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Abstract

Green tea (GT) and caffeine in combination were shown to increase energy expenditure and fat oxidation, but less is

known about the effects of black tea (BT) and oolong tea (OT). This study investigated whether decaffeinated polyphenol

extracts from GT, BT, and OT decrease body fat and inflammation in male C57BL/6J mice fed high-fat/high-sucrose [HF/

HS (32% energy from fat, 25% energy from sucrose)] diets. Mice were fed either an HF/HS diet with 0.25% of polyphenol

from GT, OT, or BT or a low-fat/high-sucrose [LF/HS (10.6% energy from fat, 25% energy from sucrose)] diet for 20 wk.

Monomeric tea polyphenols were found in the liver and adipose tissue of mice fed the HF/HS diet with GT polyphenols

(GTPs) and OT polyphenols (OTPs) but not BT polyphenols (BTPs). Treatment with GTPs, OTPs, BTPs, and an LF/HS diet

led to significantly lower bodyweight, total visceral fat volume byMRI, and liver lipid weight comparedwithmice in the HF/

HS control group. Only GTPs reduced food intake significantly by ;10%. GTP, BTP, and LF/HS-diet treatments

significantly reduced serum monocyte chemotactic protein-1 (MCP-1) compared with HF/HS controls. In mesenteric fat,

monocyte chemotactic protein-1 (Mcp1) gene expression was significantly decreased by treatment with GTPs, BTPs,

OTPs, and an LF/HS diet and in liver tissue by GTP and BTP treatments. Mcp1 gene expression in epididymal fat was

significantly decreased by the BTP and LF/HS diet interventions. In epididymal fat, consistent with an anti-inflammatory

effect, adiponectin gene expression was significantly increased by GTPs and OTPs. Angiogenesis during adipose tissue

expansion is anti-inflammatory by maintaining adipocyte perfusion. We observed significantly increased gene

expression of vascular endothelial growth factor A by GTPs and vascular endothelial growth factor receptor 2 by

BTPs and the LF/HS diet and a decrease in pigment epithelium-derived factor gene expression by OTPs and BTPs. In

summary, all 3 tea polyphenol extracts induced weight loss and anti-inflammatory and angiogenic effects, although the

tissue content of polyphenols differed significantly. J. Nutr. 144: 1385–1393, 2014.

Introduction

Energy-dense, nutrient-poor diets containing high amounts of
fat and refined carbohydrates combined with sedentary lifestyles
are believed to be the major drivers of the global obesity
epidemic (1–3). The consumption of tea containing polyphenols
and caffeine was shown in numerous clinical trials to affect body
weight and fat metabolism in humans (4) and in rodents fed

high-fat/high-sucrose (HF/HS)4 diets (5). However, the effects of
the tea polyphenols found in green tea (GT), black tea (BT), and
oolong tea (OT) on fat deposition and inflammation, as well as
potential mechanisms of action, were not adequately studied. All
teas are derived from the leaves of Camellia sinensis, but
different processing methods produce different types of tea.
Fresh tea leaves are rich in polyphenols known as flavan-3-ols,
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including (2)-epicatechin, (2)-epigallocatechin gallate (EGCG),
(2)-epigallocatechin (EGC), and (2)-epicatechin-3-gallate (ECG)
(6). The 3 major types of tea are GT, OT, and BT, with different
degrees of fermentation during processing (6). During fermenta-
tion to manufacture BT, monomeric polyphenols are converted to
polymeric polyphenols called theaflavins and thearubigins, which
are not absorbed from the gastrointestinal tract like smaller
catechins, such as EGCG (7). BT contains lower amounts of
monomeric polyphenols (3–10% of solids) and higher concen-
trations of polymers (23–25%of solids) comparedwithGT (6). In
addition, a higher concentration of gallic acid is found in BT (8).
The chemical composition of thearubigins is under investigation
(9). OTs are partially oxidized, leading to an intermediate tea with
a lower concentration of polymeric polyphenols and higher
concentrations of EGCG than BT.

Preparations of GTare used as aids in weight loss and weight
maintenance. Catechins and caffeine, both contained in GT, are
each believed to have a role in increasing energy metabolism and
fat oxidation, which may lead to loss of body fat and weight loss.
A number of randomized controlled trials evaluating the role of
GT in weight loss were published previously (5). Dulloo et al.
(10), using a whole-body energy expenditure chamber, found
that a combination of GT extract and caffeine led to an increase
in energy expenditure in the range of 2–4% of total daily energy
expenditure in normal volunteers. Conversely, in a study by
Hursel et al. (11), GT alone did not prevent weight regain after
weight loss in obese individuals. Maki et al. (12) found that GT
extract consumption in combination with exercise led to a
decrease in abdominal visceral fat and TGs. A recent meta-
analysis by Hursel et al. (13) concluded that a combination of
GT and caffeine led to increased energy expenditure and fat
oxidation in humans. To our knowledge, there are numerous
studies of pure ECGC but no previous studies of the effects of tea
polyphenols from the 3 major types of tea (GT, BT, and OT) on
body fat in mice consuming an obesogenic HF/HS diet.

Another potential benefit of weight loss is the reduction of
obesity-associated inflammation, which was implicated as a
major factor in age-related chronic diseases. Abdominal visceral
fat, but not lower body fat, is implicated in obesity-associated
inflammation (14). A decrease in microvessel density and blood
circulation in visceral adipose tissue leads to hypoxia and
adipocyte necrosis, leading to the release of proinflammatory
cytokines into the circulation (15,16). Weight loss was shown to
be associated with an increase in adiponectin (Adipoq) forma-
tion, which results in increased angiogenesis in visceral fat that
counteracts the hypoxia due to decreased microvessel density,
and can inhibit inflammation (14).

The present study was designed to compare the activities of
the caffeine-free extracts of polyphenols from GT, BT, and OT in
inhibiting fat deposition and systemic inflammation during
weight gain in wild-type C57BL/6J mice fed an HF/HS diet.

Methods and Materials

Tea polyphenol extracts

Chemical reagents and plant materials. All solvents were HPLC

grade and purchased from Fisher Scientific. Gallic acid (>98%), tea
polyphenol, and caffeine standards were purchased from Sigma-Aldrich.

All GT, OT, and BT leaves were collected and purchased in a selected

location in Sichuan province, China. The samples were kept in sealed
bags at room temperature before extraction.

Tea polyphenol extract preparation. A total of 500 g of tea leaves

were extracted with 4 L of 75% ethanol in room temperature for 3 h.
The leaves were separated and extracted with ethanol. The procedure

was repeated twice. The ethanol was evaporated in a rotary evaporator

under reduced pressure at 40�C. The dried extract was suspended in 500

mL of pure water and extracted with dichloromethane to remove
caffeine. The decaffeinated water solution of tea extract was subjected to

an XAD-16 resin column separation, rinsed with 5 bed volumes of water,

and eluted with pure ethanol. The extract was dried using the rotary

evaporator.

Gallic acid equivalent. The assays were performed as reported

previously with some modification using Folin-Ciocalteau reagent (17).

The absorbance was read at 755 nm in a ThermoMax microplate reader
(Molecular Devices) at room temperature. The standard curves were

used to convert the average absorbance of each sample into milligrams

per gram gallic acid equivalent.

HPLC condition for analysis of catechins and caffeine. A Water

Alliance 2695 HPLC system coupled with a PDA detector and Empower

2 software was used to analyze the catechins and caffeine. The
separation of catechins and caffeine was conducted on an Agilent

Zorbax SB C18 column with a gradient of acetonitrile and 0.4%

phosphoric acid in water. The detection wavelength was 280 nm.

Experimental mouse and body composition studies

All mouse procedures were approved by the University of California, Los

Angeles Animal Research Committee in compliance with the Association
for Assessment and Accreditation of Laboratory Care International.

Male C57BL/6J mice (strain JAX 000664) were received from The

Jackson Laboratory at 6–7 wk of age (body weight: 16–18 g). After 1 wk

of acclimation, 28-d-old male C57BL/6J mice were assigned to 5 groups
with similar body weight distribution in each group (Supplemental

Fig. 1) and were fed a low-fat/high-sucrose (LF/HS) diet (D12489B;

Research Diets), an HF/HS diet (D12266B; Research Diets), or an HF/

HS diet supplemented with GT polyphenols (GTPs), OT polyphenols
(OTPs), or BT polyphenols (BTPs) (Table 1) at 0.5 g/100 g diet providing

0.25 g polyphenols/100 g diet. Tea extracts were mixed into the diet by

ResearchDiets. Bodyweightswere recordedweekly and food consumption

3 times per week. Groups of 3–5 mice from each group were killed after 4,
8, 12, 16, and 20 wk of dietary treatments (Supplemental Fig. 1). Tissues

were collected, weighed, and stored at 280�C until analysis. Body fat

TABLE 1 Composition of LF/HS diet, HF/HS diet, and HF/HS
diets containing different tea polyphenols fed to male C57BL/6J
mice for 20 wk1

Ingredients
LF/HS
diet

HF/HS
diet

HF/HS-GTP
diet

HF/HS-OTP
diet

HF/HS-BTP
diet

g/kg g/kg g/kg g/kg g/kg

Casein 161.2 182.2 181.3 181.3 181.3

DL-Methionine 2.5 2.8 2.9 2.9 2.9

Corn starch 423.1 206.2 205.1 205.1 205.1

Maltodextrin 10 29.7 71.9 74.4 74.4 74.4

Sucrose 246.1 278.1 276.7 276.7 276.7

Cellulose 25.5 28.8 28.6 28.6 28.6

Butter fat 12.5 42.4 42.2 42.2 42.2

Corn oil 33.4 113.2 112.6 112.6 112.6

Mineral mix S10001 34.0 38.4 38.2 38.2 38.2

Calcium carbonate 4.7 5.3 5.2 5.2 5.2

Sodium chloride 4.7 5.3 5.2 5.2 5.2

Potassium citrate 11.5 12.9 12.4 12.4 12.4

Vitamin mix V10001 9.3 10.5 10.5 10.5 10.5

Choline bitartrate 1.6 1.9 1.9 1.9 1.9

GTPs 5

OTPs 5

BTPs 5

1 A total of 0.25 g of GTPs, OTPs, and BTPs was added to 1 kg of diet based on gallic

acid equivalents. BTP, black tea polyphenol; GTP, green tea polyphenol; HF/HS, high-

fat/high-sucrose; LF/HS, low-fat/high-sucrose; OTP, oolong tea polyphenol.
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composition was measured at week 20. Five mice from each group were

anesthetized by isoflurane inhalation and imaged using an Aspect imaging

M2 MRI system. Total adipose tissue and abdominal adipose tissue were
quantified using the T1-weighted spin-echo data (VivoQuant; inviCRO).

Measurement of liver total lipid content, TGs, and FA

composition

Total lipid content. Total hepatic lipids were quantified by chloroform

methanol extraction following a modification of the method by Bligh
and Dyer (18).

FA analysis by GC. The FA content of 6 FAs was determined as methyl

esters by a GC–flame ionization detector method as published previously
(19). The analysis was performed on an Agilent 7890 A GC as described

previously (19). The FFAs were identified and quantified by comparing

the retention times and area of peaks with those of commercial FFA
methyl ester standards purchased from Sigma-Aldrich.

Liver Oil Red O staining. Liver tissue was fixed in 10% neutral-buffered

formalin (VWR) and embedded in optimal cutting temperature com-
pound. Sections were processed for Oil Red O staining as described

previously (20). Liver specimens were evaluated by light microscopy, and

the Oil Red–positive area was analyzed using VivoQuant data processing.

Liver and adipose tissue tea polyphenol analysis

Extraction and digestion (b-glucuronidase and sulfatase; Sigma-Aldrich)
of liver and adipose tissue tea polyphenols was performed as described

previously (21). Dried extracts were reconstituted in 50% methanol:

water for detection by LC–MS. The LC–MS analysis was performed on a

Zorbax SB C18 column (Agilent). Analyses were performed using the
HPLC–electrospray ionization–MS system (Thermo Finnigan LCQ

advantage) at negative mode. MS2 spectra were automatically

performed with helium as the collision gas (EGC: m/z 305/219;
EGCG: m/z 457/331; methyl-EGCG: m/z 471/287; and ECG: m/z

441/289). Concentrations were calculated by comparison of sample

peak area with the commercial standard peak area (21).

Real-time qPCR

Liver and adipose tissues of mice after 16 wk of dietary treatment were
dissected and immediately preserved in RNALater Solution (Life

Technologies). Total RNA was isolated using an RNeasy mini kit and

an RNeasy lipid tissue mini kit (Qiagen). RNA treated with deoxyribo-

nuclease I was quantified, and equal amounts of RNA were reverse
transcripted into cDNA using a first-strand cDNA synthesis kit

(Clontech). qRT-PCR was performed using a SYBR green PCR master

mix (Clontech) and HT7900 Fast Real-Time PCR (Applied Biosystems).

The mRNA levels of all genes were normalized using GAPDH as internal
control. The primers were designed to evaluate the expressions of the

pigment epithelium-derived factor (Pedf), vascular endothelial growth

factor A (Vegfa), vascular endothelial growth factor receptor 2 (Vegfr2),
Gapdh, monocyte chemotactic protein-1 (Mcp1), and Adipoq genes

(Supplemental Table 1).

Analysis of serum MCP-1

The plasma concentration of mouse MCP-1 was measured with

Quantikine M mouse MCP-1 ELISA kits (R&D Systems). Intra-assay
and interassay precision indicated by percentage coefficient of variation

are 4.6–7.3 and 5.1–8.3, respectively.

Statistical analyses

All statistical analyses were conducted using IBM SPSS Statistics version

21; mean values, SDs, and SEs were calculated using descriptive

statistics. Energy intake, body weight, percentage visceral fat/body
weight, percentage subcutaneous fat/body weight, percentage liver

weight/body weight, and percentage lipid weight/liver weight were

analyzed with 2-factor ANOVA, with the factors diet and time. The

Tukey-Kramer multiple comparison procedure was used for post hoc
comparisons of diet means. Total visceral fat volume (MRI), hepatic FAs,

hepatic Oil Red–positive area, Mcp1, Adipoq, Pedf, Vegfa, and Vegfr2
gene expression, and MCP-1 protein expression were analyzed with

1-factor ANOVA, with the factor diet. The Tukey-Kramer multiple

comparison procedure was used for post hoc comparisons. P values

<0.05 were considered statistically significant.

Results

Body weight and composition in mice fed the HF/HS diet

supplemented with polyphenol-enriched tea extracts.

During the 20-wk dietary intervention, the HF/HS-treated
mice had significantly higher body weight and subcutaneous
fat by weight (Fig. 1A, B) and total visceral fat by weight
compared with the LF/HS group (Supplemental Fig. 2B). As
shown in Figure 1A, B and Supplemental Figure 2B, body weight
gain and visceral fat and subcutaneous fat gain normalized to
body weight were decreased significantly in mice fed the HF/HS
diets supplemented with all 3 types of tea polyphenols compared
withHF/HS controls.We also assessed total visceral fat ofmice by
MRI at week 20. TheHF/HS-induced gain in total visceral fat was
significantly reduced by GTP, OTP, and BTP supplementation

FIGURE 1 Effects of polyphenol-enriched tea extracts on body

weight (A) and percentage subcutaneous fat normalized to body

weight (B) in male C57BL/6J mice fed an HF/HS, LF/HS, HF/HS-GTP,

HF/HS-OTP, or HF/HS-BTP diet for 20 wk. Data are means 6 SEMs

(n = 3–5). Statistical significance as evaluated by 2-factor ANOVA (diet 3
time), followed by the Tukey-Kramer multiple comparison procedure.

Both diet and time affected body weight and percentage subcuta-

neous fat normalized to body weight, but there was no interaction

between the effect of time and diet (Supplemental Table 2).
Labeled means of dietary interventions without a common letter

differ by diet throughout the intervention time (4–20 wk), P , 0.05.

BTP, black tea polyphenol; GTP, green tea polyphenol; HF/HS, high-

fat/high-sucrose; LF/HS, low-fat/high-sucrose; OTP, oolong tea

polyphenol.
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(Fig. 2). Energy intake of the mice consuming the HF/HS-OTP
and HF/HS-BTP diets was not significantly different from the
HF/HS control mice, whereas HF/HS-GTP consumption was
associated with a significant decrease in energy intake compared
with HF/HS control mice (weeks 4–20) (Supplemental Fig. 2A).

Liver weight and lipid content. When normalized to body
weight, no difference in liver weight was observed at the end of
the 20-wk dietary intervention with the HF/HS diet group
compared with the LF/HS diet group (Fig. 3A). However,
normalized liver weights of mice in the HF/HS-GTP and HF/HS-
BTP groups, but not the HF/HS-OTP group, were significantly
lower compared with HF/HS-fed mice (Fig. 3A). Weights of the
spleen, heart, pancreas, and kidney were similar among all the
experimental groups (data not shown). None of the tea
polyphenol extracts caused liver toxicity. At 20 wk of interven-
tion, serum alanine transaminase activity was below 33 U/L,
which is in the normal range for mice (22). Hepatic total lipid
and TG content was increased significantly in the HF/HS diet
mice compared with the LF/HS diet mice. We observed that all 3
tea polyphenol extracts significantly decreased liver total lipid
and TG content compared with HF/HS control mice (Fig. 3B, C
and Supplemental Fig. 3).

The liver FA analysis at 20 wk demonstrated that the dietary
tea polyphenol treatment was associated with changes in hepatic
FA composition (Table 2). GTPs and BTPs significantly altered
the percentage palmitic acid (16:0) and DHA (22:6n–3) of total
FAs quantified compared with the HF/HS diet alone. All 3 tea
polyphenol extracts significantly regulated the percentage stearic
acid (18:0) and oleic acid (18:1n–9) compared with the HF/HS
diet alone. The percentage linoleic acid (18:2n–6) and arach-
idonic acid (20:4n–6) were significantly increased by GTPs only
compared with the HF/HS diet alone.

Effect of tea polyphenols on inflammatory responses in

white adipose tissue and liver of mice with HF/HS-induced

obesity. Mcp1 gene expression was evaluated in white adipose
tissue (epididymal and mesenteric fat) at the end of the 16-wk
dietary tea treatment. In mesenteric fat, all 3 tea extracts

significantly decreased HF/HS diet–induced Mcp1 upregulation
(Fig. 4A), whereas BTP treatment significantly decreased HF/HS
diet–induced Mcp1 upregulation in epididymal fat (Fig. 4B). In
liver, Mcp1 gene expression was inhibited significantly by the
addition of GTPs and BTPs but not OTPs (Fig. 4C). The serum

FIGURE 2 Coronal T1-weighted spin-echo MRIs were obtained

from male C57BL/6J mice fed an HF/HS, LF/HS, HF/HS-GTP, HF/HS-

OTP, or HF/HS-BTP diet for 20 wk. The images were processed with

volume segmentation for total visceral fat. Quantification of MR

images was performed using VivoQuant software. Data are means 6
SEMs (n = 5). Data were analyzed by 1-factor ANOVA, followed by the

Tukey-Kramer multiple comparison procedure. Labeled means with-

out a common letter differ, P , 0.05. BTP, black tea polyphenol; GTP,

green tea polyphenol; HF/HS, high-fat/high-sucrose; LF/HS, low-fat/

high-sucrose; OTP, oolong tea polyphenol.

FIGURE 3 Effects of polyphenol-enriched tea extracts on HF/HS-

induced fatty liver in male C57BL/6J mice fed an HF/HS, LF/HS, HF/

HS-GTP, HF/HS-OTP, or HF/HS-BTP diet for 20 wk. Liver weight was

normalized to body weight (A), and liver lipid weight was normalized to

liver weight (B) over 20 wk. Data are means 6 SEMs (n = 3–5).

Statistical significance as revealed by 2-factor ANOVA (diet 3 time),

followed by the Tukey-Kramer multiple comparison procedure. Both

diet- and time-affected liver weight were normalized to body weight

and liver lipid weight normalized to liver weight, but there was no

interaction between the effect of time and diet (Supplemental Table

2). Labeled means of dietary interventions without a common letter

differ by diet throughout the intervention time (4–20 wk), P , 0.05.

Quantification of TG by Oil Red staining in liver sections (C). Data are

means 6 SEMs (n = 5). Data were analyzed by 1-factor ANOVA,

followed by the Tukey-Kramer multiple comparison procedure.

Labeled means without a common letter differ, P , 0.05. BTP, black

tea polyphenol; GTP, green tea polyphenol; HF/HS, high-fat/high-

sucrose; LF/HS, low-fat/high-sucrose; OTP, oolong tea polyphenol.

1388 Heber et al.

 by guest on M
arch 7, 2016

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


concentration of MCP-1 in the HF/HS group was increased
compared with the LF/HS group; BTPs and GTPs significantly
inhibited HF/HS-induced serum MCP-1 upregulation (Fig. 5).

Gene expression of Adipoq, Pedf, Vegfa, and Vegfr2 in

white adipose tissue. During initial adipose expansion (HF
diet–induced obesity model), proangiogenic activities were
shown to be associated with a reduction of inflammation and
insulin resistance (15,16,23). Feeding the HF/HS-GTP and HF/
HS-OTP diets significantly increased Adipoq, whereas HF/HS-
OTP and HF/HS-BTP diets decreased Pedf gene expression in
epididymal fat compared with HF/HS diet mice (Fig. 6A, B). In
addition, gene expression of 2 proangiogenic markers,Vegfa and
Vegfr2, was determined. Compared with the HF/HS diet, the
HF/HS-GTP diet significantly increasedVegfa gene expression in
epididymal fat (Fig. 6C), and the HF/HS-BTP diet was associ-
ated with significantly increased Vegfr2 gene expression in
epididymal fat (Fig. 6D).

Concentration of tea polyphenols and metabolites in liver

and adipose tissue. Polyphenol extracts of GT, OT, and BT
contained 21%, 14%, and 3.6%of EGCG, respectively (Table 3).
EGCG was found in liver and white adipose tissue of mice fed the
GTP and OTP diets, with considerable individual variation (Fig.
7A, B). 4##-O-methyl EGCG (4##-MeEGCG) was only found in
liver of mice in the HF/HS-GTP and HF/HS-OTP groups (Fig.
7A). ECG was found in liver and white adipose tissue of mice in
all 3 groups (Fig. 7A, B). In the liver, EGC was detected in 1 of 3
mice fed the HF/HS-GTP and HF/HS-OTP diets (Fig. 7B).
Adipose EGC was detected in GTP-fed mice (Fig. 7B).

Discussion

In the present study, the addition of standardized GTP-, BTP-,
and OTP-enriched extracts to an HF/HS diet significantly
decreased body weight, abdominal visceral fat volume, and
biomarkers of inflammation compared with an HF/HS obeso-
genic diet alone.

In addition, gene expression of angiogenesis markers and
Adipoq were modulated by GTP-, BTP-, and OTP-enriched
extracts. The final body weight in mice fed tea extracts with an
HF/HS diet was similar to mice fed an LF/HS diet, except that
liver fat in the GTP-fed group was greater than in the LF/HS diet.
However, energy intake was decreased by;10% with GTPs but
unchanged with BTPs or OTPs added to the HF/HS diet.
Although all 3 tea polyphenol extracts were standardized to
similar phenolic contents, the GTP extract had the highest

TABLE 2 Effects of polyphenol-enriched tea extracts on hepatic FA composition expressed as a
percentage of the sum of all FAs analyzed in male C57BL/6J mice fed an HF/HS, LF/HS, HF/HS-GTP, HF/
HS-OTP, or HF/HS-BTP diet for 20 wk1

Palmitic acid Stearic acid Oleic acid Linoleic acid Arachidonic acid DHA

Weight % Weight % Weight % Weight % Weight % Weight %

LF/HS diet 25.3 6 1.0a,b 6.0 6 1.8a,b 30.9 6 6.7a 8.9 6 1.6c 5.6 6 3.1a,b 1.4 6 0.7a,b

HF/HS diet 26.3 6 0.8a 4.1 6 1.1b 30.3 6 3.6a 16.9 6 1.9b 4.1 6 1.1b 1.0 6 0.2b

HF/HS-GTP diet 20.8 6 2.2c 7.7 6 2.6a 19.2 6 4.9b 21.1 6 4.4a 7.6 6 2.5a 2.0 6 0.8a

HF/HS-OTP diet 25.6 6 1.2a,b 6.9 6 1.4a 22.5 6 4.2b 16.6 6 2.0b 6.2 6 1.2a,b 1.4 6 0.3a,b

HF/HS-BTP diet 23.5 6 2.5b 7.4 6 2.9a 22.4 6 7.0b 17.7 6 1.9b 6.9 6 2.9a,b 1.9 6 0.9a

1 Values are means 6 SDs (n = 5). Data were analyzed by 1-factor ANOVA, followed by the Tukey-Kramer multiple comparison procedure.

Hepatic FA profiles of mice fed the indicated diets for 20 wk were determined by GC analysis. Data were expressed as percentage of the

sum of all FAs. Means in a column without a common letter differ, P , 0.05. BTP, black tea polyphenol; GTP, green tea polyphenol; HF/HS,

high-fat/high-sucrose; LF/HS, low-fat/high-sucrose; OTP, oolong tea polyphenol.

FIGURE 4 Effects of polyphenol-enriched tea extracts on Mcp1

gene expression in white adipose tissue and liver in male C57BL/6J

mice fed an HF/HS, LF/HS, HF/HS-GTP, HF/HS-OTP, or HF/HS-BTP

diet for 16 wk. Mesenteric fat (A), epididymal fat (B), and liver (C). Data

are means 6 SEMs (n = 5). Data were analyzed by 1-factor ANOVA,

followed by the Tukey-Kramer multiple comparison procedure.

Labeled means without a common letter differ, P , 0.05. BTP, black

tea polyphenol; E-Fat, epididymal fat; GTP, green tea polyphenol; HF/

HS, high-fat/high-sucrose; LF/HS, low-fat/high-sucrose; M-Fat, mes-

enteric fat; Mcp1, monocyte chemotactic protein-1; OTP, oolong tea

polyphenol.
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content of EGCG, which could explain the decreased energy
intake through its known effects of increasing hepatic FA
oxidation (4). Monomeric GTPs are absorbed in the small
intestine, whereas the larger polymeric polyphenols in BT and
OT are only marginally absorbed even after the administration
of large amounts equivalent to 6 L (30 cups) of BT (24). GT or
EGCG administration with HF diets can cause weight loss
independent of effects on energy intake (25,26) through in-
creased thermogenesis, increased lipid oxidation, and/or re-
duced lipogenesis (4,5). In addition i.p. injection of EGCG
(85 mg/kg body weight) in rats is associated with a decrease in
energy intake of;15% along with decreases in serum leptin and
luteinizing hormone concentrations (27).

Fewer studies examined the effect of BT on weight loss in
humans and animals (28–30). The large-molecular-weight tea
polyphenols in BT suggest that the antiobesity effects of BTPs
may be through inhibition of pancreatic lipase, leading to
decreased lipid absorption (31–33). OTPs also cause weight loss
in mice fed an HF diet (34), most likely due to effects similar to
those of BT because OT also contains less catechin and EGCG
than GT.

Rapid weight gain in humans and C57BL/6J mice leads to
accumulation of intra-abdominal or visceral fat (35), which is
accompanied by apoptosis, immune system activation, and
recruitment of macrophages, leading to an increase in blood
concentrations of circulating chemokines, MCP-1, IL-6, TNF-a,
and other cytokines (36). MCP-1 is a small cytokine that recruits
monocytes, memory T cells, and dendritic cells to the site of
injury. Plasma concentrations of MCP-1 are increased with
obesity (37). In the present study, all 3 tea polyphenol extracts at
the same total polyphenol content led to a decrease in MCP-
1 concentrations in serum. Similar results were observed in mice
fed 60% energy from fat supplemented with 1% and 2% of GT
extract or 0.37% EGCG (35,36,38). Treatment with low
concentrations of gallic acid (0.1 and 1 mmol/L) inhibited
proinflammatory cytokine gene expression in vitro, which may
explain the anti-inflammatory effect of BTPs (39).

Tissue FA composition reflects the FA composition of the diet
(40). Corn oil is rich in linoleic acid and oleic acid. A 2-fold
relative increase of linoleic acid was seen in mice consuming the
HF/HS diet compared with the LF/HS diet. Decreases in palmitic

acid and oleic acid were observed in the hepatic fat of mice
consuming the HF/HS diet with tea polyphenols compared with

FIGURE 5 Effects of polyphenol-enriched tea extracts on serum

concentrations of MCP-1 in male C57BL/6J mice fed an HF/HS, LF/

HS, HF/HS-GTP, HF/HS-OTP, or HF/HS-BTP diet for 16 wk. Data are

means 6 SEMs (n = 5). Data were analyzed by 1-factor ANOVA,

followed by the Tukey-Kramer multiple comparison procedure.

Labeled means without a common letter differ, P , 0.05. BTP, black

tea polyphenol; GTP, green tea polyphenol; HF/HS, high-fat/high-

sucrose; LF/HS, low-fat/high-sucrose; MCP-1, monocyte chemotactic

protein-1; OTP, oolong tea polyphenol.

FIGURE 6 Effects of polyphenol-enriched tea extracts on Adipoq and

angiogenesis-related gene expression in epididymal fat from male C57BL/

6Jmice fed an HF/HS, LF/HS, HF/HS-GTP, HF/HS-OTP, or HF/HS-BTP diet

for 16 wk: Adipoq (A), Pedf (B), Vegfa (C), and Vegfr2 (D) gene expression.

Data are means6 SEMs (n = 5). Data were analyzed by 1-factor ANOVA,

followed by the Tukey-Kramer multiple comparison procedure. Labeled

means without a common letter differ, P , 0.05. Adipoq, adiponectin;

BTP, black tea polyphenol; GTP, green tea polyphenol; HF/HS, high-fat/

high-sucrose; LF/HS, low-fat/high-sucrose; OTP, oolong tea polyphenol;

Pedf, pigment epithelium-derived factor; Vegfa, vascular endothelial

growth factor A; Vegfr2, vascular endothelial growth factor receptor 2.
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controls. These observations are consistent with the effect of
tea polyphenols inhibiting de novo fat synthesis from sucrose
through acyl-CoA synthase reaction and the conversion of
stearic acid to oleic acid by the stearoyl-CoA desaturase
(SCD-1) (41). In addition, GT, BT, and pu-erh (completely
fermented) tea were shown to inhibit FA synthase (FAS)
through AMP-activated protein kinase phosphorylation in rats
fed a high-fructose diet (42). GT extract also decreased the
expression of hepatic lipogenic genes, including sterol element
binding protein-1c (SREBP1c) and its downstream regulatory
target genes FAS and SCD-1, in fructose-fed ovariectomized
rats (43).

In adipose tissue, we focused on the gene expression of the
following: 1) the adipokines Adipoq, leptin, and Pedf; 2) the
angiogenesis-related genes Vegfa and Vegfr2; 3) the adipogenic
factors Kruppel-like factor 7 (Klf7), CCAAT/enhancer binding
protein a (C/ebpa), Pparg, and Srebp1; and 4) the energy
expenditure genes carnitine palmitoyltransferase I (Cpt1) and
glycerol-3-phosphate acyltransferase (Gpat). The adipocyte se-
creted hormone ADIPOQ has multiple functions in lipid and
glucose metabolism, inflammation, and vascular remodeling (14),
including increased angiogenesis (14). PEDF, an adipose secreted
factor, inhibits angiogenesis and is elevated in response to obesity
(44–47). In this study, a 2-fold increase ofAdipoq gene expression
by GTPs and 63% decrease of Pedf gene expression by BTPs were
associated with increased angiogenic factor gene expression by
Vegfa in the GTP group and significantly enhanced Vegfr2
expression in the BTP group. Our observations are consistent with
the notion that tea polyphenols increase blood vessel formation in
adipose tissue, which contributes to their anti-inflammatory
effects. This finding is in contrast to the traditional concept that
inhibition of angiogenesis results in weight loss (48) but is
consistent with recent observations of proangiogenic activity
during adipose tissue expansion mediating protective effects on
metabolism and inflammation (23). Expression of genes asso-
ciated with adipogenesis, energy expenditure, and lipid meta-
bolism, including Klf7, C/ebpa, Pparg, Cpt1, Gpat, Srebp, and
3-hydroxy-3-methylglutaryl-CoA (Hmgcoa), were not changed
by tea polyphenols (data not shown).

The bioavailability and biotransformation of tea polyphenols
are the limiting factor in mediating the biologic activity of tea
polyphenols in target tissues (49). 4##-MeEGCG, the major
biotransformation product of EGCG, is formed by catechol-O-
methyltransferase in the liver and in the current study was not
found in adipose tissue (50). In the current study, EGCG, 4##-
MeEGCG, EGC, and ECG were found in higher concentrations
in the livers of mice consuming GTPs compared with OTPs and
not after BTPs, which reflects the tea polyphenol content of GT,
OT, and BT due to the difference of fermentation during the
processing and manufacturing of these different teas.

Our observations of the effects of caffeine-free extracts of
GT, BT, and OT demonstrate that the polyphenol fractions of
teas are biologically active in inhibiting weight gain on an HF/
HS diet. However, the induction of weight loss by the 3 types of
tea extracts was induced through different mechanisms. The
combination of GTPs and BTPs, by working through different
mechanisms as suggested by the results of the present study, may
provide an interesting combination approach for future human
studies of the effects of tea polyphenols in obesity treatment and
weight maintenance.

Acknowledgments

The authors thank Mark Hsu for proofreading the manuscript.
D.H. and Y.Z. developed the overall research plan and had
study oversight; J.Y. and J.E.M. conducted the research; and
S.M.H., Z.L., and J.Y. assisted in the study design and
interpretation of the data, and wrote the manuscript. All
authors read and approved the final manuscript.

References

1. Finucane MM, Stevens GA, Cowan MJ, Danaei G, Lin JK, Paciorek
CJ, Singh GM, Gutierrez HR, Lu Y, Bahalim AN, et al. National,

TABLE 3 GAE, caffeine, and EGCG concentrations of GTPs,
OTPs, and BTPs1

GAE Caffeine EGCG

mg/g mg/g mg/g
GTPs 565 6 24 0.5 6 0.1 214 6 4.5

OTPs 588 6 29 0.6 6 0.1 142 6 0.6

BTPs 532 6 25 1.4 6 0.1 36 6 0.3

1 Values are means6 SDs (n = 6). Total phenolic content was expressed as GAE. BTP,

black tea polyphenol; EGCG, (2)-epigallocatechin gallate; GAE, gallic acid equivalent;

GTP, green tea polyphenol; OTP, oolong tea polyphenol.

FIGURE 7 Effects of polyphenol-enriched tea extracts on tissue

concentrations of tea polyphenols and their metabolites in liver (A) and

E-fat (B) in male mice fed an HF/HS, LF/HS, HF/HS-GTP, HF/HS-OTP,

or HF/HS-BTP diet for 16–20 wk. Data are means 6 SEMs (n = 3).

Data were analyzed by 1-factor ANOVA, followed by the Tukey-

Kramer multiple comparison procedure. Labeled means without a

common letter differ, P , 0.05. No comparison was performed for E-

fat 4##-MeEGCG because it was undetectable in all E-fat samples.

BTP, black tea polyphenol; ECG, (2)-epicatechin-3-gallate; EGC,

(2)-epigallocatechin; EGCG, (2)-epigallocatechin gallate; E-Fat, epidid-

ymal fat; GTP, green tea polyphenol; HF/HS, high-fat/high-sucrose; LF/

HS, low-fat/high-sucrose; OTP, oolong tea polyphenol; 4##-MeEGCG,

4##-O-methyl (–)-epigallocatechin gallate.

Tea polyphenol-induced reduction of weight gain 1391

 by guest on M
arch 7, 2016

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


regional, and global trends in body-mass index since 1980: systematic
analysis of health examination surveys and epidemiological studies
with 960 country-years and 9.1 million participants. Lancet
2011;377:557–67.

2. Mendoza JA, Drewnowski A, Christakis DA. Dietary energy density is
associated with obesity and the metabolic syndrome in U.S. adults.
Diabetes Care 2007;30:974–9.

3. Malik VS, Popkin BM, Bray GA, Despres JP, Hu FB. Sugar-sweetened
beverages, obesity, type 2 diabetes mellitus, and cardiovascular disease
risk. Circulation 2010;121:1356–64.

4. Rains TM, Agarwal S, Maki KC. Antiobesity effects of green tea
catechins: a mechanistic review. J Nutr Biochem 2011;22:1–7.

5. Grove KA, Lambert JD. Laboratory, epidemiological, and human
intervention studies show that tea (Camellia sinensis) may be useful in
the prevention of obesity. J Nutr 2010;140:446–53.

6. Sharma V, Rao LJ. A thought on the biological activities of black tea.
Crit Rev Food Sci Nutr 2009;49:379–404.

7. Subramanian N, Venkatesh P, Ganguli S, Sinkar VP. Role of polyphenol
oxidase and peroxidase in the generation of black tea theaflavins.
J Agric Food Chem 1999;47:2571–8.

8. Hodgson JM, Morton LW, Puddey IB, Beilin LJ, Croft KD. Gallic acid
metabolites are markers of black tea intake in humans. J Agric Food
Chem 2000;48:2276–80.

9. Kuhnert N, Drynan JW, Obuchowicz J, Clifford MN, Witt M. Mass
spectrometric characterization of black tea thearubigins leading to an
oxidative cascade hypothesis for thearubigin formation. Rapid Com-
mun Mass Spectrom 2010;24:3387–404.

10. Dulloo AG, Duret C, Rohrer D, Girardier L, Mensi N, Fathi M,
Chantre P, Vandermander J. Efficacy of a green tea extract rich in
catechin polyphenols and caffeine in increasing 24-h energy expenditure
and fat oxidation in humans. Am J Clin Nutr 1999;70:1040–5.

11. Hursel R, Westerterp-Plantenga MS. Green tea catechin plus caffeine
supplementation to a high-protein diet has no additional effect on
body weight maintenance after weight loss. Am J Clin Nutr
2009;89:822–30.

12. Maki KC, Reeves MS, Farmer M, Yasunaga K, Matsuo N, Katsuragi Y,
Komikado M, Tokimitsu I, Wilder D, Jones F, et al. Green tea catechin
consumption enhances exercise-induced abdominal fat loss in over-
weight and obese adults. J Nutr 2009;139:264–70.

13. Hursel R, Viechtbauer W, Dulloo AG, Tremblay A, Tappy L, Rumpler
W, Westerterp-Plantenga MS. The effects of catechin rich teas and
caffeine on energy expenditure and fat oxidation: a meta-analysis. Obes
Rev 2011;12:e573–81.

14. Aprahamian TR. Elevated adiponectin expression promotes adipose
tissue vascularity under conditions of diet-induced obesity. Metabolism
2013;62:1730–8.

15. Elias I, Franckhauser S, Ferre T, Vila L, Tafuro S, Munoz S, Roca C,
Ramos D, Pujol A, Riu E, et al. Adipose tissue overexpression of
vascular endothelial growth factor protects against diet-induced obesity
and insulin resistance. Diabetes 2012;61:1801–13.

16. Sung HK, Doh KO, Son JE, Park JG, Bae Y, Choi S, Nelson SM,
Cowling R, Nagy K, Michael IP, et al. Adipose vascular endothelial
growth factor regulates metabolic homeostasis through angiogenesis.
Cell Metab 2013;17:61–72.

17. Singleton VL, Esau P. Phenolic substances in grapes and wine, and their
significance. Adv Food Res Suppl 1969;1:1–261.

18. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 1959;37:911–7.

19. Lu QY, Zhang Y, Wang Y, Wang D, Lee RP, Gao K, Byrns R, Heber D.
California Hass avocado: profiling of carotenoids, tocopherol, fatty
acid, and fat content during maturation and from different growing
areas. J Agric Food Chem 2009;57:10408–13.

20. Mehlem A, Hagberg CE, Muhl L, Eriksson U, Falkevall A. Imaging of
neutral lipids by oil red O for analyzing the metabolic status in health
and disease. Nat Protoc 2013;8:1149–54.

21. Wang P, AronsonWJ, HuangM, Zhang Y, Lee RP, Heber D, Henning SM.
Green tea polyphenols and metabolites in prostatectomy tissue: implica-
tions for cancer prevention. Cancer Prev Res (Phila) 2010;3:985–93.

22. Gray KK, Worthy MN, Juelich TL, Agar SL, Poussard A, Ragland D,
Freiberg AN, Holbrook MR. Chemotactic and inflammatory responses
in the liver and brain are associated with pathogenesis of Rift Valley
fever virus infection in the mouse. PLoS Negl Trop Dis 2012;6:e1529.

23. Sun K, Wernstedt Asterholm I, Kusminski CM, Bueno AC, Wang ZV,
Pollard JW, Brekken RA, Scherer PE. Dichotomous effects of VEGF-A on
adipose tissue dysfunction. Proc Natl Acad Sci USA 2012;109:5874–9.

24. Mulder TP, van Platerink CJ, Wijnand Schuyl PJ, van Amelsvoort JM.
Analysis of theaflavins in biological fluids using liquid chromatography-
electrospray mass spectrometry. J Chromatogr B Biomed Sci Appl
2001;760:271–9.

25. Bose M, Lambert JD, Ju J, Reuhl KR, Shapses SA, Yang CS. The major
green tea polyphenol, (2)-epigallocatechin-3-gallate, inhibits obesity,
metabolic syndrome, and fatty liver disease in high-fat-fed mice. J Nutr
2008;138:1677–83.

26. Lee MS, Kim CT, Kim Y. Green tea (2)-epigallocatechin-3-gallate reduces
body weight with regulation of multiple genes expression in adipose tissue
of diet-induced obese mice. Ann Nutr Metab 2009;54:151–7.

27. Kao YH, Hiipakka RA, Liao S. Modulation of endocrine systems and
food intake by green tea epigallocatechin gallate. Endocrinology
2000;141:980–7.

28. Uchiyama S, Taniguchi Y, Saka A, Yoshida A, Yajima H. Prevention of
diet-induced obesity by dietary black tea polyphenols extract in vitro
and in vivo. Nutrition 2011;27:287–92.

29. Yuda N, Tanaka M, Suzuki M, Asano Y, Ochi H, Iwatsuki K.
Polyphenols extracted from black tea (Camellia sinensis) residue by hot-
compressed water and their inhibitory effect on pancreatic lipase in
vitro. J Food Sci 2012;77:H254–61.

30. Oi Y, Hou IC, Fujita H, Yazawa K. Antiobesity effects of Chinese
black tea (Pu-erh tea) extract and gallic acid. Phytother Res
2012;26:475–81.

31. Juhel C, Armand M, Pafumi Y, Rosier C, Vandermander J, Lairon D.
Green tea extract (AR25) inhibits lipolysis of triglycerides in gastric and
duodenal medium in vitro. J Nutr Biochem 2000;11:45–51.

32. Pafumi Y, Lairon D, de la Porte PL, Juhel C, Storch J, Hamosh M,
Armand M. Mechanisms of inhibition of triacylglycerol hydrolysis by
human gastric lipase. J Biol Chem 2002;277:28070–9.

33. Grove KA, Sae-tan S, Kennett MJ, Lambert JD. (2)-Epigallocatechin-3-
gallate inhibits pancreatic lipase and reduces body weight gain in high
fat-fed obese mice. Obesity (Silver Spring) 2012;20:2311–3.

34. Han LK, Takaku T, Li J, Kimura Y, Okuda H. Anti-obesity action of
oolong tea. Int J Obes Relat Metab Disord 1999;23:98–105.

35. Wang Y, Sullivan S, Trujillo M, Lee MJ, Schneider SH, Brolin RE, Kang
YH, Werber Y, Greenberg AS, Fried SK. Perilipin expression in human
adipose tissues: effects of severe obesity, gender, and depot. Obes Res
2003;11:930–6.

36. Tchernof A, Despres JP. Pathophysiology of human visceral obesity: an
update. Physiol Rev 2013;93:359–404.

37. Panee J. Monocyte chemoattractant protein 1 (MCP-1) in obesity and
diabetes. Cytokine 2012;60:1–12.

38. Chen YK, Cheung C, Reuhl KR, Liu AB, Lee MJ, Lu YP, Yang CS.
Effects of green tea polyphenol (2)-epigallocatechin-3-gallate on newly
developed high-fat/Western-style diet-induced obesity and metabolic
syndrome in mice. J Agric Food Chem 2011;59:11862–71.

39. Yoon CH, Chung SJ, Lee SW, Park YB, Lee SK, Park MC. Gallic acid, a
natural polyphenolic acid, induces apoptosis and inhibits proinflamma-
tory gene expressions in rheumatoid arthritis fibroblast-like synovio-
cytes. Joint Bone Spine 2013;80:274–9.

40. Zhou AL, Hintze KJ, Jimenez-Flores R, Ward RE. Dietary fat
composition influences tissue lipid profile and gene expression in
Fischer-344 rats. Lipids 2012;47:1119–30.

41. Visioli F, Crawford MA, Cunnane S, Rise P, Galli C. Lipid transport,
dietary fats, and endogenous lipid synthesis: hypotheses on saturation
and competition processes. Nutr Health 2006;18:127–32.

42. Huang HC, Lin JK. Pu-erh tea, green tea, and black tea suppresses
hyperlipidemia, hyperleptinemia and fatty acid synthase through activat-
ing AMPK in rats fed a high-fructose diet. Food Funct. 2012;3:170–7.

43. Shrestha S, Ehlers SJ, Lee JY, Fernandez ML, Koo SI. Dietary green tea
extract lowers plasma and hepatic triglycerides and decreases the
expression of sterol regulatory element-binding protein-1c mRNA and
its responsive genes in fructose-fed, ovariectomized rats. J Nutr
2009;139:640–5.

44. Wang P, Smit E, Brouwers MC, Goossens GH, van der Kallen CJ, van
Greevenbroek MM, Mariman EC. Plasma pigment epithelium-derived
factor is positively associated with obesity in Caucasian subjects, in
particular with the visceral fat depot. Eur J Endocrinol 2008;159:713–8.

1392 Heber et al.

 by guest on M
arch 7, 2016

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


45. Elayappan B, Ravinarayannan H, Pasha SP, Lee KJ, Gurunathan S. PEDF
inhibits VEGF- and EPO- induced angiogenesis in retinal endothelial cells
through interruption of PI3K/Akt phosphorylation. Angiogenesis
2009;12:313–24. Retraction in: Angiogenesis 2011;14:407–8.

46. Yamagishi SI, Nakamura K, Matsui T, Yoshida T, Takeuchi M,
Imaizumi T. Pigment epithelium-derived factor (PEDF) blocks advanced
glycation end product (AGE)-induced angiogenesis in vitro. Horm
Metab Res 2007;39:233–5.

47. Chader GJ. PEDF: raising both hopes and questions in controlling
angiogenesis. Proc Natl Acad Sci USA 2001;98:2122–4.

48. Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, Lowell BB,
Langer R, Folkman MJ. Adipose tissue mass can be regulated through
the vasculature. Proc Natl Acad Sci USA 2002;99:10730–5.

49. Meng X, Sang S, Zhu N, Lu H, Sheng S, Lee MJ, Ho CT, Yang CS.
Identification and characterization of methylated and ring-fission
metabolites of tea catechins formed in humans, mice, and rats. Chem
Res Toxicol 2002;15:1042–50.

50. Lu H, Meng X, Yang CS. Enzymology of methylation of tea catechins
and inhibition of catechol-O-methyltransferase by (2)-epigallocate-
chin gallate. Drug Metab Dispos 2003;31:572–9.

Tea polyphenol-induced reduction of weight gain 1393

 by guest on M
arch 7, 2016

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/

