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Quantitative proteomics analysis based on tandem mass tag labeling coupled
with labeling coupled with liquid chromatography-tandem mass spectrometry
discovers the effect of silibinin on non-alcoholic fatty liver disease in mice
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ABSTRACT

In recent years, the beneficial effects of silibinin (SIL) on nonalcoholic fatty liver disease (NAFLD)
have attracted widespread attention. We tried to study the intervention effect of SIL on NAFLD,
and explore the potential mechanisms and targets of SIL on NAFLD improvement. Thirty-three
male C57BL6/J mice were divided into three groups, and, respectively, fed a normal diet (ND),
a high-fat diet (HFD) or a HFD given SIL treatment (HFD+SIL). Biochemical indexes and histo-
pathological changes of mice in each group were detected. In addition, quantitative proteomics
analysis based on tandem mass tag (TMT) labeling coupled with liquid chromatography-tandem
mass spectrometry (LC-MS/MS) and bioinformatics analysis was performed on protein changes in
the livers. SIL could reduce the weight of mice, reduce liver lipid deposition, and improve glucose
metabolism. Through comparison among the three experimental groups, a total of 30 overlapping
proteins were found. These identified proteins were closely linked to liver lipid metabolism and
energy homeostasis. Moreover, some drug targets were found, namely perilipin-2, phosphatidate
phosphatase LPIN1, farnesyl pyrophosphate synthase, and glutathione S-transferase Al. In con-
clusions, high-fat diet increases the expressions of proteins implicated in lipid synthesis and
transport in the liver, which can result in disorders of liver lipid metabolism. SIL can decrease
liver lipid deposition and increase insulin sensitivity by regulating the expressions of these
proteins. It not only improves the disorder of lipid metabolism in vivo, but also improves the
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is char-
acterized by liver cell steatosis and liver lipid
deposition, and alcohol and other clear liver
damage factors are excluded [1]. With the
improvement of living standards, changes in diet-
ary structure and the wide application of imaging
technologies such as ultrasound, the incidence and
diagnosis rate of NAFLD is increasing. Now it has
been the most common chronic liver disease [2].
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The cause of NAFLD is still not yet fully clear. As
early as 1998, the classic ‘two-hit’” hypothesis was
proposed [*7°]. First of all, liver fat accumulation
caused by hepatic steatosis, insulin resistance, and
lipid metabolism disorders is the ‘first hit’ to
NAFLD. On this basis, it may spontaneously trig-
ger the ‘second hit’, such as oxidative stress and
lipid peroxidation, which can aggravate continu-
ous damage and inflammation of hepatocytes [6].
In recent years, the ‘multiple-hits’ hypothesis has
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gradually become dominant, that is, in addition to
the above mechanisms, it also includes dietary
factors, adipokines, autophagy, epigenetics, and
intestinal microbial disorders [7].

Milk thistle (silybum marianum) is a natural
herb that originated in Southern Europe and
North Africa and has been utilized to treat liver
diseases. The flavonoid compound silymarin
extracted from the seeds of milk thistle has been
confirmed to be its primary active component.
Silymarin mainly includes silibinin (SIL), isosily-
bin, silydianin, and silychristin [8]. Among them,
SIL has the most content and the strongest biolo-
gical activity, which is the object of our research.
SIL, one of the most well-known and potent hepa-
toprotective flavonolignanes, improves all bio-
chemical and pathological parameters, confirming
its hepatoprotective and antioxidant potential [9].
Increasing clinical studies have shown that SIL has
a beneficial therapeutic effect in the application of
NAFLD, which can significantly reduce liver
enzyme indicators, such as the levels of alanine
aminotransferase (ALT), aspartate aminotransfer-
ase (AST), and y-glutamyl transpeptidase (y-GT),
and blood lipid indicators, such as the levels of
plasma total cholesterol (TC), triglycerides (TG),
and low-density lipoprotein (LDL) ['91%]. At the
same time, animal studies have also confirmed that
SIL has the characteristics and advantages of
multi-channel and comprehensive treatment for
improving NAFLD. Experiments in rats confirmed
that SIL can inhibit liver lipid deposition and
increase fatty acid oxidation, thereby improving
liver lipid metabolism [**7*#]. SIL can also effec-
tively improve the insulin sensitivity of NAFLD
rats, and its mechanism may be associated with
the inhibition of gluconeogenesis [18]. It is proved
that SIL can improve NAFLD by promoting glu-
cose metabolism. In addition, SIL has potent anti-
oxidant activity [19]. It can inhibit lipid
peroxidation and eliminate free radical activity
[20,21], which shows a positive pharmacological
effect on improving the ‘second hit’ of NAFLD.

Previous study has demonstrated the role of
long non-coding RNA, miRNA, and mRNA in
NAFLD. It is noted that proteomics is attracting
more and more attention [22]. Proteomics is
a science that explores the protein composition
and changes of cells, tissues, and even organisms.
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In the past, tissue proteome analysis was first used
to study the mechanisms of drugs treatment of
diseases [23,24]. Thereafter, the surface-enhanced
laser desorption/ionization (SELDI) protein-chip
biomarker system was used to analyze serum pro-
teomes of cancer patients to obtain tumor-specific
proteins [25]. Today, tandem mass tag (TMT) is
a robust proteomics tool with higher specificity,
selectivity, and sensitivity, and has been widely
utilized in the field of quantitative proteomics
[26,27]. TMT combined with liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS)
approach can accurately quantify the proteins in
multiple biological samples (up to 10-plex) at the
same time, thereby discovering protein biomarkers
of diseases [28].

There is no valid therapy for preventing and
treating NAFLD other than weight loss through
diet control and reasonable exercise, and the
recommended therapies are difficult to follow
and maintain [29]. Thus, it is urgent to develop
better specifically targeted drugs for preventing
and treating NAFLD. In addition, the beneficial
effects of SIL on NAFLD have attracted wide-
spread attention. In view of this, our study was
to establish NAFLD mouse model by feeding
C57BL6/] mice with the high-fat diet. The combi-
nation of TMT and LC-MS/MS was applied to
study the potential mechanisms and targets of
SIL on NAFLD improvement, which provides
a potential mechanism and new ideas for SIL
treatment of NAFLD.

Materials and methods
Animal treatment and sample collection

Thirty-three male C57BL6/] mice (7 weeks old)
were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and
housed in the barrier system of animal experiment
in the Clinical Research Center of Hebei Provincial
People”s Hospital. All mice were randomly divided
into two groups: 11 mice in the control group
(ND, normal diet, 70% of calories (kcal/g) from
carbohydrate, 10% of calories (kcal/g) from fat and
20% of calories (kcal/g) from protein, total calories
of 348 kcal/100 g), and 22 mice in the high fat
group (HFD, 20% of calories (kcal/g) from
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carbohydrate, 60% of calories (kcal/g) from fat and
20% of calories (kcal/g) from protein, total calories
of 524 kcal/100 g). The feed was purchased from
Changzhou SYSE Bio-Tec Co., Ltd. Each group of
mice was fed with equal calorie daily and ingested
water freely. Fasting weight was measured weekly.
Food intake was recorded daily. After 4 weeks, the
HFD group was subdivided into the HFD group
(n = 11) and the HFD+SIL group (n = 11). The
HFD+SIL group was administered SIL intragastri-
cally in liquid form at the dose rate of 54 mg/kg
every day. According to the pharmacological test
method, the adult (human) dose was converted to
the mouse dose [30]. The adult (human) dose was
1 mg/kg. The calculation formula of the mouse
dose was as follows: 1 mg/kg x 70 kg (estimated
adult weight) x 0.0026/0.2 kg = 9.1 mg/kg. The
equivalent dose of mice calculated by BSA was 9.1
times that of humans. The adult dose of SIL was
provided by Tasly Pharmaceutical Co. Ltd. ND
and the HFD groups were intragastrically adminis-
tered with the same volume of normal saline. After
4 weeks of drug intervention, the blood glucose
values at each time point of 0, 15, 30, 60, and
120 min were measured by intraperitoneal glucose
tolerance test (IPGTT) and the area under the
glucose curve (AUC) was calculated.

The mice were fasted overnight, weighed, and
anesthetized with 1% pentobarbital sodium
(60 mg/kg). Blood was collected from the eyeball
and centrifuged at 3000 x g for 20 minutes at 4°C.
Serum was collected and stored at —80°C. After
taking blood from the eyeball, the liver was quickly
taken out to record the weight. Several pieces of
liver tissue were taken and frozen and stored at
—-80°C for further analysis. All experiments were
followed by the guidelines for the Care and Use of
Laboratory Animals and approved by the Hebei
General Hospital Ethics Committee (No. 202,032).
All following methods were referred from previous
study [31].

IPGTT and AUC

The value of blood glucose was determined from
the blood collected from tip of the tail used. After
fasting for 12 h, the mice were injected intraper-
itoneally with 50% glucose at the rate of 2 g/kg.
The values of fasting blood glucose were

determined before the glucose administration.
After injecting glucose, blood glucose values of
the tail tip were detected at 15, 30, 60, and
120 min, and the AUC was calculated.

Hepatic tissue histology

Hepatic histopathological changes were observed
by hematoxylin and eosin (H&E) and oil red
O staining of liver tissue. Liver tissues were fixed
in 4% neutral formaldehyde solution and sectioned
after paraffin embedding for H&E staining. Liver
tissues were frozen and sectioned (8 pm for each
section). After air-drying for 30 minutes, the sec-
tions were fixed in 10% neutral formaldehyde for
10-15 minutes and washed. Photomicrographs
were taken with a light microscope. In order to
quantify lipid accumulation, oil red O was eluted
with isopropanol, and the optical densities (OD) of
the solutions at 520 nm were measured through
the spectrophotometer.

Measurement of serum fasting insulin

Serum fasting insulin levels were determined by
antibody sandwich ELISA according to the
instructions provided by the mouse insulin
ELISA kit (ALPCO, USA). We set standard wells
and sample wells on the enzyme-labeled plate, and,
respectively, added 5 pL of standard and 5 pL of
samples to the bottom of the plate. 75 uL of
enzyme-labeled antibody working solution was
added to each well. The plate was covered with
a sealer, and then the samples were incubated with
shaking for 120 minutes at room temperature. We
washed each well with 350 pL of wash solution and
removed the remaining liquid from all wells.
According to this wash process, the plate was
repeatedly washed six times. 100 pL of chromo-
genic substrate solution was added to each well.
The plate was covered with a sealer, and then the
samples were incubated with shaking for 30 min-
utes at room temperature. 100 uL of stop solution
was added to each well to stop the reaction. After
removing any drop of water and fingerprint on the
bottom of the plate, we immediately ran the
microplate reader and conducted measurement at
450 nm. Finally, the standard curve was made
according to the different concentrations of the



standard, and the insulin level of the sample was
calculated.

Measurement of liver triglyceride (TG)

Serum TG levels in mice were measured with
a commercially available kit (Applygen
Technologies Inc., Beijing, China) and performed
with fully automatic blood biochemical analyzer
(Sysmex Shanghai Ltd., Shanghai, China). In
brief, 50 mg liver tissue was effectively homoge-
nized in 1 mL lysis buffer to extract lipids. After
standing for 10 minutes, the appropriate amount
of supernatant was transferred to a 1.5 mL centri-
fuge tube and centrifuged at room temperature.
The obtained supernatant could be used for con-
tent measurement of liver TG. A BCA protein
assay kit (Applygen Technologies Inc., Beijing,
China) was used to determine the protein
concentration.

Protein digestion and peptide TMT labeling

The liver tissue was taken out from —80°C. An
appropriate amount of tissue samples (about
55 mg) was weighed into a mortar pre-cooled
with liquid nitrogen. The liver tissues of mice
were grinded with liquid nitrogen, added with
lysis buffer (8 M of urea, 1% of protease inhibitor
and 2 mm of EDTA), treated with a high intensity
ultrasonic processor, and centrifuged. After quan-
tification of the extracted protein samples, 500 ug
of protein was taken from each sample for trypsin
digestion. The protein sample was then diluted to
urea concentration less than 2 mol/L. Trypsin was
added at 1:50 trypsin-to-protein mass ratio for
overnight digestion, and 1:100 trypsin-to-protein
mass ratio for 4 h-digestion. The peptide was
labeled with TMT kit. This project used 10 plex
TMT labeling reagent.

LC-MS/MS analysis

The tryptic peptides were dissolved in solvent
A containing 0.1% of formic acid and 2% of acetoni-
trile. They were subjected to HPLC fractionation
using the Agilent 300Extend C18 column. Briefly,
peptides were separated and combined into nine
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fractions, and the combined fractions were separated
on an EASY-nLC 1200 UPLC system (Thermo
Fisher Scientific Inc., USA). Solvent B contained
0.1% formic acid and 90% acetonitrile. Liquid
phase gradient setting: 0 ~ 38 min, 8%-23% of B;
38 ~ 52 min, 23% —35% of B; 52 ~ 56 min, 35% —80%
of B; 56 ~ 60 min, 80% of B. The flow rate was
maintained at 450 nL/min.

MS/MS of peptides were performed using
Q ExactiveTM HF-X (Thermo Fisher Scientific
Inc., USA). The parameters were set as follows: the
ion source voltage was 2.0 kV; the first-stage mass
spectrometry scan range was 350-1600 m/z and the
scan resolution was 120,000; the second-stage mass
spectrometry scan range was fixed at 100 m/z and
the scan resolution was 30,000; all scans were
detected and analyzed in the Orbitrap (Thermo
Fisher Scientific Inc., USA); the automatic gain con-
trol (AGC) was 1E5; the signal threshold was 83,000
ions/s; the maximum injection time was 60 ms; the
dynamic exclusion time was 30s.

Database search

Mass spectral data were extracted through
Maxquant version 1.5.2.8. Tandem mass spectra
were searched against the SwissProt Mouse data-
base. Cleavage enzyme was set with Trypsin/P.
The mass tolerance for precursor ions was set as
20 ppm in the first search and 5 ppm in Main
search, and the mass tolerance for fragment ions
was set as 0.02 Da.

Subcellular localization

The proteins in eukaryotic cells are classified
according to differences in the membrane struc-
ture to which they bind. Wolfpsort is the predic-
tion software for subcellular localization.

GO annotation

Gene Ontology (GO) annotation was obtained
from the UniProt-GOA database and differential
proteins were classified by GO annotation into
three categories: biological process, cellular com-
partment, and molecular function.
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Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis

Protein pathway annotation was obtained from the
KEGG database and all pathways were classified
according to the KEGG website. A two-tailed
Fisher’s exact test was used to analyze the enrich-
ment of differentially expressed proteins.

Western blotting

Protein expression levels of perilipin-2 (PLIN2),
phosphatidate phosphatase (LPIN1), farnesyl pyr-
ophosphate synthase (FDPS), and glutathione
S-transferase Al (GSTA1l) in mice liver tissue
were detected by Western blotting. Briefly, the
protein was extracted from 100 mg liver tissue
samples and quantified through the BCA Protein
Concentration Determination Kit. The configured
10% of SDS-PAGE gel was used for electrophoretic
separation of the protein. The gel (containing the
protein of interest obtained after electrophoresis)
was transferred to polyvinylidene difluoride
(PVDF) membrane, and then blocked with 5% of
TBST nonfat dry milk at room temperature for 2—-
4 h. The membrane was sequentially incubated
with the primary antibody (Wuhan Sewell
Biological Technology Co., LTD) at 4°C overnight
and with horseradish peroxidase-conjugated goat
anti-rabbit IgG (Wuhan Sewell Biological
Technology Co., LTD) at room temperature for
1.5 h. The protein band was detected using
Enhanced ChemoLuminescence (ECL) and visua-
lized on autoradiography films. Image] was uti-
lized to analyze the results and read the band
gray value. The normalization process was per-
formed by dividing the gray value of the target
protein by the gray value of the internal parameter.
Each lane represents a single mouse. Densitometry
data are presented as mean tstandard deviation
(SD). Three biological replicas were performed in
each experiment.

Statistical analysis

All data were analyzed using SPSS 21.0 software
and GraphPad Prism 5.0 software. The experimen-
tal data were described by the mean + SD. One-
way analysis of variance and Bonferroni test was

used to analyze the differences among multiple
comparison groups. A P < 0.05 was considered
statistically significant.

Results

Herein, biochemical indexes and histopathological
changes of mice in each group were detected. In
addition, quantitative proteomics analysis based
on TMT labeling coupled with LC-MS/MS and
bioinformatics analysis was performed on protein
changes in the livers.

Comparison of body weight, liver weight, food
intake, fasting blood glucose and fasting insulin

The body weight of mice in the HFD group was
higher than that in the ND group (P < 0.05). The
body weight of the HFD+SIL group was signifi-
cantly lower than that in the HFD group (P < 0.05)
(Figure la). There were no significant difference in
liver weight, average daily caloric intake, fasting
blood glucose and fasting insulin among the three
groups (Figure 1b-E).

Comparison of IPGTT and AUC

The levels of blood glucose in the HFD group at
15, 30, 60, and 120 min were significantly higher
than those in the ND group. The AUC was sig-
nificantly increased (P < 0.05). The blood glucose
levels in the HFD+SIL group at 15, 30, 60, and
120 min were significantly lower than those in the
HED group. The AUC was significantly reduced
(P < 0.05) (figure 1f, G).

Comparison of liver TG content in mice of
each group

The liver TG content was significantly increased in
the HFD group compared with the ND group
(P < 0.01). The liver TG content in the HFD+SIL
group was reduced significantly in comparison
with that in the HFD group (P < 0.01) (Figure 2a).

Effects of SIL on liver lipid deposition in HFD mice

Firstly, H&E staining was performed. The liver
tissue structure in the ND group was intact, the
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Figure 1. Comparison of body weight (a), liver weight (b), food intake (c), fasting blood glucose (d), fasting insulin (e), IPGTT (f) and

AUC (g) of mice in each group.

hepatocytes were neatly arranged, the hepatic
lobules were regular, the cytoplasm was uniform,
and no obvious inflammatory cells and steatosis
were observed. In the HFD group, the hepatic
lobule structure was disordered, the hepatocytes
were swollen, a large number of lipid droplets
and vacuoles were observed in the cytoplasm of
the hepatocytes, and the balloon-like changes were
obvious. There were huge numbers of inflamma-
tory cells infiltration in the portal area and lobules.
In the HFD+SIL group, the inflammatory cells
infiltration of hepatocytes was reduced, and the
degree of steatosis was significantly reduced
(Figure 2b). Secondly, oil red O staining was car-
ried out. No significant lipid droplets were found
in the ND group. Large numbers of lipid droplets
and a significant decrease in lipid droplets was
found in the HFD group and the HFD+SIL
group, respectively (Figure 2b).

Identification and quantitative analysis of
protein based on TMT

Quantitative proteomics analysis based on TMT was
utilized to explore protein changes in mice liver
tissue among the ND group, HFD group and HFD
+SIL group. The quantitative repeatability of the

experimental protein was evaluated by Pearson’s
correlation coefficient statistical analysis method
(Figure 3a). Totally, 324,969 secondary spectra were
obtained by mass spectrometry. The available effec-
tive spectrum number was 53,238. 29,758 peptides
(28,765 unique peptides) and 4,565 proteins (4,198
quantified proteins) were identified by spectral ana-
lysis (Table 1). Most of the spectra had a first-order
mass error of less than 10 ppm, indicating that the
mass spectrometer’s mass accuracy is normal
(Figure 3b). Most of the peptides were distributed
between 7 and 20 amino acids (Figure 3c), indicating
that our samples conform to the general rule.

Identification of differentially expressed
proteins (DEPs)

When P < 0.05, those proteins with a > 1.2-fold or
<1/1.2-fold change in expression between HFD
and ND, HFD+SIL, and HFD were called DEPs.
Based on the above screening criteria, we analyzed
the protein expressions of the three comparison
groups. In the HFD/ND group, there were 215
DEPs (98 up-regulated and 117 down-regulated
proteins). In the HFD+SIL/HFD group, there
were 121 DEPs (97 up-regulated and 24 down-
regulated proteins). We found that 30 significantly
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Figure 2. Comparison of liver TG content in mice of each group (a) and the effects of SIL on liver lipid deposition in HFD mice by

H&E and oil red O staining (x400) (b).

dysregulated proteins were overlapped among the
three comparison groups (Table 2). All DEPs were
annotated and functionally classified by sub-
cellular localizations, GO terms, KEGG pathways,
and other data.

Sub-cellular localization classification and Gene
Ontology (GO) category of DEPs

In order to analyze the final selected DEPs and
determine their distribution and functions in the
HFD versus ND comparison group and the HFD
+SIL versus HFD comparison group, sub-cellular
localization, and GO category (second level) were

performed (Figure 4). Sub-cellular localization
showed that, both in the HFD versus ND compar-
ison group and in the HFD+SIL versus HFD com-
parison group, the DEPs were mainly located in the
cytoplasm, extracellular, nucleus, plasma membrane,
and mitochondria (Figure 4a). Cell component (CC)
analysis showed that, both in the HFD versus ND
comparison group and in the HFD+SIL versus HFD
comparison group, the DEPs were mainly distribu-
ted in organelles, and secondly distributed in mem-
brane, extracellular regions, and macromolecular
complexes (Figure 4b). Molecular function (MF)
analysis showed that, both in the HFD versus ND
comparison group and in the HFD+SIL versus HFD
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Figure 3. Experimental strategies for quantitative proteome analysis and quality control validation. (a) Pair wise Pearson’s correlation
coefficients; (b) Average peptide mass error; (c) Length distribution of all identified peptides.

Table 1. Summary of MS/MS spectrum database search analysis.

Total spectrum Matched spectrum Peptides Unique peptides Identified proteins Quantifiable proteins

324,969 53,238 (16.38%) 29,758

28,765 4565 4198

comparison group, the DEPs mainly had binding
and catalytic functions (Figure 4c). Biological pro-
cess (BP) analysis showed that, both in the HFD
versus ND comparison group and in the HFD+SIL
versus HFD comparison group, the DEPs mainly
participated in the same processes, including cellular
process, single-organism process, metabolic process,
and biological regulation (Figure 4d).

KEGG enrichment analysis of DEPs

First, the significant enriched KEGG pathway of
differential proteins (P < 0.05) was presented by
bubble plot that showed the results of the top 20
classifications (Figure 5a). We mapped the DEPs
information to the KEGG database to obtain its
enriched pathway, and at the same time made an
intuitive statistical graph based on the statistical
significance of the enrichment. Figures 5 B and

C showed significant rankings of KEGG pathway
enrichment of DEPs between the groups. In
HFD versus ND, DEPs were abundantly
enriched in ‘PPAR signaling pathway’, ‘metabolic
pathways’, ‘chemical carcinogenesis’, ‘retinol
metabolism’, ‘terpenoid backbone biosynthesis’,
‘steroid biosynthesis’, ‘drug metabolism-other
enzymes’, ‘drug metabolism-cytochrome P450’,
‘metabolism of xenobiotics by cytochrome
P450’, ‘glutathione metabolism’, and ‘peroxi-
some’ (Figure 5b). In HFD+SIL versus HEFD,
DEPs were abundantly enriched in ‘dilated car-
diomyopathy (DCM)’, ‘hypertrophic cardiomyo-
pathy (HCM)’, ‘cardiac muscle contraction’,
‘glycolysis/gluconeogenesis’,  ‘systemic  lupus
erythematosus’, ‘adrenergic signaling in cardio-
myocytes’, ‘glucagon signaling pathway’, ‘HIF-1
signaling pathway’, ‘central carbon metabolism
in cancer’ and ‘alcoholism’ (Figure 5c). These
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Table 2. List of proteins involved in sugar and lipid metabolism with at least 1.2-fold altered expression due to HFD and/or HFD+SIL.

Protein MW Gene Coverage Unique HFD/ND HFD+SIL/HFD

accession® Protein description®  [kDa]® Score(d) name'® 9%]9  Peptides®  peptides™ Ratio® Ratio®

P43883 Perilipin-2 46.646 189.700 Plin2 34.6 13 13 1.947 0.787

Q91ZP3 Phosphatidate 102.000 4.573 Lpin1 1.9 2 2 1.377 0.767
phosphatase LPIN1

Q920E5 Farnesyl pyrophosphate 40.581 37.954 Fdps 29.5 10 10 0.56 1.222
synthase

P13745 Glutathione S-transferase  25.608 5.449 Gstal 336 7 4 0.476 0.738
Al

Protein description, protein functional description

MW [kDa], protein molecular weight,unit [kDa]

Peptides, number of peptides whitch spectrum hit

Foaome an o

Gene name, indicates the name of the gene that code for the protein sequence

Score, a simple rule to be used to judge whether a result is significant or not
Coverage [%], percent of identified peptdie sequence covering in protein sequence

Unique peptides, number of identified peptides that only come from this protein groups
The protein relative abundance ratios, HFD/ND and HFD+SIL/HFD, were calculated from the average of at least three biological

replicates from each sample group; HFD/ND and HFD+SIL/HFD ratios are shown for a better comparison of the correction effect of SIL.

DEPs were mostly concentrated in lipid metabo-
lism and energy homeostasis.

Protein validation

In order to verify the expressions of differential
proteins in proteomics analysis, Western blotting
was performed (Figure 6). Results showed that
expressions of PLIN2 (P < 0.05) and LPINI1
(P < 0.01) were significantly increased in the
HFD group, while the expression of FDPS was
significantly decreased (P < 0.01). After SIL treat-
ment, the expression of these proteins was
reversed (P < 0.05). The expression of GSTAI
(P < 0.05) was significantly decreased in the HFD
group. The expression of GSTA1 was not signifi-
cantly different between the HFD+SIL group and
the HFD group (P > 0.05). The above results were
basically consistent with the consequences of pro-
teomics analysis, indicating the reliability of the
proteomics analysis.

Discussion

Previous animal experiments have shown that SIL
can improve fatty liver (induced by high-fat diet)
by regulating liver glucose metabolism [14,18,31].
In addition, it can also improve liver lipid meta-
bolism by inhibiting liver lipid deposition and
increasing fatty acid oxidation [14,15,18]. In our
study, we successfully established a high-fat diet-
induced NAFLD mice model. These high-fat diet

mice represented a state of excess energy, which
can result in obesity, liver steatosis, and impaired
glucose tolerance. The results of our experiment
indicated that SIL can inhibit diet-induced weight
gain without affecting food intake, reduce liver
lipid deposition, and regulate glucose metabolism,
which was in line with the results of previous
studies. This indicated that SIL played important
roles in suppressing the ‘first hit’ of NAFLD.

In the liver tissues of ND-fed mice or HFD-fed
mice with or without SIL treatment, we identified
30 overlapping DEPs by using quantitative proteo-
mics, which were either up-regulated or down-
regulated. The results of enrichment analysis
found that these DEPs were closely related to
lipid metabolism and energy homeostasis. In this
study, four of the 30 overlapping proteins identi-
tied for detailed discussion, including PLIN2,
LPIN1, FDPS, and GSTA1 (Table 2).

In our current study, we found that HFD up-
regulated the expressions of PLIN2 and LPIN1 in
the liver, and this phenomenon was reversed after
SIL treatment. PLIN2, a lipid droplet protein, is
predominantly expressed in the liver and regulates
the storage and hydrolysis of neutral lipids (TG
and cholesterol esters) [32,33]. Intrahepatic lipid
droplets play essential roles in maintaining cellular
lipid homeostasis and are the histological basis for
judging liver steatosis [34,35]. Published studies on
cultured cells and NAFLD animal models have
proved that PLIN2 has effects on both lipid and
glucose homeostasis [*~*!]. Increased expression
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of PLIN2 in the liver can lead to hepatic steatosis
and glucose intolerance, and specific knockout of
PLIN2 in the liver can reduce hepatic steatosis
under high-fat diet feeding and improve systemic
IR. Hepatic steatosis is caused by disorders of de
novo fat lipogenesis, fatty acid and oxidation, and
triglyceride lipolysis [**~**]. PLIN2 is closely linked
to TG lipolysis. After PLIN2 is down-regulated, on
the one hand, it is difficult to have sufficient lipid
droplet-related proteins in the liver to assist TG to
form lipid droplets and store them in cells. On the
other hand, lipid droplets may be more easily
exposed to TG hydrolase, making TG easier to
hydrolyze. SIL can regulate TG lipolysis and glu-
cose homeostasis in HFD mice. Our results were
consistent with previous studies, suggesting that
PLIN2 may be a potential target for the treatment
of NAFLD.

LPINI is a protein that can bidirectionally reg-
ulate lipid metabolism. In the cytoplasm, it is
a phosphatidic acid phosphatase (PAP) to regulate
the synthesis of TG [45]. In the nucleus, it is
transcriptional co-activator in association with
hepatic PPAR y coactivator-la (PGC-1la) and
PPAR a to regulate the expression of fatty acid
oxidation genes [46]. In the liver of diet-induced
obesity and insulin-resistant mice, the expression
of LPINI is increased, which is related to the
activation of its transcription by TORC2 [47].
TORC2 has been certificated to regulate the tran-
scription of hepatic gluconeogenesis genes [48].
Adenovirus-mediated knockdown of LPINI
expression in the liver of db/db mice can not
only reduce liver TG levels to regulate lipid meta-
bolism, but also reduce the expression of key glu-
coneogenesis genes and the phosphorylation level

of PKC3 to regulate glucose metabolism. Our
results were consistent with the above study. In
the liver of HFD group mice, the expression of
LPIN1 was increased. After SIL treatment, LPIN1
was up-regulated in the liver. On the contrary,
another study found that the expression of
LPIN1 in the liver of UCP-DTA mice that showed
insulin resistance was decreased, while adenovirus-
mediated over expression of LPINI in the liver of
UCP-DTA mice decreased liver TG levels and
increased liver insulin sensitivity [45]. In order to
turther study, the functional differences caused by
liver LPIN1, Kajimoto et al. treated male C57BL/
6 ] mice with silLpinl to specifically silence the
expression of LPIN1 in the liver, which can pre-
vent LPIN1 over expression or gene knockout
from having secondary effects on other tissues
[49]. It was found that the silencing of LPIN1 in
the liver of mice reduced body weight, decreased
liver TG levels, and decreased expressions of
Mogatl and Srebfl that regulated glucose and
lipid metabolism, but could not increase the insu-
lin sensitivity of the mice. Therefore, LPIN1 pro-
tein has a major enzyme function in regulating
liver lipid metabolism and energy homeostasis.
However, the role of LPIN1 in glucose metabolism
and insulin resistance is still controversial and
needs further study.

KEGG enrichment analysis found that in HFD
versus ND, proteins were abundantly enriched in
the pathways of ‘drug metabolism-cytochrome
P450’ and ‘metabolism of xenobiotics by cyto-
chrome P450’. It has been proved that NAFLD
can induce the expression of cytochrome P450 to
consume large amounts of oxygen, thereby
destroying the oxygen homeostasis in the liver
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[50]. Hypoxia enhances liver lipid accumulation
and liver inflammation by inhibiting the activity
of the mitochondrial respiratory chain, which in
turn aggravates NAFLD [51,52]. Therefore, liver
hypoxia is both the cause and the consequence of
NAFLD, thus forming a vicious circle. Under
hypoxic conditions, the liver activates the expres-
sion of hypoxia-inducible factor-1 (HIF-1). HIF-1
is responsible for activating genes related to glyco-
lysis, regulating the expression of lactate dehydro-
genase, glycolytic enzymes, and other related
enzymes [53]. In addition, HIF-1 also directly reg-
ulates the LPIN 1 gene. It enhances the PAP activ-
ity of LPINI to stimulate liver TG accumulation,
which is one of the main changes to adapt to
hypoxia. In contrast, HIF-1 inhibitors can down-
regulate the expression of LPIN1 to prevent
hypoxia-induced TG synthesis [54]. Our results
also found that in HFD+SIL versus HFD, the
enriched pathways of DEPs were closely related
to ‘glycolysis’ and ‘HIF-1 signaling pathway’. It
may suggest that SIL can inhibit HIF-1 to down-
regulate hypoxia-induced LPIN1 expression and
reduce LPIN1-dependent TG deposition.

Our results also showed that the expression of
liver FDPS was remarkably down-regulated in the
HFD group of mice, but this could be reversed by
SIL treatment. FDPS, one of the key enzymes in
the mevalonate pathway, catalyzes the synthesis of
farnesyl pyrophosphate (FPP). First, it is found
that FPP can effectively inhibit liver TG accumula-
tion, indicating that the mevalonate pathway may
be associated with the regulation of liver lipid
metabolism [55]. Then, the molecular mechanism
of FPP action was studied. On the one hand, FPP
promoted the farnesylation of LKB1 (liver kinase
Bl1), thereby activating the LKB1/AMPK (AMP-
activated protein kinase) signaling pathway and
inhibiting fatty acid synthesis [56]. On the other
hand, FPP activated the FXR (farnesoid x recep-
tor)/SHP (supramolecular hyperbranched poly-
mer) signaling pathway, thereby inhibiting the
activation of SREBP-1 and de novo lipogenesis
(DNL) [57]. The level of FPP plays important
roles in regulating lipid metabolism in the liver.
If the level of FPP can be targeted to increase, this
is of great significance for the treatment of
NAFLD. According to our study results, it was
speculated that SIL used FDPS as a target to

regulate the content of FPP in vivo, thereby effec-
tively reducing liver lipid deposition. Of course,
much further deeper analysis of the hypothesis is
further needed.

Glutathione-S-transferases (GSTs) are a group
of enzymes with antioxidant and detoxifying func-
tions and mainly present in the liver [58]. GSTs
catalyze the detoxification of electrophilic xeno-
biotics and inactivate a variety of endogenous oxi-
dation by-products, which play a vital role in the
antioxidant defense mechanism [59,60]. GSTAI,
a member of the GSTs gene family, catalyzes the
reduction of lipid peroxides [61,62]. Our proteo-
mics results found that compared with ND mice,
the expression of GSTAL1 in the liver tissue of HFD
mice was significantly reduced, resulting in
decreased liver antioxidant capacity and disor-
dered lipid metabolism. The expression of
GSTA1 was also down-regulated after the admin-
istration of SIL in mice. However, compared with
HFD versus ND, the expression of GSTA1 in HFD
+SIL versus HFD was reduced to a smaller extent.
At the same time, the result of Western blotting
indicated that the down-regulation was not statis-
tically significant. The reason for this phenomenon
may be that chronic oxidative stress induced by
a high-fat diet plays essential roles in the forma-
tion and progression of NAFLD, causing sustained
liver damage in mice. Secondly, insufficient drug
intervention time, dosage, and utilization may
cause SIL not to reverse the down-regulation of
GSTA1 expression by HFD in this experiment.
Therefore, it cannot be ruled out SIL may still
have a certain antioxidant effect. SIL regulates
the JNK signaling pathway to improve liver oxida-
tive stress [63]. In addition, the expression of
GSTA1 was involved in the JNK signaling path-
way. When the JNK signaling pathway was acti-
vated, the expression of GSTA1l was decreased.
After blocking the JNK signaling pathway, the
expression of GSTA1 was increased, reducing the
degree of liver damage [64]. We speculate that SIL
may affect oxidative stress through GSTAL. In the
further study, much further deeper analysis of the
hypothesis is needed.

Notably, KEGG enrichment analysis found that
DEPs were associated with ‘dilated cardiomyopa-
thy (DCM)’, ‘hypertrophic cardiomyo-pathy
(HCM)’ and ‘cardiac muscle contraction’. Certain



studies on obese animal models have revealed that
a high-fat diet could cause excessive fat tissue in
the body, and too much fat will not only be
deposited ectopically in the liver, but also ectopi-
cally deposited in the heart [65,66]. As obesity
increases, changes in myocardial structure and
function occur. Some studies defined it as obese
cardiomyopathy, which was related to obesity but
not related to known diseases such as hypertension
and coronary heart disease, as obese cardiomyo-
pathy [67,68]. Its pathogenesis was mainly asso-
ciated with insulin resistance, lipid damage,
inflammation, impaired endothelial function, and
changes in cardiac hemodynamics [69,70]. By
exerting its antioxidant activity, SIL has
a preventive and protective effect on atherosclero-
sis and cardiotoxicity caused by oxidative stress
[71]. In this study, the proteomics expression pro-
file also identified some proteins associated with
cardiovascular disease, including MYBPC, MYL,
TPM, and MYH. We speculate that SIL may pro-
tect the heart by regulating the expression of these
proteins. Further, much deeper analysis of the
hypothesis is needed.

However, there are limitations to our study.
Firstly, various obese mouse models are further
needed to determine the effectiveness of SIL.
Secondly, it is needed to screen for any changes in
serum insulting levels, cytokine/cytokine/inflamma-
tory profile to better elucidate the mechanism of SIL
in vivo. Thirdly, exploration of SIL in prevent/cure
NAFLD in the obese person is an interesting study
in the further research. Fourthly, further deeper
analysis that SIL used FDPS as a target to regulate
the content of FPP in vivo (effectively reducing liver
lipid deposition), SIL affects oxidative stress through
GSTALI and SIL protects the heart by regulating the
expression of some proteins is further needed.

Conclusion

SIL can inhibit or even reverse lipid synthesis by
down-regulating expressions of PLIN2 and LPIN1
and up-regulating the expression of FDPS. The
level of GSTAl in the liver was still down-
regulated after SIL treatment, indicating that SIL
can attenuate HFD-induced oxidative stress to
a certain extent. Techniques of TMT labeling
coupled with LC-MS/MS analysis confirmed the

BIOENGINEERED 6763

beneficial effects of SIL on NAFLD, including
reducing liver lipid deposition, improving lipid
and glucose metabolism, and mitigating oxidative
stress. Proteins (PLIN2, LPIN1, FDPS, and
GSTA1) related to these protective effects may
become drug targets for SIL to treat NAFLD.
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