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Abstract

Purpose Accumulated evidence has indicated that the gut microbiome affected the pharmacology of anti-diabetic agents,
and their metabolic products induced by the agents transformed the structure of gastrointestinal microbiota in return.
However, the studies around heredity, ethnicity, or living condition, referring to human microbiome were mostly represented
by an occidental pattern partial and rare studies that focused on the effect of several first-line hypoglycemic agents on the gut
flora in a single medical center. Therefore, we aimed to explore the interaction between gut microbiome and type 2 diabetes
(T2D) or hypoglycemics in Chinese population.

Methods A total of 130 T2D patients with a specific hypoglycemic treatment and 50 healthy volunteers were enrolled in this
study. Gut microbiome compositons were analyzed by 16S ribosomal RNA gene-based sequencing protocol.

Results Hypoglycemic agents contributed to the alteration of specific species in gut bacteria rather than its total diversity.
Metformin increased the abundance of Spirochaete, Turicibacter, and Fusobacterium. Insulin also increased Fusobacterium,
and a-glucosidase inhibitors (a-Gls) contributed to the plentitude of Bifidobacterium and Lactobacillus. Both metformin and
insulin improved taurine and hypotaurine metabolism, and a-GI promoted several amino acid pathways. Although the
community of gut microbiota with metformin and insulin showed similarity, significant differences were available in each
diabetic group with hypoglycemia.

Conclusions Gut microbiota is significantly associated with anti-diabetic agents. The gut microbiome and metabolism have
shown respective characteristics in different T2D groups, which were also significantly different from the healthy group.
This study provides some new insights for identification and exploration of the pathogenesis of T2D.

Keywords Microbiota + Type 2 diabetes * Metformin - Insulin - a-Glucosidase inhibitors.

Introduction

As a major public health issue, type 2 diabetes (T2D) is a
complex metabolic disorder affected by both genes and the
environment [1]. In China, the total number of individuals
with diabetes had risen, significantly increasing from 0.9%
in 1980 to 10.9% in 2013 [2-4]. Although associations
between T2D and several risk factors, such as obesity,
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physical activity, and active genetic architecture, have been
demonstrated [5], the mechanism of pathogenesis is still
unknown. Recently, a series of studies have reported that
gut microbiota is also involved in the pathogenesis and
therapeutic responses of T2D [6-9].

The gut microbiota, which mainly consisted of bacteria,
refers to a complicated assembly of trillions of microbes in
the human gastrointestinal tract [10]. Gut bacteria exerted
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benign or malignant influence on metabolic disorders and
its dysbiosis have been demonstrated to be related to several
metabolic diseases including T2D [11, 12]. In addition,
accumulated evidence has indicated that the gut microbiome
affected the pharmacology of anti-diabetic agents, and their
metabolic products induced by the agents transformed the
structure of gastrointestinal microbiota in return [9, 13].
Numerous studies have identified that the species-specific
therapeutic drug altered the gut microbiome in animal
models or Homo sapiens [14, 15], revealing the potential for
targeting the gut microbiota. However, it was observed in
some occidental pattern partial studies that the number of
factors, such as heredity, ethnicity, or living condition, was
instrumental in the variants in composition and diversity of
human microbiome [16]. Moreover, to our best knowledge,
rare studies simultaneously refer to the effect of several
first-line hypoglycemic agents on gut flora in the one
regional population. Therefore, exploring the interaction
between gut microbiome and hypoglycemics in a specific
population not only clarify their association but also con-
tribute to developing potential therapeutic strategies with
individualization.

For this purpose, an assembly of patients with T2D and
healthy volunteers was randomly selected in this study. T2D
subjects with separate treatment of anti-diabetic agents,
including metformin, insulin, and a-glucosidase inhibitors
(a-GI), were collected to investigate the effect of therapeutic
agents on the structure and function of microbiota in the
human gastrointestinal tract. DNA extracted from each
individual’s fecal sample was subjected to the 16S riboso-
mal RNA (16s rRNA) gene sequencing and metagenomic
analysis. Our results clarify and characterize the variation of
gut bacterial community in the Chinese population with
T2D, and the features of human gut microbiome altered by
anti-diabetic drugs may offer a potential support in devel-
oping specific pharmacy strategies.

Material and methods
Human subjects

Written informed consent and questionnaire data sheets
were obtained from all subjects who visited the Department
of Endocrinology, Clinical Laboratory, and Core Research
Laboratory. They agreed to serve as sample donors, in
compliance with national legislation and the Code of Ethical
Principles for Medical Research Involving Human Subjects
of the World Medical Association (Declaration of Helsinki).
All enrolled subjects with similar physical characteristics
were achieved from Qingdao Central Hospital (Table 1),
including 50 healthy volunteers and 130 patients diagnosed
as T2D with blood glucose >7.0 mmol. Based on their
personal drug-using history, subjects with T2D were clas-
sified into four groups: metformin, insulin, o-GI, and
non-therapeutic (NT). Several collective criterions were
implemented in the diabetic group including duration of
hypoglycemic treatment >3 months, specific drug-using
history, and without complications of other body systems.
Ethical approval was granted by the medical ethics com-
mittee of Qingdao Central Hospital Ethics Committee
(QCHEC) with the following reference number 2016-8-
2602. All volunteers had received information regarding their
participation in the study and gave written informed consent.

Specimen processing and 16s rRNA gene
sequencing

Fecal samples gathered from the healthy controls and
patients by sterile centrifuge tube were immediately trans-
ferred into liquid nitrogen and then stored at —80 °C for
preservation. About 400 mg stool ingredients were sepa-
rately applied in DNA isolation by FastDNA Spin Kit for
Feces (MP Biomedics) as described in the previous study

Table 1 Cohorts’ information

Metformin Insulin a-GI NT Health
Subject number 51 36 17 26 50
Age 58.1+9.4 59.75+13.0 62.3+104 56.4+10.6 58.5+3.0
Gender ratio® 1.3 1.1 0.9 1.3 1
Height (cm) 168.3+8.2 166.9 +9.0 169.8 +9.1 170.8 +8.7 166.0+6.5
Weight (kg) 73.5+10.5 70.6+11.3 74.4+9.7 743+94 69.5+12.0
Blood sugar (mmol/l) 95+2.6 9.0+£3.3 99+25 9.8+29 53+1.1
HbAlc (%) 8.7+22 8.7+2.0 8.6+1.8 92+2.1 6.0+0.7
Insulin level (uIU/ml) 10.9+6.0 11.3+5.5 13.6+8.2 10.7 6.1 9.3+43

a-GI a-glucosidase inhibitor, NT non-therapeutic, HbAIc hemoglobin Alc

4Gender ratio is the ratio of males/females
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[17]. The quality of extracted DNA was estimated using
NanoDrop 2000 (Thermo Scientific). The qualified bacterial
composition obtained from the subject’s stool was identified
by amplicon generated from the V1-V2 region of 16s
rRNA gene sequencing by universal primer 27F (5'-
AGAGTTTGATCMTGGCTCAG-3') and 338R (5'-
CTGCCTCCCGTAGGAGT-3’), and then purified using
QIAquick PCR Purification Kit (Qiagen Co. Ltd). The
pooled PCR products in equal concentration were followed
by preparation of sequence libraries on the Illumina Hiseq
2500 platform with a standard protocol.

Sequencing data analyses

Paired-end data sets were matched and filtered by fast
length adjustment of short reads (FLASH) to improve read
assemblies as described before [18]. All sequences ana-
lysis was provided by the quantitative insights into
microbial ecology (QIIME, version 1.9.1) software suite,
according to the QIIME tutorial with several modified
methods [19]. Chimeric sequences were removed using
usearch61 with de novo models. Sequences were clustered
against the 2013 Greengenes (13.8 release) ribosomal
databases 97% reference dataset. Sequences that did not
match any entries in this reference were subsequently
clustered into de novo operational taxonomic units
(OTUs) at 97% similarity with UCLUST. Taxonomy was
assigned to all OTUs using the RDP classifier within
QIIME and Greengenes reference dataset [20]. Rarefac-
tion and rank abundance curves were calculated from
OTU tables utilizing o-diversity and rank abundance
scripts within the QIIME pipeline.

Statistical analyses

To account for any bias caused by uneven sequencing
depth, the least number of sequences present in any given
sample from a sample category was selected randomly prior
to calculating community-wide dissimilarity measures (o-
diversity and fB-diversity); we rarefied the OTU table to a
sequencing depth of 24,000 per sample for both diversity
analyses. Statistical analyses were performed by R and
STAMP. The graphical representation of the results was
done with R or STAMP, and P values were calculated using
the Mann—Whitney U test (significance threshold: P < 0.05).
Principal coordinate analysis (PCoA) was based on
unweighted UniFrac distances using evenly sampled OUT
abundance. The prediction of the functional composition of
metagenome using a database of reference genomes was
done with phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) as described
[21].

Results
Subjects and sequencing data

The sample bank included a cohort of healthy volunteers,
untreated T2D patients, and patients treated with different
hypoglycemic agents, including metformin, insulin, and o-
GI (Table S1). After quality control and omitting low-
quality reads of the sequencing data, a total of 3,834,095
and 1,431,378 qualified sequences were obtained from the
fecal samples of the T2D patients (n = 130) and heathy
controls (n=>50). Among the diabetic group (Table S2),
766,580 reads were gained in the NT group (n=26),
1,502,444 reads were from the metformin group (n=151),
1,064,474 reads were from the insulin group (n = 36), and
500,597 reads were from the o-GI group (n = 17). Acquired
sequences of each individual were in the range of
24,292-29,895 with a mean of 29,252 (Table S2).

Gut microbial communities of patients with
hyperglycemia

Significant discrepancies in species diversity of gut micro-
biota between each diabetic cohort and the healthy control
were found in this study, which indicated (Fig. 1a—d) that
the gut microbiota in the patients was associated with the
T2D. Despite multiple mechanisms of metformin, insulin,
and a-GI to release hyperglycemia, a few divergences were
observed between NT and T2D groups with anti-diabetic
drugs. The results demonstrated that agents had little effect
on a variety of microbes in the human gastrointestinal tract.

Taxonomy of sequencing reads aligned to the 2013
Greengenes (13_8 release) ribosomal databases 97% refer-
ence data set were classified and mainly categorized to four
phyla, including Bacteroidetes, Firmicutes, Proteobacteria,
and Fusobacteria (Fig. le). Distinguished from that of the
European cohort [22], the proportion of Firmicutes in
Chinese population showed no significant fluctuation
among each group (Fig. le). In addition, analogous ten-
dencies in abundance of Bacteroidetes or Proteobacteria
were also observed (Fig. le). However, several classes
attributed to Firmicutes and Proteobacteria illustrated var-
iances induced by special hypoglycemic agents (Fig. 1f). In
the phylum Proteobacteria, the abundance of Gammapro-
teobacteria (10.50%, 9.11%) and Betaproteobacteria (4.39,
3.45%) was similar between the NT group and the healthy
group (Fig. 1f); the abundance of Gammaproteobacteria
(14.99%) was positively correlated with insulin treatment,
while the abundance of Betaproteobacteria (1.73%) was
negatively correlated with insulin treatment (Fig. 1f). Met-
formin caused a slight decrease in the diversity of Beta-
proteobacteria  (3.20%) and  Gammaproteobacteria
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Fig. 1 Diversity of gut microbiota and abundance of several species.
Indexes were calculated according to the optical transform unit (OTU)
profile of each group, ***P <0.001. a Diversity of the gut microbiota
community in NT and healthy subjects. b Diversity of the gut
microbiota community in metformin and healthy subjects. ¢ Diversity
of the gut microbiota community in insulin and healthy subjects. d

(7.57%), while a-GI exerted a contrast impact in Betapro-
teobacteria (5.66%) and Gammaproteobacteria (4.09%)
(Fig. 1f). In taxonomy of Firmicutes, compared to NT
subjects, each therapeutic agent caused a decrease in Ery-
sipelotrichi, which was positively linked to obesity in
rodents or Homo sapiens [23, 24], and the abundance of
Bacili was rarely changed in all the T2D groups (Fig. 1f).
Despite an infrequent proportion, Alphaproteobacteria (not
shown in figure) performed an obvious decreased tendency
in metformin (0.24%), insulin (0.04%), and a-GI (0.01%)
patients compared to the healthy cohort (0.67%). Mean-
while, Fusobacteria significantly decreased in the o-GI
group (0.08%; healthy: 0.34%), but it was up-regulated
about 1% in metformin, insulin, or NT groups. In contrast,
with no heterogeneity, Actinobacteria (not shown in figure)
significantly raised in cohorts of hypoglycemic agents with
a mean of 0.26% (healthy: 0.01%).

In addition, to estimate the similarity of community of
intestinal flora among each group, PCoA of unweight
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Diversity of the gut microbiota community in a-GI and healthy sub-
jects. e Alternation of gut microbiota induced by anti-diabetic agents
based on taxonomy of phylum. The discrepancy based on taxonomy of
phylum is shown for each group. f Alternation of gut microbiota
induced by anti-diabetic agents based on taxonomy of class

Unifrac metric based on phylogenetic distances (Fig. 2) was
selected and each gut microbial component of diabetic
cohorts was observed with a significant separation from that
of the healthy cohort (P <0.01) (Fig. 2). Moreover, ther-
apeutic agents remarkably altered the community of gut
microbiota, which was different from that in the NT group
(P<0.01) (Fig. 2). Although the community of metformin
and insulin performed convergence, the distance among
each high blood glucose with drug was significant (P <
0.01) (Fig. 2).

Specific features in the gut microbiota altered by
hypoglycemic agents

A composite of species filtered by linear discriminant ana-
lysis was transformed to a heatmap by R (Fig. 3a). As a
member, Firmicutes, Faecalibacterium, and Ruminococcus
exhibited a decreasing tendency in the NT group (Fig. 3a).
The two bacteria were deemed to mainly butyrate-
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Fig. 2 Unweighted UniFrac PCoA plot. The community of gut flora in
T2D patients varied from that in healthy individuals (P <0.01).
Although metformin and insulin showed convergence, significant
discrepancies existed in each diabetic group (P <0.01)

producing species, which is a kind of four-carbon short-
chain fatty acid (SCFA) associated with obesity-related
metabolic diseases and intestinal homeostasis. In contrast,
the abundance of Erysipelotrichaceae, which positively
refer to obesity in the NT group, was distinctly high when
compared to other groups (Fig. 3a). Although its function
remains to be elucidated, the proliferation of Erysipelo-
trichaceae has been enriched in mice fed with high fat diet
or with non-alcoholic fatty liver disease.

Among therapeutic cohorts, the relative abundance of
Spirochaete and Turicibacter were increased in the met-
formin treatment group (Fig. 3a), and the decrease of these
genera revealed a positive relationship with hepatocirrhosis
or inhibition of mechanistic target of rapamycin (mTOR).
Meanwhile, metformin ameliorated the abundance of
Ruminococcus (Fig. 3a). As a kind of butyrate-producing
bacteria, Ruminococcus was related to the impaired glucose
control with regard to T2D [22]. The plentitude of Fuso-
bacterium was positively altered by insulin (Fig. 3a) and
this increment would influence the up-regulation of genes
involved in triglyceride and arachidonic acid metabolism in
the colon and down-regulation in the small intestine,
including bile acid and retinol metabolism. In addition, the
content of Lactobacillus and Bifidobacterium was asso-
ciated with the treatment of o-GI (Fig. 3a). As one of the
component of ferritin related to insulin resistance [25], iron
absorption was identified to be promoted by Lactobacillus.
Although its function remain unclarified, Bifidobacterium
was positively related to T2D [26].

Additionally, receiver operating characteristic (ROC)
was applied to estimate the effects of the above species in
distinguishing between healthy and patients with hyper-
glycemia in the anti-diabetic group or the NT group. Based
on the area under curve of ROC, Faecalibacterium was
reliable in making a distinction between the healthy and
patients with T2D (Fig. 3b), and a similar conclusion was
appropriate in the phylum Spirochaete with metformin in
the NT group (Fig. 3c) or in the phylum Fusobacterium
with insulin in the NT group (Fig. 3d). However, the effect
of Lactobacillus or Bifidobacterium was unsatisfactory in
measuring a-GI subjects.

The impact of therapeutic agents on potential
functions of gut microbiota

A preliminary Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway of bacterial flora reflected the differences
generated by T2D or anti-diabetic drugs based on 16s rRNA
sequencing data was analyzed with PICRUSt [21]. The
graphical representation of the results was done with
STAMP; the corrected P values of all presented pathways in
this section was lower than 0.05 (Fig. 4).

Compared to the healthy control, catabolism pathways
of glycan degradation including other glycan and glyco-
saminoglycan were down-regulated in NT patients (Fig.
4a). Meanwhile, several amino acid-, lipid-, and fatty
acid-associated metabolic pathways were scant in the
diabetic group with varying degrees (Fig. 4b—d). Among
these pathways, the most metabolic pathways refer to the
amino acid synthesis and metabolism, and almost all the
pathways, except some in the insulin group, show down-
regulating tendencies in groups with hypoglycemic drugs.
When compared with the NT group, different anti-diabetic
drugs up-regulated the abundance of certain functional
pathways related to glycan, lipid, or fatty acid with the
drugs specificity (Fig. 4e—g). For more detailed informa-
tion, metformin promoted the lipid biosynthesis (Fig. 4e),
and insulin enforced carbohydrate metabolism (Fig. 4f).
Both agents contributed to the metabolism of taurine and
hypotaurine, which have been demonstrated to sig-
nificantly decrease blood sugar in diabetic animal models.
Alternations of a-GI mainly referred to increasing amino
acid pathways may reflect its benign impact on the
function of gut microbiota (Fig. 4g), and the abundance of
fatty acid metabolism and lipid synthesis was more in the
NT group (Fig. 4g).

Discussion

In this study, the gut microbiota from the Chinese T2D
patients taking different therapeutic agents and healthy
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Fig. 3 Specific species altered by pathogenesis and therapeutic agents.
a Relative abundance of species altered by pathogenesis and ther-
apeutic agents. Several bacteria filtered by species of LDA (score > 2)
were transformed to the heatmap. b ROC plot of healthy individuals

controls was compared and classified based on the data of the
V1-V2 region of the 16s rRNA sequencing. The diversity of
intestinal microbiome significantly declines and the number
of butyrate-producing species including Faecalibacterium
and Ruminococcus were scant in non-treated T2D patients.
With few impacts on bacterial diversity, certain species and
functional pathways related to the gut microbiota altered by
hypoglycemic agents were further demonstrated. With the
exception of a-GI, selected bacteria were reliable in distin-
guishing different group members based on our results.
Although no significant variations exist in the phylum of
Firmicutes, Fecalbacterium attributed to Firmicutes exhib-
ited higher abundance in healthy population compared to
patients with T2D. Fecalbacterium genus was involved in
butyrogenesis as well as in oligosaccharide membrane
transport and pyruvate phosphate dikinase activity, and these
metabolic functions were imperative to the intestinal
homeostasis [27, 28]. As a kind of four-carbon SCFA,
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and patients given NT for Faecalibacterium. ¢ ROC plot of patients
given metformin vs. NT for Spirochaete. d ROC plot of patients given
insulin vs. NT for Fusobacterium

butyrate promoted biosynthesis enzymes generated by
butyric bacteria, which is essential for the health of the
colon. Several studies demonstrated the relationship between
butyrate production and obesity-related metabolic diseases
including T2D. Although up-regulation of butyrate synthesis
pathway was not observed in this research, the scant
Fecalbacterium would be a reliable marker for identifying
patients with T2D, which would have the potential clinical
applications in the diagnosis of T2D. In contrast, an
increased abundance of Erysipelotrichaceae was observed in
the NT group. Although its metabolic function is involved in
hyperglycemia still remain unclarified, increased Erysipelo-
trichi exhibited in mice switched to diets high in fat was
reported [24]. In addition, its derivatives (such as Erysipe-
latoclostridium) were treated as an opportunistic pathogen
maintaining a relationship with intestinal diseases including
colitis [29]. Moreover, a negative association between Ery-
sipelotrichaceae and inosine has been observed [30], which
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Fig. 4 Predictive analysis in the metabolic function of gut microbiota.
a Metabolic function of gut microbiota altered by pathogenesis of
T2D. b Differences in metabolic function of gut microbiota between
patients given metformin and the healthy. ¢ Differences in metabolic
function of gut microbiota between patients given insulin and the
healthy. d Differences in metabolic function of gut microbiota between

may be implemented in the treatment of patients with gout.
This relevance may offer microbial clues to unveil long-term
complications of T2D involving stroke [31].

As a first-line hypoglycemic agent in the treatment for
T2D, metformin has been demonstrated to modify the gut
microbiota structure and alter the bile acid recirculation,
suggesting that its primary action site may exist in the
intestine [32]. Our results identified that metformin made a
contribution to the relative abundance of Turicibacter and
Spirochaete. The two bacteria were found to be enriched in
patients with T2D after treatment with metformin, which
provided clues for estimating the curative effect of met-
formin. It has been reported that the abundance of Tur-
icibacter decreased in response to a high fat diet or
rapamycin [33]. Rapamycin is an inhibitor of both mTOR
complex 1 and 2. The mTOR signal pathway is a crucial
regulator of energy intake associated with metabolic dis-
orders such as obesity or T2D. Hence, increased Tur-
icibacter may indicate the positive impact of metformin on
energy balance through mTOR pathway in patients with
metformin. In addition, it has been reported that hosts with
cirrhosis had lower abundance of Spirochaetes [34]. Several
functional pathways altered by metformin were also

95% confidence intervals
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patients given o-GI and the healthy. e Differences in metabolic
function of gut microbiota between patients given metformin vs. NT. f
Differences in metabolic function of gut microbiota between patients
given insulin vs. NT. g Differences in metabolic function of gut
microbiota between patients given a-GI vs. NT

estimated in this article. Both metformin and insulin
improved taurine and hypotaurine metabolism. Although
the mechanism of promoted lipid biosynthesis still remain
unclarified, it was reported that weight and blood sugar in
diabetic rats was significantly decreased by taurine.
Although some changes in the metabolic function of gut
microbiota in the metformin group were predicted by the
software, it is hard to identify this relationship directly in
the human body.

Despite the existed difference between metformin and
insulin group, to some extent, the composition and diversity
of gut microbiota altered by insulin exhibited a tendency to
metformin, which may be explicated by the improvement of
metformin in insulin-mediated glucose uptake in the ske-
letal muscle and modulating the insulin pathway. Both
insulin and metformin positively induced Fusobacterium,
yet it is reliable to discriminate insulin and NT subjects in
the genus Fusobacterium (Fig. 3d). The species-specific
role of Fusobacterium spp. was demonstrated, such as
potentiation tumor growth and modulating host immune
responses during disease by inducing expansion of T-helper
type 17 cells [35]. Moreover, it has been reported that F.
varium (a species of Fusobacterium) influenced the
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upregulation of triglyceride and arachidonic acid metabolism
in the colon, which may be related to energy balance of hosts
[36]. Besides taurine and hypotaurine metabolism, insulin
also promotes carbohydrate metabolism, indicating its impact
on balancing intake between consumption of energy source
[37]. In addition, the analytical data reflect insulin increase
proximal tubule bicarbonate reclamation, but little knowl-
edge of this metabolic pathway has been reported.

By delaying the digestion of carbohydrates to reduce
postprandial hyperglycemia, it has been demonstrated that
a-GI prevented starch processing and absorption and
enhanced starch fermenting [15]. According to our results,
also supported by several articles, o-GI increased the
abundance of Bifidobacterium and Lactobacillus, which
were considered as probiotics in human intestine. o-GI
control the absorption of carbohydrates in the small intes-
tine, allowing saccharolytic bacteria to thrive. As sacchar-
olytic organisms, Bifidobacterium and Lactobacillus
genomes remain specific genes involving degradation of
various carbohydrates and bile acid composition [13].
Representing part of the anaerobic gut community, Bifido-
bacterium may possess a specialized fermentation meta-
bolic pathway to produce growth substrates for other
members in the gut microbial community [38]. Attributed to
a few subjects, the feasibility of Bifidobacterium and Lac-
tobacillus in discriminating patients receiving treatment of
a-GI with NT patients is unsatisfactory.

Although, based on clinical samples, our study has
investigated the impacts of several anti-diabetic agents on
gut microbiome and compares their similarities and differ-
ences, some further in vivo studies based on mice models are
warranted in order to reflect the effect of anti-diabetic agents
on gut microbiome in another aspect. However, in this study,
we still identify the interaction between gut microbiome and
hypoglycemics in a specific population, which will con-
tribute to developing potential therapeutic strategies with
individualization and provide new insights for exploration of
the pathogenesis of T2D in in vivo studies.
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