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post-fermented Jing-Wei Fuzhuan
brick tea alleviates liver dysfunction and intestinal
microbiota dysbiosis in high fructose diet-fed mice

Xiangnan Zhang,a Qiu Wu,a Yan Zhao,b Alim Aimya and Xingbin Yang *a

Emerging evidence supports the health-promoting ability of a special microbial-fermented Fuzhuan brick

tea. Epigallocatechin gallate was identified as a dominant flavonoid of Fuzhuan tea aqueous extract (FTE).

Mice were treated with 30% high fructose (HF) water feeding alone or in combination with

administration of FTE at 400 mg per kg bw for 13 weeks. FTE caused strong inhibition against the

elevation of liver weight, serum enzymatic (aspartate aminotransferase, aspartate aminotransferase and

alkaline phosphatase) activities and hepatic inflammatory cytokines (interleukin-1, interleukin-6, tumor

necrosis factor-a and tumor necrosis factor-b) formation, as well as dyslipidemia (total cholesterol, total

triglyceride, low-density lipoprotein-cholesterol and high-density lipoprotein-cholesterol) in HF-fed

mice (p < 0.05). Hepatic malonaldehyde formation was lowered, while superoxide dismutase and

glutathione peroxidase activities were enhanced by FTE treatment, relative to HF-fed mice (p < 0.05),

and histopathological evaluation confirmed the protection. As revealed by 16S rDNA gene sequencing,

FTE notably increased abundance of Bacteroidetes and Lactobacillus, but reduced population of

Firmicutes, Proteobacteria and Tenericutes in HF feeding mice. These findings suggest that FTE exerts

a hepatoprotective effect by modifying hepatic oxidative stress, inflammatory response and gut

microbiota dysfunction.
1. Introduction

Fructose is a kind of food ingredient which has been widely
consumed in recent years, and high-fructose (HF) corn syrup
has been used as a sweetener substitute for glucose and sucrose
since the 1990s.1,2 As consumption of an HF diet (HFD) is
increasing year by year, it has emerged as one of the risks
contributing to the epidemic of many chronic diseases,
including liver injury.3,4 More and more epidemiological and
clinical experimental studies and animal studies have proved
that HFD can cause an increase in body weight, hepatic fat
accumulation and hepatocellular antioxidant defence disor-
ders.5,6 More seriously, excessive fructose intake results in
intestinal microbiota disorder, which is an early sign of non-
alcoholic fatty liver diseases (NAFLD) with a variety of conse-
quences including metabolic disorders and diabetes.7–9 There-
fore, it has been urgent to nd the effective, healthy and natural
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food ingredients for therapeutic and prevention against HFD-
induced liver injury and gut microbiota dysbiosis.

Emerging evidence supports the health-promoting benets
of many post-fermented Chinese brick tea.10 Fuzhuan tea is
a unique post-fermented product by deliberate fermentation
with probiotics Eurotium cristatum as a dominant fungus, which
is commonly known as “golden ower”, distinguished from the
other post-fermented teas.11 During the northern song dynasty
(1068–1077 AD) in ancient China, the term of “Fu Tea (loose
tea)” appeared in Jingyang of Shaanxi province. Fuzhuan tea
was formed and shaped around the early Ming dynasty (1368
AD), and the term of “Shaanxi Jing-Wei Fuzhuan tea” was well
known on the silk road, and it was also produced in Anhua,
Hunan province by traders from Shaanxi provinces. In 2015,
China Tea Circulation Association officially named Jingyang
County in Shaanxi province as “the source of Fu Tea”. With this
in mind, drinking of post-fermented Fuzhuan brick tea is
strongly claimed to exert its preventive and therapeutic roles in
metabolic disorders, and alleviate the severity of many diseases,
such as anti-hyperlipidemia, anti-obesity and anti-hypergly-
cemia.12–16 However, the relationship between the gut micro-
biota modulatory effects of Fuzhuan tea aqueous extract (FTE)
and prevention of liver damage is still not clearly understood.

In this study, FTE as a special microbial-fermented Jing-Wei
Fuzhuan brick tea aqueous extract was chosen as experimental
material because decocting from boiling water can recover the
RSC Adv., 2019, 9, 17501–17513 | 17501
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majority of water-soluble bioactive compounds, which is prob-
ably responsible for its putative health benets in tea
drinking.12,14 On the basis of determining the avonoid consti-
tute of FTE by HPLC, we further investigated the protective
effects of FTE against the liver damage in mice with long-term
dietary HF consumption by testing aminotransferase (AST),
aspartate aminotransferase (ALT), tumor necrosis factor-
a (TNF-a), tumor necrosis factor-b (TNF-b), superoxide dis-
mutase (SOD), malonaldehyde (MDA) and some other
biochemical parameters related to the liver function. Impor-
tantly, for the rst time, we used the high-throughput
sequencing of 16S rRNA of mouse colon to analyze the regula-
tory effects of FTE on HFD-induced intestinal microbiota dys-
biosis of mice with liver damage.
2. Materials and methods
2.1 Materials and chemicals

Fuzhuan brick tea was purchased from Jingwei Fucha produc-
tion factory in Shaanxi province of China, and identied
according to the standard of Pharmacopeia of the People's
Republic of China. The voucher specimen of the plant materials
was deposited at the Key Laboratory for Hazard Factors
Assessment in Processing and Storage of Agricultural Products,
College of Food Engineering and Nutritional Science, Shaanxi
Normal University, China. Haematoxylin and eosin (H&E) were
the products of Shanghai Lanji Technological Development Co.,
Ltd. (Shanghai, China). Folin–Ciocalteu reagent, gallic acid,
gallocatechin, epigallocatechin, catechin, caffeic acid, epi-
gallocatechin gallate, epicatechin, gallocatechin gallate, epi-
catechin gallate and theaavins were all purchased from Sigma
(China). Detection kits for aspartate aminotransferase (AST, no.
C009-1), aspartate aminotransferase (ALT, no. C010-1), alkaline
phosphatase (ALP, no. A059-1), superoxide dismutase (SOD, no.
A001-1), glutathione peroxidase (GSH-Px, no. A005) and malo-
naldehyde (MDA, no. A003-1) were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Addi-
tionally, Assay kits of total cholesterol (TC, no. 2400065), total
triglyceride (TG, no. 2400059), low-density lipoprotein-
cholesterol (LDL-C, no. 2400074) and high-density lipoprotein-
cholesterol (HDL-C, no. 2400065) were purchased from Huili
Biotechnology Co. Ltd. (Changchun, China). ELISA kits of
interleukin-1 (IL-1, no. CK-E20532), interleukin-6 (IL-6, no. CK-
E20012), tumor necrosis factor-a (TNF-a, no. CK-E20220), and
tumor necrosis factor-b (TNF-b, no. CK-E93212) were also
produced from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Chromatographic grade methanol was ob-
tained from Sigma Aldrich China (Shanghai, China). Deionized
water was prepared using a Millipore Milli Q-Plus system (Mil-
lipore, Bedford, MA, USA). The manufacturer of homogenizer
(F6/10-10G) is Shanghai Ferruk Equipment Company. The
manufacturer of electronic balance (AL104) is Mettler Toledo
Company. The manufacturer of the ELISA (Multiskan Go) is
Thermoelectric Corporation of United States. Other chemicals
used in the study were of analytic grade and commercially
available.
17502 | RSC Adv., 2019, 9, 17501–17513
2.2 Preparation of FTE

Fuzhuan brick tea's fermentation process is as follows: raw dark
tea was moistened by steaming and subjected to temperatures
as high as 80 �C overnight. And then pretreated tea materials
were pressed into desired sizes of brick-tea before being placed
in the fermentation room for 15 days. Finally, the tea products
were packaged and stored in a dry warehouse for ripening
(ageing) for at least half a year.17,18 Briey, Fuzhuan brick tea was
crushed by a crushing machine, and then the crushed powder
was screened over 300 eyes to remove the large particles of
Fuzhuan brick tea. The powder of Fuzhuan brick tea was
extracted by boiling water (100 �C) for 30 minutes (v/v ¼ 1/20)
with gentle stirring. At room temperature, it was ltered
through three layers of gauze to remove insoluble matter. The
ltered solution was lyophilized in a Christ freeze dryer and
stored at �20 �C until use.
2.3 Chemical analysis of FTE

The total polyphenol content of FTE was determined by
a modied Folin–Ciocalteu method with gallic acid as a stan-
dard. The soluble polysaccharides content of FTE was deter-
mined by anthrone–sulfuric acid colorimetry. The total protein
content of FTE was determined by Kjeldahl method. The
absorbance of ve calibration solutions of glucose (100–800 mg
mL�1) was determined at 760 nm by using a spectrophotometer,
and the standard curve was drawn with absorbance as ordinate
and concentration as abscissa. The regression equation was
obtained, and the total polyphenol content of FTE was calcu-
lated by comparison with a calibration curve (Y ¼ 0.0011X +
0.0888, R2 ¼ 0.9982).

Phenolic composition of FTE was analyzed with a HPLC
method using a slight adjustment.19 The analysis was per-
formed on a reversed-phase C18 column (4.6 mm i.d.� 250 mm,
5 mm, Inertsil ODS-SP, Japan) at 30 �C. The analysis of phenolic
composition was carried out using a Shimadzu LC-2010A HPLC
system which was equipped with an UV detector xed at
280 nm, and an autosampler and Shimadzu Class VP 6.1
workstation (Shimadzu, Kyoto, Japan). The mobile phase A
consisted of ultrapure water containing 0.1% methanoic acid,
while the mobile phase B was 100% methyl alcohol using
a gradient elution of 18–18–34–35–38–60–18% B by a linear
change from 0–2–5–8–16–22–26 min. The ow rate was 1
mL min�1 and the injection volume was 10 mL.
2.4 Animals and experiment design

All the mice received human care in compliance with institu-
tional guidelines (XJYYLL-2015689). A total of 30 healthy male
Kunming mice (4 weeks old with similar body weight) were
purchased from Experimental Animal Center of the Fourth
Military Medical University (Xi'an, China). Ten mice were
housed in one cage in an animal room at 23 � 2 �C with a 12/
12 h light/dark cycle (8:00–20:00) for 1 week of acclimation, with
free access to tap water and a standard rodent chow. Chow diet
contained all the nutrients required for the healthy growth and
development of mice. Aer one week of adaptation to the
This journal is © The Royal Society of Chemistry 2019
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laboratory environment, the mice were divided averagely into
the following three groups with 10 mice each: normal control
group (ND group), HF diet control group (HFD group), FTE
treated group (FTE group). In the ND group, the mice received
tap water and were administered intragastrically (ig, 0.4 mL)
with physiological saline continuously for 13 weeks once daily.
In HFD group, the mice received 30% HF water and were
administered with physiological saline (ig, 0.4 mL) once daily.
In FTE group, the mice received 30% HF water and were
administrated with 400mg per kg bw FTE (ig, 0.4 mL) once daily
according the previous results of our pre-experiment in
animals.20 Two hours aer the last administration, all the mice
were fasted but allowed free access to water as usual for 12 h,
and the 12 h urine and feces of the tested mice were collected.
All the animals were fully anesthetized by the inhalation of
isourane and weighed, and then sacriced to obtain blood and
livers. On the basis of the records of the body weight and the
corresponding liver weight of each mouse, we calculated the
hepatosomatic index (HI) according to the following formula:
HI% ¼ liver weight/body weight � 100%. Additionally, the
samples of blood were centrifuged at 1200g for 20 min, and
stored at 4 �C, while the livers were frozen at �80 �C for further
analysis. All experimental procedures used in this research were
approved by the Committee on Care and Use of Laboratory
Animals of the Fourth Military Medical University, China.
2.5 Measurement of serum parameter

Assay for serum TC, TG, HDL-C, LDL-C, AST, ALT, and ALP
levels was performed with corresponding commercial kits
following the manufacturer's instruction, respectively, and the
results were expressed as mmol L�1, mmol L�1, mmol
L�1, mmol L�1, mmol L�1, mmol L�1, and mmol L�1,
respectively.
2.6 Measurement of hepatic biochemical parameters

1.0 g of sheared hepatic tissue pieces was added to 9 mL cold
normal saline, and the resultant mixture were homogenized
and then were centrifuged at 3000g for 10 min. The supernatant
of homogenized liver was used for the assay of hepatic MDA,
SOD, GSH-Px, IL-1, IL-6, TNF-a, TNF-b levels, which were per-
formed with corresponding commercial kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China) following the
manufacturer's instruction.
2.7 Histological analysis and morphometry

The liver of mice was removed from the le lobe, xed with 4%
paraformaldehyde, and was performed for histopathological
analysis.21 The liver of mice was removed from the le lobe,
xed with 4% paraformaldehyde, and was performed for
histopathological analysis.22 For Oil Red O staining, the frozen
liver samples was processed using cryostat (CM1950, Leica,
Germany) and then xed and stained.21 These slides were found
under the Olympus light microscope for observations and
photograph. Finally, the images were examined and evaluated
for pathological change analysis.
This journal is © The Royal Society of Chemistry 2019
2.8 High-throughput sequencing of 16S rRNA

Used CTAB methods to extract genomic DNA of colon content.
The nal DNA concentration and purication were determined
by NanoDrop 2000 UV-vis spectrophotometer (Thermo Scien-
tic, Wilmington, USA), and DNA quality was checked by 1%
agarose gel electrophoresis. According to the selections of
sequencing areas, we used diluted genomic DNA as templates,
used specic primers with barcode, and used High-Fidelity PCR
Master Mix with GC buffer (New England Biolabs company) for
16S rRNA gene PCR amplication (V3 and V4 with pyrose-
quencing tagged forward 50-TCCTACGGGAGGCAGCAGT-30 and
reverse 50-GGACTACC AGGGTATCT-AAT-CCTGTT-30 primer
with cycling conditions of 95 �C for 30 s and 60 �C for 1 min,
using 30 cycles).23,24 According to the concentration of PCR
products, the samples were mixed equally and puried by
agarose gel electrophoresis of 2% concentration. The product
purication kit is Gene JET gum recovery kit (Thermo Scientic
Co.). The Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher
company) were used to construct the library. The constructed
library passed the Qubit quantitative and library test, and then
the Ion S5TMXL (Thermo Fisher company) was used to carry out
the on-machine sequencing.
2.9 Statistical analysis

Results of polyphenol contents, weights of mouse body, serum
and hepatic biochemical parameters were expressed as means
� SD, and were analyzed with Prism 5. Statistical signicance
for the results of serum and hepatic biochemical test was
determined by one-way analysis of variance followed by Least-
Signicant Difference (LSD) test. ANOVA was performed using
SPSS20 (IBM) and p < 0.05 was considered statistically
signicant.
3. Results
3.1 Chemical properties of FTE

The results showed that the contents of total polyphenols, total
avonoids, soluble polysaccharides, and total protein in FTE
were 164.24 � 7.26 mg g�1, 124.19 � 6.69 mg g�1, 44.95 �
3.66mg g�1 and 47.83� 5.05mg g�1, respectively. Furthermore,
the main polyphenols of FTE was identied and quantied by
a validated HPLC-UV technique and the results were shown in
Fig. 1. Ten peaks were identied in the order of gallic acid (6.43
min), gallocatechin (7.16 min), epigallocatechin (8.90 min),
catechin (9.39 min), caffeic acid (10.87 min), epigallocatechin
gallate (11.47 min), epicatechin (12.06 min), gallocatechin
gallate (13.10 min), epicatechin gallate (15.64 min), theaavins
(23.87 min) by comparison with the retention time (tR) of the
commercial standards under the same conditions. As depicted
in Table 1, linear regression was used for the calculation, and
a good linearity with the correlation coefficients (R2) in the
range of 0.9937–0.9999 was obtained, and the concentrations of
gallic acid, gallocatechin, epigallocatechin, catechin, caffeic
acid, epigallocatechin gallate, epicatechin, gallocatechin
gallate, epicatechin gallate and theaavins in FTE were 21.44 �
0.09, 26.56 � 0.11, 67.70 � 0.79, 10.48 � 0.16, 22.27 � 0.16,
RSC Adv., 2019, 9, 17501–17513 | 17503



Fig. 1 HPLC chromatograms of the mixed standards (A), the aqueous extract of Fuzhuan brick tea, named FTE (B). HPLC peaks: (1) gallic acid, (2)
gallocatechin, (3) epigallocatechin, (4) catechin, (5) caffeic acid, (6) epigallocatechin gallate, (7) epicatechin, (8) gallocatechin gallate, (9) epi-
catechin gallate, (10) theaflavins.
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111.93 � 0.06, 6.12 � 0.03, 3.79 � 0.14, 1.11 � 0.01 and 4.84 �
0.26 mg g�1, respectively. As a result, the main avonoid of FTE
was identied as epigallocatechin gallate, followed by epi-
gallocatechin and gallocatechin.
Table 1 Calibration curves and the contents of the identified polypheno

Peak no. tR (min) Identied/polyphenols Regr

1 6.43 Gallic acid Y ¼
2 7.16 Gallocatechin Y ¼
3 8.90 Epigallocatechin Y ¼
4 9.39 Catechin Y ¼
5 10.87 Caffeic acid Y ¼
6 11.47 Epigallocatechin gallate Y ¼
7 12.06 Epicatechin Y ¼
8 13.10 Gallocatechin gallate Y ¼
9 15.64 Epicatechin gallate Y ¼
10 23.87 Theaavins Y ¼
a Y is the characteristic peak area in HPLC chromatograms, and X is the
expressed as mg g�1 dried extract.

17504 | RSC Adv., 2019, 9, 17501–17513
3.2 Effects of FTE on body weight, liver weight and HI in
HFD-fed mice

As shown in Table 2, aer giving 30% fructose water for 13
weeks, the average food and water intake was not signicantly
ls in FTE by HPLCa

ession equation Y ¼ aX + b R2 Contentb (mg g�1)

5.9167X + 0.4124 0.9998 21.44 � 0.09
87.147X � 14.651 0.9992 26.56 � 0.11
94.968X � 1.4862 0.9941 67.70 � 0.79
21.611X + 3.4979 0.9995 10.48 � 0.16
23.684X + 8.7968 0.9992 22.27 � 0.16
8.7325X + 0.6203 0.9996 111.93 � 0.06
7.898X + 0.0708 0.9994 6.12 � 0.03
5.2995X + 3.1846 0.9999 3.79 � 0.14
4.5062X � 0.6542 0.9984 1.11 � 0.01
23.073X + 3.0737 0.9937 4.84 � 0.26

concentration of the samples. b Contents of each component in FTE is

This journal is © The Royal Society of Chemistry 2019
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different (p > 0.05) among all the tested groups. However, the
high fructose diet (HFD)-fed mice showed a signicant increase
in the body weight, liver weight and HI, when compared to the
untreated normal diet (ND)mice (p < 0.05). Interestingly, a HFD-
induced increase in body weight of mice could be effectively
decreased by the oral administration of FTE at 400mg per kg bw
(p < 0.05). Similarly, an increase in the liver weight and HI of
HFD feeding mice was also signicantly inhibited by FTE
treatment in HFD-fed mice (p < 0.05).
3.3 FTE balanced serum lipid homeostasis

The serum TC, TG, HDL-C and LDL-C levels in mice were dis-
played in Fig. 2A–D, respectively. Aer giving high concentra-
tions of high fructose (30%), the mice had a signicant increase
in TC, TG and LDL-C levels, respectively (p < 0.05). Interestingly,
FTE treatment caused a signicant decrease in TG and LDL-C
levels by 36.4% (p > 0.05) and 67.7% (p < 0.05) in comparison
with HFD control feeding in mice, respectively, but FTE caused
a puny decrease in TC by 6.30% (p > 0.05). Furthermore, Fig. 2C
displays the level of serum HDL-C, where the content of HDL-C
aer HFD feeding was dramatically decreased by 91.0%, relative
to ND-fed mice (p < 0.05). As expected, application of FTE
caused a 1.68-fold increase in HDL-C level of mice when
compared to HFD-fedmice (p < 0.05), suggesting that FTEmight
normalize the lipid disorders via improving the serum lipid
proles in HFD-fed mice. For Oil Red O staining, the liver
sections of HFD-fed mice showed excessive accumulation of
lipid droplets inside the parenchyma cells, relative to ND mice
(Fig. 2E(d and e)). Interestingly, the number and volume of
hepatic fat granules in the mice treated with FTE (400 mg per kg
bw) was slightly reduced as compared to that in HFD-fed mice
(Fig. 2E(f)).
3.4 FTE effectively modulated oxidative stress in mouse
livers

Liver damage is usually accompanied by oxidative stress.25 As
shown in Fig. 3A, a HFD-caused dramatic increase (p < 0.05) in
the hepatic content of MDA, a key index of oxidative stress for
the chain reaction of lipid peroxidation, was inhibited by 3.07-
fold (p < 0.05) in the mice exposed to FTE. The hepatic enzyme
Table 2 Food intake, water intake, body weight, liver weight and hepato

Index

Groups

Normal

Food intake (g d�1) 10.51 � 2.11a

Water intake (mL d�1) 6.45 � 2.47a

Fructose intake (g per day) —
Initial body wt (g) 32.21
Final body wt (g) 42.77 � 3.22ab

Liver wt (g) 1.48 � 0.08a

HI (%) 3.46 � 0.09a

a Hepatosomatic index: liver weight (g)/body weight (g). Values were expre
same row indicated signicant differences at p < 0.05. Normal: a normal d
the mice.

This journal is © The Royal Society of Chemistry 2019
activities of SOD and GSH-Px in the experimental mice are
shown in Fig. 3B and C, and it was found that SOD and GSH-Px
activities in the liver of mice administered 30% HF water were
signicantly lowered by approximately 59.8% and 23.2%,
compared to ND mice, respectively (p < 0.05). However, FTE at
400 mg per kg bw increased hepatic enzyme SOD and GSH-Px
activities by 1.19-fold (p < 0.05) and 0.13-fold (p > 0.05) in
comparison with HFD control feeding in mice, respectively.
This results suggest that FTE displayed a signicant protective
effect against the liver injury in mice.
3.5 Effects of FTE on hepatic inammation

As shown in Fig. 4A–D, continuous 13 weeks ingestion of 30%
HF water in mice prominently led to an increase in hepatic IL-1,
IL-6, TNF-a and TNF-b levels by 41.8% (p < 0.05), 130.4% (p <
0.05), 156.3% (p < 0.05) and 566.6% (p < 0.05), respectively,
suggesting the signicant inammation in mice. The IL-1 and
TNF-b levels of the mice treated with FTE were slightly
decreased by 30.7% (Fig. 4A, p < 0.05) and 47.1% (Fig. 4D, p <
0.05), and interestingly, this FTE administration could signi-
cantly reduce IL-6 and TNF-a levels in HFD-treated mice by
69.4% (Fig. 4B, p < 0.05) and 60.3% (Fig. 4C, p < 0.05) respec-
tively, suggesting that FTE had strong protective effects against
HFD-induced liver injury involved in abnormal lipid prole
including IL-1, IL-6, TNF-a and TNF-b of mice.
3.6 Effects of FTE on hepatic damage biomarkers and
histopathological changes

AST, ALT and ALP activities are considered to be effective
biochemical markers of early hepatic damage.26 As described in
Fig. 4E–G, the enzymatic activities of serum AST, ALT and ALP
activities in HFD-treated mice were remarkably increased to
2.26� 0.16 mmol L�1 (p < 0.05), 1.88 � 0.08 mmol L�1 (p < 0.05)
and 1.91� 0.17 mmol L�1 (p < 0.05) from 1.59� 0.04 mmol L�1,
1.40 � 0.12 mmol L�1 and 0.41 � 0.28 mmol L�1 of ND-fed
mice, respectively, indicating that HFD intake caused hepato-
toxicity in mice. Interestingly, FTE signicantly reduced the
AST, ALT and ALP activities by 28.7% (p < 0.05), 28.8% (p < 0.05)
and 82.6% (p < 0.05), as compared to HFD-fed mice, suggesting
that administration of FTE possessed the potential for
somatic index of mice at the end of week 13a

HFD FTE

10.14 � 2.62a 9.99 � 2.70a

7.21 � 2.34a 7.37 � 2.23a

2.16 � 0.70a 2.21 � 0.67a

31.82 30.58
47.30 � 3.54a 42.31 � 4.02b

1.70 � 0.17b 1.49 � 0.17a

3.59 � 0.11a 3.51 � 0.18a

ssed as means � SD of 10 mice in each group and different letters in the
iet (ND) group; HFD: high-fructose diet group; FTE: FTE-treated group of

RSC Adv., 2019, 9, 17501–17513 | 17505



Fig. 2 Effects of FTE on serum TC (A), TG (B), HDL-C (C), LDL-C (D) levels in the mice fed 30% high fructose diet (HFD) water for consecutive 13
weeks. Data are expressed as means � SD for 10 mice in each group. (E) The liver tissue was stained with Oil Red O and H&E, and observed at
200�. a–cMean values within a row with different alphabetical letters denote significant differences (p < 0.05) among all groups.
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management or prevention of HFD-induced hepatic injury in
mice.

The photomicrographs of H&E staining for liver tissue were
investigated, and the liver in HFD-fed mice showed ballooned
lipid laden hepatocytes, severe cellular degeneration and the
Fig. 3 Effects of FTE on hepatic MDA (A), SOD (B), GSH-Px (C) levels in H
SD for 10 mice in each group. a–cMean values within a row with different
groups.

17506 | RSC Adv., 2019, 9, 17501–17513
loss of cellular boundaries, when compared with ND-fed mice
(Fig. 2E(a and b)). As expected, supplementation of FTE at
400mg per kg bw showed obvious inhibition against the hepatic
injuries caused by HFD, where liver cells had a well-preserved
cytoplasm, prominent nucleus and legible nucleoli, which
FD-fed mice for consecutive 13 weeks. Data are expressed as means �
alphabetical letters denote significant differences (p < 0.05) among all

This journal is © The Royal Society of Chemistry 2019



Fig. 4 Effects of administration of FTE on hepatic levels of IL-1 (A), IL-6 (B), TNF-a (C), and TNF-b (D), and serum enzymatic activities of AST (E),
ALT (F) and ALP (G) against HFD-induced liver damage in mice. Data are expressed as means � SD for 10 mice in each group. a,bMean values
within a row with different alphabetical letters denote significant differences (p < 0.05) among all groups.
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were near the exterior of the liver in NDmice (Fig. 2E(c)). For Oil
Red O staining, the number and volume of hepatic fat granules
in the mice treated with FTE (400 mg per kg bw) was slightly
reduced as compared to that in HFD-fed mice (Fig. 2E(f)). The
above observation indicated that FTE had signicant protective
effects on liver injury caused by HFD feeding.
3.7 Structural change of gut microbiota in response to HFD
and FTE

The Venn diagrams were used to compare the similarity of the
OTU of samples (Fig. 5A), and there was 74.3–85.1% of OTU
similarity among the three experimental groups, but there were
8.46% and 9.66% of OTU difference between ND and FTE
groups when compared to that in HFD group, respectively,
indicating that there was different abundance of microorgan-
isms among the three tested groups. In addition, changes in
microbial communities were investigated using the Chao 1 and
Shannon–Wiener diversity index. As shown in Fig. 5B, HFD
feeding signicantly lowered the Shannon–Wiener diversity
index, relative to ND control, whereas FTE administration in
mice increased it, where there were signicant difference in
Shannon–Wiener diversity between HFD-fed mice and FTE-
treated mice (p < 0.5). However, Chao 1 plot showed no signif-
icant difference between any two groups (Fig. 5C). These results
indicated that different treatments had differentiated effects on
microbial richness, and in general, FTE application in HFD-fed
mice increased the microbial richness and diversity. As
This journal is © The Royal Society of Chemistry 2019
depicted in Fig. 5D, Non-Metric Multi-Dimensional Scaling
(NMDS) based on the unweighted Unifrac distances indicated
signicant clustering by diet type with complete separation of
the colonic microbiota of ND- and FTE-treatedmice from that of
HFD-fed mice along the MDS1 axis, showing that there was
a difference in intestinal microbiota among the three groups.

At phylum level, a relative abundance bar from the selected
top 10 species in each test based on the species taxonomic level
was present in Fig. 5E. It was found that the intestinal microbial
structure of mice was mainly dominated by Firmicutes and
Bacteroidetes at phylum level, while Actinobacteria and Pro-
teobacteria contributed relatively smaller proportion to the
intestinal microbiota community. To be specic, continuous 13
weeks ingestion of 30% HF water in mice prominently led to an
increase in relative abundance of Firmicutes by 51.7% (p > 0.05)
and a decrease in relative abundance of Bacteroidetes by 34.4%
(p < 0.05) in comparison with the untreated ND-fedmice (Fig. 5E
and 6A and B), resulting in an elevation of the Firmicutes/
Bacteroidetes ratio in HFD-fed mice. Interestingly, FTE treat-
ment caused a 39.5% decrease in relative abundance of Firmi-
cutes (p < 0.05) and a 42.1% increase in relative abundance of
Bacteroidetes (p > 0.05), related to HFD-fed mice, respectively
(Fig. 5E and 6A and B). HFD also induced the obvious elevations
in the relative abundance of Proteobacteria (from 2.95 to 6.36%)
and Tenericutes (from 0.22 to 1.95%) from ND control (Fig. 5E
and 6C and D; p < 0.05). However, FTE intervention exerted
inhibitory effects on the relative abundances of Proteobacteria
RSC Adv., 2019, 9, 17501–17513 | 17507



Fig. 5 Effects of FTE or HFD treatment on the composition of colonmicrobiota. (A) Venn diagram of three groups based onOUT. (B) A plot of the
Shannon–Wiener diversity index. (C) A plot of the Chao 1 index. (D) The Non-Metric Multi-Dimensional Scaling (NMDS) analysis score plot of
colonmicrobiota based on unweighted Unifrac distances between the three groups. (E) The relative abundance of top 10 of intestinal microbiota
in colon at phylum level. Others represent other microbiota expect top 10 of all. (F) The ratio of Firmicutes to Bacteroidetes. (G) The relative
abundance of top 10 of colon microbiota at genus level in each group.
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and Tenericutes in HFD feeding mice (Fig. 5E and 6C and D; p <
0.05).

At the genus level, we selected the top 10 species with the
highest relative abundance in each group to build up the
species taxonomic level. As can been seen in Fig. 5G, the
dominant strains in HFD-fed mice were Parabacteroides and
Helicobacter, while they were Bacteroides and Lactobacillus in
ND- and FTE-treated mice. In addition, a distinct increase in
Allobaculum (from 4.53 to 33.7%, p < 0.05) and Helicobacter
(from 0.09 to 4.45%, p < 0.05), and the decreases in population
of Bacteroides (from 7.39 to 4.65%, p > 0.05) and Lactobacillus
(from 3.39 to 0.32%, p < 0.05) were observed in HFD-treated
mice when compared to ND mice (Fig. 6E–H). However,
17508 | RSC Adv., 2019, 9, 17501–17513
treatment of mice with FTE could lead to the signicant
decreases in relative abundance of Allobaculum and Helicobacter
by 74.0% (p < 0.05) and 94.1% (p < 0.05) and a certain degree of
increases in relative abundance of Bacteroides and Lactobacillus
by 121.4% (p < 0.05) and 345.3% (p > 0.05), related to HFD
feeding mice, respectively. In our hands, linear discriminant
analysis (LDA) effect size (LEfSe) algorithm was applied to
further identify the most differentially abundant taxa between
the three tested groups. As shown in Fig. 6I, the histogram and
cladogram generated from LEfSe conrmed that gut microor-
ganism inhabiting in the ND, HFD and FTE treated mice clus-
tered separately. LEfSe detected 11, 6 and 12 bacterial clades
showed statistically signicant and biologically consistent
This journal is © The Royal Society of Chemistry 2019



Fig. 6 Changes in the intestinal microbiota in FTE-fed mice as compared to HFD control. The relative abundance of (A) Bacteroidetes, (B)
Firmicutes, (C) Actinobacteria, (D) Proteobacteria, (E) Allobaculum, (F) Bacteroides, (G) Lactobacillus, and (H) Helicobacter. Bars represent the
mean � SD (n ¼ 10). Different letters indicate significant statistical differences among groups at p < 0.05. (I and J) Linear discriminative analysis
(LDA) effect size (LEfSe) analyses of statistically significant taxa. Taxa were sorted by degree of difference and overlaid on a taxonomic cladogram.
Only the taxa meeting a significant LDA threshold value of >3.0 are shown.
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differences in the fecal microbiota of ND mice, FTE-treated
mice and HFD control mice, respectively. As shown in Fig. 6J,
the most differentially abundant bacterial taxa detected in
response to FTE administration belonged to the order
This journal is © The Royal Society of Chemistry 2019
Corynebacteriales and the family Corynebacteriaceae, while the
most differentially abundant bacterial taxa in response to HFD
consumption belonged to the order Baclillales and the family
Staphylococcaceae.
RSC Adv., 2019, 9, 17501–17513 | 17509



Fig. 7 Spearman's correlation between gut microbiota at genus level and biochemical parameters. Colors of squares represent R-value of
Spearman's correlation. p < 0.05* and p < 0.01** indicate the association significant, respectively.
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4. Discussion

Fructose is a sweetener, but too much fructose intake increases
the risk of NAFLD, which is a chronic liver disease related to the
composition alteration of the intestinal microbiota.26–28 Inter-
estingly, it is claimed that drinking tea has a potential role in
the treatment and prevention of liver injury caused by HFD.29–31

A special Jing-Wei Fuzhuan brick tea is a unique post-fermented
tea which is distinguished from the other post-fermented teas
by deliberate fermentation with the probiotics Eurotium crista-
tum, and exhibits a variety of biological activities, such as anti-
obesity, antibacterial, and anti-oxidation effects.12–14,32 A few
reports have mainly focused on the investigation on anti-obesity
and anti-oxidation properties of Fuzhuan brick tea, and limited
study on the inuence of Fuzhuan brick tea against NAFLD is
performed, and the regulatory effect of Fuzhuan brick tea on
intestinal microbiota was also rarely studied. Herein, FTE as
aqueous extract of tea-based drink infusion ingredient was
17510 | RSC Adv., 2019, 9, 17501–17513
successfully separated from Fuzhuan brick tea and its compo-
sition of avonoids in FTE was principally identied as epi-
gallocatechin gallate (111.93 � 0.06 mg g�1) and
epigallocatechin (67.70 � 0.79 mg g�1), and interestingly, FTE
also contained the unique theaavin (4.84 � 0.26 mg g�1).
These avonoids and polyphenols may be responsible for the
health effects claimed by FTE, where catechins and epi-
gallocatechin gallate have been considered as the main
components, contributing to the putative benecial metabolic
effects of tea.33–35

Previous reports have pointed to liver stress in animals fed
with HFD due to the burden of fructose metabolism, and the
long-term consumption of HF sweetener has led to obesity and
hepatic steatosis.36,37 Furthermore, the hepatic lipid metabo-
lism is also associated with the elevated TC, TG, LDL-C and
decreased HDL-C levels, and these data once again indicate that
long-term feeding of HFD results in obesity and hyper-
triglyceridemia, which is a key factor in early NAFLD.38,39 In this
This journal is © The Royal Society of Chemistry 2019
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study, HFD feeding in mice signicantly induced unbalanced
changes in the serum TC, TG, HDL-C and LDL-C levels (Fig. 2).
As expected, our experimental data showed that FTE could avoid
liver injury by balancing the serum TC, TG, HDL and LDL-C
levels in HFD-fed mice (Fig. 2), which might be resulted from
the decrease in lipid synthesis with regulation of the glycolytic
pathway.40 Histopathological observation of Oil Red O staining
of the tested mouse livers further conrmed the lipid abnor-
mality in HFD-fed mice, characterized by extensive lipid depo-
sition inside the parenchymal cells. However, compared with
HFD-fed mice, the liver from FTE-treated mice showed scat-
tered fat droplets, suggesting that FTE could promote liver fat
metabolism and possibly protect against hepatic steatosis
caused by a HFD (Fig. 2E).

The second onset of NAFLD was associated with oxidative
stress and lipid peroxidation.41 An accumulation of total
cholesterol in the liver usually leads to oxidative stress and lipid
peroxidation.41 MDA is the nal product of lipid peroxidation,
and therefore, it has been widely used as an indicator of lipid
peroxidation and a marker of oxidative stress, which can be
signicantly increased aer administration of HFD ingestion in
both rodents and humans.42 Herein, our results showed that
hepatic MDA formation in HFD-fed model mice was increased
as result of lipid peroxidation (Fig. 3). Interestingly, FTE
administration in HFD-fed mice can reduce the generation of
MDA in mouse liver. In addition, natural antioxidant enzymes,
such as SOD and GSH-Px, can remove lipid peroxidation prod-
ucts and it plays a vital role in the body's defense mechanism
against oxidative stress.43 As expected, long-term consumption
of HFD also reduced SOD and GSH-Px activities, suggesting that
chronic HFD consumption weakened the natural antioxidant
defense system in mice. However, administration of FTE in HF-
fed mice inhibited lipid peroxidation, improved antioxidant
enzymes system like SOD and GSH-Px activities, and these
protective effects might be due to the inhibition of FTE against
generation of lipid peroxidation. Moreover, lipid peroxidation
stress can promote the formation and release of proin-
ammatory cytokines.21,44,45 In our hands, the levels of IL-1, IL-6,
TNF-a and TNF-b in the liver of HFD-fed mice were higher than
those of normal mice, suggesting that continues 13 weeks of
HFD intake caused a severe inammatory reactions in the liver,
maybe leading to liver injury (Fig. 4). However, FTE exerted
signicant inhibition on the inammatory reaction in HFD
feeding mice. It is also known that AST, ALT and ALP activities
are the most powerful biochemical markers for the diagnosis of
liver injury.21,46 In our study, the long-term HFD intake caused
a signicant increase in the serum AST, ALT and ALP activities,
respectively, and interestingly, administration of FTE signi-
cantly decreased the serum AST, ALT and ALP activities in HFD-
fed mice, proving that it is a good strategy to prevent liver
damage caused by HFD (Fig. 4).

The human intestinal microbiota is vital to the health of the
host and plays an important role in nutrition, metabolism,
pathogen resistance and immune responses.47 According to
recent reports, the liver, which is the rst organ to be exposed to
gut-derived toxic factors including bacteria and bacterial prod-
ucts, receives most of blood nutrition supply from the gut
This journal is © The Royal Society of Chemistry 2019
through the portal vein, and thus the development of NAFLD
may be related to changes in the composition of intestinal
microbiota.14,48,49 Therefore, we hypothesized that FTE might
prevent HFD-induced NAFLD through modulating the gut
microbiota and intestinal barrier.50,51 It has been reported that
NAFLD individuals has lower microbial diversity than individ-
uals without NAFLD.52 Herein, the present study showed that
the composition of gut microbiota in the HFD-fed mice was
altered, which was consistent with previous studies.53 Fortu-
nately, our study showed that FTE could enhance the microbial
diversity (Fig. 5C). To be specic, we found that Firmicutes were
increased, but Bacteroides were decreased in HFD control
feeding, leading to intestinal microbiota disorder.7 In addition,
supplementation with polyphenols and avonoids was reported
to reduce the ratio of Firmicutes to Bacteroidetes, contributing
to the prevention of liver injury induced by HFD.54 In our study,
FTE could signicantly reduce the ratio of Firmicutes to Bac-
teroidetes (Fig. 5F), which is consistent with previous report,55

suggesting that the avonoids rich in FTE was generally poor
absorbed with low bioavailability and could reach the large
intestine which might be utilized by gut microbiota,56 thus
contributing to attenuation on the NAFLD induced by HFD.
Similarly, the relative abundance of Proteobacteria was signi-
cantly reduced aer FTE administration when compared with
HFD control. Importantly, the massive appearance of Proteo-
bacteria reected the unstable structures of intestinal micro-
organisms,57 which was usually the characteristic of metabolic
diseases and intestinal inammation.58,59 At the phylum level,
FTE also reduced the relative abundance of Tenericutes in HFD-
fed mice. At the genus level, it has been reported that Heli-
cobacter oen appears in patients with stomach problems.60

Herein, our result demonstrated that Helicobacter was sharply
increased by HFD feeding in mice (Fig. 6H). In addition,
prebiotic consumption has been reported to be associated with
an increase of Lactobacillus,61 and our results also showed that
the intake of FTE signicantly increased the relative abundance
of Lactobacillus in HFD-fed mice (Fig. 6G), which is consistent
with previous report,62 suggesting that FTE indeed improved the
environment of the gut microbiota. Furthermore, Erysipelato-
clostridium, Romboutsia, Corynebacterium, Lactobacillus and
Staphylococcus had signicant correlation with TC, TG, LDL-C,
HDL-C, AST, ALT and ALP, indicating that these gut micro-
biota might play a central role in amelioration of liver
dysfunction by FTE (Fig. 7). All these ndings suggest that FTE
may alleviate the liver dysfunction by regulating the diversities
of intestinal microbiota.
5. Conclusions

In summary, this is the rst study to show that FTE can improve
NAFLD induced by HFD. It was found that FTE could improve
the intestinal microbiota imbalance caused by HFD intake in
mice. This discovery helps us to understand the mechanism
underlying protective effect of drinking Fuzhuan brick tea
against the liver damage. This nding opens up the possibility
of developing FTE as a new natural ingredient for prevention
RSC Adv., 2019, 9, 17501–17513 | 17511
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and treatment of intestinal microbiota dysbiosis and liver
diseases.
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