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Sodium–glucose cotransporter 2 inhibitors, efficacious
antidiabetic agents that have cardiovascular and renal
benefits, can promote pancreatic b-cell regeneration
in type 2 diabetic mice. However, the underlying mech-
anism remains unclear. In this study, we aimed to use
multiomics to identify the mediators involved in b-cell
regeneration induced by dapagliflozin. We showed that
dapagliflozin lowered blood glucose level, upregulated
plasma insulin level, and increased islet area in db/db
mice. Dapagliflozin reshaped gut microbiota and mod-
ulated microbiotic and plasmatic metabolites related
to tryptophanmetabolism, especially L-tryptophan, in the
diabeticmice. Notably, L-tryptophan upregulated themRNA
level of glucagon-like peptide 1 (GLP-1) production–
related gene (Gcg and Pcsk1) expression and promoted
GLP-1 secretion in cultured mouse intestinal L cells, and
it increased the supernatant insulin level in primary hu-
man islets, which was eliminated by GPR142 antagonist.
Transplant of fecal microbiota from dapagliflozin-treated
mice, supplementation of L-tryptophan, or treatment with
dapagliflozin upregulated L-tryptophan, GLP-1, and insu-
lin or C-peptide levels and promoted b-cell regeneration
in db/dbmice. Addition of exendin 9-39, a GLP-1 receptor
(GLP-1R) antagonist, or pancreatic Glp1r knockout di-
minished these beneficial effects. In summary, treat-
ment with dapagliflozin in type 2 diabetic mice promotes
b-cell regeneration by upregulating GLP-1 production,
which is mediated via gut microbiota and tryptophan
metabolism.

Diabetes has become a major global health concern. It is es-
timated that by 2045, >600 million people worldwide will
have type 2 diabetes (1). Sodium–glucose cotransporter 2
(SGLT2) inhibitors improve glycemic control in an insulin-
independent fashion by reducing renal glucose reabsorp-
tion (2). SGLT2 inhibitors have other benefits, including
cardiovascular and renal protection (3,4).

ARTICLE HIGHLIGHTS

• Sodium–glucose cotransporter 2 inhibitors, novel and
efficacious antidiabetic agents, can preserve b-cell
mass in type 2 diabetic animals, but the mechanism
remains unclear.

• We find that dapagliflozin reshapes gut microbiota,
improves microbiotic and plasmatic metabolites
related to tryptophan metabolism, and increases
glucagon-like peptide 1 (GLP-1) production medi-
ated via tryptophan metabolism. GLP-1�GLP-1 re-
ceptor signaling participates in the dapagliflozin-
induced b-cell regeneration.

• Our study reveals that the gut microbiota–tryptophan
metabolism–GLP-1 axis is a novel mechanism of b-cell
regeneration induced by dapagliflozin and provides ex-
perimental evidence for its b-cell protection in treating
type 2 diabetes.

1Department of Endocrinology and Metabolism, State Key Laboratory of Female
Fertility Promotion, Peking University Third Hospital, Beijing, China
2Clinical Stem Cell Research Center, Peking University Third Hospital, Beijing, China
3Department of Urology, Peking University Third Hospital, Beijing, China
4Center for Reproductive Medicine, Peking University Third Hospital, Beijing, China
5Department of Obstetrics and Gynecology, Peking University Third Hospital,
Beijing, China

Corresponding authors: Zhe Zhang, zhezhang@bjmu.edu.cn; Tianpei Hong,
tpho66@bjmu.edu.cn; and Rui Wei, weirui@bjmu.edu.cn

Received 13 July 2023 and accepted 26 February 2024

This article contains supplementary material online at https://doi.org/10.2337/
figshare.25375459.

Y.J., J.Y., and L.X. contributed equally to this work.

© 2024 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

IS
L
E
T
S
T
U
D
IE
S

926 Diabetes Volume 73, June 2024

mailto:zhezhang@bjmu.edu.cn
mailto:tpho66@bjmu.edu.cn
mailto:weirui@bjmu.edu.cn
https://doi.org/10.2337/figshare.25375459
https://doi.org/10.2337/figshare.25375459
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db23-0553&domain=pdf&date_stamp=2024-05-08


Clinical studies have shown that SGLT2 inhibitors im-
prove b-cell function in patients with type 2 diabetes (5,6).
Animal studies have demonstrated that SGLT2 inhibitors
preserve b-cell mass and islet morphology (7–10). Since
b-cells do not express SGLT2, the protective effect of SGLT2
inhibitors on b-cells should be due to the indirect mecha-
nisms (11). So far, the specific mediators remain unclear.

Herein, we profiled plasmatic nontargeted metabolo-
mics to screen the humoral mediators involved in b-cell re-
generation induced by dapagliflozin. We also performed
shotgun metagenomic sequencing of cecal contents and an-
alyzed the cecal metabolomics. Next, mouse intestinal
L-cell line and primary human islets were incubated with
metabolites, including L-tryptophan, with or without GPR142
antagonist to detect the effect of metabolites on L cells and
islets, respectively. To confirm the involvement of the gut
microbiota–tryptophan–glucagon-like peptide 1 (GLP-1) axis
in dapagliflozin-induced b-cell regeneration, we performed
fecal microbiota transplant (FMT), L-tryptophan supplemen-
tation, and dapagliflozin treatment with or without GLP-1
receptor (GLP-1R) blockage in db/dbmice. Our study provides
a novel insight into the mechanism of b-cell protection
induced by SGLT2 inhibitors in type 2 diabetes.

RESEARCH DESIGN AND METHODS

Animals and Intervention
Seven-week-old male db/db and db/m mice were used in the
experiments. Mice were treated with dapagliflozin (1 mg/kg;
AstraZeneca Pharmaceutical Co. Ltd., London, U.K.) or vehicle
(water) for 5 weeks. After treatment, 12 db/db mice and
12 db/mmice were used for plasmatic nontargeted metabolo-
mics, cecal shotgun metagenomics, and cecal metabolomics,
while 20 db/dbmice were used to collect cecum fecal samples.

Fecal microbiota from dapagliflozin- or vehicle-treatedmice
were intragastrically administered with or without GLP-1R an-
tagonist exendin 9-39 (50 nmol/kg/day; Bachem, Bubendorf,
Switzerland) treatment for 5 weeks in another batch of db/db
mice (n = 28). Glycemic control was maintained by using insu-
lin implants (LinBit; Linshin, Scarborough, ON, Canada).

To investigate the involvement of L-tryptophan and GLP-1R,
db/db mice were given vehicle, L-tryptophan (200 mg/kg),
or L-tryptophan combined with exendin 9-39 for 5 weeks.
Also, insulin implants were used for glycemic control. Be-
sides, db/db mice were treated with vehicle, dapagliflozin
(1 mg/kg), exendin 9-39, or dapagliflozin combined with
exendin 9-39 for 5 weeks. Age-matched db/m mice were in-
cluded as normal control. Six-week-old male pancreas-specific
Glp1r knockout (Glp1rpan�/�) mice and Pdx1-Cre or Glp1r-flox
littermates were induced to type 2 diabetes (Supplementary
Fig. 1) and were treated with dapagliflozin (1 mg/kg) or ve-
hicle for 6 weeks.

Glucose Measurement, and Blood Sample and
Intestinal Tissue Collection
Oral glucose tolerance test was performed after starvation.
Blood samples were added with aprotinin, heparin sodium,

and a dipeptidyl peptidase 4 inhibitor for hormone detec-
tion. Intestinal tissues were homogenized in radioimmuno-
precipitation assay lysis buffer, and supernatants were
collected for GLP-1 detection.

Immunofluorescence Quantification
Immunofluorescent images were captured under an auto-
matic digital slide scanner (Pannoramic MIDI; 3DHISTECH,
Budapest, Hungary). The total area of positive-staining cells
was analyzed using Fiji software (National Institutes of
Health, Bethesda, MD).

Nontargeted Metabolomic Analysis
Plasma and cecal contents were subjected to metabo-
nomic analysis. The statistics function prcomp within R
(https://www.r-project.org) was used for unsupervised
principal component analysis. According to variable im-
portance in projection (VIP) $1 and P < 0.05, the differ-
ential metabolites among the three groups were screened.
VIP values were extracted from the orthogonal partial
least squares-discriminant analysis results and generated
using the R package MetaboAnalystR. The Kyoto Encyclo-
pedia of Genes and Genomes database was used to anno-
tate identified metabolites.

Shotgun Metagenomic Sequencing and Analysis
Total DNA of cecal contents was extracted. Sequencing li-
braries were generated using NEBNext Ultra DNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich, MA).
Libraries were analyzed for size distribution using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA)
and quantified using real-time PCR. The library prepara-
tions were sequenced on a NovaSeq platform (Illumina,
San Diego, CA), and paired-end reads were generated. After
sequencing, the sequences of bacteria, fungi, archaea, and
viruses were extracted from the nonredundant database.
DIAMOND software was used to blast unigenes to the
functional database.

L-Cell Intervention
Mouse intestinal L-cell line STC1 cells (CRL-3254;
ATCC) were incubated with different concentrations of
L-tryptophan, indoleacetate, and N-acetylserotonin; cultured
with L-tryptophan (10 mmol/L) with or without GPR142
antagonist CLP-3094 (10 mmol/L); or incubated with dapa-
gliflozin (25 mmol/L) or vehicle with or without palmitate
(0.5 mmol/L). Cells and supernatants were collected for
mRNA and hormone detection, respectively.

Primary Human Islet Intervention
Human islets (Supplementary Table 1) were incubated with
L-tryptophan (1 mmol/L) and/or CLP-3094 (1 mmol/L) with
or without palmitate (0.5 mmol/L) for 24 h. Culture super-
natants were collected for insulin detection.
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Real-Time Quantitative Reverse Transcription-PCR
Total RNA was extracted by TRIzol reagent. Quantitative re-
verse transcription-PCR was performed on a QuantStudio 5
Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA). The primer sequences are listed in Supplementary Table 2.

Hormone Measurements
ELISA kits were used to detect hormone concentration in
blood samples, intestinal tissue lysates, or cell supernatants
according to the manufacturer’s instructions.

Statistical Analysis
Data are expressed as themean ± SEMormedian (interquartile
range). P < 0.05 was considered statistically significant. The
statistical analysis was performed using GraphPad Prism 9.0
(GraphPad Software Inc., San Diego, CA). More details about
themethodology are provided in the SupplementaryMaterial.

Data and Resource Availability
The data sets generated and analyzed during the current
study are available from the corresponding authors upon
reasonable request.

RESULTS

Dapagliflozin Promotes b-Cell Regeneration and Alters
Tryptophan Metabolism of Plasmatic Metabolites in
Diabetic db/db Mice
Dapagliflozin significantly reduced blood glucose level and
increased plasma insulin level and islet areas in db/db mice
(Supplementary Fig. 2). To identify the related humoral fac-
tors involved in b-cell regeneration, we profiled the plas-
matic metabolome and found significant changes in the
principal component analysis score plot (Fig. 1A). Metabo-
lites in the top 20 of VIP scores and metabolic pathway
analysis of altered metabolites indicated that tryptophan
metabolism was enriched (Fig. 1B and C). We further ana-
lyzed the levels of L-tryptophan and its related metabolites.
Results showed that dapagliflozin modulated L-tryptophan–
related metabolites, especially upregulated L-tryptophan and
indoleacetate, and downregulated indolepyruvate (Fig. 1D
and Supplementary Figs. 3 and 4).

Dapagliflozin Modulates Tryptophan Metabolism by
Gut Microbiota in db/db Mice
L-Tryptophan is an essential amino acid in mammals and
mainly derived from diet (12). Gut microbiota have a crucial
impact on intestinal tryptophan availability and metabolism
(13). SGLT2 inhibitors modulate the composition of gut
microbiota (14). Hence, we inferred that the dapagliflozin-
mediated changes of plasmatic tryptophan–related metab-
olites were closely related to gut microbiota. We collected
cecal contents and performed shotgun metagenomic se-
quencing. a-Diversity was not altered, while high b-diversity
indicated by nonmetric multidimensional scaling was ob-
served among three groups (Fig. 2A�C). Dapagliflozin altered
the composition of gut microbiota at the genus level,

especially those related to tryptophan metabolism, includ-
ing Escherichia, Clostridium, and Bacteroides (Fig. 2D and E).
A higher abundance of Escherichia and Clostridium was ob-
served in db/db mice versus db/m mice and further in-
creased after dapagliflozin treatment (Fig. 2D and E).
Escherichia produces tryptophan, and Clostridium degrades
L-tryptophan into indole-3-acetamide and indoleacetate
(15,16). Hence, we inferred that elevated L-tryptophan,
indole-3-acetamide, and indoleacetate might be associated
with an increase in Escherichia and Clostridium (Figs. 1D
and 2E and Supplementary Fig. 3). Bacteroides, which me-
tabolizes L-tryptophan into indolelactate (17), showed op-
posite changes to Escherichia and Clostridium. Consistently,
plasma indolelactate level was lower in db/db mice than in
db/mmice and was further decreased by dapagliflozin. Sim-
ilarly, the linear discriminant analysis effect size method
revealed that Bacteroides was enriched in the db/m group
and that Clostridium was enriched in the dapagliflozin-
treated db/db group (Fig. 2F and Supplementary Fig. 5).

Next, nontargeted metabolomic analysis of cecal con-
tents was performed. Dapagliflozin changed the microbi-
otic metabolite profile (Fig. 3A). Notably, metabolites
related to tryptophan metabolism, especially L-tryptophan,
were modulated (Supplementary Fig. 6A). The tryptophan
metabolism pathway was also enriched after treatment
with dapagliflozin (Supplementary Fig. 6B). In the top 30
differential gut microbiota, L-tryptophan positively corre-
lated with 5 gut microbiota and negatively correlated with
18 gut microbiota, including Bacteroides and Clostridium
(Fig. 3B). These results indicate that dapagliflozin modulates
tryptophan metabolism through gut microbiota in db/db
mice. By using cross-analysis, L-tryptophan, indoleacetate,
and indolepyruvate were screened, but only L-tryptophan
wasmodulated by dapagliflozin in the twometabolomic anal-
yses (Figs. 1D and 3C and Supplementary Fig. 6A). Moreover,
plasma L-tryptophan level measured by ELISA showed simi-
lar results with metabolomics (Supplementary Fig. 6C).
L-Tryptophan has been reported to increase b-cell mass and
promote insulin secretion in rodents (18,19). We found that
L-tryptophan increased supernatant insulin level in primary
human islets, which was eliminated after antagonizing
GPR142 (Supplementary Fig. 7), a G-protein–coupled recep-
tor involved in glucose-stimulated insulin secretion (20).
Hence, we inferred that L-tryptophan might participate in
dapagliflozin-induced b-cell regeneration.

Microbiotic and Plasmatic Metabolite L-Tryptophan
Upregulates GLP-1 Production–Related Gene
Expression and Promotes GLP-1 Secretion
Whether b-cell regeneration induced by L-tryptophan is
due to its direct or indirect action remains to be clarified.
We speculated that a high concentration of microbiotic
metabolites might affect the metabolism of the whole
body by modulating the function of local intestinal cells.
Intestinal L cells secrete GLP-1, which helps to stimulate
glucose-dependent insulin secretion and promote b-cell
regeneration (21,22). We found that L-tryptophan upregulated
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Gcg (encoding proglucagon) and Pcsk1 (encoding prohormone
convertase 1/3, an important enzyme for processing progluca-
gon into GLP-1 [23]) mRNA levels and promoted GLP-1 secre-
tion in L cells (Fig. 3D�F), and these effects were reversed by
GPR142 antagonist (Fig. 3G�I). Consistently, dapagliflozin
not only increased microbiotic metabolite L-tryptophan

level but also upregulated plasma and intestinal active
GLP-1 levels in db/dbmice (Supplementary Fig. 6A, D, and E).
Other microbiotic metabolites, including indoleacetate and
N-acetylserotonin, did not promote GLP-1 production–
related gene expression and GLP-1 secretion (Supplementary
Fig. 8A–F). Besides, dapagliflozin had no direct effect on L cells

Figure 1—Alteration of the plasma metabolomic profile induced by dapagliflozin (Dapa) in db/dbmice. A: Principal component (PC) analy-
sis plots of plasma metabolomic profiles. B: Differential plasmatic metabolites in the top 20 of VIP scores. C: Metabolic pathway analysis
of differential plasmatic metabolites. The circles that are closer to the top-right diagonal region are significantly changed, and they are
more likely to have significant impacts on the pathways. D: Relative levels of L-tryptophan, indoleacetate, and indolepyruvate in plasma.
n = 5� 6 mice/group. Data are mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by Dunnett T3 multiple compari-
sons test in D. §P< 0.05 (vs. db/m); *P< 0.05 (vs. control [Ctrl]). 2,5-pyrrolidinedione, 3,3-dichloro-4-(dichloromethylene)-2,5-pyrrolidinedione;
3-methyl-N-butanamide, 3-methyl-N-(2-naphthyl)butanamide; N-g-glutamylhistamine, N(a)-g-L-glutamylhistamine; sig, significant;
S-mercaptopyruvate, S-(4-bromophenyl)-mercaptopyruvate.
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(Supplementary Fig. 8G andH). Hence, we inferred that dapa-
gliflozin might promote b-cell regeneration via reshaping
gut microbiota, altering tryptophan metabolism, and thereby
upregulating GLP-1–GLP-1R signaling.

Gut Microbiota Reshaped by Dapagliflozin Promotes
b-Cell Regeneration in a GLP-12GLP-1R
Signaling–Dependent Manner in db/db Mice
To determine whether and how gut microbiota reshaped
by dapagliflozin affected b-cell regeneration, we performed

FMT from dapagliflozin- or vehicle-treated mice with or with-
out exendin 9-39. Glycemic control was maintained at the
level similar to dapagliflozin treatment by using insulin im-
plants (Supplementary Fig. 9A and B). No significant differ-
ence in body weight was observed (Supplementary Fig. 9C).
Plasma L-tryptophan and plasma and intestinal GLP-1 levels
were elevated in db/db mice after receiving fecal microbiota
from dapagliflozin-treated mice (Supplementary Fig. 9D–F).
Notably, FMT from the dapagliflozin group significantly in-
creased postload plasma C-peptide level, which was abolished

Figure 2—The composition of gut microbial communities after treatment with dapagliflozin (Dapa) in db/dbmice. A and B: Abundance-based
coverage estimator (ACE) and Simpson index to describe the a-diversity of gut microbial communities. C: Nonmetric multidimensional scaling
(MDS) to describe the b-diversity of gut microbial communities. D: The top 14 maximum abundances of gut microbiota at the genus level.
E: The top 30 differential gut microbiota at the genus level. F: Cladogram representation of differentially abundant taxonomic clades with linear
discriminant analysis score>4. Significantly distinct taxonomic nodes are colored, and the branch areas are shaded according to the effect size
of the taxa. n = 6 mice/group. Data are the mean ± SEM or median (interquartile range). Statistical analysis was performed by one-way ANOVA
followed by Tukeymultiple comparisons test inA or by Kruskal-Wallis test followed by Dunnmultiple comparisons test inB. Ctrl, control.
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Figure 3—The relationship among the gut microbiota, microbiotic metabolites, and GLP-1 production. A: Principal component (PC)
analysis plots of microbial metabolomic profiles. B: Spearman correlation analysis between the top 30 differential gut microbiota and
differential microbiotic metabolites related to L-tryptophan (Trp) metabolism. C: The number of overlapping metabolites between micro-
biotic and plasmatic metabolites. D and E: Relative Gcg and Pcsk1 mRNA levels in the intestinal L-cell line STC1 cells incubated with
different concentrations of Trp. F: GLP-1 secretion in STC1 cells cultured with different concentrations of Trp. G–I: Relative Gcg and
Pcsk1 mRNA levels and GLP-1 secretion in STC1 cells incubated with Trp (10 mmol/L) or vehicle with or without CLP-3094 (CLP)
(10 mmol/L). n = 4. Data are mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by Dunnett multiple compari-
sons test in D and E, one-way ANOVA followed by Tukey multiple comparisons test in G and H, or one-way ANOVA followed by Dunnett
T3 multiple comparisons test in F and I. *P < 0.05 (vs. control [Ctrl]); ‡P < 0.05 (vs. Trp).
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Figure 4—Histological analysis in the pancreatic tissues of db/dbmice receiving FMT from dapagliflozin (Dapa)- or vehicle-treated mice with or
without exendin 9-39 (Ex9) for 5 weeks. A: Representative photographs of the entire pancreata immunostained for glucagon and insulin. Scale
bar = 2,000 mm. B: Quantification of the islet area per pancreatic area. C: Quantification of the islet number per section. D: Quantification of the
small islet number per section. An islet with a cell number less than eight is defined as a small islet. E: Representative photographs of an islet im-
munostained for glucagon and insulin. Scale bar = 20 mm. F: Quantification of the b-cell area per pancreatic area.G: Quantification of the a-cell
area per pancreatic area. H: The ratio of b-cell area to a-cell area. n = 3 sections/mouse and 3 mice/group. Data are mean ± SEM or median
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by exendin 9-39 (Supplementary Fig. 9G). FMT had no effects
on plasma glucagon level (Supplementary Fig. 9H).

Islet area, islet number, and b-cell area were boosted in
db/db mice receiving fecal microbiota from dapagliflozin-
treated mice, and addition of exendin 9-39 attenuated these
beneficial effects (Fig. 4A�C, E, and F). Small islet number
(an indicator of islet neogenesis), a-cell area, and ratio of
b-cell area to a-cell area remained unchanged among the
four groups (Fig. 4D, G, and H). Subsequently, we estimated
b-cell proliferation by BrdU tracing or proliferating cell
nuclear antigen (PCNA) immunofluorescent staining. Gut
microbiota from dapagliflozin-treated mice significantly in-
creased numbers of BrdU1insulin1 cells or PCNA1insulin1

cells, while this effect was eliminated by exendin 9-39
(Supplementary Fig. 10A–D). These results indicate that gut
microbiota reshaped by dapagliflozin promotes b-cell regener-
ation through GLP-1�GLP-1R signaling.

L-Tryptophan Promotes b-Cell Regeneration in a GLP-12
GLP-1R Signaling–Dependent Manner in db/db Mice
To investigate whether L-tryptophan had direct beneficial
effects on islet regeneration in diabetic mice and whether
GLP-1�GLP-1R signaling was involved in this process, db/db
mice were treated with vehicle, L-tryptophan, or L-tryptophan
combined with exendin 9-39. Glycemic control was kept at
the level similar to dapagliflozin administration in db/db
mice by using insulin implants (Supplementary Fig. 11A
and B). There was no significant difference in body
weight (Supplementary Fig. 11C). Plasma L-tryptophan
increased to a level comparable with dapagliflozin treat-
ment (Supplementary Fig. 11D). Plasma and intestinal
GLP-1 levels and postload plasma C-peptide level were
significantly increased by L-tryptophan, and exendin 9-39
eliminated these effects (Supplementary Fig. 11E–G). No
significant difference was observed in plasma glucagon level
(Supplementary Fig. 11H).

Islet area, islet number, small islet number, and b-cell
area were enlarged by L-tryptophan treatment, and these ef-
fects were attenuated by exendin 9-39 (Fig. 5A�F). No sig-
nificant change was shown in a-cell area and ratio of b-cell
area to a-cell area (Fig. 5G andH). L-Tryptophan remarkably
increased the number of BrdU1insulin1 cells or PCNA1in-
sulin1 cells, while exendin 9-39 antagonized this effect
(Supplementary Fig. 12A–D). These results suggest that
L-tryptophan promotes b-cell regeneration through
GLP-1�GLP-1R signaling in type 2 diabetic mice.

Systemic or Pancreatic GLP-1R Plays a Small Role in
Glucose-Lowering Effect Induced by Dapagliflozin in
Type 2 Diabetic Mice
To explore the role of GLP-1�GLP-1R signaling in the
beneficial effects of dapagliflozin, db/db mice were treated

with dapagliflozin with or without exendin 9-39. Since
db/dbmice treated with exendin 9-39 alone died soon af-
terward due to the extreme hyperglycemia, data in this
group were excluded. Compared with the baseline and
control group, dapagliflozin significantly lowered fast-
ing, random, and postload blood glucose levels, and
merely postload glucose level was partially antagonized
by exendin 9-39 (Supplementary Fig. 13A–D). Body weight
showed no significant difference among the three groups in
db/dbmice (Supplementary Fig. 13E). Dapagliflozin remark-
ably increased plasma insulin level, while the combination
with exendin 9-39 did not show such effect (Supplementary
Fig. 13F). There was no difference in plasma glucagon level
among the groups (Supplementary Fig. 13G).

Diabetic Glp1rpan�/� mice and Flox/Cre littermates were
used to investigate the role of GLP-1R in pancreata. Fasting,
random, and postload blood glucose levels were significantly
decreased by dapagliflozin treatment, although the glucose
level after dapagliflozin treatment was slightly higher in
Glp1rpan�/� mice than Flox/cre littermates (Supplementary
Fig. 13H–K). Dapagliflozin had little effect on body weight
(Supplementary Fig. 13L). There was no significant differ-
ence in plasma insulin and glucagon levels between the da-
pagliflozin and control group in Glp1rpan�/� mice and
Flox/cre littermates (Supplementary Fig. 13M and N). These
results indicate that pancreatic GLP-1R might only play a mi-
nor role in a dapagliflozin-induced glucose-lowering effect.

Blockage of GLP-1R by Exendin 9-39 Eliminates b-Cell
Regeneration Induced by Dapagliflozin in db/db Mice
Treatment with dapagliflozin in db/db mice induced a two-
fold increase in islet area, and this increment was reversed by
exendin 9-39 (Fig. 6A and B). Dapagliflozin significantly in-
creased islet number and small islet number, and addition of
exendin 9-39 did not alter these effects (Fig. 6C and D). Sub-
sequently, we analyzed the ratio of islets with different size.
Compared with db/mmice, the proportion of islets with large
size (area >20,000 mm2) remarkably decreased, while the
proportion of islets with small size (area<5,000mm2) signif-
icantly increased in db/db mice. Dapagliflozin reversed these
alterations to the normal level, while the effects were abol-
ished by exendin 9-39 (Supplementary Fig. 14).

Dapagliflozin induced a marked expansion in b-cell area
in db/db mice, which was eliminated by exendin 9-39 (Fig.
6E and F). Dapagliflozin did not affect a-cell area (Fig. 6E
and G). The proportion of b-cells to a-cells was upregulated
by dapagliflozin treatment, and this effect was diminished by
exendin 9-39 (Fig. 6H). Proliferative b-cells as indicated by
BrdU1insulin1 cells or PCNA1insulin1 cells were augmented
by dapagliflozin, while GLP-1R blockage antagonized this ef-
fect (Supplementary Fig. 15A–D). These results indicate that

(interquartile range). Statistical analysis was performed by one-way ANOVA followed by Dunnett T3 multiple comparisons test in B and C, by
Kruskal-Wallis test followed by Dunn multiple comparisons test in F, or by one-way ANOVA or two-way ANOVA followed by Tukey multiple
comparisons test as appropriate in D,G, andH. *P< 0.05 (vs. control [Ctrl]-FMT1 vehicle).
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Figure 5—Histological analysis in the pancreatic tissues of db/db mice treated with vehicle, L-tryptophan (Trp), or Trp combined with ex-
endin 9-39 (Ex9) for 5 weeks. Age-matched db/m mice treated with vehicle were included as normal control (Ctrl). A: Representative pho-
tographs of the entire pancreata immunostained for glucagon and insulin. Scale bar = 2,000 mm. B: Quantification of the islet area per
pancreatic area. C: Quantification of the islet number per section. D: Quantification of the small islet number per section. An islet with a
cell number less than eight is defined as a small islet. E: Representative photographs of an islet immunostained for glucagon and insulin.
Scale bar = 20 mm. F: Quantification of the b-cell area per pancreatic area.G: Quantification of the a-cell area per pancreatic area. H: Ratio
of b-cell area to a-cell area. n = 3 sections/mouse and 3 mice/group. Data are mean ± SEM. Statistical analysis was performed by
one-way ANOVA followed by Dunnett T3 multiple comparisons test in B–D and F, or by one-way ANOVA or two-way ANOVA followed
by Tukey multiple comparisons test as appropriate in G and H. §P< 0.05 (vs. db/m); *P< 0.05 (vs. Ctrl); ‡P< 0.05 (vs. Trp).
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Figure 6—Histological analysis in the pancreatic tissues of db/db mice treated with vehicle, dapagliflozin (Dapa), or Dapa with exendin
9-39 (Ex9) for 5 weeks. Age-matched db/mmice treated with vehicle served as normal control (Ctrl). A: Representative photographs of the
entire pancreata immunostained for glucagon and insulin. Scale bar = 2,000 mm. B: Quantification of the islet area per pancreatic area.
C: Quantification of the islet number per section. D: Quantification of the small islet number per section. An islet with a cell number less
than eight is defined as a small islet. E: Representative photographs of an islet immunostained for glucagon and insulin. Scale bar = 20 mm.
F: Quantification of the b-cell area per pancreatic area. G: Quantification of the a-cell area per pancreatic area. H: Ratio of b-cell area to a-cell
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GLP-1R is involved in dapagliflozin-induced b-cell regeneration
in db/dbmice.

Glp1rpan2/2 Eliminates b-Cell Regeneration Induced by
Dapagliflozin in High-Fat Diet + Streptozotocin–Induced
Diabetic Mice
Treatment with dapagliflozin had a tendency to increase is-
let area in high-fat diet 1 streptozotocin–induced diabetic
Flox/Cre littermates but not in diabetic Glp1rpan�/� mice.
Thus, compared with dapagliflozin-treated Flox/Cre litter-
mates, islet area seemed less in dapagliflozin-treated
Glp1rpan�/� mice (Fig. 7A and B). Dapagliflozin did not affect
islet number and small islet number in Glp1rpan�/� mice and
Flox/Cre littermates (Fig. 7C and D). Dapagliflozin signifi-
cantly increased b-cell area in Flox/Cre littermates but had no
such effect in Glp1rpan�/� mice (Fig. 7E and F). There was no
significant difference in a-cell area among the four groups
(Fig. 7G). The ratio of b-cells to a-cells was increased by dapa-
gliflozin in diabetic Glp1rpan�/� mice and Flox/Cre littermates
(Fig. 7H). To exclude the effect of gene manipulation on b-cell
regeneration, age-matched wild-type, Pdx1-Cre or Glp1r-flox
mice were used. No difference in glucose metabolism and
b-cell mass was observed among wild-type, Pdx1-Cre and
Glp1r-flox mice (Supplementary Fig. 16). These results
indicate that pancreatic GLP-1R participates in dapagliflozin-
induced b-cell regeneration.

DISCUSSION

SGLT2 inhibitors, safe and efficacious antidiabetic agents, ex-
ert organ protective effects, including improvement of b-cell
function and mass, but the mechanism has remained un-
clear. By using integrated multiomics analyses, including
plasmatic metabolomics, cecal shotgun metagenomics, and
cecal metabolomics, we found that dapagliflozin modulated
microbiotic and plasmatic metabolites related to tryptophan
metabolism, especially L-tryptophan. L-Tryptophan promoted
GLP-1 and insulin secretion in mouse intestinal L-cell line
and primary human islets, respectively. FMT fromdapagliflozin-
treated mice, L-tryptophan supplementation, and dapagliflo-
zin treatment all upregulated L-tryptophan, GLP-1, and
insulin or C-peptide levels and increased islet area and b-cell
area in diabetic mice. Addition of exendin 9-39, a GLP-1R
antagonist, or Glp1rpan�/� diminished the beneficial effects
of dapagliflozin on b-cell regeneration. This study provides
clear evidence that increased GLP-1 production mediated
via tryptophan metabolism is indeed an important mecha-
nism for b-cell regeneration induced by dapagliflozin.

Multiple lines of evidence have demonstrated that da-
pagliflozin improves b-cell function and promotes b-cell
regeneration (6,7), but the mechanisms have remained
unclear. Some researchers explained the protective effects
of SGLT2 inhibitors on b-cells as an indirect action, which

might be secondary to the improvement of glucolipotoxic-
ity (24). Notably, although glycemic control showed a sim-
ilar level, b-cell mass increased after treatment with
dapagliflozin alone or in combination with insulin glargine
but not with insulin glargine alone, which indicates that da-
pagliflozin might have other mechanisms of b-cell protec-
tion except for the glucose-lowering effect (25). However,
the specific humoral factors remain unknown. Our study
showed that dapagliflozin significantly modulated plasmatic
metabolites related to tryptophan metabolism, suggesting
its potential role in the dapagliflozin-induced protective
effects.

Gut microbiota and their metabolites are closely associ-
ated with type 2 diabetes and considered as important con-
tributors for metabolic disorders (26,27). Antidiabetic
agents, such as metformin, have been shown to ameliorate
type 2 diabetes by modulating gut microbiota (28,29).
However, the effects of dapagliflozin on gut microbiota are
still controversial. Although dapagliflozin had different
metabolic actions in patients with type 2 diabetes, it could
not alter the fecal microbiome (30). On the contrary, empa-
gliflozin ameliorates diabetic nephropathy via reducing li-
popolysaccharide-producing bacteria and increasing short-
chain fatty acid–producing bacteria in type 2 diabetic mice
(31). Luseogliflozin prevents sarcopenic obesity, the cen-
tral pathological factor in type 2 diabetes, by increasing the
abundance of intestinal bacteria and improving amino acid
metabolism (14). Our results show that dapagliflozin re-
shaped gut microbiota, including Escherichia, Bacteroides,
and Clostridium, which were closely related to tryptophan
metabolism. Furthermore, our FMT experiment revealed
that gut microbiota reshaped by dapagliflozin increased
plasma L-tryptophan level and promoted b-cell regeneration.
Collectively, these observations indicate that gut microbiota
and their metabolites are involved in the improvement of
glycometabolism induced by SGLT2 inhibitors.

Abnormal tryptophan metabolism is associated with
glucose dysmetabolism (32,33). A clinical study that in-
volved 9,180 participants of diverse racial and ethnic back-
grounds from five cohorts revealed that L-tryptophan and
L-tryptophan–related metabolites were associated with type 2
diabetes risk (34). In addition, indoleamine 2,3-dioxygenase
activity was increased in obesity, which shifted tryptophan
metabolism from indole derivative production toward ky-
nurenine production (35). In obesity or type 2 diabetes, the
capacity of microbiota to metabolize L-tryptophan into de-
rivatives decreased, which were able to activate the aryl hy-
drocarbon receptor (36). Based on our cross-analysis of
microbiotic and plasmatic metabolomics, we focused on
L-tryptophan and found that L-tryptophan level was higher
in type 2 diabetes than in nondiabetes and that L-tryptophan
level was further increased after dapagliflozin treatment or

area. n = 3–4 sections/mouse and 4 mice/group. Data are mean ± SEM or median (interquartile range). Statistical analysis was performed by one-
way ANOVA followed by Dunnett T3multiple comparisons test inC, D, andG, two-way ANOVA followed by Tukeymultiple comparisons test inH,
or Kruskal-Wallis test followed by Dunnmultiple comparisons test inB and F. §P< 0.05 (vs. db/m); *P< 0.05 (vs. Ctrl); ‡P< 0.05 (vs. Dapa).
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Figure 7—Histological analysis in the pancreatic tissues of diabeticGlp1rpan�/� (KO) mice and Flox/Cre littermates treated with dapagliflo-
zin (Dapa) or vehicle control (Ctrl) for 6 weeks. Diabetes was induced by high-fat diet and streptozotocin before the treatment. A: Repre-
sentative photographs of the entire pancreata immunostained for glucagon and insulin. Scale bar = 2,000 mm. B: Quantification of the islet
area per pancreatic area. C: Quantification of the islet number per section. D: Quantification of the small islet number per section. An islet
with a cell number less than eight is defined as a small islet. E: Representative photographs of an islet immunostained for glucagon and in-
sulin. Scale bar = 20 mm. F: Quantification of the b-cell area per pancreatic area. G: Quantification of the a-cell area per pancreatic area.
H: The ratio of b-cell area to a-cell area. n = 3 sections/mouse and 3 mice/group. Data are mean ± SEM or median (interquartile range).
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FMT. Notably, L-tryptophan enhanced insulin secretion in
primary human islets by activating GPR142, suggesting a
protective effect on b-cells. Furthermore, L-tryptophan pro-
moted b-cell regeneration partially mediated by increasing
b-cell proliferation in db/db mice. Hence, we inferred that
upregulated plasmatic L-tryptophan by dapagliflozin might
exert protective effects on b-cells. In the early stage of the
disease, the body tries to alleviate diabetes by upregulating
L-tryptophan, just like insulin and some beneficial cytokines
(e.g., fibroblast growth factor 21 [FGF21]). However, the
compensatory effects of relatively low-level L-tryptophan was
insufficient. Notably, exogenous insulin injection, FGF21
treatment, or some antidiabetic agents that increase FGF21
level (e.g., GLP-1 and glucagon receptor antagonism) could
still decrease blood glucose efficiently and could even pro-
mote b-cell regeneration in type 2 diabetic mice (37,38).
These results indicate that some cytokines andmetabolomics
that are elevated in individuals with diabetes are good rather
than bad factors and can be used as potential targets for dia-
betes treatment.

Microbiotic metabolites, with high concentrations in local
intestine, can modulate cell phenotype and function in intes-
tinal cells. For instance, L-tryptophan metabolites enhance
intestinal epithelial barrier function and regulatory immune
responses at mucosal surfaces (39). Short-chain fatty acids
promote GLP-1 secretion from intestinal L cells (40). Similar
to previous studies in humans and rodents (18,41,42), we
found that L-tryptophan increased GLP-1 production in
cultured L cells and upregulated plasma and intestinal
GLP-1 levels in db/db mice. Considering that GLP-1 pro-
motes b-cell regeneration, we supposed that a tryptophan
metabolism�GLP-1 axis might participate in SGLT2 inhib-
itor–induced b-cell regeneration. Interestingly, change in
GLP-1 level was inconsistent with that in L-tryptophan
level in type 2 diabetic mice. This might be explained by
the fact that GLP-1 secretion could be affected by various
factors, such as fasting glucagon level and insulin resis-
tance, not merely L-tryptophan (43,44). After dapagliflozin
treatment, elevated L-tryptophan stimulated GLP-1 secre-
tion, which became a vital factor in stimulating b-cell re-
generation in type 2 diabetic mice. Although GLP-1 has
little effect in promoting b-cell regeneration in adult
human pancreas (45), GLP-1 synergized with DYRK1A
inhibitors could potentiate human b-cell proliferation
(46). Therefore, GLP-1 might synergistically promote
human b-cell regeneration with L-tryptophan or other
factors regulated by dapagliflozin, which deserves fur-
ther investigation.

We used GLP-1R antagonist exendin 9-39 or Glp1rpan�/�

to determine the role of systemic or pancreatic GLP-1R
in b-cell regeneration induced by dapagliflozin, FMT, or
L-tryptophan. We found that blockage of GLP-1R only

showed a very limited impact on the glucose-lowering ef-
fect of dapagliflozin in type 2 diabetic mice. This is con-
sistent with the mechanism for the glucose-lowering
action of dapagliflozin, primarily relying on inhibition of
glucose reabsorption in the renal tubule but not b-cell
regeneration. By contrast, dapagliflozin-, FMT-, or
L-tryptophan–induced increase of insulin secretion and
b-cell regeneration was attenuated by GLP-1R blockage,
indicating that b-cell function and b-cell regeneration
depend on GLP-1R. By the way, the effect of Glp1r
knockout on histological end points was milder than
that observed in db/db mice treated with exendin 9-39.
We supposed that there were two possible reasons: 1)
The effect of constitutive Glp1r knockout might be compen-
sated by other receptors and signaling pathways during em-
bryonic development, while addition of exendin 9-39 to
adult db/db mice was a pharmacological intervention with-
out the compensation, and 2) Glp1r knockout was pancreas
specific rather than systemic, while the exendin 9-39 inter-
vention affected the whole body. Consistently, L-tryptophan
level was associated with the indicators of islet regeneration,
including islet number and small islet number, but not blood
glucose level. These results indicate that islet regeneration
induced by dapagliflozin is independent of the glucose-
lowering effect.

To our knowledge, this study is the first to identify the in-
volvement of L-tryptophan–related metabolites and GLP-1
in b-cell protection induced by SGLT2 inhibitors. However,
there are some limitations and some unanswered questions.
First, we did not repeat experiments with other SGLT2 in-
hibitors to determine whether the gut microbiota�trypto-
phan metabolism�GLP-1–mediated b-cell protection was a
class effect. Second, we cannot exclude the contribution of
other metabolites to the stimulation of GLP-1 production
and b-cell regeneration. Nevertheless, this study reveals a
novel mechanism of b-cell regeneration induced by SGLT2
inhibitors and provides experimental evidence for the appli-
cation of SGLT2 inhibitors to improve b-cell function in
type 2 diabetes.
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