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Recently, the role of gut microbiota in the development of obesity and type 2 diabetes mellitus (T2DM) has been highlighted. We
performed an 8-week administration protocol on T2DM (C57BL/6J db-/db-) mice and fecal samples were collected. Comparisons
of fecal bacterial communities were performed between db-/db- mice and normal mice (DB/DB) and between the db-/db mice
treated and untreated with AOE using next-generation sequencing technology. Our results showed that the db-/db-AOE group
had improved glycemic control and renal function compared with the db-/db-H2O group. Compared with the db-/db-H2O
group, AOE administration resulted in significantly increased ratio of Bacteroidetes-to-Firmicutes in db-/db- mice. In addition,
the abundance of Akkermansia was significantly increased, while Helicobacter was significantly suppressed in the db-/db-AOE
group compared with the db-/db-H2O group. Our data suggest that AOE treatment decreased blood glucose levels and
significantly reduced damage of renal pathology in the T2DM mice by modulating gut microbiota composition.

1. Introduction

Diabetes mellitus (DM) is a metabolic disease whose princi-
pal cause is obesity-linked insulin resistance. This disease is
becoming a major public health challenge, and the incidence
of DM is projected to rise to 439 million by 2030, while 90%
patients have type 2 diabetes mellitus (T2DM) [1]. The
main clinical methods in DM therapy have involved allevi-
ating hyperglycemia, hypertension, and dyslipidemia [2]. A
mutation in the leptin receptor gene in db/db mice is a
rodent model of genetic diabetes, and the development
of glomerular hypertrophy is evident early in response to
hyperglycemia [3].

In recent years, the role of gut microbiota in host physi-
ology, disease, and behavior has been generally recognized
[4]. Next-generation sequencing technology provides a new
perspective of the role of microbiota in human health,
including shaping our immune system, metabolism, and
energy balance [5]. Altered gut microbiota is related to
multiple diseases, such as T2DM and obesity [5]. Recently,

growing evidence has shown that gut microbiota during clin-
ical T2DM results in compositional changes between patients
and healthy controls, including an obesity-related change in
the abundance ratio of Bacteroidetes : Firmicutes [6, 7] and
a decreased abundance of mucin-degrading Akkermansia
muciniphila in overweight children and pregnant women
[8]. Notably, reduced levels of Akkermansia have been
observed in patients with inflammatory bowel diseases and
metabolic disorders [9]. It has been reported that fruits and
vegetables, such as bamboo shoot fiber [10], capsaicin [11],
and polyphenol [12, 13], the consumption of which is
strongly associated with a healthy lifestyle, prevented diet-
induced obesity in association with a remarkable change of
gut microbiota, especially increase in the abundance of
Akkermansia [14, 15]. Therefore, understanding the alter-
ation of gut microbiota under different situations will be ben-
eficial for the diagnosis and treatment of different diseases.

Alpinia oxyphylla (A. oxyphylla) can be used for different
purposes. In China, A. oxyphylla is traditionally used as a die-
tary supplement. The herb is used in traditional Chinese
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medicine and has been widely used to treat diarrhea, abdom-
inal pain, intestinal disorders, dementia, and inflammatory
conditions [16–18]. Component isolates from A. oxyphylla
show antioxidative stress properties, such as protocatechuic
acid [19, 20]. Previous studies have shown that A. oxyphylla
can promote the migration and proliferation of human adi-
pose tissue-derived stromal cells [21, 22]. In our previous
study, we found that A. oxyphylla extract (AOE) exhibits an
antioxidant and anti-T2DM capacity [23, 24]. However, the
mechanism of AOE-mediated anti-T2DM function remains
largely unknown. Moreover, because of the importance of
gut microbiota in the development of T2DM and obesity,
we investigated the alteration of gut microbiota in db-/db-
mice treated with AOE.

2. Material and Methods

2.1. Preparation of the Plant Extract. The ripe fruits of A. oxy-
phylla were collected from herb market (Haikou, China) and
were identified by Dr. Qiang Liu (Department of Pharmacog-
nosy, Hainan Medical College). Briefly, the ripe fruits were
extracted with water for 16 hours at 90°C two times, and then
the extract was lyophilized. The dry yield was 8% (w/w).

2.2. Animals. For this study, we performed experiments
strictly in accordance with protocols approved by the Ethics
Committee of Hainan Medical College for Animal Care and
Use. The animals were monitored twice per week, and none
of the animals showed severe illness, died, or appeared mor-
ibund during any of the experiments.

All mice purchased from the Model Animal Research
Center of Nanjing University, China. Mice were housed
in an environmentally controlled room at 22± 1°C with a
relative humidity of 50± 5% under a light cycle of 12 h
light/12 h dark. Specific pathogen-free hygienic status was
approved by a health certificate according to the Federa-
tion of European Laboratory Animal Science Associations
guidelines [25]. They had free access to standard rodent diet
(GMLAC, Guangdong) and water, unless stated otherwise in
substudies. Mice were maintained in polycarbonate indi-
vidually ventilated cages with corncob bedding (GMLAC,
Guangdong). Body weights were monitored weekly during
the studies.

A total of 30 male mice (3 to 4 weeks old), including 6
DB/DB mice and 24 db-/db- mice (i.e., mice carrying a
mutation in the leptin receptor gene) with a C57BL/Ks
background (BKS.Cg-Dock7m+/+Leprdb/Nju, NBRI 2B051),
were divided into 5 groups, with 6 animals in each group.
Mice were allowed to acclimatize for 1 week before exper-
iment. The DB/DB mice group and db-/db-H2O group were
given saline only, and the AOE-treated group received
100mg/kg (db-/db-AOE100), 300mg/kg (db-/db-AOE300),
or 500mg/kg (db-/db-AOE500) of AOE via the intragastric
route once a day for 8 weeks (approximately, 0.2mL in
volume), respectively.

At 8th week, 24 h urine collection and feces were
obtained. Then, the mice were euthanized by chloral hydrate
anesthesia. Blood and kidney samples were taken for further
analysis. Blood samples were collected from the hepatic

portal vein into tubes containing EDTA anticoagulation
and centrifuged (3000 rpm for 15 minutes at 4°C) for sep-
arating the plasma, which was then frozen at −70°C for
biochemical analysis.

2.3. Measurement of Concentration of Glucose and Albumin.
Glucose was measured using commercial kits (glucose
(F006)) (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China), according to the manufacturer’s instructions.
Glucose concentration was assayed by the glucose oxidase
method [26]. HbA1c levels were evaluated using commercial
kits (Beijing HOMA Biologicals, China). Urine albumin was
measured using an Albumin Mouse ELISA kit (ab108792),
which was purchased from Abcam (Cambridge, UK). The
absorbance was read using an automated microplate ELISA
reader (BioTek Instruments Inc., Winooski, VT, USA), and
concentrations were calculated by the standard curve run
on each assay plate. All samples were measured in duplicate.

2.4. Glucose Tolerance Test. The oral glucose tolerance test
(OGTT) was performed after 6 weeks of AOE administra-
tion. After an overnight fast, the animals were administered
glucose (1.0 g/kg) solution orally. After 0, 30, 60, 90, and
120 minutes, Blood samples were collected via the tail vein
and measured for blood glucose concentration.

2.5. Histological Examination. For histological analysis, ani-
mals were perfused with phosphate-buffered saline and 4%
paraformaldehyde in phosphate-buffered saline. Organs were
dissected and kept in the same fixation solution overnight at
4°C. Samples were embedded in paraffin following dehydra-
tion in ethanol. Tissues were cut into 6μm sections and
stored for staining. For hematoxylin-eosin (Sigma) staining,
sections were freed of paraffin and stained. The slides were
evaluated by blinded visual inspection including an experi-
enced pathologist. All biopsies were analyzed quantitatively
to determine the percentages of glomeruli with (1) segmental
and global sclerosis, (2) mesangial cell proliferation, and/or
(3) increase in mesangial matrix. All biopsies were scored
semiquantitatively for the percentages of the aforementioned
lesioned glomeruli (score 0, 0%; score 1, 1 to 24%; score 2, 25
to 49%; and score 3, ≥50% of all glomeruli) [27]. Scoring of
the chronic tubulointerstitial injury was based on the per-
centage of tubular atrophy and interstitial fibrosis and was
graded as mild (1+) if involving <25%, moderate (2+) if
involving 25–50%, and severe (3+) if involving ≥50%.

2.6. Microbiota Analysis by 16S rRNA Gene Sequencing. Total
fecal DNA was extracted by QIAamp DNA Stool mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The V3-V4 region (~450 bp) of the 16S rRNA
gene was amplified using the universal primers 341F (5′-CC
TACGGGNGGCWGCAG-3′) and 802R (5′-TACNVGGGT
ATCTAATCC-3′). The forward primer 341F contained the
sequence of the Roche B adapter for Illumina library con-
struction and the reverse primer 802R attached to the
Roche A adapter. Sequencing was carried out on Illumina
HiSeq/MiSeq platform, and at least 48,000 reads per sample
(mean reads per sample 65,610± 1346) was obtained. FLASH
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[28] and QIIME (Quantitative Insights Into Microbial Ecol-
ogy) was used to merge reads. Greengenes database [29] and
the UPARSE algorithm [30] were used to group paired-end
joined sequences into operational taxonomic units (OTUs)
(97% threshold of pairwise identity). The RDP classifier
[30] was used to annotate taxonomic information. Alpha
diversity (within samples) and beta diversity (among sam-
ples) were analyzed by in-house Perl scripts. Unweighted
UniFrac for principal coordinate analysis (PCoA) was used
to assess the variation between experimental groups.

2.7. Statistics. All data are presented as the mean± SEM.
Statistical analysis of physiological and biochemical data
was conducted using the GraphPad Prism version 7.0
(GraphPad Software, San Diego, CA). One-way ANOVA
followed by Tukey’s test was used to determine significant
mean differences. Data was expressed as mean± SE. P values
less than 0.05 were considered statistically significant. A two-
way nonparametric permutation analysis of variance (per-
MANOVA) was applied to evaluate the bacterial differences
under different treatments. The P value from Fisher’s exact
test was corrected by the Holm-Bonferroni method. Canon-
ical correspondence analysis (CCA) was performed using
Canoco software version 4.5 [31].

3. Results

After AOE administration, changes in body weight of db-/
db- mice did not differ (Figure 1(a)), while plasma glucose
significantly decreased (AOE administration for 4 weeks,
13.2% (P = 0 0271) in db-/db-AOE100, 10.6% (P = 0 0143)
in db-/db-AOE300, and 29.3% (P = 0 0048) in db-/db-
AOE500) compared with the db-/db-H2O group in a dose-
dependent manner (Figure 1(b)). Meanwhile, urine albumin
excretion decreased significantly after AOE administration
(23.1% (P = 0 0176) in db-/db-AOE100, 35.1% (P = 0 0077)
in db-/db-AOE300, and 52.9% (P = 0 0052) in db-/db-
AOE500) for 8 weeks compared with the db-/db-H2O group
in a dose-dependent manner (Figure 1(c)). The effects of the
AOE on the glucose intolerance were measured. In oral glu-
cose tolerance test, the db-/db- mice treated with AOE had
improved glucose intolerance compared to db-/db-H2O
mice, in which the db-/db-AOE500 mice revealed the lower
plasma glucose concentrations and lower area under the
curve (AUC) of glucose (19.9%, P = 0 0386) (Figures 1(d),
1(e)). Glycated hemoglobin, HbA1c, was tested at the end
of AOE treatment. Compared to DB/DB mice, db-/db-H2O
mice displayed elevated HbA1c levels (3.2 fold, P = 0 0044).
On the 8 weeks of treatment, 300mg/kg (30.9%, P = 0 0076)
and 500mg/kg AOE (30.6%, P = 0 0082) both reduced
HbA1c levels significantly, indicating efficient glycemic
control (Figure 1(f)). Those results showed that 500mg/kg
AOE could effectively decrease blood glucose level and urine
albumin excretion.

H&E-stained kidney tissue sections were used to assess
renal morphology and pathology. An example of normal kid-
ney structure is illustrated in Figure 2(a), depicting a kidney
section from a normal DB/DB mouse. Glomeruli are numer-
ous and distinct with patent capillaries, normal cellularity,

and architecture, and their tubules are compact and of nor-
mal shape. In comparison, kidney sections from db-/db-
mice (Figure 2(b)) exhibited severe disruption of kidney
architecture, lesions involving all glomeruli and tubular atro-
phy. After AOE administration, especially at 500mg/kg
AOE, kidney structure was almost recovered (Figures 2(c)–
2(e)). In addition, scores of renal injury (glomeruli and
tubulointerstitial injury) in the db-/db-H2O group were
higher than those in the DB/DB group (P = 2 82E − 10),
while AOE treatment reduced scores of renal injury in a
dose-dependent manner (P = 0 157 in db-/db-AOE100, P =
1 58E − 05 in db-/db-AOE300, and P = 2 94E in db-/db-
AOE500 compared with db-/db-H2O mice) (Figures 2(f),
2(g)). Those results showed that 500mg/kg AOE was the
most effective at attenuating renal injury.

Thus, we assessed changes in the gut microbial commu-
nity induced by AOE500. 16S ribosomal RNA gene from var-
iable regions V3-V4 of the fecal samples from DB/DB, db-/
db-H2O, and db-/db-AOE500 diet groups was sequenced
by Illumina HiSeq/MiSeq platforms, and the results were
presented as operational taxonomic units (OTUs) using a
97% homology cutoff value. The phylogenetic differences
within the intestinal microbiota were assessed by principal
coordinate analysis (PCoA) (Figure 3(a)). The db-/db-H2O
mice had a distinct microbiota composition that clustered
separately from the DB/DB mice. The db-/db-AOE500 mice
were clearly distinct from the db-/db-H2O mice. Hierarchi-
cal clustering results were consistent with the previous PCoA
analysis (Figure 3(b)). To assess intestinal microbial com-
munity structure, richness and evenness were calculated
(Figures 3(c)–3(e)). Diversity measured by Shannon’s rich-
ness index decreased slightly in the db-/db-H2O group
compared with the DB/DB group. The db-/db-AOE500
mice had slightly increased values of Shannon’s index com-
pared with the db-/db-H2O group (Figure 3(c)). Diversity
measured by Simpson’s evenness index and CHAO1 diver-
sity showed slightly increased values in the db-/db-H2O
group compared with the DB/DB group. The values of Simp-
son’s index and CHAO1 diversity in the db-/db-AOE500
group were slightly lower than those in the db-/db-H2O
group (Figures 3(d), 3(e)).

To assess specific changes in the gut microbiota, we com-
pared the relative abundance of the predominant taxa identi-
fied from sequencing in the three diet groups (Figure 3).
Significant differences in the composition of the gut micro-
biota were found at all taxonomic levels. At the phylum
level, the db-/db-H2O-associated fecal microbiota commu-
nity showed a dramatic increase in the relative abundance
of Firmicutes (P = 0 00198, Q = 0 00396) and Cyanobac-
teria (P = 0 00014, Q = 0 00089) and a marked decrease in
the relative abundance of Bacteroidetes (P = 0 00121, Q =
0 00362) compared with the DB/DB group (Figure 4(a)).
Differing greatly from the db-/db-H2O group, the db-/
db-AOE500-associated gut community had a trend toward
an increase in the relative abundance of Bacteriodetes
and decrease in Firmicutes (P = 0 04353, Q = 0 08706). On
the other hand, the relative abundance of Verrucomicrobia
(P = 0 01305, Q = 0 03916) showed a sharp increase in the
db-/db-AOE500 mice (Figure 4(a)).

3Journal of Diabetes Research



At the family level, the fecal microbiota was dominated
by S24-7 followed by Lachnospiraceae in all groups. The
db-/db-H2O-associated fecal microbiota community showed
a dramatic increase in the relative abundance of Lachnospir-
aceae (P = 0 00912, Q = 0 03040) and Porphyromonadaceae
(P = 0 00023, Q = 0 00237) and a marked decrease in the
relative abundance of S24-7 (P = 0 00121, Q = 0 00605) and
Lactobacillaceae (P = 0 03187, Q = 0 07969) (Figure 4(b)).
The db-/db-AOE500 increased the relative abundance of
Verrucomicrobiaceae by ninefold (P = 7 767E − 06, Q =
7 767E − 05), S24-7 33.3% (P = 0 00106, Q = 0 00533),
Bacteroidaceae 34.4% (P = 0 00158, Q = 0 00528), and Lacto-
bacillaceae 127.2% (P = 0 01991, Q = 0 03983) and decreased
the relative abundance of Rikenellaceae 47.8% (0.00106,

Q = 0 00533) and Lachnospiraceae 20.6% (P = 0 02484, Q =
0 04141) (Figure 4(b)).

At the genus level, the db-/db-H2O-associated fecal micro-
biota community showed a dramatic increase in the relative
abundance of Blautia (P = 0 00032, Q = 0 00387) and Rumi-
nococcaceae (P = 0 00478, Q = 0 01914) and a marked
decrease in the relative abundance of S24-7 (P < 0 05). The
db-/db-AOE500 resulted in a sharp increase in Akkermansia
and Bacteroides but a decrease in Helicobacter and Blautia
(Figure 4(c)). The db-/db-AOE500 increased Akkermansia
by ninefold (P = 3 45E − 05, Q = 0 00041) and Bacteroides
34% (P = 0 00544, Q = 0 01633), while it decreased Helico-
bacter 99.8% (P = 0 00248, Q = 0 00993) and Blautia 43.7%
(P = 7 34E − 05, Q = 0 00044) (Figure 4(c)). For factors with
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Figure 1: Effects of AOE on body weight, blood glucose levels, and renal function. The alteration of body weight (a), blood glucose (b),
and urine albumin (c) after AOE treatment for 4 and 8 weeks. ∗P < 0 05 for the db-/db-AOE group compared with the db-/db-H2O group;
#P < 0 05 for db-/db-H2O-treated compared with DB/DB.
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a statistically significant fit, constrained canonical analysis
(CCA) was performed at the genus levels. The results showed
that Akkermansia might be a key target while db-/db- mice
treated with AOE (Figure 5). Collectively, these results show
that AOE500 modulates the gut microbiota of T2DM mice.

4. Discussion

Gut microbiota play an important role in the development of
T2DM andmetabolic disorders. Meanwhile, the composition
of gut microbiota might be shaped bymultiple diets, such as a
high-fat diet and high-fiber diet. The alteration of gut micro-
biota diversity has a profound influence on host metabolism.
Studies have shown that hyperglycemia results in overpro-
duction of ROS, which impairs glucose-stimulated insulin
secretion and induces insulin resistance [32, 33]. In our pre-
vious study, AOE exhibited antioxidative capacity in vitro
and in vivo [23]. In addition, the blood glucose levels and
urine albumin secretion were significantly reduced after
AOE treatment. Antioxidative capacity may partly underlie
mechanism in the treatment of diabetes with AOE; however,
more information is required to determine the antidiabetic
mechanism of AOE. In this study, we found that AOE not

only has a hypoglycemic capacity but also modulates gut
microbiota composition.

The mouse and human microbiota are similar at the divi-
sion level, with Firmicutes and Bacteroidetes dominating.
Many studies have shown that increased ratios of Firmi-
cutes to Bacteroides are associated with a diabetic phenotype
[34, 35]. Geurts et al. observed a significantly higher abun-
dance of Firmicutes in db/db mice [36]. The early gut micro-
biota composition was found to be different between NOD
mice that later in life were classified as diabetic or non-
diabetic. Bacteroidetes act in favor of diabetes protection,
whereas members of Firmicutes promote diabetes onset, reg-
ulatory imbalance, and IFN-gamma level in NOD mice [37].
Various studies have shown that dietary manipulation of gut
microbiota may be a novel mechanism to delay diabetes
onset [38]. Consumption of acidic water alters the gut micro-
biome and decreases the risk of diabetes [38]. Sardine-
enriched diet interventions altered gut microbiota composi-
tion of drug-naive patients with T2DM [39]. Bamboo shoot
fiber modulates the gut microbiota and improves host metab-
olism [10]. In agreement with these findings, we observed
that the abundance of Firmicutes in db-/db-AOE mice mark-
edly decreased compared with that in the db-/db-H2O mice

(a) (b) (c)

(d) (e)

#

⁎

3

2

G
lo

m
er

ua
lr 

sc
or

in
g

1

0

D
B/

D
B

db
-/

db
-H

2O
db

-/
db

-A
O

E1
00

db
-/

db
-A

O
E3

00
db

-/
db

-A
O

E5
00

(f)

⁎

#
3

2

Tu
bu

lo
in

te
rs

tit
ia

l i
nj

ur
y 

sc
or

in
g

1

0

D
B/

D
B

db
-/

db
-H

2O
db

-/
db

-A
O

E1
00

db
-/

db
-A

O
E3

00
db

-/
db

-A
O

E5
00

(g)

Figure 2: HE staining in the kidney of mice after 8 weeks of AOE treatment. Representative HE staining showed the inflammatory cell
infiltration in the kidney of DB/DB mice (a), db-/db-H2O (b), db-/db-AOE100 (c), db-/db-AOE300 (d), and db-/db-AOE500 (e). Bar
graphs (f) showed the changes of average infiltration percentage of inflammatory cells in the kidney. Data represent the mean± SD (n = 6).
∗P < 0 05 for the db-/db-AOE group compared with the db-/db-H2O group, #P < 0 05 for db-/db-H2O-treated compared with DB/DB.

5Journal of Diabetes Research



and was much higher than that in the DB/DB mice. Mean-
while, the abundance of Bacteroidetes in db-/db-AOE500
mice markedly increased compared with that in the db-/db-
H2O mice and was much less than that in the DB/DB mice.
These results suggest that AOE selectively promoted growth
of Bacteroidetes and inhibited growth of Firmicutes.

Akkermansia is a mucin-degrading bacterium that lives
in the mucus layer of the intestine. There has also been grow-
ing interest in Akkermansia due to its association with health
in animals and humans. Akkermansia prevented Western
diet-induced inflammation in both the circulation and local
atherosclerotic lesion [40, 41] and negatively mediated effects
of IFN-γ on glucose tolerance [42]. Moreover, calorie restric-
tion [43, 44], metformin treatment [15], or Roux-en-Y gas-
tric bypass surgery [45] showed a higher abundance of

Akkermansia. The increased amount of Akkermansia may
be related to elevated GLP-1 secretion, elevated serum insu-
lin, and improved insulin resistance [45]. In agreement with
these findings, we found a sharp increase in the relative abun-
dance of Akkermansia in db-/db- mice after AOE treatment.
Therefore, alteration of Akkermansia levels might be impor-
tant with regard to their functions.

Recent studies have demonstrated the possible existence
of an association between infection with Helicobacter pylori
and metabolic syndrome, such as in insulin resistance and
DM [46, 47]. Helicobacter can influence the absorption of
glucose and lipids in DM [48].Helicobacter is associated with
oxidative stress, and there is a cross-relation between Helico-
bacter and T2DM [49]. In the present study, the abundance
of Helicobacter in db-/db-H2O mice markedly increased
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Figure 3: AOE modulated the structure and diversity of the gut microbiota. (a) Principal coordinate analysis (PCoA) and (b) sample
clustering results of the unweighted UniFrac distances of microbial 16S rRNA sequences from the V3-V4 region in fecal contents at week
8. The alpha diversity analysis, including Shannon diversity (c), Chao1 diversity (d), and Simpson diversity (c). There were six mice in
each group.
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Figure 4: AOE modulated the composition of the gut microbiota. (a) Phylum-level, (b) family-level, and (c) genus-level taxonomic
distributions of the microbial communities in fecal contents determined by next generation sequencing. Data represent the mean± SD
(n = 6). ∗P < 0 05 for db-/db-AOE group compared with db-/db-H2O,

#P < 0 05 for db-/db-H2O treated compared with DB/DB.
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compared with that in the DB/DB mice. Meanwhile, AOE
treatment significantly inhibited the growth of Helicobacter.
The abundance of Helicobacter in db-/db-AOE500 was
significantly less than that both in the db-/db-H2O and DB/
DB mice. Thus, the suppression of Helicobacter will also help
to elucidate the underlying mechanisms of AOE antidiabetic
function. Since AOE was shown to play a role in controlling
glucose level, future investigation using humanized mouse
models and transfer experiments will provide more details
about how AOE differentially modulates gut microbiota
across species.

In conclusion, based on the results of the present study,
we suggest that AOE treatment decreases blood glucose levels
and plays a protective role in renal function in T2DM by
modulating gut microbiota composition.
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