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ABSTRACT: Liver damage is a dynamic process, and evaluation of liver injury degree is the key step in disease diagnosis. However,
few common markers among different types of liver injury have been reported. Herein, we generated three liver injury mouse
models, including Con A-induced, CCl4-injected, and subjected bile duct ligation mouse models, to simulate different types of liver
damage in humans and then performed a label-free mass spectrometry to identify differentially expressed proteins in liver tissues.
Interestingly, two proteins, G3BP and ABCC6, were conserved regulated in different liver injury models and are proposed to be
biomarkers in liver injury, with G3BP upregulated and ABCC6 downregulated. Overall, our study identified two novel biomarkers of
liver injury, and they might be used as potential drug targets of liver damage research studies.

■ INTRODUCTION

Liver cancer is the fourth leading cause of death worldwide in
2018; meanwhile, liver injuries including liver fibrosis mark the
early stage of liver cancer.1 Therefore, evaluation of the liver
injury degree is the key step to understand and timely
intervention for patients. More biomarkers for liver fibrosis
have been discovered over the past decades and are expected
to play a role in clinical practice. However, few common
markers among different types of liver injury have been
reported, which may help to discover liver injury at an early
stage. Mouse models of liver injury,2 such as chemically
induced models, genetically engineered mouse models, and
surgery-based models, are used to simulate human liver injury
pathology, which helps identify potential biomarkers and
develop therapeutic drugs.
Concanavalin A (Con A) is widely used to induce acute

hepatic injury in mice through upregulating inflammatory
cytokines, for example, IFN-γ3−5 and tumor necrosis factor-α.6

Carbon tetrachloride (CCl4) is a common chemical reagent to
induce hepatic fibrosis in mice.7 It simulates human chronic
disease caused by toxic damage in many aspects.8−10 Common

bile duct ligation (BDL), as a surgery-based mouse model, is
well known to simulate clinically relevant liver cholestasis
model.8 A doubly ligated bile duct transected between two
ligatures causes the obstruction of the bile duct, further
increases the biliary pressure and cytokine secretion, and thus
generates liver damage.11,12

Some biomarkers of liver injury have been reported. G3BP is
one of them. G3BP is a secreted glycoprotein which is able to
modulate cell adhesion. G3BP is highly expressed in HCV and
HCC.13

In the present study, we generated three liver injury mouse
models, including Con A-induced model, CCl4-injected model,
and subjected BDL mouse model, to simulate different types of
liver damage in humans. Then, we identified differentially
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expressed proteins in the liver tissues of the three models
through proteomics analysis and further described the
biological processes, molecular functions, cellular components,
and pathways. The significantly regulated proteins were further
compared in the three models to pick out proteins that are
both upregulated and downregulated in different models. The
mRNA level of the proteins was detected by RT-qPCR. We
chose two proteins, namely, G3BP and ABCC6. ABCC6, a
protein implicated in Pseudoxanthoma elasticum (PXE), is
expressed in several tissues, especially in the liver.14 Finally, we
tested the correlation between the survivorship curve of
patients and mouse model proteomics data.
The goal of this study is to find common biomarkers in

different liver injuries to provide new insights into under-
standing the mechanism of liver cancer and exploring new drug
targets for liver injury.

■ RESULTS

Liver Injury Induced in Three Mouse Models. Hepatic
fibrosis is commonly associated with chronic hepatitis and
chronic liver injury. However, the common biomarkers of
acute hepatic injury and liver fibrosis are still lacking. Different
mouse models are constructed to discover the mechanism of
hepatic fibrosis. A concentration of 15 mg/kg Con A was used
to induce an acute liver injury model, and the mice were
analyzed after 1 day. The mice were also induced by injecting
with 1.6 mg/g CCl4 two times per week for 3 weeks to
stimulate the chemical-induced hepatic fibrosis mouse model.
Oil was injected as the control. Besides, BDL for 10 days which
induced liver fibrosis/cirrhosis in rodents is well established
and widely accepted. Sham operation served as control (Figure
1A). We utilized proteomics analysis based on different hepatic
fibrosis mouse models to discover new proteins related to

hepatic injury. In short, mouse livers were lysed with RIPA
buffer after different treatments and digested to peptides with
trypsin for LC−MS/MS analysis based on the label-free
quantification method (Figure 1B).

Proteomics Analysis of Con A-Induced Acute Liver
Injury Mouse Model. First of all, we detected the
pathological changes in a mouse liver after the injection of
Con A. Con A-injected mouse liver had a rougher liver surface
compared with the noninjected one (Figure 2A). H&E staining
showed a much more focal necrosis formation in the injected
group (indicated by arrows in Figure 2B). The liver weight to
body weight ratio was higher after injection for 1 day (Figure
2C). AST and ALT become elevated whenever disease
processes affect the liver cell integrity. We detected ALT and
AST activities in the Con A-treated mouse model. Both ALT
and AST activities were significantly higher than those of the
uninjected ones (Figure 2D,E).
To profile the protein level changes in the Con A-injected

mouse model, we performed proteomics analysis based on the
label-free quantification method. Totally, 3187 proteins were
identified, with 212 upregulated and 205 downregulated (Con
A-treated protein intensity to untreated intensity ratio ≥ 1.5, p
value ≤ 0.05, as indicated in Figure 2F). The results of Gene
Ontology (GO) enrichment analysis are displayed as molecular
functions, cellular components, and biological processes
(Figure 2G). Most regulated proteins, when injected with
Con A, had oxidoreductase activity or transferase activity and
were located in extracellular exosomes. Biological process
analysis showed that most regulated proteins were associated
with the oxidation−reduction process and metabolism,
especially lipid metabolism. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis was performed for
proteins with high confidence. The top 10 pathways are shown
in Figure 2H, in which the metabolic pathway was the most

Figure 1. Workflow of the present study. (A) Scheme for the mouse liver injury/hepatic fibrosis model. In this study, mice were bred into C57BL/
6, and all the mice were 8−10 weeks old when used in the experiments. Con A (15 mg/kg) injected for 1 day was used to construct the acute liver
injury model, and PBS was injected as control. CCl4 mouse model was standardized, relying on the intraperitoneal administration of CCl4 at a
concentration of 1.6 mg/g body weight two times per week for 3 weeks, and oil was injected as control. The BDL model was subjected to BDL for
10 days, and sham operation served as control. (B) Workflow of quantitative proteomics in this study. Label-free quantitative proteomics was
performed on the six groups of mice (three mouse models and each control group) (three mice per each group). Briefly, liver tissues in this study
were lysed with RIPA buffer and digested in solution with the enzyme trypsin. The digested peptides were desalted with C18 Stage Tips and
analyzed using a Q Exactive HF-orbitrap mass spectrometer which was coupled with a NanoLC-1000 HPLC system. MaxQuant software (Version
1.5.3.30) was used for label-free quantification.
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Figure 2. Proteomics analysis of Con A-induced acute liver injury mouse model. (A) Images of the liver surface injected with or without Con A.
(B) Liver sections of PBS- or Con A-treated mice were stained with H&E for light microscopy evaluation (×400). Dotted line in (B) indicates focal
necrosis. (C) Liver weight to body weight ratios. Quantitative values were obtained by weighing the mice in each group (n: PBS injection = Con A
injection = 3). (D,E) Plasma ALT or AST activities of PBS- and Con A-injected mice after 3 weeks of treatment were measured (n: PBS control =
Con A = 3). Each value represents mean ± SD (n = 3). *P < 0.05, **P < 0.01; p values were measured by t test. (F) Quantitative proteomics of the
Con A-induced mouse liver. The whole proteome of the tissues was analyzed by label-free quantification. Volcano plots of proteins in the Con A-
induced group and the PBS-treated control group. The red dots represent proteins that were upregulated at least 1.5 times after Con A treatment (p
value < 0.05), and the blue dots represent proteins that were downregulated at least 1.5 times (p value < 0.05) after Con A treatment. (G) GO
annotation for molecular function, cell component, and biological process of the different regulated proteins of Con A treatment. The GO terms
were enriched by the differentially expressed protein. The significance of the enrichment terms is indicated by the length of the bar. The amount of
proteins enriched in each term is shown at the end of the bar chart. (H) Significant top 10 pathways affected by Con A. KEGG pathway analysis
was performed for proteins with high confidence, and the number represents proteins enriched in the pathway. The categorization of proteins was
done based on molecular functions, cell components, biological processes, and pathways using DAVID (Version 6.8) gene annotation tools. (I)
Protein−protein interaction network analysis of proteins during Con A-induced acute liver injury in mice. STRING (Version 11.0) analysis
revealed that the proteins for metabolism, metabolism of lipids, and metabolism of amino acids and derivatives of Reactome pathways were found
to be associated with each other.
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Figure 3. Proteomics analysis of CCl4-induced liver injury mouse model. (A) Images of the liver surface injected with oil or CCl4. (B) Liver
sections of oil- or CCl4-injected mice were stained with H&E for light microscopy evaluation (×400). Dotted line in (B) indicates focal necrosis.
(C) Liver weight to body weight ratios are shown. Quantitative values were obtained by weighing the mice in each group (n: PBS injection = CCl4
injection = 3). (D,E) Liver sections of oil- or CCl4-injected mice were stained with Sirius red to identify collagen deposits. The plot shows the
Sirius red area over the total area (n: oil control = CCl4 = 3) (×400). Arrows in (D) indicate collagen deposits. (F,G) Plasma ALT or AST activity
of oil- or CCl4-injected mice after 4 weeks treatment was measured (n: oil control = CCl4 = 3). Each value represents mean ± SD (n = 3). *P <
0.05, **P < 0.01, ***P < 0.001; p values were measured by t test. (H) Quantitative proteomics of the Con A-induced mouse liver. The whole
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notably changed one. We further annotated these proteins with
particular functions in one network. Search Tool for the
Retrieval of Interacting Genes (STRING) analysis revealed
that the proteins for metabolism, lipid metabolism, and amino
acid metabolism were related to each other (Figure 2I).
Proteomics Analysis of CCl4-Induced Liver Injury

Mouse Model. Second, the pathological changes in mouse
liver after the injection of CCl4 were analyzed. The liver surface
showed the pathological features of liver fibrosis compared
with those of the oil-injected mouse (Figure 3A). However, the
liver weight to body weight ratio decreased after injection with
CCl4 (Figure 3C). More focal necrosis was found in the
injected liver tissue with H&E staining (Figure 3B). Collagen
deposits were reflected with Sirius red staining. The degree of
liver fibrosis in the injection group was significantly higher than
that in the control group, and the collagen deposition was
significantly increased (Figure 3E and indicated by arrows in
Figure 3D). ALT and AST activities were measured as before.
Even higher activities were detected in the CCl4 group than
those in the control group (Figure 3F,G).
We identified 3233 proteins in all using LC−MS/MS, with

the intensities of 167 proteins increased and 226 proteins
decreased (CCl4-treated protein intensity to untreated
intensity ratio ≥ 1.5, p value ≤ 0.05, as indicated in Figure
3H). Most of the regulated proteins had oxidoreductase
activity or catalytic activity. The majority of them were located
in mitochondria and extracellular exosomes (Figure 3I). Most
of the proteins participated in the metabolism pathway, with
less in the biosynthesis of antibiotics and other pathways
(Figure 3J). STRING analysis revealed that the proteins for
metabolism, biological oxidation, metabolism of amino acids
and derivatives of Reactome pathways were associated with
each other (Figure 3K).
Proteomics Analysis of BDL-Induced Cholestatic

Liver Injury. Next, we identified regulated proteins in the
BDL mouse model. After BDL was performed, the liver surface
showed pathological features of cholestatic liver injury in
contrast to the sham group, which indicated more focal
necrosis (Figure 4A,B). A higher liver weight to body weight
ratio was detected in the BDL group (Figure 4C). Much more
deposition of collagen is shown in the BDL group (Figure
4D,E). Apart from these, the BDL group showed enhanced
ALT and AST activities (Figure 4F,G).
The global proteome profile revealed similar changes in

protein levels, as shown before. We identified 3474 proteins
totally, of which 428 displayed different expression levels; after
BDL, 195 upregulated and 233 downregulated (BDL-treated
protein intensity to untreated intensity ratio ≥ 1.5, p value ≤
0.05, as indicated in Figure 4H). GO enrichment analysis

showed that they mainly localized in the mitochondria and
extracellular exosomes with a strong oxidoreductase activity or
catalytic activity (Figure 4I). They were enriched in the
metabolism pathway and biosynthesis of antibiotics pathway,
which correspond with the fact that they were involved in
oxidation−reduction, metabolism, and lipid metabolism
processes (Figure 4I,J). Proteins for metabolism, lipid
metabolism, and biological oxidation were associated with
each other based on the STRING analysis (Figure 4K).

Comparison Among Different Liver Injury Mouse
Models. To enhance the biomarker amount, we compared the
regulated proteins among different liver injury mouse models.
We summarized up-, down-, and nonregulated protein
numbers (Figure 5A). We overlapped upregulated proteins
in the three different experiments and found one common
gene. Six common genes were discovered among the
downregulated proteins in the three different treatments
(Figure 5B). The protein information is listed in Table 1.
We performed q-PCR to detect the mRNA level of the six
genes in the different liver injury mouse models (all data not
shown). Among these, G3BP and ABCC6, which were
consistent with the MS data, caught our attention. Protein
intensity and the mRNA level of Lgals3bp which encodes
G3BP in different mouse models were all upregulated, and
protein intensity and the mRNA level of Abcc6 all decreased
(Figure 5C,D). Then, we searched a clinical pathological study
on G3BP and ABCC6 in liver cancer from the public RNA-seq
database (http://kmplot.com). The mean survival time of the
patients was calculated by the Kaplan−Meier method (Figure
5E). In 364 patients, the low expression of Lgals3bp had a
longer survival time. These data corresponded with our finding
that Lgals3bp upregulated in the liver injury mouse model. In
the Abcc6 survival time graph, we found that the low
expression of Abcc6 had a significantly high hazard ratio in
liver cancer, indicating that the expression level of Abcc6 is
negatively correlated with poor progression in liver cancer.
These data were also consistent with Abcc6 downregulated in
the liver injury mouse model. However, further study is needed
to evaluate the functions of G3BP and ABCC6 in liver injury.

■ DISCUSSION

Biomarkers of hepatic fibrosis have developed rapidly over the
past decades, and some of the biomarkers are subsequently
commercial.15 These biomarkers are useful for patient
management and helpful for predicting liver-related morbidity,
mortality, and overall survival in clinical trials. However, the
causes of liver damage and dynamic changes in liver injury
vary, and it is urgent to discover consistent biomarkers of liver
diseases.

Figure 3. continued

proteome of the tissues was analyzed by label-free quantification. Volcano plots of proteins in the CCl4-induced group and oil-treated control
group. The red dots represent proteins that were upregulated at least 1.5 times after CCl4 treatment (p value <0.05), and the blue dots represent
proteins that were downregulated at least 1.5 times (p value < 0.05) after CCl4 treatment. (I) GO annotation for molecular functions, cell
components, and biological processes of the different regulated proteins of the CCl4 treatment. The GO terms were enriched by the differentially
expressed protein. The significance of the enrichment terms is indicated by the length of the bar. The amount of proteins enriched in each term is
shown at the end of the bar chart. (J) Significant top 10 pathways affected by CCl4 are shown. KEGG pathway analysis was performed for proteins
with high confidence, and the number represents proteins enriched in the pathway. The categorization of proteins was done based on molecular
functions, cell components, biological processes, and pathways using DAVID (Version 6.8) gene annotation tools. (K) Protein−protein interaction
network analysis of proteins during CCl4-induced hepatic fibrosis in mice. STRING (Version 11.0) analysis revealed that the proteins for
metabolism, biological oxidation, and metabolism of amino acids and derivatives of Reactome pathways were found to be associated with each
other.
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Figure 4. Proteomics analysis of BDL- induced cholestatic liver injury. (A) Images of the liver surface which were subjected to sham or BDL. (B)
Liver sections of mice treated with BDL or sham were stained with H&E for light microscopy evaluation (×400). Dotted line in (B) indicates focal
necrosis. (C) Liver weight to body weight ratios are shown. Quantitative values were obtained by weighing the mice in each group (n: sham control
= BDL = 3). (D,E) Liver sections of mice subjected to with sham or BDL were stained with Sirius red to identify the collagen deposits. The plot
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Proteomic technology is a large-scale study of proteins in
tissues and serum.16−18 There are some novel proteins that
have been identified in liver fibrosis by proteomics.19,20 A
follow-up research on the identified proteins can help clinical
applications. For example, MFAP4 found with proteomics in
liver parenchymal cells has been demonstrated as a biomarker
in CHC patients.25

In this study, we used three liver injury mouse models to
simulate acute hepatic injury and liver fibrosis. First, we
detected the pathological changes in mouse liver through tissue
staining and liver injury markers in serum. Then, we identified
212 upregulated and 205 downregulated proteins in the Con A
treatment group; 167 increased and 226 decreased in CCl4-
induced group, and 195 upregulated and 233 downregulated
proteins in the BDL group. We performed GO enrichment and
KEGG pathway analysis of these three mouse models,
respectively. The summarized functional analysis of these
fluctuated proteins showed that the metabolism and
oxidation−reduction pathway were most influenced. During
annotation, the protein−protein interaction of these regulated
proteins by STRING analysis, metabolism, and biological
oxidation in Reactome pathways were most impressed. This
revealed some identical internal changes in the three different
models. These changed proteins may be studied as biomarkers
of different models. Next, we found one upregulated protein
and six downregulated proteins conserved in three different
treatments. We selected one upregulated (G3BP) and one
downregulated (ABCC6) protein for mRNA level validation.
The results showed that the mRNA level was consistent with
the protein level.
G3BP (90K/Mac-2-binding protein, gene named Lgals3bp),

known as a secreted glycoprotein, is able to promote integrin-
mediated cell adhesion.21 It also plays an important role in
immune and cytokine modulation.22,23 A high expression of
G3BP has been reported in various infectious and cancerous
diseases, including hepatitis C-related fibrosis.24 Based on
serological and histological detection, it is found that G3BP is a
significant biomarker in liver fibrosis and cirrhosis in hepatitis
C patients.19 Ferriń reported that the expression level of G3BP
dramatically increased in HCV-infected cirrhotic patients,13

which was also relevant to HCC development by DIGE
analysis. However, there were no significant differences
between the tumor groups, with the ELISA test. In our results,
the protein and mRNA levels of G3BP increased in the three
different mouse models, which is consistent with Cheung’s
serum proteomics study.19 In our survival analysis of
LGALS3BP data from Kaplan−Meier plotter (liver cancer
RNA-seq), there were no significant changes in the different

RNA levels. This suggests that G3BP functions distinctively in
the different stages of liver injury, but it may play a more
significant role in the early stage of injury. ABCC6, also termed
as MRP6, is a transmembrane protein that can transport
anionic glutathione-conjugated compounds.25,26 It is highly
expressed in the hepatocytes in liver.27−30 Loss-of-function
mutations of ABCC6 reduce the plasma inorganic pyrophos-
phate (PPi) levels, which cause PXE and type-2 generalized
arterial calcification of infancy (GACI).31−33 Several studies
about ABC family reported that ABCC1, ABCC3, and ABCC4
have crucial hepatoprotective effects during BDL.34,35 Maher
suggested that ABCC6 has a minor role in the hepatic
transport of bile acids in rats. The ABCC6 mRNA level slightly
decreased after 3 days of BDL, but Mrp6 expression was not
significantly altered.14 In this study, we found that ABCC
mRNA and protein levels significantly decreased after 10 days
of BDL. The different results of the two experiments are
probably because of different treatment times. A sharp
reduction in protein and mRNA levels was also observed in
the other two experiment groups. This indicated the possibility
that ABCC6 can be used as a biomarker of liver damage.
Survival graphs showed that the higher RNA expression was
related to a longer survival time. The consistency between the
survival analysis and proteomics, qPCR results, revealed that
ABCC6 has an important role in the normal function of liver.
In conclusion, we generated three mouse models and found

two protein biomarkers by proteomics technology that can be
considered as potentially useful biomarkers for liver injury.
G3BP was upregulated and ABCC6 was downregulated in the
liver damage models, both in terms of RNA level and protein
level. The changes of the two proteins are consistent. However,
the mechanism of the two proteins dysregulated in liver injury
remains unclear. Further study is needed to reveal their
function in liver injury. Because of their sharp changes, G3BP
and ABCC6 might be used as potential biomarkers for multiple
stages of liver injury.

■ CONCLUSIONS

In conclusion, we generated three mouse models and found
two protein biomarkers by proteomics technology that can be
considered as potentially useful biomarkers for liver injury.
G3BP was upregulated and ABCC6 was downregulated in the
liver damage models. Both in terms of RNA level and protein
level, the changes of the two proteins are consistent. However,
the mechanism of the two proteins dysregulated in liver injury
remains unclear. Further study is needed to reveal their
function in liver injury. Because of their sharp changes, G3BP

Figure 4. continued

shows the Sirius red area over the total area (n: sham control = BDL = 3) (×400). Arrows in (D) indicate the collagen deposits. (F,G) Plasma ALT
or AST activity of sham or BDL-treated mice after 4 weeks was measured (n: sham control = BDL = 3). Each value represents mean ± SD (n = 3).
**P < 0.01, ****P < 0.0001; p values were measured by t test. (H) Quantitative proteomics of the BDL-induced mouse liver. The whole proteome
of the tissues was analyzed by label-free quantification. Volcano plots of proteins in the BDL-subjected group and the sham-treated control group.
The red dots represent proteins that were upregulated at least 1.5 times after the BDL treatment (p value <0.05), and the blue dots represent
proteins that were downregulated at least 1.5 times (p value < 0.05) after the BDL treatment. (I) GO annotation for molecular functions, cell
components, and biological processes of the different regulated proteins of the BDL treatment. The GO terms were enriched by the differentially
expressed protein. The significance of the enrichment terms is indicated by the length of the bar. The amount of proteins enriched in each term is
shown at the end of the bar chart. (J) Significant top 10 pathways affected by BDL are shown. KEGG pathway analysis was performed for proteins
with high confidence, and the number represents proteins enriched in the pathway. The categorization of proteins was done based on molecular
functions, cell components, biological processes, and pathways using DAVID (Version 6.8) gene annotation tools. (K) Protein−protein interaction
network analysis of proteins during BDL-induced hepatic fibrosis in mice. STRING (Version 11.0) analysis revealed that the proteins for
metabolism, metabolism of lipids, and biological oxidation in Reactome pathways were found to be associated with each other.
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Figure 5. Proteomics comparison of the three different treatments. (A) Numbers of significantly up-, non-, and downregulated proteins among the
three different treatments. The red squares represent proteins that were upregulated at least 1.5 times (p < 0.05), the gray squares represent
proteins that were nonregulated, and the blue squares represent proteins that were downregulated at least 1.5 times (p < 0.05). The number in the
grid represents the number of cluster proteins. (B) Venn diagrams of upregulated (left panel) and downregulated (right panel) proteins among the
three different treatments. Each circle represents the differential proteins among the different treatment groups, and the number in the overlap area
represents the number of consistent differentially expressed proteins from multiple comparative groups, and the nonoverlap area represents the
unique differentially expressed proteins of each comparative group. (C,D) Protein intensity (C) and relative mRNA level (D) of G3BP (Lgals3bp)
(upper panel) and Abcc6 (lower panel) are shown. (E) Kaplan−Meier survival functions of Lgals3bp (left panel) and Abcc6 (right panel) are
shown. All data were obtained from Kaplan−Meier plotter (http://kmplot.com). The red line represents patients with high protein expression and
the black line represents patients with low protein expression. Each value represents mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001; p values were measured by t test.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.1c00152
ACS Omega 2021, 6, 7127−7138

7134

https://pubs.acs.org/doi/10.1021/acsomega.1c00152?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00152?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00152?fig=fig5&ref=pdf
http://kmplot.com
https://pubs.acs.org/doi/10.1021/acsomega.1c00152?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00152?ref=pdf


and ABCC6 might be used as potential biomarkers for multiple
stages of liver injury.

■ METHOD DETAILS

Reagents and Materials.Most reagents in this paper were
from Sigma-Aldrich (USA) unless otherwise stated. Trypsin
was purchased from Promega (USA). TRIzol reagent was
obtained from Thermo Fisher Scientific (USA), and reagents
for qPCR were purchased from Takara (Japan). All solvents
used were of molecular biology or LC−MS grade.
Experimental Animals. Eight to ten weeks old C57BL/6

mice were used for the experiments and bred in-house. All
animals were maintained according to the ethical and scientific
standards by the Animal Center at East China Normal
University (ECNU).
Induction of Liver Injury Model and Treatment

Protocol. Con A-Induced Acute Liver Injury Mouse Model.
Only male mice were injected with ConA in this model. Con A
(15 mg/kg) was injected intravenously one time for 1 day to
generate an acute hepatic damage model. In control mice, an
equal volume of PBS was injected at the same time. In the
indicated time point, mice were sacrificed, individual mice
blood serums were collected for ALT/AST activity detection,
and whole liver tissues were harvested for the analysis of liver
injury.
CCl4 (Carbon Tetrachloride)-Induced Liver Fibrosis Mouse

Model. The concentration of CCl4 was diluted to 40% (0.64
mg/mL) with oil. A C57BL/6 mouse model was injected with
CCl4 at a concentration of 1.6 mg/g body weight two times per
week for 3 weeks. An equal volume of oil was injected at the
same time. In the indicated time point, mice were sacrificed,

and target mice samples were harvested for the analysis of liver
fibrogenesis.

BDL-Induced Liver Fibrosis Mouse Model. BDL was
performed on mice aged 8−10 weeks for 10 days. To perform
BDL, the mice were cut 3 cm in length through a midsection of
the abdomen under general anesthesia. The common bile duct
was ligated at the adjacent position about 1 cm from the
hepatic hilum. The duct is then incised between the two
ligation points. At a specified time point, mice were sacrificed,
serum and whole liver tissue were collected, and fiber
formation was analyzed.

Analysis of Liver Injury and Fibrosis. Liver damage was
determined by measuring the ALT/AST activity in plasma.
Serum samples were taken from the ocular vein of single
mouse at a specified time point after treatment and sent to
Adicon Clinical Laboratories (China) for ALT/AST activity
detection.

Histological Staining. Paraffin-embedded liver tissues were
thinly sliced and stained with H&E in accordance with the
standard protocol36 for light microscopic analysis of liver
histology. Briefly, the liver tissues were fixed in 10% neutral-
buffered formalin, paraffin-embedded, sectioned at 5 μm
thickness, stained with H&E, and evaluated under light
microscopy. In some experiments, Sirius red staining was
used to detect liver fibrosis.

Sample Preparation and Digestion. Liver tissues from
mice were homogenized and lysed by ice-cold RIPA buffer (1%
Triton, 0.1% SDS, 50 mM Tris−HCl, pH 7.4, 150 mM NaCl, 2
mM EDTA) with a protease inhibitor cocktail (Roche,
Switzerland). The mixture was centrifuged at 20,000g for 30
min, and the supernatant protein concentration was
determined by BCA assay (Thermo Fisher Scientific, USA).

Table 1. Protein List That Coincides with Three Different Treatmentsa

aFold change represents the logarithm base 2 value of differentially expressed proteins between the experimental groups and control groups, p value
represents the negative logarithm base 10 value of differentially expressed proteins between the experimental groups and control groups.
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The same amount of supernatant was precipitated with
methanol, chloroform, and water at a ratio of 2.66:1:2. The
pellets were dissolved in urea buffer (8 M urea, 100 mM Tris−
HCl, pH 8.5). To the solution, 5 mM tris(2-carboxyethyl)
phosphine (TCEP) was added to reduce disulfide bridges for
20 min at room temperature. To the solution, 10 mM
iodoacetamide was added to alkylate the reduced cysteine
residues for 15 min in the dark at room temperature. The urea
concentration was diluted to 2 M with Tris buffer (100 mM
Tris−HCl, pH 8.5), and 1 mM CaCl2 was added to the
solution. The protein mixture was digested by trypsin at 37 °C
overnight at a ratio of 1:50 (w/w). The digested peptides were
desalted with C18 Stage Tips.
LC−MS/MS and Data Analysis. The peptide mixture was

performed on a Q Exactive HF-Orbitrap mass spectrometer,
which was coupled with a NanoLC-1000 high-performance
liquid chromatography (HPLC) system (Thermo Fisher
Scientific, USA). The peptide was directly loaded into a self-
made 15 cm capillary column (C18-AQ, 1.9 μm, 100 μm
bore). Mobile phase A was composed of 0.1% FA, 2% ACN,
and 98% H2O, whereas the mobile phase B consisted of 0.1%
FA, 2% H2O, and 98% ACN. A gradient of 180 min static flow
rate of 300 nL/min (mobile phase B: 3% at 0 min, 8% at 7
min, 20% at 139 min, 30% at 169 min, 95% at 175 min, and
95% at 180 min) was used. The data were obtained in a data-
dependent (top 20) mode. The scanning range of MS1 was set
to m/z 350−1500 with a resolution of 60,000. The AGC target
area was set as 3 × 106, and the maximum injection time was
20 ms. For MS2, the fixed first mass was set to m/z 120. The
AGC target area was set at 1 × 105, and the maximum injection
time was 45 ms. The precursor peptides were cleaved by high-
energy collisional dissociation, and the resulting fragment ions
were determined by an Orbitrap analyzer. MS data analysis
software MaxQuant (version 1.5.3.30) was used for label-free
quantification. The MS data were searched using the SwissProt
mouse protein database (downloaded on 26 February, 2018)
and the built-in contaminant protein list. The proteins
identified in the three replicates were used for quantitative
analysis.
Protein Functional Annotation. The UniProt accession

ID of the proteome was identified through DAVID
Bioinformatics Resources 6.8 for GO annotation and KEGG
pathway analysis. Protein−protein interaction network analysis
was performed on differentially expressed proteins by using the
STRING37 (version 11.0) database retrieval tool.
Real-Time PCR (qPCR) Analysis. Total RNA was

extracted using the TRIzol reagent (Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. RNA was
transcribed into cDNA using the PrimeScript RT master Mix
qPCR (Takara, Japan). Real-time PCR was performed using
the TB Green Premix Ex TaqII (Takara, Japan). Gene
expression levels were calculated based on the ΔΔCt relative
quantification methods. The primers used in this study are as
follows:
Lgals3bp (F: 5′-TGCTGGTTCCAGGGACTCAA-3′; R: 5′-

CCACCGGCCTCTGTAGAAGA-3′) Abcc6 (F: 5′-
TGCGGCCTATCACTTGCTC-3′; R: 5′-CCAGCAC-
CATTTTGGTTTTGAA-3′) and 18S (F: 5′-GCAAT-
TATTCCCCATGAACG-3′; R: 5′-GGCCTCACTAAAC-
CATCCAA-3′)
Statistics. Experimental results were presented as mean ±

SD. A two-tailed unpaired t test was used for the comparison
between two experimental groups. Values of P ≤ 0.05 were

considered statistically significant. GraphPad Prism (Version
8.0.1) was used for statistical calculations.
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proteomecentral.proteomexchange.org) via the iProX38 partner
repository with the dataset identifier PXD022716.
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