B at 
5.5 min, 35% B at 6.5 min, 38% B at 9.5 min, 45% 
B at 10.5 min, 60% B at 13 min, 100% B at 13.1 min, 
100%B at 14.4 min, 15% B at 14.5 min, 15% B at 16  
min. The column temperature was set to 40°C. 
MassHunter Workstation Software (version 
B.08.00, Agilent) was used to process raw data.

RNA extraction and real-time PCR

Total RNA was extracted from frozen intestinal tissue 
using the EastepTM Super Total RNA Extraction Kit 
(Promega Biotech Co., China) and reverse transcribed 
to cDNA using PrimeScript Reverse Transcript 
Master Mix (TaKaRa, Japan). Real-time quantitative 
PCR was performed using Applied Biosystems 
QuantStudioDx (Thermo Fisher Scientific, USA) 
with the universal SYBR Green qPCR Master Mix 
(Vazyme Biotech, China). The following primers 
were used: 18S, forward TTCTGGCCAACGGTC 
TAGACAAC, reverse CCAGTGGTCTTGGTGTG 
CA; GPR120, forward GGCACTGCTGGCTTTC 
ATA, reverse GATTTCTCCTATGCGGTTGG; 
SCLT1, forward CGGAAGAAGGCATCTGAGAA, 
reverse AATCAGCACGAGGATGAACA; TGR5, 
forward ACCATCAGGGCTACTGGTCC, reverse 
GCCATGTAGCGTTCCCCAT; FXR, forward 
TGGGCTCCGAATCCTCTTAGA, reverse TGGTC 
CTCAAATAAGATCCTTGG. All the samples were 
run in duplicate in a 384-well reaction plate. The 
comparative ∆∆CT method was used to evaluate the 
relative mRNA levels of the housekeeping gene 18S.

Immunofluorescence studies

Intestinal tissue was fixed with 4% (w/v) paraformal
dehyde and embedded in paraffin. Tissue sections (5  
μm) underwent antigen retrieval (1 mM Tris-EDTA 
PH9.0, for 15 min at 100°C), followed by preincuba
tion with BSA blocking solution for 20 min. Slides 
were incubated overnight at 4°C with 100 μl mouse 
anti-GLP-1 primary antibody (1:800; ab23468, 
Abcam). Slides were then washed and incubated 
with 100 μl of Try-488 secondary antibody (Bry- 
try488, Runnerbio, China) for 30 min at 37°C. Cover 
slips were mounted with Antifade Mounting Medium 

containing DAPI (P0131, Beyotime, China), and 
images were taken using an automated acquisition 
system (TissueFAXS Plus, TissueGnostics GmbH, 
Austria).

Statistical analysis

The results are presented as the mean ± SEM. 
Differences between the two groups were analyzed 
using an unpaired Student’s t-test. Differences 
between three or more groups were analyzed 
using one-way ANOVA, followed by Dunnett’s 
multiple comparison test. Two-way ANOVA post- 
hoc corrections were performed to assess the inter
action effect between the two factors. GraphPad 
Prism 8 software was used for all the statistical 
analyses. Statistical significance was accepted at 
P value < .05. Each experiment was repeated inde
pendently at least twice or thrice.
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