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This study was designed to explore the anti-obesity effects of cold-water brewed green tea (CWB-GT) on high-fat
diet (HFD)-fed mice. CWB-GT was prepared by brewing tea leaves with 30 °C cold water, which contained
considerable active ingredients including catechins, gallic acid and theanine. Our data demonstrated that CWB-
GT could significantly ameliorate obesity and modulate gut microbiota composition of HFD-fed mice by affecting
some specific bacteria. Besides, the expression of lipogenesis-related genes including FAS, HMGR and SREBP-1c

PYY in liver was inhibited and the expression of fatty acid oxidation-related genes including PPAR« and PGC-1a in
adipose tissue was enhanced. These benefits might be attributed to the stimulation of serum peptide YY (PYY)
secretion. In particular, specific bacteria modulated by CWB-GT including Lachnospiraceae bacterium DW67,
Blautia coccoides, Parabacteroides merdae and Bacteroides_vulgatus might be key mediators in exerting anti-obesity
effects. This study suggested that CWB-GT could represent a novel functional low-calorie beverage.

1. Introduction

The prevalence of obesity has increased dramatically worldwide in
recent years. It is also known as a risk factor for various chronic diseases
such as metabolic syndromes, type 2 diabetes mellitus, fatty liver dis-
ease, cardiovascular disease and certain types of cancers (Akinyemiju
et al., 2018). The occurrence of obesity is due to the energy imbalance
between calorie intake and calorie expenditure. Thus, two important
principles during weight-loss process are controlling food intake and
increasing energy expenditure (Bliiher, 2019). Regulating the secretion
of anorexigenic gut hormones such as glucagon--like peptide 1 (GLP1)
and peptide YY (PYY) is emerged as a viable way to control food intake.
These peripheral signals may deliver information via vagus nerve to the
central nervous system, which is responsible for integrating information
to affect feeding behavior (Kim, Seeley, & Sandoval, 2018; Norton, &
Murphy, 2017). Besides, increasing energy expenditure or inhibiting
lipogenesis are also effective ways to manage obesity (Xie, Su, Sun,
Zheng, & Chen, 2018). Nowadays sugar sweetened beverages with high
energy density are considered as a source of energy and added sugars in
the diet of modern people. Substantial evidence demonstrated the cor-
relation between the consumption of sugar-sweetened beverages and
type 2 diabetes (Drouin-Chartier et al., 2019). Therefore, replacing
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sugar sweetened beverages with tea or coffee without added sugar is
becoming an irresistible tendency (Barraj, Bi, Murphy, Scrafford, &
Tran, 2019).

Recently, infusing tea leaves with cold water has become a popular
way of making a tea in Taiwan (Lin, Yang, Hsieh, Liu, & Mau, 2014).
Besides, Japanese green tea “Sencha ” is brewed in water at different
temperatures and it was found that theanine and non-gallic catechins,
such as epigallocatechin (EGC) were easily extracted in cold water,
leading to less bitterness and astringency than hot-water brewed “Sen-
cha” characterized by a higher concentration of gallic catechins, pre-
dominantly epigallocatechin gallate (EGCG) and caffeine in it (Monobe,
2018). In particular, it was reported that EGC has an immune-enhancing
effect and theanine has a psychosocial stress-reducing effect. These ef-
fects of EGC and theanine were inhibited by EGCG and caffeine; there-
fore, green tea needs to be brewed with cold water to counteract the
interference of EGCG and caffeine (Monobe, 2018; Unno et al., 2016).
According to the previous studies, cold-water brewed tea has equal or
higher antioxidant activity and phenol content when compared with the
traditional hot-water brewed tea (Damiani, Bacchetti, Padella, Tiano, &
Carloni, 2014; Lin, Liu, & Mau, 2008). Besides, cold water can delay the
oxidation of tea polyphenols and protect other nutrients such as vitamin
C and carotenoids from being destroyed (Jiang, 2019). Some studies
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have suggested a possible role of gut microbiota in mediating the health
benefits of tea consumption (Chen, & Yang, 2019; van Duynhoven et al.,
2013). The gut microbiota influences the immunity, metabolism and
neurobehavior of body (Valdes, Walter, Segal, & Spector, 2018).
Therefore, reshaping gut microbiota in a normal state is a promising
strategy for the prevention and treatment of diseases. There have been
studies investigating the anti-obesity effects of hot-water brewed green
tea (Chen et al., 2009; Liu et al., 2019; Liu et al., 2016). However,
whether the cold tea beverage has abilities to regulate metabolic dis-
orders and gut microbiota composition remains unclear. This study was
designed to explore the anti-obesity effects of cold-water brewed green
tea (CWB-GT) on high-fat diet (HFD)-fed mice and give a clue on the
relationship between gut microbiota and beneficial effects of cold tea
beverage. Our data suggests that CWB-GT represents an alternative tea
beverage that may be useful for ameliorating dyslipidemia and/or
obesity.

2. Materials and methods
2.1. Preparation of CWB-GT

Green tea was purchased from Zhejiang huamingyuan Tea Co., Ltd
(Zhejiang, China). CWB-GT was prepared by brewing 2.5 g of tea leaves
with 100 mL of 30 °C cold water for 40 min. Then a 4-fold dilution of tea
soup was obtained for further use. Total phenolic content of CWB-GT
was evaluated using the folin-phenol method. The contents of the-
anine, gallic acid and catechins were determined by high-performance
liquid chromatography (HPLC) and the results were shown in Table S1.

2.2. Animal experiments

C57BL/6 mice (6 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China). All mice were
housed in a regular environment (12 h light/dark cycle, lights off at
20:00) with food and water available at any time in the animal facility of
Experimental Animal Center of Nankai University. All animal proced-
ures were approved by the Institutional Animal Care and Use Committee
of Nankai University and carried out in accordance with the National
Institutes of Health guide for the care and use of Laboratory animals
(NIH Publications No. 8023). After an adaptation period of 1 week on a
control diet, mice were weighed and randomly assigned into three
groups (n = 12 per group) as follows: normal chow group (NC group)
with low fat diet containing 10% calories from fat (D12450J, Xietong
Pharmaceutical Bio-engineering Co., Ltd) as food and purified water as
drinking water, HFD group with high-fat diet containing 60% calories
from fat (D12492) as food and purified water as drinking water, and GT
group with high-fat diet as food and CWB-GT as drinking water.

Four mice were housed in one cage. All drinking fluid was given to
mice in sterile plastic bottles, which were replaced every two days with
fresh water or cold tea beverage. The food intake and water intake were
recorded once in 2 days, and the body weight was monitored weekly.
After 8 weeks of intervention, mice were euthanized and serum samples
were collected. Liver, epididymal and pararenal adipose tissues were
removed and weighed. Fresh colonic content samples were aseptically
collected for bacterial DNA extraction.

2.3. Serum biochemical analysis, endotoxemia and cytokine
measurements

Serum lipid indexes including triglyceride (TG), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C) and glucose were measured using commer-
cial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The lipopolysaccharides (LPS) concentration was detected by commer-
cial enzyme-linked immunosorbent assay (ELISA) kits (Cusabio Biotech
Co., Ltd, Wuhan, China). The levels of tumor necrosis factor-alpha (TNF-
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o) and interleukin-6 (IL-6) were also assessed using ELISA kits (Multi-
sciences Biotech Co., Ltd, Hangzhou, China).

2.4. Histological analysis

The sections from liver and epididymal adipose tissue were fixed in
10% formalin, dehydrated, embedded in paraffin and sliced into 5 pm
sections. The tissues were then stained with hematoxylin and eosin
(H&E) for light microscopic examinations.

2.5. Oral glucose tolerance test

At week 8, animals were fasted for 7 h and then given glucose (2.0 g/
kg b.w.) by intragastric administration. Blood was collected from the tip
of tail vein for glucose measurement before (0 min) and after (15, 30, 60,
90 and 120 min) glucose gavage using a glucometer (Roche, Germany).

2.6. Gene quantification using quantitative real-time PCR

TRIzol Reagent (Ambion, USA) was used to extract total RNA from
the frozen liver/adipose tissue. cDNA was synthesized using the Luna-
Script SuperMix Kit (NEB, Massachusetts, USA). Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed on the CFX Con-
nect Real-Time System (BIO-RAD, USA). All primers are listed in
Table S2. The expression levels of SREBP-1c, FAS, HMGR, HSL, ATGL,
PPARa, ACOX, CYP7A1 and LXRa in the liver and Leptin, Adiponectin,
ACC, PPARy1, HSL, PPARa, PGC-1a, ACOX, TNFa, IL-6 and IL-1p in the
epididymal adipose tissue were investigated. f-ACTIN gene was used as
normalization. The relative expression level of each gene was computed
by the 2 —24% method.

2.7. Serum hormone analysis

PYY and glucagon-like peptide 1 (GLP-1) were determined using
ELISA kits (Cusabio Biotech Co., Ltd, Wuhan, China) based on the
instructions.

2.8. Hepatic function analysis

Alanine aminotransferase (ALT) concentration and aspartate
aminotransferase (AST) were determined on serum samples following
the manufacturer’s instructions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.9. Gut microbiota analysis

Genomic DNA of colonic contents was extracted using the CTAB
method. After the purification and qualification, the DNA was applied to
amplification of 16STRNA gene V3-V4 regions using specific primers
341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGG-
TATCTAAT-3') with the barcode. The sequencing procedures were car-
ried out as described in the previous study (Ma et al., 2019).

2.10. Statistical analysis

Data was presented as means + standard errors of the means (SEM).
All statistical analyses were performed using the SPSS 22.0 software.
The difference between two groups was analyzed by the two-tailed
Student’s t test. The difference among three or more groups was
analyzed using one-way ANOVA followed by Student-Newman-Keuls
post hoc tests. Two-way repeated measures analysis of variance with
Student-Newman-Keuls multiple comparison test was conducted when
variable time points within different groups were compared. Results
were considered statistically significant when p < 0.05.
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3. Results
3.1. CWB-GT prevented obesity and dyslipidemia caused by HFD

During the 8-week intervention, no significant difference of water
intake was observed (p > 0.05, Fig. 1A). Raised level of energy intake in
HFD fed mice was determined by comparing with the normal chow diet
fed mice. However, there was a significantly reduced energy intake in
GT group in comparison with HFD group (p < 0.05, Fig. 1B). As depicted
in Fig. 1C, at the end of trial, the mice of HFD group significantly gained
more body weight compared with the mice of NC group. CWB-GT
intervention could significantly prevent the body weight gain from the
fourth week. HFD resulted in the dyslipidemia characterized with a
significantly higher TC, TG and LDL-C level in HFD group (p < 0.05). No
significant difference was observed in all groups for the HDL-C level (p
> 0.05, Fig. 1D-G). Drinking CWB-GT significantly decreased the levels
of serum TC, and LDL-C (p < 0.05). The level of serum TG was not
affected by CWB-GT intervention.

3.2. CWB-GT alleviated fatty liver and white fat accumulation caused by
HFD

There was no significant difference among all groups on the liver
weight/body weight (BW) ratio (p > 0.05, Fig. 2B). However, the HFD
mice showed a significant increase in liver weight (p < 0.05, Fig. 2A).
Besides, the mice of HFD group had significantly elevated ALT and AST
levels than the mice of NC group, suggesting impaired liver function (p
< 0.05, Fig. 2C, D). CWB-GT intervention significantly lowered the liver
weight as well as decreased ALT and AST to the normal level (p < 0.05).
The histological analysis also revealed that CWB-GT intervention could
significantly reduce the number and volume of HFD-induced fat vacu-
oles in hepatocytes and retain the same normal hepatocyte morphology
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as NC group (Fig. 2E). An excessive increase in adipocyte size and
number is the contributory cause of obesity. As illustrated in Fig. 2F and
Fig. 2G, GT group showed the significantly reduced deposition of the
epididymal and pararenal adipose tissue masses. The adipocyte size of
HFD group was larger than that of the NC group (Fig. 2H). Supple-
mentation with CWB-GT prevented the enlargement. Besides, there was
an obvious decline in the number of adipose cells in GT group at the
same level of magnification.

3.3. CWB-GT reduced fasting serum glucose

We investigated the impact of CWB-GT on glucose homeostasis.
CWB-GT intervention didn’t significantly alleviated glucose intolerance
based on the AUC values (p > 0.05, Fig. 3B). However, consistent with
the result of fasting serum glucose (Fig. 3C), CWB-GT intervention
significantly reduced blood glucose concentration at the point of 120
min (p < 0.05, Fig. 3A).

3.4. CWB-GT reduced inflammatory response caused by HFD

HFD could induce systemic inflammation and endotoxemia. As
indicated in Fig. 4, HFD group showed significantly higher levels of LPS,
TNF-a and IL-6 in serum, when compared with the NC group (p < 0.05,
Fig. 4A-C). CWB-GT significantly reduced the higher level of TNFa and
IL6 in the serum of mice fed HFD (p < 0.05), while the serum LPS
concentration was not significantly affected by CWB-GT (p > 0.05).

3.5. CWB-GT altered the metabolic gene expressions of liver
As depicted in Fig. 5A, HFD significantly decreased the hepatic

mRNA expression of genes involved in lipolysis (ATGL), fatty acid
B-oxidation (PPARa and ACOX) and bile acid synthesis (CYP7A1), while
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Fig. 1. Cold-water brewed green tea prevented high fat diet-induced obesity. (A) Water consumption per mouse per day on average. (B) Mean energy intake per
mouse per day. (C) Body weight changes during 8-week intervention. (D) Serum total cholesterol (TC) level. (E) Serum triglyceride (TG) level. (F) Serum high-density
lipoprotein cholesterol (HDL-C) level. (G) Serum low-density lipoprotein cholesterol (LDL-C) level. Data are expressed as the mean + SEM. (A, B, D-F) One-way
analysis of variance followed by Student-Newman-Keuls post hoc test. The mean value with different letters indicates significant differences (p < 0.05). (C) Two-
way repeated measures analysis of variance with Student-Newman-Keuls multiple comparison test. *p < 0.05, **p < 0.01 and ***p < 0.001 for normal chow
(NCQ) vs high-fat diet (HFD); #p < 0.05, ##p < 0.01 and ###p < 0.001 for green tea (GT) vs HFD.
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Cold-water brewed green tea alleviated fatty liver and white fat accumulation. (A) Liver weight. (B) The index of liver weight relative to body weight. (C)

Serum alanine aminotransferase (ALT) level. (D) Serum aspartate aminotransferase (AST) level. (E) Hematoxylin and eosin (H&E) staining of sections from liver. (F)
The index of pararenal white fat relative to body weight. (G) The index of epididymal white fat relative to body weight. (H) H&E staining of sections from epididymal
adipose tissue. Data are expressed as the mean + SEM. (A-D, F, G) One-way analysis of variance followed by Student-Newman-Keuls post hoc test. The mean value

with different letters indicates significant differences (p < 0.05).
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Fig. 3. Cold-water brewed green tea improved glucose homeostasis. (A) Oral glucose tolerance test (OGTT). (B) The calculated AUC for OGTT. (C) Fasting serum
glucose. Data are expressed as the mean + SEM. (A) Two-way repeated measures analysis of variance with Student-Newman-Keuls multiple comparison test. *p <
0.05, **p < 0.01 and ***p < 0.001 for normal chow (NC) vs high-fat diet (HFD); #p < 0.05, ##p < 0.01 and ###p < 0.001 for green tea (GT) vs HFD. (B, C) One-way
analysis of variance followed by Newman-Keuls post hoc test. The mean value with different letters indicates significant differences (p < 0.05).

increased the expressions of genes (SREBP1c and FAS) related to lipo-
genesis and decreased LXRa expression related to cholesterol removal
compared with the NC group (p < 0.05). Mice treated with CWB-GT
significantly decreased the expression of anabolism genes including
SREBP1c, FAS and HMGR, and increased the expression of LXRa (p <
0.05).

3.6. CWB-GT altered the metabolic gene expressions of white adipose
tissue

Adipose tissue, which is recognized as an energy storage and endo-
crine organ, has an important role in the development of obesity. As

shown in Fig. 5B, HFD mice exhibited a significantly higher level of
leptin versus NC mice. Besides, the expressions of lipid catabolism
associated genes including HSL and PGC-1a were significantly lowered,
and the inflammation cytokine TNFa, IL6 and IL1B were significantly
elevated in the HFD group (p < 0.05). CWB-GT significantly decreased
the leptin level, suppressed the expression of inflammatory factors
(TNFa and IL6), while promoted the expression of catabolism genes
including PPARa and PGC-1a (p < 0.05).

3.7. Effects of CWB-GT on gut hormone

Because of the decreased energy intake in GT group, we tested the
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Fig. 4. Cold-water brewed green tea reduced inflammation. (A) Serum interleukin-6 (IL-6) level. (B) Serum tumor necrosis factor-alpha (TNFx) level. (C) lipo-
polysaccharides (LPS). Data are expressed as the mean + SEM. (A-C) One-way analysis of variance followed by Student-Newman-Keuls post hoc test. The mean value

with different letters indicates significant differences (p < 0.05).
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Fig. 5. Cold-water brewed green tea improved metabolic gene expressions of
liver and white adipose tissue. (A) Relative expression of HSL, ATGL, PPARq,
ACOX, CYP7A1 and LXRa in the liver. (B) Relative expression of Leptin, Adi-
ponectin, ACC, PPARy1, HSL, PPAR«, PGC-1a, ACOX, TNFq, IL-6 and IL-1p in
the epididymal adipose tissue. Data are expressed as the mean + SEM.
Expression levels were normalized to B-ACTIN and expressed as relative fold
changes in comparison with the normal chow (NC) group. (A, B) One-way
analysis of variance followed by Student-Newman-Keuls post hoc test *p <
0.05. **p < 0.01 and ***p < 0.001 for NC vs high-fat diet (HFD); *p < 0.05,
##p < 0.01 and *##p < 0.001 for green tea (GT) vs HFD.

levels of serum hormones including PYY and GLP-1 of different groups.
The results showed that GT group significantly facilitated the release
level of serum PYY (p < 0.05, Fig. 6A), but didn’t influence the con-
centrations of GLP-1 circulating in the blood when compared with the
HFD group (p > 0.05, Fig. 6B).
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Fig. 6. Cold-water brewed green tea regulated gut hormones. (A) Peptide YY
(PYY). (B) Glucagon- like peptide 1 (GLP-1). Data are expressed as the mean +
SEM. (A, B) One-way analysis of variance followed by Student-Newman-Keuls
post hoc test. The mean value with different letters indicates significant dif-
ferences (p < 0.05).

3.8. Effects of CWB-GT on gut microbiota

3.8.1. Composition changes of microbiota in different groups

The effects of cold-water brewed CWB-GT on gut microbiota were
investigated by performing 16S rRNA gene sequencing. All the se-
quences were clustered into 2548 OTUs at a 97% similarity level. There
were a total of 1758 OTUs identified by inquiring the database Silval32.
The most dominant bacteria at the phylum level in the NC group were
Firmicutes (51.85%), Bacteroidetes (35.53%) and Verrucomicrobia
(7.52%). 8 weeks of HFD feeding drastically decreased the abundance of
Verrucomicrobia (0.07%). No significant difference was observed on the
ratio of Firmicutes/Bacteroidetes in the all three groups (Fig. S1). The
HFD group significantly decreased the richness and evenness of micro-
bial community as indicated by lower alpha diversity indexes including
observed species, Shannon, Chaol and ACE index (p < 0.05) (Fig. 7A-D).
CWB-GT intervention had no effect on bacterial alpha diversity (p >
0.05). Weighted UniFrac-based principal coordinate analysis revealed
distinct clustering of gut microbiota in response to different treatment
(Fig. 7E). The results showed a separated clustering of microbiota
composition between the NC and HFD groups. However, drinking CWB-
GT couldn’t make the gut microbiota composition of HFD group closer
to that of NC group. In contrast, GT group presented a distinct clustering.
Collectively, CWB-GT may modulate gut microbiota by affecting some
specific bacteria rather than reversing the HFD-induced variations of gut
microbiota composition.



H. Ma et al.
A 8004 B 6.5-
[ )
3 b
‘5 600 b 6.0 .a b *.
2 . 5 | &
® L0 H ° alt
T 400 - o7 § 557 {-
QE, - 2} = Ala
2 200- 5.0 A
o
o+— 4.5-
NC HFD GT NC HFD GT )
g
C 1000~ D 1000+ g
a g
800- °© 800
L b
b b A,
o 600 wie b ‘a2 w 600 '
8 L ¢ i
O 400- °© "Em % 400 a  ALA
n A
200 200
0- 0-
NC HFD GT NC HFD GT

0.0

Journal of Functional Foods 75 (2020) 104279

PCoA - PC1 vs PC2

. ® NC
® HFD
s e e GT
. P -
./
o ., [
L] . e
. . .
.
.
«
0.2 01 a0 ol 0.2
PC1(42.77%)

Fig. 7. Cold-water brewed green tea altered gut microbiota composition in high-fat diet (HFD)-fed mice. (A) Observed species index. (B) Shannon index. (C) Chaol
index. (D) ACE index. (E) Principal coordinate analysis (PCoA) on weighted UniFrac distance matrix. Data are expressed as the mean + SEM. (A-D) One-way analysis
of variance followed by Student-Newman-Keuls post hoc test. The mean value with different letters indicates significant differences (p < 0.05).

3.8.2. Correlation analysis between the identified species and obesity
related indexes

The Spearman’s correlation analysis was used to examine the cor-
relations between the relative abundances of top 15 identified species
and obesity related parameters (body weight, TC, TG, HDL-C, LDL-C,
serum glucose and LPS levels) (Fig. 8A). The heatmap indicated that
metabolic related indexes were highly correlated with the relative
abundances of certain species. The body weight was positively corre-
lated with Parabacteroides merdae, Bacteroides acidifacien and Bacter-
oides_vulgatus but negatively correlated with
Lachnospiraceae_bacterium DW67 and Lachnospiraceae bacterium DW12.
Noteworthily, Lachnospiraceae bacterium DW12 were negatively corre-
lated with most of obesity related parameters while Para-
bacteroides merdae, Dorea_sp_5.2 and Bacteroides_vulgatus were positively
correlated with most of obesity related parameters. CWB-GT signifi-
cantly reduced the abundance of Parabacteroides merdae and Bacter-
oides_vulgatus (Fig. 8B).

3.8.3. Identification of specific gut bacteria responsive to CWB-GT
intervention

The heat tree analysis leverages the hierarchical structure of taxo-
nomic classifications to quantitatively (using the median abundance)
and statistically (using the non-parametric Wilcoxon Rank Sum test)
depict taxonomic differences between two treatments. The visualized
heat tree showed that at species level, Bacteroides uniforms, Raoultella
ornithinolytica, Blautia coccoides, Blautia producta, Lachnospiraceae bac-
terium DW67 and Lachnospiraceae bacterium A2 were enriched in GT
group (red) relative to HFD group where Bacteroides thetaiotaomicron,
Parabacteroides merdae, Bifidobacterium choerinum, Clostridium leptum
and Dubosiella newyorkenisis were enriched (blue) (Fig. 8C). Besides,
different species belonging to the same genus might have different
opposite response for the same treatment. For instance, in the Lacto-
bacillus clade, two species shown in both red and blue taxa were
differentially abundant.

4. Discussion

Excessive consumption of sugar sweetened beverages is associated
with an increasing risk of obesity and related diseases. Thus, functional
beverage containing varieties of bioactive substances is becoming an
overwhelming trend (Gunathilake, Wang, & Rupasinghe, 2013; Lopez-
Garcia et al., 2020). Cold-water brewed tea has less bitterness and
astringency (Monobe, 2018). In addition, tea polyphenols cannot be
easily oxidized in cold water and several studies suggested that other
ingredients released in cold water may also have bioactivities (Jiang,
2019). Our study investigated whether CWB-GT had effect on reducing
body weight, preventing dyslipidemia and controlling blood glucose.
Furthermore, the underlying mechanism was explored. The data
demonstrated that CWB-GT effectively prevented body weight gain,
improved dyslipidemia and alleviated inflammation, which correlated
with the production of appetite-inhibiting hormones, regulation of
metabolism related gene expression and modulation of specific bacteria.

Contents of soluble sugars, free amino acids, caffeine, total phenols,
total catechins and various catechins were found to be varied in cold and
hot-water brewed green tea in the previous study (Lin et al., 2014). Cold
brewing had lower extraction efficacy, resulting in lower contents of
components, such as soluble solids, caffeine and catechins than hot
brewing. However, cold brewing made lighter, less colored and higher
sensory-rated tea infusions. Besides, cold brewed tea infusion was found
to have equal or higher antioxidant activity than hot-water brewed
green tea. Brewing tea with cold water opens up a new field in the
application and research of green tea. In the present study, the major
ingredients in the CWB-GT were evaluated using HPLC analysis. The
contents of various catechins in cold tea beverage were in the order of
EGC > EGCG > ECG > C > CG (Table S1). EGCG and EGC were found to
be the predominant catechins, which was consistent with previous re-
ports about compositions of teas steeped in cold water (Damiani et al.,
2014; Lin et al., 2014; Lin et al., 2008; Yang, Hwang, & Lin, 2007).
Theanine is a non-proteinogenic amino acid, contributing sweet, brothy
and umami flavor in tea (Zhang et al., 2017). It has also been reported to
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Fig. 8. The effect of cold-water brewed green tea on gut microbiota at species level. (A) Spearman’s correlations between the relative abundances of top 15 identified
species and obesity related parameters. The colors range from blue (negative correlation) to red (positive correlation). Significant correlations are annotated by *p <
0.05 and **p < 0.01. (B) The relative abundance of Bacteroides vulgatus and Parabacteroides merdae. (C) The heat tree analysis to show comparisons of microbiome
communities between green tea (GT) and high-fat diet (HFD) group. Only significant different taxa are presented on the graph. Taxa colored red are enriched in HFD
group and those colored blue are enriched in GT group, determined using a Wilcox rank-sum test followed by a Benjamini-Hochberg (FDR) correction for multiple

comparisons.

have effects on relaxing, cancer, cardiovascular diseases, obesity and
other diseases (Turkozu, & Sanlier, 2017). Theanine is more easily
extracted in cold water than in hot water (Monobe, 2018). In our present
study, a higher level of theanine was also detected in the cold tea
beverage. Our data suggested that CWB-GT has considerable functional
ingredients. The composition of functional ingredients of green tea
leached in cold water not only improve the taste, but may also exert
some beneficial effects.

TC, TG and LDL-C are key indicators for the evaluation of obesity,
which has been reported to be positively correlated with the risk of
metabolic diseases, cardiovascular diseases and several cancers (Bliiher,
2019). Gut hormones such as PYY and GLP-1 secreted by enter-
oendocrine cells are crucial in the regulation of food intake, both of
which could suppress appetite (Kim et al., 2018). In the present study,
the consumption of CWB-GT reduced the body weight, the levels of TC,
TG, and LDL-C of HFD fed mice. No significant difference was observed
for water consumption between groups, indicating that CWB-GT had
good palatability to mice. Nevertheless, a significant decreased energy
intake and a remarkable increased concentration of PYY was detected in
GT group. These results suggested that cold-water brewed CWB-GT
exerted anti-obesity ability and the beneficial effect might be partially
mediated via the regulation of gut hormone PYY.

Adipose tissue has an important role for the storage of excess nutri-
ents. However, when adipocytes expand over a threshold, adipose tissue
inflammation will be triggered (Reilly, & Saltiel, 2017). Liver is also a
critical organ involved in lipid and cholesterol metabolism (Petta,
Muratore, & Craxi, 2009). Leptin is an adipokine with multiple functions
including regulating appetite, body weight and glucose homeostasis
(Caron, Lee, Elmquist, & Gautron, 2018). Leptin resistance occurs in
obesity, which further contributes to the development of obesity

associated metabolic disorders (Rufino, Costa, Carvalho, & Fernandes,
2020). PPARa promotes energy expenditure through p-oxidation of fatty
acids and increases the expression of key player in peroxisomal fatty acid
B-oxidation. PGC-1a is a co-activator of PPARa (Shang et al., 2020).
SREBP-1c controls the transcription of genes responsible for fatty acid
synthesis including fatty acid synthase (FAS) (Panahi, Ahmadi, Tey-
mouri, Johnston, & Sahebkar, 2018; Shang et al., 2020). HMGR is the
rate-limiting enzyme in the biosynthesis of cholesterol synthesis (Huang
et al., 2018). LXRa mediates the removal of cholesterol in liver (Chawla
et al., 2001). To further explore the molecular mechanism of cold-water
brewed tea on lipid metabolism regulation, the mRNA expression levels
of the genes involved in lipid and cholesterol metabolism were detected
both in adipose tissue and liver. In the present study, the expression of
lipolysis genes and fatty acid f-oxidation genes, such as PPARa and PGC-
la in adipose tissue of HFD-fed obese mice were increased by CWB-GT
intervention. The lipogenesis was inhibited by decreasing the expres-
sion of FAS, HMGR, and SREBP-1c, as well as increasing LXRa in liver of
HFD-fed mice. In addition, CWB-GT significantly ameliorated the leptin
resistance induced by HFD. The improved the expression levels of genes
involved in lipid metabolism and leptin level also demonstrated the anti-
obesity effect of CWB-GT.

Chronic, low-grade systemic inflammation is a common underlying
cause of obesity (Jayarathne et al., 2019). Chronic activation of
proinflammatory-signaling pathways could also desensitize insulin re-
ceptor signaling, inducing insulin resistance (Chassaing, & Gewirtz,
2014). Our study testified that CWB-GT ameliorated obesity associated
inflammation with reduced the concentrations of serum TNF-« and IL-6,
which might be related to the improvement of fasting serum glucose.

Gut microbiota is considered as an important hidden metabolic
organ of the body (Liu, He, Ma, & Chen, 2020). There is a tight
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association between the gut microbiota dysbiosis and the development
of obesity. Gut microbiota could affect host metabolism via energy
harvested from gut microbiota, dysfunctional intestinal barrier associ-
ated low-grade inflammation and microbiota-derived beneficial
/harmful metabolites (Cao et al., 2019). CWB-GT didn’t reverse the
lower bacterial diversity and increased LPS level caused by HFD, which
is in contrast with the modulation of hot-water brewed tea on gut
microbiota (Chen et al., 2018; Liu et al., 2019; Liu et al., 2016). How-
ever, our study revealed that GT group has a divergent distribution on
the composition of gut microbiota based on the PCoA plot. We hy-
pothesized that cold tea beverage might impact some specific bacteria,
thereby mitigating metabolic disorders. Spearman correlation analysis
of the relative abundances of top 15 identified species and obesity
related parameters was performed in order to identify the potentially
specific bacteria. Ruminococcus_bromii and Lachnospiraceae_bacter-
ium DW12 were highly negatively correlated with most of obesity
related parameters while Vibrio cidicii, Lactococcus_lactis, Para-
bacteroides merdae, Dorea sp_5.2 and Bacteroides_vulgatus were highly
positively correlated with most of obesity related parameters. CWB-GT
could effectively decrease the abundance of Parabacteroides merdae
and Bacteroides_vulgatus. Parabacteroides merdae was found frequently
distributed in the gut microbiota of hypertensive patients (Yan et al.,
2017). Bacteroides vulgatus is thought to be responsible for the devel-
opment of inflammatory bowel disease (Shiba et al., 2003). Further-
more, Bacteroides uniforms, Raoultella ornithinolytica, Blautia coccoides,
Blautia producta, Lachnospiraceae bacterium DW67 and Lachnospiraceae
bacterium A2 were significantly enriched in GT group relative to HFD
group in the light of heat tree analysis. Among them Lachnospiraceae
bacterium DW67 and Blautia coccoides have relatively high abundance.
Lachnospiraceae bacterium DW67 belongs to Lachnospiraceae, which was
widely recognized as butyrate-producing bacteria (Meehan, & Beiko,
2014; Vacca et al., 2020). Blautia coccoides is also one of major butyrate-
producing bacteria that have been detected in humans (Tanaka, Yama-
moto, Yamada, Furuya, & Uyeno, 2016). Butyrate has been proved to
exerts metabolic benefits through improving intestinal barrier, inducing
thermogenesis or reducing appetite via gut-brain axis (Cani et al., 2019;
Lietal., 2018; Liu et al., 2018). Collectively, our findings suggested that
CWB-GT modulated gut microbiota by promoting the growth of
butyrate-producing bacteria Lachnospiraceae bacterium DW67 and Blau-
tia coccoides, whereas inhibiting the growth of Parabacteroides merdae
and Bacteroides_vulgatus, potentially facilitating the improvement of host
metabolism.

5. Conclusions

In conclusion, our results revealed that CWB-GT could reduce body
weight, alleviate dyslipidemia, protect against fatty liver and relieve
inflammation induced by HFD. The inhibition of lipogenesis in liver and
the enhancement of fatty acid oxidation in adipose tissue of HFD-fed
mice reconfirmed the anti-obesity effects of CWB-GT. These benefits
might be attributed to the stimulation of PYY secretion. Furthermore,
the modulation of specific bacteria by CWB-GT including increasing the
abundance of Lachnospiraceae bacterium DW67 and Blautia coccoides,
while decreasing the abundance of Parabacteroides merdae and Bacter-
oides_vulgatus might play an important role in the beneficial effects of
CWB-GT. However, further investigation should be conducted to vali-
date the function of these bacteria. Taken together, this study provides
evidence that cold-water brewed tea could improve obesity and asso-
ciated metabolic disorders, suggesting that cold-water brewed tea may
emerge as a novel functional beverage.
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