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Abstract
Aims/hypothesis The use of oral glucose-lowering drugs, particularly those designed to target the gut ecosystem, is often
observed in association with altered gut microbial composition or functional capacity in individuals with type 2 diabetes. The
gut microbiota, in turn, plays crucial roles in the modulation of drug efficacy. We aimed to assess the impacts of acarbose and
vildagliptin on human gut microbiota and the relationships between pre-treatment gut microbiota and therapeutic responses.
Methods This was a randomised, open-labelled, two-arm trial in treatment-naive type 2 diabetes patients conducted in Beijing
between December 2016 and December 2017. One hundred participants with overweight/obesity and newly diagnosed type 2
diabetes were recruited from the Pinggu Hospital and randomly assigned to the acarbose (n=50) or vildagliptin (n=50) group
using sealed envelopes. The treatment period was 6 months. Blood, faecal samples and visceral fat data from computed
tomography images were collected before and after treatments to measure therapeutic outcomes and gut microbiota.
Metagenomic datasets from a previous type 2 diabetes cohort receiving acarbose or glipizide for 3 months were downloaded
and processed. Statistical analyses were applied to identify the treatment-related changes in clinical variables, gut microbiota and
associations.
Results Ninety-two participants were analysed. After 6 months of acarbose (n=44) or vildagliptin (n=48) monotherapy, both
groups achieved significant reductions in HbA1c (from 60 to 46 mmol/mol [from 7.65% to 6.40%] in the acarbose group and
from 59 to 44mmol/mol [from 7.55% to 6.20%] in the vildagliptin group) and visceral fat areas (all adjusted p values for pre–post
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comparisons <0.05). Both arms showed drug-specific and shared changes in relative abundances of multiple gut microbial
species and pathways, especially the common reductions in Bacteroidetes species. Three months and 6 months of acarbose-
induced changes in microbial composition were highly similar in type 2 diabetes patients from the two independent studies.
Vildagliptin treatment significantly enhanced fasting active glucagon-like peptide-1 (GLP-1) levels. Baseline gut microbiota,
rather than baseline GLP-1 levels, were strongly associated with GLP-1 response to vildagliptin, and to a lesser extent with GLP-
1 response to acarbose.
Conclusions/interpretation This study reveals common microbial responses in type 2 diabetes patients treated with two glucose-
lowering drugs targeting the gut differently and acceptable performance of baseline gut microbiota in classifying individuals with
different GLP-1 responses to vildagliptin. Our findings highlight bidirectional interactions between gut microbiota and glucose-
lowering drugs.
Trial registration ClinicalTrials.gov NCT02999841
Funding National Key Research and Development Project: 2016YFC1304901.
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Abbreviations
AGI Alpha-glucosidase inhibitor
BH Benjamini–Hochberg
BW Body weight
CCK Cholecystokinin
Clr Centred log-ratio
DBP Diastolic blood pressure
DPP-4i Dipeptidyl peptidase-4 inhibitor
Fins Fasting insulin
FPG Fasting plasma glucose
GEE Generalised estimating equations

GI Gastrointestinal
GIT GI tract
GLP-1 Glucagon-like peptide-1
HR High response
L2-L3 SFA SFA at L2-L3 intervertebral space
L4-L5 SFA SFA at L4-L5 intervertebral space
L2-L3 VFA VFA at L2-L3 intervertebral space
L4-L5 VFA VFA at L4-L5 intervertebral space
LR Low response
ND-T2D Newly diagnosed, treatment-naive type 2

diabetes
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GLD Glucose-lowering drug
PC% Percentage change
PC%-GLP-1 Percentage change of fasting GLP-1
PERMANOVA Permutational multivariate analysis of

variance
Pins Postprandial insulin
PLP Pyridoxal 5′-phosphate
PPG Postprandial glucose
PYY Peptide YY
RA Relative abundance
SBP Systolic blood pressure
SCFA Short-chain fatty acid
SFA Subcutaneous fat area
sPLS-DA Sparse partial least squares discriminant

analysis
SU Sulfonylureas
VFA Visceral fat area
VISA-T2D Effect of Acarbose and Vildagliptin on

Visceral Fat Distribution in Overweight
and Obesity Patients With Newly
Diagnosed Type 2 Diabetes Mellitus

Introduction

Over the past two decades, emerging evidence has indicated
the importance of gut microbiota in maintaining host metabol-
ic homeostasis and health [1]. Further investigations have
revealed the influences of glucose-lowering drugs (GLDs)
on the gut microbiota in rodents and humans, including
biguanides [2–4], alpha-glucosidase inhibitors (AGIs) [5]
and incretin-based drugs [6–8]. Conversely, the one excep-
tion, glipizide, a GLD of the sulfonylureas (SU) class, was
reported to exhibit potent glucose-lowering effects but have
no impact on the gut microbial composition in Chinese type 2
diabetes patients [5]. These results suggest that the underlying
host–drug–microbe interactions but not the changes in plasma
glucose levels are necessary conditions for treatment-related
microbial alterations.

Different classes of medications have different targets. The
SU class principally targets the ATP-sensitive potassium
(KATP) channels in the pancreatic beta cells [9], while several
other classes are designed to treat type 2 diabetes via gastro-
intestinal (GI) mechanisms. For instance, AGIs mainly inhibit
the degradation and absorption of complex carbohydrates in
the small intestine, thus reducing postprandial glucose (PPG)
[10]. Treatment with the AGI acarbose also dramatically
increased gut Bifidobacterium abundances in type 2 diabetes
patients [5]. For another example, dipeptidyl peptidase-4
inhibitors (DPP-4is) target dipeptidyl peptidase-4 (DPP-4) to
decrease the clearance rate of glucagon-like peptide-1 (GLP-
1) and gastric inhibitory polypeptide (GIP), two primary
incretin hormones secreted by intestinal endocrine cells to

stimulate insulin secretion [11]. A few studies in mice [6–8]
have reported drug-induced changes in animal gut microbiota,
while there are no currently available data investigating the
roles of DPP-4i on the human gut microbiota. Interestingly, in
addition to DPP-4is, AGI monotherapy was repeatedly report-
ed to increase the circulating levels of active GLP-1, which
might partially contribute to its therapeutic effects on glucose
lowering and weight loss [12–16]. Additionally, gut microbes
and specific microbial metabolites, including short-chain fatty
acids (SCFAs) [17] and bile acids [18, 19], could also regulate
the secretion of intestinal GLP-1, suggesting their potential
influence on responses to GLDs targeting the GI tract (GIT).
Although the links between GLDs and gut microbiota have
been well documented in vitro and in animal models [20, 21],
research gaps remain in potential crosstalk between human
gut microbiota and GLP-1 and different GLDs, and their treat-
ment responses in type 2 diabetes patients.

To narrow the knowledge gap, we conducted the VISA-
T2D (Effect of Acarbose and Vildagliptin on Visceral Fat
Distribution in Overweight and Obesity Patients With
Newly Diagnosed Type 2 Diabetes Mellitus) study, a two-
arm randomised, 6 month controlled trial, by assigning
treatment-naive type 2 diabetes patients to AGI acarbose or
DPP-4i vildagliptin treatment. We measured a set of clinical
variables and the gut microbiota and analysed their pre- and
post-changes in each treatment arm to assess the impacts of
the two types of GLDs on glycaemic control, insulin and
GLP-1 secretion, and weight loss, as well as the gut microbial
composition. The important question was whether there are
common and specific gut microbial responses to different
GLDs targeting the GIT, and how host, drug and the gut
microbiota interact in different arms. Finally, we included
faecal metagenomes from a previous study [5], where partic-
ipants were treated with 3 month acarbose or glipizide, for a
parallel assessment of the impacts of different GLDs on the
gut microbiota in Chinese type 2 diabetes patients.

Methods

Participants

In this study, we screened 30–70-year-old adults with
overweight/obesity (24 kg/m2 ≤ BMI ≤ 30 kg/m2) and newly
diagnosed, treatment-naive type 2 diabetes (ND-T2D) by a
75 g OGTT from December 2016 to December 2017 in
Beijing, China. According to 1999 WHO criteria [22], 100
eligible individuals with ND-T2D (54 male participants and
46 female participants) and with 53 mmol/mol (7.0%) ≤
HbA1c ≤ 75 mmol/mol (9%) were included. The details of
exclusion criteria are available in the electronic supplementary
material (ESM) Methods.
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Study design

The VISA-T2D study was designed as an exploratory,
randomised, controlled, open-labelled, interventional trial
(ESM Fig. 1). We estimated our sample size for this explor-
atory trial based on previous human gut microbial intervention
studies relating to GLDs [2, 3, 5]. See the ESM Methods.

Laboratory measurements

For each participant, anthropometric indicators including
body weight (BW), height, BMI, waist and hip circumference,
WHR and systolic and diastolic blood pressures (SBP and
DBP, respectively) were measured by registered nurses at
baseline and 6 month visits. Fasting and postprandial blood
specimens were collected via venepuncture for laboratory
measurements of glucose, insulin, lipids, gut hormones and
adipokines. See the ESM Methods.

Abdominal computed tomography scan and visceral
fat area measurements

Quantitative computed tomography (QCT) scans were
performed to measure the changes in visceral and subcutane-
ous fat areas (VFA and SFA, respectively). See the ESM
Methods.

Shotgun metagenomic sequencing for the VISA-T2D
study cohort

Faecal specimens were self-collected at the baseline and 6
months visits in hospital using a sterile container with spoon.
After sampling, all containers were rapidly placed in a cooler
with dry ice and delivered to the laboratory. Approximately
200 mg (a level spoonful) of stool was then taken from the
sterile container and placed into a 5 ml freezing tube by expe-
rienced technicians and stored immediately at −70°C before
processing. Faecal microbial DNA extraction, shotgun
sequencing and quality control (QC) of raw data were
performed as previously described (ESM Table 1). See the
ESM Methods.

Gut microbiome analyses for the VISA-T2D cohort

All 181 metagenomes were processed by MetaPhlAn2 v2.7.0
[23] and HUMAnN2 v0.11.1 [24] to obtain relative abun-
dance (RA) profiles at the taxonomic and functional levels.
In total, 569 species and 469 pathways were identified (RA>0
in ≥1 faecal sample) in the VISA-T2D study cohort. We
excluded rare microbial variables with a low occurrence
(<20% of all samples), resulting in 117 species and 346 path-
ways for subsequent analysis. See the ESM Methods.

Statistical analysis

Methods for comparative analysis ANCOVA was performed
to determine differences between treatment arms in clinical
variables at baseline and 6 months. Before analysis, the centred
log-ratio (Clr) transformation was applied to species and path-
way profiles to deal with compositional bias [25]. Wilcoxon
rank-sum test was used to detect between-group differences in
Shannon index and Clr-transformed abundances at baseline and
6 months. Wilcoxon signed-rank test was conducted on pre–
post paired samples to detect significantly altered clinical vari-
ables and microbial variables by vildagliptin and acarbose treat-
ment, respectively. The Benjamini–Hochberg (BH) method
was used to correct the multiple comparisons on clinical vari-
ables, species and pathways. A BH-adjusted p value <0.05 was
considered significant. Permutational multivariate analysis of
variance (PERMANOVA) was performed using Bray–Curtis
dissimilarity at the species level to assess the inter-group micro-
bial variations (acarbose vs vildagliptin) and the treatment-
induced microbial variations (pre- vs post-treatment). See the
ESM Methods.

Methods for association analysis A generalised estimating
equations (GEE) model using baseline and 6 months data of
microbial features (Clr-transformed RAs) and clinical vari-
ables was built to assess their longitudinal associations in each
treatment arm after adjustment for age and sex. A strict GEE
model was followed to examine the significance of associa-
tions after adjustment for age, sex, BMI and VFA at L2-L3
intervertebral space (L2-L3 VFA). See the ESM Methods.

Evaluation of the relationship between baseline microbiome
and GLP-1 response to treatmentWe divided type 2 diabetes
patients in the vildagliptin group into low (≤50.18%) and high
(>50.18%) response groups based on the median value
(50.18%) of the percentage change (PC%) of fasting GLP-1
(PC%-GLP-1). Next, we used sparse partial least squares
discriminant analysis (sPLS-DA) to select baseline microbial
variables (from 117 species and 165 pathways above the
median variance) for distinguishing participants with low
and high GLP-1 responses to vildagliptin. The robustness
and performance of the ten selected variables were evaluated
using acarbose samples as the external dataset. Spearman’s
rank correlation analysis was performed to assess the relation-
ships between the PC%-GLP-1 and baseline RAs of microbial
variables, and individual predicted probabilities after
adjusting for age and sex. See the ESM Methods.

Validation of acarbose-inducedmicrobial changes in an exter-
nal cohort A total of 188 metagenomic datasets from a

1616 Diabetologia (2022) 65:1613–1626



previous multicentre clinical study on Chinese individuals
with ND-T2D with 3 month acarbose (51 participants, 102
samples) or glipizide (43 participants, 86 samples) treatment
[5] were collected for two purposes: (1) to investigate the
repeatability of microbial changes induced by acarbose; and
(2) to use the glipizide group as a control treatment arm as the
drug is known to specifically target pancreatic beta cells and to
show no apparent impacts on gut microbiome. To keep
consistency, we applied MetaPhlAn2 and HUMAnN2 with
the same default settings and generated Clr-transformed RA
profiles of 142 species and 256 pathways (occurrence ≥20%)
for this cohort. We adopted the Wilcoxon signed-rank test for
comparisons of microbial RAs between pre- and post-
treatment samples, and the same GEE model (adjustment for
age and sex) for assessment of longitudinal associations
between microbial features and clinical variables in partici-
pants treated with 3 month acarbose or glipizide. A BH-
adjusted p value <0.05 was considered significant.

Ethics approval

This study was approved and conducted according to the
guidance of the ethics committee of Peking University
Health Science Center (2015PHB175-01) and the institutional
review board of BGI (BGI-IRB 20163). Patient consent was
not required for publication.

Results

Baseline characteristics of participants and clinical
outcomes

One hundred eligible individuals with ND-T2D (54 male
participants and 46 female participants) were randomly
assigned to the acarbose or vildagliptin arm in a 1:1 ratio.
Ninety-two participants completed the 6month trial, including
48 participants in the acarbose arm and 44 participants in the
vildagliptin arm (ESM Fig. 1). In addition, no serious drug-
related adverse events were reported. At baseline, no signifi-
cant differences were found in age and sex distributions
between the two arms (p>0.05; Table 1). Baseline levels of
clinical variables, including diabetes (HbA1c, fasting plasma
glucose [FPG], PPG, fasting insulin [Fins], postprandial insu-
lin [Pins] and HOMA-IR) and obesity (BW, BMI, and VFA
and SFA at the L2-L3 and L4-L5 interspaces [L2-L3 VFA,
L4-L5 VFA, L2-L3 SFA and L4-L5 SFA, respectively]) vari-
ables, blood lipids, gut hormones and adipokines, were also
well balanced between groups (ANCOVA, p>0.05; Table 1).

After 6 months of treatment, HbA1c levels in the acarbose
(60 vs 46 mmol/mol [7.65% vs 6.40%]) and vildagliptin
groups (59 vs 44 mmol/mol [7.55% vs 6.20%]) were lowered
to similar levels and both reached the recommended target

[26] (HbA1c < 53 mmol/mol [7%]) (Wilcoxon signed-rank
test, adjusted p<0.05; Fig. 1a). Both drugs also significantly
improved FPG and PPG (Table 1, Fig. 1b,c), as well as VFAs
(L2-L3 VFA and L4-L5 VFA) (Fig. 1i,j). Participants treated
with acarbose had significant reductions in Pins, HOMA-IR
and BW (adjusted p<0.05; Fig. 1d–g), and the latter two vari-
ables were moderately improved by vildagliptin (p<0.05 and
adjusted p>0.05; Table 1). The Pins-lowering effect of
acarbose was also significantly superior to that of vildagliptin
(ANCOVA, adjusted p<0.05; Table 1). Additionally, the
changes over time in insulin and glycaemic variables were
more highly correlated in the acarbose (p<0.05) than in the
vildagliptin group (Spearman’s rank analysis; ESM Fig. 2a,
b). Conversely, neither of the two drugs significantly affected
Fins levels, blood lipids or blood pressures (adjusted p>0.05;
Table 1).

When investigating gut hormones and adipokines, we
showed that both drugs significantly increased serum chole-
cystokinin (CCK) levels (adjusted p<0.05; Fig. 1m), while 6
month vildagliptin specifically increased fasting active GLP-1
levels and acarbose specifically reduced fasting leptin levels
(Fig. 1n,o). Neither of the drugs exhibited significant impacts
on fasting levels of adiponectin or two gut hormones involved
in appetite regulation, ghrelin and peptide YY (PYY) (adjust-
ed p>0.05; Fig. 1p–r) [27, 28]. Despite similar glycaemic effi-
cacy, our results suggest that the two drugs could benefit
metabolic variables, gut hormones and adipokines in different
ways.

Responses of human gut microbiota to different GLDs

To better understand the impacts of different types of GLDs
on human gut microbiota and the relationships between
GLDs, microbiota and drug actions, we performed subsequent
analyses on faecal samples from the VISA-T2D study (6
month acarbose or vildagliptin) and the previous study (3
month acarbose or glipizide) [5] using the same pipelines
(see ESM Methods).

No significant inter-group differences were observed in
alpha diversity, beta diversity and species abundances for
baseline samples in the current study (Wilcoxon rank-sum
test, p>0.05; Fig. 2a,c) (ESMTable 2). Sixmonths of acarbose
but not vildagliptin led to significant decreases in microbial
alpha diversity of type 2 diabetes patients (Wilcoxon signed-
rank test, p<0.05; Fig. 2a). Acarbose also induced significant
changes in the overall gut microbial composition
(PERMANOVA for Bray–Curtis distance, p<0.05; Fig. 2b,c,
ESM Fig. 3). Conversely, vildagliptin treatment showed no
statistically significant impacts on microbial alpha or beta
diversity (p>0.05; Fig. 2a–c, ESM Fig. 3). At the taxonomic
level, we identified that the RAs of 76 and ten species were
altered significantly by 6 month acarbose and vildagliptin
monotherapy, respectively (adjusted p<0.05; Fig. 2d,e, ESM

1617Diabetologia (2022) 65:1613–1626



Ta
bl
e
1

D
em

og
ra
ph
ic
an
d
m
et
ab
ol
ic
ch
ar
ac
te
ri
st
ic
s
of

st
ud
y
pa
rt
ic
ip
an
ts

C
ha
ra
ct
er
is
tic

B
as
el
in
e

6
M
on
th
s

pb
(P
re

vs
Po

st
)

Δ
A
ca
r
vs

Δ
V
ild

A
ca
r
(n
=
50
)

V
ild

(n
=
50
)

pa
A
ca
r
(n
=
48
)

V
ild

(n
=
44
)

pa
A
ca
r

V
ild

Δ
A
ca
r

Δ
V
ild

pa

D
em

og
ra
ph
ic
ch
ar
ac
te
ri
st
ic
s

M
al
e/
fe
m
al
e,
n

31
/1
9

23
/2
7

0.
16

A
ge
,y
ea
rs

53
(9
.8
)

51
.5
(8
.8
)

0.
45

G
ly
ca
em

ic
ch
ar
ac
te
ri
st
ic
s

H
bA

1
c,
m
m
ol
/m

ol
60
.1
1
(6
.3
3)

59
.0
2
(7
.0
7)

0.
55

46
.4
5
(6
.6
3)

44
.2
6
(7
.4
7)

0.
35

<
0.
00
01
*

<
0.
00
01
*

−1
4.
46

(7
.6
6)

−1
4.
88

(7
.1
3)

0.
65

H
bA

1
c,
%

7.
65

(0
.5
8)

7.
55

(0
.6
5)

0.
55

6.
4
(0
.6
1)

6.
2
(0
.6
8)

0.
35

<
0.
00
01
*

<
0.
00
01
*

−1
.3
2
(0
.6
1)

−1
.4
(0
.7
)

0.
65

FP
G
,m

m
ol
/l

8.
31

(1
.8
1)

8.
75

(1
.3
3)

0.
66

7.
22

(1
.1
4)

6.
84

(1
.2
7)

0.
17

<
0.
00
01
*

<
0.
00
01
*

−1
.3
6
(1
.1
4)

−1
.4
8
(1
.2
7)

0.
41

PP
G
,m

m
ol
/l

12
.2
(2
.3
1)

13
.1
3
(2
.7
5)

0.
49

9.
12

(1
.7
2)

9.
97

(2
.5
1)

0.
02

<
0.
00
01
*

<
0.
00
01
*

−3
.6
5
(1
.7
2)

−2
.7
5
(2
.5
1)

0.
05

Fi
ns
,p
m
ol
/l

1.
53

(1
.3
)

1.
43

(0
.8
3)

0.
33

1.
34

(0
.5
9)

1.
22

(0
.7
3)

0.
80

0.
11

0.
29

−0
.3
7
(1
.2
4)

−0
.0
7
(0
.6
9)

0.
42

Pi
ns
,p
m
ol
/l

4.
69

(3
.7
9)

4.
55

(3
.1
1)

0.
80

3.
14

(2
.2
3)

4.
65

(4
.3
)

0.
01

<
0.
00
01
*

0.
86

−2
.0
5
(3
.0
3)

0.
39

(3
.1
5)

0.
00
19

H
O
M
A
-I
R

4.
11

(5
.8
)

3.
9
(2
.2
)

0.
28

2.
84

(1
.5
)

2.
78

(1
.5
8)

0.
42

0.
00
05
*

0.
00
45

−2
.0
1
(1
.5
)

−0
.8
3
(1
.5
8)

0.
63

O
be
si
ty

va
ri
ab
le
s

W
ei
gh
t,
kg

73
.2
5
(8
.5
)

69
.7
5
(9
.6
6)

1.
00

70
(8
.3
9)

68
.5
(1
0.
56
)

0.
39

<
0.
00
01
*

0.
00
39

−2
.2
4
(8
.3
9)

−1
.3
3
(1
0.
56
)

0.
15

B
M
I,
kg
/m

2
26
.8
3
(1
.8
1)

26
.8
3
(1
.8
1)

0.
87

26
.1
7
(1
.8
)

26
.3
3
(2
.0
4)

0.
31

<
0.
00
01
*

0.
00
36

−0
.8
3
(1
.8
)

−0
.5
5
(2
.0
4)

0.
14

L
2-
L
3
V
FA

,c
m

2
23
5.
9
(6
8.
0)

21
1.
1
(5
0.
8)

0.
09

20
0.
9
(6
5.
5)

19
1.
6
(5
6.
5)

0.
46

<
0.
00
01
*

0.
00
05
*

−2
8.
0
(6
5.
5)

−1
5.
3
(5
6.
5)

0.
47

L
2-
L
3
SF

A
,c
m

2
10
6.
6
(3
3.
6)

12
6.
2
(3
7.
4)

0.
13

96
.6
(3
3.
9)

11
5.
3
(3
7.
7)

0.
17

0.
00
1*

0.
07

−9
.8
(3
3.
9)

−5
.4
3
(3
7.
74
)

0.
27

L
4-
L
5
V
FA

,c
m

2
18
9.
8
(5
4.
6)

16
2.
7
(4
3.
3)

0.
10

15
3.
9
(4
5.
7)

15
3.
2
(3
5.
1)

0.
87

0.
00
02
*

0.
00
05
*

−2
7
(4
5.
67
)

−1
3.
7
(3
5.
1)

0.
71

L
4-
L
5
SF

A
,c
m

2
15
7.
3
(4
1.
3)

16
2.
6
(4
1.
2)

0.
23

14
4.
7
(3
5.
0)

16
2.
1
(3
8.
2)

0.
04

0.
02

0.
38

−1
2.
5
(3
5)

−3
.2
(3
8.
2)

0.
39

B
lo
od

lip
id
s

C
H
,m

m
ol
/l

5.
04

(0
.8
7)

5.
12

(0
.9
5)

0.
38

4.
96

(1
)

4.
87

(0
.8
8)

0.
94

0.
10

0.
07

−0
.2
2
(1
)

−0
.2
3
(0
.8
8)

0.
69

T
G
,m

m
ol
/l

1.
99

(1
.7
5)

1.
97

(1
.4
8)

0.
23

1.
54

(1
.1
3)

1.
71

(1
.4
8)

0.
30

0.
01

0.
73

−0
.4
6
(1
.1
3)

−0
.1
6
(1
.4
8)

0.
23

H
D
L
,m

m
ol
/l

1.
24

(0
.2
)

1.
26

(0
.2
1)

0.
07

1.
29

(0
.2
1)

1.
26

(0
.2
2)

0.
90

0.
02

0.
83

0.
06

(0
.2
1)

0
(0
.2
2)

0.
18

L
D
L
,m

m
ol
/l

2.
95

(0
.7
8)

2.
85

(0
.6
4)

0.
64

2.
84

(0
.7
7)

2.
76

(0
.6
8)

0.
58

0.
20

0.
05

−0
.1
3
(0
.7
7)

−0
.1
7
(0
.6
8)

0.
90

B
P m

SB
P,

m
m
H
g

12
7
(1
4.
4)

12
9
(1
4.
8)

0.
37

12
6
(1
2.
3)

12
7.
7
(1
6.
2)

0.
13

0.
17

0.
35

−3
(1
2.
3)

−2
(1
6.
2)

0.
81

m
D
B
P,

m
m
H
g

78
(9
.0
)

78
(1
0.
0)

0.
69

74
(8
.4
)

78
(1
1.
8)

0.
15

0.
03

0.
92

−3
(8
.4
)

0.
2
(1
2)

0.
09

G
ut

ho
rm

on
es

an
d
ad
ip
ok
in
es

A
di
po
ne
ct
in
,μ

g/
m
l

9.
7
(6
.5
)

8.
5
(7
.3
)

0.
81

12
.3
(6
.4
)

11
.7
(6
.1
)

0.
64

0.
01

0.
07

2.
3
(6
.4
)

1.
2
(6
.1
)

0.
46

L
ep
tin
,n
g/
m
l

11
.1
(9
.9
)

17
.6
(1
5.
4)

0.
23

5.
8
(1
0.
1)

9.
2
(1
3.
3)

0.
45

0.
00
14
*

0.
03

−5
.0
(1
0.
1)

−6
.7
(1
3.
3)

0.
82

G
L
P-
1,
pm

ol
/l

3.
1
(1
.0
)

3.
1
(0
.6
)

0.
99

3.
1
(9
.2
)

4.
9
(3
.7
)

0.
50

0.
24

<
0.
00
01
*

1.
4
(9
.2
)

2.
7
(4
.0
)

0.
07

C
C
K
,p
g/
m
l

13
.8
(9
6.
8)

9.
5
(1
8.
5)

0.
12

20
.3
(3
45
.7
)

19
.9
(4
6.
6)

0.
23

0.
00
13
*

<
0.
00
01
*

51
.2
(3
45
.7
)

18
.8
(4
6.
6)

0.
48

G
hr
el
in
,p
g/
m
l

36
8
(2
75
)

41
1
(3
16
)

0.
68

40
2
(3
02
)

40
8
(2
64
)

0.
70

0.
36

0.
89

24
(3
02
)

−1
5
(2
64
)

0.
23

PY
Y
,p
g/
m
l

11
7.
4
(5
8.
7)

13
3.
1
(5
6.
8)

0.
61

14
2.
9
(5
0.
8)

12
7.
4
(4
2.
9)

0.
07

0.
17

0.
10

9.
3
(5
0.
8)

−1
2.
6
(4
2.
9)

0.
01

C
on
tin

uo
us

da
ta
ar
e
pr
es
en
te
d
as

m
ea
n
(S
D
)

a
p
va
lu
e
fr
om

A
N
C
O
V
A
by

ad
ju
st
in
g
fo
r
ag
e,
se
x
(c
on
tin

uo
us

da
ta
)
or

χ
2
te
st
(c
at
eg
or
ic
al
da
ta
)

b
p
va
lu
e
fr
om

pa
ir
ed

W
ilc
ox
on

ra
nk
-s
um

te
st
s
(c
on
tin

uo
us

da
ta
)

*B
H
-a
dj
us
te
d
p
va
lu
e
<
0.
05

A
ca
r,
th
e
ac
ar
bo
se

tr
ea
tm

en
tg
ro
up
;C

H
,t
ot
al
ch
ol
es
te
ro
l;
Δ
(D

el
ta
),
pr
e–
po
st
ch
an
ge
s
in
va
ri
ab
le
s
in
ea
ch

tr
ea
tm

en
tg
ro
up
;m

D
B
P,

m
ea
n
D
B
P;

m
SB

P,
m
ea
n
SB

P;
T
G
,t
ri
gl
yc
er
id
es
;V

ild
,t
he

vi
ld
ag
lip

tin
tr
ea
tm

en
tg

ro
up

1618 Diabetologia (2022) 65:1613–1626



Tables 3, 4). At the functional level, acarbose significantly
altered the RAs of 115 pathways (adjusted p<0.05) and
vildagliptin only had moderate impacts on 51 pathways
(p<0.05 and adjusted p>0.05) (ESM Tables 3, 4). In addition,
acarbose induced more considerable changes in the structure
of species–species co-occurrence networks (pre vs post, corre-
lations for hub scores of species, Spearman’s ρ=0.33) than
vildagliptin (Spearman’s ρ=0.75; ESM Fig. 4a, b, and see
the ESM Methods). For instance, multiple Streptococcus
species (e.g. S. sanguinis and S. salivarius), the most connect-
ed gut microbial taxa in the post-acarbose treatment group,
exhibi ted s igni f icant posi t ive associa t ions wi th
Bifidobacterium longum and negative associations with
Bacteroides spp. (e.g. B. caccae and B. stercoris) (an absolute
value of correlation coefficient >0.3; ESM Fig. 4c–e, ESM
Table 5). Despite the differences in baseline gut microbial
composition between the two acarbose study cohorts (ESM
Fig. 5a, b), we demonstrated that 3 or 6 months of acarbose
treatment consistently induced significant changes in RAs of
47 species and 39 functional pathways (BH-adjusted p<0.05
in both groups; Fig. 2f, ESM Fig. 5c, d, ESM Tables 3, 6),

including the previously reported decreases of diversity and
multiple Bacteroides species and the increases of
Bifidobacterium and Streptococcus members [5].
Additionally, we also detected many species with differential
abundances between acarbose and vildagliptin groups at 6
months, which largely overlapped the acarbose-induced
changes (ESMTable 7). These results all supported the greater
impacts of acarbose on human gut microbial diversity and
ecological structures.

Notably, we found that participants receiving different
drugs exhibited consistent changes in RAs of a set of gut
microbial species and functional pathways. For instance, there
were significant enrichments in RAs of B. adolescentis and
reductions in RAs of Bacteroides plebeius, B. caccae,
Bacteroides eggerthii, Bacteroides thetaiotaomicron and
Paraprevotella distasonis in the gut of participants treated
with either single agent (adjusted p<0.05; Fig. 2e, ESM
Tables 3, 4). When considering a moderate trend toward
significance (p<0.05 in both arms), we showed that 16 species
were commonly reduced in the two treatment arms (ESM Fig.
6a) and all belonged to the phylum Bacteroidetes.
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Fig. 1 Major clinical outcomes in newly diagnosed type 2 diabetes
patients after 6 month treatment with acarbose or vildagliptin. (a–r) Bar
charts show changes in HbA1c (a); FPG (b); PPG (c); HOMA-IR (d); Pins
(e); Fins (f); weight (g); BMI (h); L2-L3 VFA, L2-L3 SFA, L4-L5 VFA
and L4-L5 SFA (i–l); CCK (m); GLP-1 (n); leptin (o); adiponectin (p);
ghrelin (q); and PYY (r), in the acarbose (light green) or vildagliptin

(light blue) treatment group. Wilcoxon signed-rank test, *BH-adjusted
p<0.05. The y-axis indicates the delta (Δ) post-minus pre-treatment value
of each variable. Data are presented as mean+SEM (detailed BH-adjusted
p values are presented in Table 1). Individual data points are shown on the
graph in grey
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Furthermore, most of the above species responding to 6
months of acarbose or vildagliptin were altered consistently
in participants treated with 3 months of acarbose (adjusted
p<0.05; ESM Fig. 6a). Among the commonly increased taxa,
two Bifidobacterium members (B. adolescentis and
B. longum) [29–32] and Haemophilus parainfluenzae [33,
34] have been repeatedly shown to have significantly higher
RAs in healthy control groups than in type 2 diabetes patients.
Both drugs also decreased the RAs of pathways involved in
the biosynthesis of queuosine (PWY-6700 and PWY-6703),
lipopolysaccharide (PWY-1269) and pyridoxal 5′-phosphate

(PLP, PWY0-845 and PYRIDOXSYN-PWY), and increased
t h e pa t hways o f t h e m ixed ac i d f e rmen t a t i on
(FERMENTATION-PWY) and the biosynthesis of seleno
amino acid (PWY-6936) (p<0.05 at both arms; ESM Fig.
6b, ESM Tables 3, 4). Correlation analysis on baseline RAs
(ESM Fig. 7a) and the RA changes (ESM Fig. 7b) between
responding species and pathways consistently revealed posi-
tive associations between several Bacteroidetes species and
pathways (e.g. PWY0-845 and PYRIDOXSYN-PWY for
the biosynthesis of PLP, PWY-7282: 4-amino-2-methyl-5-
phosphomethylpyrimidine biosynthesis and ARGININE
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SYN4-PWY: L-ornithine biosynthesis) which were both
reduced after treatment (adjusted p<0.05). Cumulative abun-
dance analysis further supported that the RAs of the above-
mentioned highly correlated pathways were mainly contribut-
ed by the Bacteroides species (ESM Fig. 7c).

In addition, vildagliptin specifically elevated the RAs of
Clostridium bartlettii, a known Firmicutes butyrate producer
[35], and reduced the RAs of Paraprevotella clara and
Paraprevotella xylaniphila (adjusted p<0.05 in the
vildagliptin group and p>0.05 in 3 month and 6 month
acarbose groups; Fig. 2e,f) [35].We also repeated the previous
finding [5] that glipizide, an effective GLD targeting the SU
receptor on pancreatic beta cells [36], did not significantly
alter the RAs of any gut species or pathways (Fig. 2f, ESM
Fig. 6a, b, ESM Table 6). Altogether, these results suggested
the existence of common and agent-specific gut microbial
responses in type 2 diabetes patients receiving acarbose or
vildagliptin monotherapy.

Longitudinal associations between microbial
abundances and metabolic variables

Given that acarbose and vildagliptin exert their glucose-
lowering effects through distinct GI mechanisms, we asked
how the responding microbial variables were correlated with

metabolic variables during treatments by different agents. To
answer this, we performed the GEE analysis and investigated
the longitudinal correlations between the responding species/
pathways and clinical variables, with adjustment for age and
sex (seeMethods). We found significant associations between
HbA1c and Bifidobacterium species (negative correlations)
and a few Bacteroidetes species (positive correlations) in both
groups (GEE, adjusted p<0.05; Fig. 3a). Conversely, few
microbial features were correlated with obesity variables
(e.g. BW, BMI and VFA) in either arm (Fig. 3a,b). There were
also drug-dependent longitudinal association patterns includ-
ing the PPG–microbiome associations in the acarbose group
and the GLP-1–microbiome associations in the vildagliptin
group (Fig. 3a,b), and most of the correlations remained
significant even after adjustment for BMI and L2-L3 VFA
(ESM Table 8). We also showed highly consistent association
patterns between HbA1c/PPG and 47 acarbose-altered micro-
bial species in the 3 month and 6 month cohorts (GEE, BH-
adjusted p<0.05; ESM Fig. 8a, b). By contrast, no significant
associations were found in the glipizide-treated type 2 diabe-
tes patients between these species and any clinical variables
(ESM Fig. 8c).

Associations between baseline gut microbiota and
post-treatment GLP-1 responses

The secretion of GLP-1 could be directly improved by
vildagliptin and specific gut bacterial metabolites, such as
SCFAs and secondary bile acids [37, 38]. The latter raised
the next important question: whether baseline gut microbiota
had potential impacts on GLP-1 responses to drug treatments.
To answer this, we divided 40 type 2 diabetes patients in the
vildagliptin group (who had pre- and post-treatment
metagenomes and fasting GLP-1 values) into two subgroups
according to their GLP-1 responses (seeMethods), namely the
high response (HR, n=20, PC%>50.18%) and low response
(LR, n=20, PC%≤50.18%) groups (Fig. 4a). Likewise, the HR
group also had a greater improvement in Pins levels than the
LR group (p<0.05; Fig. 4b). At baseline, the two subgroups
had no significant differences in GLP-1, insulin or HOMA-IR
(p>0.05; Fig. 4c), but the LR group had worse glycaemic
status than the HR group (p<0.05; Fig. 4c, ESM Table 9).

We next performed sPLS-DA to investigate whether base-
line microbiota (RAs of species and pathways) could effec-
tively distinguish participants with high and low GLP-1
responses to vildagliptin. We observed a clear separation of
individuals between the HR and LR subgroups in the classi-
fication model (Fig. 4d). Among the ten selected microbial
variables that had the highest contribution to sPLS-DA-1,
the baseline RAs of Barnesiella intestinihominis and
Clostridium citroniae were enriched in the HR group while
those of Veillonella parvula, Prevotella copri and all six

�Fig. 2 Changes in the gut microbial structure induced by glucose-
lowering treatment. (a) Comparisons of alpha diversity (Shannon index
at the species level) between four groups. Wilcoxon signed-rank test for
comparisons between pre- and post-treatment groups with the same
agent; Wilcoxon rank-sum test for comparisons between groups with
acarbose or vildagliptin, *p<0.05, ***p<0.001. (b) Non-metric
multidimensional scaling (NMDS) plot illustrating the Bray–Curtis
dissimilarities of the gut microbial species composition in pre- and post-
treatment samples. (c) Bar plots of pseudo F-statistic values showing the
magnitudes of microbial dissimilarities for within- and between-treatment
groups. PERMANOVA (N=999 permutations), ***p<0.001. (d)
Taxonomic cladogram showing significantly altered microbial taxa in
patients treated with 6 months of acarbose or vildagliptin (Wilcoxon
signed-rank test, BH-adjusted p<0.05; see details in ESM Tables 2, 3).
(e) Gut microbial species consistently respond to acarbose and
vildagliptin treatment. Wilcoxon signed-rank test, *BH-adjusted
p<0.05. Colour bars indicate pre–post treatment effect sizes estimated
from Wilcoxon signed-rank tests on the Clr-transformed RAs of species
in the two treatment groups. Effect size >0: dark green and dark blue
indicate the higher RAs in pre-treatment groups with acarbose (Acar
base) and vildagliptin (Vild base), respectively; effect size ≤0: light
green (Acar M6) and light blue (Vild M6) indicate the higher RAs in
post-treatment groups. The effect size is calculated as the Z statistic
divided by the square root of the sample size. The dashed line indicates
an absolute value of effect size at 0.3. (f) Heatmap showing significantly
altered species in four treatment arms, including 6 month treatment with
acarbose (Acar base vs M6; n=42) or vildagliptin (Vild base vs M6;
n=41) in the current study, and 3 month treatment with acarbose (Acar
base vs M3; n=51) or glipizide (Glip base vs M3; n=43) in a previous
study of Chinese type 2 diabetes patients [5]. The colour key indicates
pre–post treatment effect sizes. Wilcoxon signed-rank test, * indicates
BH-adjusted p<0.05. Acar, acarbose; Vild, vildagliptin
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selected pathways were enriched in the LR group (Fig. 4e,
ESM Fig. 9, ESM Table 10).

Although the fasting GLP-1 did not increase significantly
in the acarbose group, we observed similar correlations
between the PC%-GLP-1 and baseline RAs of the ten features
in the two treatment arms, including the negative associations
with PWY-6588: pyruvate fermentation to acetone (p<0.05,
Spearman’s rank correlation; Fig. 4f). There were also posi-
tive correlations between the PC%-GLP-1 and individual
predicted probabilities from classification models for the two
groups (vildagliptin: ρ=0.5, p=0.0012; acarbose, ρ=0.27,
p=0.09) (Fig. 4g). These results suggested that the baseline
gut microbiota, in turn, might impact the heterogeneity of

GLP-1 secretory responses to GLDs among different type 2
diabetes patients.

Discussion

In the VISA-T2D study, we enrolled 100 individuals with
ND-T2D, conducted a two-arm RCT and demonstrated the
effects of 6 month initial monotherapy with acarbose or
vildagliptin on the clinical outcomes, the gut microbiota and
their mutual relationships. We reported that participants
receiving either drug exhibited promising improvements in
not only glycaemic control (HbA1c <53 mmol/mol [7%])
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but also abdominal VFA. The reduction in abdominal VFA, a
major risk factor for cardiometabolic diseases, is in keeping
with the reduced incident cardiometabolic diseases in individ-
uals with type 2 diabetes/prediabetes treated with AGIs or
DPP-4i [16, 39, 40].

Monotherapy with either drug had impacts on gut microbi-
al composition, but acarbose exhibited a more profound influ-
ence on the gut ecosystem than vildagliptin. We also demon-
strated highly similar microbial changes in Chinese type 2
diabetes patients treated with 3 month [5] or 6 month
acarbose. Our data highlight the consistency of results
between the two datasets and suggest that the identifiedmicro-
bial changes were likely induced as early as 3 months and
persisted at least until 6 months. The moderate effect of 6
month vildagliptin treatment on the human gut microbiota,
however, differed considerably from the existing findings

using rodent models [6, 7, 41, 42]. For example, Liao et al
reported that DPP-4i (sitagliptin) intervention significantly
altered the gut microbial composition of mice with high-fat
diet and its effect was more pronounced than that of acarbose
[7]. In addition, Liao et al [7] observed increased Bacteroides
while Wang et al [42] reported decreased Bacteroides taxa in
the DPP-4i-treated mice. These contrasting findings have led
to growing attention to potential confounding variables in
animal-based microbiome studies, such as age, sex, strains,
diets and suppliers [43].

Despite the differences in GI mechanisms for glycaemic
control, we revealed that the two drugs could induce similar
changes in gut microbial composition, especially the increases
in B. adolescentis and the decreases in multiple species
belonging to the phylum Bacteroidetes (B. caccae and
Bacteroides finegoldii). Similarly, Wu et al reported a
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significant improvement in the growth rate of B. adolescentis
in Swedish individuals treated with metformin [2]. A 3 day
metformin intervention study of Chinese type 2 diabetes
patients reported drug-induced decreases in Bacteroides spp.
and microbial genes encoding bile salt hydrolases (BSHs) [3].
In addition, our previous cross-sectional study also found
increased abundances of the above two Bacteroides species
in treatment-naive type 2 diabetes patients compared with
individuals with prediabetes or normal glucose tolerance
[33]. These data have provided insights into the possible exis-
tence of GLD-induced reductions in Bacteroides spp., and
these changes might contribute to alterations of the host bile
acid pool, and consequently modulate the human metabolism.
In addition to the known glucose-lowering effects, all three
medicines are reported to effectively increase GLP-1 concen-
trations and reduce BW [12, 44], and the GIT has been consid-
ered a major target organ of the above drugs. By contrast, the
GLD glipizide, which reduced glucose via a non-GIT mecha-
nism, had shown no significant impacts on the human gut
microbiota [5], suggesting that the drug-induced changes in
host glucose levels had little or no relation to drug-induced
changes in gut microbial composition. Further efforts are
needed to answer whether non-glucose therapeutic benefits
of different GLDs could cause common microbial changes,
or whether specific microbial variables might serve as thera-
peutic targets and contribute to improvedmetabolic outcomes.

Last, we showed the classification performance of baseline
gut microbiota in distinguishing patients with low and high
fasting GLP-1 secretory responses to treatments. Importantly,
we demonstrated that baseline abundances of microbial vari-
ables selected by the vildagliptin-based sPLS-DA model had
similar associations with GLP-1 responses to acarbose treat-
ment. In both treatment groups, worse GLP-1 responses were
associated with a higher baseline abundance of the pathway
PWY-6588: pyruvate fermentation to acetone. These findings
support the roles of gut microbiota in modulating host GLP-1
secretion and highlight the clinical potential of microbiota-
based patient stratification for diabetes precision medicine.

There are some limitations to this study. First, no placebo
group was included in this two-arm study. Therefore, we were
not able to accurately determine the clinical effectiveness and the
degree of microbial impacts of the different drugs. However, this
limitation could be partially eliminated as previous studies have
revealed that the placebo effect of GLD therapies led to nonsig-
nificant changes in HbA1c and weight loss [45] and microbial
composition in type 2 diabetes patients [2, 46]. Second, we did
not observe significantly elevated fasting GLP-1 levels after 6
months of acarbose treatment. This was inconsistent with studies
that reported improved releases of GLP-1 by acarbose, particu-
larly the postprandial levels, in ND-T2D patients or healthy indi-
viduals [12–14]. However, we did not measure postprandial gut
hormones and could not investigate possible links between such
therapeutic benefits and gut microbiota. Future well-designed

trials of larger groups of type 2 diabetes patients and highly
related multi-omics data are needed to draw a clear mechanistic
picture of possible crosstalk from drugs to gut microbial
responses and from baseline gut microbiota to drug actions and
their impacts on host metabolic health, and to accelerate the
microbiome-based applications in diabetes treatment.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-022-05768-5) contains peer-reviewed but
unedited supplementary material..

Acknowledgements We appreciate the research teams from the endocri-
nology andmetabolic departments of Beijing Pinggu Hospital and Peking
University People's Hospital for their contributions to the clinical trial and
data collection. The sequencing of this work was supported by China
National GeneBank.

Data availability Metagenomic sequence data of the 181 faecal DNA
samples from the VISA-T2D cohort have been deposited at the
National Centre for Biotechnology Information BioProject Database with
the dataset accession number PRJNA826552.

Funding This work was supported by grants from the National Key
Research and Development Project (2016YFC1304901).

Authors’ relationships and activities The authors declare that there are
no relationships or activities that might bias, or be perceived to bias, their
work.

Contribution statement LJ, X. Zhang, HZ and JL designed and coor-
dinated the study. LJ, X. Zhang, YL, CZ, LQ,X. Zhou and XH conducted
the clinical trial, and enrolled and managed the participants. X. Zhang,
YL and CZ were responsible for collecting biological samples and clin-
ical data. HR, ZS, FY and HZ carried out bioinformatic analyses. HR,
HZ, X. Zhang, ZS, FY, KW and JL contributed to the data interpretation.
HZ, HR and X. Zhang wrote and revised the manuscript. All members
contributed to the analysis and interpretation of data and to revising the
article and have approved the final version to be published. LJ is the
guarantor of this work.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/ .

References

1. Fan Y, Pedersen O (2021) Gut microbiota in human metabolic
health and disease. Nat Rev Microbiol 19(1):55–71. https://doi.
org/10.1038/s41579-020-0433-9

1624 Diabetologia (2022) 65:1613–1626

https://doi.org/10.1007/s00125-022-05768-5
https://doi.org/10.1007/s00125-022-05768-5
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9


2. Wu H, Esteve E, Tremaroli V et al (2017) Metformin alters the gut
microbiome of individuals with treatment-naive type 2 diabetes,
contributing to the therapeutic effects of the drug. Nat Med 23(7):
850–858. https://doi.org/10.1038/nm.4345

3. Sun L, Xie C, Wang G et al (2018) Gut microbiota and intestinal
FXR mediate the clinical benefits of metformin. Nat Med 24(12):
1919–1929. https://doi.org/10.1038/s41591-018-0222-4

4. Mueller NT, Differding MK, Zhang M et al (2021) Metformin
Affects Gut Microbiome Composition and Function and
Circulating Short-Chain Fatty Acids: A Randomized Trial.
Diabetes Care 44(7):1462–1471. https://doi.org/10.2337/dc20-
2257

5. Gu Y, Wang X, Li J et al (2017) Analyses of gut microbiota and
plasma bile acids enable stratification of patients for antidiabetic
treatment. Nat Commun 8:1785. https://doi.org/10.1038/s41467-
017-01682-2

6. Olivares M, Neyrinck AM, Pötgens SA et al (2018) The DPP-4
inhibitor vildagliptin impacts the gut microbiota and prevents
disruption of intestinal homeostasis induced by a Western diet in
mice. Diabetologia 61(8):1838–1848. https://doi.org/10.1007/
s00125-018-4647-6

7. Liao X, Song L, Zeng B et al (2019) Alteration of gut microbiota
induced by DPP-4i treatment improves glucose homeostasis.
EBioMedicine 44:665–674. https://doi.org/10.1016/j.ebiom.2019.
03.057

8. Zhao L, Chen Y, Xia F et al (2018) A glucagon-like peptide-1
receptor agonist lowers weight by modulating the structure of gut
microbiota. Front Endocrinol 9:233. https://doi.org/10.3389/fendo.
2018.00233

9. Ashcroft FM, Gribble FM (1999) ATP-sensitive K+ channels and
insulin secretion: their role in health and disease. Diabetologia 42:
903–919. https://doi.org/10.1007/s001250051247

10. Clissold SP, Edwards C (1988) Acarbose: A Preliminary Review of
its Pharmacodynamic and Pharmacokinetic Properties, and
Therapeutic Potential. Drugs 35(3):214–243. https://doi.org/10.
2165/00003495-198835030-00003

11. Flatt PR, Bailey CJ, Green BD (2008) Dipeptidyl peptidase IV
(DPP IV) and related molecules in type 2 diabetes. Front Biosci
13:3648–3660. https://doi.org/10.2741/2956

12. Yang W, Liu J, Shan Z et al (2014) Acarbose compared with
metformin as initial therapy in patients with newly diagnosed type
2 diabetes: An open-label, non-inferiority randomised trial. Lancet
Diabetes Endocrinol 2(1):46–55. https://doi.org/10.1016/S2213-
8587(13)70021-4

13. Zheng MY, Yang JH, Shan CY et al (2013) Effects of 24-week
treatment with acarbose on glucagon-like peptide 1 in newly diag-
nosed type 2 diabetic patients: A preliminary report. Cardiovasc
Diabetol 12:73. https://doi.org/10.1186/1475-2840-12-73

14. Enç FY, ImeryüzN, Akin L et al (2001) Inhibition of gastric empty-
ing by acarbose is correlated with GLP-1 response and accompa-
nied by CCK release. Am J Physiol Gastrointest Liver Physiol
281(3):752–763. https://doi.org/10.1152/ajpgi.2001.281.3.g752

15. Seifarth C, Bergmann J, Holst JJ, Ritzel R, Schmiegel W, Nauck
MA (1998) Prolonged and enhanced secretion of glucagon-like
peptide I (7-36 amide) after oral sucrose due to α-glucosidase inhi-
bition (acarbose) in type 2 diabetic patients. DiabetMed 15(6):485–
491. https://doi.org/10.1002/(SICI)1096-9136(199806)15:6<485::
AID-DIA610>3.0.CO;2-Y

16. DiNicolantonio JJ, Bhutani J, O’Keefe JH (2015) Acarbose: safe
and effective for lowering postprandial hyperglycaemia and
improving cardiovascular outcomes. Open Heart 2(1):e000327.
https://doi.org/10.1136/openhrt-2015-000327

17. Tolhurst G, Heffron H, Lam YS et al (2012) Short-chain fatty acids
stimulate glucagon-like peptide-1 secretion via the G-protein-
coupled receptor FFAR2. Diabetes 61(2):364–371. https://doi.org/
10.2337/db11-1019

18. Thomas C, Gioiello A, Noriega L et al (2009) TGR5-mediated bile
acid sensing controls glucose homeostasis. Cell Metab 10(3):167–
177. https://doi.org/10.1016/J.CMET.2009.08.001

19. Trabelsi MS, Daoudi M, Prawitt J et al (2015) Farnesoid X receptor
inhibits glucagon-like peptide-1 production by enteroendocrine L
cel ls . Nat Commun 6:7629. ht tps: / /doi .org/10.1038/
NCOMMS8629

20. Maier L, Pruteanu M, Kuhn M et al (2018) Extensive impact of
non-antibiotic drugs on human gut bacteria. Nature 555(7698):
623–628. https://doi.org/10.1038/NATURE25979

21. Cao TTB,Wu KC, Hsu JL et al (2020) Effects of Non-insulin Anti-
hyperglycemicAgents onGutMicrobiota: A Systematic Review on
Human and Animal Studies. Front Endocrinol 11:573891. https://
doi.org/10.3389/FENDO.2020.573891

22. World Health Organization (1999) The World health report: 1999:
Making a difference. Available from https://apps.who.int/iris/
handle/10665/42167. Accessed 1 May 2000

23. Truong DT, Franzosa EA, Tickle TL et al (2015) MetaPhlAn2 for
enhanced metagenomic taxonomic profiling. Nat Methods 12(10):
902–903. https://doi.org/10.1038/nmeth.3589

24. Franzosa EA, McIver LJ, Rahnavard G et al (2018) Species-level
functional profiling of metagenomes and metatranscriptomes. Nat
Methods 15(11):962–968. https://doi.org/10.1038/s41592-018-
0176-y

25. Aitchison J (1982) The Statistical Analysis of Compositional Data.
J R Stat Soc Ser B 44(2):139–177. https://doi.org/10.1111/j.2517-
6161.1982.tb01195.x

26. Chinese Diabetes Society (2014) Guidelines for the Prevention and
Treatment of Type 2 Diabetes in China (2013). Chin J Endocrinol
Metab 30:893–942. https://doi.org/10.3760/cma.j.issn.1000-6699.
2014.10.020

27. Müller TD, Nogueiras R, AndermannML et al (2015) Ghrelin. Mol
Metab 4:437–460. https://doi.org/10.1016/j.molmet.2015.03.005

28. Batterham RL, Bloom SR (2003) The gut hormone peptide YY
regulates appetite. Ann N Y Acad Sci 994(1):162–168. https://
doi.org/10.1111/j.1749-6632.2003.tb03176.x

29. Sedighi M, Razavi S, Navab-Moghadam F et al (2017) Comparison
of gut microbiota in adult patients with type 2 diabetes and healthy
individuals. Microb Pathog 111:362–369. https://doi.org/10.1016/j.
micpath.2017.08.038

30. Li Q, Chang Y, Zhang K, Chen H, Tao S, Zhang Z (2020)
Implication of the gut microbiome composition of type 2 diabetic
patients from northern China. Sci Rep 10:5450. https://doi.org/10.
1038/s41598-020-62224-3

31. Karlsson FH, Tremaroli V, Nookaew I et al (2013) Gut
metagenome in European women with normal, impaired and
diabetic glucose control. Nature 498(7452):99–103. https://doi.
org/10.1038/nature12198

32. Wang L, Yu X, Xu X et al (2021) The Fecal Microbiota Is Already
Altered in Normoglycemic Individuals Who Go on to Have Type 2
Diabetes. Front Cell Infect Microbiol 11:598672. https://doi.org/10.
3389/fcimb.2021.598672

33. Zhong H, Ren H, Lu Y et al (2019) Distinct gut metagenomics and
metaproteomics signatures in prediabetics and treatment-naïve type
2 diabetics. EBioMedicine 47:373–383. https://doi.org/10.1016/j.
ebiom.2019.08.048

34. Qin J, Li Y, Cai Z et al (2012) A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 490(7418):55–
60. https://doi.org/10.1038/nature11450

35. Louis P, Flint HJ (2009) Diversity, metabolism and microbial ecol-
ogy of butyrate-producing bacteria from the human large intestine.
FEMS Microbiol Lett 294(1):1–8. https://doi.org/10.1111/j.1574-
6968.2009.01514.x

36. Pearson ER, Flechtner I, Njølstad PR et al (2006) Switching from
Insulin to Oral Sulfonylureas in Patients with Diabetes Due to

1625Diabetologia (2022) 65:1613–1626

https://doi.org/10.1038/nm.4345
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.2337/dc20-2257
https://doi.org/10.2337/dc20-2257
https://doi.org/10.1038/s41467-017-01682-2
https://doi.org/10.1038/s41467-017-01682-2
https://doi.org/10.1007/s00125-018-4647-6
https://doi.org/10.1007/s00125-018-4647-6
https://doi.org/10.1016/j.ebiom.2019.03.057
https://doi.org/10.1016/j.ebiom.2019.03.057
https://doi.org/10.3389/fendo.2018.00233
https://doi.org/10.3389/fendo.2018.00233
https://doi.org/10.1007/s001250051247
https://doi.org/10.2165/00003495-198835030-00003
https://doi.org/10.2165/00003495-198835030-00003
https://doi.org/10.2741/2956
https://doi.org/10.1016/S2213-8587(13)70021-4
https://doi.org/10.1016/S2213-8587(13)70021-4
https://doi.org/10.1007/s00125-022-05768-5
https://doi.org/10.1152/ajpgi.2001.281.3.g752
https://doi.org/10.1002/(SICI)1096-9136(199806)15:6<485::AID-DIA610>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1096-9136(199806)15:6<485::AID-DIA610>3.0.CO;2-Y
https://doi.org/10.1136/openhrt-2015-000327
https://doi.org/10.2337/db11-1019
https://doi.org/10.2337/db11-1019
https://doi.org/10.1016/J.CMET.2009.08.001
https://doi.org/10.1038/NCOMMS8629
https://doi.org/10.1038/NCOMMS8629
https://doi.org/10.1038/NATURE25979
https://doi.org/10.3389/FENDO.2020.573891
https://doi.org/10.3389/FENDO.2020.573891
https://apps.who.int/iris/handle/10665/42167
https://apps.who.int/iris/handle/10665/42167
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1111/j.2517-6161.1982.tb01195.x
https://doi.org/10.1111/j.2517-6161.1982.tb01195.x
https://doi.org/10.3760/cma.j.issn.1000-6699.2014.10.020
https://doi.org/10.3760/cma.j.issn.1000-6699.2014.10.020
https://doi.org/10.1016/j.molmet.2015.03.005
https://doi.org/10.1111/j.1749-6632.2003.tb03176.x
https://doi.org/10.1111/j.1749-6632.2003.tb03176.x
https://doi.org/10.1016/j.micpath.2017.08.038
https://doi.org/10.1016/j.micpath.2017.08.038
https://doi.org/10.1038/s41598-020-62224-3
https://doi.org/10.1038/s41598-020-62224-3
https://doi.org/10.1038/nature12198
https://doi.org/10.1038/nature12198
https://doi.org/10.3389/fcimb.2021.598672
https://doi.org/10.3389/fcimb.2021.598672
https://doi.org/10.1016/j.ebiom.2019.08.048
https://doi.org/10.1016/j.ebiom.2019.08.048
https://doi.org/10.1038/nature11450
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/j.1574-6968.2009.01514.x


Kir6.2 Mutations. N Engl J Med 355(5):467–477. https://doi.org/
10.1056/nejmoa061759

37. Christiansen CB, Gabe MBN, Svendsen B, Dragsted LO,
Rosenkilde MM, Holst JJ (2018) The impact of short-chain fatty
acids on GLP-1 and PYY secretion from the isolated perfused rat
colon. Am J Physiol Gastrointest Liver Physiol 315(1):G53–G65.
https://doi.org/10.1152/AJPGI.00346.2017

38. Brighton CA, Rievaj J, Kuhre RE et al (2015) Bile acids trigger
GLP-1 release predominantly by accessing basolaterally located G
protein–coupled bile acid receptors. Endocrinology 156(11):3961.
https://doi.org/10.1210/EN.2015-1321

39. Hanefeld M (2007) Cardiovascular benefits and safety profile of
acarbose therapy in prediabetes and established type 2 diabetes.
Cardiovasc Diabetol 6:20. https://doi.org/10.1186/1475-2840-6-20

40. Monami M, Lamanna C, Desideri CM, Mannucci E (2012) DPP-4
inhibitors and lipids: Systematic review and meta-analysis. Adv
Ther 29(1):14–25. https://doi.org/10.1007/s12325-011-0088-z

41. Zhang Q, Xiao X, Li M et al (2017) Vildagliptin increases butyrate-
producing bacteria in the gut of diabetic rats. PLoS One 12(10):
e0184735. https://doi.org/10.1371/journal.pone.0184735

42. Wang L, Li P, Tang Z, Yan X, FengB (2016) Structural modulation
of the gut microbiota and the relationship with body weight:

Compared evaluation of liraglutide and saxagliptin treatment. Sci
Rep 6:33251. https://doi.org/10.1038/srep33251

43. Kim D, Hofstaedter CE, Zhao C et al (2017) Optimizing methods
and dodging pitfalls in microbiome research. Microbiome 5:52.
https://doi.org/10.1186/s40168-017-0267-5

44. Bray GA, Edelstein SL, Crandall JP et al (2012) Long-term safety,
tolerability, and weight loss associated with metformin in the diabe-
tes prevention program outcomes study. Diabetes Care 35(4):731–
737. https://doi.org/10.2337/dc11-1299

45. Guo W, Nie L, Wang XR et al (2018) Comparison of Placebo
Effect between Asian and Caucasian Type 2 Diabetic Patients: A
Meta-Analysis. ChinMed J 131(13):1605–1612. https://doi.org/10.
4103/0366-6999.235107

46. Zhang Y, Gu Y, Ren H et al (2020) Gut microbiome-related effects
of berberine and probiotics on type 2 diabetes (the PREMOTE
study). Nat Commun 11:5015. https://doi.org/10.1038/s41467-
020-18414-8

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1626 Diabetologia (2022) 65:1613–1626

https://doi.org/10.1056/nejmoa061759
https://doi.org/10.1056/nejmoa061759
https://doi.org/10.1152/AJPGI.00346.2017
https://doi.org/10.1210/EN.2015-1321
https://doi.org/10.1186/1475-2840-6-20
https://doi.org/10.1007/s12325-011-0088-z
https://doi.org/10.1371/journal.pone.0184735
https://doi.org/10.1038/srep33251
https://doi.org/10.1186/s40168-017-0267-5
https://doi.org/10.2337/dc11-1299
https://doi.org/10.4103/0366-6999.235107
https://doi.org/10.4103/0366-6999.235107
https://doi.org/10.1038/s41467-020-18414-8
https://doi.org/10.1038/s41467-020-18414-8

	Metagenomic...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Participants
	Study design
	Laboratory measurements
	Abdominal computed tomography scan and visceral fat area measurements
	Shotgun metagenomic sequencing for the VISA-T2D study cohort
	Gut microbiome analyses for the VISA-T2D cohort
	Statistical analysis
	Ethics approval

	Results
	Baseline characteristics of participants and clinical outcomes
	Responses of human gut microbiota to different GLDs
	Longitudinal associations between microbial abundances and metabolic variables
	Associations between baseline gut microbiota and post-treatment GLP-1 responses

	Discussion
	References


