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Background: Increasing evidence indicates that the gut microbiota contributes to the occurrence and develop-
ment of metabolic diseases. However, little is known about the effects of commonly used antidiabetic agents
on the gut microbiota. In this study, we investigated the roles of dipeptidyl peptidase-4 inhibitors (DPP-4i)
and α-glucosidase inhibitor in modulating the gut microbiota.
Methods: 16S-rDNA sequencing was performed to analyse the effects of DPP-4i and acarbose on the gut microbi-
ota in mice fed a high-fat diet (HFD). Fecal microbiota transplantation (FMT) from type 2 diabetes patients to
germ-free mice was performed to investigate the contribution of the altered microbiome to antidiabetic effects
of the drugs. Fecal metabolomics was also analysed by untargeted and targeted GC–MS systems.
Findings: Although DPP-4i and α-glucosidase inhibitor both altered the gut microbial composition, only the
microbiome modulation of DPP-4i contributed to its hypoglycemic effect. Specifically, the changes of 68.6% gen-
era induced byHFDwere rescued by DPP-4i. FMT showed that the DPP-4i-alteredmicrobiome improved glucose
tolerance in colonizedmice, while acarbose did not. Moreover, DPP-4i increased the abundance of Bacteroidetes,
and also promoted a functional shift in the gut microbiome, especially increasing the production of succinate.
Interpretation:Our findings demonstrate an important effect of DPP-4i on the gutmicrobiota, revealing a newhy-
poglycemic mechanism and an additional benefit of it. Furthermore, modulating themicrobial composition, and
the functional shift arising from changes in the microbiome, might be a potential strategy for improving glucose
homeostasis.
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1. Introduction

The adult human intestine is home for N500 species of microbes [1],
and emerging evidence indicates that these microbes are heavily in-
volved in modulating immunity, inflammation, gut-brain neural cir-
cuits, and metabolism [2,3]. Aberrant changes in the gut microbiota
are associated with the occurrence and development of various dis-
eases, such as immunological diseases [4], inflamed intestinal diseases
[5], mental disorders [6], and metabolic diseases [7–10]. In the context
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Previous studies have found that dysbiosis of the gutmicrobiota is
associatedwith the dysfunction of glucosemetabolism, insulin re-
sistance and lipidmetabolism. Twomajor gut phyla, Bacteroidetes
and Firmicutes share roles in modulating the response of the host
to dynamic changes in the diet, and they are enriched with genes
encoding enzymes that govern carbohydrate and lipid metabo-
lism. In addition, the gut metabolite succinate has been indicated
as a substrate for intestinal gluconeogenesis to improve glucose
tolerance and insulin sensitivity.

Added value of this study

DPP-4i altered the gutmicrobial composition, predominantly by in-
creasing the abundance of Bacteroidetes, and the alterations con-
tributed to its hypoglycemic effect. Moreover, DPP-4i obviously
changed the pattern of fecal metabolites in HFD mice, especially
increasing the production of succinate, which improved glucose
tolerance.

Implications of all the available evidence

Our study, alongwith studies by other groups, indicates that alter-
ations of gutmicrobiotamight be a newhypoglycemicmechanism
of DPP-4i, and that modulating the bacterial composition and me-
tabolites might be a potential strategy for improving glucose
homeostasis.
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of metabolic diseases, the gut microbiota has been reported to be asso-
ciated with dysfunction of glucose metabolism, insulin resistance and
lipid metabolism [11,12]. Consequently, the gut microbiota has been
identified to be closely linked to diabetes and obesity, and interventions
involving the intestinal bacterial flora are anticipated to be a new ther-
apeutic strategy for these diseases.

Someexisting evidence has indicated that gut bacteria can be used in
the treatment of metabolic diseases. Prebiotics (oligofructose, inulin-
type fructans) and probiotics (Saccharomyces boulardii) have been
shown to change the gut microbiota composition, and increase the
quantities of Bifidobacterium and Lactobacilluswhile improving glucose
tolerance and lipid metabolism [13–15]. Additionally, as a promising
treatment for diabetes and obesity, Roux-en-Y gastric bypass (RYGB)
surgery improves the metabolic and inflammatory status partially by
modifying the composition of the gut microbiome [16]. Recently, the
commonly used antidiabetic drug metformin has been reported to sig-
nificantly change the composition of the gut microbiome and the con-
centration of intestinal short chain fatty acids (SCFAs) [17–19], which
contributed to its therapeutic effects. Besides, other common hypogly-
cemic agents, such as acarbose, glucagon-like peptide 1 (GLP-1)
agonists and dipeptidyl peptidase–4 inhibitors (DPP-4i), have also
been reported to change the gut microbial community and metabolites
when improving glucose metabolism [20–24]. While, the role of alter-
ations of the microbiome and metabolites in the hypoglycemic effect
of these agents is not completely clear. As one fermentation product of
bacterium strains derived from Actinoplanes sp. SE50, α-glucosidase
inhibitor slows carbohydrate uptake and reduces postprandial hyper-
glycemia by inhibiting α-glucosidase activity in the brush border of
small intestinal mucosa [25]. DPP-4i is the most extensively used oral
hypoglycemic agent worldwide, and it targets the DPP-4 enzyme and
inhibits the degradation of GLP-1 to reduce blood glucose levels [26];
its target DPP-4 has a high expression level in the small intestine [27].
As such, these drugs might also have the ability to improve glucose ho-
meostasis through affecting gut microbial composition.

In the current study, we investigated the effects of DPP-4i and α-
glucosidase inhibitor on the intestinal microbial flora, and the relation-
ship between the altered microbiomes and the antidiabetic effects of
the drugs. Additionally, although it is not clear how alterations in the
gut microbiota improve glucose homeostasis in the host, a potential
mechanism includes increased production of SCFAs and other organic
acids [28–30]. Therefore, changes in fecal metabolomics were also
observed in the present study.

Here, we report that the DPP-4i-altered gut microbiota participates
in its effect on glucose metabolism, while α-glucosidase inhibitor does
not, indicating a novel hypoglycemicmechanism and an additional ben-
efit of DPP-4i. Moreover, DPP-4i obviously altered the abundance of
Bacteroidetes, and promoted a functional shift in the gut microbiome,
which might be a potential therapeutic strategy for type 2 diabetes
(T2D).

2. Materials and methods

2.1. Clinical study design

Thirty newly diagnosed T2D patients were recruited at Xinqiao
Hospital, Third Military Medical University (Chongqing, China), and
were randomized into four groups: one group treated with acarbose
(n = 8), one group with sitagliptin (Sit, n = 7), and the other two
groups with the corresponding placebos (n = 7–8). The two drugs are
in tablet and are available in the pharmaceutical market. Acarbose
(Bayer Pharmaceutical Co., Germany) was administered at a start dose
of 150mg/d. Sitagliptin (Merck Sharp &Dohme, USA)was administered
at a dose of 100 mg/d. Furthermore, we recommended that all individ-
uals maintain a reduced daily caloric intake of 25 kcal/kg, and perform
regular physical exercise (2.5 h/week) throughout the entire treatment
as in previous studies [18].We collected peripheral blood and fecal sam-
ples from the enrolled patients after treatment for two months. Each
sample was frozen immediately at −80 °C or stored in personal −20
°C freezers before transport to the laboratory within 24 h.

Inclusion criteria were as follows: (i) age between 18 and 70 years;
(ii) newly diagnosed T2D, based on World Health Organization 1998
diagnostic criteria [31]; (iii) HbA1c lower than 9%, and body mass
index (BMI) b30 kg/m2; (iv) not treatmentwith any antidiabetic agents
before recruitment, and absence of other metabolic diseases; (v) native
of Chongqing. Exclusion criteria were as follows: (i) pregnancy; (ii)
current or recent cancer (1 year); (iii) use of antibiotics, prebiotics,
probiotics or fiber supplements during the 3 months prior to enroll-
ment; (iv) treatment with bariatric surgery; (iv) diagnosis of hyperten-
sion, coronary heart disease, cerebral infarction or other vascular related
chronic diseases; (v) presence of gastrointestinal disorders or a history
of chronic physical/mental disease, such as Alzheimer's disease or
Parkinson's disease.

Informed written consent was obtained from all participants. The
experiment was approved by the Ethics Committee of Xinqiao Hospital
of the Third MilitaryMedical University. Complete clinical trial registra-
tion is deposited in the Chinese Clinical Trials Registry (http://www.
chictr.org.cn/index.aspx), and the registration number is ChiCTR-OPC-
17010757.

2.2. Animal study

C57BL/6malemice (3–4weeks old)were purchased from theModel
Animal Research Center of Nanjing University. After a 2-week acclima-
tization period, mice were fed a normal diet (ND) or a high fat diet
(HFD, 60% fat, 20% protein, 20% carbohydrate (kcal/100 g), D12492;
Research Diets, New Brunswick, New Jersey, USA) for 14 weeks. The
micewere then divided into different groups based onmatchedweights
and fasting blood glucose levels. The different treatment groups were
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administered 400 mg/kg of acarbose [32], 4 g/kg of Sit [33], or
300 mg/kg of saxagliptin [34] (Sax, Onglyza®, AstraZeneca, Wilming-
ton, DE) mixed with HFD for 4 weeks.

For GLP-1 receptor agonist treatment, HFD mice received 200
μg/kg/day liraglutide (Novo Nordisk, HFD_Lira) or normal saline
(HFD_NaCl) as a control through subcutaneous injection for 4 weeks.
For antibiotic treatment, HFD mice were administered vancomycin
(MedChemExpress, 0.5 g/l) and bacitracin (Aladdin, 1.0 g/l) in drinking
water for one week before and four weeks during Sit treatment
(Ab_Sit), or administered Sit alone for 4 weeks as a control (C_Sit).
The depletion of bacteria by antibiotics was verified using quantitative
real-time PCR (qPCR) as previously described [23]. For succinate treat-
ment, 5–6 weeks old germ-free (GF) Kunming male mice (Third Mili-
tary Medical University Experimental Animal Research Center,
Chongqing, China) were fed a HFD and administered sodium succinate
(BBI Life Sciences) in drinkingwater (2.5%) for 6weeks. After treatment,
fecal samples were collected from the treated mice and frozen immedi-
ately at−80 °C. The experimental protocol was approved by the Third
Military Medical University Institutional Animal Care and Use
Committee.

2.3. Fecal genomic DNA extraction and 16S-rDNA sequencing

Fecal genomic DNA was extracted from 0.1 g frozen fecal samples
using an E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.)
according to the manufacturer's protocol. The DNA concentration and
purificationweremeasured using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, USA), and the DNA quality was
detected by 1% agarose gel electrophoresis. Amplicon libraries covering
the V3-V4 hypervariable regions of the bacterial 16S-rDNA gene were
amplified using primers 341F: 5′-ACTCCTACGGGRSGCAGCAG-3′, and
806R: 5′-GGACTACVV GGGTATCTAATC-3′. PCR was performed in a
20 μl mixture containing 4 μl of 5 × FastPfu Buffer, 2 μl of 2.5 mmol/l
dNTPs, 0.8 μl of each primer (5 μmol/l), 0.4 μl of FastPfu Polymerase
and 10 ng of template DNA. PCR was conducted with an initial denatur-
ation for 3 min at 95 °C, followed by 27 cycles of 30 s at 95 °C, 30 s for
annealing at 55 °C, and 45 s for elongation at 72 °C, and a final extension
at 72 °C for 10 min. The reactions were performed on a thermocycler
PCR system (GeneAmp 9700, ABI, USA). All PCR products were purified
using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) and quantified using QuantiFluor™-ST (Promega, USA).
Purified and pooled amplicon libraries were paired-end sequenced
(2 × 300) on the Illumina MiSeq platform (Illumina, San Diego, USA)
according to the standard protocols byMajorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China).

Raw sequence reads were demultiplexed, quality-filtered, merged
and clustered into OTUs with a 97% similarity cutoff using UPARSE
(version 7.1, http://drive5.com/uparse/), and chimeric sequences were
identified and removed using UCHIME. The taxonomy of the acquired
OTUs was analysed using the RDP Classifier Bayesian algorithm
(http://rdp.cme.msu.edu/) against the SILVA database (version128)
with a confidence threshold of 70%.

2.4. Untargeted metabolomics analyses

Fecal samples (60 mg) were spiked with 40 μl of internal standards
(0.3 mg/ml 2-chlorophenylalanine in methanol) and 360 μl of cold
methanol (Merck, Darmstadt, Germany) solution, and then extracted
according to the manufacturer's instructions (Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China). The extracted samples were
detected using a 7890A-5975C gas chromatograph-mass spectrometry
(GC–MS) detection system (Agilent Technologies, Santa Clara, CA).
The QC sample was a pooled sample in which aliquots of all the ex-
tracted samplesweremixed, and then analysed using the samemethod
as used for the analytic samples.
2.5. Targeted SCFAs analyses

Fecal samples (10 mg) were supplemented with 10 μl of internal
standards (0.0125 μl/μl 2-ethylbutyric acid, Sigma-Aldrich) and 500 μl
of methanol, and then extracted according to the manufacturer's proto-
col (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China). The
extracted samples were detected using a 6890A-5973C GC–MS system
(Agilent Technologies, Santa Clara, CA). SCFAs standards were mixtures
of acetate, propionate, butyrate, isobutyrate, valerate and isovalerate.
All the standards, excluding isovalerate (Sigma-Aldrich), were pur-
chased from Merck (Darmstadt, Germany).

2.6. Fecal microbiota transplantation (FMT)

5–6 weeks old GF Kunming male mice were fed a HFD (60% fat, 20%
protein, 20% carbohydrate, kcal/100 g) for 8 weeks before FMT. The
transplant materials were derived from 12 donors: 3 from Sit-treated
T2D patients, 3 from acarbose-treated patients, and 6 from matched
placebo-treated patients. Each fecal sample (100 mg) was suspended
in 1.0 ml sterile phosphate-buffered saline under anaerobic condition
(80% N2:10% CO2:10% H2), and colonized to 3 GF mice by oral gavage
with 200 μl of the suspended fecal microbiota as in our previous study
[6]. After FMT, the colonized mice were separately housed in different
gnotobiotic isolators to prevent normalization of the gut microbiota,
and continued feeding with a HFD. Body weight was measured for all
the colonized mice every week and glucose tolerance 2 weeks after
FMT. Onemouse transplantedwith Sit-matched placebo-treatedmicro-
biota, and another transplanted with acarbose-treated microbiota died
after FMT, and both were excluded from the analysis. The experimental
protocol was approved by the Third Military Medical University Institu-
tional Animal Care and Use Committee.

2.7. Glucose tolerance test (GTT) and insulin secretion test

The treated mice and colonized mice were fasted overnight
hours for GTT as in previous studies [17,30], and then administered
glucose at 1 g/kg of body weight via i.p. injection. Tail blood glucose
concentrationsweremeasured at 0, 15, 30, 60 and 120min after glucose
injection using an Accu-Check glucometer (Roche, Basel, Switzerland).
Insulin secretion levels were measured at 0, 15 and 30 min during a
GTT using a Rat/Mouse Insulin ELISA kit (Millipore, Bedford, MA, USA).
The homeostasis model assessment of insulin resistance (HOMA-IR)
was calculated as previously reported: HOMA-IR = (fasting glucose
(mmol/l) × fasting insulin (mU/l))/22.5 [35].

2.8. Statistical analysis

Data are expressed as the mean ± SEM. The significance of differ-
ences between two groups was evaluated using Student's t-test. For
comparing multiple groups, the differences were analysed by one-way
ANOVA with FDR correction or Tukey's test. 't- A p value b.05 was de-
fined as statistically significant.

3. Results

3.1.1. DPP-4i and acarbose alter the composition of the gut microbial
community

To observe the effects of these drugs on the gut microbiota, HFD
mice were treated with the α-glucosidase inhibitor acarbose or DPP-4i
at corresponding doses according to previous studies [32,33]. As
expected, in comparison with ND mice, HFD mice showed increased
weight gain, and impaired glucose tolerance (Supplementary Fig. S1).
Compared with HFD control mice, HFD_Sit and HFD_AC mice showed
a significant improvement in glucose tolerance (Supplementary
Fig. S1b, c). In contrast to their effects on glucose metabolism, acarbose
and Sit treatment had no effect on body weight (Supplementary
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Fig. S1a), indicating that the improvements in glucose tolerance are not
related to body weight.

We next determined the effect of acarbose and Sit on the composi-
tion of the gut microbiota using 16S-rDNA sequencing. The results
showed that N80% of the obtained operational taxonomic units
(OTUs) were assigned to Bacteroidetes and Firmicutes, consistent
with previous studies [36]. As shown in Supplementary Fig. S2a, princi-
pal components analysis (PCA) revealed a difference in distribution of
the gut microbial community between the acarbose treated
(HFD_AC) and HFD groups. However, in the heatmap analysis, al-
though the two groups were roughly clustered, two acarbose-treated
samples (HFD_AC2 and HFD_AC7, labeled with green color) were clas-
sified into the cluster that included all samples of the HFD group (Sup-
plementary Fig. S2b). Interestingly, although acarbose is generally
considered most likely to affect the microbiome based on its functional
mechanism [25], Sit actually showed a more pronounced effect on the
gut microbiota compared with acarbose. The HFD_Sit samples formed a
cluster that was completely distinct from that of the HFD samples
(Fig. 1a). The HFD and ND groups also formed different clusters,
which is consistent with previous reports [17,37]. Moreover, hierarchi-
cal clustering of the heatmap revealed striking changes in the genera
resulting in distinct clustering of the samples (Fig. 1b), further
Fig. 1.DPP-4i alters the composition of the gut microbiota in HFDmice. (a) Cluster analysis of th
components (PC1 and PC2) from PCA are plotted for each sample. The percentage variation cov
sample, and each group of mice is labeled by a different symbol. (b) Heatmap analysis of species
shows the top 30 genera ranked on the basis of abundance. Each column in the heatmap repre
indicates the relative abundance of each genus. (c) Cluster analysis of the HFD (n = 8) and H
the genus level in the HFD and HFD_Sax groups. The heatmap shows the top30 ranked genera
suggesting that Sit has a more definitive regulatory effect on the micro-
biota compared with acarbose. Currently, several kinds of DPP-4i are
applied clinically, and we then sought to investigate whether the effect
on the gut microbiota is universal for all DPP-4i as a pharmaceutical
class effect. Administration of Sax to HFD mice also led to similar
changes in gut microbial community structure (Fig. 1c, d). Taken to-
gether, these results demonstrate that DPP-4i and acarbose both alter
the composition of the gut microbiota, while the effects of DPP-4i
seemed to be more pronounced. Additionally, the modulatory effects
of DPP-4i on the gut microbiota may not be restricted to one inhibitor
of the family, but is rather a class effect.

As DPP-4i lowers blood glucose levels by inhibiting GLP-1 degrada-
tion, we sought to clarify whether the effect of DPP-4i on gutmicrobiota
is associated with GLP-1; HFD mice were treated with GLP-1 receptor
agonist liraglutide (HFD_Lira) or normal saline as control (HFD_NaCl).
After liraglutide treatment, the weight and fasting blood glucose level
were significantly decreased (Supplementary Fig. S4a, b). The microbial
composition in HFD_Lira mice was different from that in HFD_NaCl and
HFD_Sit mice (Supplementary Fig. S4c). In addition, a previous study
has also reported that the microbial composition in HFD mice was
changed after liraglutide treatment, and that it was different from that
in Sax-treated HFD mice [38]. Combined with our results, this finding
e ND (n=6), HFD (n=8) and HFD_Sit (n= 8) groups using PCA. The first two principal
ered in the plotted principal components is marked on the axes. Each spot represents one
abundance clustering at the genus level in the ND, HFD and HFD_Sit groups. The heatmap
sents one sample, and each row represents one genus. The color bar showing blue to red
FD_Sax (n = 7) groups by PCA. (d) Heatmap analysis of species abundance clustering at
. The range of colors from green to red indicates the relative abundance of each genus.
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suggested that the effect of DPP-4i on gutmicrobiota is not mediated by
GLP-1, at least not mainly by GLP-1.

3.1.2. DPP-4i- altered gut microbiota improves glucose tolerance
Next, to investigate whether the effects of α-glucosidase inhibitor

and DPP-4i on the gut microbiota contribute to their hypoglycemic
effects, FMT was performed in GF mice. To maximize the translational
relevance, the transplanted fecal microbiota was obtained from T2D
patients, who had not yet received other potentially confounding med-
ications, and were treated with acarbose or Sit monotherapy at a thera-
peutic dose, or with the corresponding placebo. All groups were
recommended to consume a calorie-restricted diet and undergo regular
physical activity as in a previous study [18]. The clinical characteristics
of the patients before and after acarbose or Sit treatment are listed in
Supplementary Table S1 and Supplementary Table S2, respectively.
Two weeks after FMT, the mice colonized with microbiota from
acarbose-treated T2D patients showed no significant change in glucose
tolerance as compared with the controls (Supplementary Fig. S2c).
While, the transplanted microbiota from Sit-treated T2D patients im-
proved HFD-induced glucose intolerance in the colonized mice
(Fig. 2a, b), even though there were no obvious differences in weight,
insulin secretion, or HOMA-IR (Fig. 2c–e). These results suggest that
the alterations of the gut microbiota induced by DPP-4i at least partially
contribute to its hypoglycemic effect.

To determine whether differences in the gut microbiota between
Sit-treated T2D patients and placebo-treated controls were maintained
in the colonized mice, fecal samples from T2D donors and colonized
mice were subjected to 16S-rDNA sequencing. The principal coordinate
analysis (PCoA) plots revealed that the key characteristic discriminative
gut microbiota observed in T2D donors (Supplementary Fig. S5a) were
also represented in the recipient mice (Supplementary Fig. S5c). Ninety
Fig. 2. DPP-4i-altered gut microbiota improves glucose tolerance in GF mice. The GF mice wer
control patients treated with placebo (GF_Placebo). Each donor sample was transplanted to
(a) Blood glucose concentrations of colonized mice were measured during a GTT 2 weeks aft
colonized mice. (d-e) Insulin secretion levels during GTT (d) and HOMA-IR (e) were measur
insulin concentrations. GF_Placebo, n = 8; GF_Sit, n = 9. Data are presented as the means ± S
percent of the OTUs sequenced in the colonized mice were assigned to
the phyla Firmicutes and Bacteroidetes (Supplementary Fig. S5d),
which was similar to the characteristic observed in the microbiome of
T2D donors (Supplementary Fig. S5b). Besides, consistent with the
T2D_Sit donors, GF_Sit mice exhibited increased abundance of the phy-
lumBacteroidetes (Supplementary Fig. S5e) comparedwith GF_Placebo
mice. Moreover, the characteristics of gut microbial composition ob-
served in colonized mice were also similar to DPP-4i- treated HFD
mice (Fig. 1). These findings suggest that the different microbial com-
munities detected in the two groups of colonized mice may be respon-
sible for the improvement of glucose tolerance.

In addition to FMT, we also treated HFD mice with antibiotics (van-
comycin and bacitracin) to verify the role of gutmicrobiota in the hypo-
glycemic effect of DPP-4i from another point of view. Vancomycin and
bacitracin have strong sterilizing effects and selectively reduce two
major gut phyla, Firmicutes and Bacteroidetes [28]. As shown in the re-
sults, the antibiotic treatment distinctly reduced the abundance of spe-
cific bacteria, such as Bacteroides and Oscillibacter (Supplementary
Fig. S6a), and attenuated the effect of Sit on fasting blood glucose and
glucose tolerance in HFD mice (Supplementary Fig. S6c-e). Taken to-
gether, these results demonstrate that the gut microbiota plays an im-
portant role in the hypoglycemic effect of DPP-4i.

3.1.3. DPP-4i increases the abundance of Bacteroidetes
To understand the mechanism underlying the regulation of gut mi-

crobiota by DPP-4i and its hypoglycemic effect, the primary changes in
the microbiome induced by Sit were analysed. At the genus level, no-
ticeable changes in the abundance of 35 genera accounted for the differ-
ences in the gut microbial communities observed in mice fed different
diets or treated with Sit (Supplementary Table S3). Interestingly, the al-
terations of 24 genera (68.6%) induced by HFD were rescued by Sit
e colonized with fecal microbiota obtained from 3 Sit-treated T2D patients (GF_Sit) or 3
3 GF mice, and the GF mice were fed a HFD for 8 weeks before and 2 weeks after FMT.
er FMT. (b) The area under the curve (AUC) for the GTT curves. (c) Body weight gain of
ed 2 weeks after FMT. All mice were fasted for 16 h before detecting blood glucose and
EM. * p b .05, t-test.



Fig. 3.DPP-4i reverses the alterations of the bacterial genera induced by HFD. Combined analysis of the Sit-reversed generawith the high abundance genera (top 30 genera ranked on the
basis of abundance). (a-b) The Venn diagram (a) and bar plots (b) show that the 4 generawith high abundance (top 30)were decreased byHFD but increased in the HFD_Sit group. (c–d)
The Venn diagram (c) and bar plots (d) show that the 8 genera with high abundance (top 30) were increased by HFD but decreased in the HFD_Sit group. In A and C, the blue circle
represents the top 30 ranked genera based on abundance, and the red circle represents the genera showing the opposite change between the HFD_Sit group and HFD group. n = 6–8
mice per group. Data in the bar plots are presented as the means ± SEM. * p b .05, ** p b .01, *** p b .001, one-way ANOVA.
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(Fig. 3a, c). Further stratification of genera per abundance (top 30, Sup-
plementary Table S4) revealed that 12 genera with high abundance had
opposite changes between the HFD_Sit and HFD mice (Fig. 3),
Fig. 4. DPP-4i increases the abundance of Bacteroidetes in HFD mice. (a) The relative abund
Bacteroidetes in each group. (c) The ratio of Firmicutes to Bacteroidetes based on the relative
SEM. * p b .05, *** p b .001, one-way ANOVA with Tukey correction for multiple comparisons.
suggesting that the hypoglycemic effect of Sit might be mediated by a
specific subset of bacterial taxa. Intriguingly, 3/4 of the Sit-increased
genera with high abundance belonged to Bacteroidetes (Fig. 3b); and
ance of bacterial phyla in ND, HFD and HFD_Sit groups. (b) The relative abundance of
abundance in each group. n = 6–8 mice each group. Data are presented as the means ±



Fig. 5. DPP-4i promotes a functional shift in the gut microbiome. (a) Cluster analysis of the HFD and HFD_Sit groups based on the fecal metabolites using PCA analysis. The first two
principal components (PC1 and PC2) from the PCA are plotted for each sample. The percentage variation in the plotted principal components is marked on the axes. Each spot
represents one sample, and each group of mice is indicated by a different color. (b) Heatmap analysis of the fecal metabolite patterns in the HFD and HFD_Sit groups. The heatmap
shows the 109 significantly changed metabolites between the two groups. Each column in the heatmap represents one sample, and each row represents one metabolite. The color bar
showing green to red indicates the relative content of metabolites. (c) KEGG pathway enrichment analysis based on the changed metabolites. * p b .05, # p b .01, + p b .001, Fisher's
exact test with BH correction. (d) The relative content of succinate in the fecal samples of HFD and HFD_Sit mice. (e) GF mice were fed a HFD and administered succinate in drinking
water (2.5%) for 6 weeks. Blood glucose concentrations were measured during a GTT after succinate treatment. (f) The AUC for the GTT curves. All mice were fasted for 6 h before
detecting blood glucose. a-d, n = 8; e-f, n = 5. Data in d-f are presented as the means ± SEM. * p b .05, *** p b .001, t-test.
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7/8 of the Sit-decreased genera with high abundance belonged to
Firmicutes (Fig. 3d). In addition, 17 bacteria classified at the family
level were significantly changed after Sit treatment (Supplementary
Table S5). Sit treatment reversed the HFD-induced alterations of 8 fam-
ilies (47.1%) with high abundance (top 15), such as Bacteroidales S24–7
group, Bacteroidaceae, Ruminococcaceae, Desulfovibrionaceae and
Streptococcaceae (Supplementary Fig. S7), most of which have been cor-
related with obesity and its related disorders [39–41]. Moreover, the
changes at the family level were similar to those observed at the
genus level, meaning that most of the Sit-reversed families and genera
belong to the phyla Firmicutes and Bacteroidetes. Previous studies
have reported that Bacteroidetes and Firmicutes are important in the
regulation of carbohydrate and lipid metabolism [12,13,16,36]. In
Bacteroidetes, Sit treatment obviously increased S24–7 group (ranked
top1) and Bacteroides, which have been reported to be able tomodulate
glucose and lipid metabolism [42,43]. Therefore, these results suggest
that the hypoglycemic effect of DPP-4i mediated by the gut microbiota
might be closely associated with Bacteroidetes and Firmicutes.

Bacteroidetes and Firmicutes consist of N80% of all phylogenetic
types in both humans and mice [1,12]. To directly observe the modula-
tory effect of DPP-4i on the two phyla, we further analysed the changes
in the gut microbiota at the phylum level. As shown in Fig. 4a, HFD re-
sulted in an increase in Firmicutes and a decrease in Bacteroidetes, con-
sistent with previous studies [44,45]. However, Sit rescued these
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changes, predominantly by increasing the abundance of Bacteroidetes
(Fig. 4b–c). Furthermore, we also observed the same trend of changes
in Bacteroidetes (increased by almost 63%) and Firmicutes (reduced
by almost 34%) in T2D patients after Sit treatment (Supplementary
Fig. S8), although there was no significant difference, which might be
due to the considerable individual differences among the patients.
Taken together, these results indicate that the hypoglycemic effect of
DPP-4i mediated by the gut microbiota might be primarily related to
Bacteroidetes and Firmicutes, suggesting a potentially distinct strategy
for regulating glucose metabolism.

3.1.4. DPP-4i promotes a functional shift in the gut microbiome
Although it is now commonly accepted that the gut microbiota is

closely associated with glucose metabolism in the host, the molecular
mechanisms underlying the microbiome regulation of glucose metabo-
lism are still not clear. Some studies have suggested that SCFAs, bile
acids and some organic acids may be the potential mechanism
[29,30,46]; therefore, we further performed a correspondingmetabolo-
mics analysis of the fecal samples. As shown in Fig. 5a-b, PCA and
heatmap analysis revealed distinct patterns of metabolites in the HFD
and HFD_Sit groups, with 109 of the 249metabolites detected to be sig-
nificantly changed after Sit treatment (Supplementary Table S6). Kyoto
Encyclopedia of Genes andGenomes (KEGG) pathway enrichment anal-
ysis based on the changed metabolites showed that 15 biological path-
ways were significantly affected by Sit (Supplementary Table S7), and
that these changes were primarily linked to carbohydrate (carbon,
propanoate and pyruvate metabolism, glucagon signaling pathway, ox-
idative phosphorylation and citrate cycle), amino acid (beta-alanine
metabolism and arginine biosynthesis) and nucleic acid metabolism
(pyrimidine and purinemetabolism) (Fig. 5c). Besides, Sit treatment re-
sulted in a trend towards an increase in the content of SCFAs, (Supple-
mentary Fig. S9). Importantly, in the analysis of other organic acids,
we observed a significant increase in the content of succinate (increased
by almost 6-fold, Fig. 5d), which has been reported to be a key substrate
of intestinal gluconeogenesis (IGN) in the improvement of glucose me-
tabolism [30]. To confirm the effect of succinate on glucosemetabolism,
GF mice were administered succinate while fed a HFD. Mice supple-
mented with succinate showed significant improvement of glucose tol-
erance compared with GF mice fed without succinate (Fig. 5e, f). These
results suggested that DPP-4i promoted a functional shift in the gut
microbiome, which might also contribute to its hypoglycemic effects.

4. Discussion

DPP-4i is currently recommended by the American Association of
Clinical Endocrinologists as a first-line hypoglycemic treatment in T2D
[47], and has been proposed to lower blood glucose primarily through
inhibiting the degradation of GLP-1 [48]. The DPP-4 enzyme has a
wide tissue distribution [49], and exerts pleiotropic physiologic func-
tions [50–52], which might determine the multiplicity of the effects of
DPP-4i. Previous studies by our teams and others have revealed that
DPP-4i reduces atherosclerosis and inflammation [53], and accelerates
wound healing [54], but it may also promote various tumor metastases
[55]. Here we report the effects of DPP-4i on modulating the gut micro-
biota, which is a new hypoglycemic mechanism and an additional ben-
efit of this drug.

Our findings demonstrated that DPP-4i could substantially reverse
the changes in the gut microbiota induced by HFD. Previous studies
have revealed that HFD results in a shift of the gutmicrobiota that is cor-
related with increasing plasma glucose and glucose intolerance
[17,56,57]. In our current study, DPP-4i Sit and Sax significantly changed
the composition of the gut microbial community. More importantly,
after DPP-4i treatment, 24 genera showed a reversal of changes induced
by HFD, among the 35 genera accounting for the differences in the gut
microbial communities. Many of the reversed genera have been re-
ported to have potential benefits for maintaining regular glucose and
lipid metabolism, such as Bacteroides and S24–7 group. Bacteroides is
the most abundant genus in the human gastrointestinal tract and com-
prises N30% of the bacteria [58]. Its abundance can be increased by res-
veratrol, and plays an important role in the mechanism underlying
resveratrol-induced improvements of glucose homeostasis [42]. S24–7
group was the most abundant genus in mice in our observations, and
it has been reported to partially mediate the exercise-driven prevention
of obesity [43]. In our analysis, the two genera were both increased by
DPP-4i, suggesting a potential benefit of DPP-4i on glucose and lipidme-
tabolism. DPP-4i also rescued the abundance of Blautia and
Anaerotruncus in HFD mice, which was similar to the effects of metfor-
min on the bacteria in a previous study [17]. Additionally, our previous
study suggested that the structural similarity of Sit and Sax is only 26.6%
[55], but their impact on the microbial community here was similar.
Therefore, the effects of DPP-4i on the gut microbiota may not be re-
stricted to one of the family, but instead extend to the entire class.

Overall, our results suggested that themodulation of gut microbiota
community by DPP-4i is a new hypoglycemic mechanism and an addi-
tional benefit of this drug. Fecal samples from DPP-4i- treated T2D pa-
tients transferred to HFD-fed GF mice improved the glucose
intolerance of the recipients, suggesting that the altered microbiome
contributes to hypoglycemic effects of DPP-4i even in the absence of ad-
ditional treatments. Although the α-glucosidase inhibitor also changed
the composition of the bacterial flora, the microbiome does not seem to
be linked to its hypoglycemic effect. Furthermore, themodulation of the
gut microbiome by DPP-4i might provide benefits in addition to its hy-
poglycemic effect. Recently, additional effects of DPP-4i have been
emerging. DPP-4i exerts anti-atherosclerotic effects and reduces inflam-
mation via inhibition of monocyte activation/chemotaxis [53]. Our pre-
vious study disclosed that it can also improve wound healing via
promoting epithelial-mesenchymal transition [54]. On the other hand,
the negative effect of DPP-4i on promoting metastasis of multiple can-
cers by activating NRF2 signaling has also been revealed [55]. Conse-
quently, rational clinical application of DPP-4i (maximizing benefits
while minimizing negative effects) depends on an in-depth and com-
prehensive understanding of its effects and mechanisms. Here we re-
ported its modulation of the gut microbiota, which may not only be a
new mechanism underlying its hypoglycemic effects, but also indicate
additional benefits, such as the regulation of immunity, inflammation,
or gut-brain neural circuit through alterations of the microbiome.
Therefore, considerable research should attract interest to explore the
potential effects of DPP-4i in these fields.

The alteration of the gutmicrobiota induced by DPP-4i is dominated
by an increase in the abundance of Bacteroidetes, which might indicate
a potential strategy for regulating glucose metabolism. Our results
showed that Bacteroidetes was reducedwhile Firmicuteswas increased
in HFD mice, while DPP-4i rescued these changes primarily by increas-
ing the abundance of Bacteroidetes. These effects were also observed in
T2D patients. Bacteroidetes and Firmicutes share roles in modulating
the response of the host to dynamic changes in the diet [59], and they
are enriched with genes encoding enzymes that govern carbohydrate
and lipid metabolism, such as α-glucosidases and α-amylases [36].
Therefore, the regulatory effect of DPP-4i on Bacteroidetes and
Firmicutes might be important for its hypoglycemic effects, which indi-
cates a potential strategy for improving glucose metabolism in the fu-
ture. This concept can be further strengthened by some current
treatments for diabetes and obesity, such as prebiotics [13,30],
probiotics [15], resveratrol [42], and RYGB surgery [16], in which
Bacteroidetes and Firmicutes also have prominent roles in improving
glucose metabolism. However, the abundance of Firmicutes and
Bacteroidetes showed no obvious change after acarbose treatment,
which might be the potential reason for the difference in efficacy be-
tween DPP-4i and acarbose (Supplementary Fig. S3).

Our results showed that DPP-4i also improved the functional shift in
the gut microbiome. Metabolomics analysis demonstrated that DPP-4i
changed the pattern of metabolites, and KEGG pathway enrichment
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analysis suggested that the changes were mainly linked to carbohy-
drate, amino acid and nucleic acid metabolism. Microbiota metabolites,
such as SCFAs, have been identified to play important roles in the regu-
lation ofmetabolic homeostasis. Previous studies have found that propi-
onate and butyrate, generated by the fermentation of soluble fiber by
gut bacteria, improve insulin sensitivity and glucose tolerance by pro-
moting IGN [30,60,61]. Our data showed a trend towards an increase
in SCFAs and other organic acids, especially succinate (increased by al-
most 6-fold), after DPP-4i treatment. As a key intermediate inmicrobial
propionate synthesis [62], succinate has been indicated to be a substrate
for IGN to improve glucose tolerance and insulin sensitivity [30].
Metformin- and dietary fibers-mediated improvements in glucose and
lipid metabolism are closely associated with an increase in succinate
[18,30,63]. Our data confirmed that succinate supplementation im-
proved the glucose intolerance induced by HFD in GF mice. Therefore,
the upregulation of succinate by DPP-4i observed in our study is impor-
tant for the antidiabetic effect of DPP-4i. Interestingly, previous studies
have reported that succinate can be produced by Bacteroides [64,65],
which in turn confirmed our observation of the increase in Bacteroides
induced by DPP-4i. Additionally, our KEGG analysis suggested that
DPP-4i also influenced amino acid metabolism, which has been re-
ported to be associated with GLP-1 resistance [66], glucose tolerance
and obesity [67,68]). In addition, the change in bile acids induced by an-
tidiabetic medication has also been reported to be correlated with clin-
ical outcomes, and could improve metabolic health [69]. Therefore,
additional research is needed to explore these possible mechanisms.

In summary, our study has demonstrated that DPP-4imodulates the
composition of the gutmicrobiota, which is a new hypoglycemic mech-
anism and an additional benefit of this drug. In addition, it reduced the
ratio of Firmicutes to Bacteroidetes and improved the functional shift in
the microbiome, indicating a potential strategy for regulating glucose
metabolism in the future.
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