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« Theabrownin from dark tea markedly
prevents and reverses NAFLD and
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« Serotonin-related molecular
mechanisms are revealed.

« Gut microbiota is related to serotonin
level in liver and visceral adipose
tissue.

« Gut microbiota is pivotal for
theabrownin to regulate target
proteins in liver.

« Interdependent relationships
between theabrownin and gut
microbiota are revealed.
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ABSTRACT

Introduction: Non-alcoholic fatty liver disease (NAFLD) with obesity seriously threats public health. Our
previous studies showed that dark tea had more potential on regulating lipid metabolism than other teas,
and theabrownin (TB) was considered to be a main contributor to the bioactivity of dark tea.
Objectives: This in vivo study aims to reveal the effects and molecular mechanisms of TB on NAFLD and
obesity, and the role of the gut-liver axis is explored.

Methods: The histopathological examinations, biochemical tests, and nuclear magnetic resonance were
applied to evaluate the effects of TB on NAFLD and obesity. The untargeted metabolomics was used to
find the key molecule for further exploration of molecular mechanisms. The 16S rRNA gene sequencing
was used to assess the changes in gut microbiota. The antibiotic cocktail and fecal microbiota transplant
were used to clarify the role of gut microbiota.

Results: TB markedly reduced body weight gain (67.01%), body fat rate (62.81%), and hepatic TG level
(51.35%) in the preventive experiment. Especially, TB decreased body weight (32.16%), body fat rate
(42.56%), and hepatic TG level (42.86%) in the therapeutic experiment. The mechanisms of action could
be the improvement of fatty acid oxidation, lipolysis, and oxidative stress via the regulation of serotonin-
related signaling pathways. Also, TB increased the abundance of serotonin-related gut microbiota, such as
Akkermansia, Bacteroides and Parabacteroides. Antibiotics-induced gut bacterial dysbiosis disrupted the
regulation of TB on serotonin-related signaling pathways in liver, whereas the beneficial regulation of
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TB on target proteins was regained with the restoration of gut microbiota.

Conclusion: We find that TB has markedly preventive and therapeutic effects on NAFLD and obesity by
regulating serotonin level and related signaling pathways through gut microbiota. Furthermore, gut
microbiota and TB co-contribute to alleviating NAFLD and obesity. TB could be a promising medicine

for NAFLD and obesity.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a serious public
health problem in the world [1]. In general, the global prevalence
of NAFLD is around 25 % of the adult population, and it is a leading
cause of cirrhosis and hepatocellular carcinoma [2]. It has been
reported that 80 % of people with obesity have different degrees
of NAFLD, and weight loss is beneficial to alleviating NAFLD [2-
4]. Therefore, the prevention and treatment of NAFLD should con-
sider both the alleviation of hepatic steatosis and the promotion of
weight loss [5].

Pathologically, the deposition of triglyceride (TG) as lipid dro-
plets in the cytoplasm of hepatocytes is the fundamental feature
of NAFLD, and the dysbiosis of gut microbiota plays an important
role in the development of hepatic steatosis [6,7]. For example,
the abundance of Bifidobacterium was decreased in patient with
NAFLD and obesity, and the reduced ratio of Bacteroidetes to Firmi-
cutes could be a risk factor of the progression of NAFLD [8,9]. More-
over, the accumulation of visceral white adipose tissue and
oxidative stress are also involved in the pathogenesis of NAFLD
[10]. Serotonin is a bioamine converted from tryptophan, and the
conversion is mainly proceeded by the enterochromaffin cells of
gut [11]. Additionally, the peripheral serotonin derived from ente-
rochromaffin cells could be an endocrine regulator for lipid meta-
bolism [12]. Further studies in pathological mechanisms showed
that serotonin could interact with serotonin receptor 2A (HTR2A)
and serotonin transporter (SERT) to induce hepatic steatosis and
oxidative stress in liver, on the other hand, serotonin could activate
serotonin receptor 2B (HTR2B) to promote lipolysis in visceral
white adipose tissue [13,14]. Although gut microbiota has been
well proved to be involved in the synthesis of peripheral serotonin
[15], whether the regulation of gut microbiota could affect the con-
tent and function of serotonin in liver is unknown.

In our previous study, we summarized that the intake of plant-
based foods (like tea), as well as their bioactive components, might
be beneficial to attenuating NAFLD and body weight gain [16]. Tea
(Camellia sinensis) is a healthy beverage, and it is divided into dif-
ferent categories according to different fermentation degrees, such
as green tea (unfermented), black tea (completely fermented), and
dark tea (post-fermented) [17-19]. Our previous study showed
that dark tea was beneficial to gut microbial homeostasis, and it
had more potential on regulating lipid metabolism than other teas,
which confirmed similar findings from other researchers [18,20-
22]. Dark tea is produced by the post-fermentation of fresh Camel-
lia sinensis leaves, which gives it the highest content of theabrow-
nin (TB) among all categories of teas [23]. TB is considered to be the
main contributor to the difference in bioactivity between dark tea
and other teas [19]. So, it is reasonable to hypothesize that TB
could effectively promote lipid clearance and might be a medicine
for NAFLD and obesity.

In this study, we evaluated the preventive and therapeutic
effects of TB on NAFLD and obesity via histopathological examina-
tion, biochemical test, and nuclear magnetic resonance. Then, the
untargeted metabolomics and further quantitative assay were used
to discover the key molecule linked to NAFLD and obesity. Follow-
ing these clues, the molecular mechanisms were further verified.
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Moreover, the 16S rRNA gene sequencing was used to assess the
changes in gut microbiota. Besides, the antibiotic cocktail was used
to deplete gut microbiota for clarifying the role of gut microbiota in
regulating molecular mechanisms. Additionally, fecal microbiota
transplant was used to identify whether TB or gut microbiota
was the key factor in action.

Materials and Methods
Ethics statement

All experiments in this study were conducted according to the
national legislation and the guidelines of the laboratory animal
center at Sun Yat-Sen University (Guangzhou, China). All experi-
mental procedures were approved by the Ethics Committee in
the School of Public Health, Sun Yat-Sen University (No. 2019-
002).

Animal experiment design

The 4-week-old specific-pathogen-free (SPF) C57BL/6] male
mice were purchased from the Guangdong medical laboratory ani-
mal center (Guangzhou, China). All mice were maintained in the
SPF animal facility under controlled conditions (22 to 24 °C room
temperature, 50 % to 60 % relative humidity, and a 12-hour light/-
dark cycle). The C57BL/6] mice were fed either a control diet (CD)
(D12450], Research Diet, USA) or a high-fat diet (HFD) (D12492,
Research Diet, USA) (Table S1). Besides, a part of C57BL/6] mice
received the antibiotic cocktail to prepare the antibiotics-
sterilized mice for the antibiotic interference experiment and fecal
microbiota transplant experiment [24]. The antibiotic cocktail con-
tained ampicillin (A9518, Sigma Aldrich, Germany), metronidazole
(M3761, Sigma Aldrich, Germany), neomycin (N6386, Sigma
Aldrich, Germany), and vancomycin (V2002, Sigma Aldrich, Ger-
many). The antibiotic cocktail was added to drinking water, and
their concentrations were 1.0 mg/mL of ampicillin, 1.0 mg/mL of
metronidazole, 1.0 mg/mL of neomycin, and 0.5 mg/mL of van-
comycin, respectively. The drinking water containing antibiotic
cocktail was provided to mice for two weeks, meanwhile, an extra
300 pL of the antibiotic cocktail was intragastrically provided dur-
ing the first five days [25]. According to the previous studies and
the difference in body surface area in different animal models, TB
(Yunnan Tearevo Biotechnology, China) was dissolved in sterilized
water (250 mg/mL) and intragastrically provided to mice
(2,300 mg/kg/day) [26,27]. The body weight and food intake were
recorded. The blood, feces, liver, and visceral white adipose tissue
were collected at the end of the experiments after being eutha-
nized. Here, we briefly described the design of the four main
experiments.

The preventive and therapeutic experiments

The 14-week preventive experiment was designed to explore
the preventive effect and the molecular mechanisms of TB on hep-
atic steatosis and fat accumulation. Also, the changes in gut micro-
biota were evaluated. Forty C57BL/6] mice were randomly divided
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into four groups: blank control (CD group), TB control (CD + TB
group), NAFLD with obesity (HFD group), and TB intervention
(HFD + TB group). Besides, the feces of mice in the HFD and
HFD + TB groups were collected during the 7™ to 14™ week for
fecal microbiota transplant experiment.

The 28-week therapeutic experiment was designed to evaluate
the therapeutic effect of TB on NAFLD and obesity. Meanwhile, the
changes in oxidative stress were assessed. For the first fourteen
weeks, ten C57BL/6] mice were fed a HFD to induce NAFLD and
obesity. For the next fourteen weeks, the model mice were ran-
domly divided into two groups. A group of mice continued to
receive HFD alone (HFD group). Another group of mice received a
HFD and TB (HFD + TB group).

The antibiotic interference and fecal microbiota transplant
experiments

The antibiotic interference experiment was designed to evalu-
ate the importance of gut microbiota for TB in regulating target
proteins in liver. Fifteen C57BL/6] mice were randomly divided into
three groups, and all mice were fed a HFD. A group of mice received
TB for seven weeks (TB group). Another group of mice received TB
for seven weeks and the extra antibiotic cocktail was supplied
within the last two weeks (TB + AB group). The last group of mice
firstly received an antibiotic cocktail to deplete the original gut
microbiota, after that, the sterilized mice were transplanted with
fecal microbiota and simultaneously received TB (TB + FMT group).
The fecal microbiota was derived from the TB group.

The fecal microbiota transplant experiment was designed to
identify whether TB or gut microbiota was the key factor in action
in this study. The fecal microbiota was derived from the HFD and
HFD + TB groups in the 14-week preventive experiment. Thirty
antibiotics-sterilized mice were fed a HFD and randomly divided
into three groups. A group of mice was transplanted with fecal
microbiota derived from the HFD group for seven weeks (Model
FMT group). A group of mice was transplanted with fecal micro-
biota derived from the HFD + TB group for seven weeks (TB FMT
group). The last group of mice were transplanted with fecal micro-
biota derived from the HFD + TB group and simultaneously
received TB (TB FMT + TB group).

The procedure of fecal microbiota transplant referred to a previ-
ous study with slight modifications [28]. Briefly, the C57BL/6] mice
in the HFD and TB groups in the 14-week preventive experiment
were selected as donor mice for feces. On the day of the transplan-
tation, the 200 mg of fresh feces were dispersed in 1 mL of 37 °C
sterilized phosphate-buffered saline (PBS) and fully blended [29].
Next, the mixture was centrifuged at 1,500 rpm/min for 5 min to
isolate the supernatant. Further, antibiotics-sterilized mice imme-
diately received 300 pL of the supernatant by gavage once a day for
the first five days and repeated gavage once a week for the rest of
seven weeks to reinforce the effects of fecal microbiota transplant
[29-31]. Besides, the extra supplement of the antibiotic cocktail
was terminated during the fecal microbiota transplant period.

Liver histopathology, ROS fluorescence staining, and nuclear magnetic
resonance

The liver pathological examination included hematoxylin and
eosin (H&E) staining, Oil red O staining, and reactive oxygen spe-
cies (ROS) fluorescence staining, and the procedure referred to pre-
vious studies with slight modifications [32,33]. The H&E and Oil
red O staining were performed in a routine histopathological
examination. For H&E staining, the liver tissues were fixed with
4 % paraformaldehyde and embedded with paraffin [32]. For Oil
red O staining, the liver tissues were frozen in optimal cutting tem-
perature compound (OCT 4583, SAKURA, Japan) [32]. Besides, a
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part of OCT-frozen liver tissue was used to evaluate the oxidative
stress via ROS assay kit by using 2,7-dichlorofluorescein diacetate
(DCFH-DA) as the fluorescent probe (S0033S, Beyotime Technol-
ogy, China) [33]. Furthermore, the fluorescence images were
obtained via the automated acquisition system (TissueFAXS Plus,
TissueGnostics GmbH, Austria) [34]. Additionally, the body fat rate
and adipose tissue distribution of mice were analyzed via the
nuclear magnetic resonance analyzer (QMR23-040H-I, Suzhou
Niumag Analytical Instrument Corporation, China) [35,36]. The
original results of nuclear magnetic resonance without pseudo
color are provided in Fig. S1.

Biochemical and oxidative stress indexes of liver and serum

Liver tissue was homogenized in cold saline (1:10, m/v) and
centrifuged twice at 3,000 rpm/min for 10 min, and the super-
natant was collected. Then, the supernatant was used to measure
the hepatic levels of TG and total cholesterol (TC) via commercial
kits (A110-1-1 and A111-1-1, Nanjing Jiancheng Bioengineering
Institute, China) [37]. Moreover, the serum levels of TG, TC, high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were evaluated by the automatic biochem-
ical analyzer (Chemray 800, Rayto, China) according to the manu-
facturer's  protocol [33,37|. Furthermore, the hepatic
malondialdehyde (MDA), superoxide dismutase (SOD), and cata-
lase (CAT) were measured by commercial kits (A003-1-2, A001-
3-2, and A007-1-1, Nanjing Jiancheng Bioengineering Institute,
China) [38].

Untargeted metabolomics study

The procedure of untargeted metabolomics study referred to
previous literature [39]. The serum samples were thawed at 4 °C,
then the 100 pL of each sample was transferred into 2 mL cen-
trifuge tubes. Next, the 400 pL of methanol (-20 °C) was added
to each tube and vortexed for 60 s. The mixture system was cen-
trifuged at 12,000 rpm/min for 10 min under 4 °C and the super-
natant was transferred into another 2 mlL centrifuge tube.
Further, the supernatants were concentrated and dried in a vac-
uum. Then, the dry samples were dissolved with 150 pL of 80 %
methanol solution containing 2-chlorobenzalanine (4 ppm). After
that, the supernatant was filtered by a 0.22 pm membrane to pre-
pare samples for liquid chromatography-mass spectrometry (LC-
MS). Besides, an extra 20 pL of each sample was taken to conduct
quality control for monitoring the deviations in the process of sam-
ple pretreatment and the whole measuring system.

Chromatographic separation was accomplished in a Thermo
Vanquish system equipped with an ACQUITY UPLC HSS T3
(150 x 2.1 mm, 1.8 pm, Waters, USA) column maintained at
40 °C. The temperature of the autosampler was 8 °C. For the posi-
tive model, the gradient elution of analytes was carried out with
0.1 % formic acid in water (A2) and 0.1 % formic acid in acetonitrile
(B2). For the negative model, the gradient elution of analytes was
carried out with 5 mM ammonium formate in water (A3) and pure
acetonitrile (B3). After equilibrating, the 2 pL of each sample was
injected into the system to conduct gradient elution at a flow rate
of 0.25 mL/min. An increasing linear gradient of solvent B2 or B3
was used as follows: 0 ~ 1 min, 2 % B2 or B3; 1 ~ 9 min, 2 %~
50 % B2 or B3; 9 ~ 12 min, 50 %~98 % B2 or B3; 12 ~ 13.5 min,
98 % B2 or B3; 13.5 ~ 14 min, 98 %~2% B2 or B3; 14 ~ 20 min,
2 % B2-positive model or 14 ~ 17 min, 2 % B3-negative model.

The electrospray ionization tandem mass spectrometry experi-
ments (ESI-MSn) proceeded on the Thermo Q Exactive mass spec-
trometer with the spray voltage of 3.5 kV and —2.5 kV in positive
and negative modes, respectively. The sheath gas and auxiliary
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gas were set at 30 and 10 arbitrary units, respectively. The capillary
temperature was 325 °C. The mass resolution of the analyzer was
set at 70,000 and proceeded full scan (the mass range of m/z from
81 to 1,000). The data-dependent acquisition MS-MS experiments
were performed with higher energy collision-induced dissociation
(HCD) scan. The normalized collision energy was 30 eV. The
dynamic exclusion was implemented to remove unnecessary infor-
mation in MS-MS spectra. By restricting the relative molecular
mass to < 30 ppm error, the exact molecular weight of metabolites
would be determined. Further information was obtained from
databases such as the human metabolome database (HMDB),
METLIN, MassBank, LipidMaps, mzCloud, as well as the self-
developed metabolomic database of PANOMIX Biomedical Tech
(Suzhou, China).

Enzyme-linked immunosorbent assay (ELISA)

The levels of serotonin in liver and visceral white adipose tissue
were evaluated by ELISA kit (CSB-E08365m, CUSABIO, China) [40].
Briefly, 100 mg liver or visceral white adipose tissue was rinsed
and homogenized in 1 mL of PBS. Next, the homogenates suffered
two freeze-thaw cycles to break the cell membranes, and then the
mixture was centrifuged for 5 min at 7,300 rpm/min. The super-
natants were collected and further used to determine the optical
density (OD) with a microplate reader at 450 nm, then the level
of serotonin was calculated based on a standard curve.

Western blot analysis

The western blot analysis was performed as the previous
description with slight modifications [14,41]. The details of sample
preparing were exhibited in supplementary text. Briefly, the liver
and visceral white adipose tissue were directly lysed in RIPA buffer
containing PMSF, and the supernatants were used to detect HTR2A,
peroxisome proliferator-activated receptor o (PPARa), cytochrome
P450 family of 4A14 (CYP4A14), SERT, HTR2B, hormone-sensitive
lipase (HSL), and the phosphorylation of HSL (p-HSL). Besides, hep-
atic mitochondrial proteins were firstly isolated and then lysed in
RIPA buffer for detecting monoamine oxidase A (MAO-A) and car-
nitine palmitoyltransferase-1 (CPT-1). Next, the aliquots of 40 pg
denatured proteins were separated by 10 % sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). The voltage-
dependent anion-selective channel protein 1 (VDAC1) was chosen
as the loading control for MAO-A and CPT-1, while p-actin was cho-
sen as the loading control for the rest of the target proteins. The
dilutions of primary and secondary antibodies were exhibited in
supplementary text.

Bacterial DNA extraction and 16S rRNA gene sequencing

The bacterial DNA extraction and 16S rRNA sequencing were
performed as the previous description with minor modifications
[42]. The relative details were exhibited in supplementary text.
Briefly, total microbial genomic DNA samples were extracted by
using the OMEGA Soil DNA Kit (M5635-02, Omega Bio-Tek, USA)
with mechanical lysis via bead grinding. The polymerase chain
reaction (PCR) amplification of the bacterial 16S rRNA gene V3-
V4 regions was performed using the forward primer 338F (5-AC
TCCTACGGGAGGCAGCA-3') and the reverse primer 806R (5-TCG
GACTACHVGGGTWTCTAAT-3'). The PCR amplicons were purified
with Vazyme VAHTSTM DNA Clean Beads (Vazyme, China) and
quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitro-
gen, USA). After the individual quantification step, amplicons were
pooled in equal amounts, and pair-end 2 x 250 bp sequencing was
performed using the Illumina TruSeq Nano DNA LT Library Prep at
Suzhou PANOMIX Biomedical Tech (Suzhou, China).
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Statistical and bioinformatic analysis

The differential analysis of conventional indexes was conducted
with SPSS software (version 26.0, IBM, USA), and the procedure
referred to a previous study with slight modifications [43]. Based
on the results of the normality test, the data were represented as
mean with standard deviation (SD) or median with interquartile
range. Moreover, the Student’s t-test and the analysis of variance
(ANOVA) were used when the datasets showed normal distribution
and homoscedasticity, otherwise, the Mann-Whitney U test and
the Kruskal-Wallis test would be used. The P-value < 0.05 was
deemed as a significant difference. All bar plots in our study were
generated by GraphPad Prism (version 9.0.0, GraphPad Software,
USA).

The analysis of data in the untargeted metabolomics study
referred to previous studies with slight modifications [39,44].
The details of data processing were exhibited in supplementary
text. Briefly, the Proteowizard (Proteowizard software, USA) and
the R package XCMS were used to process data. The information
on quality assurance and quality control is presented in Fig. S2
and S3. The partial least squares discriminant analysis (PLS-DA)
was used to identify the differences of metabolites among groups,
and the orthogonal partial least squares discriminant analysis
(OPLS-DA) was used to maximize the discrimination and generate
the “variable importance for the projection” (VIP value). To screen
the differential metabolites, the inclusion criteria were set as fol-
lows: the univariate statistical analysis with the P-value < 0.05
and the VIP value greater than 1. The metabolic pathway enrich-
ment analysis of differential metabolites was performed using
the Kyoto encyclopedia of genes and genomes (KEGG) databases.

Microbiome bioinformatics was performed by “the quantitative
insights into microbial ecology 2” (QIIME2) and R packages (ver-
sion 3.2.0), and the procedure referred to the official tutorials
and a previous study with slight modifications [45]. The details
of data processing were exhibited in supplementary text. Briefly,
the taxonomic analysis of non-singleton amplicon sequence vari-
ants (ASVs) based on the Greengenes database (Release 13.8) were
used to calculate the a-diversity and B-diversity of gut microbiota.
Meanwhile, the amplicon sequences of each sample were rarefied
to equal sequences for normalization (43,962 sequences for the 14-
week preventive experiment and 34,758 sequences for the antibi-
otic interference experiment). The a-diversity metrics (including
Chao1 index, observed species richness, Shannon index, Simpson’s
index of diversity (also known as “1-D”), and Pielou’s evenness)
were used to compare the richness and evenness. The B-diversity
was analyzed by the principal coordinate analysis (PCoA) with
the Bray-Curtis and UniFrac distance to investigate the structural
variation of gut microbial communities across groups. Further-
more, the significant difference in microbiota structure among dif-
ferent groups was assessed by the permutational multivariate
analysis of variance (PERMANOVA). The linear discriminant analy-
sis effect size (LEfSe) and the random forests analyses were used to
identify differential taxa between groups. The changes in gut bac-
terial function were predicted by the “phylogenetic investigation
of communities by reconstruction of unobserved states”
(PICRUSt2) and the KEGG databases.

Results

TB possesses preventive and therapeutic effects on NAFLD and obesity
In the 14-week preventive experiment, HFD induced the typical

pathological features of NAFLD with hepatic steatosis, body fat

accumulation, and a significant increase in body weight (Fig. 1A-
C, and Fig. S1). On the other hand, TB significantly prevented hep-
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Fig. 1. The preventive effect of TB on NAFLD and obesity. (A) The simplified flow chart. (B) Hepatic H&E and Oil red O staining (black scale bar = 200 pm and blue scale
bar = 50 um), and body fat distribution scanned by NMR (the adipose tissue is highlighted. (C) The changes in body weight (the P-values were calculated by comparing
different groups with CD group). (D) The level of TG in serum and liver. (E) The level of TC in serum. (F) The level of LDL-C in serum. (G) The level of ALT in serum. (H) Body fat
rate. (I) The average daily food intake of a mouse per week. Data are shown as mean with SD or median with interquartile range, n = 10. Data were analyzed by either ANOVA
or Kruskal-Wallis test. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001. The symbols of triangle, inverted triangle, square and circle on the bars represent the samples of CD
group, CD + TB group, HFD group, and HFD + TB group, respectively. Abbreviation: ALT, alanine aminotransferase; ANOVA, analysis of variance; CD, control diet; H&E,
hematoxylin and eosin; LDL-C, low-density lipoprotein cholesterol; HFD, high-fat diet; NMR, nuclear magnetic resonance; TB, theabrownin; TC, total cholesterol; TG,

triglyceride; SD, standard deviation.

atic steatosis, body fat accumulation, and body weight gain (Fig. 1-
A-C, and Fig. S1). For example, body weight gain in HFD + TB group
was 67.01 % lower than that in HFD group (P-value < 0.001). More-
over, TB decreased the level of TG in serum and liver and reduced
the serum levels of TC, LDL-C, and ALT (Fig. 1D-G). For example,
hepatic TG level in HFD + TB group was 51.35 % lower than that
in HFD group (P-value < 0.001). Furthermore, TB prevented the
increase in body fat rate without affecting the appetite of mice,
and body fat rate in HFD + TB group was 62.81 % lower than that
in HFD group (P-value < 0.001) (Fig. 1H, I). To further evaluate
the therapeutic effect of TB on NAFLD and obesity, we conducted
the 28-week therapeutic experiment (Fig. 2A). After extending
the experimental period, TB showed the potential to be a medicine
for NAFLD and obesity by reversing hepatic steatosis, body fat
accumulation and promoting body weight loss (Fig. 2B-D). For
example, body weight in HFD + TB group was 32.16 % lower than
that in HFD group (P-value < 0.001), meanwhile, body fat rate in
HFD + TB group was 42.56 % lower than that in HFD group (P-
value < 0.001). Besides, TB improved the levels of TG, TC, HDL-C,
LDL-C, ALT and AST in serum and liver during the 28-week thera-
peutic experiment (Fig. 2E-H). For example, hepatic TG level in
HFD + TB group was 42.86 % lower than that in HFD group (P-
value < 0.05). Additionally, we assessed the changes in hepatic
oxidative stress during the 28-week therapeutic experiment. TB
reduced the relative level of ROS and the content of MDA but
increased the activities of SOD and CAT in liver (Fig. 21-K).

In short, TB possessed preventive and therapeutic effects on
NAFLD and obesity by alleviating hepatic steatosis, body fat accu-
mulation, body weight gain, dyslipidemia and oxidative stress.
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TB changes the level of serotonin in liver, blood circulation, and
visceral white adipose tissue

To discover the key molecule for TB to alleviate NAFLD and obe-
sity, we conducted an untargeted metabolomics study in the 14-
week preventive experiment. The untargeted metabolomics study
identified 1,691 metabolites in serum, among which 243 metabo-
lites showed significant differences among groups (the data are
exhibited in the MetaboLights repository: MTBLS4879). Particu-
larly, TB intervention significantly affected the levels of metabo-
lites involved in tryptophan metabolism (Fig. 3A). Moreover, the
changes in serotonin level caught our attention after comparing
the fold change of metabolites among the blank control (CD group),
TB control (CD + TB group), NAFLD with obesity (HFD group), and
TB intervention (HFD + TB group). To be specific, the HFD group
had a lower level of serotonin in serum compared with the CD
group (Fig. 3B). Furthermore, the CD + TB and HFD + TB groups
had a higher level of serotonin in serum compared with the CD
and HFD groups (Fig. 3B). These findings indicated that serotonin
could be a pivotal molecule responded to TB intervention. Subse-
quently, we quantified the level of serotonin in liver by ELISA. In
the 14-week preventive experiment, the HFD + TB group showed
a significantly decreased level of serotonin in liver compared with
the HFD group (Fig. 3C). Because the accumulation of visceral adi-
pose white tissue is one of the characterized features of NAFLD and
obesity, we further measured and revealed that TB significantly
increased the level of serotonin in visceral white adipose tissue
(Fig. 3D).
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In short, TB decreased the level of serotonin in liver while
increased the level of serotonin in blood circulation and visceral
white adipose tissue.

TB alleviates NAFLD and obesity by regulating serotonin-related
signaling pathways

We further explored the molecular mechanisms of TB to allevi-
ate NAFLD and obesity. The overexpression of HTR2A had been
considered as a risk factor for hepatic steatosis [13]. Consistently
with the decreased level of serotonin in liver, the HFD + TB group
had a decreased expression of HTR2A in liver compared with the
HFD group in the 14-week preventive experiment (Fig. 3C, and
Fig. 4A, B). Subsequently, TB increased the expressions of down-
stream molecules negatively regulated by HTR2A, including PPARo
and CYP4A14 (Fig. 4A, B). The regulation of TB on the HTR2A-
PPARa-CYP4A14 signaling pathway could promote fatty acid oxi-
dation in liver and then alleviate NAFLD. Besides, serotonin had
been recognized as a beneficial factor to enhance lipolysis via
HTR2B and HSL in white adipocytes [14]. Consistently with the
increased level of serotonin in visceral white adipose tissue, TB sig-
nificantly promoted lipolysis by activating HTR2B-mediated phos-
phorylation of HSL in the 14-week preventive experiment (Fig. 4C,
D). Further, the molecular mechanism related to oxidative stress
was explored using hepatic tissue and mitochondria collected from
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the 28-week therapeutic experiment. As we expected, TB mitigated
oxidative stress by decreasing the expressions of SERT and MAO-A
(a key protein to degrade serotonin and then provoke oxidative
stress) (Fig. 4E, F). Besides, TB increased the expression of CPT-1
(a downstream protein of PPARa) in the 28-week therapeutic
experiment, which was beneficial to TG clearance (Fig. 4E, F).

In short, TB promoted fatty acid oxidation to alleviate hepatic
steatosis by regulating the HTR2A-PPARa-CYP4A14/CPT-1 signal-
ing pathway in liver. Moreover, TB promoted lipolysis to reduce
body fat accumulation by activating the HTR2B-HSL signaling
pathway in visceral white adipose tissue. Furthermore, TB miti-
gated oxidative stress by inhibiting the SERT-MAO-A signaling
pathway in liver.

Gut microbiota is correlated to serotonin distribution

To evaluate the effect of TB on gut microbiota, we conducted the
16S rRNA gene sequencing using feces collected from the 14-week
preventive experiment. The data of the 16S rRNA gene sequencing
in this study are deposited in the NCBI Sequence Read Archive
(SRP) repository: PRJNA839260. Firstly, TB increased the richness
and evenness of gut microbiota. The a-diversity indexes (such as
Chao1 index, observed species richness, Shannon index, Simpson’s
index of diversity, and Pielou’s evenness) were higher in the
CD + TB and HFD + TB groups than those in the CD and HFD groups
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Fig. 3. The changes in serotonin distribution from TB intervention. (A) Heatmap for the representative metabolites involved in tryptophan metabolism according to the
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represent the samples of CD group, CD + TB group, HFD group, and HFD + TB group, respectively. Abbreviation: ANOVA, analysis of variance; CD, control diet; ELISA, enzyme-
linked immunosorbent assay; HFD, high-fat diet; SD, standard deviation; TB, theabrownin.

(Fig. 5A-E). Then, the gut microbial community across groups was
significant differences according to the evaluation of B-diversity
(Fig. 5F, G).

With the help of the LEfSe and the random forests analysis, the
representative gut bacterial genera were identified, such as Akker-
mansia, Bacteroides and Parabacteroides. To be specific, the gut bac-
terial genera Akkermansia, Bacteroides and Parabacteroides
significantly responded to TB intervention, and they were key con-
tributors to the B-diversity across groups (Fig. 5H and Fig. S4).
Moreover, the CD + TB and HFD + TB groups had significantly
higher abundances of Akkermansia, Bacteroides and Parabacteroides
than those in the CD and HFD groups (Fig. 51). The changes in gut
bacterial composition often led to the changes in gut bacterial
function [46]. Further network and predictive analyses showed
that gut bacterial genera Akkermansia, Bacteroides and Parabac-
teroides were connected to other genera and formed as specific
modules, which played a vital role in the metabolic function of
gut microbiota (Fig. S5). More importantly, the multi-omics analy-
sis based on the untargeted metabolomics and the 16S rRNA gene
sequencing showed that the serotonin in blood circulation was
positively correlated to Akkermansia (correlation coefficient
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(r) 0.647), Bacteroides (r 0.612), and Parabacteroides
(r = 0.640) (Fig. 5]). Whereas, the serotonin in liver was negatively
correlated to Akkermansia (r = -0.808), Bacteroides (r = -0.684) and
Parabacteroides (r = -0.689) (Fig. 5]). Besides, the serotonin in vis-
ceral white adipose tissue was positively correlated to Akkermansia
(r = 0.697), Bacteroides (r = 0.606) and Parabacteroides (r = 0.698)
(Fig. 5]).

In a word, TB increased the abundances of gut bacterial genera
Akkermansia, Bacteroides and Parabacteroides. These genera were
negatively correlated to the level of serotonin in liver while posi-
tively correlated to the level of serotonin in blood circulation and
visceral white adipose tissue.

Gut microbiota is pivotal for TB to regulate serotonin-related signaling
pathways in liver

To verify the importance of gut microbiota for TB to regulate
serotonin-related signaling pathways in liver, we designed the
antibiotic interference experiment referred to a previous study
with minor modifications [47]. The simplified flow chart of the
antibiotic interference experiment is exhibited in Fig. 6A. The extra
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antibiotic cocktail was used to induce gut bacterial dysbiosis and
change the gut microbial community (Fig. 6B-D). At the same time,
the abundances of gut bacterial genera Akkermansia, Bacteroides
and Parabacteroides were decreased after the intake of the antibi-
otic cocktail (Fig. 6E). Then, the antibiotics-induced gut bacterial
dysbiosis increased the level of serotonin in liver, which was neg-
atively correlated to the abundances of Akkermansia (r = -0.658),
Bacteroides (r = -0.652) and Parabacteroides (r = -0.835) (Fig. 6F,
G). Further, the gut bacterial dysbiosis increased the expressions
of HTR2A and SERT while decreased the expressions of PPARa
and CYP4A14 in liver (Fig. 6H, I).

To find out whether the beneficial regulation of TB on target
proteins would regain following the restoration of gut microbiota
or not, the original gut microbiota of C57BL/6] mice were firstly
depleted, after that, the sterilized mice simultaneously received
fecal microbiota transplant and TB intervention (Fig. 6A). The mice
which did not receive antibiotic cocktail were chosen to be the
donors for fecal microbiota (Fig. 6A). The evaluation of B-
diversity based on the Bray-Curtis distance implied that there were
significant differences in gut bacterial structure among groups
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(Fig. 6C). Moreover, the evaluation of pB-diversity based on
weighted UniFrac distance showed that the dominant microbial
taxonomy was conserved between the donor mice and the mice
received fecal microbiota transplant (Fig. 6D). More importantly,
following the restoration of Akkermansia, Bacteroides and Parabac-
teroides, the hepatic level of serotonin was decreased and the ben-
eficial regulation of TB on HTR2A, PPARa, CYP4A14 and SERT in
liver was regained (Fig. 6E, F, H, I).

In brief, the antibiotics-induced gut bacterial dysbiosis dis-
rupted the regulation of TB on serotonin, HTR2A, PPARa, CYP4A14
and SERT in liver. Reversely, the beneficial regulation of TB on sero-
tonin and related target proteins was regained with the restoration
of gut microbiota. That is, TB relied on gut microbiota to regulate
serotonin-related signaling pathways in liver.

Gut microbiota and TB co-contribute to alleviating NAFLD and obesity

To identify whether TB or gut microbiota was the key factor in
alleviating NAFLD and obesity in this study, we conducted the fecal
microbiota transplant without TB intervention. Referring to a pre-
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vious study, the C57BL/6] mice were orally supplied with the
antibiotic cocktail to deplete the original gut microbiota [30]. The
simplified flow chart of the fecal microbiota experiment is exhib-
ited in Fig. 7A. The feces collected from the HFD and HFD + TB
groups in the 14-week preventive experiment were used to pre-
pare fecal microbial supernatant for transplantation (Fig. 7A).
Firstly, the content of fecal DNA extraction was extremely
decreased by antibiotic cocktail supplement (Fig. S6). On the con-
trary, the fecal microbiota transplant significantly increased the
content of fecal DNA extraction and the PCR amplification of gut
bacterial 16S rRNA gene (Fig. S6). The transplantation of fecal
microbiota derived from the HFD + TB group showed a better trend
in preventing hepatic steatosis, body fat accumulation, and dyslipi-
demia than those from the HFD group (Fig. 7B-G). Besides, the
combination of fecal microbiota and TB significantly alleviated
hepatic steatosis and body fat accumulation compared with the
transplantation of fecal microbiota alone (Fig. 7B). Also, the co-
treatment decreased the level of TG in serum and liver (Fig. 7C,
D). Moreover, the co-treatment decreased the levels of LDL-C and
ALT in serum compared with fecal microbiota transplant alone
(Fig. 7E, F). Furthermore, the co-treatment showed a better out-
come in reducing the increase in body fat rate (Fig. 7G). Combining
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the results from the antibiotic interference experiment and the
fecal microbiota transplant experiment showed that gut micro-
biota and TB co-contributed to alleviating NAFLD and obesity in
this study.

Discussion

The prevalence of NAFLD proportionately increased with the
epidemics of obesity worldwide [48]. Under the global pandemic
of COVID-19, the health burden of NAFLD and obesity becomes
worse [49]. To overcome the challenge of NAFLD and obesity, we
need to constantly explore better medicine. TB is a brown,
water-soluble, macromolecular pigment converted from the oxida-
tive polymerization of polyphenols (like catechins) and other sub-
stances (like polysaccharides and proteins) during the
fermentation process of dark tea [50,51]. TB was consisted of phe-
nolic acids, esters, proteins, and polysaccharides, and it could be
stably extracted and isolated by a standardized and industrialized
process using several steps of liquid-liquid extraction and precip-
itation processes with a variety of solvents [50]. Besides, TB is a
safety substance with high bio-acceptability, and the median lethal
dose (LDsq) of TB is greater than 10,000 mg/kg via gavage [26]. Sev-
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eral studies reported that TB could inhibit osteoclast genesis, pre-
vent bone loss, and induce apoptosis in osteosarcoma cells [52,53].
Also, TB showed anti-tumor activity on hepatocellular carcinoma
[54]. However, the effect of TB on NAFLD is still a missing piece
of the puzzle. In this study, the 14-week preventive experiment
showed that TB intervention strongly prevented hepatic steatosis
and reduced body weight gain (67.01 %), body fat rate (62.81 %)
and hepatic TG level (51.35 %) compared with HFD-induced NAFLD
model (Fig. 1). Comparing our findings with the results from other
studies, TB could have more prominent and reliable effects on pre-
venting fatty liver and obesity than other bioactive components of
tea [16,55,56]. At the end of the 28-week therapeutic experiment,
TB intervention reversed hepatic steatosis and decreased body
weight (32.16 %), body fat rate (42.56 %) and hepatic TG level
(42.86 %) (Fig. 2). Moreover, hepatic steatosis could lead to lipotox-
icity and oxidative stress, which related to endoplasmic reticulum
stress, mitochondrial dysfunction, and lysosomal dysfunction [10].
In this study, TB ameliorated oxidative stress in liver (Fig. 2). That
is, TB could be a potential medicine for NAFLD and obesity
treatment.
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The previous study has reported that the gut-derived serotonin
in portal blood was relatively higher than in peripheral blood, and
serotonin could be an endocrine regulator [12]. In this study, we
identified 243 differential metabolites among groups via untar-
geted metabolomic study, meanwhile, tryptophan metabolism
pathway showed significant distinction between HFD group and
HFD + TB group (Fig. 3). Referring to previous literature [57], the
change in relative level of serotonin among groups highlighted that
it could be the key molecule response to TB intervention. Untar-
geted metabolomics is a semiquantitative test, and ELISA is com-
monly used to further quantify the content of specific molecule
[30,57,58]. In this study, the results of untargeted metabolomics
and ELISA showed that TB decreased the level of serotonin in liver
but increased the level of serotonin in blood circulation and vis-
ceral white adipose tissue (Fig. 3). The changes in serotonin distri-
bution indicated that it could be a regulator for lipid metabolism
(Figs. 1-3). Pathologically, the overexpression of HTR2A in liver
has been considered as a risk factor for hepatic steatosis and fibro-
sis, whereas the liver-specific HTR2A knockout mice were resistant
to hepatic steatosis with increasing the expression of downstream
proteins like PPARa [12,13,59]. Further, PPAR« is one of the pivotal
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Fig. 7. The effects of fecal microbiota transplant on NAFLD and obesity. (A) The simplified flow chart. The feces used to FMT were collected from the HFD and HFD + TB
groups in the 14-week preventive experiment. (B) Hepatic H&E and Oil red O staining (black scale bar = 200 pum and blue scale bar = 50 pum), and body fat distribution scanned
by NMR (the adipose tissue is highlighted). (C) The level of TG in serum. (D) The level of TG in liver. (E) The level of LDL-C in serum. (F) The level of ALT in serum. (G) Body fat
rate. Data are shown as mean with SD or median with interquartile range, n = 10. Data were analyzed by either ANOVA or Kruskal-Wallis test. *P-value < 0.05, **P-value < 0.01,
***P-value < 0.001. The symbols of square, rhombus, and inverted triangle on the bars represent the samples of Model FMT group, TB FMT group, and TB FMT + TB group,
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eosin; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; NMR, nuclear magnetic resonance; SD, standard deviation; TB, theabrownin; TG, triglyceride.

lipolytic genes, which could promote fatty acid oxidation by
increasing the expression of downstream molecules like CYP4A14
and CPT-1 [36,60,61]. Mechanistically, we proved that TB pro-
moted fatty acid oxidation by decreasing the expression of HTR2A
while increasing the expressions of PPARo, CYP4A14 and CPT-1 in
liver (Fig. 4A, B). Besides, previous studies have reported that
HTR2B was the dominant serotonin receptor in visceral white adi-
pose tissue of mice, and the upregulated expression of HTR2B in
adipocytes could promote lipolysis by activating HSL [14,62]. In
this study, TB promoted lipolysis by activating the HTR2B-HSL sig-
naling pathway (Fig. 4C, D). Additionally, previous studies indi-
cated that the upregulation of the SERT-MAO-A signaling
pathway could lead to the excessive degradation of serotonin in
liver and further induce the overproduction of ROS in hepatic mito-
chondria [33,63]. In this study, TB mitigated oxidative stress by
inhibiting the SERT-MAO-A signaling pathway in liver (Fig. 4E, F).
In short, TB alleviates NAFLD and obesity by regulating the
HTR2A-PPARa-CYP4A14/CPT-1 and SERT-MAO-A signaling path-
ways in liver, and the HTR2B-HSL signaling pathway in visceral
white adipose tissue.

The relationship among gut microbiota, NAFLD and obesity has
been widely concerned [64]. For example, gut bacterial dysbiosis is
common in patient with NAFLD and obesity, and the relative abun-
dance of Streptococcus was increased while that of Akkermansia
was decreased in fecal sample [65,66]. Moreover, previous litera-
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ture reported that the relative abundance of Akkermansia mucini-
phila in NAFLD mice was significantly decreased, which induced
the dysfunction of intestinal barrier, elevated the level of
lipopolysaccharide in circulation, and finally provoked systematic
inflammation [67]. Furthermore, previous studies had reported
that gut microbiota could regulate the synthesis of serotonin in
the enterochromaffin cells [68]. However, whether gut microbiota
could affect the content and function of serotonin in liver is
unknown. In this study, TB alleviated gut bacterial dysbiosis and
increased the richness and evenness of gut microbiota, reflecting
in increasing the indexes of a-diversity (like Chao1, observed spe-
cies richness, Shannon index, Simpson’s index of diversity, and Pie-
lou’s evenness) (Fig. 5). Also, the evaluation of B-diversity implied
that TB changed the structure of gut microbial community (Fig. 5).
Moreover, TB increased the abundances of gut bacterial genera
Akkermansia, Bacteroides and Parabacteroides, which were nega-
tively correlated to the level of serotonin in liver while positively
correlated to the level of serotonin in blood circulation and visceral
adipose white tissue (Fig. 5). In short, our findings suggested that
TB intervention could effectively alleviate gut bacterial dysbiosis
in mice with NAFLD and obesity. Other literature has recom-
mended that the intake of probiotics (like Akkermansia mucini-
phila), prebiotics (like inulin oligofructose) and symbiotics (like
the combination of Bacillus licheniformis and  xylo-
oligosaccharides) could be beneficial for the prevention and treat-
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ment of NAFLD and obesity [69,70]. So, the regulation of gut micro-
biota could be one of the important mechanisms for TB to alleviate
NAFLD and obesity, and the co-treatment of TB and probiotics/pre-
biotics (like medicinal plants [71,72]) is worthy to be further
explored.

In the literature, antibiotics sterilized mice and germ-free mice
were widely used to study the function of gut microbiota
[7,32,58,73]. In this study, we used antibiotic cocktail to verify
the role of gut microbiota for TB in alleviating NAFLD. The results
showed that TB relied on gut microbiota to regulate serotonin level
and related target proteins in liver, meanwhile, gut microbiota and
TB co-contributed to alleviating NAFLD and obesity (Figs. 6, 7).
These findings confirmed the positive role of Akkermansia, Bac-
teroides and Parabacteroides in alleviating NAFLD and obesity, and
proposed novel insight into the relationship among TB, serotonin,
gut microbiota, and NAFLD [32,69,74]. At last, because the allevia-
tion of hepatic steatosis and body fat accumulation is a dominant
approach for NAFLD and obesity, further clinical trials are worthy
to explore the effect of TB on patients [4,37]. The effects of TB on
visceral fat inflammation and systemic metabolic dysregulation
might be also explored in the future. Besides, TB is one of the main
bioactive components generated from the fermentation of dark tea,
whether the optimization of the fermented process could improve
the bioactive effects of TB on NAFLD and obesity is worth further
investigation [75]. In addition, untargeted metabolomic analysis
could be performed on feces, and the correlation between fecal
metabolites and the changes in the composition of gut microbiota
should be analyzed.

Conclusions

Our study reveals that TB has significantly preventive and ther-
apeutic effects on NAFLD and obesity by regulating serotonin-
related signaling pathways. Moreover, the beneficial regulation of
TB on serotonin level and related target proteins in liver relies on
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the participation of gut microbiota, meanwhile, TB and gut micro-
biota co-contributed to alleviating NAFLD and obesity. The pro-
posed mechanisms are exhibited in Fig. 8. Our findings bring
novel insight into the relationship among TB, serotonin, gut micro-
biota, NAFLD, and obesity. At the same time, this study provides a
reference for subsequent clinical trials, and hopefully, TB is a
promising medicine for reducing the global burden of NAFLD and
obesity.
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