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induced diabetic rats†
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Pu-erh tea is produced from the leaves of large-leaf tea species (Camellia sinensis var. assamica) in the

Yunnan province of China and divided into ripened pu-erh tea (RIPT, with pile-fermentation) and raw

pu-erh tea (RAPT) according to processing methods. RIPT extract showed more potent anti-diabetic

effects on two-hour postprandial blood glucose (2h-PBG) and fasting blood glucose (FBG) than RAPT

extract. UHPLC-Q-TOF/MS and UHPLC-PDA analyses found that 17 newly formed components and the

increased components after fermentation, such as quinic acid, gallic acid, caffeine, puerin I and so on,

might be the main contributors to the enhanced activities of RIPT. In addition, the probiotic role of RIPT

to some beneficial gut bacteria, such as lactobacillus, Prevotellaceae NK3B31 group, Alloprevotella and

Prevotella, was observed in our study. These results might provide a clue to anti-diabetic mechanism

and active components of pu-erh tea, and use as a functional beverage worth to be further studied.
1 Introduction

Diabetes mellitus is a complex metabolic disorder, which has
become a growing global health problem and caused increasing
premature mortality and healthcare costs.1 According to the
International Diabetes Federation, there are an estimated 451
million individuals (age from 18 to 99) suffering from diabetes,
and the number is predicted to be 693 million by 2045. The
estimated healthcare expenditure relating to diabetes reached
850 billion USD for adults in 2017.2 Therefore, looking for anti-
diabetic functional foods, which might have low side-effects
and low cost, has a signicance to global health.

Tea is one of the most popular world-wide beverages and has
various biological activities.3,4 In recent years, pu-erh tea becomes
more and more popular in Southeast Asia due to its multiple
health benets, different tastes, and special avor.3 Pu-erh tea is
produced from the sun-dried leaves of Camellia sinensis var. assa-
mica in Yunnan province, China. Due to the different processes,
pu-erh tea can be categorized into raw pu-erh tea (RAPT, directly
compressed and shaped into cake) and ripened pu-erh tea (RIPT,
pile-fermented by microorganisms). The participation of the pile-
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fermentation process is the biggest difference between RIPT and
RAPT, and brings great distinctions on infusion colors and tastes,5

even the chemical constituents and biological activities in our
study. Currently, some studies have reported the anti-diabetic
effect of pu-erh tea. Wang et al. found that avanols from the
water extract of pu-erh tea showed an inhibition effect on a-
glucosidase, suggesting potential hypoglycemic effects.6 In the
study of Deng et al., a single administration of polysaccharides
from pu-erh tea decreased the postprandial blood sugar in mice,
and the mechanism was due to the inhibition of a-glucosidase.7

Huang et al. reported that the 95% ethanol precipitate and ethyl
acetate fractions of pu-erh tea showed remarkable inhibition
against a-glycosidase in vitro.8 The above studies are only focused
on the benecial effects of RIPT, and the form of a single admin-
istration could not simulate the general drinking habit in daily life.

Therefore, a comparative study between RIPT and RAPT was
carried out on pharmacological activity and chemical constit-
uent in our research. The anti-diabetic activities of RIPT and
RAPT were evaluated in streptozotocin-induced diabetic Wistar
rats. Then, the constituents of the RIPT and RAPT were identi-
ed. Besides, as the low bioavailability of active constituents
from tea9,10 and the growing evidences on the effect of gut
microbiota on diabetes,11,12 the 16S rRNA analysis was carried
out to investigate the effects of RIPT on the gut microbiota.
2 Materials and methods
2.1 Source of pu-erh tea samples

Six batches of samples, including three RIPTs and three RAPTs,
were collected from the same production place, Yiwu district,
RSC Adv., 2019, 9, 2967–2977 | 2967
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Dai Autonomous Prefecture of Xishuangbanna, Yunnan prov-
ince, China.

2.2 Preparations of extracts from RIPT and RAPT

The tea extract was prepared with process similar to the general
drinking habit in China. Each sample (1000 g) was extracted
twice with 10 L and 7 L distilled water each for one hour at
100 �C, respectively. Aer ltration, two solutions were
combined and concentrated at 55 �C, and then lyophilized.

2.3 Animals and treatment

Male Wistar rats (180–220 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China).
The rats were provided with a standard rodent diet and free
access to water, and were maintained at a temperature of 20–
22 �C. The animals and protocols for this study were approved
by international ethical guidelines and the Institutional Animal
Care and Use Committee of Dalian Medical University, with the
permission number of SCXK 2013-0003.

The nongenetic diabetic rat model was established following
the methods published previously.13,14 Seventy rats were fed with
a high-fat, high-sugar diet (HFHSD) (D12451, 45% calories from
fat) instead of standard chow, and had free access to water. On
Day 14, the rats were injected intraperitoneally with 40 mg kg�1

streptozocin (STZ, Sigma-Aldrich Chemical Co., St. Louis, USA.).
On Day 21 and Day 28, oral glucose tolerance tests (OGTTs) were
performed. A total of 30 rats met the standard of diabetes, with
2h-PBG levels ranging from 16.7 mmol mL�1 to 24.0 mmol mL�1

in both OGTTs, and were selected as diabetic rats. Another 5 rats
were fed a normal diet as the negative control.

In this set of experiments, normoglycemic rats were fed
a standard chow diet and were given vehicle alone (0.5% CMC-
Na) daily by oral gavage (NM). The diabetic rats fed with
a HFHSDwere divided into six groups (n¼ 5 for each group) and
were treated with either vehicle (DM), 500 mg kg�1 of metfor-
min in vehicle (Met), 600 mg kg�1 of extract from RIPT (IH),
120 mg kg�1 of extract from RIPT (IL), 800 mg kg�1 of extract
from RAPT (AH), and 160 mg kg�1 of extract from RAPT (AL) in
vehicle for 6 weeks.

2.4 OGTT assay

Aer 14 hour fasting, the rats were orally administered with 2 g
kg�1 glucose. Blood samples were collected from the tail vein
and the levels of FBG and 2h-PBG were measured using the
Roche glucometer at week 6.

2.5 Biochemical analyses

The OGTT was performed every week. At the end of the study, the
rats were sacriced aer 16 h of fasting. The blood samples were
collected and centrifuged at 4000 g for 5 min at 4 �C to obtain the
plasma. Fasting plasma insulin (FINS) levels were determined
using ELISA kits (Abcam, USA). The values of hemoglobin A1c
(HbA1c), total cholesterol (TC), and triglyceride (TG) in plasma
weremeasured according to commercially available kits purchased
from Jiancheng Institute of Biotechnology, Nanjing, China.
2968 | RSC Adv., 2019, 9, 2967–2977
2.6 Analysis of chemical constituents

In this study, 10 mg of powders were accurately weighed and
suspended in 1 mL water, respectively. The samples were then
vortexed 1 min, followed by centrifugation for 10 min at
15 000 rpm at 4 �C. 2 mL of the ultra-performance liquid chro-
matography coupled with a hybrid quadrupole time-of-ight
mass spectrometry (UHPLC-Q-TOF/MS) analysis.

An Acquity UPLC system (Waters Corp., Milford, MA, USA)
coupled with a Synapt MS system (Waters Corp., Milford, MA,
USA) was used. The samples were separated on aWaters Acquity
UPLC HSS T3 column (100 � 2.1 mm, 1.8 mm). The mobile
phase consisted with (A) 0.1% formic acid solution (v/v) and (B)
acetonitrile, while the gradient program was as follows: 98% (A)
in 0–1 min; 98–96% (A) in 1–2 min; 96–95% (A) in 2–4 min; 95–
93% (A) in 4–6 min; 93–92% (A) in 6–9 min; 92–90% (A) in 9–
11 min; 90–86% (A) in 11–15 min; 86% (A) in 15–16 min; 86–
83% (A) in 16–19 min; 83–76% (A) in 19–22 min; 76–60% (A) in
22–25 min; 60–43% (A) in 25–26 min; 43–42% (A) in 26–27 min;
42–5% (A) in 27–28 min; 5% (A) in 28–28.5 min. The mobile
phase ow rate was 0.6 mL min�1 with the column temperature
at 45 �C. The wavelength of PDA detector was set from 190 to
400 nm, and 280 nm was set at the monitoring wavelength.

The data acquisition mode was MSE. Each extract was
directed to a trap mass spectrometer with an electrospray
interface (ESI) operating in full scan MS mode from m/z 50 to
1500 Da. Mass spectra were acquired in both negative and
positive modes with the source temperature was 100 �C, the
desolvation temperature was 450 �C, and desolvation gas ow of
850 L h�1. The capillary voltage was 3 kV. At low CE scan, the
cone voltage was 30 V, and the collision energy was 6 eV (trap)
and 4 eV (transfer). At high CE scan, the cone voltage was 30 V,
and the collision energy was 50–65 eV (trap) and 15 eV (trans-
fer). Leucine-enkephalin was used as lock mass.

Standards, including gallic acid (>98%), catechin (>98%),
catechingallate (>98%), epicatechin (>98%), epicatechingallate
(>98%), epigallocatechin (>98%), epigallocatechin gallate
(>98%), gallocatechingallate (>98%), (+)-gallocatechin (>98%),
theophylline (>98%), procyanidin B1 (>97%), were purchased
from Chengdu Biopurify Phytochemicals Ltd. Caffeine (>98%)
was isolated previously. Its structure and purity were conrmed
by NMR spectra and high-performance liquid chromatography
coupled with evaporative light scattering detection (HPLC-
ELSD).

Acetonitrile (HPLC grade) was purchased from Fisher
Scientic Co. (Loughborough, UK). Distilled water was
purchased from Watsons. Formic acid (HPLC grade) was
purchased from Acros Co. Ltd. (St. Louis, MO, USA). Other
reagents were obtained commercially in analytical purity (Bei-
jing, China).
2.7 Feces collection, bacterial DNA extraction, PCR
amplication and sequencing

At the end of the experiment, feces of rats from NM, DM, Met
and IH were collected into sterilized plastic tubes and stored at
�80 �C until tested.
This journal is © The Royal Society of Chemistry 2019
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Bacterial DNA was extracted from the fecal contents of the
rat. The purity and concentration of extracted bacterial DNA
were tested by NanoPhotometer spectrophotometer and Qubit
2.0 Flurometer, respectively.

The V3–V4 hypervariable regions of the bacteria 16S rRNA
gene were amplied with primers 341F (50-
CCTACGGGNGGCWGCAG-30) and 805R (50-GACTACHVGGG-
TATCTAATCC-30) by thermocycler PCR system (GeneAmp 9700,
ABI, USA). All PCR reactions were carried out in 30 mL reactions
with 15 mL of Phusion High-Fidelity PCR Master Mix (New
England Biolabs); 0.2 mmol mL�1 of forward and reverse primers,
and about 10 ng template DNA. Thermal cycling consisted of
initial denaturation at 95 �C for 3 min, followed by 25 cycles of
denaturation at 95 �C for 30 s, annealing at 55 �C for 30 s, and
elongation at 72 �C for 30 s. Then nal extension at 72 �C for
10 min. Mix same volume of 1� loading buffer (contained SYB
green) with PCR products and operate electrophoresis on 2%
agarose gel for detection. Samples with bright main strip around
460 bp (V3 + V4) were chosen for further experiments. PCR
products were mixed in equidensity ratios. Then, mixture PCR
products were puried with GeneJET Gel Extraction Kit (Thermo
Scientic). Sequencing libraries were generated using NEB Next
Ultra DNA Library Prep Kit for Illumina (NEB, USA) following
manufacturer's recommendations and index codes were added.
The library quality was assessed on the Qubit@ 2.0 Fluorometer
(Life Technologies, CA, USA) and Agilent Bioanalyzer 2100
system. At last, the library was sequenced on an Illumina MiSeq
platform and 250 bp paired-end reads were generated.
2.8 Bioinformatics analysis

Raw reads were ltered to remove the adapter-polluted reads, low
quality reads (average quality lower than 19 with PHRED algo-
rithm) and the reads with N bases exceeding 5%. Then, the clean
paired reads were spliced with the PEAR soware15 into merged
sequences based on sequence overlap. Aermerging, the sequence
Chimeras were removed, and the sequences were clustered into
operational taxonomic units (OTUs) by UCLUST16 with a threshold
of 97% pairwise identity. Then, the Silva database (release 128,
http://www.arb-silva.de) was used to annotate the taxonomic
information. Aer OTUs annotation, the abundance information
was normalized with a standard sequence number according to
the sample which had the least sequences. Then, the normalized
output data were applied to the subsequent analyses, such as alpha
and beta diversity. The community richness and diversity estima-
tions, such as Chao1, ACE and the Shannon index, were calculated
by QIIME version 1.8.0 (ref. 17) and displayed utilizing R soware.
In the beta diversity analysis, the cluster analysis was utilized with
principal coordinate analysis (PCoA) based on matrix of Taxo-
nomic OTU, by using R soware with ggplot2 and ade4 package. In
the PCoA analysis, the distance matrices of weighted or
unweighted UniFrac18 among samples were also needed.
3 Statistical analysis

The data in the negative mode of principal component analysis
(PCA) and orthogonal partial least squares discriminant
This journal is © The Royal Society of Chemistry 2019
analysis (OPLS-DA) were processed by the MarkerLynx V4.1
soware (Waters Co., Milford, USA). The method parameters
were set as follows: mass range 100–1500 Da, retention time
range 0.2–25.0 min, mass tolerance 5.0 ppm, peak width at 5%
height was 1.00 s, peak-to-peak baseline noise 0.00, noise
elimination level was set at 6.00 and retention time tolerance
was set at 0.01 min. The results were visualized in a score plot to
show group clusters, and a variable importance in projection
(VIP)-plot to show variables contributing to the classication.

The statistical analysis was performed using SPSS 17.0.
Comparisons between groups were analyzed using one-way
ANOVA followed by Fisher LSD multiple comparison. p < 0.05
was considered statistically signicant.
4 Results
4.1 Effects of RAPT and RIPT extracts on the diabetes indices
and lipid proles

Aer a single injection of STZ and HFHSD induction, the levels
of 2h-PBG and FBG were signicantly higher in the DM group,
compared with those of the NM group (Fig. 1A and B). Metfor-
min, a positive control, signicantly lowered the levels of 2h-
PBG in diabetic rats. The 2h-PBG lowering effects in the Met,
IH and IL groups were signicantly observed compared with the
DM group, while no signicant 2h-PBG-lowering effect was
observed in the AH and AL group. Compared with the DM
group, the FBG level of the Met group was decreased but not
signicant. The RIPT administration signicantly decreased the
FBG level with a dose-dependent pattern in diabetic rat.
Meanwhile no signicantly differences were observed on the
FBG levels of the AH and AL groups compared with the DM
group.

The level of FINS was signicantly increased in the IL group
compared with that of the DM group, but showed no signi-
cance when compared with that of the NM group (Fig. 1C).
Moreover, the high level of HbA1c in diabetic rats was improved
by RIPT administration which had similar effect to metformin
(Fig. 1D).

The levels of plasma TC (Fig. 1E) and TG (Fig. 1F) were
signicantly higher in the DM group, compared to those of the
NM group. Aer 6 week treatment, the metformin, RIPT and
RAPT signicantly decreased the plasma TC and TG in diabetic
rats, respectively. The effect on plasma TG showed a dose-
dependent pattern.
4.2 Chemical proles and different markers of the extracts
from RAPT and RIPT

The extract of RAPT and RIPT were analyzed in both negative
and positive ion modes with the same LC conditions. Based on
exact mass, fragment ions, retention times, published litera-
tures, and comparison with the standard references, 66 major
peaks in both negative and positive ion modes of the pu-erh tea
were identied, as summarized in Table 1, including 45
components in the RIPT, and 49 chemical components in the
RAPT. As shown in Table 1, 17 peaks were detected in RIPT only,
including a series of puerins, such as peak 13, 29, 33, 34, 43, 46,
RSC Adv., 2019, 9, 2967–2977 | 2969
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Fig. 1 The effects of RIPT and RAPT on diabetic indexes in diabetic rats. The 2h-PBG (A), FBG (B), FINS (C), HbA1c (D), plasma TC (E), and plasma
TG (F) of the rats after 6 week administration. All of the results were expressed as the mean� SEM (n¼ 5). Values sharing a common letter (a, b, c,
and d) in each comparison did not show any statistically significant differences accessed by one-way ANOVA (p < 0.05).
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47, and 50. Meanwhile, 21 peaks were detected in RAPT only.
The rest of 28 peaks were detected in both RIPT and RAPT, the
base peak ion (BPI) chromatograms of the RAPT and RIPT by
UHPLC-Q-TOF/MS are shown in Fig. 2.

As the great difference between the chromatograms of the
RAPT and RIPT, the multivariate statistical methods, including
PCA and OPLS-DA, were carried out to nd the different
components during the pile-fermentation process, additionally.
As shown in Fig. 3A, samples were segregated into two groups
from the score plot. And the components with the VIP value
greater than 2.5 were considered as potential different markers
(Fig. 3B), as a result, 26 major different components were
identied during the pile-fermentation process (Table 1),
including some puerins, such as puerin II (peak 47), III (peak
50), and IV (peak 55).

UHPLC-PDA was used to explain the changes of relative
contents caused by pile-fermentation process. A database based
on identied components and PDA chemometric data were
built. Although quercetin and kaempferol were also mutual
components in two kinds of pu-erh tea, the relative content of
these two components was not compared as their low content in
pu-erh tea and the low response value at 280 nm. Therefore, this
database consisted of 26 identied components, and the result
was shown in Table 2. As the result, the contents of shared
peaks, such as epigallocatechin, catechin, epicatechin and
epigallocatechin gallate, were decreased aer fermentation
except for quinic acid, gallic acid, theophylline or its isomers,
caffeine, apigenin-6-C-a-L-arabinopyranosyl-8-C-b-D-glucopyr-
anoside, and ellagic acid. At the same time, puerin I-VIII, a kind
2970 | RSC Adv., 2019, 9, 2967–2977
of characteristic components, were produced during the
fermentation. The corresponding reactions were complex.
4.3 The overall structural changes of the gut microbiota
regulated by RIPT intervention

Aer 6 week administration, as the outstanding pharmaceutical
effect of IH, feces of rats in the IH group togethering with those
from the NM, DM and Met groups were collected for the gut
microbiota analysis. A total of 957 056 high-quality sequences
from V3–V4 hypervariable region of the bacterial 16S rRNA gene
were collected from 20 samples. The number of average
sequence was 47 852, while the maximum number and
minimum number were 53 882 and 39 395, respectively. For the
length, the average number was 450 bp. With a threshold of
97% pairwise identity, all the sequences were clustered into 667
OTUs. Then, 144 genera or the next higher taxonomic ranks
were identied from Silva Database.

To identify the similarities of gut microbiota between the
samples of the NM, DM, Met and IH groups, Bray–Curtis
distance was performed based on OTU abundance and pre-
sented as a hierarchical clustering tree using the data (Fig. 4A).
The result showed that samples from each group could be
grouped into three clusters, including the NM, DM and treat-
ment (groups treated by IH or metformin) clusters. Among the
clusters, the grouped IH and Met samples indicated that they
showed similar bacteria compositions. Meanwhile, weighted
and unweighted Unifrac distances both indicated samples were
signicantly separated into three groups, including the NM, DM
and treatment (groups treated by IH or metformin) groups
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The BPI chromatograms of the extracts from the negative mode in RAPT (A) and RIPT (B) analyzed by UHPLC-Q-TOF/MS.

Fig. 3 PCA (A), VIP (B) plot of the extracts from the negative mode in RIPT and RAPT analyzed by UHPLC-Q-TOF/MS.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 7
/6

/2
02

5 
7:

04
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(Fig. 4B and C). This result was consistent with the results of
hierarchical clustering tree. Besides, PC1 values were respec-
tively 40.88% and 84.82% in PCoA plots of weighted and
unweighted Unifrac distances, indicating PC1 could reect the
treatment effect on shaping the structure of gut microbiota.

In order to understand the detail microbial changes, the gut
microbiota structure was analyzed at different taxonomic levels
including phylum and genus level (Fig. 4D). At the phylum level,
most of the microbiota was from Firmicutes (51.96% in all
identied reads) and Bacteroidetes (35.30% in all identied
reads). Aer being induced by STZ and HFHSD, the increased
relative abundance of Firmicutes and the decreased relative
This journal is © The Royal Society of Chemistry 2019
abundance of Bacteroidetes were observed in diabetic rats.
Therefore, the Bacteroidetes/Firmicutes (B/F) ratio was decreased
in the DM group (0.48� 0.16) compared to that of the NM group
(1.08� 0.23), and was slightly reverted in the Met and IH groups
(Met, 0.79 � 0.36; IH, 0.57 � 0.12). The treatment with met-
formin or RIPT increased Bacteroidetes relative abundance and
B/F ratio. Due to the differences between samples, no signi-
cant changes were observed. Besides, the Actinobacteria relative
abundance was signicantly increased in the DM group
(4.286%� 3.97%) and reverted by metformin or RIPT treatment
(Met, 0.08003% � 0.0747%; IH, 0.04494% � 0.02207%).
RSC Adv., 2019, 9, 2967–2977 | 2973
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Table 2 Content comparisons of mutual components between RAPT and RIPT by UHPLC-PDAa

Peak no. Rt (min)

Peak area

Changes in RIPTb p-valueRIPT RAPT

1 0.48 5413.78 � 644.21 819.11 � 162.87 5.4 � 10�13

2 0.91 743.89 � 402.95 1627.22 � 680.07 Y 4.0 � 10�3

4 1.21 540.11 � 223.95 5509.22 � 1136.93 Y 7.5 � 10�10

5 1.36 27 794.89 � 14 100.32 20 960.56 � 4531.10 1.9 � 10�1

7 1.77 1665.11 � 266.70 31 399.89 � 1296.43 Y 4.5 � 10�21

8 2.33 129.56 � 113.96 3462.00 � 777.84 Y 8.8 � 10�10

9 2.95 98.11 � 8.16 1196.22 � 127.16 Y 1.8 � 10�14

10 3.18 10 456.22 � 248.83 5320.44 � 1293.96 3.0 � 10�9

11 4.02 193.78 � 79.17 2829.00 � 259.68 Y 2.7 � 10�15

12 4.28 600.33 � 155.54 171.89 � 45.19 [ 6.2 � 10�7

15 5.8 88.44 � 2.96 1756.33 � 492.03 Y 2.2 � 10�8

16 6.1 299.33 � 65.45 5488.33 � 560.78 Y 6.5 � 10�15

18 6.48 128.67 � 41.45 1274.00 � 200.88 Y 1.4 � 10�11

20 6.88 149 441.78 � 3758.53 98 945.78 � 8242.66 1.5 � 10�11

22 7.22 191.89 � 18.11 2735.89 � 203.26 Y 5.3 � 10�17

28 9.04 486.44 � 103.20 1557.89 � 96.01 Y 1.3 � 10�13

31 9.49 214.78 � 111.37 9497.00 � 1907.87 Y 1.2 � 10�10

32 9.86 68.11 � 50.40 39 900.56 � 9011.16 Y 4.8 � 10�10

48 14.28 277.67 � 42.04 186.44 � 53.65 1.0 � 10�3

49 14.56 188.89 � 100.50 49 858.67 � 7605.17 Y 1.3 � 10�12

51 15.13 3704.67 � 817.51 2069.56 � 156.84 2.3 � 10�5

52 15.36 281.78 � 56.62 351.33 � 58.48 Y 2.1 � 10�2

56 16.04 387.00 � 175.11 1230.89 � 127.26 Y 3.0 � 10�9

58 17.05 173.78 � 77.95 248.78 � 58.63 Y 3.5 � 10�2

63 18.28 395.44 � 217.17 1378.11 � 704.96 Y 1.0 � 10�3

64 18.49 375.56 � 171.71 761.44 � 353.08 Y 9.4 � 10�3

a All of the results were expressed as the mean � SD (n ¼ 3). p value was calculated by two-tailed t test. b Five key increased components were
emphasized with bold arrows.
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When compared to the relative abundances of the NM group
at the genus level, 26 genera in the DM group were signicantly
increased, and 29 genera in the DM group were signicantly
decreased (Table S1†). Among 26 increased genera, 11 genera
were signicantly decreased by RIPT, and 7 genera were
signicantly decreased by metformin. Among 29 decreased
genera, 4 genera were signicant increased by RIPT, and the
same 4 genera were also signicantly increased by metformin.
Some known benecial genera, such as lactobacillus, Pre-
votellaceae NK3B31 group, Alloprevotella and Prevotella_1, were
enriched by RIPT (Table 3).
5 Discussions

In recent years, the anti-diabetic effect of pu-erh tea were widely
reported and recognized. Du et al. reported that the pu-erh tea
extract had benecial effects on glucose homeostasis and
insulin resistance improvement.4 In this study, the extract of
RIPT and RAPT showed alleviation effect of hyperglycemia and
hyperlipidemia with more potent activity in RIPT extract.
Therefore, the differences on components of two pu-erh teas
and modulation effect of RIPT on gut microbiota, which might
2974 | RSC Adv., 2019, 9, 2967–2977
cause the more effective hypoglycemic result aer RIPT treat-
ment, were further investigated.

Compared RIPT with RAPT, the key difference is the manu-
facture process, specially the microbial pile-fermentation. Many
microbes, including Aspergillus spp., Penicllium, Rhizopus,
Saccharomyces, and Bacterium, play a key role in the post-
fermentation process of RIPT manufacture, while RAPT is pro-
cessed with natural aging only. As various effects of different
microbes, some components could be dramatically changed
during the fermentation process. In RAPT, the main components
are catechins, tea polyphenols, soluble sugar.5 On the contrary,
the contents of caffeine, gallic acid was increased aer fermen-
tation.19 Researches have shown that the gallated catechins
would have a gradually decomposing process to produce cate-
chins and gallic acid during pile-fermentation, therefore, the
content of gallic acid was increased. However, catechins would
further reacted during fermentation.20 In our study, these
changes are consistent with published researches. 19 Compo-
nents were detected in RIPT only, including puerin I-VIII, 8-
carboxyl-(+)-catechin or its isomers, etc. in this work. As reported
by Wang et al., puerin I-VIII came from catechins and theanine
through fungal fermentation, and could be quality control
markers and authentication for RIPT.21 The puerin II, III, and IV
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Overall structural changes of the gut microbiota in response to 6 week administration with RIPT. (A) The cluster for every sample with
Bray–Curtis distance. (B) Weighted version of UniFrac-based PCoA plot with PC1 and PC2 at the OTU level. (C) Unweighted version of UniFrac-
based PCoA plot with PC1 and PC1 at the OTU level. (D) The relative abundance of phylotypes at the phylum level in different samples.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 2967–2977 | 2975
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Table 3 Relative abundance of beneficial genera in NM, DM, Met and IH groups after the 6 week administrationa

Genus

Relative abundance

NM DM Met IH

Lactobacillus 0.23 � 0.14a 0.75 � 0.26a 5.00 � 4.37a 19.22 � 13.17b

Prevotellaceae_NK3B31_group 1.78 � 0.49 ab 0.70 � 0.48a 5.10 � 2.51b 4.96 � 3.90b

Alloprevotella 5.21 � 3.31a 0.56 � 0.53a 3.36 � 5.38a 2.03 � 1.97a

Prevotella_1 0.85 � 0.66a 0.58 � 0.83a 4.36 � 6.14a 4.51 � 3.05a

a All of the results were expressed as the mean � SD (n ¼ 5). Values sharing a common letter (a and b) in each comparison did not show any
statistically signicant differences accessed by one-way ANOVA followed by Tukey's post hoc test (p < 0.05).
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were also recognized as markers with VIP value greater than 2.5
for pile-fermentation process in this study. In addition, puerin I
was reported to exhibit hypoglycemic and hypolipidemic effect
through inhibiting a-glycosidase and activating low-density
lipoprotein receptor.22 Therefore, puerins, especially the puerin
I, might contribute to the more potent anti-diabetic effect in
RIPT. When compared HPLC-PDA result of mutual components
detected in RIPT and RAPT, 6 components, including quinic acid,
gallic acid, theophylline or its isomers, caffeine, apigenin-6-C-a-L-
arabinopyranosyl-8-C-b-D-glucopyranoside, and ellagic acid, were
increased aer pile-fermentation. As published research, caffeine
could promote the expression of glucose transporter 4 to dispose
glucose and result in alleviating diabetes.23 In our study, caffeine
was signicantly increased aer pile-fermentation, which would
be related to the better hypoglycemic effect of RIPT. Arya et al.
reported that quinic acid down-regulated hyperglycemia, hyper-
lipidemia, and insulin resistance on diabetic rats induced by
STZ.24 Meanwhile, gallic acid was also report to attenuate insulin
resistance and enhances glucose uptake through activating
peroxisome proliferator-activated receptor g and glucose trans-
porter 4, respectively. The increase of gallic acid content in the
RIPT in our study would also be relevant to the better hypogly-
cemic effect. Therefore, these components increased aer
fermentation might also contribute to the enhanced activities of
RIPT. Besides, the increase of insoluble polyphenols and poly-
saccharides in RIPT was also reported in previous study.5 They
might affect the gut microbiota, and then alleviate diabetes.

To date, the increasing evidences showed that polyphenols and
polysaccharides played a probiotic role to modulate gut micro-
biota, and then ameliorate metabolic syndrome.25,26 The relation-
ships among tea components, diabetes and gut microbiota
attracted our attention. Because of the best hypoglycemic activity
of RIPT, the feces of rats from the IH group were collected together
with those from the NM, DM, and Met groups, and their modu-
lating effects on gutmicrobiota were investigated. According to the
Bray–Curtis distance and PCoA plots, the overall structure of gut
microbiota from the IH group wasmuchmore similar to that from
the Met group, indicating that the gut microbiota in these two
groups might have the similar contribution to anti-diabetic effect.
As Wu et al. reported, the metformin-altered gut microbiota had
benets to the anti-diabetic effect.27 When looking into the
changes at the phylum level, the increased B/F ratio, which was
observed in our study, was reported to exhibit positive effects on
attenuating insulin-resistance, diabetes, and obesity.28,29 Besides,
2976 | RSC Adv., 2019, 9, 2967–2977
the phylum Actinobacteria, which was enriched in the DM group
and reversed in the IH group in our study, was reported as
a pathogen bacteria which had a higher abundance in the women
with gestational diabetes mellitus.30 When investigating the
changes at the genus level, the probiotic role of RIPT to some
health-promoting genera, including lactobacillus, Prevotellaceae
NK3B31 group, Alloprevotella and Prevotella_1, were observed in our
study. These increased genera were also reported as probiotics
which could ameliorate diabetes through increasing insulin
release in glucose tolerant individuals,31 producing benecial short
chain fatty acids32 or promoting glucose metabolism.33 These
benecial effects from gut microbiota potentially related to the
increased probiotic components from RIPT, and then enhenced
the anti-diabetic effect compared with that of RAPT.

6 Conclusion

This comparative study between RIPT and RAPT exhibited that
RIPT extract had more potent anti-diabetic effect than RAPT
extract. The differences in chemical proles were also found by
UHPLC-Q-TOF/MS analysis, and might contribute to the activity
difference. Among them, 17 newly formed components and the
increased components aer fermentation, such as quinic acid,
gallic acid, caffeine, puerin I and so on, might be the main
contributors to the enhanced activities. In addition, the gut
microbiota potentially contributed to the enhancement of
hypoglycemic activity in RIPT through its probiotic role to some
health-promoting genera, including Lactobacillus, Prevotellaceae
NK3B31 group, Alloprevotella, etc. These results indicated that
RIPT could be a functional beverage for alleviating diabetes.
The mechanisms involved key components and gut microbiota
modulation are needed to be further studied.
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 Photo-diode array

SCFA
 Short chain fatty acid

STZ
 Streptozocin

TC
 Total cholesterol

TG
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