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ABSTRACT

Objective: Berberine (BBR), which is extracted from traditional Chinese herb, is abundant in Coptis chinensis and
Berberis vulgaris, with a treatment on type 2 diabetes mellitus (T2DM). However, its oral bioavailability is poor.
Therefore, the ability of BBR to regulate gut microbiota and intestinal metabolites might exist. This study aimed
to investigate changes in gut microbiota and intestinal metabolites, and to reveal the potential mechanism of
BBR.

Methods: To observe the role of gut microbiota in the treatment of T2DM by BBR, antibiotics intervened gut
microbiota was used in this study, and the therapeutic effects of BBR were evaluated. A 16S rRNA gene
sequencing approach was utilized to analyze gut microbiota alterations, and UHPLC-QTOF/MS-based untargeted
metabolomics analysis of colon contents was used to identity differential intestinal metabolites. Finally, serum
aromatic amino acids (AAAs) were absolutely quantified using LC/MS.

Results: Inhibition of the blood glucose levels, and improvements in glucose tolerance and serum lipid parameters
were observed in the BBR treated group. Type 2 diabetic symptoms in rats in the BA group (treated with anti-
botics and BBR) were alleviated. However, the therapeutical effects are weaker in the BA group compared with
the BBR group, indicating that BBR can be used to treat type 2 diabetic rats immediately, and modulation of gut
microbiota is related to the mechanism of BBR in the treatment of T2DM. The community richness and diversity
of the gut microbiota were significantly increased by BBR, and the relative abundance of Bacteroidetes was
increased in the BBR group, which was accompanied by a decreased relative abundance of Proteobacteria and
Verrucomicrobia at the phylum level. At the family level, a probiotic Lactobacillaceae was significantly upregu-
lated not only in the BBR group but also in the BA group and was negatively associated with the risk of T2DM.
Metabolomic analysis of colon contents identified 55 differential intestinal metabolites between the BBR group
and the model group. AAAs, including tyrosine, tryptophan and phenylalanine, were obviously decreased in the
BBR group not only in the colon contents but also in the serum.

Conclusions: These results demonstrated that BBR could alleviate symptoms in type 2 diabetic rats by affecting
gut microbiota composition and reducing the concentration of AAAs.

Abbreviations: AAAs, Aromatic amino acids; AUC, area under the curve; BBR, berberine; BCAAs, branched-chain amino acids; COG, clusters of orthologous groups
of proteins; ESI, electrospray ionization; FBG, fasting blood glucose; FC, fold change; HOMA-IR, homeostasis model assessment of insulin resistance index; HDL-C,
high-density lipoprotein cholesterol; IDA, information dependent acquisition; UHPLC-QTOF/MS, Ultra high performance liquid chromatography coupled with
quadrupole-time-of-flight tandem mass spectrometry; LDL-C, low-density lipoprotein cholesterol; LEfSe, Linear discriminant analysis effect size; OGTT, blood glucose
levels of the oral glucose tolerance test; OTC, over-the-counter; OTUs, operational taxonomic units; OPLS-DA, orthogonal partial least-squared discriminant analysis;
PCoA, principal coordinate analysis; QC, quality control; TMAO, trimethylamine-N-oxide; TC, total cholesterol; TG, Triglyceride; STZ, streptozocin; SCFAs, short-
chain fatty acids; VIP, variable importance in the projection.
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Fig. 1. Animal experimental design.

1. Introduction

Type 2 diabetes mellitus (T2DM) is characterized by hyperglycemia,
which is one of the most common chronic diseases. Its incidence rate
increases steadily together with the improvement of living level and
population aging, which represents an increasing burden to medical
services [1]. Oral drugs and insulin supplement are the current main
treatment of T2DM, but some side effects, such as liver problems, and
lactic acidosis, are noted [2]. Therefore, a continuous search for alter-
native drugs and natural medicines for T2DM with high efficiency and
low toxicity is necessary.

Berberine (BBR) is an isoquinoline quaternary alkaloid that is
extracted from Chinese traditional medicine and widely exists in Coptidis
rhizoma and Berberis vulgaris [3,4]. BBR and berberis plants have a long
history of treating disease in both western and Chinese traditional
medicine [5]. In China, BBR has been used as an over-the-counter (OTC)
drug for decades to treat bacteria-caused diarrhea, and vast experi-
mental evidences have revealed its anti-inflammatory and anti-tumor
effects as well as its ability to reduce blood glucose and cholesterol
[6-10].

A growing number of studies have shown the associations between
gut microbiota dysbiosis and diabetes, suggesting gut microbiota as a
potential drug target [11,12]. Gut metabolites, which are produced by
gut microbiota, such as trimethylamine-N-oxide (TMAO), short-chain
fatty acids (SCFAs), branched-chain amino acids (BCAAs), bile acids,
vitamins and aromatic amino acids (AAAs) were reported to be involved
in T2DM. Among them, SCFAs are beneficial for the treatment of dia-
betes, and TMAO and BCAAs are risk factors for diabetes [13-18]. AAAs,
including tyrosine, tryptophan and phenylalanine are derived from the
diet and vital for normal growth and function at the cell and organism
levels [19]. Many studies have found that increased AAA concentrations
are associated with an increased risk of T2DM [19-22]. A randomized
trial found that metformin could decrease the concentration of tyrosine
and phenylalanine, indicating that reducing levels of AAAs could alle-
viate type 2 diabetic symptoms [21].

BBR is useful for the treatment of diabetes as demonstrated by a
wealth of results from randomized controlled clinical trials [23]. Many
studies seek to reveal the anti-diabetic mechanism of berberine [24].
Some studies found that BBR could alter glucose metabolism through the
stimulation of glycolysis by increasing glucokinase activity and insulin
secretion and suppressing hepatic gluconeogenesis and adipogenesis,

and 5’'-adenosine monophosphate kinase (AMPK) activation is important
for these effects [24-26]. On the other hand, some studies found that
BBR alleviated diabetic symptoms via antioxidation effects [24,27-29].
However, the direct mechanism of BBR’s anti-diabetic properties is not
completely understood.

Although BBR is useful for T2DM, the oral bioavailability of BBR is
poor, at less than 1.0 % [30]. Therefore, BBR may act via possible
mechanisms of regulating gut microbiota and intestinal metabolites to
produce therapeutic effects. As is well known, numerous metabolites are
present in the intestinal tract, many of which are related to gut micro-
biota. In this study, we aimed to reveal the impact of BBR in type 2
diabetic rats, especially modulation of gut microbiota and intestinal
metabolites. We implemented 16S rRNA gene sequencing on the MiSeq
platform to analyze the changes in gut microbiota after oral adminis-
tration of BBR. Furthermore, a UHPLC-QTOF/MS-based untargeted
metabolomics analysis of colon contents was performed to reveal al-
terations in gut metabolites, and to obtain a better understanding of the
impacts of BBR on type 2 diabetic rats.

2. Materials and methods
2.1. Reagents and diet

BBR, metformin, vancomycin, neomycin and metronidazole were
obtained from Shanghai Yuanye Bio-TechnologyCo., Ltd (source:
Shanghai, China). Streptozotocin (STZ), tyrosine, tryptophan and
phenylalanine were purchased from Sigma-Aldrich Co., Ltd. (source: St.
Louis, MO, USA). Citric acid and sodium citrate were purchased from
Sinopharm Chemical Reagent Co., Ltd. (source: Shanghai, China). BBR
and metformin were dissolved in distilled water before being intra-
gastrically administered. STZ was dissolved in sodium citrate-citric acid
buffer (10 mg/mL, pH = 4.5).

A high-fat diet was obtained from Beijing Ke-ao-xie-li Feed Co., Ltd.
(Beijing, China). The high-fat diet included the following: 68.75 %
normal diet (nutritional ingredients was tabled in Table S1),10 % su-
crose, 10 % lard, 0.25 % bile salt, 1% cholesterol and 10 % yolk powder.

2.2. Animal experiments

Sixty male Sprague-Dawley (SD) rats (weighing 220 + 20 g) were
purchased from the Department of Experimental Animals, Central South
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Table 1

Standard curves of AAAs.
Component Name Mass Information Retention Time Linear R?
Tyrosine 182.1 /136.1 7.827435668 y=0.03426 x + 0.05444 0.99915
Tryptophan 205.1 / 146.3 5.723980794 y =14.86904 x -6.45132 0.99822
Phenylalanine 166.1 /103.1 5.039311654 y=0.19092 x + 0.14375 0.99984

University (Changsha, China, batch number: 43004700048115, 2.4. Oral glucose tolerance test

permission code: SCXK2016—0002). The rats were raised in a group of 3
rats per cage with the relative humidity at 50 + 15 %, a temperature of
25+2°C, and a 12-h dark-light cycle with sterile water and diet. This
animal experiment was approved by the Institutional Animal Care and
Use Committee of Central South University (Changsha, China, permit
number:2019sydw0169).

After 1 week of acclimatization, 60 rats were randomly stratified into
2 groups: a control group (n = 10) fed a normal diet and a diabetic group
(n =50) fed a high-fat diet. After being fed a high-fat diet for 6 weeks,
each of the 50 rats fasted for 8 h and was injected intraperitoneally with
STZ (35 mg/kg) [31]. Each of the control group rats was injected with an
equivalent sodium citrate-citric acid buffer vehicle. Three days later,
FBG (fasting 8h) was measured with a glucometer (Accu-Chek (R)
Active, Roche Diagnostics GmbH, Mannheim, Germany) by tail vein
sampling. The rats with an FBG > 16.7 mol/L for 3 days were considered
as diabetic rats [31,32]. Finally, all the 47 rats met the above criteria and
were once again randomly stratified into 5 groups: 1) the model group
(n=10), 2) the metformin group (n =7), 3) the BBR group (n =10), 4)
the antibiotics group (Ab group, n =10), and 5) the antibiotics + BBR
group (BA group, n = 10). The above 5 groups were fed a high-fat diet
continuously for 6 weeks until the end of the study.

In addition, the BBR group and the BA group were treated daily with
the corresponding dose of BBR (200mg/kg/day) by intragastric
administration [10,15,33]. The metformin group received 200 mg
metformin/kg/day [18,32]. The normal group, the model group and the
Ab group were given an equal volume of distilled water by intragastric
administration at the same time. The Ab group and BA group were
treated with 100 pg/mL metronidazole, 25pg/mL vancomycin and
50 pg/mL neomycin in sterile water per day [34]. The pharmacological
interventions were sustained for 6 weeks, and FBG was recorded every
week (Fig. 1).

2.3. Sample collection

At the end of the trial, the rats were fasted for 8 h and were anes-
thetized by inhaled isoflurane (concentration maintained at approxi-
mately 2%, Shanghai Abbott Laboratories, Shanghai, China).
Ultimately, the rats were sacrificed after blood collection through the
heart. The serum was obtained following centrifugation at 3500 rpm
(4°C) for 15min. Colon contents were obtained after opening the
abdominal cavity, and were stored in 2 mL cryotubes. The samples of
serum and colon contents were stored at —80 °C for further analysis. All
the experimental materials were sterile.

An oral glucose tolerance test (OGTT) was performed at the end of
the trial. All rats were fasted 8 h and were given p-glucose (2.0 g/kg, 25
% solution) by intragastric administration. Blood glucose was deter-
mined with a glucometer by tail vein sampling at 0 min, 5 min, 10 min,
30 min, 60min and 120 min. The area under the curve (AUC) was
calculated with every blood glucose level (BGL) multiplied by time

AUC = BGL; *0 +BGLy*5+BGL3*10-+BGL4*30+BGLs*60+BGLg*120.

2.5. Biochemical assays

The serum levels of total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and serum glucose were determined immediately
using an automatic biochemical analyzer (SSOOPP, Secomam, France).
The level of fasting serum insulin was quantified using an ELISA kit
(EZRMI-13 K, Merck Millipore Co., Ltd, Darmstadt, Germany), and all
the steps strictly complied with the manufacturer’s instructions. HOMA-
IR was calculated with the following formula:

HOMA-IR =serum glucose levels(mmol/1) * insulin levels(mU/1) /
22.5

2.6. Bacterial composition analysis

Initially, the samples of colon contents were thawed at 4 °C. We used
a TIANmap Stool DNA Kit (DP328, TIAGEN biotech Co., Ltd., Beijing,
China) to extract genomic DNA, and all the processes followed the
manufacturer’s instructions. The quantity of DNA was confirmed with a
Nanodrop device (NC2000, Thermo Scientific), and the quality was
tested by agarose gel electrophoresis. The microbiota V3-V4 regions
(338F-806R) of 16S rRNA were amplified via PCR (ABI GeneAmp®
9700, USA), and the products were purified with AxyPrep DNA Gel
Extraction Kit (AP-GX-500, Axygen Biosciences Co., Ltd., San Francisco,
USA). Then, the purified products were quantified by QuantiFluor™ -ST
(Promega Co., USA), and mixed in equidensity ratios. Later, the
sequencing library was constructed using the TruSeqTM DNA Sample
Prep Kit (FC-121—4001, Illumina, San Diego, USA) following the man-
ufacturer’s guidelines. Finally, the eligible library was sequenced via the
[lumina MiSeq platform.

After subjecting samples to quality control and eliminating the non-
redundant fragments, the Illumina MiSeq sequences were joined and

Table 2
Dynamic FBG in different groups (mmol/L).
ow 1w 2w 3w 4w 5w 6w
Normal 4.60+0.37 4.40 £0.37 4.39+0.36 4.55+0.44 4.53+0.39 4.58 +0.30 5.05 + 0.47
Model 18.96 +£1.82**  19.01 £ 1.99%* 21.16 + 2.96%* 19.68 + 2.40%* 18.21 + 3.02** 17.10 + 2.43%* 17.47 +1.34%*
Metformin ~ 18.60 + 3.64**  15.84 + 2,52%* 15.01 + 2.48**## 9.30 + 2.09**## 11.89 + 3.01++## 10.4 + 3.59%*## 11.07 + 2.12%+##
BBR 18.40 +1.76%*  14.854+2.29%**% 1423 4 1.64**## 13.68 + 3.14*+## 13.66 + 2.90%*+## 12.97 + 2.59%+## 12.47 + 2.29%+##
Ab 18.90 +1.25%*  19.51 +1.36** 20.71 + 2.15%* 21.12+ 2,54 20.48 + 2.86%** 21.24 + 2,17%+## 21.03 + 2.88**##
BA 18.93 +1.69**  18.03+1.49****  16.45+1.48**"#AL 1508 £1.89+"# A8 1461 £ 1.25+*#A0 14,60+ 1.20%*# AL 14,04 £ 224 H# AN

Values are means + SD, N =7 rats for metformin group, and N =10 rats for other groups, statistical analysis was performed using one-way ANOVA. *P < 0.05,
**P < 0.01 vs. Normal; # P < 0.05, ## P < 0.01 vs. Model; A /\P < 0.01 vs. Ab. BBR: berberine, Ab: antibiotics, BA: berberine+antibiotics.
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Fig. 2. Berberine (BBR) improved glucose intolerance, insulin resistance and dyslipidemia in T2DM rats. A: Homeostasis model assessment of insulin resistance index
(HOMA-IR). B: Blood glucose levels of the oral glucose tolerance test (OGTT). C: Area under the curve (AUC) of the OGTT. D: Serum lipid levels. N = 7 rats for the
metformin group, and N =10 rats for other groups. Data are presented as the mean + SD. *P < 0.05, **P < 0.01 vs. Normal; # P < 0.05, ## P < 0.01 vs. Model.

Statistical analysis was performed using one-way ANOVA. NS, not significant.

mapped to the Silva 128 release database (https://www.arb-silva.
de/documentation/release-128/). Using UPARSE with a 97 % similar-
ity threshold, we selected the operational taxonomic units (OTUs). Then,
the sequence numbers of the OTU were normalized using the z-score
method and subject to principal coordinate analysis (PCoA) (SIMCA-P
14.1). Community richness was evaluated by the chao index and ace
index, and community diversity was evaluated by the shannon index
with mothur (version v.1.30.1 http://www.mothur.org/wiki/Sch
loss_SOP#Alpha_diversity). The heatmap of the top 20 most abundant
families was portrayed using R software (pheatmap package). In addi-
tion, 16S functional prediction by PICRUSt (http://picrust.github.io/pi
crust) was used to analyze the metagenomic function of the gut
microbiota.

2.7. Untargeted metabolomics analysis

Rats in the model group and the BBR group were selected for colon
content metabolic profiling analysis.

2.7.1. Sample preprocessing

The samples of colon contents were thawed at 4 °C before analysis.
60 mg of the colon contents were added to 400 pL of water, and mixed.
Then, 800 pL acetonitrile/methanol mixed solution(v:v,1:1) was added,
and vortexed for 30s. The next steps were ultrasonication (60 min) at
4°C, twice, static placement (—20°C, 60 min), and centrifugation
(13,000 g, 4 °C, 15 min). Finally, the supernatant was used for the later
measurements.

2.7.2. Chromatography conditions

Samples were analyzed on a 1290 UHPLC system (Agilent Technol-
ogies) with an ACQUITY UPLC BEH Amide column (1.7 pm,
2.1 mm x 100 mm, Waters, Ireland). The analysis conditions were as
follows: column temperature 25 °C, flow rate 0.3 mL/min, and injection
volume 2 pL. Mobile phase A was composed of deionized water +25 mM

NH40H (pH=9.75) +25mM ammonium acetate, whereas mobile
phase B included acetonitrile. The following gradient elution procedure
was performed: 0—0.5 min,95 % B; 0.5—7 min, B was linearly reduced to
65 %;7—8 min, B was linearly reduced to 40 %; 8—9 min, B was main-
tained at 40 %; 9-9.1 min, B was linearly increased to 95 %; and
9—12min, B was maintained on 95 %. A random injection order was
used, and quality control (QC) samples were inserted to ensure a reliable
analyses.

2.7.3. Mass spectrometry conditions

After UHPLC analysis, the samples were separated, and then mass
spectrum analysis was performed using an Agilent 6550 mass spec-
trometer. The electrospray ionization(ESI) source conditions were as
follows: gas temperature, 250°C; drying gas, 16 L/min; ebnulizer,
20 psig; sheath gas temperature, 400 °C; sheath gas flow, 12L/min;
vcap, 3000V; nozzle voltage, 0V; fragment, 175V; mass range,
50-1200; acquisition rate, 4 Hz; and cycle time, 250 ms. The collected
data (wiff.scan format) were saved in. mzXML format by MSconventer
for further analysis.

After the samples were tested by Agilent 6550, we applied AB Triple
TOF 6600 (Q-TOF, AB Sciex) to identify the metabolites, and collected
the QC sample atlas. The ESI source conditions were as follows: ion
source gas 1, 40; ion source gas 2, 80; curtain gas, 30; source tempera-
ture, 650 °C; ionSapary voltage floating + 5000 V. Secondary mass
spectrometry data were obtained by information dependent acquisition
(IDA), and a high sensitivity model was used. The declustering potential
was +60V. IDA conditions excluded isotopes within 4 Da, and 10
candidate ions were used to monitor each cycle. Finally, the collected
data were matched with a self-built library for structural analysis.

2.7.4. Data processing

The. mzXML format data from Agilent 6550 were aligned based on
peaks. Then retention time was revised, and peak area was extracted
with XCMS software (version 1.41.0). Minfrac was set as 0.5. Then, these

NNB Exh. 2084, p. 004
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Fig. 3. Effects of BBR on gut microbiota modulation at the OTU level. A: Principal coordinate analysis (PCoA) of the microbial composition at the OTU level. B: Rank-
abundance curve. C: Shannon index. D: Ace index. E: Chao index. N = 6 rats/group. Statistical analysis was performed using one-way ANOVA. *P < 0.05, **P < 0.01

vs. Normal; # P < 0.05, ## P < 0.01 vs. Model.

processing data were matched with the structural analysis data (ob-
tained from AB Triple TOF 6600), and the matched parameters were m/z
tolerance +£30 ppm and RT tolerance + 60s.

After the total peak area normalization with the z-score method, the
processed data were imported into SIMCA-P 14.1 for multivariate data
analyses. In the OPLS-DA model, the metabolites would be selected for
further analysis if their variable importance in the projection (VIP) value
>1 [32,35]. The normalized peak areas were subjected to Student’s
t-test (R software), and a P value less than 0.5 was considered statisti-
cally significant. The fold change (FC) was calculated with total peak
area of the BBR group compared to the model group. Only a metabolite
with VIP > 1 and P value<0.05, would be considered as a differential
metabolite. Later, the differential metabolites were matched to the
self-built library, and identified as the final differential metabolites. The
heatmap of the final differential metabolites was portrayed by R soft-
ware (pheatmap package), and the data were normalized with z-score
method (z=(x-p)/0). The final differential metabolites were entered into
the MetaboAnalyst (http://www.metaboanalyst.ca) for metabolic
pathway analysis.

2.8. Measurement of AAAs in serum

LC/MS was used to absolutely quantify the AAAs in serum. Briefly,
50 pL serum sample was added to 400 pL acetonitrile/methanol mixed
solution(v:v,1:1). The samples were sequentially vortexed 60, static-
placed (—20°C, 60 min), and centrifuged (14,000g, 4°C, 20 min). An
agilent 1290 Infinity LC was used for UHPLC analysis and 5500 QTRAP

(AB, SCIEX) was used for MS analysis. The standard curves of AAAs are
provided in Table 1. The concentrations of AAAs in serum were quan-
tified based on the standard curves and the peak areas of AAAs.

2.9. Statistical analysis

One-way ANOVA was performed to investigate alterations among
three or more groups Student’s t-tests were performed to compare the
data between only two groups. All statistical analyses were conducted
with SPSS 23.0 and expressed as the means + SD. The figures were
presented with GraphPad Prism 7.0 software. P < 0.05 was considered
statistically significant. To observe the association between the top 20
most abundant gut microbiota and biomarkers, Spearman’s correlation
coefficient was established by SPSS 23.0.

3. Results
3.1. BBR attenuated symptoms in type 2 diabetic rats

Many studies have demonstrated that BBR could alleviate diabetic
symptoms [6,8,15], and our study also demonstrated its therapeutic
effects in type 2 diabetic rats. The dynamic FBG is listed in Table 2.
Initially, FBG significantly increased in type 2 diabetic rats, indicating
that the type 2 diabetic rat model was successfully established
(P < 0.01). Compared to the model group, BBR substantially decreased
the FBG from the first week (P < 0.01) and maintained a stable condi-
tion. FBG was also decreased in the BA group compared to the model

NNB Exh. 2084, p. 005
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Fig. 4. Effects of BBR on gut microbiota modulation. A: Bar graph of the main gut microbiota composition at the phylum level. B: Heatmap of the top 20 most
abundant families. C: Spearman’s correlations of the top 20 most abundant families with biomarkers. D: Relative abundance of differential families. N=6 rats/ group.
* P < 0.05, ** P < 0.01 vs Model. Statistical analysis was performed using one-way ANOVA.
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Table 3
Relative abundance of phylum in different groups (%).
Firmicutes Bacteroidetes Proteobacteria Verrucomicrobia

Normal 48.97 +10.31 45.70 +9.94 3.71+1.09 0.04 +0.04
Model 40.59 +18.15 37.46 +18.70 17.18 4+ 8.43** 4.62 + 4.60%*
BBR 40.20 +12.33 44.41 +13.16 7.53 +2.97% 0.16 +0.257*#
Ab 15.68 + 12.90**## 64.78 + 23.41***# 15.59 + 8.26%* 1.79 +1.26*
BA 11.62 + 3.02++## 66.19 + 4.83%*## 19.20 + 5.95%* 2.92 4 0.80*

Values are means + SD, N = 6 rats for other groups, statistical analysis was performed using one-way ANOVA. *P < 0.05, **P < 0.01 vs. Normal; # P < 0.05, ##

P < 0.01 vs. Model. BBR: berberine, Ab: antibiotics, BA: berberine + antibiotics.

group and the Ab group, but reduction was not as great as that noted in
the BBR group, indicating that hypoglycemic effect of BBR is influenced
by not only its own pharmacologicbut also gut microbiota. To further
confirm the therapeutic effects of BBR, the HOMA-IR index and OGTT
were assessed. The HOMA-IR index which reflects the insulin resistance,
was decreased by 32.4 % in the BBR group (P < 0.01) (Fig. 2A). OGTT
results confirmed that BBR could improve glucose intolerance. BBR
administration in type 2 diabetic rats prevented the substantial increase
in blood glucose levels in the OGTT, and the AUC was markedly
decreased by 40.5 % (Fig. 2B-C). Similar with the results of FBG,
HOMA-IR and blood glucose levels of OGTT were decreased in the BA
group compared to the model and Ab groups. BBR also testified could
improve dyslipidemia [9]. Compared to the model group, TG, TC and
LDL-C were markedly reduced by 55.3 %, 63.3 %, and 61.6 % respec-
tively, and HDL-C was significantly increased by 44.2 % in the BBR
group (Fig. 2D). Serum lipid levels in the BA group were also improved,
although the effects were less than that noted in the BBR group (Fig. 2D).

3.2. BBR increased gut microbiota community richness and diversity in
type 2 diabetic rats

Because the gut microbiota is highly associated with the develop-
ment of T2DM, we assessed gut microbiota composition in colon con-
tents via the Illumina MiSeq platform. In total, 855,960 sequences were
detected and 1039 OTUs were clustered (File S1). Beta-diversity was
assessed by PCoA at the OTU level. The model, BBR, Ab and BA groups
were completely distinguishable, suggesting that BBR contributed to the
maintenance of a different microbial composition from them. (Fig. 3A).
However, the BBR and normal groups share a similar cluster, indicating
that these two groups exhibit a similar gut microbiota composition.
Rank-abundance curves are used to assess the diversity of gut micro-
biota, and the longer range of the curve on the horizontal axis represents
greater diversity at the OTU level. As shown in Fig. 3B, rats in the normal
and BBR groups exhibited a relative richness diversity, indicating that
BBR could increase the gut microbiota diversity at the OTU level.
Because antibiotics could kill the gut microorganisms, the rats in the Ab
group exhibited a lowest diversity. However, this situation was
improved in the BA group. To further observed community richness and
diversity at the OTU level, shannon index, ace index and chao index
were calculated. Rats in the BBR group exhibited a higher shannon
index, ace index and chao index values, and rats in the BA group also
exhibited increased richness and diversity compared with rats in the Ab
group (Fig. 3 C-E).

3.3. BBR altered gut microbiota composition in type 2 diabetic rats

To further investigate the gut microbial composition, we described
the results at the phylum level. Bacteroidetes, Firmicutes, and Proteobac-
teria were the main phyla in every group (Fig. 4A). After the antibiotics
intervention, the gut microbiota composition was significantly altered.
The results revealed a decrease in the relative abundance of bacteria
belonging to the phylum Firmicutes and an increase in the relative
abundance of the phylum Bacteroidetes in the Ab and BA groups (Table 3,
Fig. 4A). The gut microbiota composition of the BBR group at the

phylum level was markedly different from that in the model group, but a
similar tendency was noted with the normal group. Compared to the
model group, the relative abundance of Bacteroidetes was increased in
the BBR group, and was 37.46 % in the model group, but 45.70 % in
normal group and 44.41 % in the BBR group (Table 3). However, Pro-
teobacteria and Verrucomicrobia were obviously decreased after BBR
treatment. (Table 3, Fig. 4A). The relative abundance of Proteobacteria
was 17.18 % in the model group, but only 3.71 % was in the normal
group and 7.53 % in the BBR group (Table 3). In contrast to the BBR
group, rats in the BA group exhibited a different gut microbiota
composition at the phylum level.

Furthermore, the top 20 most abundant families were selected.
Compared to the model group, families, including Spirochaetaceae,
Lactobacillaceae and Peptostreptococcaceae were significantly increased
in the BBR group (P < 0.05), whereas Enterobacteriaceae and Verruco-
microbiaceae are obviously decreased after BBR treatment (P < 0.01,
Fig. 4B). To explore the associations of the gut microbiota with bio-
markers, we specifically calculated the Spearman’s correlation coeffi-
cient between the top 20 most abundant families and the biomarkers.
Lactobacillaceae and Spirochaetaceae were strongly negatively associated
with FBG, HOMA-IR, AUC, TC, TG and LDL-C, but positively associated
with HDL-C (Fig. 4C). However, Enterobacteriaceae and Verrucomicro-
biaceae exhibited an inverse correlation (Fig. 4C). These results indi-
cated that Lactobacillaceae and Spirochaetaceae might be benefit for the
treatment of T2DM, but Enterobacteriaceae and Verrucomicrobiaceae
might be bad for the treatment of T2DM.

Lactobacillaceae, which belongs to Firmicutes, is commonly consid-
ered beneficial in human being’s health [36], and was significantly
increased not only in the BBR but also BA groups (Fig. 4D).

3.4. BBR improved energy metabolism related genes expression in gut
microbiota

Furthermore, clusters of orthologous groups of proteins (COG)
function analysis was performed by PICRUSt. As shown in Fig. 5 and File
S1, we found that the energy metabolism related genes of the gut
microbiome in the model group were obviously decreased. However,
this tendency was reversed in the BBR group. Compared to the model
group and the normal group, the gene abundance for the transport and
metabolism of energy substances (including carbohydrates, amino acids
and lipids) was greatly increased in the BBR group (Fig. 5B). From Fig. 5,
we also know that the expression of energy metabolism related genes in
the BA group was promoted compared to the model and Ab group, but
the level of the increase was lower than that in the BBR group. The above
results indicated that BBR alleviated the symptoms of type 2 diabetic
rats possibly via the alteration of energy metabolism related genes
expression in the gut microbiota.

3.5. AAAs were decreased by BBR

An untargeted metabolomics with UHPLC-QTOF/MS-based
approach was used to identify the metabolites of colon contents be-
tween the model and BBR groups. In total, 11,743 peaks in positive ion
mode and 5244 peaks in negative ion mode were selected for further
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Fig. 5. Predicted gene function for the gut microbiota. A: Bar graph of COG function classifications. B: Gene abundance of COG function classifications. Statistical
analysis was performed using one-way ANOVA. N = 6 rats/group.
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Table 4
Differential metabolites between the model and BBR groups.
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Positive-ion mode

Negative-ion mode

m/z rt(s)? Metabolites

182.08 232.88 Tyrosine |°

176.09 415.51 Tryptophan |

166.08 310.99 Phenylalanine |

263.14 215.59 Phe-Pro |

295.12 213.11 Phe-Glu |

313.15 130.10 Phe-Phe |

177.09 300.99 Gly-Thr |

245.19 166.26 Ile-Leu |

260.20 488.44 Lys-Leu |

275.17 445.33 Ser-Lys |

229.15 222.02 Ile-Pro |

231.17 179.71 Val-Ile |

217.15 196.14 Val-Val |

281.25 77.66 Linoleic acid |

251.08 122.55 Inosine 1

253.10 239.41 2/-Deoxyinosine |

127.05 95.73 Thymine |

228.10 277.30 Deoxycytidine |

490.42 31.44 alpha-Tochopheryl Acetate |
198.10 287.01 D-Mannose |

86.06 105.16 3-Aminobutanoic acid 1
125.09 33.06 1-Methylhistamine 1

126.02 162.78 Taurine |

146.12 360.45 (3-Carboxypropyl)trimethylam-monium cation |
241.08 386.37 gamma-L-Glutamyl-L-glutamic acid 1
70.06 338.81 2-Amino-2-methyl-1,3-propane-diol |
360.15 390.68 3a-Mannobiose |

222.10 241.45 N-Acetyl-p-glucosamine |
204.09 240.72 N-Acetylmannosamine |
278.06 451.98 D-Glucose 6-phosphate |

FCP

0.54
0.46
0.64
0.56
0.79
0.55
0.81
0.58
0.73
0.82
0.69
0.53
0.50
0.22
2.20
0.43
1.81
0.51
0.41
0.42
1.88
3.28
0.58
0.77
1.43
0.63
0.57
0.80
0.61
0.60

m/z rt(s)? Metabolites FC®
130.05 281.52 Alanine | 0.26
241.08 93.96 Thymidine 14 2.08
110.04 180.53 Cytosine | 0.45
204.03 252.16 Xanthurenic acid 1 1.42
149.05 205.00 D-lactate | 0.43
209.07 203.69 D-Lyxose | 0.40
239.08 287.83 D-Mannose | 0.33
359.12 287.41 D-Allose | 0.40
202.11 264.25 Acetylcarnitine | 0.60
152.99 253.03 Glycerol 3-phosphate | 0.34
195.05 369.86 Galactonic acid 1 2.20
174.04 73.19 N-Acetylaspartate 1 3.09
241.22 43.85 Pentadecanoic Acid | 0.66
103.00 344.60 Malonic acid 1 3.30
143.03 285.99 Pyruvaldehyde | 0.49
122.03 197.90 Nicotinate | 0.71
193.03 345.16 2-Keto-p-gluconic acid | 3.69
93.03 161.53 Phenol | 0.52
293.22 23.74 13-0Ox0ODE | 0.13
131.07 123.08 Hydroxyisocaproic acid | 2.06
116.03 169.54 Acetylglycine | 0.44
330.08 351.28 N-Acetylneuraminic acid | 0.74
193.05 145.12 Scytalone | 0.40
177.04 283.94 2-Dehydro-3-deoxy-p-gluconate | 0.57
353.23 147.78 1314-dihydro-15-keto-PGF2a | 0.67
230.05 321.03 1-Deoxy-p-xylulose 5-phosphate | 2.21

rt%: retention time. FC®: fold change, as determined by average peak area obtained from BBR group/model group. | down-regulated after BBR treatment. 1% up-

regulated after BBR treatment.

Table 5
Metabolite pathway changes.
Pathway Hits® P -Log Holm FDR Impact
® P P°
Phenylalanine, tyrosine 3/4 0.00 5.74 0.27 0.27 1.00
and tryptophan
biosynthesis
Phenylalanine metabolism 2/ 0.03  3.46 1.00 0.88 0.36
12
Amino sugar and 3/ 0.05 2.89 1.00 0.89 0.14
nucleotide sugar 37
metabolism
Pyrimidine metabolism 3/ 0.06 276 1.00 0.89 0.10
39
Pyruvate metabolism 2/ 0.09 236 1.00 1.00 0.12
22
Linoleic acid metabolism 1/5 0.11 217 1.00 1.00 1.00
Taurine and hypotaurine 1/8 0.18 1.74 1.00 1.00 0.43
metabolism
Starch and sucrose 1/ 0.35 1.04 1.00 1.00 0.14
metabolism 18
Tryptophan metabolism 1/ 0.63 0.46 1.00 1.00 0.14
41
Tyrosine metabolism 1/ 0.64 0.44 1.00 1.00 0.14
42

Hits®: the matched number of metabolites in one pathway. Holm P": the P value
further adjusted using Holm-Bonferroni method. FDR P¢: the P value adjusted
using false discovery rate.

screening processes (File S2).

To explore the difference in metabolites between these two groups,
supervised OPLS-DA patterns were introduced and revealed significant
shifts in the composition of metabolites between the model group and
the BBR group in not only positive but also negative ion modes, sug-
gesting that each group had a unique metabolite profile of the colon
contents (Fig. 6A).

10

Based on our selected threshold (VIP > 1, and P < 0.05), differential
intestinal metabolites were matched from a self-built commercial
database (File S2). Finally, 55 metabolites (30 in positive ion mode, 26
in negative ion model, with 1 duplicated result in both modes) were
identified between the model group and the BBR group, with 47 me-
tabolites were down-regulated and only 9 metabolites were up-
regulated after BBR treatment (Fig. 6B, Table 4). Furthermore, 4 types
of amino acids and 10 types of dipeptides were decreased after BBR
treatment (Fig. 6B, Table 4). AAAs, including tyrosine, tryptophan and
phenylalanine, were found significantly reduced in the BBR treated
group (P < 0.001, Fig. 6C).

In light of abovementioned analysis, we resorted to a metabolic
pathway analysis to reveal inner links between the matched metabolites
with KEGG database. The MetaboAnalyst online database was used for
metabolic pathway analysis. As shown in Fig. 6D and Table 5, compared
to the model group, the main influential metabolic pathways (pathway
impact value > 0.1, P <0.05) of the BBR group were involved in
phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine
metabolism and amino sugar and nucleotide sugar metabolism.

To further verify the reduction in AAAs after BBR treatment, serum
concentration of AAAs were detected. All three AAAs, including tyro-
sine, tryptophan and phenylalanine were significantly decreased in the
BBR group (Fig. 7). This result was consistent with the results of
untargeted metabolomics and indicated that the reduction of AAAs
might be benefit for the treatment of T2DM.

4. Discussion

Our study demonstrated that BBR could restore the normal condi-
tions in STZ induced type 2 diabetic rats. The dynamic FBG showed that
BBR had a favorable effect on reducing blood glucose levels and could
maintain the FBG at a steady level. HOMA-IR, OGTT and blood lipids
were also improved after BBR treatment, and the ability of BBR to treat
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Fig. 7. Measurement of AAAs in serum. **P < 0.01 vs. Normal; ## P < 0.01 vs. Model. Statistical analysis was performed using one-way ANOVA. N = 6 rats/group.

diabetes corresponded with that reported in previous studies [8,15,37].
Type 2 diabetic symptoms in the BA group (rats treated with antibiotics
and BBR) were alleviated. Given that antibiotics could wipe out most of
the gut microorganisms, the therapeutic effects in the BA group are
weaker compared with that noted in the BBR treatment group. These
findings strongly suggested that BBR can reduce blood glucose, improve
insulin sensitivity, glucose homeostasis and lipid disorders immediately,
and the modulation of gut microbiota is related to the mechanism of BBR
in the treatment of T2DM.

Specifically, by 16S rRNA sequencing analysis, we found that com-
munity richness and diversity analysis at the OTU level in the BBR group
were increased. Numerous studies demonstrated that the richness and
diversity of gut microbiota are reduced in T2DM patients, and increased
them are good for the treatment of T2DM [38,39]. Some studies also
found that BBR could increase the diversity of gut microbiota [40,41].
Using PCoA analysis we found that the BBR group and the BA group
were significantly separated from the other groups, indicating that the
gut microbiota composition was altered after the oral administration of
BBR.

Describing the gut microbiota composition at the phylum level, we
found that Bacteroidetes, Firmicutes, and Proteobacteria were the main

phyla in every group, and the composition of gut microbiota was
significantly altered by BBR treatment. Bacteroidetes was abundant in
the BBR group, whereas Proteobacteria and Verrucomicrobia were
increased in the model group. Because of the antibiotics intervention,
the composition of the gut microbiota in the Ab and BA groups was
significantly different compared with other groups and was accompa-
nied by an increase in Bacteroidetes and a decrease in Firmicute. The
normal human gut microbiota comprises of two major phyla, namely,
Bacteroidetes and Firmicutes [42,43]. In our study, these two bacteria
accounted for 94.81 % in the normal group, 78.07 % in the model group,
and 85.06 % in the BBR group. Firmicutes is represented by the genera
Ruminiococcus, Clostridium, and Lactobacillus, which is typically used as
probiotics, and Bacteroidetes is represented by Bacteroides, Prevotella, and
Xylanibacter, which has ability to degrade many complex glycans, and
promote energy metabolism [44,45]. Therefore, the improvement of
energy metabolism by BBR might be related to the increase in Bacter-
oidetes and Firmicutes. Proteobacteria was reported to be a common factor
in human disease [46,47], and we found that the relative abundance of
Proteobacteria was decreased by BBR. The family Lactobacillaceae, which
belongs to the phylum Firmicute, is usually considered beneficial to
human being’s health [36,48]. Many studies have demonstrated that
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increases in the relative abundance of Lactobacillaceae are effective in
the treatment of metabolic disorders [49,50]. In our study, Lactoba-
cillaceae was increased not only in the BBR group but also in the BA
group. Furthermore, Spearman’s correlation analysis found that Lacto-
bacillaceae was strongly negatively associated with FBG, HOMA-IR,
AUC, TC, TG and LDL-C but positively associated with HDL-C, indi-
cating that this bacterium is benefit for the treatment of type 2 diabetic
rats.

COG function analysis revealed that energy metabolism (including
energy production and conversion, carbohydrate transport and meta-
bolism, amino transport and metabolism and lipid transport and meta-
bolism) related genes of gut microbiota were obviously increased. These
results suggested that after BBR treatment, the consumption of energetic
substances from colon contents by gut microbiota is potentially pro-
moted. Subsequently, the absorption of energy from the intestine by the
rats might be reduced, and this change might be beneficial for treating
type 2 diabetic rats.

Based on the untargeted metabolomics analysis of colon contents, we
identified 55 differential intestinal metabolites between type 2 diabetic
rats and the BBR treated rats, and metabolites including amino acids,
dipeptides, nucleosides, fatty acids, saccharides and other metabolites,
that were involved in phenylalanine, tyrosine and tryptophan biosyn-
thesis, phenylalanine metabolism and amino sugar and nucleotide sugar
metabolism. These results indicate a significant change in metabolism
after BBR treatment. Furthermore, 4 types of amino acids and 10 types of
dipeptides were decreased in the BBR group, and 3 AAAs, including
tyrosine, tryptophan and phenylalanine, were involved in these 4
changed amino acids. In further studies, we found that the concentration
of AAAs in serum also obviously decreased after BBR treatment. These
changes were consistent with the notion that gut microbiota could
promote amino transport and metabolism and reduce the accumulation
of amino acids in the colon contents and serum, indicating that the
therapeutic effects of BBR to type 2 diabetic rats might be related to the
reduction of AAAs, which is mediated by gut microbiota.

AAAs are amino acids that include an aromatic ring, and phenylal-
anine, tryptophan and tyrosine are primary AAAs in animals. Numerous
studies have revealed tight relationships between AAAs and T2DM [19,
20,22,51]. Several metabolic studies have shown that AAAs are closely
associated with the risk of developing T2DM. Increasing the serum levels
of AAAs are accompanied with higher risk of T2DM [22,51]. GPR142 is
almost exclusively expressed in endocrine cells of the gastrointestinal
tract and pancreas and that functions as a highly selective receptor for
AAAs, in particular tryptophan [52]. The activation of GPR142 by AAAs
promoted the secretion of glucagon-like peptide-1 (GLP-1), gastric
inhibitory polypeptide (GIP) and cholecystokinin (CCK), and these
hormones are useful for the treatment of T2DM [52-54]. Nevertheless,
studies of GPR142 were inconsistent with the serum metabolic studies of
AAAs in T2DM. The effects of AAAs to T2DM need to be further
determined.

In conclusion, our data provide evidences to demonstrate that BBR
could alleviate symptoms in type 2 diabetic rats effectively. BBR could
increase the gut microbiota community richness and diversity, and the
relative abundance of Bacteroidetes was enhanced by BBR at the phylum
level. Lactobacillaceae, a probiotic, was significant up-regulated after
BBR treatment. COG functional analysis revealed that BBR could
improve the expression of energy metabolism related genes in intestinal
microorganisms, especially amino transport and metabolism related
genes. Gut metabolites analyses were consistent with the above results,
and AAAs in colon contents and serum were obviously decreased in the
BBR group. Our study indicates that BBR alleviates type 2 diabetic
symptoms might via the regulation of gut microbiota and reduction of
AAAs (Fig. 8).
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