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Abstract
Val-Val-Tyr-Pro (VVYP) peptide is one of the main active components of Globin digest 
(GD). Our previous studies indicated that VVYP could protect against acetaminophen 
and carbon tetrachloride-induced acute liver failure in mice and decrease blood lipid 
level. However, the effects and underlying mechanisms of VVYP in the treatment of 
non-alcoholic steatohepatitis (NASH) have not been discovered. Our present study 
was designed to investigate the preventive effect of VVYP on NASH and its under-
lying specific mechanisms. We found that VVYP inhibited the cytotoxicity and lipid 
accumulation in L-02 cells that were exposed to a mixture of free fatty acid (FFA). 
VVYP effectively alleviated the liver injury induced by methionine-choline-deficient 
(MCD) diet, demonstrated by reducing the levels of serum alanine aminotransferase 
(ALT)/aspartate aminotransferase (AST)/triglycerides (TG)/non-esterified fatty acids 
(NEFA) and improving liver histology. VVYP decreased expression levels of lipid syn-
thesis-related genes and reduced levels of the proinflammation cytokines in the liver 
of mice fed by MCD diet. Moreover, VVYP inhibited the increased level of LPS and 
reversed the liver mitochondria dysfunction induced by MCD diet. Meanwhile, VVYP 
significantly increased the abundance of beneficial bacteria such as Eubacteriaceae, 
coriobacteriacease, Desulfovibrionaceae, S24-7 and Bacteroidia in high-fat diet (HFD)-
fed mice, however, VVYP reduced the abundance of Lactobacillus. Moreover, VVYP 
conferred the protective effect of intestinal barrier via promoting the expression of 
the mucins and tight junction (TJ)-associated genes and inhibited subsequent liver 
inflammatory responses. These results indicated that the protective role of VVYP on 
NASH is mediated by modulating gut microbiota imbalance and related gut-liver axis 
activation. VVYP might be a promising drug candidate for NASH.
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1  | INTRODUC TION

Non-alcoholic fatty liver disease (NAFLD), the most common form 
of adult chronic liver disease with a prevalence of approximately 
25% ~ 30% of the worldwide,1 consists of a broad spectrum of dis-
ease ranging from simple steatosis to non-alcoholic steatohepatitis 
(NASH), causing liver fibrosis, and ultimately cirrhosis with a high 
risk of hepatocellular carcinoma (HCC).2 NAFLD pathogenesis is 
associated with various types of insults that occur simultaneously 
and may work synergistically including enhanced accumulation of 
triglycerides, mitochondrial injury, elevated oxidative stress, auto-
phagy and apoptosis imbalance, increased levels of lipotoxicity and 
liver inflammation.3,4 Effective therapies for treating and preventing 
NASH are lacking, a single-targeted drug may not be sufficient to 
treat NASH which is a metabolic diseases involving multiple factors. 
Given the complexity of the physiopathology of NASH, a multifunc-
tional drug with two or more targets may provide a better therapeu-
tic effect against NASH than a single-targeted one.

Stable-isotope studies showed that de novo lipogenesis (DNL) 
was increased in patients with NAFLD, which contributed to fat 
acids accumulation within the liver and the progression of NAFLD.5 
The most important pathway that adjusts the initiation of fatty acid 
biosynthesis in the liver involves activation of sterol regulatory ele-
ment-binding protein 1 (SREBP-1c), an important transcription factor 
involved in hepatic lipid synthesis.6 Overexpression of SREBP-1c in 
the liver lead to the onset of severe hepatic steatosis because of 
the increased lipogenesis. The active form of SREBP-1c promotes 
fatty acid biosynthesis by activating several downstream lipogenic 
enzymes, such as fatty acid synthase (FASN) and stearoyl-CoA 
desaturase (SCD)-1.7,8 SCD-1 was responsible for catalysing fatty 
acid desaturation9 and FASN played a crucial role in catalysing the 
synthesis of palmitate (16:0), which was used for both de novo bio-
synthesis of ceramide and triglyceride synthesis.10 Therefore, the 
maintenance of normal levels of lipogenesis-related genes may pro-
vide therapeutic benefits in NASH.

Recently, many studies indicated that the progression of NAFLD 
was associated with the gut-liver axis.11,12 The concept of gut-liver 
crosstalk in NAFLD development indicated a connection between 
increased intestinal epithelial barrier permeability and serum lipo-
polysaccharide (LPS) level which is a critical driver of hepatic inflam-
mation.13-15 In general , the composition of the intestinal microbiota 
reflects the diets, anti-biotic and the other environment factors of 
the host,16 compelling evidence has demonstrated the gut microbi-
ota played an important role in development of NAFLD to NASH.17 
Lower gut microbial richness and diversity were observed in NASH 
patients compared to healthy controls.18 Gut microbiota dysbiosis 
promoted the influx of harmful substances, including LPS, bacterial 
DNAs and ethanol, into the liver through systemic circulation of por-
tal vein circulation and accelerated the development of NASH.19,20 
Considerable evidence indicated that chronic inflammation16 and in-
testinal barrier21 played critical roles in metabolic diseases induced 
by gut microbiota disturbance. The combination of the mucus layers 
and epithelial tight junctions (TJs) formed a highly integrated barrier 

system that limited luminal contents contact with the host.22 Mucins 
such as the secreted Mucs (Muc-2, Muc-3) and membrane associated 
(Muc-1) are the major components of the intestinal mucus layer,23 
which is responsible for maintaining the barrier function of the gut 
and protecting the epithelium from viruses, pathogenic bacteria and 
noxious agents present in the gastrointestinal tract.24 The tight junc-
tion between epithelial cells is comprised of transmembrane pro-
teins (junctional adhesion molecules, claudins, occludin) and scaffold 
proteins (zonula occludens-1(ZO-1), zonula occludens-2 (ZO-2), etc) 
that link the transmembrane proteins to the cytoskeleton, especially 
the tight junction at the top of the cells plays an important role in 
the regulation of mucosal permeability.22 Recent studies reported 
that C57BL/6 mice fed by MCD diet25 or HFD26 impaired intestinal 
epithelial barrier function by decreasing expression of the TJ pro-
teins in epithelial cells. Dysbiosis of intestinal barrier and ultimately 
bacterial translocation could trigger profibrogenetic and proinflam-
matory pathways, finally caused cirrhosis development.27 Thus, tar-
geting gut-liver crosstalk may be an effective approach to mitigate 
the development of NASH.

Globin digest (GD) is an edible oligopeptide mixture which is hy-
drolysed of porcine haemoglobin by acid protease.28 GD has been 
used as a specific health food in Japan and it can improve hyperlip-
idaemia and hyperglycaemia in humans.29 Moreover, GD inhibited 
the increase in serum transaminase activity and showed hepato-
protective effects in liver injury induced by galactosamine (GalN) 
in Sprague Dawley (SD) rats.30 Val-Val-Tyr-Pro (VVYP) is one of 
the main active components of GD. It could promote the activity 
of triacylglycerol lipase and reduce blood triglyceride levels,31,32 the 
lipid-lowering ability of VVYP is 7000 times than that of GD.28 In 
our previous studies, VVYP had obvious protective effect against 
acetaminophen and carbon tetrachloride-induced acute liver failure 
in mice.33 However, there is still little known about VVYP for the 
treatment of NASH. Therefore, the present study is aimed to inves-
tigate the protective effects of VVYP on models of NASH induced 
by MCD and HFD and its mechanisms of these effects.

2  | MATERIAL S AND METHODS

2.1 | Animals

Forty-eight male 8-week-old C57BL/6 mice were purchased from 
Hunan SJA Laboratory Animal Co., Ltd. All animals were housed in a 
specific-pathogen-free barrier facility with controlled conditions (19-
23°C, humidity 60%, 12-h light/dark cycle) and had free access to 
food and water. After 3 days of adaptive adaptation, the initial body 
weight was recorded. MCD diet was added to C57BL/6 mice to es-
tablish NASH mode for 2 weeks, 28 mice were randomly divided 
into four groups (n = 7 per group) as follows: (a) a control group 
(CTL) fed with a normal diet (b) a MCD group fed with a MCD diet 
(No. 11002900039337, Beijing Keao Xieli Feed Co.,Ltd.); (c) a VVYP 
2 group fed with MCD diet and treated with VVYP (2 mg/kg daily by 
oral gavage); and (d) a VVYP 10 group fed with MCD diet and treated 
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with VVYP (10 mg/kg daily by oral gavage). HFD was used to establish 
NASH mice model up to 8 week, 20 C57BL/6 mice were divided at 
random into four groups: CTL group, model(M) group, model +VVYP 
10 mg/kg (M-VVYP), VVYP 10 mg/kg (VVYP). CTL group and VVYP 
group were fed with normal diet, M and M-VVYP group were fed with 
HFD. The body weights were recorded every 2 days. All animal experi-
ments on mice were conducted according to the guidelines approved 
by the Animal Ethics Committee of Jiangxi University of Traditional 
Chinese Medicine (approval number JZLLSC 2018-0053).

2.2 | Cell culture and treatments

L-02 cells (Cell Bank, Chinese Academy of Science) were maintained 
in Roswell Park Memorial Institute (RPMI) 1640 (Solarbio) supple-
mented with 10% foetal bovine serum (FBS) (Gibco), 100 U/mL of 
penicillin and 100 μg/ml streptomycin at 37°C with 5% CO2. The 
cell lines were subcultured by trypsinization using 0.25% Trypsin 
(Solarbio)-ethylenediaminetetraacetic acid (EDTA). Next, L-02 cells 
were seeded at 8000 cells per well in 96-well plates. Cells were al-
lowed to attach for 24 hours prior to treatments. The FFA mixture 
(oleate and palmitate, 2:1; Sigma) was prepared with 0.25% defatted 
bovine serum albumin (BSA) (Sigma). The cells were cultured with 
different concentrations of FFA mixture and VVYP and cell survival 
was determined using cell counting Kit (CCK)-8 (MedChemExpress) 
according to the manufacturer's protocol. The optic density (OD) 
value was measured at the detection wavelength of 450 nm. A cell 
model of NASH was established by exposing L-02 cells to FFA mix-
ture at a final concentration of 500 μmol/L for 24 hours, and the 
cell viability of NASH cells cultured with different concentrations of 
VVYP (3.75, 7.5, 15 μmol/L ) was detected by CCK8 reagent.

2.3 | Oil red O staining for detecting lipid deposition 
in L-02 cells

Cells were processed by oil red O (Solarbio) staining to assess lipid con-
tent. The cells were washed three times with phosphate buffered sa-
line (PBS), fixed in 4% paraformaldehyde for 10 minutes, washed twice 
with ddH2O to remove paraformaldehyde. After once wash in 60% iso-
propanol, the cells were stained with oil red O for 10 minutes at 37°C. 
Sixty per cent isopropanol were then added to each well and adjusted 
colour under the microscope. After three washes in ddH2O, the cells 
were synchronized with 60% isopropanol and then dyed with haema-
toxylin for 30 seconds. Finally, hydrochloric acid alcohol was used to 
differentiate the background for 3 seconds before microscopic exami-
nation. The results were statistically analysed using Image J software.

2.4 | Animal sacrifice and sample collection

After experimental period, faecal samples were collected from all mice 
upon defecation and stored at −80°C for further analysis. Mice were 

fasted for 12 hours, their final body weights were recorded. And then 
mice were killed. Freshly dissected liver was washed out in ice-cold 
physiological saline, and dried with filter paper. The liver was then 
weighed (in grams), the blood and liver tissues of all groups were col-
lected for the following analysis. All serum samples were stored in a 
−80°C freezer. Liver and small intestine samples were snap-frozen in 
liquid nitrogen or kept in a −80°C freezer for further procedures.

2.5 | Biochemical analysis

Blood was collected at the end of study from each experimental ani-
mals and allowed to stand for 2 hours to clot. And then the blood 
samples were centrifuged (4500 rpm, 20 minutes) for serum separa-
tion. The biochemical indicators of mice in each group were meas-
ured using an auto-analyser (Hitachi). We determined ALT, AST, total 
cholesterol (CHOI), TG, NEFA.

2.6 | Histological studies

2.6.1 | Haematoxylin and eosin staining for liver

Haematoxylin and eosin staining was performed to detect liver in-
jury and fibrosis. Fresh liver samples were fixed in 4% neutral-buff-
ered formalin for 72 hours and then processed for sectioning and 
staining according to standard histological methods. The liver tissue 
was embedded in paraffin wax and cut into 4 μm slices with Leica mi-
crotome (LEICA RM2016). Paraffin was removed and sections were 
stained with haematoxylin-eosin dye. The histopathological changes 
of liver were evaluated under light microscope (LEICA DM 1000).

2.6.2 | Oil red O staining for liver

Liver sections were stained with oil red O and haematoxylin to ob-
serve lipid droplets. Frozen Liver samples were embedded in opti-
mal cutting temperature (OCT) compound and stored at −20°C. And 
the samples were then sliced into 8 μm sections with Leica cryostat 
(LEICA CM1850). The dyeing steps are as follows: (a) Washed by 
PBS (pH 7.2) for 3 times, 5 minutes per time, (b) 60% isopropanol 
for 2 minutes, (c) oil red O in 60% isopropanol at 37°C for 5 minutes, 
(d) 60% isopropanol for 3 minutes, (e) washed in ddH2O, (f) haema-
toxylin for 2 minutes, (g) hydrochloric acid alcohol for 3 seconds. 
Finally, the slices were sealed by cover glass and observed using a 
microscope (LEICA DM 1000). The lipid accumulation was statisti-
cally analysed using Image J software.

2.6.3 | Immunofluorescence staining

Frozen small intestine tissues were embedded in paraffin wax and 
sectioned at 5 μm with Leica microtome (LEICA RM2016). For 
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immunostaining, sections were incubated with rabbit polyclonal ZO-1 
antibody (1:100, Proteintech) at 4°C overnight and treated with the 
Goat Anti-Rabbit IgG H&L(FITC) (1:400, Abcam) as secondary antibody. 
Then the sections were incubated with DAPI (1:1000) for 3 minutes 
and imaged using a fluorescent microscope (LEICA DMI300B). Visual 
fields were randomly selected and analysed with Image J software.

2.6.4 | Transmission electron microscopy (TEM) 
analysis of liver tissue

The liver specimens were fixed in 2.5% glutaraldehyde overnight at 4°C 
for 24 hours, washed three times in 0.1 mol/L phosphate buffer (pH 7.4) 
and then post-fixed in 1% osmium acid solution for 2 hours. Followed 
by secondary fixation, the specimens were washed briefly as mentioned 
above. Graded ethanol series dehydration and embedded in epoxy 
resin. Ultrathin sections (60-80 nm) were then cut, ultramicrostructure 
related to lipid droplets and mitochondrial morphology was examined 
with a transmission electron microscope (Hitachi, HT7700-SS).

2.7 | RNA extraction and real-time PCR analysis

The total RNA was extracted from pulverized frozen liver and small 
intestinal tissues using Trizol (CWBIO) according to the manufactur-
er's protocols. Then total RNA purity and content were measured by 
a spectrophotometer, total RNA (1 μg) from liver tissues and small in-
testine samples was reverse transcribed to cDNA using a RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientifi, USA). The 
mRNA expression levels were assessed by qRT-PCR using the SYBY 
Green PCR Master Mix (Thermo Fisher Scientific) and the ABI 7500 
Real-time PCR system (Applied Biosystems). The relative expression 
of each gene was normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GADPH). Primer sequences used are listed in Table 1.

2.8 | Western blot analysis

Liver samples were randomly selected from each group, and total pro-
teins were extracted from approximately 50 mg of liver with 500 μl 

radioimmunoprecipitation assay (RIPA) lysis buffer (Solarbio, USA) 
containing phosphatase and protease inhibitors. Next, the mixture was 
centrifuged at 12 000 g for 5 minutes at 4°C and the supernatant was 
extracted. The protein content was estimated using a BCA Protein Assay 
Kit (Cwbiotech). Equal amount of proteins were separated on 7.5% or 
10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) gels and sequentially transferred onto polyvinylidene fluoride 
(PVDF) membranes (Millipore). After blocked with 5% skimmed milk 
powder for 2 hours, the membranes were incubated with the specific 
antibodies for FASN (1:800; Abcam), SCD-1 (1:1000; Cell Signaling 
Technology), SREBP-1c (1:800; Affinity Biosciences) and β-actin(1:1000; 
Abcam) at 4°C overnight. The next day, the membranes were washed and 
incubated with secondary antibodies for 1 hours at room temperature, 
goat anti-rabbit (N10429) IgG-HRP and the goat antimouse IgG-HRP 
(N10326) secondary antibodies were purchased from TransGen Biotech. 
The membranes was placed in an electrochemiluminescence (ECL) 
Western blotting detection system (Bio-Rad), ECL detection reagent 
(Cwbiotech) was added, exposure and visualization were performed, and 
grey values of each band were analysed using Image J software.

2.9 | Enzyme-linked immunosorbent assay (ELISA)

Tumour necrosis factor (TNF)-α, interleukin (IL)-6 and LPS levels in 
liver tissues were quantified using commercial ELISA kits (WESTANG 
BIO-TECH), based on the manufacturer's instructions.

2.10 | 16S rDNA gene sequencing and analysis

Extraction of DNA from different faecal samples were performed 
using the EZNA® soil DNA Kit (Omega Bio-tek) according to the 
manufacturer's protocols. The final DNA purification and concen-
tration were detected by NanoDrop 2000 UV-vis spectropho-
tometer (Thermo Scientific), and DNA quality was determined by 
1% agarose gel electrophoresis. The V3-V4 variable regions of the 
bacteria 16S rRNA gene were then amplified with primers 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVG 
GGTWTCTAAT-3′) by thermocycler PCR system (GeneAmp 9700, 
ABI). Purified amplicons were paired-end sequenced on an Illumina 

Gene name Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

Mouse

GADPH GGAGAAACCTGCCAAGTATGATGAC GAGACAACCTGGTCCTCAGTGTA

FASN ATTCGTGATGGAGTCGTGAAG GGTCTTGGAGATGGCAGAAAT

SCD1 GGTCTTGGAGATGGCAGAAAT GGTCTTGGAGATGGCAGAAAT

ZO-1 CGGAACTATGACCATCGCCTAC CTTCGGGATGTTGTCTGGAGTC

Claudin-1 AGCTGTGCATGGCCTCTTGT CCAATGTCAATGGAACACCCT

Occludin-1 CAGCCTCGGTACAGCAGCAAT ATAGTGGTCAGGGTCCGTCCTC

Muc-1 AATGGCTCCTCGGTGCTACCTA TGACTTGGCACTGAAGGCTGAG

Muc-2 TGCTGACGAGTGGTTGGTGAATG GATGAGGTGGCAGACAGGAGACA

TA B L E  1   Sequence of primers for 
quantitative real-time PCR
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MiSeq platform (Illumina) according to manufacturer's procedures. 
Sequence analysis was performed using the QIIME2 feature-table pl-
ugin. The operational taxonomic units (OTUs) and the representative 
read for each OTU were selected by UCLUST method. Identification 
of the bacteria with different abundance in different samples and 
groups was performed using ANCOM, ANOVA, Kruskal-Wallis, 
DEseq2 and linear discriminant analysis effect size (LEfSe) meth-
ods.34,35 The core-diversity plugin within QIIME2 was employed to 
calculate diversity metrics. α-diversity indices, such as observed spe-
cies, Shannon index and Faith index were calculated to assess the 
bacterial diversity within an individual sample. β-diversity analyses, 
including unweighted UniFrac, weighted UniFrac and Bray Curtis 
were performed to examine the structural variation of microbial com-
munities among samples and then visualized via principal coordinate 
analysis (PCoA) and non-metric multi-dimensional scaling (NMDS).36

2.11 | Statistical analysis

Statistical analysis was performed using GraphPad 8.0 statistical 
package (GraphPad Software) and the graphs were also generated 

with Prism. Results were expressed as the means ± SEM. Two-tailed 
Student's t-test was performed to measure the difference between 
two sets of data. The variance of three or more groups was deter-
mined by one-way ANOVA and the Bonferroni post-hoc analysis. 
Kruskal-Wallis and Wilcoxon tests were used to perform LEfSe anal-
ysis associated with relative abundance of gut microbiota and the 
threshold on linear discriminant analysis (LDA) score was high than 
3. Others were displayed using QIIME1 and R packages (V.2.15.3). 
For all statistical tests, P values < .05 were considered to indicate 
statistically significant.

3  | RESULTS

3.1 | VVYP improved cell viability and steatosis of 
L-02 cells induced by FFA

Previous studies have reported that treatment of L-02 cells with 
FFA served as an useful in vitro NASH model. FFA could cause he-
patic injury in vitro, with obviously inducing apoptosis of L-02 cells. 
To evaluate the optimal concentrations of FFA and VVYP, L-02 cells 

F I G U R E  1   Effect of VVYP on cytotoxicity and lipid accumulation in L-02 cells. A, NASH cell model was established by exposing L-02 cells 
to FFA, L-02 cells were exposed to the different concentrations of FFA (250 μmol/L, 500 μmol/L and 1000 μmol/L) for 24 h. The cell viability 
was measured by CCK-8. B, Cells were cultured with different concentrations of VVYP (3.75, 7.5, 15, 30 and 60 μmol/L) for 24 h. The cell 
viability was assessed with CCK-8. C, NASH cells were cultured in different concentrations of VVYP (3.75, 7.5 and 15 μmol/L) for 24 h and 
viability of cells was assessed with CCK-8. D, Lipid accumulation were stained in NASH cells cultured with or without VVYP with oil red 
O. The magnifications were 200×. C(a) Normal control group; C(b) FFA 250 μmol/L (model group); C(c) VVYP 7.5 μmol/L (VVYP-D group); 
C(d) VVYP 15 μmol/L(VVYP-M group); C(e) VVYP 30 μmol/L (VVYP-H group). E, Statistical analysis of oil red area data in (D). All results 
were repeated three times, representative data were expressed by mean ± SEM. ***P < .01 vs control group, ##P < .01 vs control group, 
###P < .001 vs control group, *P < .05 vs FFA group (model group), **P < .01 vs FFA group (model group)

A B C

D Ea b

c d e
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were treated with different concentrations of FFA and VVYP for 
24 hours and the cytotoxicity of FFA and VVYP was measured by 
CCK-8. As shown in Figure 1A, cell viability was obviously decreased 
when the FFA concentration was at 500 μmol/L and 1000 μmol/L 
respectively, while 500 μmol/L FFA was the lowest dosage that 
caused the cell viability more than 10%. Hence, we used L-02 cells 
treated with 500 μmol/L FFA as a NASH model in vitro. As shown 
in Figure 1B,C, no apparent cytotoxic effect of VVYP was observed 
when L-02 cells were cultured with VVYP from 3.75 to 60 μmol/L, 
and the viability of L-02 cells induced by FFA was remarkably im-
proved when they were treated with different concentrations of 
VVYP for 24 hours.

In order to investigate the effect of VVYP on lipid accumulation, 
after the FFA precultured, L-02 cells were first exposed to FFA and 
then treated with various concentrations of VVYP, the lipid depo-
sition was assessed by oil red O staining. Compared with control 
group, FFA significantly increased number of red lipid droplets, 
while VVYP dose-dependently reduced cellular lipid accumulation 
induced by FFA in L-02 cells (Figure 1D,E). These results suggested 
that VVYP could diminish steatosis induced by FFA in L-02 cells.

3.2 | Protective effect of VVYP on MCD diet-
induced NASH mice

Mice fed by the MCD diet for 2 weeks developed liver injury and ac-
cumulated hepatic lipids. As shown in the Table 2, the levels of AST, 
ALT, TG and NEFA in the MCD diet group were significantly higher 
than those of the normal diet group, but VVYP reversed these ef-
fects induced by MCD diet. The levels of ALT, AST, TG and NEFA in 
high dose of VVYP group (10 mg/kg) showed a superior therapeutic 
effect in comparison with Bicyclol group.

HE staining was applied to observe liver tissue morphology and 
inflammatory cell infiltration, and oil red O staining was used to 
visualize lipid droplets in liver cells. As shown in the Figure 2A,B, 
MCD diet-fed mice were prominently appeared to be steatosis 
with accumulated micro- and macro-vesicular fatty droplets, thus 
leading to hepatocyte ballooning as well as increased inflammatory 
cell infiltration. In contrast, livers from MCD diet-fed mice treated 
with VVYP had more regular structure and morphology of hepatic 
cells compared with MCD diet group. Interestingly, lipid macro- and 

micro-vesicles were almost absent in the liver of the mice when 
they were treated with high dose of VVYP group (10mg/kg). We 
further confirmed these results using transmission electron mi-
croscopy (TEM). The normal diet-fed mice showed normal ul-
trastructure and had no apparent changes (Figure 2C), while the 
morphological structure of liver mitochondria was damaged in the 
MCD diet group, VVYP reversed the effects of MCD diet by signifi-
cantly preventing liver lipids infiltration, inhibiting mitochondrial 
vacuolation and overall maintaining the regular liver ultrastructure 
and histology.

3.3 | VVYP neutralized MCD diet-induced up-
regulation of FASN, SCD1 and SREBP-1c in mice

In order to investigate the underlying mechanism of the protective 
effect of VVYP on NASH, three critical lipogenesis genes involved in 
DNL were detected. Western blot analysis revealed that the protein 
expressions of FASN, SCD1 and SREBP-1c were up-regulated in MCD 
diet-fed mice compared with the normal diet-fed mice, while VVYP 
significantly decreased the levels of FASN, SCD1 and SREBP-1c 
in MCD diet-fed mice in a dose-dependent manner (Figure 3A,B). 
Consistently, VVYP inhibited the mRNA levels of FASN and SCD-1 
in the livers of MCD diet-fed mice (Figure 3C,D).

3.4 | VVYP attenuated inflammatory responses in 
MCD diet-induced NASH mice

Inflammation plays an important role in the progression of NASH, 
and levels of proinflammatory cytokines reflect the strength of the 
immune response. Endotoxin or LPS, a cell-wall component of bac-
teria sensed by toll-like receptor 4 (TLR4), has been implicated as 
a potent second hit and results in inflammasome activation as well 
as progressive inflammatory injury. We measured the levels of cy-
tokines and LPS by ELISA. As exhibited in the Figure 3E-G, the lev-
els of LPS, TNF-α and IL-6 were significantly increased in the livers 
of MCD diet-fed mice in comparison with normal control. However, 
VVYP administration obviously abolished these elevations induced 
by MCD diet. These data indicated that VVYP decreased inflamma-
tory responses in the mice fed by MCD diet.

TA B L E  2   Effects of VVYP on serum biochemical indexes in mice

ALT (U/mL) AST (U/mL) CHOI (mg/dL) TG (mg/dL)
NEFA 
(mmol/L)

Control 29 ± 5.82 92 ± 13.62 107 ± 27.64 19 ± 9.00 1.04 ± 0.20

MCD 136 ± 42.42### 238 ± 60.95### 127 ± 1.47 32 ± 7.86# 1.51 ± 0.29##

Bicyclol 47 ± 10.50*** 111 ± 15.66*** 124 ± 8.61 31 ± 8.08 1.35 ± 0.30

VVYP 2 mg/kg 45 ± 13.31*** 99 ± 2.12** 140 ± 13.74 30 ± 4.67 1.53 ± 0.26

VVYP 10 mg/kg 43 ± 8.73*** 97 ± 2.79*** 151 ± 11.32 19 ± 2.71** 1.19 ± 0.12*

Note: Data are shown as means ± standard deviations (n = 7).
#P < .05, ##P < .01, ###P < .001 vs Control; *P < .05, **P < .01, ***P < .001 vs MCD.
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3.5 | VVYP preserved intestinal barrier function 
in the small intestine of MCD diet-fed mice

Numerous studies have reported that intestinal barrier dysfunc-
tion played essential roles in the progression of NASH. To verify the 
potential effects of VVYP on intestinal barrier function, the mRNA 
levels of the mucins (Muc-1, Muc-2) and TJ-associated genes (ZO-1, 
claudin-1, occluding-1) were measured in small intestine tissues by 
RT-PCR. As shown in Figure 4A-E, the gene expressions of Muc-1, 
Muc-2, ZO-1, claudin-1 and occluding-1 were observably suppressed 
by MCD diet in comparison with the normal control, while VVYP 
was shown to significantly increase the expression of these genes. In 
addition, immunofluorescence assay was further confirmed the ex-
pression of ZO-1 in intestinal epithelial tissue. As shown in Figure 4F, 
compared with the normal diet group, the disruption level of ZO-1 
was decreased in the damaged intestinal sections of the MCD diet 

group, which were dramatically recovered by VVYP administration. 
Hence, VVYP might reverse intestinal mucosal barrier damage trig-
gered by MCD diet via enhancing the expression of the mucins and 
tight junctions makers.

3.6 | VVYP restored the diversity, richness of the 
gut microbiota in HFD-fed mice

Since intestinal microbial dysregulation is another factor in NASH 
and liver-gut axis plays a key role in various diseases such as obe-
sity, NALFD and NASH, we determined the structural changes of 
gut microbiota by 16S rDNA sequencing of mice faecal samples 
and we observed distinct alterations in the microbial ecology in 
CTL, M, M-VVYP and VVYP groups. As shown in Figure 5A-C, the 
rarefaction curves reached a plateau with the current sequencing, 

F I G U R E  2   VVYP ameliorated histological characteristics of NASH induced by MCD diet. A, Histopathologic analysis (inflammatory cells 
and accumulation of fat) of liver tissues in each group was detected by H&E staining (magnification 200 ×). A(a) Control group; A(b) MCD 
group; A(c)VVYP 2 mg/kg (VVYP-D group); A(d) VVYP 10 mg/kg (VVYP-H group). B, Effect of VVYP on lipid accumulation was identified 
by oil red O (magnification 200 ×). B(a) Control group; B(b) MCD group; B(c)VVYP 2 mg/kg (VVYP-D group); B(d) VVYP 10 mg/kg (VVYP-H 
group). C, Ultramicrostuctures changes of mitochondria and lipid droplets in livers were observed by transmission electron microscopy. C(a) 
Control group; C(b) MCD group; C(c)VVYP 2 mg/kg (VVYP-D group); C(d) VVYP 10 mg/kg (VVYP-H group). Scale bar: 2 μm

A a b c d

a b c d

a b c d

B

C
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which reflected that the majority of microbial diversity had been 
captured in all samples. The microbiota α-diversity metrics were 
reduced in HFD-fed mice, such as the observed species, Faith 
index and Shannon index (Figure 5D-F), which indicated that the 
HFD-fed mice decreased the gut microbiota diversity and rich-
ness. However, VVYP increased the diversity indexes of OTU in 
HFD-fed mice, and the diversity indexes in VVYP alone group 
showed no obvious change. In addition, as shown in Figure 5I,J, 
the HFD diet also obviously altered the β-diversity and the overall 
composition of the gut microbiota of the mice. PCoA (Figure 5I) 
and NMDS (Figure 5J) analysis from the abundance of OTUs 
showed that the gut microbial community structure segregated 
differently between control (CTL) and HFD (M) groups, while the 
two clusters from M group and M-VVYP group were not entirely 
separated. The Venn diagram was used to demonstrate the com-
mon and unique OTUs, thus intuitively exhibiting sample overlap 

and similarity. Interestingly, the exclusive OTUs of the M group 
was the lowest, indicating that HFD destroyed the diversity of gut 
microbiota, and there was a remarkable difference in the structure 
of the gut microbiota between HFD-fed mice and normal diet-fed 
mice (Figure 5K). Moreover, VVYP group, M group and M-VVYP 
group shared 252, 129 and 181 OTUs with CTL group respectively, 
indicating that the VVYP could restore the disordered gut micro-
biota induced by HFD-fed mice.

Statistics of the OTUs revealed the relative abundance of the 
gut microbiota at the classification of phylum, family and genus. 
The results suggested that gut microbial composition was differ-
ent in the four groups. Most abundant taxa at the phylum, family 
and genus levels were plotted as stacked bar in Figure 6A,C,D. 
In all samples, the two most dominant phyla were Firmicutes and 
Bacteroidetes. The Firmicutes-to-Bacteroidetes (FB) ratio was consid-
ered as a biomarker of intestinal disorder. The Bacteroidetes were 

F I G U R E  3   Effect of VVYP on 
inhibiting excessive lipogenesis and 
expressions of proinflammatory 
cytokines. A, Evaluation of SCD-1, 
FASN and SREBP-1c protein content in 
liver tissues. B, Bar chart representing 
the relative protein expression level. C 
and D, Evaluation of FASN and SCD-1 
mRNA levels in liver tissues among the 
different experimental groups. E-G, Levels 
of LPS, TNF-α and IL-6 in liver tissues 
among the different experimental groups 
were detected with ELISA. Each bar 
represents the mean ± SEM. #P < .05, 
##P < .01, ###P < .001 vs Control; 
*P < .05,**P < .01,***P < .001 vs MCD
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decreased while Firmicutes were increased in HFD-fed mice, which 
were accompanied by a higher FB ratio. However, the Bacteroidetes 
was increased and Firmicutes was decreased after 8 weeks of 
VVYP intervention (Figure 6B), moreover, the FB ratio was de-
creased. At the genus level, the Lactobacillus and Streptococcus 
were significantly increased in the M group compared with the CTL 
group. However, VVYP administration significantly reduced the 
Lactobacillus in the M group.

The differences of abundance among the CTL group, M group, 
M-VVYP group and VVYP group were detected by LEfSe anal-
ysis (LDA score > 3). As shown in Figure 7A,B, at family level, 
Turicibacteriaceae, Ruminococcaceae and Eubacteriaceae were abun-
dant in normal diet-fed mice, which suggested that these bacteria 
might exert potential protective effects on NASH induced by HFD. 
VVYP alone reduced the levels of Firmicutes while increased the lev-
els of Desulfovibrionaceae and Bacteroidetes, in which Bacteroidia was 

the dominant strain at class level, and VVYP also caused an increase 
in S24-7 and Prevotellaceace at family level. However, Firmicutes was 
increased in HFD-fed mice, and HFD caused an increase in Bacilli at 
class level and Lactobacillaceae at family level. Feeding NASH mice 
with VVYP increased Eubacteriaceae and coriobacteriacease at family 
level and Actinobacteria at phylum level.

4  | DISCUSSION

NASH is a more severe form of NAFLD, it encompasses a range of 
distinct pathological features in the liver, including hepatocellu-
lar ballooning, hepatocyte injury, liver inflammation, steatosis and 
fibrosis and can further progress to liver cirrhosis and HCC.37-39 
Our previous study revealed that VVYP could reduce serum AST 
and ALT, improve the pathological state of liver tissue, and protect 

F I G U R E  4   VVYP improved intestinal 
barrier function in the small intestine. 
A-E, Relative mRNA levels of the mucins 
(Muc-1, Muc-2) and TJ (tight junction)-
associated genes (claudin-1, occluding-1, 
ZO-1). F, Evaluation of representative 
small intestine histology by ZO-1 
immunofluorescence (scale bar, 200 μm). 
F(a) Control group; F(b)MCD group; F(c) 
VVYP 2 mg/kg (VVYP-D group); F(d) 
VVYP 10 mg/kg (VVYP-H group). Each 
bar represents the mean ± SEM. #P < .05, 
##P < .01, ###P < .001 vs Control; 
**P < .01, ***P < .001 vs MCD
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against liver injury caused by carbon tetrachloride or paracetamol 
in mice.33 Elevated ALT level is a common marker of progressive 
NAFLD or NASH and has been correlated with insulin resistance 

and severity of hepatic steatosis.40 In this studies, we found VVYP 
ameliorated MCD diet-induced liver injuries via reducing ALT/AST/
TG/NEFA levels, promoting lipid deposition, regulating expressions 

F I G U R E  5   Influences of VVYP on the diversity, richness of the gut microbiota. C57 mice were divided into four groups (CTL, M, M-VVYP, 
VVYP). A-C, Refraction curve of observed index, Faith index and Shannon index. D, observed index. E, Faith index. F, Shannon index. 
I, principle component analysis (PCoA). J, non-metric multidimensional scaling (NMDS) analysis. K, Venn diagram was used to show the 
common and unique operational taxonomic units between four groups
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of liver lipogenesis-related proteins and anti-inflammatory actions 
including inhibition of the levels of LPS, TNF-α and IL-6 in liver tis-
sue, VVYP treatment could also preserve intestinal barrier function 

by up-regulating expression levels of Muc-1, Muc-2, Claudin-1, 
ZO-1 and Occludin-1 and improving the diversity of gut micro-
biota. Noteworthily, the abundance of probiotics (Eubacteriaceae, 

F I G U R E  6   Effects of VVYP on the 
composition of the gut microbiota in HFD-
fed mice. Hierarchical cluster analysis. 
A, C and D, Bacterial composition of the 
different communities at the phylum level 
(A), family level(C) and genus level(D). 
B, Bar chart representing the FB ratio. 
#P < .05 vs CTL
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F I G U R E  7   A, LEfSe comparison of 
gut microbiota among four experimental 
groups. B, LDA with an LDA score >3 of 
four experimental groups
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coriobacteriacease, Desulfovibrionaceae, S24-7 and Bacteroidia) was 
enhanced and the abundance of Lactobacillus was reduced following 
VVYP treatment.

Mice fed by MCD diet and HFD have been broadly applied in 
NASH-related research.41,42 Multiple mechanisms have been pro-
posed in the MCD model, which closely replicated human NASH his-
tological phenotype within a relatively short period.43 Methionine 
deficiency initially resulted in oxidative stress and alterations in 
adipokines and cytokines, which were considered to drive the de-
velopment of inflammation in animals, whereas choline deficiency 
contributed more to the phenotype of hepatic steatosis.44,45 Bicyclol 
is a widely used drug for clinical treatment of various liver injuries, 
and its hepatoprotective efficacy has been identified in previous 
researches.46-48 Therefore, we used bicyclol as a positive control 
drug in our studies. MCD-diet feeding caused severe liver damage 
as demonstrated by the elevated serum level of liver enzymes, es-
pecially ALT, which has been designated as a requisite in clinical 
diagnosis of NASH.49,50 In this study, VVYP markedly decreased 
MCD-induced elevations of serum AST and ALT, and VVYP showed 
a superior therapeutic effect in comparison with bicyclol, in addition, 
high dose of VVYP significantly reduced the levels of TG and NEFA 
compared with MCD group. The formation and accumulation of lipid 
droplets ( micro- or macro-vesicles ) and triglycerides in the liver 
cells has been considered to be the pathological hallmark of NAFLD 
and has been well accepted to predict stage of the development 
of fatty liver disease.51,52 In the present study, HE staining and oil 
red O staining experiments exhibited that VVYP significantly ame-
liorated histological changes and lipid accumulation in mice treated 
with MCD diet. Furthermore, VVYP significantly reduced lipid drop-
let formation in a dose-dependent manner in L-02 cells which were 
exposed with FFA. As well known that L-02 cells treated with FFA 
are a NASH mode in vitro.53,54 Mitochondria played a pivotal role in 
cellular oxidative stress and lipid metabolism, and liver mitochondria 
dysfunction was supposed to be one of the initial events during the 
progression of NAFLD.55 Inhibition of mitochondrial fission has been 
proved to block hepatic steatosis and develop to NAFLD.56 In our 
study, TEM results showed that MCD diet caused vacuolated and 
swollen mitochondria with increased fragmentation in the liver of 
the mice, however, VVYP reversed these changes in MCD diet-fed 
mice and maintained the regular mitochondria ultrastructure and 
function of the liver cell. Thus, these results confirmed that VVYP 
improved the lipid metabolism and preserved normal liver ultra-
structure and histology.

DNL is a major contributor to the pathogenesis of NAFLD. 
Previous studies showed that SREBP-1c57 and SCD-158 levels were 
up-regulated in the fatty livers of NAFLD patients, and higher FASN 
levels were confirmed in human liver samples and the murine model 
of hepatic steatosis.59 In our study, both the mRNA and protein levels 
of SCD-1 and FASN were dose-dependently reduced in VVYP group 
compared with MCD group. High protein levels of SREBP-1c induced 
by MCD diet were significantly reversed by high-dose VVYP. These 
data revealed that VVYP could inhibit DNL and reduce hepatic lipid 
accumulation.

The gut-liver axis, a bidirectional interplay between intestinal 
and hepatic diseases, was recently under intense investigation as a 
critical factor in NAFLD progression.11,12 It is well known that the 
abundance of gut microbiota plays a crucial role in maintaining the 
stability and efficiency of dynamic balance of micro-ecosystem.60 
Targeting the intestinal microbiota has been shown to be beneficial 
for the therapy of NAFLD.3,61 From the analysis of observed spe-
cies, Shannon index and Faith index, our results indicated that the 
α-diversity was lower during the development of NASH induced by 
HFD, while VVYP treatment up-regulated these diversity indexes. 
The Venn diagram intuitively exhibited that VVYP group shared 
the most OTUs with the control group. Furthermore, the analysis 
of unweighted UniFrac NMDS and PCoA reflected an obvious clus-
tering of the bacterial community in model group (M, fed by HFD) 
compared with control group. These results confirmed that HFD 
changed microbial communities during the development of NASH. 
The Bacteroidetes was decreased in HFD diet-fed mice, whereas 
the Firmicutes was increased, leading to a marked higher FB ratio. 
By contrast, we discovered treatment with VVYP reversed these 
changes. It has been reported that the FB ratio was increased and 
there was a distinctly lower proportion of Bacteroidetes in mice 
fed by HFD.62-64 It should be considered that VVYP improved the 
gut microbiota composition in mice with NASH. An increase in 
Lactobacillus and Streptococcus has been reported in NAFLD pa-
tients in comparison with healthy controls.65,66 Consistent with 
previous findings, we found that the Lactobacillus and Streptococcus 
were increased in the HFD-fed mice while VVYP could signifi-
cantly reduce the Lactobacillus. There are more than 180 species of 
Lactobacillus, which have important immune function and various 
metabolic activity. Indeed, Lactobacilli produce lactic acid through 
the fermentation of dietary ethanol, carbohydrates and acetate 67 
which is related to liver injury68 and higher fibrosis scores69 in pa-
tients with NASH. In particular, several Lactobacillus species pro-
duce ethanol70-72 and oxidize ethanol to acetaldehyde,73 which 
damage the intestinal barrier and increase intestinal permeability, 
leading to NASH.74 Therefore, VVYP may attenuate ethanol- or 
acetaldehyde-induced intestinal permeability and endotoxemia 
through reducing the abundance of Lactobacillus. Pathogenic spe-
cies of Streptococcus have been found to be related to inflamma-
tory bowel disease, which supports a potential role of Streptococcus 
in promoting inflammation.75 Furthermore, LEfSe analysis indi-
cated that treatment with VVYP had greater abundance of S24-
7, Eubacteriaceae, Coriobacteriacease and Desulfovibrionaceae at 
family level as well as Bacteroidia at class level. Eubacteriaceae is a 
critical component of a normal healthy intestine.76,77 Additionally, 
Coriobacteriaceae, certain species of which have been proved to be 
beneficial to host lipid metabolism,78 were increased after butyrate 
treatment.25 It is well known that another important factor contrib-
uting to changes in the liver expression of genes is the interplay be-
tween gut microbiota and bile acid (BA) metabolism, protective gut 
microbiota(Desulfovibrionaceae and Coriobacteriaceae) associates 
with increased specific secondary BAs, which likely inhibit lipogenic 
pathways and enhance bile flow in the liver..79 On the other hand, 
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short chain fatty acids (SCFAs) derived from gut microbiota are in-
volved in the pathogenesis of NASH, SCFA-producing bacteria, such 
as S24-780 and Bacteroidaceae,81 could play beneficial roles in stim-
ulating the immune response and protecting the mucosal barrier 
in mice. Our results indicated that VVYP treatment could restore 
gut microbiota by strongly enhancing the abundance of secondary 
BA-producing bacteria (Coriobacteriacease and Desulfovibrionaceae) 
and SCFA-producing bacteria (S24-7 and Bacteroidia). Here, we also 
found VVYP enhanced the abundant of Eubacteriaceae, coriobacte-
riacease, Desulfovibrionaceae, S24-7 and Bacteroidia, the mechanism 
may be involved in BA/SCFA homoeostasis and ultimately exert a 
protective effect in NASH. The above evidence further supported 
that VVYP may alleviate liver injury in mice with NASH through re-
storing the imbalance of intestinal bacterial structure.

Previous studies demonstrated that another crucial participa-
tor in the progression of NASH is the network of pro-inflammatory 
chemokines and cytokines.82,83 Several inflammatory factors, such 
as TNF-α, IL-1β and IL-6, have been proved to enable steatosis and 
liver damage, thus promoting the occurrence and progression of 
NASH.84,85 In addition, TNF-α was supposed to be a pivotal medi-
ator of NASH development,86 and inhibition of TNF-α activity by 
anti-inflammatory drugs ameliorated inflammation, liver damage 
and NASH.87 Consistent with previous researches, mice fed a MCD 
diet effectively developed marked hepatic inflammation that simu-
lated the natural development of NASH in human.88,89 To investi-
gate whether the mitigative effect of VVYP could alleviate hepatic 
inflammation, the TNF-α and IL-6 levels in liver tissue were assayed 
by ELISA. The results of our study indicated that VVYP treatment 
significantly inhibited the TNF-α and IL-6 levels induced by MCD 
diet. The gut barrier dysfunction results in a higher level of circling 
bacterial endotoxins, which plays an crucial role in triggering the 
liver inflammatory response.90 A recent research has indicated that 
MCD diet caused dysbiosis of gut microbiota and disrupted intesti-
nal barrier function by down-regulating expression of intestinal tight 
junction mRNA levels (claudin-1 and ZO-1) in mice.25 Another study 
has reported that the levels of claudin-1, ZO-1 and occludin were 
decreased in high-fat and fructose diet group.91Once this barrier was 
disrupted, overproduction of LPS induced by the overgrowth of gut 
Gram-negative bacterial would enter into blood and promote inflam-
mation which impaired intestinal barrier integrity.92 Here, we ob-
served an obvious reduction in mRNA levels of claudin-1, ZO-1 and 
occludin in the MCD group, while VVYP reversed these changes, and 
stabilized structure of tight junctions was demonstrated by orga-
nized localization and smooth of ZO-1. The intestinal membrane-as-
sociated Muc (Muc-1) and the secreted Muc (Muc-2) played a critical 
role in maintaining the intestinal barrier function.23 Our results also 
indicated that VVYP stimulated the mRNA expressions of Muc-1 
and Muc-2. Many studies indicated that endotoxins could interact 
with TLR4, cluster of differentiation 14 (CD14) and other receptors, 
and ultimately promoted the activation of nuclear factor-κB (NF-κB) 
and the trigger of subsequent inflammatory gene overexpression.93 
In the development of NAFLD, the endotoxin-TLR4-NF-κB path-
way is considered as the critical factor to link intestinal microbiota 

dysbiosis and liver inflammation.94 Interestingly, we also found MCD 
diet up-regulated LPS levels in the liver tissues of mice in MCD group 
while VVYP significantly reversed these effects. Elevated liver local-
ization of LPS was recently displayed in the patients with NAFLD and 
experimental NAFLD, which was connected with liver inflammation 
via a transport of TLR4-mediated pathway.95 In our study, VVYP in-
hibited the increased levels of TNF-α, IL-6 and LPS induced by MCD 
diet, which was possible linked to dysbiosis-mediated activation of 
the TLR4-NF-κB signalling pathway.

In conclusion, we have demonstrated that VVYP inhibited the 
cytotoxicity and lipid accumulation in L-02 cells exposed to FFA. 
Noticeably, VVYP could protect against NASH modulate the gut 
microbiota imbalance by strongly enhancing the abundance of 
Eubacteriaceae, secondary BA-producing bacteria (Coriobacteriacease 
and Desulfovibrionaceae) and SCFA-producing bacteria (S24-7 and 
Bacteroidia), and VVYP could reduce the abundance of Lactobacillus, 
the mechanism may be related to modulation of ethanol- or acetalde-
hyde-induced intestinal permeability and endotoxemia. These results 
confirmed the important role of intestinal flora in regulating the occur-
rence and progression of NASH. Moreover, VVYP mitigated the dam-
age of intestinal barrier as well as inhibited the subsequent expression 
of inflammatory cytokines in the liver tissues of mice fed by MCD 
diet. Our study highlights the protective role of VVYP against NASH 
in vitro and in vivo, which may provide new strategy for preventing 
NASH development and progression based on the gut-liver axis.

ACKNOWLEDG EMENTS
This work is supported by the National Natural Science Foundation 
of China (No. 81803536; No.32060183); The key Project of 
Science and Technology of Jiangxi Province (No.20173ABC28001); 
Jiangxi Provincial Project of Science and Technology 
(No.20202BABL216079); Health and Family Planning Commission 
of Jiangxi Province (No.20185520; No.20203699); “Double First-
Class” university project from Jiangxi university of Traditional 
Chinese Medicine (JXSYLXK-ZHYAO104); Jiangxi university of tra-
ditional Chinese medicine 1050 youth talent project.

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS
Xinshu Xie: Writing-original draft (equal). Lang Zhang: Visualization 
(equal). Shun Yuan: Validation (equal). Huilan Li: Validation (equal). 
Chaojun Zheng: Validation (equal). Saisai Xie: Writing-review & 
editing (equal). Yongbing Sun: Validation (equal). Changhua Zhang: 
Software (equal). Rikang Wang: Writing-review & editing (equal). Yi 
Jin: Supervision (equal).

DATA AVAIL ABILIT Y S TATEMENT
All data generated or analysed during this study are in this paper.

ORCID
Rikang Wang  https://orcid.org/0000-0001-8090-8147 

https://orcid.org/0000-0001-8090-8147
https://orcid.org/0000-0001-8090-8147


     |  1453XIE Et al.

R E FE R E N C E S
 1. Ahmed MH, Noor SK, Bushara SO, et al. Non-alcoholic fatty 

liver disease in Africa and Middle East: an attempt to predict 
the present and future implications on the healthcare system. 
Gastroenterol Res. 2017;10(5):271-279. https://doi.org/10.14740/ 
gr913w

 2. Kanbay M, Bulbul BC, Copur S, et al. Therapeutic implications of 
shared mechanisms in non-alcoholic fatty liver disease and chronic 
kidney disease. J Nephrol. 2020. https://doi.org/10.1007/s4062 
0-020-00751 -y

 3. Roy TL, Llopis M, Lepage P, et al. Intestinal microbiota determines 
development of non-alcoholic fatty liver disease in mice. Gut. 
2013;62(12):1787-1794. https://doi.org/10.1136/gutjn l-2012-303816

 4. Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic 
steatohepatitis. Clin Liver Dis. 2009;13(4):545-563. https://doi.
org/10.1016/j.cld.2009.07.009

 5. Donnelly KL, Smith CI, Schwarzenberg J, Jessuren J, Boldt MD, 
Parks EJ. Sources of fatty acids stored in liver and secreted via li-
poproteins in patients with nonalcoholic fatty liver disease. J Clin 
Investig. 2005;115(5):1343-1351. https://doi.org/10.1172/jci23621

 6. Li H, Xi Y, Xin X, Tian H, Hu Y. Gypenosides regulate farnesoid X 
receptor-mediated bile acid and lipid metabolism in a mouse model 
of non-alcoholic steatohepatitis. Nutr Metab. 2020;17:34. https://
doi.org/10.1186/s1298 6-020-00454 -y

 7. Chen Q, Wang T, Li J, et al. Effects of natural products on fruc-
tose-induced nonalcoholic fatty liver disease (NAFLD). Nutrients. 
2017;9(2):96. https://doi.org/10.3390/nu902 0096

 8. Xiong X, Wang X, Lu Y, et al. Hepatic steatosis exacerbated by endo-
plasmic reticulum stress-mediated downregulation of FXR in aging 
mice. J Hepatol. 2014;60(4):847-854. https://doi.org/10.1016/j.
jhep.2013.12.003

 9. Paton CN, Ntambi JM. Biochemical and physiological func-
tion of stearoyl-CoA desaturase. Am J Physiol Endocrinol 
Metab. 2009;297(1):E28-E37. https://doi.org/10.1152/ajpen 
do.90897.2008

 10. Rohrbach TD, Asgharpour A, Maczis MA, et al. FTY720/fingolimod 
decreases hepatic steatosis and expression of fatty acid synthase 
in diet-induced nonalcoholic fatty liver disease in mice. J Lipid Res. 
2019;60(7):1311-1322. https://doi.org/10.1194/jlr.M093799

 11. Caussy C, Loomba R. Gut microbiome, microbial metabolites 
and the development of NAFLD. Nat Rev Gastroenterol Hepatol. 
2018;15(12):719-720. https://doi.org/10.1038/s4157 5-018-0058-x

 12. Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in 
NASH pathogenesis. J Hepatol. 2018;68(2):280-295. https://doi.
org/10.1016/j.jhep.2017.11.014

 13. Wigg AJ, Roberts-Thomson IC, Dymock RB, McCarthy PJ, Grose 
RH, Cummins AG. The role of small intestinal bacterial overgrowth, 
intestinal permeability, endotoxaemia, and tumour necrosis factor 
alpha in the pathogenesis of non-alcoholic steatohepatitis. Gut. 
2001;48(2):206-211. https://doi.org/10.1136/gut.48.2.206

 14. Miele L, Valenza V, Torre LT, et al. Increased intestinal permeabil-
ity and tight junction alterations in nonalcoholic fatty liver disease. 
Hepatology (Baltimore, MD). 2009;49(6):1877-1887. https://doi.
org/10.1002/hep.22848

 15. Gupta B, Liu Y, Chopyk DM, et al. Western diet-induced increase 
in colonic bile acids compromises epithelial barrier in nonalco-
holic steatohepatitis. FASEB J. 2020;34(5):7089-7102. https://doi.
org/10.1096/fj.20190 2687R

 16. Cani PD, Bibiloni R, Knauf C, et al. Changes in gut microbiota control 
metabolic endotoxemia-induced inflammation in high-fat diet-in-
duced obesity and diabetes in mice. Diabetes. 2008;57(6):1470-
1481. https://doi.org/10.2337/db07-1403

 17. Kirpich IA, Marsano LS, McClain CJ. Gut-liver axis, nutrition, and 
non-alcoholic fatty liver disease. Clin Biochem. 2015;48:923-930. 
https://doi.org/10.1016/j.clinb iochem.2015.06.023

 18. Betrapally NS, Gillevet PM, Bajaj JS. Changes in the intestinal mi-
crobiome and alcoholic and nonalcoholic liver diseases: causes or 
effects? Gastroenterology. 2016;150(8):1745.e3-1755.e3. https://
doi.org/10.1053/j.gastro.2016.02.073

 19. Henao-Mejia J, Elinav E, Jin C, et al. Inflammasome-mediated 
dysbiosis regulates progression of NAFLD and obesity. Nature. 
2012;482(7384):179-185. https://doi.org/10.1038/natur e10809

 20. Zhu L, Baker SS, Gill C, et al. Characterization of gut microbiomes 
in nonalcoholic steatohepatitis (NASH) patients: a connection be-
tween endogenous alcohol and NASH. Hepatology (Baltimore, MD). 
2013;57(2):601-609. https://doi.org/10.1002/hep.26093

 21. Rahman K, Desai C, Iyer SS, et al. Loss of junctional adhesion 
molecule a promotes severe steatohepatitis in mice on a diet 
high in saturated fat, fructose, and cholesterol. Gastroenterology. 
2016;151(4):733.e12-746.e12. https://doi.org/10.1053/j.
gastro.2016.06.022

 22. Capaldo TC, Powell DN, Kalman D. Layered defense: how mucus 
and tight junctions seal the intestinal barrier. J Mol Med (Berl, 
Germany). 2017;95(9):927-934. https://doi.org/10.1007/s0010 
9-017-1557-x

 23. Pinton P, Graziani F, Pujol A, et al. Deoxynivalenol inhibits the ex-
pression by goblet cells of intestinal mucins through a PKR and 
MAP kinase dependent repression of the resistin-like molecule β. 
Mol Nutr Food Res. 2015;59(6):1076-1087. https://doi.org/10.1002/
mnfr.20150 0005

 24. Hartmann P, Chen P, Wang HJ, et al. Deficiency of intestinal mucin-2 
ameliorates experimental alcoholic liver disease in mice. Hepatology 
(Baltimore, MD). 2013;58(1):108-119. https://doi.org/10.1002/
hep.26321

 25. Ye J, Lv L, Wu W, et al. Butyrate protects mice against methi-
onine-choline-deficient diet-induced non-alcoholic steatohepatitis 
by improving gut barrier function, attenuating inflammation and 
reducing endotoxin levels. Front Microbiol. 2018;9:1967. https://doi.
org/10.3389/fmicb.2018.01967

 26. Mouries J, Brescia P, Silvestri A, et al. Microbiota-driven gut vascu-
lar barrier disruption is a prerequisite for non-alcoholic steatohep-
atitis development. J Hepatol. 2019;71(6):1216-1228. https://doi.
org/10.1016/j.jhep.2019.08.005

 27. Pierantonelli I, Svegliati-Baroni G. Nonalcoholic fatty liver dis-
ease: basic pathogenetic mechanisms in the progression from 
NAFLD to NASH. Transplantation. 2019;103(1):e1-e13. https://doi.
org/10.1097/tp.00000 00000 002480

 28. Kagawa K, Matsutaka H, Fukuhama C, Watanabe Y, Fujino H. 
Globin digest, acidic protease hydrolysate, inhibits dietary hypertri-
glyceridemia and Val-Val-Tyr-Pro, one of its constituents, possesses 
most superior effect. Life Sci. 1996;58(20):1745-1755. https://doi.
org/10.1016/0024-3205(96)00156 -7

 29. Nakaoka F, Sasakawa Y, Yamamoto K, et al. Anti-diabetic ef-
fects of globin digest and its active ingredient Leu-Ser-Glu-Leu 
in ICR mice, streptozotocin-induced diabetic mice and KK-Ay 
mice. Life Sci. 2010;86:424-434. https://doi.org/10.1016/j.
lfs.2010.01.014

 30. Yamamoto K, Sasakawa Y, Nakaoka F, et al. Effect of globin digest 
on the liver injury and hepatic gene expression profile in galac-
tosamine-induced liver injury in SD rats. Life Sci. 2011;88:701-712. 
https://doi.org/10.1016/j.lfs.2011.02.009

 31. Hosomi R, Fukunaga K, Nishiyama T, Yoshida M. Effects of por-
cine hemoglobin on serum lipid content and fecal lipid excretion 
in rats. J Med Food. 2014;17(3):302-309. https://doi.org/10.1089/
jmf.2013.2843

 32. Arai S, Osawa T, Ohigashi H, et al. A mainstay of functional food science 
in Japan–history, present status, and future outlook. Biosci Biotechnol 
Biochem. 2001;65(1):1-13. https://doi.org/10.1271/bbb.65.1

 33. Zheng CJ, Wang RK, Xu AR, Sun YB, Jin Y, Ma WC. Val-Val-Tyr-
Pro, an effective constituent of globin digest protective against 

https://doi.org/10.14740/gr913w
https://doi.org/10.14740/gr913w
https://doi.org/10.1007/s40620-020-00751-y
https://doi.org/10.1007/s40620-020-00751-y
https://doi.org/10.1136/gutjnl-2012-303816
https://doi.org/10.1016/j.cld.2009.07.009
https://doi.org/10.1016/j.cld.2009.07.009
https://doi.org/10.1172/jci23621
https://doi.org/10.1186/s12986-020-00454-y
https://doi.org/10.1186/s12986-020-00454-y
https://doi.org/10.3390/nu9020096
https://doi.org/10.1016/j.jhep.2013.12.003
https://doi.org/10.1016/j.jhep.2013.12.003
https://doi.org/10.1152/ajpendo.90897.2008
https://doi.org/10.1152/ajpendo.90897.2008
https://doi.org/10.1194/jlr.M093799
https://doi.org/10.1038/s41575-018-0058-x
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1136/gut.48.2.206
https://doi.org/10.1002/hep.22848
https://doi.org/10.1002/hep.22848
https://doi.org/10.1096/fj.201902687R
https://doi.org/10.1096/fj.201902687R
https://doi.org/10.2337/db07-1403
https://doi.org/10.1016/j.clinbiochem.2015.06.023
https://doi.org/10.1053/j.gastro.2016.02.073
https://doi.org/10.1053/j.gastro.2016.02.073
https://doi.org/10.1038/nature10809
https://doi.org/10.1002/hep.26093
https://doi.org/10.1053/j.gastro.2016.06.022
https://doi.org/10.1053/j.gastro.2016.06.022
https://doi.org/10.1007/s00109-017-1557-x
https://doi.org/10.1007/s00109-017-1557-x
https://doi.org/10.1002/mnfr.201500005
https://doi.org/10.1002/mnfr.201500005
https://doi.org/10.1002/hep.26321
https://doi.org/10.1002/hep.26321
https://doi.org/10.3389/fmicb.2018.01967
https://doi.org/10.3389/fmicb.2018.01967
https://doi.org/10.1016/j.jhep.2019.08.005
https://doi.org/10.1016/j.jhep.2019.08.005
https://doi.org/10.1097/tp.0000000000002480
https://doi.org/10.1097/tp.0000000000002480
https://doi.org/10.1016/0024-3205(96)00156-7
https://doi.org/10.1016/0024-3205(96)00156-7
https://doi.org/10.1016/j.lfs.2010.01.014
https://doi.org/10.1016/j.lfs.2010.01.014
https://doi.org/10.1016/j.lfs.2011.02.009
https://doi.org/10.1089/jmf.2013.2843
https://doi.org/10.1089/jmf.2013.2843
https://doi.org/10.1271/bbb.65.1


1454  |     XIE Et al.

acetaminophen and carbon tetrachloride-induced acute liver fail-
ure in mice. Lat Am J Pharm. 2019;38(9):1846-1852.

 34. Segata N, Izard J, Waldron L, et al. Metagenomic biomarker dis-
covery and explanation. Genome Biol. 2011;12(6):R60. https://doi.
org/10.1186/gb-2011-12-6-r60

 35. Mandal S, Treuren VT, White RA, Eggesbo M, Knight R, Peddada 
SD. Analysis of composition of microbiomes: a novel method 
for studying microbial composition. Microbial Ecol Health Dis. 
2015;26:27663. https://doi.org/10.3402/mehd.v26.27663

 36. Vazquez-Baeza Y, Pirrung A, Kinght R. EMPeror: a tool for visu-
alizing high-throughput microbial community data. GigaScience. 
2013;2(1):16. https://doi.org/10.1186/2047-217x-2-16

 37. Iruzubieta P, Medina JM, Fernandez-Lopez R, Crespo J, Cruz FD. A 
role for gut microbiome fermentative pathways in fatty liver disease 
progression. J Clin Med. 2020;9(5):1369. https://doi.org/10.3390/
jcm90 51369

 38. Elizabeth MB. Pathology of nonalcoholic fatty liver disease. Nat Rev 
Gastroenterol Hepatol. 2010;7(4):195-203. https://doi.org/10.1038/
nrgas tro.2010.21

 39. Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and man-
agement of non-alcoholic fatty liver disease: practice guideline 
by the American Gastroenterological Association, American 
Association for the Study of Liver Diseases, and American College 
of Gastroenterology. Gastroenterology. 2012;142(7):1592-1609. 
https://doi.org/10.1053/j.gastro.2012.04.001

 40. Fracanzani AL, Valenti L, Bugianesi E, et al. Risk of severe liver disease 
in nonalcoholic fatty liver disease with normal aminotransferase lev-
els: a role for insulin resistance and diabetes. Hepatology (Baltimore, 
MD). 2008;48(3):792-798. https://doi.org/10.1002/hep.22429

 41. Drescher HK, Schippers A, Rosenhain S, et al. L-Selectin/CD62L is 
a key driver of non-alcoholic steatohepatitis in mice and men. Cells. 
2020;9(5):1106. https://doi.org/10.3390/cells 9051106

 42. Zhang Z, Xu X, Tian W, et al. ARRB1 inhibits non-alcoholic steato-
hepatitis progression by promoting GDF15 maturation. J Hepatol. 
2020;72(5):976-989. https://doi.org/10.1016/j.jhep.2019.12.004

 43. Li H, Toth E, Cherrington NJ. Asking the right questions with ani-
mal models: methionine- and choline-deficient model in predicting 
adverse drug reactions in human NASH. Toxicol Sci. 2018;161(1):23-
33. https://doi.org/10.1093/toxsc i/kfx253

 44. Pena AD, Leclercq IA, Williams J, Farrell GC. NADPH oxidase is not 
an essential mediator of oxidative stress or liver injury in murine 
MCD diet-induced steatohepatitis. J Hepatol. 2007;46(2):304-313. 
https://doi.org/10.1016/j.jhep.2006.08.025

 45. Leclercq IA, Farrell GC, Field J, Bell DR, Gonzalez FJ, Robertson 
GR. CYP2E1 and CYP4A as microsomal catalysts of lipid per-
oxides in murine nonalcoholic steatohepatitis. J Clin Investig. 
2000;105(8):1067-1075. https://doi.org/10.1172/jci8814

 46. Liu GT. Bicyclol: a novel drug for treating chronic viral hepatitis B 
and C. Med Chem (Shariqah (United Arab Emirates)). 2009;5(1):29-43. 
https://doi.org/10.2174/15734 06097 87049316

 47. Pan SY, Dong H, Yu ZL, et al. Bicyclol, a synthetic dibenzocyclooct-
adiene derivative, decreases hepatic lipids but increases serum tri-
glyceride level in normal and hypercholesterolaemic mice. J Pharm 
Pharmacol. 2007;59(12):1657-1662. https://doi.org/10.1211/
jpp.59.12.0007

 48. Xie W, Shi G, Zhang H, et al. A randomized, multi-central, controlled 
study of patients with hepatitis B e antigen-positive chronic hep-
atitis B treated by adefovir dipivoxil or adefovir dipivoxil plus bi-
cyclol. Hep Intl. 2012;6(2):441-448. https://doi.org/10.1007/s1207 
2-011-9294-7

 49. Gawrieh S, Wilson LA, Cummings OW, et al. Histologic findings 
of advanced fibrosis and cirrhosis in patients with nonalcoholic 
fatty liver disease who have normal aminotransferase levels. Am J 
Gastroenterol. 2019;114(10):1626-1635. https://doi.org/10.14309/ 
ajg.00000 00000 000388

 50. Torres DM, Harrison SA. NAFLD: predictive value of ALT levels 
for NASH and advanced fibrosis. Nat Rev Gastroenterol Hepatol. 
2013;10(9):510-511. https://doi.org/10.1038/nrgas tro.2013.138

 51. Day CP, James OF. Steatohepatitis: a tale of two "hits"? 
Gastroenterology. 1998;114(4):842-845. https://doi.org/10.1016/
s0016 -5085(98)70599 -2

 52. Lebeaupin C, Vallee D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre 
B. Endoplasmic reticulum stress signalling and the pathogenesis 
of non-alcoholic fatty liver disease. J Hepatol. 2018;69(4):927-947. 
https://doi.org/10.1016/j.jhep.2018.06.008

 53. Chu JH, Wang H, Ye Y, et al. Inhibitory effect of schisandrin 
B on free fatty acid-induced steatosis in L-02 cells. World J 
Gastroenterol. 2011;17(19):2379-2388. https://doi.org/10.3748/
wjg.v17.i19.2379

 54. Wang H, Chan PK, Pan SY, et al. ERp57 is up-regulated in free 
fatty acids-induced steatotic L-02 cells and human nonalcoholic 
fatty livers. J Cell Biochem. 2010;110(6):1447-1456. https://doi.
org/10.1002/jcb.22696

 55. Stevanovi J, Beleza J, Coxito P, Ascensao A, Magalhaes J. Physical 
exercise and liver "fitness": Role of mitochondrial function and epi-
genetics-related mechanisms in non-alcoholic fatty liver disease. 
Molecular metabolism. 2020;32:1-14. https://doi.org/10.1016/j.
molmet.2019.11.015

 56. Galloway CA, Lee H, Brookes PS, Yoon Y. Decreasing mitochon-
drial fission alleviates hepatic steatosis in a murine model of non-
alcoholic fatty liver disease. Am J Physiol Gastrointest Liver Physiol. 
2014;307(6):G632-G641. https://doi.org/10.1152/ajpgi.00182.2014

 57. Kohjima M, Higuchi N, Kato M, et al. SREBP-1c, regulated by the 
insulin and AMPK signaling pathways, plays a role in nonalcoholic 
fatty liver disease. Int J Mol Med. 2008;21(4):507-511.

 58. Kotronen A, Seppanen-Laakso T, Westerbacko J, et al. Hepatic 
stearoyl-CoA desaturase (SCD)-1 activity and diacylglycerol but not 
ceramide concentrations are increased in the nonalcoholic human 
fatty liver. Diabetes. 2009;58(1):203-208. https://doi.org/10.2337/
db08-1074

 59. Angeles S, Hudkins RL. Recent advances in targeting the fatty 
acid biosynthetic pathway using fatty acid synthase inhibitors. 
Expert Opin Drug Discov. 2016;11(12):1187-1199. https://doi.
org/10.1080/17460 441.2016.1245286

 60. de Almada CN, de Almada CN, Martinez RC, Sant'Ana SA. 
Characterization of the intestinal microbiota and its interaction 
with probiotics and health impacts. Appl Microbiol Biotechnol. 
2015;99(10):4175-4199. https://doi.org/10.1007/s0025 
3-015-6582-5

 61. Loomba R, Seguritan V, Li W, et al. Gut microbiome-based metage-
nomic signature for non-invasive detection of advanced fibrosis in 
human nonalcoholic fatty liver disease. Cell Metab. 2019;30(3):607. 
https://doi.org/10.1016/j.cmet.2019.08.002

 62. Hu S, Yang H, Gao X, Li S, Jiang W, Liu Y. Egg oil from Portunus tritu-
berculatus alleviated obesity and regulated gut microbiota in mice. 
Sci Rep. 2020;10(1):8454. https://doi.org/10.1038/s4159 8-020-
65199 -3

 63. de Wit N, Derrien M, Bosch-Vermeulen H, et al. Saturated fat stim-
ulates obesity and hepatic steatosis and affects gut microbiota 
composition by an enhanced overflow of dietary fat to the distal 
intestine. Am J Physiol Gastrointest Liver Physiol. 2012;303(5):G589
-G599. https://doi.org/10.1152/ajpgi.00488.2011

 64. Mouzaki M, Comelli EM, Arendt BM, et al. Intestinal microbiota 
in patients with nonalcoholic fatty liver disease. Hepatology 
(Baltimore, MD). 2013;58(1):120-127. https://doi.org/10.1002/
hep.26319

 65. Raman M, Ahmed I, Gillevet PM, et al. Fecal microbiome and vola-
tile organic compound metabolome in obese humans with nonalco-
holic fatty liver disease. Clin Gastroenterol Hepatol. 2013;11(7):868.
e1-3-875.e1-3. https://doi.org/10.1016/j.cgh.2013.02.015

https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.1186/2047-217x-2-16
https://doi.org/10.3390/jcm9051369
https://doi.org/10.3390/jcm9051369
https://doi.org/10.1038/nrgastro.2010.21
https://doi.org/10.1038/nrgastro.2010.21
https://doi.org/10.1053/j.gastro.2012.04.001
https://doi.org/10.1002/hep.22429
https://doi.org/10.3390/cells9051106
https://doi.org/10.1016/j.jhep.2019.12.004
https://doi.org/10.1093/toxsci/kfx253
https://doi.org/10.1016/j.jhep.2006.08.025
https://doi.org/10.1172/jci8814
https://doi.org/10.2174/157340609787049316
https://doi.org/10.1211/jpp.59.12.0007
https://doi.org/10.1211/jpp.59.12.0007
https://doi.org/10.1007/s12072-011-9294-7
https://doi.org/10.1007/s12072-011-9294-7
https://doi.org/10.14309/ajg.0000000000000388
https://doi.org/10.14309/ajg.0000000000000388
https://doi.org/10.1038/nrgastro.2013.138
https://doi.org/10.1016/s0016-5085(98)70599-2
https://doi.org/10.1016/s0016-5085(98)70599-2
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.3748/wjg.v17.i19.2379
https://doi.org/10.3748/wjg.v17.i19.2379
https://doi.org/10.1002/jcb.22696
https://doi.org/10.1002/jcb.22696
https://doi.org/10.1016/j.molmet.2019.11.015
https://doi.org/10.1016/j.molmet.2019.11.015
https://doi.org/10.1152/ajpgi.00182.2014
https://doi.org/10.2337/db08-1074
https://doi.org/10.2337/db08-1074
https://doi.org/10.1080/17460441.2016.1245286
https://doi.org/10.1080/17460441.2016.1245286
https://doi.org/10.1007/s00253-015-6582-5
https://doi.org/10.1007/s00253-015-6582-5
https://doi.org/10.1016/j.cmet.2019.08.002
https://doi.org/10.1038/s41598-020-65199-3
https://doi.org/10.1038/s41598-020-65199-3
https://doi.org/10.1152/ajpgi.00488.2011
https://doi.org/10.1002/hep.26319
https://doi.org/10.1002/hep.26319
https://doi.org/10.1016/j.cgh.2013.02.015


     |  1455XIE Et al.

 66. Jiang W, Wu N, Wang X, et al. Dysbiosis gut microbiota associated 
with inflammation and impaired mucosal immune function in in-
testine of humans with non-alcoholic fatty liver disease. Sci Rep. 
2015;5:8096. https://doi.org/10.1038/srep0 8096

 67. Org E, Mahrabian M, Parks BW, et al. Sex differences and hor-
monal effects on gut microbiota composition in mice. Gut 
Microbes. 2016;7(4):313-322. https://doi.org/10.1080/19490 
976.2016.1203502

 68. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut micro-
biota in NAFLD. Nat Rev Gastroenterol Hepatol. 2016;13(7):412-425. 
https://doi.org/10.1038/nrgas tro.2016.85

 69. Duarte SMB, Stefano JT, Miele L, et al. Gut microbiome compo-
sition in lean patients with NASH is associated with liver damage 
independent of caloric intake: a prospective pilot study. Nutr Metab 
Cardiovasc Dis. 2018;28(4):369-384. https://doi.org/10.1016/j.
numecd.2017.10.014

 70. Elshaghabee F, Bockelmann W, Meske D, et al. Ethanol produc-
tion by selected intestinal microorganisms and lactic acid bacte-
ria growing under different nutritional conditions. Front Microbiol. 
2016;7:47. https://doi.org/10.3389/fmicb.2016.00047

 71. Lee S, Whon T, Roh SW, Jeon CO. Unraveling microbial fermenta-
tion features in kimchi: from classical to meta-omics approaches. 
Appl Microbiol Biotechnol. 2020;104(18):7731-7744. https://doi.
org/10.1007/s0025 3-020-10804 -8

 72. Verce M, De Vuyst L, Weckx S. OenococcusShotgun metagenomics 
of a water kefir fermentation ecosystem reveals a novel species. Front 
Microbiol. 2019;10:479. https://doi.org/10.3389/fmicb.2019.00479

 73. Nosova T, Jousimies-Somer H, Jokelainen K, Heine R, Salaspuro M. 
Acetaldehyde production and metabolism by human indigenous and 
probiotic Lactobacillus and Bifidobacterium strains. Alcohol Alcohol 
(Oxford, Oxfordshire). 2000;35(6):561-568. https://doi.org/10.1093/
alcal c/35.6.561

 74. Rao R. Endotoxemia and gut barrier dysfunction in alcoholic liver 
disease. Hepatology (Baltimore, MD). 2009;50(2):638-644. https://
doi.org/10.1002/hep.23009

 75. Cicchiara S, Lebba V, Conte MP, Schippa S. The microbiota in inflamma-
tory bowel disease in different age groups. Dig Dis (Basel, Switzerland). 
2009;27(3):252-258. https://doi.org/10.1159/00022 8558

 76. Jackson DN, Theiss AL. Gut bacteria signaling to mitochondria in 
intestinal inflammation and cancer. Gut Microbes. 2019;11:1-20. 
https://doi.org/10.1080/19490 976.2019.1592421

 77. Lewis DA, Brown R, Willams J, et al. The human urinary micro-
biome; bacterial DNA in voided urine of asymptomatic adults. 
Frontiers Cell Infect Microbiol. 2013;3:41. https://doi.org/10.3389/
fcimb.2013.00041

 78. Raza GS, Putaala H, Hibberd AA, et al. Polydextrose changes the 
gut microbiome and attenuates fasting triglyceride and cholesterol 
levels in Western diet fed mice. Sci Rep. 2017;7(1):5294. https://doi.
org/10.1038/s4159 8-017-05259 -3

 79. Petrov P, García-Mediavilla M, Guzmán C, et al. A network involv-
ing gut microbiota, circulating bile acids, and hepatic metabolism 
genes that protects against non-alcoholic fatty liver disease. Mol 
Nutr Food Res. 2019;63(20):e1900487. https://doi.org/10.1002/
mnfr.20190 0487

 80. Shao H, Zhang C, Wang C, Tan ZJB. Debaryomyces hanseniiIn-
testinal mucosal bacterial diversity of antibiotic-associated diar-
rhea (AAD) mice treated with and Qiweibaizhu powder. Biotech. 
2020;10(9):392. https://doi.org/10.1007/s1320 5-020-02383 -2

 81. Wu J, Liu Y, Dou Z, et al. Black garlic melanoidins prevent obesity, 
reduce serum LPS levels and modulate the gut microbiota compo-
sition in high-fat diet-induced obese C57BL/6J mice. Food Funct. 
2020;11:9585-9598. https://doi.org/10.1039/d0fo0 2379e

 82. Schuppan D, Surabattula R, Wang XY. Determinants of fibrosis pro-
gression and regression in NASH. J Hepatol. 2018;68(2):238-250. 
https://doi.org/10.1016/j.jhep.2017.11.012

 83. Diehl AM, Day C. Cause, pathogenesis, and treatment of nonal-
coholic steatohepatitis. N Engl J Med. 2017;377(21):2063-2072. 
https://doi.org/10.1056/NEJMr a1503519

 84. Xiao L, Liang S, Ge L, et al. Si-Wei-Qing-Gan-Tang improves non-al-
coholic steatohepatitis by modulating the nuclear factor-κB signal 
pathway and autophagy in methionine and choline deficient di-
et-fed rats. Front Pharmacol. 2020;11:530. https://doi.org/10.3389/
fphar.2020.00530

 85. Mahzari A, Li S, Zhou X, et al. Matrine protects against MCD-induced 
development of NASH via Upregulating HSP72 and downregulat-
ing mTOR in a manner distinctive from metformin. Front Pharmacol. 
2019;10:405. https://doi.org/10.3389/fphar.2019.00405

 86. Tosello-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI, 
Hahn YS. Kuppfer cells trigger nonalcoholic steatohepatitis devel-
opment in diet-induced mouse model through tumor necrosis fac-
tor-α production. J Biol Chem. 2012;287(48):40161-40172. https://
doi.org/10.1074/jbc.M112.417014

 87. Koppe SW, Sahai A, Malladi P, Whitington PF, Green RM. 
Pentoxifylline attenuates steatohepatitis induced by the methi-
onine choline deficient diet. J Hepatol. 2004;41(4):592-598. https://
doi.org/10.1016/j.jhep.2004.06.030

 88. Machado MV, Michelotti GA, Xie G, et al. Mouse models of diet-in-
duced nonalcoholic steatohepatitis reproduce the heterogeneity of 
the human disease. PLoS ONE. 2015;10(5):e0127991. https://doi.
org/10.1371/journ al.pone.0127991

 89. Rinella ME, Elias MS, Smolak RR, et al. Mechanisms of hepatic ste-
atosis in mice fed a lipogenic methionine choline-deficient diet. 
J Lipid Res. 2008;49(5):1068-1076. https://doi.org/10.1194/jlr.
M8000 42-JLR200

 90. Safari Z, Gerarad P. The links between the gut microbiome and non-al-
coholic fatty liver disease (NAFLD). Cell Mol Life Sci. 2019;76(8):1541-
1558. https://doi.org/10.1007/s0001 8-019-03011 -w

 91. Zhao Z, Chen L, Zhao Y, et al. Lactobacillus plantarum NA136 
ameliorates nonalcoholic fatty liver disease by modulating gut 
microbiota, improving intestinal barrier integrity, and attenuat-
ing inflammation. Appl Microbiol Biotechnol. 2020;104:5273-5282. 
https://doi.org/10.1007/s0025 3-020-10633 -9

 92. Compare D, Coccoli P, Rocco A, et al. Gut–liver axis: the impact of 
gut microbiota on non alcoholic fatty liver disease. Nutrition, me-
tabolism, and cardiovascular diseases. NMCD. 2012;22(6):471-476. 
https://doi.org/10.1016/j.numecd.2012.02.007

 93. Xiao J, Zhang R, Wu Y, et al. Rice bran phenolic extract protects 
against alcoholic liver injury in mice by alleviating intestinal micro-
biota dysbiosis, barrier dysfunction, and liver inflammation me-
diated by the endotoxin-TLR4-NF-κB pathway. J Agri Food Chem. 
2020;68(5):1237-1247. https://doi.org/10.1021/acs.jafc.9b04961

 94. Porras D, Nistal E, Martínez-Flórez S, et al. Protective effect of quer-
cetin on high-fat diet-induced non-alcoholic fatty liver disease in 
mice is mediated by modulating intestinal microbiota imbalance and 
related gut-liver axis activation. Free Radic Biol Med. 2017;102:188-
202. https://doi.org/10.1016/j.freer adbio med.2016.11.037

 95. Carpino G, Ben MD, Pastori D, et al. Increased liver localization of 
lipopolysaccharides in human and experimental NAFLD. Hepatology 
(Baltimore, MD). 2019;72:470-485. https://doi.org/10.1002/
hep.31056

How to cite this article: Xie X, Zhang L, Yuan S, et al. Val-Val-
Tyr-Pro protects against non-alcoholic steatohepatitis in mice 
by modulating the gut microbiota and gut-liver axis activation. 
J Cell Mol Med. 2021;25:1439–1455. https://doi.org/10.1111/
jcmm.16229

https://doi.org/10.1038/srep08096
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1016/j.numecd.2017.10.014
https://doi.org/10.1016/j.numecd.2017.10.014
https://doi.org/10.3389/fmicb.2016.00047
https://doi.org/10.1007/s00253-020-10804-8
https://doi.org/10.1007/s00253-020-10804-8
https://doi.org/10.3389/fmicb.2019.00479
https://doi.org/10.1093/alcalc/35.6.561
https://doi.org/10.1093/alcalc/35.6.561
https://doi.org/10.1002/hep.23009
https://doi.org/10.1002/hep.23009
https://doi.org/10.1159/000228558
https://doi.org/10.1080/19490976.2019.1592421
https://doi.org/10.3389/fcimb.2013.00041
https://doi.org/10.3389/fcimb.2013.00041
https://doi.org/10.1038/s41598-017-05259-3
https://doi.org/10.1038/s41598-017-05259-3
https://doi.org/10.1002/mnfr.201900487
https://doi.org/10.1002/mnfr.201900487
https://doi.org/10.1007/s13205-020-02383-2
https://doi.org/10.1039/d0fo02379e
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.3389/fphar.2020.00530
https://doi.org/10.3389/fphar.2020.00530
https://doi.org/10.3389/fphar.2019.00405
https://doi.org/10.1074/jbc.M112.417014
https://doi.org/10.1074/jbc.M112.417014
https://doi.org/10.1016/j.jhep.2004.06.030
https://doi.org/10.1016/j.jhep.2004.06.030
https://doi.org/10.1371/journal.pone.0127991
https://doi.org/10.1371/journal.pone.0127991
https://doi.org/10.1194/jlr.M800042-JLR200
https://doi.org/10.1194/jlr.M800042-JLR200
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1007/s00253-020-10633-9
https://doi.org/10.1016/j.numecd.2012.02.007
https://doi.org/10.1021/acs.jafc.9b04961
https://doi.org/10.1016/j.freeradbiomed.2016.11.037
https://doi.org/10.1002/hep.31056
https://doi.org/10.1002/hep.31056
https://doi.org/10.1111/jcmm.16229
https://doi.org/10.1111/jcmm.16229

