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Abstract

Scope: We investigated and compared the effects of green tea polyphenols – Polyphenon E (PPE) 

and black tea polyphenols – theaflavins (TFs) on gut microbiota and development of diabetes in 

db/db mice.

Methods and results: Supplementation of PPE (0.1%) in the diet to female db/db mice for 7 

weeks decreased fasting blood glucose levels and mesenteric fat, while increasing the serum level 

of insulin, possibly through protection against β-cell damage. However, TFs were less or not 

effective. Microbiome analysis through 16S rRNA gene sequencing showed that PPE and TFs 

treatments significantly altered the bacterial community structure in the cecum and colon, but not 

in the ileum. The key bacterial phylotypes responding to the treatments were then clustered into 11 

co-abundance groups (CAGs). CAGs 6 and 7, significantly increased by PPE but not by TFs, were 

negatively associated with blood glucose levels. The OTUs in these CAGs were from two different 
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phyla, Firmicutes and Bacteroidetes. CAG 10, decreased by PPE and TFs, was positively 

associated with blood glucose levels.

Conclusion: Gut microbiota respond to tea polyphenol treatments as CAGs, instead of taxa. 

Some of the CAGs associated with the blood glucose lowering effect were enriched by PPE, but 

not TFs.

Graphical Abstract

Dietary supplementation of green tea Polyphenon E (PPE) to db/db mice for seven weeks 

decreased fasting blood glucose levels. It also altered gut microbiota in co-abundance groups 

(CAGs). CAGs 6 and 7 (increased by PPE) were negatively correlated with blood glucose levels; 

while CAG10 (decreased by PPE) was positively correlated with blood glucose levels. Black tea 

theaflavins (TFs) also decreased CAG10, but had little effects on CAGs 6 and 7 as well as on 

blood glucose levels.
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1. Introduction

Green tea extracts and tea polyphenol preparations have shown activities in mitigation or 

prevention of obesity, diabetes and related diseases [1, 2]. The polyphenols in green tea are 

known as catechins, which include the most abundant (−)-epigallocatechin-3-gallate 

(EGCG), as well as other epicatechins (Fig. 1a). Using a high-fat diet (HFD) induced obesity 

model, we found that supplementation with EGCG significantly reduced body weight gain, 

visceral fat weights and fasting blood glucose level [3]. In db/db mice, a diabetes model, 

dietary EGCG was found to prevent the progression of glucose intolerance [4, 5]. Many 

epidemiological studies and short-term randomized controlled trials (RCT) also showed an 

association between tea or catechin consumption and lower incidence of metabolic 

syndrome and diabetes, even though the results are not conclusive [1, 6, 7]. In most studies, 

the beneficial effects were observed in individuals consuming 3–4 cups of tea (or 600–900 

mg of tea catechins) or more daily. Green tea was usually more effective than black tea [1, 

2]. The possible mechanisms of action include reduction of fat absorption [1, 3] and 
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promotion of catabolism by EGCG through metabolic regulators, such as AMP-activated 

protein kinase (AMPK) [1, 8]. However, the exact mechanisms remain elusive.

Many publications reported that dietary tea polyphenols, at different doses, attenuated body 

weight gain and decreased the ratio of Firmicutes to Bacteroidetes in mice fed a HFD [9–

13]. It is unclear, however, whether the results were due to the prevention of HFD-induced 

changes in microbiota by tea polyphenol treatment, and the role of intestinal microbiota in 

mediating the beneficial effects of tea, remain unclear. There are few studies [10] dealing 

with the effects of black tea polyphenols on gut microbes.

In the present work, we investigated and compared the effects of polyphenols from green 

and black tea on the development of diabetes and on gut microbiome in db/db mice, which 

develop diabetes and obesity without using a high-fat diet. A standardized and well-studied 

[14, 15] green tea polyphenol preparation, Polyphenon E (PPE), was used at 0.1% in the 

diet. This level approximates human consumption of two cups of tea a day. As a comparison, 

a preparation of black tea theaflavins (TFs) (Fig. 1b), was also used at 0.1% in the diet in 

this study for seven weeks. Parameters related to diabetes were monitored. Gut microbiota 

were analyzed using 16S rRNA gene sequencing and the bacteria were characterized as 

species-level operational taxonomic units (OTUs, at 97% homology cutoff), and grouped in 

co-abundance groups (CAGs). Some CAGs were found to respond to tea polyphenol 

treatments and also correlated with the fasting glucose levels of mice.

2. Materials and methods

2.1. Chemicals and animal diet

PPE was a gift from Dr. Yukihiko Hara (Mitsui Norin Co., Shuzuoka, Japan). It contained 

65.6% EGCG and other catechins, with a total catechin content of 91%. The sample of TFs 

was a gift from Dr. Yushun Gong of Hunan Agricultural University (Changsha, Hunan, 

China), prepared by treating a tea polyphenol solution with crushed tea leaves (to provide 

phenol oxidase as a catalyst). The theaflavins formed were purified with a column of 

nanoporous resin. The final product contained 73.7% tea polyphenols by weight. Analysis 

with HPLC in our laboratory showed that it contained 31.0% theaflavins, with theaflavin 

(TF), TF-3-gallate, TF-3`-gallate and TF-3,3`-digallate presented at ratios of 1 : 1.8 : 0.44 : 

1.89, the remnants are uncharacterized polyphenols. The control diet (AIN93M) and diet 

supplemented at 1mg/g with PPE or TFs, respectively) were prepared by Research Diets Inc. 

(New Brunswick, NJ).

2.2. Animals, treatments and monitoring

All animal experiments were carried out in the animal facility in the Department of 

Chemical Biology under protocol 02–027 of Rutgers University. Female BKS (Cg-Dock7m 

+/+ Leprdb/J) db/db mice, obtained from Jackson Laboratory (Bar Harbor, ME) at 5 weeks 

of age, were acclimated on AIN93M diet for ten days. The mice then were randomized into 

three treatment groups (12 mice per group): Group 1 – control diet, Group 2 – PPE diet and 

Group 3 – TFs diet. Mice were maintained in plastic cages with corn cob bedding, four mice 

per cage, in a controlled room (temperature 24 to 25 °C, humidity 70–75%, and lighting 
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regimen of 12-hour light-dark cycles). The location of the 9 animal cages in the rack was 

rotated on a weekly basis so that the environment of the animals would not be affected by a 

fixed location. Body weight, liquid consumption and food consumption were monitored 

three times a week.

Fasting blood glucose levels were measured at 1, 3 and 6 weeks after initiating the 

experimental diet using test strips on an Ascensia Contour Blood glucose meter (Bayer 

Healthcare LLC, Mishawaka, IN). On the day of the measurement, cage bedding was 

changed and the mice were fasted for 8 h (7:30AM to 3:30PM). After blood glucose 

measurement, a fasting blood sample (~100 µl) was collected from the tail vein. Serum was 

prepared, divided into small aliquots and stored frozen at −80°C. Serum insulin levels were 

measured using a Rat/Mouse Insulin ELISA kit (Millipore Corporation, Billerica, MA).

The mice were euthanized on week 7 by CO2 asphyxiation; blood was collected by cardiac 

puncture, serum was prepared and stored at −80°C. The liver, pancreas, intestine, adipose 

tissues, and spleen were collected; samples were stored frozen at −80°C or fixed in formalin 

for analysis.

2.3. Immunohistochemistry (IHC)

Sections of pancreas were deparaffinized, rehydrated and heated in a microwave oven in an 

antigen unmasking solution (Vector Laboratories, Burlingame, CA) for antigen retrieval. 

Endogenous peroxidase was quenched with 3% H2O2. The sections were incubated in PBS 

containing 5% normal serum to block nonspecific binding and incubated with antibodies 

against insulin (7.5 mg/ml, Cell Signaling, Danvers, MA) overnight at 4°C. The slides were 

incubated in biotin-conjugated secondary antibody (IgG, 1:200 dilution) and avidin-biotin 

peroxidase (Vector Laboratories) at room temperature for 1 h each. Negative controls were 

run in parallel without primary antibody in the incubation. The results of the IHC staining 

were analyzed with an Aperio ScanScope Scanner (Aperio Technologies, Vista, CA) and 

calculated using Images Scope software (Aperio Technologies, Inc.).

2.4. Sample collection and analysis of intestinal microbiome

For microbiota analysis, the contents of the ileum (4 cm in length, 3–4 cm from the ileocecal 

junction), cecum and middle colon (2 cm in length) were extruded into sterile, DNase/

RNase-free tubes and flashed frozen in liquid nitrogen. The intestinal mucosa from each 

segment were rinsed, scraped into a tube and frozen in liquid nitrogen. Thus, six samples 

(ileal mucosa, ileal content, cecal mucosa, cecal content, colonic mucosa and colonic 

content) from each mouse were collected. They were stored at −80°C and shipped on dry ice 

to the Alkek Center for Metagenomics and Microbiome Research (Houston, TX) for DNA 

extractions and sequencing. DNA was extracted using the PowerSoil DNA Isolation Kit 

(MO BIO Laboratories). The 16S rRNA gene V4 region (515F-806R) was amplified by PCR 

and sequenced in the MiSeq platform (Illumina) using the 2 × 250 bp paired-end protocol 

[16].

The raw sequence was subject to USEARCH v10.0.240 [17] for quality assurance and OTU 

picking. In brief, the raw sequence was first demultiplexed. The demultiplexed reads then 

were merged into paired reads and the primer was stripped. For quality filtering, merged 

Chen et al. Page 4

Mol Nutr Food Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reads with expected error threshold larger than 1.0 or read length shorter than 160 was 

discarded. The quality filtered reads were dereplicated into unique sequences. Based on the 

abundances of the unique sequences, singletons were discarded. Then the sequences were 

subject to OTU clustering at 97% similarity. A Chimera filter was built in this OTU 

clustering implementation; therefore, no additional chimera filtering was needed. An OTU 

table was constructed by mapping all merged sequences to the OTUs picked by UPARSE. 

The OTU table were subject to QIIME 1.9.1 [18] for the following analyses: alpha diversity, 

including number of observed OTUs and Shannon diversity, jackknifed beta diversity at 

8600 sequencing depth based on UniFrac distance. Mean value of the jackknifed UniFrac 

coordinates were plotted. One sample with less than 8600 reads was discarded. The 

phylogenetic information of the OTUs was obtained using the RDP classifier 11.5 with 

reference sequencing from 16S rRNA training set 16 of Ribosomal Database Project [19] 

using a bootstrap cutoff of 50%. The OTU table was then rarefied at the sequencing depth of 

8600 for the following analyses.

2.5. Statistical Analysis

For metabolism data, one-way analysis of variance (ANOVA) followed by Tukey multiple 

range analysis was used to assess the differences among treatment groups. A significance 

level of p < 0.05 was set for all tests. Methods for statistical analysis of microbiome are 

shown in the next section. All statistical analyses were performed using software R 3.3.2.

The differences among treatment groups for α-diversity was assessed by Kruskal-Wallis 

multiple comparison followed by Wilcoxon pairwise comparison for significantly different 

groups. PERMANOVA test was used for β-diversity to determine microbial composition and 

structure differences between groups, followed by pairwise PERMANOVA. PERMANOVA 

test was conducted on the UniFrac distance to determine β-diversity and the difference of 

microbial composition and structure among groups. This was followed by pairwise 

PERMANOVA. The p-value was adjusted by False-Discovery Rate (FDR, threshold 0.05) 

for pairwise comparisons to avoid Type 1 errors. For samples from each location, Random 

Forest model [20] was applied to identify the OTUs that are different among the control, 

PPE and TFs groups. The important OTUs were selected by Boruta feature selection using 

Boruta Package in R [21]. Boruta is an algorithm wrap around the random forest algorithm, 

which captures all the important, interesting features in response to an outcome variable. 

The relative abundance of the selected OTUs were shown in heatmap. Each column 

represents one sample of each sampling site. The columns were arranged by Ward cluster 

[22] of the Euclidean distance among those samples. Each row of the heatmap corresponds 

to one OTU. The selected important OTUs were assigned to co-abundance groups (CAGs) 

based on Ward cluster on SparCC distances. Simply, the OTU table with the selected OTUs 

in the four sampling sites were subject to SparCC correlation analysis [23]. The SparCC 

distance was calculated by 1- SparCC correlation, and then used for Ward cluster analysis. A 

tree was built based on Ward clustering results. PERMANOVA test was conducted along the 

tree from top to bottom. The nodes with no significant difference (PERMANOVA, p>0.01) 

are considered as one CAG. The cutoff for PERMANOVA p-value was chosen based on 

previous publication and the obtained number of CAGs[24]. The relative abundance of each 

CAG was calculated as the sum of the OTUs belonging to that CAG. One-way ANOVA and 
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Tukey multiple comparison was used to analyze the relative abundance of CAGs among 

treatment. The OTUs in each CAG were increased or decreased together corresponding to 

treatments. Therefore, spearman correlation with FDR adjustment for multiple comparison 

between the relative abundance of the CAGs and the fasting blood glucose levels and serum 

insulin levels was analyzed.

3. Results

3.1. Body weight gain, food consumption and water consumption

From daily observations, all the animals were in good health (Fig. 1c). The treatments did 

not significantly affect the body weight and food consumption (Fig. 1c, d). The water 

consumption of the db/db mice (approximately 10 mL/day) was very high and was 

significantly decreased in the PPE group and modestly in the TFs group (in weeks 1 to 3) 

(Fig. 1e).

3.2. Effects on weights of organs and fat pads and levels of blood glucose and insulin

After sacrifice, the weights of the liver, spleen, pancreas and fat pads were measured and 

expressed as percentages of body weight (Table 1). Liver and spleen weights were not 

significantly altered by treatments with PPE and TFs. However, pancreas weights were 

significantly increased (22%) by TFs. PPE treatment significantly decreased the weights of 

the mesenteric fat pads (by 19%), but did not affect the weights of retroperitoneal fat pads or 

the total fat. On the other hand, TFs treatment had no effect on the weights of all types of fat 

pads measured.

The fasting blood glucose levels were increased due to the deficiency in leptin receptor in 

the db/db mice model. The mice treated with PPE had significantly lower fasting blood 

glucose levels compared to the corresponding control groups on weeks 1, 3 and 6. TFs also 

appeared to lower blood glucose levels on weeks 3 and 6, but the difference was not 

statistically significant (Fig. 2a). Because of the progressive damage to the pancreatic β-cells 

with age in db/db mice, blood insulin levels decreased during the experimental period (Fig. 

2b). Treatment with PPE significantly prevented the decrease of serum insulin levels on 

weeks 3 and 6. TFs, however, prevented the decrease in insulin levels on weeks 1 and 3, but 

not on week 6 (Fig. 2b).

3.3. Effect on pancreatic pathology and β-cells

The above results suggest that PPE and TFs protected pancreatic β-cells from cellular 

damage during the development of diabetes in db/db mice. Histopathological examination of 

the pancreas of db/db mice on week 7 showed areas of confluent acute, chronic or septal 

inflammation and tissue or fat necrosis, and some islets showed focal hyperplasia and 

mitotic or apoptotic cells; PPE and TFs treatments did not produce significant changes 

(results not shown). For insulin IHC, pancreatic tissue slides from db/db mice at week 7 

were analyzed together with an untreated female wild-type mouse from a previous 

experiment (Fig. 2). Islets of the normal wild-type mouse were round to ovoid masses of 

cells, demonstrating a regular interface with the surrounding exocrine cells, and β-cells were 

uniformly and densely stained by the anti-insulin antibody (Fig. 2c). Comparatively, islets of 
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db/db mice (control group) were reduced in size and staining intensity; some heavily labeled 

cells occurred in clusters within the islet, with adjacent β-cells displaying very sparse 

labeling (Fig. 2d). In the PPE group, the decrease in islet overall size and staining intensity 

was less extensive than that of the control group; β-cells showed considerable variation of 

insulin labeling, with some cells intensely stained while others displayed a faint granular 

pattern, reflecting a reduction of stored insulin granules (Fig. 2e). In the TFs group, the 

number and size of stained islets were markedly reduced (Fig. 2f), displaying a striking 

reduction in the number of stained β-cells randomly distributed within the islet, similar to 

the db/db control group. Analysis of insulin staining intensity with a ScanScope (Fig. 2g) 

and followed by Tukey multiple comparison test showed that the pancreatic β-cells of db/db 
mice severely impaired its insulin secretion ability. PPE treatment significantly prevented 

this impairment, but TFs did not.

3.4 Effects of treatments with PPE and TFs on the intestinal microbiome

Because the gut microbiota change extensively during the development of diabetes in db/db 
mice [25], this study was not designed as a self-controlled study; rather we compared the 

microbiome among the control, PPE and TFs groups after 7 weeks of dietary treatment. 

Fresh samples were collected at six intestinal sites from each mouse for microbiome 

analysis.

Structural changes of the microbiota in different parts of the intestine.—The 

global structures of gut microbiome were characterized among the samples collected at the 

six sampling sites. The number of observed OTUs (α-diversity), reflecting the richness of 

the bacterial community (Fig. 3a), was significantly increased by PPE only in cecal mucosa 

(p < 0.05). Shannon index, which indicates abundance and evenness of the bacterial 

community, however, was significantly increased by PPE only in the colonic mucosa 

(p<0.05) (Fig.3b). On the other hand, TFs treatment decreased α-diversity in colonic content 

in both α-diversity metrics shown in Fig. 3. β-Diversity was evaluated by the principal 

coordinate plot on weighted UniFrac distance. The microbiome in the six sampling sites 

significantly differed from one another (Supplementary Fig. S1). Permutational multivariate 

analysis of variance (PERMANOVA) [26] of the UniFrac distances [27] showed no 

significant difference among treatment groups in ileal mucosa and ileal content (Fig. 3c). 

Lactobacillus was the dominant genus in ileal content (Fig. S2). In the other four sampling 

sites, PERMANOVA indicated significant differences among treatment groups (Fig 3c). 

Pairwise PERMANOVA test showed significant differences among treatment groups (PPE 

vs. control groups, TFs vs control groups, or PPE vs. TFs groups) in three sampling sites: 

cecal mucosa, colonic mucosa and colonic content (p<0.05). In cecal content, PPE 

significantly changed the microbiota composition (p<0.05), but TFs did not (p=0.063). 

Because treatment with PPE and TFs did not significantly affect the microbial compositions 

of the ileal mucosa and content, these samples were not included in further microbiome 

analyses.

OTUs responsible for the differences among treatment groups.—The overall 

microbiome composition from cecal mucosa, cecal content, colonic mucosa and colonic 

content were significantly different from each other and Random Forest classification 
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models were successfully established [20]. The OTUs responsible for the compositional 

differences of each treatment group were selected based on the Random Forest models at 

each sampling site. The relative abundance of the selected OTUs from each sampling site is 

shown in a heatmap (Fig. S3). There were 32, 30, 30 and 23 OTUs identified that explain the 

microbial differences among treatment groups in samples of cecal mucosa, colonic content, 

colonic mucosa and cecal content, respectively. In total 61 unique OTUs were selected by 

Random Forest algorithm as responsible for the microbial difference among treatment 

groups. The relative abundance of the 61 OTUs in each treatment group and their taxonomic 

information are shown in Table S1. As these OTUs were picked due to changes induced by 

different polyphenol treatments, we hereafter refer them as responding key OTUs. The 

relative abundance of the OTUs in cecal content were further analyzed in Fig. S4. The 

results show that, for example, OTU5 Barnesiella was significantly decreased by both PPE 

and TFs, and OTU12 Desulfovibrio was decreased by TFs (Fig. S4).

To study the correlation among the OTUs, SparCC analysis [23] was used to calculate the 

relationship among the responding OTUs. The OTUs that co-occurred were assigned to 11 

CAGs. Fig. 4a depicts the interaction among the OTUs and their CAGs. Positive correlations 

were indicated in red, and negative correlations were shown in grey. CAGs 1, 2, 5 and 6 

were negatively correlated with CAGs 9, 10, 11, 3 and 4. Among those, the negative 

correlation between CAG6 and CAG10 indicated a strong mutual exclusive relationship. The 

relative abundance of these 61 responding OTUs in the four sampling sites is shown in Fig. 

4b. All samples were primarily clustered by treatment groups. The results indicate that the 

changes of key OTUs, caused by PPE and TFs, were similar throughout the intestinal tract, 

although the microbiota compositions at different sampling sites were significantly different 

from one another. Those assignments with less than 50% confidence were designated as 

unassigned and the higher taxonomy rank was used to identify the OTUs. In the heatmap, 

the relative abundance of those OTUs in cecum and colon were clustered by treatment 

(cluster on columns). The average abundance of the CAGs in the four sampling sites are 

shown in Fig. 4c.

Despite the differences in overall microbiome structure in different sampling sites, OTUs 

were influenced similarly by treatments. Fig. S5 shows the correlation network of the OTUs 

identified to be the key responding OTUs in each sampling sites. Each circle represents one 

OTU. The OTUs are colored based on the previously obtained CAG assignments. Although 

different OTUs existed at different sampling sites, the OTUs belonging to CAG6 were 

negative correlated with OTUs in CAG10 in all four sampling sites (connected by black 

lines).

3.5 Association between CAGs and levels of blood glucose and insulin

Because non-fasting mice were used for sacrifice at week 7, the fasting blood glucose and 

insulin levels of week 6 were used to study their association with the microbiome data. 

Spearman’s rank correlation between the relative abundance of CAGs in the four sampling 

sites and the fasting blood glucose level at week 6 in each mouse indicated that CAGs 6 and 

7 were negatively correlated, while CAG10 was positively correlated, with the fasting blood 

glucose level (Fig. 5a). Inversely, CAGs 6 and 7 were positively correlated, while CAG10 
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was negatively correlated, with the fasting serum insulin level (Fig. 5a). In addition, CAGs 2 

and 5 were positively correlated, while CAGs 3, 4 and 10 were negatively correlated with 

the insulin level. Since, the correlation between blood glucose and CAGs 6, 7 and 10 with 

PPE treatment were most significant (p < 0.01), the effect of PPE on the identified taxa were 

compared (Table S2). CAGs 6 and 7 were presented in low abundance (less than 1%) in 

control group, and significantly increased by PPE, but not or slightly increased by TFs. 

CAG10 were decreased by both PPE and TFs (Fig 5b). The taxonomic information of OTUs 

in CAGs 6, 7 and 10 are listed in Table S2 and the relative abundance of those OTUs in each 

treatment groups were listed in Fig S6.

4. Discussion

In this study, we demonstrated that oral administration of a standardized green tea 

polyphenol preparation PPE (0.1% in the diet) to db/db mice significantly decreased fasting 

blood glucose levels. It also increased blood insulin levels and reduced the damage to 

pancreatic β-cells. These results suggest that PPE protected pancreatic β-cells from cellular 

damage during the progression of the diabetic state in db/db mice, possibly through its 

antioxidant activity [4]. PPE also reduced water consumption of db/db mice, an effect which 

has been reported with antidiabetic agents, such as rosiglitazone [28]. However, TFs was 

less or not effective.

The intestinal microbiota has been associated with the development of type 2 diabetes [29], 

and altering the microbiota structure has been shown to alleviate this disease [30]. Our 

results showed that OTUs from the same taxa could respond differently to the treatment by 

tea polyphenols and OTUs from different taxa could respond similarly in CAGs to the 

treatment (Supplementary Table 1). Such a response pattern has also been reported in studies 

with other agents, for example, fiber [30]. The CAG approach is an effective method to 

reduce the dimension of the dataset, especially for functional studies. We found that both 

PPE and TFs changed the gut microbiota but in different ways, commensurate with their 

health effects. OTUs in CAGs 6 and 7, which were increased by PPE but not by TFs, were 

negatively associated with fasting blood glucose levels, suggesting their glucose lowering 

effects. The most abundant member of these CAGs – OTU10 – belongs to the genus of 

Odoribacter, whose lowered abundance has been observed in Crohn’s disease [31]. Two 

OTUs belong to the Lachnospiraceae family, which are common butyrate producing 

commensal group in gut microbiota [32, 33], and their restoration has been associated with 

the remission of recurrent Clostridium difficile infection [34]. Despite these known 

beneficial effects, the contributions of these bacteria to the blood glucose lowering effect are 

still unclear. OTUs in CAG 10, which were decreased by PPE and TFs and positively 

associated with the blood glucose levels, are likely potential contributing factors to the 

development of diabetes in db/db mice. The most abundant OTU in CAG10 was in 

Barnesiella, which was decreased significantly by PPE and TFs. Barnesiella has been 

reported to be enriched in db/db mice compared to the wild-type counterpart [25], and its 

decrease may provide beneficial effects in regulating glucose metabolism. The microbiota 

altered by PPE may change the subsequent short chain fatty acid production. Upon binding 

to their receptor – free fatty acid receptors 2 and 3 (FFA2 and FFA3), these fatty acids have 

been suggested to increase insulin secretion and beta-cell survival and proliferation.[35].

Chen et al. Page 9

Mol Nutr Food Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The shift of microbiome by tea polyphenols may be caused by their selective anti-microbial 

activities[25, 36]. The bacteria that can degrade and utilize, or are resistant to, tea 

polyphenols could flourish and contribute to the overall microbiome shift. Some previous 

studies showed decreased Firmicutes to Bacteroidetes ratio by green tea polyphenols [9–13]. 

In our study, PPE significantly increased the ratio in the intestine, except in cecal mucosa 

and colonic content (Fig. S7). Nevertheless, presenting results on taxa may not be that useful 

in functional studies, because different bacterial species in the same phylum may have 

different functions. Bacteria from different phyla can cooperate through reciprocal feedback 

or cross feeding, and respond similarly to the experimental conditions in CAGs [37]. For the 

first time, our study identified CAGs of bacteria that were associated with the improved 

regulation of glucose metabolism in PPE treated db/db mice. Most of the OTUs in these 

CAGs can only be identified to the family level, indicating that they are novel and not well 

characterized before. OTUs in the same CAG can be identified to different phyla. For 

example, OTU10 Odoribacter in the phylum of Bacteroidetes and OTU186, an unidentified 

Lachnospiraceae in the phylum of Firmicutes, were both increased by PPE and were 

assigned to the same CAG. The present study forms the basis for a functional guild approach 

in studying the role of gut microbiome in mediating health effects by tea and other dietary 

factors.

In summary, green tea PPE is shown to have beneficial effects in lowering fasting blood 

glucose level in db/db mice. Such an effect is positively correlated with increased abundance 

of bacteria in CAGs 6 and 7, while negatively correlated with guild CAG10, in the cecum 

and colon. On the other hand, the black tea TFs only decreased the abundance of CAG10 

and did not significantly decrease blood glucose levels. The presently observed correlations 

suggest that altering specific functional groups of the gut microbiota could significantly 

contribute to the beneficial effects of green tea polyphenols, in addition to other mechanisms 

as discussed above [1, 4]. Further research, including studying microbiome as functional 

guilds and their further characterizations, is needed to further understand the extent and 

entailed mechanisms of the contribution of gut microbiome in mediating the health effects of 

tea polyphenols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of PPE and TFs treatment on mouse body weights, food and water consumption. 

Structures of green tea polyphenols (a) and theaflavins (b); effects of PPE and TFs treatment 

on mouse body weights (c), food consumption (d) and water consumption (e). For green tea 

polyphenols – Epigallocatechin 3-gallate (EGCG): R1=galloyl, R2= OH; Epigallocatechin 

(EGC): R1 = H, R2 = OH; Epicatechin 3-gallate: R1 = galloyl, R2 = H; and Epicatechin: 

R1= R2= H. For theaflavins – Theaflavin (TF): R1 = R2 = H; TF-3-gallate: R1 = galloyl, R2 

= H; TF-3‘-gallate: R1 = H, R2 = galloyl and TF-3,3‘digallate: R1 = R2 = galloyl. Body 

weight (n=12 mice) and food or water consumption (n=3 cages) were measured 3 times per 

week. For clarity, only the weekly data are shown as mean ± S.E. a,b indicate difference 

among groups by ANOVA (p < 0.05).
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Figure 2. 
Effects of PPE and TFs treatments on blood glucose (a), insulin levels (b), insulin staining 

and insulin score of pancreas samples (c-g). The data for glucose and insulin levels are 

shown as mean ± S.E. (n=12). Panel C was from a female wild-type mouse at 7 weeks of 

age and fasted overnight before sacrifice; the size of the pancreas islet was smaller than the 

db/db mice at age 13 weeks (without fasting), shown in panels d-f. a,b,c indicate difference 

among groups by ANOVA (p < 0.05).
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Figure 3. 
α-Diversity and β-diversity of microbiota composition at each sampling site. The number of 

observed species in each sample (a), Shannon index (b), and weighted UniFrac PCoA (c) are 

shown. α-Diversities were compared using Wilcoxon test (* p < 0.05, ** p < 0.01, *** p < 

0.001). β-Diversities were compared using PERMANOVA among three groups first. If p-

value < 0.05, then β-diversities between treatment groups were analyzed by pairwise 

PERMANOVA, and p-value was listed in each panel.
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Figure 4. 
Co-abundance groups of OTUs that were significantly altered by PPE and/or TFs treatment. 

Microbial interaction network showed SparCC correlation among the OTUs (a). Each node 

represents a bacterial OTU and its size is proportional to the relative abundance. OTUs were 

grouped into different co-abundance groups (CAGs) by PERMANOVA on the SparCC 

distance tree (999 permutations, p < 0.01). Heatmap shows the relative abundance of the 61 

OTUs (b). Colors from black to red indicates the increase of the relative abundance. OTUs 

(rows) were clustered based on SparCC correlation distance. Samples (columns) were 

clustered based on Euclidean distance. Both rows and columns were grouped by Ward 

cluster algorithm. The average abundance of each CAGs among the four sampling sites was 

shown in boxplot (c). * p < 0.05, ** p < 0.01, *** p < 0.001
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Figure 5. 
CAGs correlated with glucose and insulin levels at different sampling sites. Spearman 

correlation of the relative abundance of each CAG from cecal mucosa, cecal content, colonic 

mucosa, and colonic content with fasting blood glucose levels and serum insulin levels at 

week 6 (a). The relative abundance of CAGs 6, 7 and 10 in each of the four sampling sites 

are shown (b). * p < 0.05, ** p < 0.01, *** p < 0.001.

Chen et al. Page 18

Mol Nutr Food Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 19

Table 1.

Weights of liver, spleen, pancreas, and fat pads (% body weight)

Control PPE TFs

Liver 6.92 ± 0.45 6.67 ± 0.96 7.14 ± 1.06

Spleen 0.24 ± 0.17 0.21 ± 0.08 0.23 ± 0.11

Pancreas 0.27 ± 0.05 
a

0.30 ± 0.11 
ab

0.33 ± 0.06 
b

Mesenteric fat 3.27 ± 0.40 
a

2.66 ± 0.38 
b

3.14 ± 0.49 
a

Peritoneal fat 7.14 ± 1.05 7.81 ± 0.34 7.68 ± 0.57

Retroperitoneal fat 2.73 ± 0.46 2.70 ± 0.61 2.91 ± 0.66

Total fat 13.13 ± 1.41 13.17 ± 0.85 13.73 ± 1.22

After sacrificing (at week 7) the mice, the weight of the organs and fat pads were weighted. The data are shown as mean ± SD (n=12).

a,b
indicate significant difference among group by ANOVA (p < 0.05).
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