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The chemical compositions of black teas differ greatly and may have different health

benefits; however, systematic investigations into such benefits are lacking. Here, the

chemical profiles of Keemun black tea (KBT) and Dianhong black tea (DBT), two common

categories of tea in China, were analyzed, and their lipid-lowering effects in male C57BL/6

mice fed a high-fat diet (60% energy from fat) or the diet supplemented with 2%

black tea powder for 15 weeks were investigated. The compounds most crucial in

differentiating KBT and DBT were determined to be phenolic compounds, theanine,

and D-psicose. DBT was more effective than KBT in preventing excess hepatic fat

accumulation. Both black teas effectively and comparably altered the mRNA levels of

hepatic lipid–metabolizing genes. DBT had more favorable effects in stimulating fecal

fat excretion than did KBT. The differentiating compounds with the higher values of

variable importance in the projection (VIP) might predominantly contribute to the different

health benefits; however, the most essential compound or combination of compounds

requires clarification.

Keywords: black tea, diet-induced obesity, fatty liver, lipid metabolism, fecal excretion

INTRODUCTION

Fatty liver, which is characterized by excessive hepatic lipid storage, is closely related to high-
fat diet (HFD)-induced obesity. Numerous pathophysiological mechanisms are involved in the
development of obesity, and triglycerides and cholesterol in hepatic and intestinal tissues are crucial
factors in the regulation of lipid metabolism and energy balance (1). Dietary control is considered
a key strategy in the prevention of fatty liver (2). Natural phytochemicals, such as polyphenols,
have demonstrated protective effects against fatty liver (3). Tea is popular worldwide, and its lipid-
lowering and weight-reducing effects have been frequently reported in animal studies and human
interventions (4).

Black tea is the most-consumed tea beverage in the world, and its health benefits, including
anti-obesity anti-atherosclerosis properties and the prevention of fatty liver, have been frequently
reported (5). As underlying mechanisms, tea inhibits fat synthesis and promotes fecal lipid
excretion and fat oxidative decomposition (6). Black tea contains a large quantity of biologically
active substances, such as catechins, theaflavins, thearubigins, theanine, alkaloids, phenolic acids,
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GRAPHICAL ABSTRACT | Schematic diagram of the effects of two black teas in alleviating excess hepatic lipid accumulation.

and tea polysaccharides, which are the material basis of its
efficacy. The chemical profiles of black tea categories differ
greatly. They are influenced by the plant cultivar, garden
environment, fresh leaf maturity, and manufacturing process
among other factors (7). The genetic background of the tea
plant is a vital. Taxonomically, the cultivated varieties of tea
plant are generally classified into two groups: Camellia sinensis
var. assamica and C. sinensis var. sinensis (8). Assam black tea
from India and Dianhong black tea (DBT) from China are
representative of the large-leaf cultivar C. sinensis var. assamica,
and Keemun black tea (KBT) from China and Darjeeling black
tea from India are produced by the small-leaf cultivar C.
sinensis var. sinensis. Differences in the chemical compositions
of black tea categories lead to different health benefits; however,
few comparative studies have systematically investigated these
differences in chemical profiles and efficacies.

In the present study, the chemical profiles of KBT and DBT
and their effects in preventing HFD-induced fatty liver were
examined. KBT is grown in Anhui province, China, and possesses
unique floral and honey aromas (9). DBT is from Yunnan
province, China, and has a higher phenolic content and strong,
mellow aromas (10). Ultra performance liquid chromatography-
quadrupole-time of flight mass spectrometry (UPLC-Q-TOF-
MS/MS) was used to analyze the chemical compositions of KBT
and DBT. Male C57BL/6 mice (7 weeks old) were fed different

diets: a low-fat diet (LFD) or an HFD with or without black
tea powder supplementation. The expression levels of key genes
pertaining to lipid metabolism were measured using the PCR
technique, and high-throughput sequencing was used to screen
gut microbiota changes in fecal samples.

MATERIALS AND METHODS

Tea Samples
Fresh KBT and DBT leaves with the same maturity (one shoot
and two young leaves) were picked in May 2019. The sample of
KBT was processed and obtained from local tea factory (Qimen,
Anhui, China), and DBT was processed and obtained from local
tea factory (Yunnan, China). All samples were sealed stored at
−20◦C before analysis.

Untargeted Metabolomic Analysis by
LC-MS
Non-targeted metabolomic analysis was conducted as reported
(11) with minor modifications. An Agilent 1290 liquid
chromatography system connected to a time-of-flight mass
spectrometer (Agilent, Palo Alto, CA) and an RP18 column (50
× 2.1 mm2, 1.7µm) (Waters, Milford, MA) was used to analyze
the samples. The gradient elution, instrument parameters,
and metabolomic analysis were as described by Guo et al.
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(9). Qualitative and quantitative analyses were performed
using the mass spectrometric data obtained. In brief, Optimus
(Version 1.5.1) was employed to transform the original data
obtained from LC-MS/MS. SMICA-P software (V14.1 Umetrics,
Umea, Sweden), the Global Natural Products Social Molecular
Networking platform, and Cytoscape (version 3.8.0) were used
for multifactorial analysis and the identification of compounds.
The final quantitative analysis was completed using MassHunter
Qualitative Analysis (B.07.00).

Animals, Diets, and Treatments
The animal experiment was conducted in compliance with
institutional animal care guidelines and approved by the
Committee of Anhui Agricultural University (approval number
AHAU2019025). Forty-eight C57BL/6 mice (male, 6 weeks)
were obtained from the Model Animal Research Center of
Nanjing University (Nanjing, China). Upon arrival, the mice
were maintained in a specific-pathogen-free environment and
reared in ventilated cages under controlled conditions (25± 2◦C,
50 ± 5% relative humidity) with a 12-h light/dark cycle. All the
animals had ad libitum access to diet and tap water during the
entire rearing experiment.

The experimental groups received the following diets after
acclimation for 1 week: (1) LFD (TP2330055BC), (2) HFD
(TP2330055B, Supplementary Table 1), (3) HFD and 2% KBT
powder (HFKB, HFD containing 2.0% KBT [w/w]), or (4)
HFD and 2% DBT powder (HFDB, HFD containing 2.0% DBT
[w/w]). The animal feed was provided by a commercial company
(Trophic Animal Feed, Nantong, China) and kept under freezing
temperature (−20◦C).

During the 15-week experiment, the body weight of the
mice was measured weekly. Consumption of food and water
was recorded every other day. Feces were collected every 2
weeks and stored at −80◦C. After 15 weeks of treatment, the
animals were sacrificed under anesthesia with chloral hydrate
(4%, w/w) by intraperitoneal (i.p.) injection. Blood was collected
through cardiopuncture, and serum samples were obtained
after centrifugation. Immediately afterward, liver and white
adipose tissues were harvested and weighed. The small and large
intestines were then collected, cut out, and rinsed in cold 0.9%
saline, and the cecal contents were collected at the same time.
All the samples were snap-frozen in liquid nitrogen and stored
at−80◦C for subsequent analyses.

Analysis of Blood Biochemical Parameters
Commercial kits (Jiancheng Technology, Nanjing, China)
were used to determine the levels of serum lipids and
aminotransferases. The measurements were conducted in strict
accordance with manufacturer instructions.

Hepatic Histochemical Analysis and Lipid
Content Determination
For histochemical analysis, the liver samples were fixed
in formalin and embedded in paraffin. Hematoxylin and
eosin (H&E) staining was performed in compliance with the

standard procedure, and the samples were examined at 200-
fold magnification.

Lipids in the liver were extracted and measured according to
our previous study (12), and the levels of hepatic triglycerides
(TG) and total cholesterol (TC) were determined using the
methods used with the serum samples.

Total Fecal Bile Acid and Lipid Content
Analysis
The total bile acids in the feces were extracted and determined
according to the method described by Kim et al. (13). A
commercial assay kit (Huili Biotech, Changchun, China) was
used to determine the concentrations of bile acids extracted. The
analysis of lipid content in feces was conducted identically to that
for livers.

Analysis of Gene Expression Through
RT-qPCR
The total RNA of liver and small intestine tissues was extracted
using an RNA extraction kit (Tiangen, Beijing, China), and
reverse transcription was performed with a GoScript reverse
transcription system (Promega, Madison, WI), following the
manufacturer’s instructions. The mRNA levels of hepatic and
intestinal genes were measured with a PCR mix kit (Life
Technologies, Carlsbad, CA), normalized to the expression level
of β-actin, and calculated using the 2−11CT method. The
sequences of genes and primers were obtained and designed
using the NCBI Gene Bank database and BLAS tools. The gene ID
and primer sequences are presented in Supplementary Table 2.

Short-Chain Fatty Acids and Gut
Microbiota Analysis
The determination of fecal short-chain fatty acids (SCFAs) was
done with reference to the method described by Tian et al.
(14), with modifications. Briefly, an Agilent 7890A GC system
connected to a flame ionization detector and an HP-INNOWAX
column (30m× 0.25mm× 0.25µm, Agilent Technologies) was
used. The column temperature was regulated as follows: 100◦C
maintained for 1min, then an increase of 5◦C/min for 16min to
achieve a temperature of 180◦C, which was maintained for 4 min.

The fecal genomic DNA was extracted with the
TIANamp Stool DNA Kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions. The total
bacterial DNA was sent to Novogene Co., Ltd. (Beijing,
China) in dry ice. For high-throughput sequencing, the
hypervariable region of the 16S rRNA (V3-V4) was
selected for amplification. Sequences with a similarity of
97% according to UPARSE were clustered into operational
taxonomic units, which were randomly subsampled (15).
Alpha diversity analysis was performed to measure the
complexity of species diversity. The species complexity in
the samples was evaluated using beta diversity analysis.
The alpha and beta diversities of both weighted and
UniFrac results were assessed using R software (version
2.15.3 http://www.r-project.org/).

Frontiers in Nutrition | www.frontiersin.org 3 March 2022 | Volume 9 | Article 849582

http://www.r-project.org/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Liao et al. Black Teas Alleviate Fatty Liver

FIGURE 1 | Multivariate analysis of compounds detected in mass spectrometry. Keemun black tea (KBT), Dianhong black tea (DBT). (A) OPLS-DA; (B) S-plot.

Statistical Analysis
The data are expressed as mean ± standard error of the
mean. Themultisample analysis was performed through one-way
analysis of variance and Tukey’s post-hoc test by using IBM SPSS
Statistics for Windows, version 22 (IBM Corp., Armonk, NY). A
difference was considered significant if p < 0.05.

RESULTS

Untargeted Metabolomic Analysis of KBT
and DBT
To systematically examine the differences in the chemical profiles
of KBT and DBT, UPLC-Q-TOF/MS was employed. Orthogonal
partial least squares discriminant analysis (OPLS-DA) provided
a clear classification for the two types of black tea (Figure 1A).
Compounds with a VIP value ≥ 2 and p[1] value in the S-plot
> |0.05| were selected as the key differentiating compounds to
distinguish KBT and DBT (Figure 1B). A total of 33 critical
compounds in negative mode were screened and identified. As
summarized in Table 1, three carbohydrates and carbohydrate
conjugates, eight phenolic acids and contractive phenolic acids,
three catechins, nine flavonoids, one tannin, two hydrolyzable
tannins, two amino acids and derivatives, one gallic acid and
derivatives, three citric acids or isomers, and one hyperoside
were identified. Most of the 10 marker compounds with the
highest VIP values were phenolic acids, flavonoids, theanine,
hydrolyzable tannins, and D-psicose. A total of 25 compounds
of the 33 critical ones were phenolic, indicating their vital roles in
distinguishing these two categories of black tea.

Effects of Dietary Black Tea on Visceral Fat
Mass and Serum Lipids
UPLC-Q-TOF/MS analysis indicated that the contents of
phenolic acids, catechins and flavonoids between KBT and DBT
were different. To clarify the differences in the anti-obesity effects
between KBT and DBT in HFD-fed mice, the body weight
gain and visceral fat mass of the experimental animals were
measured. As shown in Figure 2A, no significant differences

were observed in the initial body weight of the four groups.
After week three, HFD-treatedmice had significantly higher body
weight than did mice in the LFD group, and they eventually
gained 81.4% more weight increase compared with the LFD-
treated mice. Dietary DBT significantly decreased body weight
by 30.7%. Although the body weight of HFKB-treated mice
exhibited a decreasing trend compared with HFD mice at week
15, no significant difference was observed (food consumption of
the four groups was comparable throughout the experimental
period; Supplementary Figure 1). The HFD notably increased
visceral fat mass, and HFKB and HFDB treatments significantly
decreased perirenal adipose mass deposition by 22.8 and 32.8%,
respectively (Table 2). No significant differences in mesenteric
and epididymal adipose mass among the HFD, HFKB, andHFDB
groups were noted (Table 2). Similarly, the HFD significantly
enhanced the levels of serum lipid parameters (LDL-C, HDL-
C, and TC), and black tea treatments failed to prevent these
increases (Supplementary Table 3). Moreover, the serum TG
levels of mice in the four groups were comparable.

Effects of Dietary Black Tea on the
Development of Fatty Liver
As shown in Table 2, the HFD significantly increased liver
weight, and black tea treatments slightly but not significantly
decreased the ratio of total liver weight to body weight. The levels
of serum ALT in the mice in the HFD group were significantly
(8.8-fold) higher than those in the LFD group, and HFKB and
HFDB treatments significantly decreased this parameter by 32.3
and 40.9%, respectively (Table 2).

We also conducted liver histopathological analysis using slices
stained with H&E. No sign of fatty liver was observed in the
LFD mice (Figure 2B), and the hepatocytes of these samples
were morphologically intact, with clear borders, and neatly
arranged. In the HFD groups, numerous large fat vacuoles
were observed, with the nucleus moving to one side and no
clear boundary between cells (Figure 2B). Black tea treatments
effectively prevented the development of HFD-induced fatty
liver, especially in the HFDB-treated mice, whose liver slices
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TABLE 1 | Compounds crucial in differentiating Keemun black tea and Dianhong black tea.

No. RT (min) m/z VIP Identification Classification

1 0.84 191.059 11.41 Quinic acid or it’s isomer Phenolic acids and contractive phenolic

acids

2 7.96 447.099 5.61 Kaempferol-3-O-glucoside or it’s isomer Flavonoids

3 0.5 173.092 5.61 Theanine Amino acids and derivatives

4 7.69 463.091 5.54 Isoquercitrin or it’s isomer Flavonoids

5 4.32 633.078 5.35 [(1R,21S,23R)-6,7,8,11,12,13,22,23-

octahydroxy-3,16-dioxo-2,17,20-

trioxatetracyclo[17.3.1.04,9.010,15]tricosa-

4,6,8,10,12,14-hexaen-21-yl]

3,4,5-trihydroxybenzoate

Hydrolyzable Tannins

6 7.71 739.214 5.24 Kaempferol-3-O-galactoside-6”-rhamnoside-

4”’-rha or it’s

isomer

Flavonoids

7 3.09 337.098 5.01 3-O-Coumaroylquinic acid Phenolic acids and contractive phenolic

acids

8 8.11 447.098 4.75 Kaempferol-3-O-glucoside or it’s isomer Flavonoids

9 6.49 635.095 4.62 1,2,3-Tri-O-galloyl-beta-D-glucose Tannins

10 0.54 179.06 4.51 D-Psicose Carbohydrates and carbohydrate

conjugates

11 0.5 145.065 4.35 L-Glutamine Amino acids and derivatives

12 6.2 457.083 4.17 Epigallocatechin gallate Catechins

13 1.24 169.018 3.93 Gallic acid Gallic acid and derivatives

14 0.52 387.12 3.61 Coniferyl alcohol + O-Hex Carbohydrates and carbohydrate

conjugates

15 7.57 463.069 3.31 Isoquercitrin or it’s isomer Flavonoids

16 3.38 337.098 3.31 3-O-Coumaroylquinic acid or it’s isomer Phenolic acids and contractive phenolic

acids

17 4.95 337.098 3.28 3-O-Coumaroylquinic acid or it’s isomer Phenolic acids and contractive phenolic

acids

18 4.3 337.098 3.18 Coumaroyl quinic acid Phenolic acids and contractive phenolic

acids

19 3.77 353.093 3.01 3-O-Coumaroylquinic acid or it’s isomer Phenolic acids and contractive phenolic

acids

20 7.47 609.15 2.89 Rutin or it’s isomer Flavonoids

21 8.16 447.098 2.85 Kaempferol-3-O-glucoside or it’s isomer Flavonoids

22 6.91 457.08 2.85 Epigallocatechin gallate Catechins

23 0.84 191.023 2.78 Citric acid or it’s isomer Citric acid or it’s isomer

24 7.63 463.093 2.62 Hyperoside Flavonoids

25 7.39 609.152 2.53 Rutin or it’s isomer Flavonoids

26 0.56 191.023 2.5 Citric acid or it’s isomer Citric acid or it’s isomer

27 7.35 441.089 2.42 Epicatechin gallate Catechins

28 0.56 191.06 2.39 Quinic acid or it’s isomer Phenolic acids and contractive phenolic

acids

29 0.56 191.024 2.35 Citric acid or it’s isomer Citric acid or it’s isomer

30 4.25 633.079 2.17 [(1R,21S,23R)-6,7,8,11,12,13,22,23-

octahydroxy-3,16-dioxo-2,17,20-

trioxatetracyclo[17.3.1.04,9.010,15]tricosa-

4,6,8,10,12,14-hexaen-21-yl]

3,4,5-trihydroxybenzoate

Hydrolyzable Tannins

31 7.62 739.213 2.15 Kaempferol-3-O-galactoside-6”-rhamnoside-

3”’-rha or it’s

isomer

Flavonoids

32 1.02 179.059 2.08 Psicose Carbohydrates and carbohydrate

conjugates

33 4.06 353.092 2 Chlorogenic acid Phenolic acids and contractive phenolic

acids
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FIGURE 2 | Effects of black tea on body weight and fat accumulation in the liver. LFD, low-fat diet; HFD, high-fat diet; HFKB, HFD + KBT diet (containing 2.0%

Keemun black tea); HFDB, HFD + DBT diet (containing 2.0% Dianhong black tea). (A) body weight; (B) hematoxylin and eosin–stained slices of liver; (C) total lipid

content in the liver; (D) hepatic triglyceride content; (E) total cholesterol content in the liver. Data are presented as mean ± SEM (n = 12). a,b,cp represents significant

differences among groups (ANOVA, p < 0.05).
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TABLE 2 | Liver and visceral fat mass and concentrations of serum AST and ALT.

Percentage of body weight (%)

LFD HFD HFKB HFDB

Perirenal

adipose

0.82 ± 0.29c 3.41 ± 0.47a 2.82 ± 0.68b 2.56 ± 0.71b

Mesenteric

adipose

1.20 ± 0.24b 3.08 ± 0.56a 2.84 ± 0.93a 2.80 ± 0.96a

Epididymal

adipose

2.70 ± 0.77b 4.70 ± 0.86a 4.32 ± 1.34a 4.99 ± 0.85a

Liver 4.02 ± 0.67b 7.00 ± 1.67a 6.97 ± 1.71a 6.12 ± 1.24a

AST (U/L) 29.11 ± 2.91 24.24 ± 3.32 19.39 ± 4.65 27.23 ± 5.26

ALT (U/L) 5.17 ± 1.89c 50.67 ± 16.06a 35.99 ± 9.43b 32.04 ± 8.13b

AST, aspartate aminotransferase; ALT, alanine aminotransferase. Values are expressed as

mean ± SEM (n = 12). Different letters indicate significant differences (ANOVA, p < 0.05).

were similar in appearance to those of LFD mice. Furthermore,
total hepatic lipid, TG, and TC levels were significantly increased
in the HFD groups relative to the LFD group (Figures 2C–E).
Similar to the implications of the histopathological data, DBT
treatment completely prevented the HFD-induced increase of
hepatic total lipids and TG. DBT treatment also significantly
decreased hepatic TC content by 37.9%. KBT treatment slightly
but not significantly prevented lipid accumulation in the livers of
experimental mice.

Effects of Dietary Black Tea on Total Bile
Acid and Lipids in Fecal Samples
To examine the effects of dietary black tea on intestinal fat
absorption, we measured total bile acid and lipid levels in murine
feces. The level of fecal total bile acids in the HFD groups was
significantly lower than that of the LFD group. HFKB and HFDB
slightly increased the fecal excretion of bile acids; however, no
significant differences were observed (Figure 3A). Higher levels
of fecal total lipids, TGs, and cholesterol were also observed in
mice in the HFD group. Mice who underwent DBT treatment
exhibited higher excretion of fecal lipids and TGs compared
with the mice in the HFD group (Figures 3B–D). Similar to the
aforementioned parameters, the fecal lipid–promoting effects of
KBT were lower than those of DBT.

Effects of Dietary Black Tea on
Lipid-Metabolizing Gene Expression in the
Liver
To further examine the prevention of excessive fat deposition
in the liver by dietary black tea, the expression of lipid-
metabolizing genes in the liver was measured. The mRNA
level of hepatic HMG-CoA reductase (HMGR) was significantly
decreased by DBT, which neutralized the effects of the HFD
treatment (Figure 4A). However, neither black tea treatment
altered the mRNA expression of stearoyl-CoA desaturase 1
(SCD1), fatty acid synthase (FAS), sterol regulatory element
binding protein-1c (SREBP1c), acetyl-CoA carboxylase A
(ACACA), or acetyl-CoA carboxylase B (ACACB; Figure 4A).
The expression of SCD1, FAS, ACACA, and ACACB among

the four groups was comparable. Notably, the HFD treatment
enhanced the mRNA level of lipoprotein lipase (LPL) and
suppressed the expression of adipose triglyceride lipase (ATGL)
in the liver; the black tea treatments completely reversed
the HFD-induced changes of these two genes. The gene
expression levels of peroxisome proliferator-activated receptor-
alpha (PPARα), carnitine palmitoyl transterase-1 (Cpt1α), and
acyl-CoA oxidase (ACOX) in mice undergoing black tea
treatments were significantly enhanced relative to those of the
HFD group (Figure 4B). Unlike the effects in alleviating fatty
liver, the alterations of the mRNA expression of hepatic lipid–
metabolizing genes by KBT or DBT treatment exhibited no
significant differences.

Effects of Dietary Black Tea on Expression
of Genes Related to Lipid Transport and
Metabolism in the Small Intestine
Given the notable effect of dietary black tea in promoting
fecal lipid excretion, we quantified the mRNA expression
levels of genes involved in lipid transport and metabolization
in the small intestine. The HFD significantly increased the
mRNA levels of acyl-CoA cholesterol acyltransferase 2 (ACAT2),
Cpt1α, and ACOX and decreased the gene expression of ATP-
binding cassette subfamily G 5 (ABCG5), ATGL, and Niemann–
Pick C1-like 1 (Npc1l1; Figure 4C; Supplementary Figure 3A).
Moreover, DBT treatment significantly decreased the gene
expression of ACAT2 and increased the mRNA levels of ABCG5
and ATGL, indicating its neutralizing effects on the alterations
resulting from high-fat feeding. The alterations of these genes
through the KBT treatment exhibited similar trends; however,
no significant differences were observed. Neither black tea
treatment changed the gene expression of Npc1l1. Moreover,
the mRNA levels of mitochondrial functional protein (MTP)
and ATP-binding cassette transporter A1 among the four
groups were comparable (Figure 4C). Similarly, neither black
tea treatment altered the mRNA expression levels of genes
involved in fatty acid re-esterification, prechylomicron assembly
and secretion, or fatty acid metabolism in the small intestine
(Supplementary Figures 2A–C).

Effects of Dietary Black Tea on Gut
Microbiota
That gut microbiota are closely related to HFD-induced
obesity and non-alcoholic fatty liver disease (NAFLD) has
been well documented (16). The concentration of fecal SCFAs
was analyzed using gas chromatography, and the colonic
microbiota were profiled using 16S rDNA gene sequencing.
Our data indicated that total SCFA content, acetate, propionate,
and butyrate were markedly decreased by high-fat feeding;
however, neither black tea treatment prevented the changes
induced by the feeding (Supplementary Table 4). Chao 1 and
ACE estimators and the Shannon and Simpson indexes were
used to assess community richness and diversity, respectively.
No differences in Chao 1 and ACE estimations or the
Shannon and Simpson indexes were evident among the four
groups (Supplementary Table 5). However, the HFD induced a
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FIGURE 3 | Effects of black tea on fecal total bile acids and lipids. (A) fecal total bile acids; (B) fecal total lipids; (C) fecal triglycerides; (D) fecal total cholesterol. Data

are presented as mean ± SEM (n = 12). a,b,cp represents significant differences among groups (ANOVA, p < 0.05).

dramatic shift in gut microbiota; the proportion of Firmicutes
increased and that of Bacteroidetes decreased, and the Firmicute
to Bacteroidete ratio was significantly increased in HFD mice
compared with the LFD animals. However, black tea treatment
did not significantly affect the ratio (Supplementary Figure 3D).
Similarly, in the results of principal coordinates analysis and
linear discriminant analysis effect size, black tea supplementation
exhibited little impact on the modulation of intestinal microbiota
(Figure 5).

DISCUSSION

The health benefits of tea have become a hot topic in food science
research (17). Black tea is the most consumed tea beverage
worldwide. The major phenolic compounds of black tea are
oxidized and dimerized to form theaflavins, which are of large
molecular weight and not easily absorbed by the small intestine.
The effects of black tea on fatty liver prevention in HFD-induced
obese animals are well-established (18). Significant differences
in chemical compositions are evident among categories of black
tea; however, few studies have been conducted to systematically
clarify the differences of chemical profiles and the potential

health benefits of types of black tea. In the present study, two
common categories of black tea in China were selected, and their
chemical profiles and effects in alleviating excessive hepatic lipid
depositions in mice fed an HFD were compared.

KBT and DBT are produced from a small-leaf tea plant
cultivar (C. sinensis var. sinensis) and a large-leaf tea plant
cultivar (C. sinensis var. assamica), respectively. In previous
studies, the shoots and fresh leaves of large-leaf tea plant
cultivars had higher contents of inclusion and more phenolic
compounds than did small-leaf cultivars (19). Wang et al. (7)
reported that tea polyphenols, flavonoids, and amino acids
might play key roles in the differences between C. sinensis
var. sinensis and C. sinensis var. assamica. In the present
study, mass spectrographic analysis indicated that the marker
compounds with the largest VIP values (≥2) between KBT and
DBT were generally phenolic acids, catechins, and flavonoids,
which is consistent with previous studies. Moreover, our former
results (Supplementary Table 6) indicated that the amounts of
total phenols, crude fiber, and tea polysaccharides in DBT
were significantly higher than those in KBT, although the
crude protein content did not differ. Therefore, in addition
to small-molecule compounds (mainly phenolic compounds
and theanine), tea polysaccharides and other macromolecular
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FIGURE 4 | Effects of black tea on mRNA levels of genes in the liver and the small intestine. (A,B), hepatic genes; (C) genes in the small intestine. Data are presented

as mean ± SEM (n = 12). a,b,cp represents significant differences among groups (ANOVA, p < 0.05).
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FIGURE 5 | Effects of black tea on overall microbial structure. (A) principal coordinates analysis; (B) linear discriminant analysis effect size comparison of microbiota

for LFD, HFD, HFKB, and HFDB.

substances play vital roles in distinguishing between KBT
and DBT.

Excessive fat consumption contributes to the development
of obesity and NAFLD and causes hepatocellular damage and
gut microbiota dysbiosis (20). The putative anti-obesity effects
of tea have been most commonly ascribed to its rich bioactive
compounds, especially the phenolic compounds (21). In the
present study, HFD-treated mice exhibited the symptoms typical
of obesity and NAFLD, and the results were consistent with
those of other reports (20). Only dietary DBT significantly
reduced body weight gain, perirenal adipose mass, serum ALT
levels, and hepatic excess fat accumulation in mice fed an
HFD, but these effects did not appear in the KBT group,
with the exception of effects on perirenal adipose mass and
serum ALT levels. Consistently, the significant alleviation of
excessive fat accumulation and steatosis severity in the liver was
observed only in the DBT-treated mice. We speculate that this
phenomenon may be related to the differences in the levels of
phenol compounds, theanine, and tea polysaccharides in the two
types of tea.

Hepatic lipid metabolism disorder is a main cause of the
development of fatty liver disease (22). We examined the
expression of hepatic lipid–metabolizing genes. Both KBT and
DBT significantly decreased the expression of hepatic HMGR,
a rate-limiting enzyme in cholesterol biosynthesis (23), and the
alteration of this gene might contribute to the decreased levels
of hepatic cholesterol in black tea–treated mice. The excessive
accumulation of hepatic cholesterol critically contributes to
the pathogenesis of fatty liver (24). Our data demonstrated
that dietary black tea was an effective approach to fatty
liver prevention. Moreover, excess hepatic lipid accumulation
usually reflects imbalances of fatty acid import and export,
catabolism, and lipogenesis in the liver (25). In our study,

the mRNA levels of genes involved in hepatic fatty acid de
novo synthesis (FAS, ACACA, ACACB, and SCD1) were not
significantly altered by black tea treatments. However, KBT and
DBT significantly increased the mRNA expression of ATGL,
PPARα, Cpt1α, and ACOX, which are related to fat lipolysis
and fatty acid beta-oxidation. This result is consistent with a
study in which Puerh tea treatment significantly increasedmRNA
levels of the transcription factor and enzymes involved in fatty
acid oxidation, including PPARα, Cpt1α, and ACOX in HFD-
induced obese mice (26). Notably, both black tea treatments
completely restored the HFD-induced increase of LPL gene
expression. LPL is an enzyme vital in catalyzing the hydrolysis
of triglycerol from circulating chylomicrons or very low-density
lipoproteins (27). The enhanced mRNA level of LPL in hepatic
stellate cells increases the uptake of cholesterol from serum
lipoproteins, which induces an increase in TLR4 signaling and
the exacerbation of liver fibrosis (28). The decreased LPL mRNA
levels evident with dietary black tea treatment indicated the
role of LPL mRNA level in restraining the entry of free fatty
acids and cholesterol into hepatic cells. Overall, the hepatic
gene results suggested that dietary black tea might prevent
the development of fatty liver by decreasing the synthesis of
cholesterol, stimulating fat lipolysis and fatty acid oxidation, and
inhibiting the absorption of cholesterol and free fatty acids from
circulation. The alteration of hepatic lipid metabolism by KBT
was comparable to that by DBT.

Our data also indicated that black tea treatments significantly
increased fecal lipid excretion. We measured the expression of
key genes related to the absorption, re-esterification, transport,
and metabolism of lipid molecules in the small intestine. ACAT2
is a key enzyme for the re-esterification of cholesteryl ester, and
the loss of ACAT2 results in defective cholesterol absorption
(29). ABCG5 is a heterodimer involved in the transport of
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cholesterol from hepatocytes into the bile and from enterocytes
into the intestinal lumen (30). Black tea treatments, especially
DBT, significantly decreased the mRNA level of intestinal ACAT2
and increased the expression of ABCG5, which was notably
suppressed by the HFD. DBT also effectively restored the reduced
mRNA levels of intestinal ATGL in high-fat-feeding mice.
These results implied that dietary DBT is more effective than
dietary KBT in decreasing cholesterol absorption and promoting
cholesterol efflux and lipolysis in the small intestine. However,
the expression of most genes involved in the re-esterification,
transport, and metabolism of intestinal lipid molecules was
not altered by black tea supplementation. Our results indicated
that black tea treatments did not alter the absorption of fat,
especially the fatty acids that originate from neutral fat, which
accounts for ∼95% of dietary lipids. The inhibition of lipid
digestion in the small intestine might be the main mechanism
for the enhanced fecal fat excretion in black tea–treated
mice. Previous studies have shown that dietary tea powder,
tea polyphenols, and epigallocatechin gallate can decrease the
activity of pancreatic lipase and alter the emulsification of dietary
lipids (31). Therefore, black tea supplementation significantly
stimulated fecal fat excretion but did not alter the absorption
of lipid molecules in the small intestine. The stimulatory effects
of DBT on fecal lipid excretion were significantly stronger than
those of KBT, and this might be the primary contributor to
the differences between the two black teas in preventing the
development of fatty liver.

In the past decade, the relationship between the development
of fatty liver and the alteration of the gut microbiota has been
frequently reported in several lines of studies (32). As the
metabolites of microorganisms, the composition and amounts
of fecal SCFAs can reveal the status of the gut microbiota (33).
Our data demonstrated that the HFD significantly decreased
the amount of intestinal SCFAs, and black tea supplementation
did not recover the production of fecal SCFAs. Similarly, the
amelioration of the Firmicutes to Bacteroidetes ratio was not
observed in black tea–treated mice. Furthermore, black tea
supplementation did not change the α- and β-diversity of
intestinal microbiota, indicating that intestinal microbes made
no significant contribution to the improvement of fatty liver
observed in our study. The reason for these intricate results may
be related to the cycle of the high-fat model and the dosage of the
black teas.

Our results demonstrated that DBT was more effective than
KBT in alleviating excessive hepatic lipid accumulation in mice
fed an HFD. In UPLC-Q-TOF-MS/MS data, the compounds
crucial in differentiating KBT and DBT were quinic acid,
kaempferol-3-O-glucoside or its isomer, theanine, isoquercitrin
or its isomer, and others, and these may be key factors
in the differences in the health benefits of the teas. Quinic
acid and chlorogenic acid are phenolic acids, and either can
effectively prevent fatty liver disease through the alteration of
fat metabolism in the liver and other organs (34). Kaempferol-
3-O-glucoside, isoquercitrin, rutin, and hyperoside are active
flavonoids in black tea and can prevent fatty liver by inhibiting
lipogenesis and facilitating fatty acid metabolism (35). Theanine
and L-glutamine are amino acids that effectively ameliorated

lipid metabolism disorders in male Sprague–Dawley rats and
C57BL/6J mice (36). D-psicose is a new-generation sugar
substitute that suppressed lipogenesis and stimulated fatty acid
oxidation in Wistar rats (37). As one of the widely studied active
compounds in black tea, phenolic acids are considered to be
the crucial compounds of health benefits, including catechins
(38), gallic acid (39) and other compounds found in black tea,
is likely to be the most crucial compounds responsible for the
stronger beneficial effects of DBT than KBT in the prevention
of fatty liver, which is a limitation that need to be addressed
in additional studies. Besides, tea polysaccharide is also an
important functional ingredient in black tea, and whether the
content and structure of tea polysaccharide play an important
role in promoting the gut health warrants further studied.
Collectively, these results indicate that most of the compounds
crucial to the differentiation of the KBT and DBT samples
play vital roles in the prevention of fatty liver. However, the
compound or combination of compounds that is the key factor
in the differences in the health benefits of the two black teas is
not yet clear.

CONCLUSION

In conclusion, most of the compounds differentiating KBT
and DBT are phenolic compounds, theanine, and D-psicose.
DBT was more effective than KBT in preventing excess
fat accumulation in the liver of mice fed an HFD. Both
black tea treatments effectively and comparably altered the
mRNA levels of hepatic genes involved in cholesterol synthesis,
fat lipolysis, fatty acid beta-oxidation, and the absorption
of free fatty acid and cholesterol from circulation. DBT
treatment exhibited more favorable effects in stimulating fecal
fat excretion than did KBT treatment, and this may be
the primary factor in the different health-promoting effects
of the two tea treatments in this study. The different
compounds with the higher VIP values might make the main
contributions to the different health benefits; however, the
most important compound or combination of compounds
requires clarification.
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