
1

(page number not for citation purpose)

Food & Nutrition Research 2020. © 2020 Jin Wang et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to remix, transform, and build upon the material for any purpose,  
even commercially, provided the original work is properly cited and states its license.� Citation: Food & Nutrition Research 2020, 64: 3672 - http://dx.doi.org/10.29219/fnr.v64.3672

research
food & nutrition

ORIGINAL ARTICLE

Green tea leaf powder prevents dyslipidemia in high-fat  
diet-fed mice by modulating gut microbiota

Jin Wang1,#, Ping Li2,#, Shuang Liu1, Bowei Zhang1, Yaozhong Hu1, Hui Ma1  
and Shuo Wang1*
1Tianjin Key Laboratory of Food Science and Health, School of Medicine, Nankai University, Tianjin, China; 2State Key 
Laboratory of Food Nutrition and Safety, Tianjin University of Science and Technology, Tianjin, China

Abstract

Background: In the past, most researchers paid more attention to the biological activity of tea infusion and tea 
polyphenols; however, the prebiotic role of tea leaf powder is still unknown. Green tea leaf powder is rich in 
dietary fiber and is suggested to be beneficial for human health. Only limited studies have looked at the effects 
of tea leaf powder (which mainly contains tea dietary fiber) on gut microbiota and health.
Objective: The purpose of our study was to determine the effects of green tea leaf powder in preventing hyper-
lipidemia and to understand its potential lipid-lowering mechanism.
Design: Mice in three treatment groups were fed high-fat diets (HFDs) by administering either 0.5, 1.0, or 2.0 g/kg•d 
dietary fiber-enriched green tea leaf powder of low, medium, or high, respectively, for 12 weeks. Serum biochemical 
analyses and mRNA gene expression levels of related energy and lipid metabolism biomarkers from the liver were 
investigated. In addition, 16S rRNA cecal microbiota and fecal short chain fatty acids (SCFAs) were tested.
Results: Green tea leaf powder reduced body weight and total cholesterol of HFD-fed mice in a dose-dependent 
manner. Green tea leaf powder also increased satiety hormone secretion and reduced systemic inflammation of 
HFD-fed mice. Real-time polymerase chain reaction (PCR) analyses reconfirmed that green tea leaf powder pre-
vented dyslipidemia by enhancing hepatic mRNA expression levels of peroxisome proliferator-activated receptor 
alpha, cholesterol 7a-hydroxylase, and Adenosine triphosphate (ATP)-binding cassette transporter A1 and de-
creasing the expression of fatty acid synthase, sterol regulatory element-binding protein 1c, and liver X receptor. 
Green tea leaf powder promoted the growth of Blautia, Oscillibacter, Ruminiclostridium, Alloprevotella, and Bu-
tyrivibrio and inhibited the growth of Erysipelatoclostridium, Desulfovibrio, and Candidatus_Saccharimonas in the 
cecum of HFD-fed mice.
Conclusion: In summary, our results indicate that green tea leaf powder improves lipid metabolism of HFD-
fed mice in a dose-dependent manner. The potential mechanism involves a synergistic role in reprogramming 
gut microbiota, increasing satiety hormone secretion, and reducing systemic inflammation.
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Popular scientific summary
•	 Green tea leaf powder improves lipid metabolism of high-fat diet-fed mice in a dose-dependent 

manner.
•	 The potential mechanism involves a synergistic role in reprogramming gut microbiota, increasing 

satiety hormone secretion, and reducing systemic inflammation.

#These authors were regarded as co-first authors.

Consuming a high-fat diet (HFD) over a prolonged 
period seriously affects human health and leads 
to metabolic disorders and chronic diseases. 

In particular, excessive fat intake increases the risk of 

dyslipidemia, which is the primary reason for cardio-
vascular disease around the world. As an alternative to 
pharmacological medicine, dietary intervention such as 
prebiotics has been used to prevent or mitigate chronic 
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metabolic disease. Increasing evidence supports that con-
suming foods rich in dietary fiber can reduce the inci-
dence of metabolic disease (1). The recommended daily 
intakes of dietary fiber are 25 and 38 g for adult women 
and men, respectively (2). However, dietary fiber intake 
for most of the people across the world does not meet this 
recommendation.

Considerable research has shown that dietary fiber 
improves health. Its intake is known to increase satiety, 
affect energy intake, reduce weight, and control blood 
glucose and lipid metabolism (3). The interaction be-
tween dietary fiber and gut microbiota can have a major 
impact on host metabolism. Since dietary fiber cannot be 
digested by human enzymes, it directly reaches the large 
intestine. Dietary fiber can promote beneficial microbi-
ota growth and inhibit harmful microbiota development, 
which help maintain the balance of intestinal flora. The 
major products of microbial fermentation with dietary 
fiber are SCFAs, including acetate, propionate, and bu-
tyrate. SCFAs serve as an energy resource for colonocytes 
and can also activate G-protein-coupled-receptors, which 
contribute to the modulation of host energy metabolism 
(4). In addition, SCFAs are known as histone deacetylase 
inhibitors, which result in anti-inflammatory effects (4).

Tea is one of  the three most widely consumed bev-
erages in the world and has high nutritional value and 
health function. Tea contains several nutritional and 
functional ingredients, including polyphenols and di-
etary fiber. In the past, most researchers have paid more 
attention to the biological activity of  tea infusion and 
tea polyphenols; however, the prebiotic role of  tea leaf 
powder, which is rich in dietary fiber, is still unknown. 
The traditional way of  drinking tea results in almost all 
the dietary fiber being discarded as waste residue. Few 
studies have paid attention to the effects of  tea leaf 
powder, which mainly includes tea dietary fiber, on gut 
microbiota and health. A previous article showed that 
tea dietary fiber could improve serum and hepatic lipid 
metabolism; however, whether the lipid-lowering effects 
were due to the modulation of  gut microbiota, was not 
studied (5). Another article has also shown that green 
tea leaf  powder significantly reduced the body fat con-
tent, hepatic triacylglycerol, and cholesterol accumula-
tion in high-fat fed C57BL/6J mice (6). In addition, these 
effects of  improving lipid metabolism are due to the in-
crease of  Akkermansia amounts in the small intestine 
using viable count, T-RFLP, and qPCR. However, high 
percentage of  the gut microbiota has not been cultured. 
In addition, Terminal restriction fragment length poly-
morphism (T-RFLP) and qPCR require fluorescently 
labeled primer, have been proven to have low sensitivity, 
and being capable of  detecting only abundant microbial 
taxa (>1%). Therefore, results of  green tea leaf  powder 
on total bacterial composition and diversity were lacking 

in HFD mice model. Green tea leaf  powder is increas-
ingly included as supplementary ingredients in foods, 
such as special drinks, biscuits, bread, desserts, etc. The 
comprehensive utilization of  tea leaf  powder can greatly 
improve the value of  the tea industry, which is conducive 
to the development of  the food industry and agriculture.

The purpose of our study was to determine the effects 
of green tea leaf powder in the prevention of hyperlipid-
emia and to understand its potential lipid-lowering mech-
anism. Our results suggest that green tea leaf powder 
could prevent HFD-induced dyslipidemia synergistically 
by modulating gut microbiota, increasing satiety hor-
mone secretion, and reducing inflammation.

Materials and methods

Preparation of green tea leaf powder and analyses of its 
chemical composition and physiochemical properties
Green tea leaf powder was manufactured from green 
tea using hot water extraction, dehydration, and drying. 
Green tea raw materials were mixed in 90°C water for 
30 min. The mixture was then dehydrated using a screw 
extrusion machine for 60 sec with a pressure of 0.5–1.2 
MPa. Drying temperature was 100–130°C for 3–5 h. Next, 
the dehydrated green tea leaf was ground to powder with 
particles size 80–1,500 mesh and stored at 4°C prior to 
analysis.

Water, ash, protein, soluble, insoluble, and total fiber 
contents, and physicochemical properties including wa-
ter-holding, swelling, and oil-holding capacity were 
determined as described previously (7). Cellulose, hemi-
cellulose, lignin, and pectin were also determined as de-
scribed previously (8). Tea polyphenol was determined 
according to GB/T 31740.2-2015.

Animal experiments
All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of  Nankai 
University. Eight-week-old male C57BL/6J mice were 
obtained from SPF Biotechnology Co., Ltd (Beijing, 
China) and housed at a constant temperature of  25°C 
and relative humidity of  50% in 12 h light–dark cycles. 
The mice had free access to water and food. After the 
acclimatization period of  1 week, the mice were ran-
domly divided into five groups (seven mice per group). 
Negative control (NC) group were fed with a normal 
diet (AIN-93). Model control (MC) group were fed with 
an HFD (78.8% basal feed, 1% cholesterol, 10% yolk 
powder, 10% lard, and 0.2% cholate). The other three 
groups were fed with an HFD, but were also adminis-
tered either 0.5 g/kg•d dietary fiber-enriched green tea 
leaf  powder-low (DFL),1.0 g/kg•d dietary fiber-enriched 
green tea leaf  powder-medium (DFM), or 2.0 g/kg•d di-
etary fiber-enriched green tea leaf  powder-high (DFH) 
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for 12 weeks by intragastric gavage. Body weight and 
food intake were assessed once a week. Feces of  mice 
were collected before the end of  the experiment for mea-
suring SCFAs. SCFAs in feces were determined as previ-
ously described (9). Mice were sacrificed by anesthesia 
with somnopentyl after 12 h fasting. Blood, liver, and 
cecum contents were collected. Serum was centrifuged at 
4,200 rpm for 15 min and stored at −20°C. The collected 
samples were immediately frozen in liquid nitrogen and 
stored at −80°C for further research.

Serum biochemical analysis
The levels of total triglyceride (TG), total cholesterol (TC), 
high-density lipoprotein-cholesterol (HDL-C), and low-den-
sity lipoprotein-cholesterol (LDL-C) were determined using 
commercial kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). Glucose and insulin concentrations 
were also determined using commercial kits (BioSino Bio-
technology and Science Incorporation, Beijing, China).

Peptide YY (PYY) and glucagon-like peptide-1 
(GLP-1) levels were determined as previously described 
(10). Leptin and adiponectin levels were determined by 
using ELISA kits (Bio-Swamp Life Science, Wuhan, 
China). Tumor necrosis factor-alpha (TNF-α), inter-
leukin-6 (IL-6), and lipopolysaccharides (LPS) were 
detected using commercial kits (Sinouk Institute of  Bi-
ological Technology, Beijing, China).

Real-time quantitative PCR
Total RNA was extracted from the liver using RNeasy 
Mini Kit (Qiagen, Hilden, Germany) and quantified 
using a Nanophotometer (Implen, Germany) and a aga-
rose gel electrophoresis. cDNA was synthesized using 
LunaScriptTM SuperMix Kit (NEB, MA, USA). Real-time 
qPCR was performed using the CFX Connect Real-Time 
System (BIO-RAD, USA). The primers used are listed in 
Table 1. The PCR procedure was as follows: initial dena-
turation at 95°C for 60 sec, 40 cycles at 95°C for 15 sec, 
and 60°C for 30 sec. Each gene expression was normalized 
to the reference β-actin gene.

Cecal microbiota analyses using 16S rDNA gene sequencing
Total genomic DNA, of  the contents of  the cecum, was 
extracted using QIAamp DNA Stool Minikit (Qiagen, 
Hilden, Germany). V3–V4 region of  16S rRNA gene 
was amplified using forward primer 341F (5’-CCTAY-
GGGRBGCASCAG-3’) and reverse primer 806R 
(5’-GGACTACNNGGGTATCTAAT-3’). PCR prod-
ucts were purified by GeneJETTM gel extraction kit 
(Thermo Scientific, MA, USA). Sequencing was per-
formed on an Ion S5TM XL platform (Novogene Co. Ltd, 
Beijing, China).

Sequence analyses were done with Uparse software, and 
sequences with more than 97% similarity were assigned 
to an operational taxonomic unit. The Silva Database 
(Version 132) was used to categorize the taxonomic infor-
mation (phylum, class, order, family, and genus). Alpha 
diversity (observed species, Chao1, Shannon, and PD_
whole_tree) was analyzed. Unweighted unifrac, for princi-
pal coordinate analysis (PCoA), was used to investigate the 
differences between groups. Phylogenetic investigation of 
communities by reconstruction of unobserved states (PI-
CRUSt) analysis was used to predict gut microbiota func-
tion, and the Kyoto encyclopedia of genes and genomes 
(KEGG) database was used for reference genomes. Linear 
discriminant analysis effect size (LEfSe) analysis was con-
ducted to find representative microbiota between groups.

Statistics
Data are expressed as mean ± SEM. Differences with 
P-value < 0.05 were deemed to be significant. Analysis 
was performed using SPSS software.

Results

Chemical composition and physiochemical properties of green 
tea leaf powder
Green tea leaf powder consisted of 61.15 ± 1.24% total 
dietary fiber (54.62 ± 1.10% insoluble and 6.53 ± 0.19% 
soluble) (Table 2). Insoluble dietary fiber mainly contains 
20.33 ± 1.39% cellulose, 10.91 ± 2.02% hemicellulose, 

Table 1.  Primer sequences used for real-time qPCR

Gene 5’ Primer 3’ Primer

PPARα TGCAGCCTCAGCCAAGTTGAA TCCCGAACTTGACCAGCCA

SREBP1c CTGGTGAGTGGAGGGACCAT GACCGGTAGCGCTTCTCAAT

FAS GAGGGTGTGCCATTCTGTCA GCTATTCTCTACCGCTGGGG

LXR AATGAAGCTGGTGAGCCTCC CCATGTGGCCAACACAAAGG

CYP7A1 CATAGCCAACTTGCCGCAG AGACAAAGCACTTGCCCTTC

ABCA1 TCCGTTGGCTTTCTCAGTCC TTTGTTGTTGTTTTGTGGCCT

TLR4 GGAAGACAAAAGAAAGACAGCCC TGGGGAGATTCTTGATCTGCT

β-Actin ACAGCAGTTGGTTGGAGCAA ACGCGACCATCCTCCTCTTA

PPARα, peroxisome proliferator-activated receptor alpha; SREBP1c, sterol regulatory element-binding protein 1c; FAS, fatty acid synthase; LXR, liver X 
receptor; CYP7A1, cholesterol 7α-hydroxylase; ABCA1, ATP-binding cassette transporter A1; TLR4, toll-like receptor 4.
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and 12.77 ± 0.38% lignin. Soluble dietary fiber mainly 
contains 4.56 ± 0.10% pectin. In addition, green tea leaf 
powder exhibited higher water, oil-holding capacity, and 
swelling capacity.

Effect of green tea leaf powder on body and liver weight
After 4 weeks, body weight of  the MC group mice in-
creased by 15.28% of  the initial value, while the NC 
group mice only gained 6.73% (Fig. 1). The mice fed 
with green tea leaf  powder showed a reduction in body 
weight compared to the MC group in a dose-dependent 
manner. In particular, a high dosage of  green tea leaf 
powder was able to significantly reduce the body weight 
of  HFD-fed mice (P < 0.05). In addition, green tea leaf 
powder also reduced live weight of  HFD-fed mice.

Effect of green tea leaf powder on serum lipid and glucose levels
Green tea leaf powder significantly reduced TC and 
LDL-C levels, and significantly increased HDL-C levels 
in a dose-dependent manner (P < 0.05) (Fig. 2). In partic-
ular, when compared to the MC group, a high dosage of 
green tea leaf powder significantly increased HDL-C level 
(P < 0.05). We also found a reduction in TG; however, the 
difference was not statistically significant.

A high dosage of green tea leaf powder significantly re-
duced insulin levels of HFD-fed mice (P < 0.05) (Fig. 3). 
Green tea leaf powder also slightly reduced fasting blood 
glucose level; however, this difference was not statistically 
significant.

Effect of green tea leaf powder on body metabolism and  
energy balance
Green tea leaf powder significantly increased serum lev-
els of the satiety hormones PYY and GLP-1 in a dose-
dependent manner (Fig. 4). In particular, when compared 
to the MC group, a high dosage of green tea leaf powder 
significantly increased PYY and GLP-1 levels (P < 0.05). 
This shows that green tea leaf powder increased satiety hor-
mone secretion and decreased appetite. In addition, a high 
dosage of green tea leaf powder could significantly increase 
serum adiponectin levels of HFD-fed mice (P < 0.05). 
Serum leptin levels were significantly increased in the MC 
group compared to the NC group, while the green tea leaf 
powder administration ameliorated this change.

Effect of green tea leaf powder on systemic inflammation
We observed higher levels of TNF-α, IL-6, and LPS in 
the serum of the MC group compared to the NC group 
(Fig. 5). Green tea leaf powder was able to significantly 
reduce serum TNF-α, IL-6, and LPS levels of HFD-mice 
(P < 0.05). However, no significant differences in levels 
were observed between the groups fed on various dosages 
of green tea leaf powder. Thus, green tea leaf powder 
could reduce metabolic endotoxemia and significantly al-
leviated systemic inflammation.

Table 2.  Chemical composition and physiochemical properties of 
green tea leaf powder

Chemical composition and physiochemical 
properties

Contents (average ± SD)

Chemical composition

Water content 10.91 ± 0.12%

Ash 2.89 ± 0.34%

Protein 20.61 ± 0.23%

Fat 0.87 ± 0.04%

Tea polyphenol 6.20 ± 0.07%

Total dietary fiber 61.15 ± 1.24%

Soluble dietary fiber 6.53 ± 0.19%

Insoluble dietary fiber 54.62 ± 1.10%

Cellulose 20.33 ± 1.39%

Hemicellulose 10.91 ± 2.02%

Lignin 12.77 ± 0.38%

Pectin 4.56 ± 0.10%

Physiochemical properties

Water-holding capacity 3.49 ± 0.05 g/g

Swelling capacity 2.53 ± 0.03 mL/g

Oil-holding capacity 1.85 ± 0.21 g/g

Fig. 1.  Green tea leaf powder reduces the body weight (A) and liver weight (B) of HFD-fed mice. Values were measured in mice 
from NC, MC, DFL, DFM, and DFH groups (n = 7).
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Effect of green tea leaf powder on lipid metabolism-related 
mRNA gene expression
Real-time PCR was performed to quantify the mRNA 
expression levels of genes that are biomarkers for energy 
and lipid metabolism. Compared to the NC group, the 
MC group had higher expression levels of lipid synthesis 
genes, including sterol regulatory element-binding pro-
tein 1c (SREBP1c), fatty acid synthase (FAS), and liver 
X receptor (LXR) and decreased the expression levels of 
PPARα, CYP7A1, and ABCA1 (Fig. 6). In contrast to the 
MC group, mice fed with green tea leaf powder showed 
significant (P < 0.05) dose-dependent increases in mRNA 

expression levels of PPARα, CYP7A1, and ABCA1. On 
the other hand, green tea leaf powder significantly sup-
pressed mRNA expression of SREBP1c, FAS, LXR, and 
TLR4 (P < 0.05).

Effect of green tea leaf powder on gut microbiota and SCFAs 
production

Richness and diversity analysis of gut microbiota
To assess the gut microbial community structure, rich-
ness and diversity were calculated using number of  ob-
served species, Chao1 estimator, Shannon index, and 

Fig. 2.  Effect of green tea leaf powder on the lipid metabolism. (A) TG, (B) TC, (C) HDL-C, and (D) LDL-C (n = 7). Significant 
differences (P < 0.05) are indicated using different letters (a, b, c).

Fig. 3.  Effect of green tea leaf powder on glucose metabolism parameters. (A) Blood glucose levels and (B) insulin (n = 7). Sig-
nificant differences (P < 0.05) are indicated using different letters (a, b, c).
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PD_whole_tree index (Table 3). With an increase in 
green tea leaf  powder concentration, richness (observed 
species and estimated Chao1) was increased from 
471 ± 49 and 582.7 ± 27.8 to 549 ± 44 and 679.4 ± 42.5, 
respectively. In contrast, the NC and MC groups had 
relatively low microbial community richness (observed 
species were 437 ± 31 and 398 ± 22, and Chao1 index 
was 540.3 ± 19.2 and 502.9 ± 27.0) (P < 0.05). Similarly, 
green tea leaf  powder group had high microbial di-
versity (Shannon index varied from 5.2  ± 0.9 to 6.1  ± 
0.7, and PD_whole_tree index between 29.6 ± 7.1 
and 38.1 ± 6.9) compared to the NC and MC groups 
(Shannon index was 4.9 ± 0.8 and 4.4 ± 1.1, and 

PD_whole_tree index was 28.4 ± 6.6 and 25.3 ± 5.4)  
(P < 0.05).

Green tea leaf powder modulates gut microbiota at 
different taxonomic levels
The phylogenetic differences between gut microbiota 
from NC, MC, DFL, DFM, and DFH groups of mice 
were assessed using PCoA analysis based on Bray-Curtis 
arithmetic (Fig. 7). Green tea leaf powder had a distinct 
microbiota composition that clustered separately from 
MC and NC groups.

To determine whether different concentrations of green 
tea leaf powder had an effect on the composition of cecal 

Fig. 4.  Effect of green tea leaf powder on serum hormone concentrations. (A) PYY, (B) GLP-1, (C) leptin, and (D) adiponectin 
(n = 7). Significant differences (P < 0.05) are indicated using different letters (a, b, c).

Fig. 5.  Effect of green tea leaf powder on systemic inflammation. (A) TNF-α, (B) IL-6, and (C) LPS (n = 7). Significant differ-
ences (P < 0.05) are indicated using different letters (a, b, c).
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microbiota for HFD-fed mice, a taxon-dependent analy-
sis was conducted.

At the phylum level (Fig. 8), an HFD showed a dra-
matic decrease in the relative abundance of Bacteroi-
detes and a trend toward an increase in the relative 
abundance of Firmicutes in the cecum compared to the 
NC group (P < 0.05). Green tea leaf powder significantly 
increased the relative abundance of Bacteroidetes and 
Verrucomicrobia and decreased the relative abundance of 

Proteobacteria and the ratio of Firmicutes/Bacteroidetes 
(F/B) (P < 0.05) in the cecum of HFD-mice. The numbers 
of Actinobacteria did not significantly change.

The 10 most abundant families identified are shown in 
Fig. 9. Compared to the MC group, a high dosage of green 
tea leaf powder significantly increased the relative abun-
dance of Lachnospiraceae, Prevotellaceae, and Rikenella-
ceae and significantly decreased the relative abundance of 
Desulfovibrionaceae and Erysipelotrichaceae in the cecum 

Fig. 6.  Effect of green tea leaf powder on mRNA expression levels of hepatic metabolic regulators. (A) PPARα, (B) SREBP1c, 
(C) FAS, (D) LXR, (E) CYP7A1, (F) ABCA1, and (G) TLR4 (n = 7). Significant differences (P < 0.05) are indicated using dif-
ferent letters (a, b, c).

Table 3.  Alpha diversity estimates of gut microbiota associated with mice from NC, MC, DFL, DFM, and DFH groups (n = 7)

Groups Observed species Chao1 Shannon PD_whole_tree

NC 437 ± 31 540.3 ± 19.2 4.9 ± 0.8 28.4 ± 6.6

MC 398 ± 22 502.9 ± 27.0 4.4 ± 1.1 25.3 ± 5.4

DFL 471 ± 49 582.7 ± 27.8 5.2 ± 0.9 29.6 ± 7.1

DFM 504 ± 37 614.6 ± 31.3 5.6 ± 0.5 35.9 ± 5.3

DFH 549 ± 44 679.4 ± 42.5 6.1 ± 0.7 38.1 ± 6.9

DFL, dietary fiber-enriched green tea leaf powder-low; DFM, dietary fiber-enriched green tea leaf powder-medium; DFH, dietary fiber-enriched green 
tea leaf powder-high; MC, model control; NC, negative control.
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(P < 0.05). Green tea leaf powder also promoted the 
growth of Akkermansiaceae; however, we did not find any 
significant differences between dosage levels.

At the genus level (Fig. 10), compared to the MC group, a 
high dosage of green tea leaf powder significantly increased 
the relative abundance of Blautia, Oscillibacter, Ruminiclos-
tridium, Alloprevotella, and Butyrivibrio and decreased the 

relative abundance of Erysipelatoclostridium, Desulfovib-
rio, and Candidatus_Saccharimonas (P < 0.05). A medium 
dosage of green tea leaf powder significantly increased the 
relative abundance of Parasutterella, Allobaculum, and 
Anaerotruncus (P < 0.05). A low dosage of green tea leaf 
powder significantly increased the relative abundance of 
Roseburia, Akkermansia, and Anaerosipes (P < 0.05).

Fig. 7.  Beta diversity estimates for the gut microbiota from NC, MC, DFL, DFM, and DFH groups of mice (n = 7).

Fig. 8.  The average relative abundance of phyla in the cecum microbiota of mice fed with green tea leaf powder (n = 7).
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To identify the representative microbiota of the groups, 
gut microbiota from the different treatment groups were 
compared using LEfSe analysis. The LEfSe presented the 
enrichment of microbiota taxa, from phylum to species 
level. We found substantial differences between the differ-
ent dosage levels of dietary treatments (Fig. 11). Desulfo-
vibrio was significantly more abundant in the MC group. 
Allobaculum and Erysipelotrichaceae were more abundant 
in DFM group. Lachnospiraceae were more abundant in 
the DFH group.

Functional prediction of gut microbiota
The 12 KEGG biological pathways were significantly in-
fluenced in the gut microbiota with different dosages of 
green tea leaf powder (Table 4). Green tea leaf powder ad-
ministration significantly increased fatty acid metabolism, 
butanoate metabolism, lipid metabolism, carbohydrate 
metabolism, energy metabolism, xenobiotics biodegrada-
tion and metabolism, cofactors and vitamins metabolism, 
cellular processes and signaling, and genetic information 
processing of gut microbiota. Meanwhile, green tea leaf 
powder administration significantly decreased metabolic 
disease, infectious diseases, and lipopolysaccharide bio-
synthesis of gut microbiota.

Green tea leaf powder increases SCFAs production
Acetate, propionate, butyrate, and iso-butyrate levels in 
the feces were significantly reduced in the MC group com-
pared to the NC group (P < 0.05) (Table 5). Compared 
to the MC group, green tea leaf powder administration 
increased acetate and butyrate levels in the feces in a 
dose-dependent manner. In particular, a high-dosage of 
green tea leaf powder significantly increased acetate and 

butyrate levels in the feces of HFD-mice (P < 0.05). The 
concentrations of other SCFAs did not show significant 
differences.

Discussion
Green tea leaf powder had a preventive effect on dyslip-
idemia. From previous studies, the most effective active 
ingredient in green tea infusions is tea polyphenols, such 
as catechins. The tea polyphenols act as antioxidants and 
scavenging of free radicals for promoting health. For 
our study, the main bioactive ingredient of green tea leaf 
powder was dietary fiber. Green tea leaf powder could sig-
nificantly ameliorate the HFD-induced dyslipidemia in a 
dose-dependent manner, which is possible by the synergis-
tic modulation of gut microbiota, the action of gut sati-
ety hormones, and enhancing anti-inflammatory cytokine 
production.

Satiety hormones can regulate appetite and play an 
important role in regulating body metabolism and energy 
balance. GLP-1 is a gut hormone from enteroendocrine 
L cells and it has many physiological functions, including 
promoting glucose-dependent insulin secretion as an in-
cretin hormone, increasing pancreatic β-cell development, 
and inducing satiety via hypothalamus (11). PYY is also a 
gut anorexigenic hormone and acts by suppressing appe-
tite in the brain, increasing gut transit rate, and reducing 
energy intake (12). In our study, food intake in the green 
tea leaf powder group was significantly lower than the 
MC group (data not shown), and the body weights of the 
mice in the green tea leaf powder group were significantly 
lower. Thus, the underlying mechanism which resulted in 
an improvement of dyslipidemia may be due to the reduc-
tion of food consumption and increase in satiety. High 

Fig. 9.  Heatmap of the average relative abundance of the 10 most abundant families in the cecum microbiota of mice fed with 
green tea leaf powder (n = 7).
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levels of leptin, an adipose tissue hormone, were observed 
in the MC group. This showed that the HFD-mice had 
developed leptin resistance, which probably resulted in 
insulin resistance and the development fatty liver disease 
(13). Green tea leaf powder reduced serum leptin levels in 
our study, and leptin resistance and sensitivity were im-
proved. Increasing serum adiponectin levels using green 
tea leaf powder has been found to correlate with lipopro-
tein metabolism, resulting in an increase in HDL-C and a 
decrease in TG levels (14).

Diet and gut microbiota play an important role in low-
grade inflammation characterized HFD-induced meta-
bolic disease. Chronic and low-grade inflammation are 

characterized by elevated proinflammatory markers, in-
cluding TNF-α and IL-6 (15). HFD-induced gut dysbiosis 
resulted in damage to gut integrity and the release of LPS 
from intestinal gram-negative bacteria into the blood, 
which could lead to chronic inflammation. Particularly, 
LPS could activate TLR4-induced insulin resistance (16). 
In our study, green tea leaf powder reduced metabolic 
endotoxemia and significantly alleviated systemic inflam-
mation. Thus, another mechanism of improving dyslip-
idemia may be attributed to the alleviation of low-grade 
chronic inflammation.

It has been reported that the expression of  genes re-
lated to hepatic fatty acid synthesis and oxidation could 

Fig. 10.  Heatmap of the average relative abundance of the 35 most abundant genera in the cecum microbiota of mice fed with 
green tea leaf powder (n = 7).
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be altered by an HFD. Therefore, SREBP1c, FAS, 
PPARα, LXR, CYP7A1, and ABCA1 mRNA expres-
sion levels were evaluated in our study to investigate 
whether green tea leaf  powder could influence the dys-
lipidemia in HFD-fed mice. SREBP1-c is a critical tran-
scription factor, which participates in liver adipocyte 
differentiation and adipogenesis. Meanwhile, SREBP-1c 
was proved to be involved in hepatic cholesterol syn-
thesis (17). Green tea leaf  powder decreased SREBP-1c 
mRNA expression levels and could thus reduce fat and 
cholesterol synthesis. These results corresponded with 
lower TC levels of  the green tea leaf  powder group. FAS 
could enhance fatty acid synthesis and accumulate TG. 

LXR also plays an important role in lipogenesis. Green 
tea leaf  powder could decrease the mRNA expression 
levels of  FAS and LXR, thus it could reduce fatty acid 
synthesis. The mRNA levels of  PPARα and CYP7A1 in 
the green tea leaf  powder group were significantly higher 
than in the MC group. PPARα expression could promote 
fatty acid catabolism and reduce fat mass. CYP7A1 ex-
pression could improve hepatic steatosis and obesity by 
inhibiting hepatic lipogenesis (18). ABCA1 expression is 
vital for HDL-C formation and serves as a cellular efflux 
transporter of  liver lipid and cholesterol. Therefore, the 
serum HDL-C level of  the green tea leaf  powder group 
is significantly higher than the MC group.

Fig. 11.  LEfSe analysis of gut microbiota between groups. Red shaded areas indicate DFH-enriched taxa, green shaded areas 
indicate DFL-enriched taxa, blue shaded areas indicate DFM-enriched taxa, and purple shaded areas indicate MC-enriched taxa 
(LDA > 3).
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Increased ratios of F/B in the cecum are associated 
with obesity and metabolic disease. In our study, green tea 
leaf powder increased the relative abundance of Bacteroi-
des and decreased the ratio of F/B. Thus, green tea leaf 
powder can potentially reduce weight and alleviate met-
abolic disease. Verrucomicrobia contains Akkermansia, a 
mucin-degrading microbiota, which was reported to play 
an important role in preventing obesity and metabolic dis-
ease (19).

Lachnospiraceae is involved in the production of bu-
tyrate (20). Erysipelotrichaceae is related to inflammation 
gastrointestinal diseases and is enriched in colorectal can-
cer (21). Desulfovibrionaceae is potentially an endotoxin 
LPS producer, which could induce a potent inflammation 
reaction (22). A lower abundance of the Desulfovibrion-
aceae was discovered in the green tea leaf powder group 
compared to the MC group, which may help in alleviat-
ing inflammation. Green tea leaf powder intervention 
increased Prevotellaceae and Rikenellaceae, which are 
hydrogen-producing bacteria and are similar to lactu-
lose intervention (23). Hydrogen could ameliorate the 

symptoms of inflammatory bowel disease by reducing 
oxidative stress.

A high dosage of green tea leaf powder could sig-
nificantly increase the relative abundance of Blautia, 
Oscillibacter, Ruminiclostridium, Alloprevotella, and Bu-
tyrivibrio. Blautia was reported to have the ability to im-
prove glucose and lipid homeostasis (24). Oscillibacter is 
related to reduce body weight (25). Ruminiclostridium was 
reported to degrade cellulose and lignin in nature (26). Al-
loprevotella, an SCFA-producing bacteria, was negatively 
related to obesity and metabolic syndrome (27). Butyriv-
ibrio is a well-known butyrate-producing bacteria (28), 
and our results also showed that a high dosage of green 
tea leaf powder significantly increased butyrate concen-
trations, whereas a high dosage of green tea leaf powder 
significantly decreased the abundance of Erysipelatoclo-
stridium, Desulfovibrio, and Candidatus_Saccharimonas. 
Erysipelatoclostridium was considered an opportunistic 
pathogen in the gut (29). Desulfovibrio is a gram-negative 
bacteria and also a potential LPS producer (22). Candi-
datus_Saccharimonas was found in a high proportion of 

Table 4.  List of significantly different KEGG pathways with greater abundance in MC, DFL, DFM, and DFH groups

KEGG pathway Abundance  
mean, MC

Abundance  
mean, DFL

Abundance  
mean, DFM

Abundance  
mean, DFH

Fatty acid metabolism 22,120a 22,882a 27,899b 35,277c

Butanoate metabolism 32,107a 44,287b 56,333b,c 96,513c

Lipid metabolism 20,136a 22,457a 50,098b 76,501c

Carbohydrate metabolism 49,045a 89,764b 100,927b,c 152,826c

Energy metabolism 8,276a 8,255a 8,410a 9,745b

Metabolic diseases 2,750a 2,681a 1,863b 1,872b

Infectious diseases 2,654a 2,702a 1,893b,c 1,508c

Lipopolysaccharide biosynthesis 1,100a 923b 805b 789c

Xenobiotic biodegradation and metabolism 973a 1,028b 1,142b 1,047b

Cofactor and vitamin metabolism 1,340a 1,229a 1,341a 1,506b

Cellular processes and signaling 31,997a 34,901b 34,178b 33,793b

Genetic information processing 23,022a 22,015a 25,608b 24,435b

Significant differences (P < 0.05) are indicated using different letters (a, b, c).
DFL, dietary fiber-enriched green tea leaf powder-low; DFM, dietary fiber-enriched green tea leaf powder-medium; DFH, dietary fiber-enriched green 
tea leaf powder-high; MC, model control; NC, negative control.

Table 5.  Fecal SCFAs in C57BL/6J mice from NC, MC, DFL, DFM, and DFH groups (n = 7)

SCFAs (μmol/g) NC MC DFL DFM DFH

Acetate 36.02 ± 2.37a 21.91 ± 3.32b 25.13 ± 3.81b 32.25 ± 5.06a 40.33 ± 6.48a

Propionate 1.23 ± 0.19a 0.89 ± 0.02b 0.95 ± 0.10a,b 1.28 ± 0.16a,b 1.43 ± 0.21a,b

Butyrate 4.39 ± 0.22a 3.51 ± 0.86b 3.98 ± 0.91a,b 5.02 ± 0.78c 6.02 ± 0.75c

Valerate 0.14 ± 0.02a 0.13 ± 0.06a 0.15 ± 0.03a 0.14 ± 0.04a 0.16 ± 0.05a

Iso-butyrate 0.68 ± 0.10a 0.15 ± 0.01b 0.26 ± 0.02b 0.33 ± 0.08a,b 0.47 ± 0.07a

Significant differences (P < 0.05) are indicated using different letters (a, b, c).
DFL, dietary fiber-enriched green tea leaf powder-low; DFM, dietary fiber-enriched green tea leaf powder-medium; DFH, dietary fiber-enriched green 
tea leaf powder-high; MC, model control; NC, negative control.
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the feces of HFD-fed mice, which is consistent with our 
results (30). Thus, green tea leaf powder can decrease the 
relative abundance of pathogenic microbiota and improve 
the gut homeostasis.

Conclusion
Our results show that green tea leaf powder supplemen-
tation in HFD-mice improves dyslipidemia in a dose-
dependent manner, which is possible by the synergistic 
modulation of gut microbiota, the action of gut satiety 
hormones, and enhancing anti-inflammatory cytokine 
production. These results imply that green tea leaf powder 
intervention may be useful in modulating some of the ad-
verse effects that accompany HFD-induced dyslipidemia.
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