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A B S T R A C T

Aims: The rapeseed protein derived peptide DHNNPQIR (named as RAP-8) has been previously reported to
possess antioxidant activity and alleviate liver fibrosis. The purpose of the present study was to investigate the
potential crucial pathways involved in ameliorating liver fibrosis of RAP-8.
Main methods: Next-generation sequencing of messenger RNA (RNA-Seq) analysis of the fibrotic and RAP-8
treated mice was performed. Western blot, qPCR and flow cytometry detection analysis were conducted to
measure cell cycle and oxidative stress in LX-2 cells and liver samples.
Key findings: 588 overlapped differentially expressed genes were obtained from a batch of genes RAP-8 altered.
Gene Ontology enrichment analysis revealed that changes in the most significant modules were mainly enriched
in cell division, nuclear division and mitotic cell cycle process, while alterations in Kyoto Encyclopedia of Genes
and Genomes were mainly enriched in cell cycle. Thereafter, according to the co-expression network analysis,
the regulations of three core genes (Cenpp, Cyp2c55, Serpinh1) were verified that might be targets for treating
liver fibrosis. Furthermore, through experimental verification, we demonstrated that RAP-8 induced cell cycle
arrest and prevents oxidation stress.
Significance: As a promising therapeutic candidate for hepatic fibrosis treating, RAP-8 exhibited anti-fibrotic
effects via exerting cell cycle arrest and inhibiting oxidative stress.

1. Introduction

Hepatic fibrosis is defined as the excessive accumulation of extra-
cellular matrix (ECM), also known as a reversible wound-healing re-
sponse to liver injury, resulted from a variety of aetiology, including
chronic viral infection, autoimmune hepatitis, alcoholic liver disease,
and non-alcoholic steatohepatitis [1,2]. Sustained liver damage ulti-
mately results in cirrhosis, which is the end consequence of progressive
fibrosis and the most common nonneoplastic cause of mortality
worldwide [3,4]. Liver fibrosis also associated with a range of com-
plications, including portal vein thrombosis, development of hepato-
cellular carcinoma, ascites, and hepatic encephalopathy [5], which
represents one of the most common causes of death in adults [6].
However, no treatments have been approved effective and safe for liver
fibrosis, revealing the immediate importance to develop therapeutic
methods.

As a typical feature of chronic liver disease, oxidative stress is the
main contributor in the development of fibrosis [7,8]. Oxidative stress

triggers the morphological changes and the activation of hepatic stel-
late cells (HSCs) [9]. Activated HSCs generate α-smooth muscle actin
(α-SMA) positive myofibroblast-like cells, the major source of extra-
cellular matrix (ECM) that continuously forms scar tissue in the fibrotic
liver [10]. On the other hand, reactive oxygen species (ROS) and in-
flammatory response are also linked together [11,12]. HSCs activation
was inhibited in NOX1 or NOX4 deficiency mice, the treatment of dual
NOX1/4 inhibitor GKT137831 also had the same effects [13,14].
Therefore, a powerful antioxidant sheds new light on impeding the
development of liver fibrosis, even cirrhosis.

RAP-8 (sequences: DHNNPQIR) is a natural peptide derived from
rapeseed protein and has been reported to show effective in vitro an-
tioxidant activity in human colonic adenocarcinoma cell line Caco-2
[15]. Our previous research has proved that RAP-8 has beneficial ac-
tions against nonalcoholic steatohepatitis and related metabolic dis-
orders as well as liver fibrosis in indicated mice models [16]. Anti-in-
flammatory, anti-oxidative and anti-fibrosis effects were observed in
non-alcoholic fatty liver diseases (NAFLD) mice, however, the
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mechanisms by which RAP-8 contributes to the amelioration of liver
fibrosis are complex and not fully understand.

Properly implement high-throughput, transcriptome-wide analy-
tical technologies have been considered to both precise and accurate
when was used in identifying differentially expressed genes (DEGs) in
studies of various diseases processes [4]. Based on these distinctive
efficacies of RAP-8 against liver fibrogenesis, we performed CCl4 in-
duced liver fibrosis mice and firstly detected hepatic genome-wide gene
expression profile by RNA-Seq analysis for mechanism study. The hub
genes predominating with the administration of RAP-8 were in-
vestigated by subjecting to gene ontological (GO) analysis and estab-
lishing the co-expression networks. The present study may shed new
lights on elucidating the role of antioxidative peptide in the inhibition
of liver fibrosis and provide more options for treating liver fibrosis in
the future.

2. Results

2.1. Differentially expressed genes (DEGs) expression profiles

According to data processing and analysis, we identified a batch of
differentially expressed genes among the groups of Oil, CCl4 and RAP-8.
The results of DEGs revealed that 1953 genes met inclusion criteria in

CCl4-induced mice as compared to the Oil-treated mice (Fig. 1a),
meanwhile, 1522 genes related mRNAs were differentially expressed in
mice with the administration of RAP-8 versus those CCl4-induced ones
(Fig. 1a).

Statistics were performed for the same genes in all three groups, and
the Venn Diagram of DEGs was drawn. As shown in Fig. 1b, these
analyses intuitively exhibited the number of common and special DEGs
is 588 among the different groups. Most of the differentially expressed
genes in CCl4 vs Oil group had the opposite expression patterns in RAP-
8 vs CCl4 group. Then hierarchical clustering of these overlapped genes
was performed, as shown in Fig. 2. These results indicated that the
genes exhibited distinctly different expression patterns.

2.2. Gene annotation and functional analysis of DEGs

To explore the function and pathways of the 588 identified DEGs,
we performed GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses by DAVID. We found that the overlapped genes in the
biological processes category were significantly enriched in cell divi-
sion, mitotic nuclear division and cell cycle (Fig. 3a). Cellular compo-
nent analysis revealed that most of the common expression genes were
located at the proteinaceous extracellular matrix and extracellular re-
gion (Fig. 3b). Meanwhile, on the basis of molecular function analysis,

Fig. 1. The expression profiling changes of genes after the administration of RAP-8. (a) Volcano Plot indicated up-regulated and down-regulated genes, which are
colored in red and green, respectively. (b) Venn diagram showed the number of overlapped genes is 588. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. The clustering heat map for the DEGs. The color brightness is associated with differences in multiples. DEGs: differentially expressed genes.
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these genes were involved in small molecule binding and insulin-acti-
vated receptor activity (Fig. 3c). Furthermore, KEGG pathway analysis
showed that most of the overlapped genes majorly participated in cell
cycle and ECM-receptor interaction (Fig. 4).

2.3. PPI network construction and modules analysis

Protein-protein interaction (PPI) network of the overlapped DEGs
was established by Cytoscape based on STRING database. In total, 108
nodes and 297 edges were mapped in the network of identified DEGs
(Fig. 5a). Based on centrality parameters of the network (Degree and
Betweeness), the 3 highest-scoring modules which represent cell cycle,
oxidative stress and ECM accumulation, respectively, were identified
from the whole network (Fig. 5b-d). A significant module containing 22
nodes and 221 edges were also generated by the Molecular Complex
Detection (MCODE). Hub genes connect most adjacent genes and have
the biggest degrees indicated that the connectivity among the nodes
was tightly established. As shown in Table 2, Cenpp, Cyp2c55 and
Serpinh1 were verified as hub genes. These results suggested that genes
in modules were significantly associated with the pathogenesis of liver
fibrosis and might be targets for treating liver fibrosis.

2.4. RAP-8 induces cell cycle arrest

According to the results of KEGG pathway analysis, we selected the
several genes associate with the cell cycle from overlapped genes and
the heat map was showed in Fig. 6a. It was found that expression levels
of cell cycle related genes altered by CCl4 treating were reversed by
RAP-8 administration. To further confirm the effects of RAP-8 on cell
cycle, the correlative mRNA levels in liver tissues were analyzed by
qPCR (Fig. 6b). In accordance with the results of RNA-seq, RAP-8 at-
tenuated the CCl4 -enhanced levels of cell cycle-related protein. Then,
we detected cell-cycle-related proteins in LX-2 cells, including protein
cyclin D which facilitates G1/S phase transition, p21, cyclin A and
cyclin B which play vital roles in the mitotic spindle dynamics (Fig. 6c).
Western blot analysis showed that RAP-8 treatment could downregulate
the cyclin A and cyclin B protein expression, and upregulate the ex-
pression of p21, a cyclin-dependent kinase (CDK) inhibitor that induced
cell cycle arrest [17]. However, RAP-8 did not affect the level of cyclin
D1 compared with the control group (Fig. 6d). Whereafter, the influ-
ence of RAP-8 on the cell cycle of LX-2 cells was investigated by flow
cytometric analysis. As showed in Fig. 6e, compared with control
group, cell counts of G2/M phase were significantly elevated in cells
treated with RAP-8. These findings imply that RAP-8 reduces liver fi-
brosis via inducing cell cycle arrest at the G2/M phase.

2.5. RAP-8 attenuates oxidative damage

Increased oxidative stress in liver has been recognized in CCl4- in-
duced liver fibrosis [18], and ROS was proposed to be crucial for the
initiation and development of fibrosis [19]. RAP-8 was already identi-
fied as an anti-oxidative peptide [15]. Thus, we investigated whether
RAP-8 attenuated liver fibrosis dependent on the inhibition of ROS.
NOX4, a professional ROS generator, was tested to explore the effect of
RAP-8 on ROS. Immunofluorescence test showed RAP-8 markedly re-
duced NOX4 expression in CCl4-induced fibrotic mice (Fig. 7a, b).
Meanwhile the mRNA levels of some anti-oxidative genes in the liver
tissues were elevated under RAP-8 treatment. Consistent with qPCR
results, SOD1 and CAT level were also significantly increased by RAP-8
treatment (Fig. 7c). In addition, the protein expressions levels of NOX1
and NOX4 in LX-2 cells were determined by western blot analysis
(Fig. 7d). Data showed that RAP-8 reduced NOX1 and NOX4 protein
expression levels (Fig. 7e). Furthermore, RAP-8 treatment significantly
attenuated ROS accumulation in LX-2 cells in a dose-dependent
manner, indicated by the fluorescent images (Fig. 7f) and microplate
reader analysis (Fig. 7g). Taken together, these results showed that

Fig. 3. Top 10 GO enrichment analyses of overlapped DEGs. (a) The functions
of the genes involved biological process. (b) The functions of genes related
cellular component. (c) The functions of genes involved molecular function.
DEGs: differentially expressed genes; GO: Gene Ontology.
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RAP-8 ameliorated liver fibrosis via inhibiting oxidative stress.

3. Discussion

Liver fibrosis is a common developmental stage in the majority of
chronic liver diseases and may result in liver cirrhosis or the serve end
stage liver disease hepatocellular carcinoma (HCC). During the progress
of NAFLD, hepatic inflammation and oxidative stress act as the crucial
tractive force. Thus, interventions target oxidant stress is considered as
effective methods to treat NAFLD. In the previous study, we had as-
sessed the protective effects of RAP-8 on liver injury and hepatic fi-
brosis. Here in the current study, deploying RNA-seq analysis, we fur-
ther investigated the possible mechanism of RAP-8 in protecting against
liver fibrosis by screening a series of altered expressed genes. By using
the combination of gene annotation, GO, KEGG pathways and PPI
network analysis, we demonstrated that the identified DEGs associated
with fibrosis were related to cell cycle and oxidative stress.
Additionally, these results were validated through a batch of experi-
ments.

To be specific, the current researches were designed based on the
identified DEGs that may be involved in liver fibrosis. A total of 588
DEGs and 3 hub genes were identified and might be regarded as bio-
markers for liver fibrosis. The present study further demonstrated the
mechanism for RAP-8-mediated protection against liver fibrosis in vitro
and in vivo. Although RAP-8 has previously been demonstrated its
mediated protection against liver fibrosis by apoptosis [16], the effects
on cell cycle had not been studied yet. According to our results, as a

promising new treatment of liver fibrosis, RAP-8 might play its role
through the inhibition of oxidative stress and the mediation of cell
cycle. However, further exploration and research are needed to eluci-
date the biological function of these hub genes in the progress of liver
fibrosis.

Oxidative stress has been implicated in the pathogenesis of liver
fibrosis. Major sources of ROS are NAD(P)H oxidases, a multi-compo-
nent complex that catalyzes reactions from molecular oxygen to ROS
[22]. Elevated levels of ROS produced by oxidative stress is an im-
portant stimulant in the activation process of hepatic stellate cells
(HSCs) [21]. Therefore, activated HSCs need to harbor highly effective
anti-oxidants to protect against the toxic effects of ROS [23]. Since
oxidative stress results from an imbalance between oxidants and anti-
oxidants, a number of antioxidants are necessary to counteract harmful
effects [20]. Moreover, numerous studies had demonstrated the role of
antioxidants in preventing liver fibrosis [13,24,25]. In previous re-
search, RAP-8 has been known to act as an antioxidant/free radical
scavenger or reducing agent. The administration of RAP-8 has been
reported to reduce oxidative stress in HFD-induced NASH mice [15,16].
In this study, with the administration of RAP-8, NOX1 and NOX4 ex-
pression levels were decreased, the liver sod and cat levels were in-
creased, signifying the counteracting role of RAP-8 against the oxida-
tive stress induced by CCl4. In addition, RAP-8 reduced the production
of ROS in LX-2 cells. Further studies based on an animal model more
closely resembling human liver fibrosis may be helpful to evaluate the
applicability of RAP-8.

Cell cycle progression is operated by cyclin and cyclin-dependent

Fig. 4. Top 20 KEGG pathway GO terms enriched for overlapped DEGs. DEGs: differentially expressed genes; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of
Genes and Genomes.
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kinase(CDK) complexes [26]. Cyclin D1/CDK4 and Cyclin E/CDK2
complexes perform important roles in promoting the transition from the
G0/G1 to the S phase [27]. Cyclin A and Cyclin B are mainly expressed
during the G2/M phase [28]. Liver fibrogenesis involves cell cycle re-
entry of quiescent cells such as hepatocytes and HSCs. Previous studies
have reported that dysregulation of the cell cycle process and mitotic
cell cycle played important roles in the development of liver fibrosis,

although few studies on cell cycle in liver fibrosis have been performed
[29]. The anti-proliferative effect of silibinin on human stellate cell line
LX-2 is via the inhibition of the expressions of various cell cycle targets
including p27, AKT and sirtuin signaling [30]. Christian and co-workers
have suggested that the inhibition of Cyclin E1 prevented progression of
CCl4-induced liver fibrosis by RNA interference [31]. Recently, Chen
et al described that with exposing to soluble egg antigens from

Fig. 5. Establishment of PPI network and modules analysis for overlapped DEGs. (a) Entire PPI network. (b) PPI network of module 1. (c) PPI network of module 2.
(d) PPI network of module 3. PPI: protein–protein interaction. DEGs: differentially expressed genes.
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Schistosoma japonicum, activated HSCs exhibited cell cycle arrest with
an increased expression level of P-p53 and p21. Notably, the authors
found that a novel STAT3-p53-p21 pathway might participate in the
senescence of HSCs [32]. Our previous studies have showed that RAP-8
exhibited potent anti-fibrosis activity against CCl4-induced mouse
model by inhibiting apoptosis [16]. The molecular mechanisms behind
the cell cycle arrest by RAP-8 in liver fibrosis remain largely unclear.
Here, through RNA-seq and experimental analysis, we showed for the
first time that RAP-8 treatment reduces liver fibrosis via causing G2/M
arrest and decreasing expression of Cyclin A1 and Cyclin B1 (Fig. 5).
These results obtained herein are in agreement with other reports
which demonstrated that RAP-8 induced cell cycle arrest and apoptosis
in Caco-2 cells [15]. Still, we need to further investigate how RAP-8
contributes to the inhibition of cell cycle mediators such as cell cycle
dependent kinases and cyclins.

4. Conclusion

In conclusion, our results demonstrated for the first time that RAP-8
blocks liver fibrosis through the inhibition of oxidative stress and cell
cycle arrest. These results indicated a new anti-fibrotic mechanism of

RAP-8 and provided a new treatment of liver fibrosis in a variety of
chronic liver diseases.

5. Materials and methods

5.1. Reagents

Dulbecco's modified eagle's medium (DMEM) was from Gibco
Invitrogen Corporation (Carlsbad, CA). Fetal bovine serum (FBS),
Penicillin/streptomycin solution, 0.05% Trypsin-EDTA and phosphate-
buffered saline (PBS) were purchased from Thermo Fisher Scientific
(USA). Dimethyl sulfoxide (DMSO), and 2′,7′-dichlorodihydro-
fluorescein diacetate were obtained from Sigma (St. Louis, MO, USA).
Antibodies were obtained from the following sources: anti-CCNB
(1:1000), anti-CCNA (1:1000), and anti-CCND (1:1000) antibody were
from Abcam (Cambridge, UK); p21 (1:1000), anti-NOX4 (1:500) and
anti-NOX1 (1:500) were from BOSTER (California, US); Anti-rabbit IgG
(H+ L) antibody (1:10000) was from Cell Signaling Technology, Inc.
(Beverly, MA, USA); anti-GAPDH mAb (1:5000), horseradish perox-
idase (HRP)-conjugated AffiniPure goat anti-mouse IgG and anti-rabbit
IgG were purchased from Zhongshan Golden Bridge Biotechnology Co,

Fig. 6. Effects of RAP-8 on cell cycle. (a) RNA-seq analysis of genes involved in cell cycle (P (Probability value) < 0.01, | FC (fold change) | > 2); (b) qPCR analysis
of genes involved in cell cycle; (c) Western blot analysis for p21, CCNA2, CCNB2 and CCND1 in LX-2 cells; (d) Densitometric analysis of the blots shown in c. (e, f)
Flow cytometry analysis of the DNA content of LX-2 cells under the administration of RAP-8. * and ** denote significant differences (P < 0.05 and P < 0.01,
respectively) from the Oil group; ## denotes significant differences (P < 0.01) from the CCl4-induced group.
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Ltd. (Beijing, China). Enhanced chemiluminescence (ECL) substrate for
detection of HRP were obtained from Bio-Rad. The peptide RAP-8
(DHNNPQIR) was obtained as previously described [16].

5.2. Animals and treatment

Six-week-old male C57BL/6J mice were used and purchased from
the Experimental Animal Center of Sun Yat-sen University in the study.
Mice were kept under a 12-h light/dark cycles, the temperature was
kept at 25 ± 1 °C, and fed with regular experimental rodent forage
provided by Experimental Animal Center of Sun Yat-sen University and
clean water ad libitum. The animals had free access to food and tap
water. All experimental protocols and animal husbandry were con-
ducted in accordance with the guidelines of the Care and Use of
Laboratory Animals, as adopted and promulgated by the U.S. National
Institutes of Health Animal Care, and all studies were approved by the
Laboratory Animals Use Committee of the Sun Yat-sen University.

The methods of RAP-8 administration on hepatic fibrosis were
carried out as we previously described [16]. Liver fibrosis was induced
by intraperitoneally (i.p) injection with CCl4 (diluted at 1:4 in corn oil)
(5 ml/kg body weight) twice a week for 6 weeks. Control mice were
injected with corn oil alone at the equivalent volume and frequency.
The treatment groups were injected intraperitoneally with RAP-8
(500 μg/kg) since the 4th week. All animals were euthanized at week 7
under ether anesthesia. Blood and livers were collected, and the liver
samples were fixed in formalin.

5.3. RNA-Seq data analysis and identification of DEGs

The differential expression analysis among three groups (seven
biological replicates per group) was analyzed using DESeq. P-value

of< 0.01 and |foldchange value|≥ 2 were set as the screening cri-
terion for DEGs.

5.4. Gene Ontology and pathway enrichment analysis of DEGs

GO consists of three items: molecular functions, biological processes
and cellular components. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a set of high-throughput genes and protein path-
ways. The GO and KEGG analyses of DEGs were performed in the
DAVID 6.8 (https://david.ncifcrf.gov/), which is a bioinformatics da-
tabase containing three parts: Molecular Functions (MF), Cellular
Components(CC) and Biological Processes (BP) that aiming at un-
covering perturbed biological processes [33,34].

5.5. Protein–protein interaction (PPI) network and module analysis

The comprehensive interactions of the DEGs from which we ob-
tained was assembled and evaluated by using The Search Tool for the
Retrieval of Interacting Genes (STRING) database (http://string-db.
org/). The PPI network was visualized using Cytoscape v 2.8.3 soft-
ware, which is an open-source tool for network visualization of pro-
teins, genes and other types of biological molecules. In short, DEGs
were uploaded to STRING to build a PPI network and then visualized
using Cytoscape. The cut-off criteria of the extended network that we
constructed are a high confidence score > 0.9 for a PPI network and a
node degree of> 10 for screening hub genes. Then a Cytoscape plug-in
“The Molecular Complex Detection (MCODE)” was used to screen
modules of hub genes from the PPI network. In the network, nodes
represent proteins and edges represent interactions between two pro-
teins.

Fig. 7. The reduction of oxidative stress was responsible for anti-fibrotic effect of RAP-8. (a) NOX4 expression was decreased with the treatment of RAP-8. (b)
Quantification of the NOX4 expression in the indicated groups. (c) RAP-8 treatment increased antioxidative gene level. (d) RAP-8 suppressed the expression of NOX1/
NOX4 in LX-2 cells. (e) Densitometric analysis of the blots shown in d. Intracellular ROS content was determined by fluorescent images (f) and microplate reader (g).
*P < 0.05 and **P < 0.01, CCl4-induced group vs Oil group; ## P < 0.01, RAP-8 treated group vs CCl4-induced group.
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5.6. RNA extraction and qPCR

Liver tissues of all groups were homogenized with homogenizer.
Then, total RNA was extracted with Trizol Reagent (Invitrogen,
Carlsbad, CA) and RNA quality was assessed with Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA). For cDNA synthesis,
1 μg isolated total RNA subjected to reverse transcription with a High-
Capacity cDNA Reverse Transcriptase Kit (TransGen Biotech, China) on
a LightCycler 480 System II (Roche Applied Science, Indianapolis, IN,
USA).Subsequently, cDNA was amplified by Quantitative real-time
polymerase chain reaction using a SYBR Green I PCR Master Kit
(TransGen Biotech, China) on a Step One instrument (Applied
Biosystems) as follows: denaturation at 95 °C for 1min followed by
40 cycles of 15 s at 95 °C and extension at 55 °C for 30 s. A melting curve
of each amplicon was determined to verify its accuracy. The primer
sequences are listed in Table 1. The levels of target Genes were nor-
malized to GAPDH as an internal reference.

5.7. Cell culture

Human hepatic activated stellate cell line LX2 which we used in this
study was obtained from Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in DMEM
supplied with 10% FBS and 1% penicillin/streptomycin solution in a
humidified atmosphere of 5% CO2 at 37 °C. LX2 cells were seeded in a
6-well or 96-well plate, for different purposes, and then the adherent
cells were exposed to indicated concentrations of RAP-8 for another

48 h. After that, the cells were obtained for different experiments.

5.8. Western blot assay

Liver tissue samples were homogenized with Automated Tissue
Homogenization (JXFSTPRP-24, JinXin, Shanghai). Total protein from
liver tissues of all groups was obtained in this way were dissolved in
RIPA lysis buffer (50mM Tris-HCl (pH 8.0), 150mM NaCl, 0.02% w/v
NaN3, 0.1% w/v SDS, 1% v/v NP-40, 0.5% w/v Sodium deoxycholate,
1 mM EDTA, and 1mM PMSF; BBI Life Sciences.). The LX-2 cells were
washed two times with phosphate buffered saline (PBS) prior to col-
lection. RIPA buffer was added to collected cells on the ice for 30min,
and centrifuged for 30min at 12,000g to obtain supernatants.
Electrophoresis was performed on a 12% SDS–polyacrylamide gel.
Electrophoresed proteins were transferred to 0.45 μm PVDF membranes
(Immobilon -PSQtransfer membranes, Merck Millipore, Germany) for
1.5 h at 250mA, and the blotted membrane were then blocked with 5%
skim milk for 1 h at room temperature. The membranes then were in-
cubated with the antibodies overnight at 4 °C. The membranes were
then fixed with horse-radish peroxidase (HRP) conjugated anti-mouse/
rabbit IgG (Promega) for 1 h and the immobilized proteins were de-
tected by enhanced chemoluminescence (ECL). The densitometric
measurement of each band was analyzed using Quantity-One Protein
Analysis Software (Bio-Rad, Hercules, CA, United States). Equal loading
of proteins was verified by immunoblotting for GAPDH.

5.9. Flow cytometric analysis

Cell cycle analysis was detected by propidium iodide staining. In
briefly, the LX2 cells were plated in 6-well plates at a density of 5× 104

cells per well for 24 h. After another 48 h treatment of RAP-8 (0, 50 and
100 μM), the cells were harvested and fixed in ice-cold 70% ethanol
overnight at 4 °C. Fixed cells were washed with cooled PBS and stained
using the cell cycle assay kit (Bestbio, BB-4104). The DNA content was
analyzed by flow cytometry (FACSCalibur; Becton Dickinson), and
percentages of cells in G0/G1, S and G2/M cell-cycle phases were
performed using FlowJo software (Tree Star). At least 10,000 nuclei
were counted for each sample.

5.10. Immunofluorescence

Liver samples fixed in 10% buffered formalin were embedded in
paraffin blocks, then sectioned, deparaffinized and rehydrated. Liver
sections (4 μm thick) were processed using a standard immunostaining
protocol. In brief, 3% H2O2 was used to block endogenous peroxidase
after antigen retrieval in citrate buffer (pH=6.0) that performed in a
microwave oven for 15min, and the slides were then blocked with 5%
BSA/PBS solution. For immunofluorescent staining, the mouse liver
sections were incubated with the primary antibody against NOX4
(1:200, BOSTER, Wuhan) overnight at 4 °C and then Alexa Fluor 594-
conjugated secondary antibodies (1:200, Zhongshan Golden Bridge
Biotechnology) for 1 h at 37 °C. Finally, the slides were viewed and
photographed under the fluorescent microscopy. The area of positive
staining was measured in highpower (X20) fields on each slide and
quantified using Image J software.

5.11. Reactive oxygen species (ROS) determination in LX-2 cells

A fluorescent probe, DCFH-DA, was used for determination of in-
tracellular ROS levels. LX-2 cells were seeded into 96-well black plates
for 24 h. Cells were washed with 1× PBS twice, pretreated with dif-
ferent concentrations of RAP-8 or DMEM for 24 h. After RAP-8 treat-
ment followed with 15min, the cells were incubated with 2′,7′-di-
chlorodihydrofluorescein diacetate (10 μM) (Sigma Aldrich). Then cells
were washed with PBS for three times and incubated with DCFH-DA
(10 μM) at 37 °C for 15min. Subsequently, the intracellular fluorescent

Table 1
Primer sequences used for semi-quantitative RT-PCR analysis.

Gene Primer sequence (5′-3′)

Bub1-F
Bub1-R
Bub1b-F
Bub1b-R
Cdc20-F
Cdc20-R
Cdc25c-F
Cdc25c-R
Ccna2-F
Ccna2-R
Ccnb1-F
Ccnb1-R
Ccnb2-F
Ccnb2-R
Cdkn1a-F
Cdkn1a-R
Gadd45b-F
Gadd45b-R
Mcm2-F
Mcm2-R
Plk1-F
Plk1-R
Sod1-F
Sod1-R
Sod2-F
Sod2-R
Cat-F
Cat-R
Gapdh-F
Gapdh-R

AGAATGCTCTGTCAGCTCATCT
TGTCTTCACTAACCCACTGCT
GAGGCGAGTGAAGCCATGT
TCCAGAGTAAAAGCGGATTTCAG
GGAGGTGACCGCTTTATCCC
CCAGGCTTTCTGATGCTCCT
ATGTCTACAGGACCTATCCCAC
ACCTAAAACTGGGTGCTGAAAC
GCCTTCACCATTCATGTGGAT
TTGCTCCGGGTAAAGAGACAG
CTTGCAGTGAGTGACGTAGAC
CCAGTTGTCGGAGATAAGCATAG
GCCAAGAGCCATGTGACTATC
CAGAGCTGGTACTTTGGTGTTC
CCTGGTGATGTCCGACCTG
CCATGAGCGCATCGCAATC
CAACGCGGTTCAGAAGATGC
GGTCCACATTCATCAGTTTGGC
ATCCACCACCGCTTCAAGAAC
TACCACCAAACTCTCACGGTT
CTTCGCCAAATGCTTCGAGAT
TAGGCTGCGGTGAATTGAGAT
AACCAGTTGTGTTGTCAGGAC
CCACCATGTTTCTTAGAGTGAGG
CAGACCTGCCTTACGACTATGG
CTCGGTGGCGTTGAGATTGTT
AGCGACCAGATGAAGCAGTG
TCCGCTCTCTGTCAAAGTGTG
AGGTCGGTGTGAACGGATTTG
TGTAGACCATGTAGTTGAGGTCA

Table 2
The three highest-scoring modules were identified from the whole network.

Cluster Score Seed gene Nodes Edges

Cluster 1
Cluster 2
Cluster 3

12.500
8.500
7.000

Cenpp
Cyp2c55
Serpinh1

13
9
7

75
34
21
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intensity was determined by a FlexStation 3 Multi-Mode Microplate
Reader with the excitation and emission wavelengths at 485 and
535 nm, respectively. Meanwhile, an ArrayScanVTI was used to observe
the intracellular fluorescence.

5.12. Statistical analysis

Values were expressed as mean ± SD. Statistical differences be-
tween two groups were analyzed by the unpaired Student's t-test and
differences between multiple groups of data were analyzed by one-way
ANOVA with Bonferroni correction (GraphPad Prism 7.0, San Diego,
CA, USA). A P < 0.05 was considered statistically significant.
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