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Sustainable inflammation transforms hepatic cells
by causing oxidative stress injury and potential
epithelial-mesenchymal transition
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Abstract. The inflammatory microenvironment promotes
tumorigenesis. However, the mechanism through which
inflammation transforms hepatic cells in precancerous lesions
remains unclear. Hepatic cells undergo significant changes
in metabolism before carcinogenesis, but the specific altera-
tions in gene expression and cellular functions in response to
precancerous inflammation have not been elucidated. In this
study, a hepatitis-hepatoma mouse model was successfully
established. Label-free quantitative (LFQ) proteomics coupled
with bioinformatics analysis was then performed to identify
differentially expressed proteins and their functions in hepatic
cells with precancerous inflammation. We found that different
chemical treatments induced several common changes in the
model. Hepatic cells underwent serious oxidative stress injury.
Canonical pathway analysis using IPA revealed the activation
of signaling pathways, such as integrin signaling, signaling
by Rho family GTPases, IL-8 signaling, and ILK signaling,
as well as the inhibition of RhoGDI signaling. Analysis of
the KEGG pathway indicated alteration in the pathways for
focal adhesion and regulation of actin cytoskeleton. Results
from western blot analysis demonstrated the upregulation
of proteins, including p-STAT3, TWIST, SNAIL, Vimentin,
and MMP-9, which are involved in epithelial-mesenchymal
transition (EMT). These results indicated that hepatic cells
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were likely to undergo EMT. Interestingly, the expression of
E-cadherin was upregulated, but this observation must be
further investigated. In conclusion, the results revealed that
notable functional and pathway changes occurred during
the precancerous inflammation stage in the liver. Our study
contributes to understanding of the roles of inflammation
in tumorigenesis and provides a molecular basis for further
studies on the tumorigenesis of hepatocellular carcinoma.

Introduction

Tumor microenvironments have become hotspots in cancer
research; of these environments, the inflammatory micro-
environment plays a decisive role in tumorigenesis. The
accumulated compelling evidence over the last decade indi-
cate the role for inflammation in tumorigenesis, which has
attracted increased research attention. Collectively, 15-20%
of all cancer deaths are linked to underlying infections and
inflammation (1,2). In particular, hepatocellular carcinoma
(HCC), with a high percentage of >90%, develops because
of chronic liver damage and inflammation (3,4). Sustainable
inflammation causes the overproduction of various cytokines,
growth factors, and cytotoxic media. Cytotoxic media, such
as reactive oxygen species (ROS), nitrogen oxygen species
(NOS), and metalloproteases, can induce oxidative DNA
damage, DNA methylation, and hepatocyte injury. Moreover,
the compensatory hepatocyte regeneration triggered by
cytokines and growth factors enhances the accumulation of
genomic damage, thereby accelerating hepatocarcinogenesis
(4-6). The observation that the inflammatory microenviron-
ment promotes tumorigenesis is supported by considerable
evidence. However, the mechanism through which the inflam-
matory microenvironment alters cellular gene expression and
phenotype to promote tumorigenesis has not been elucidated.

Diethylnitrosamine (DEN) is widely used as a potent
hepatocarcinogenic initiator in animal models of carcino-
genesis; this compound induces DNA adduct formation,
resulting in DNA mutation (7,8). To explore the relationship
between hepatitis and liver cancer development, we performed
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intraperitoneal injection of DEN on C57/BL mouse to induce
in vivo hepatocellular tumorigenesis. Parallel experiments with
a combination of pyrrolidine dithiocarbamate (PDTC) or lipo-
polysaccharide (LPS) with DEN were performed to mimic an
anti-inflammation or pro-inflammation situation, respectively.
In our previous study, we explored the dynamic metabolic
changes during hepatitis and liver cirrhosis; the inflammatory
environment induces remarkable changes in carbohydrate and
lipid metabolism, and p-glucose and b-mannitol can be used
as potential early diagnostic biomarkers of HCC (9). In this
study, we analyzed the influence of the inflammatory environ-
ment on hepatocellular gene expression and functions through
LFQ proteomic technology coupled with bioinformatics
analysis. The present study aimed to reveal possible regulatory
mechanisms of hepatocellular pathological changes during the
precancerous inflammation stage.

Materials and methods

Establishment of hepatitis mouse model. A mouse model of
hepatitis was established using previously described methods
(9). All chemical compounds used for animal treatment were
purchased from Sigma (USA). These compounds included
DEN, phenobarbital (PB), PDTC, and LPS. PB was used as
tumor promoter to increase the occurrence of cancer. C57BL/6
mice (males, six weeks of age) were obtained from the Xiamen
University Laboratory Animal Center. C57BL/6 mice were
randomly assigned to four groups and intraperitoneally injected
once a week with the following: PBS (control group, n=12);
DEN (DEN group, n=24); DEN and PDTC (DEN+PDTC group,
n=24); or DEN and LPS (DEN+LPS, n=24) for up to 24 weeks.
The concentrations of the administered chemicals were based
on the body weight of the mice: DEN, 80 mg/kg; PDTC,
50 mg/kg; and LPS, 1.25 mg/kg. PB (0.05%) was added to the
drinking water on the 10th week since the first DEN injection
to enhance DEN-induced tumor formation. After 12 weeks of
treatment, four mice from each treatment group and two mice
from the control group were sacrificed per month to collect liver
samples. All animal handling procedures were approved by the
Institutional Review Board of Xiamen University.

Hematoxylin and eosin staining. Liver tissues from mice were
fixed in 4% paraformaldehyde for 12-24 h and embedded in
paraffin. Subsequently, 5-um sections were prepared with a
microtome, placed on clean polylysine-coated slides, and then
heated at 60°C for 2 h. After deparaffinization and rehydration,
the sections were stained by hematoxylin and eosin (H&E)
according to standard protocols.

Western blot analysis. Liver tissues were homogenized and
lysed in RIPA buffer (50 mM Tris-HCI, pH 8.0; 150 mM
sodium chloride; 1.0% Triton X-100; 0.5% SDS; 0.5% sodium
deoxycholate; 1 mM PMSF; 1X protease inhibitor cocktail,
Roche) at 4°C for 30 min. After sonication in an ice bath, the
lysates were clarified by centrifugation at 4°C and 12,000 x g
for 15 min. Protein concentration was determined by Bradford
assay. The proteins were resolved by SDS-PAGE, transferred
to a PVDF membrane, and immunoblotted with specific
primary and secondary antibodies. The signals were detected
by ECL.
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Label-free quantitative proteomics analysis. For sample
preparation, 100 mg of liver tissues were homogenized and
lysed in lysis buffer containing 8 M urea, 50 mM Tris-base
(pH 8.0), and 1X protease inhibitor cocktail (Roche) in an ice
bath. After sonication, the lysates were clarified by centrifu-
gation at 4°C and 12,000 x g for 30 min and then purified
via acetone precipitation. The samples were redissolved in
urea lysis buffer. Protein concentration was determined by
Bradford assay. After reduction in 30 mM DTT and alkylation
in 50 mM iodoacetamide (IAA), the proteins were digested by
incubation with trypsin (1:50, enzyme to protein) at 37°C for
16 h. The samples were desalted by passing them through a
SepPak C18 column (Waters). The peptides were analyzed by
LC-MS/MS (AB Sciex TripleTOF 5600+). The MS data were
analyzed with Maxquant software.

Bioinformatics analysis. Bioinformatics analysis with inge-
nuity pathway analysis (IPA; Ingenuity® Systems, www.
ingenuity.com) included tox list analysis, protein-protein
interacting network analysis and canonical pathway analysis.
The entire protein list containing the protein accession number
(UniprotKB) and the corresponding fold changes was uploaded
as an Excel spreadsheet. The protein accession numbers were
mapped to their corresponding genes in the Ingenuity Pathways
Knowledge Base. The gene list was used for bioinformatics
analysis. The cut-off for the fold-change was set to 2.0. KEGG
pathway enrichment by DAVID was performed according to
the instructions for the database. Given that the database did
not identify fold-change data, we only used the differentially
expressed proteins for the analysis.

Results

Pathological changes in mouse liver during the precancerous
inflammation stage. To identify pathological changes in mouse
liver, we subjected the paraffin sections of mouse liver tissues
to H&E staining. As shown in Fig. 1A (9), the hepatic lobule
in normal livers (control group) contained an intact structure,
which was surrounded by cords of liver cells that radiated in
all directions. Among the liver tissues derived from the treat-
ment groups (DEN, DEN+PDTC, and DEN+LPS groups), a
large number of infiltrated inflammatory cells appeared and
partially formed focal inflammation.

Identification of differentially expressed proteins during
the precancerous inflammation stage was by LFQ proteomic
analysis. To compare differences in protein expression
between normal and inflammatory liver tissues, we obtained
the protein expression profiles of different groups by LFQ
proteomic analysis. A total of 2,666 proteins were identified
and quantified. To estimate the quantitative capacity of our
data set, we first applied box-plot analysis in comparing the
average LFQ intensity of the four groups. As shown in Fig. 1B,
the average LFQ intensity was similar across all groups; this
finding indicated the unbiased result of our data set. To discern
the differences in global protein expression across the four
groups, the LFQ intensity of differentially expressed proteins
were subjected to hierarchical clustering analysis (HCA) by
Cluster 3.0. The result was visualized as a heat map (Fig. 1C)
with Treeview. The expression profiles of the three treatment
groups significantly differed from the control group.
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Figure 1. Pathological changes and protein expression profiles of mouse livers demonstrated common inflammation under different treatments. (A) H&E
staining indicated infiltration of inflammatory cells (white arrows) in all three treatment groups (9). Scale bar, 100 ym. (B) Box plots of protein LFQ intensity
(log2). The average LFQ intensity was the same across all groups. (C) HCA with Cluster3.0. Data were treated by log transformation, median analysis,
and normalization. The following cluster parameters were used: similarity metric, correlation (uncentered); clustering method, complete linkage. (D) Venn
diagram showing the distribution of differentially expressed proteins among the three groups. (E) Cellular component enrichment analysis of 204 common

upregulated proteins.

A Venn diagram (Fig. 1D) was applied to show the lated proteins and 62 downregulated proteins were shared by
distribution of differentially expressed proteins in the DEN, the three treatment groups. Cellular component enrichment
DEN+PDTC, and DEN+LPS groups. A total of 204 upregu- toward 204 upregulated proteins was performed with the
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lists associated with all three treatment groups are labeled by boxes. (B) Western blot analysis of apoptosis- or autophagy-related proteins. The number below
the band indicated protein levels relative to GAPDH. Band intensity was calculated with Quantity One (version 4.6.2, Bio-Rad) and normalized to control

group (the first lane on the left).

Gene Ontology database (http://geneontology.org/; powered by
PANTHER). These proteins were mainly associated with cell
adhesion, cell junctions, and cytoskeleton (Fig. 1E).

Tox list analysis by IPA revealed oxidative stress-induced
hepatocellular injury and death during the precancerous
inflammation stage. IPA furnishes the analysis of Tox lists to
correlate experimental data with clinical pathology endpoints.
InIPA, a p-value is calculated using right-tailed Fischer's exact
test; this value is always used to measure the likelihood that
the association between a set of focus genes in our data and
a given term is due to random chance. Low p-values indicate

that the association is less likely random but is significant. We
selected the threshold of p<0.05 (-log p>1.3, as indicated by a
line in the figures) as the statistically significant level (the same
was used in the following canonical pathway analysis). Our
data set showed a significant association with the Tox lists of
LPS/IL-1-mediated inhibition of RXR function, cytochrome
P450 panel-substrate nature as xenobiotic (mouse), fatty acid
metabolism, PXR/RXR activation, and NRF2-mediated
oxidative stress response (Fig. 2A). All these pathological
endpoints were related to oxidative stress.

The pathological endpoint of liver necrosis/cell death
(-log p>5) indicated that hepatic cells might experience a certain
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Table I. Characterization of protein interacting networks.

Group Score  Focus molecule Top diseases and functions
number
DEN 54 32 Small molecule biochemistry, developments disorder, hereditary disorder
DEN 44 28 Lipid metabolism, nucleic acid metabolism, small molecule biochemistry
DEN+PDTC 64 35 Cellular assembly and organization, DNA replication, recombination, and repair,
cardiac arrythmia
DEN+PDTC 44 28 Lipid metabolism, nucleic acid metabolism, small molecule biochemistry
DEN+LPS 48 30 Cell cycle, cellular assembly and organization, infectious diseases
DEN+LPS 42 31 Cardiac stenosis, cardiovascular disease, organismal injury and abnormalities

Molecule number in each network was limited to 35. Focus molecule number indicated the number of differentially expressed proteins in each
network.

Table II. The common activated or inhibited signaling pathways in three treatment groups indicated by IPA.

DEN DEN+PDTC DEN+LPS
Ingenuity canonical pathways State Z-score State Z-score State Z-score
Integrin signaling Activated 2.828 Activated 3 Activated 2.496
Signaling by Rho family GTPases Activated 25 Activated 25 Activated 33
IL-8 signaling Activated 2.496 Activated 2 Activated 2.982
ILK signaling Activated 2496 Activated 2.138 Activated 2.84
RhoGDI signaling Inhibited -2.121 Inhibited -2.53 Inhibited -2.309

Z-score =2 or <-2 was selected as an indication of activated or inhibited state.

degree of damage and death. We detected the expression levels
of some proteins associated with cell apoptosis and autophagy.
As shown in Fig. 2B, the levels of the activated fragment of
Caspase-3, BAX, and the small fragment of LC3B significantly
increased in the DEN, DEN+PDTC, and DEN+LPS groups.

Identification of significant protein functional groups by
establishing protein-interacting networks. The functions
of proteins highly rely on their interactions. By establishing
protein-interacting networks, thousands of proteins can be
assigned to different functional groups, which facilitate the
analysis of regulatory events in the proteomics data. We used
the IPA software to map the differentially expressed proteins
into corresponding protein-protein interaction networks. The
networks of corresponding molecules were algorithmically
generated based on their connectivity and assigned a score.
This score took into account the number of focus molecules
derived from our input dataset and the size of the network to
approximate how relevant this network was to our original
dataset. However, the score might not be an indication of the
quality or significance of the network. The intensity of the
color in the network represented the degree of upregulation
(red) or downregulation (green) of molecules in our dataset.
The uncolored genes did not belong to our dataset, but were
integrated into the network because of their relevance as indi-
cated by IPA.

A total of 25 protein-interacting networks were acquired
from each treatment group. The top two networks of each
group with the highest scores are shown in Fig. 3, and the
involved functions are listed in Table I. Centered on HNF4A,
actin, GRB2, LMNA, EGFT, and ICAMI1, these networks were
involved in cellular assembly and organization, DNA replica-
tion, recombination, and repair, developmental disorders,
hereditary disorders, the cell cycle, lipid metabolism, nucleic
acid metabolism, and organismal injury and abnormalities.

Pathway analysis by IPA and DAVID revealed that sustainable
inflammation enhanced the EMT ability in hepatic cells. The
signaling pathways of the differentially expressed proteins can
explain how the inflammatory microenvironment transforms
hepatic cells. Consequently, we performed canonical pathway
analysis with the IPA software. Additional to the p-values
calculated by the Fischer's exact test, IPA gave a Z-score to
indicate if the pathway was in an activated state (Z >0) or
inhibited state (Z <0). The Z-score was calculated according to
the expression level (up or down) of a corresponding molecule
in the data set and the expected expression value (up or down)
in the pathway. We selected Z =2 and Z <-2 as indicators of
the activated and inhibited states, respectively. As shown in
Table II and Fig. 4A, integrin signaling, signaling by Rho
family GTPases, IL-8 signaling, and ILK signaling were the
common activated pathways among the DEN, DEN+PDTC,
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Figure 3. Six protein-interacting networks with top scores obtained from IPA. (A and B) Protein-interacting networks associated with the DEN group.
(C and D) Protein-interacting networks associated with the DEN+PDTC group. (E and F) Protein-interacting networks associated with the DEN+LPS group.
These networks were centered on HNF4A, actin, GRB2, LMNA, EGFT and ICAMI. The intensity of the color represents the degree of upregulation (red) or
downregulation (green) of genes in the dataset. Molecular types represented by each node shape are shown.
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and DEN+LPS groups. By contrast, RhoGDI signaling was
the common inhibited pathway. All these pathways had a close
relationship with EMT-related cell adhesion and migration.
To obtain precise results, we further uploaded the differ-
entially expressed proteins into the DAVID database (https://
david.nciferf.gov/) for KEGG signaling pathway enrichment

analysis. A total of 29 pathways with p<0.05 were enriched
(Fig. 4B). By ranking the number (line chart in Fig. 4B) of
differentially expressed proteins in each pathway, the top five
signaling pathways were focal adhesion (Fig. 5A), regulation
of actin cytoskeleton, drug metabolism by cytochrome P450,
metabolism of xenobiotics by cytochrome P450, and PPAR
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signaling pathway (data not shown). Drug metabolism, metab-
olism of xenobiotics by cytochrome P450, and PPAR signaling
pathway are closely related to inflammatory responses and
oxidative stress, which is consistent with the results of the IPA
tox list analysis. Moreover, focal adhesion and the regulation
of actin cytoskeleton are closely associated with cell adhe-

sion and migration, which supported the results of the IPA
canonical pathway analysis.

To further verify the enhanced EMT ability in hepatic
cells from proteomics data, we detected the expression
levels of some key factors in EMT by western blot analysis.
As shown in Fig. 5B, EMT-associated key proteins, such as
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p-STAT3, TWIST, SNAIL, Vimentin, and MMP-9, were all
upregulated in the three treatment groups, which demon-
strated that hepatic cells had access to EMT. E-cadherin is a
key protein that was expected to be downregulated in EMT.
Interestingly, E-cadherin also increased in hepatic cells during
the inflammation stage. According to the focal adhesion
pathway (Fig. 5A), the ERK signaling pathway was activated
as a downstream target of integrin signaling. This trend was
confirmed by the increasing levels of phosphorylated ERK1/2
and its downstream transcription factor, c-FOS (Fig. 5B).

Discussion

HCC is the third leading cause of cancer-related death world-
wide (10). The condition often develops in the context of
chronic hepatitis, which is mainly caused by viruses or toxic
compounds (11,12). In-depth research has provided a clear
understanding of the relationship between inflammation and
liver cancer. However, the precise underlying mechanism has
not been completely elucidated. The study of cellular patho-
logical changes and their regulatory mechanisms during the
early inflammatory period will contribute toward accelerating
HCC diagnosis and prevention. Having established a mouse
inflammation-cancer model successfully, we performed a
systemic exploration on the molecular pathogenic mecha-
nisms during the precancerous inflammatory period via
LFQ proteomics technology combined with bioinformatics
analysis.

Our results demonstrated a common trend of inflammation
in the three treatment groups. DEN has been widely recognized
to cause liver cell injury and induce hepatocellular carci-
noma. The role of LPS in promoting inflammation has also
been confirmed. However, PDTC impairs the inflammatory
response by inhibiting the synthesis of NOS and the activation
of NF-kB. H&E staining of mouse liver tissues showed that
the infiltration of inflammatory cells had occurred in DEN,
DEN+PDTC, and DEN+LPS groups (Fig. 1A). Our final
results proved that mice in all three groups had formed hepatic
cirrhosis (9). In heat map of HCA, similarities were found
among the three treatment groups against the control group.
The Venn diagram showed that 204 upregulated proteins and
62 downregulated proteins were shared by the three treatment
groups. All the results indicated that in the complex regula-
tory process, some common regulatory mechanisms allowed
the sustainable inflammatory microenvironment to induce
the conversion of hepatic cells to the malignant phenotype.
We performed cellular component enrichment analysis on
the 204 common upregulated proteins and found that these
proteins were mainly components of the extracellular matrix
and cytoskeleton, which were involved in cell adhesion and
cell junctions. This trend was consistent with our subsequent
pathway analysis.

Tox list analysis using IPA revealed the association of our
data set with oxidative stress-related pathological processes.
RXR, also called the retinoid X receptor, is a member of
nuclear receptor superfamily. RXR can repress apoptosis by
impairing oxidative stress in cells (13-16). Cytochrome P450,
LPS, and NRF2 are also closely related to oxidative stress. In
addition, some representative proteins related to liver injury had
significantly changed after experiencing sustainable inflam-
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mation according to our proteomic data. For instance, major
urinary protein (MUP) is a protein family mainly expressed
in the liver; the expression levels of proteins in this family
significantly decreased after a liver injury (17). In our data,
the expression levels of MUP2, MUP3, MUP6, and MUP20
were notably decreased. Other liver injury-related proteins,
such as lactotransferrin (TRFL) and haptoglobin (HPT) (18),
were also significantly changed (data not shown). Therefore,
hepatic cells suffered serious oxidative stress-induced injury.
Subsequent western blot experiments to detect Caspase-3,
BAX, and LC3B demonstrated the death of hepatic cells.

Protein-interacting networks were constructed by IPA
and depicted some protein functional groups associated with
cellular assembly and organization, DNA replication, recom-
bination, and repair, developmental disorders, hereditary
disorders, the cell cycle, lipid metabolism, nucleic acid metab-
olism, and organismal injury and abnormalities. To further
dissect the specific regulatory events, the central node proteins
were subject to functional retrieval based on UNIPROT (http://
www.uniprot.org/) and previously published study. As the
central node of two networks, hepatocyte nuclear factor 4-a
(HNF4A) attracted our attention. Growing evidence suggested
that HNF4A plays a role in the inflammatory-cancer loop (19),
but the exact molecular mechanisms have yet to be defined.
HNF4 is a transcriptional regulation factor that belongs to
a family of hormone receptors. The protein is involved in
regulating lipid and glucose metabolism, cell junctions, and
the differentiation and proliferation of liver and intestinal
epithelial cells (20). Zeisberg et al (21) found that HNF4A was
downregulated in mouse liver cells during EMT induced by
TGFp. Rygiel et al (22) also proved that the heterogeneous
expression of HNF4A could prevent EMT in hepatic cells. Our
data demonstrated the downregulation of HNF4A during the
inflammation stage. This trend directed our attention to EMT,
which was consistent with the pathways analysis.

Canonical pathway analysis by IPA demonstrated some
common pathways shared by the DEN, DEN+PDTC, and
DEN+LPS groups. Integrin signaling, signaling by Rho
family GTPase, IL-8 signaling, and ILK signaling were acti-
vated, whereas RhoGDI signaling was inhibited. Integrin was
reported to regulate EMT via focal adhesion kinase (FAK)
(23) or integrin linked kinase (ILK) (24). The signaling of
PI3K/AKT (25), WNT (26), and RAS/MAPK (27) are all
downstream targets of integrin signaling. Members of the
Rho GTPase family are mainly involved in the regulation of
cytoskeletal and cell adhesion (28); RhoGDI is an important
negative regulator of Rho GTPase. These results indicated the
changes of hepatic cells in terms of adhesion, migration, or
EMT. Further KEGG pathway enrichment analysis revealed
that the signaling pathways of focal adhesion and the regula-
tion of the actin cytoskeleton were significantly changed. As
shown in Fig. 5A, the integrin-mediated signaling played a
central role in regulating the cytoskeleton, cell adhesion, and
cell migration, which supported the IPA results. The upregu-
lation of p-STAT3, TWIST, SNAIL, Vimentin, and MMP-9
strongly demonstrated the tendency of EMT in hepatic cells.
Regardless of the unexpected increase of E-cadherin, the
migration of hepatic cells during the inflammation stage was
enhanced, and the potential EMT tendency should not be
ignored.
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In concusion, this study provides a global view on the trans-
formation of hepatic cells exposed to inflammation. Despite
the complexity of regulatory mechanism by which the inflam-
matory microenvironment transforms hepatic cells and the
limitations of bioinformatics analysis, which needs verifica-
tion by further experiments, our study still partially reveals the
underlying mechanism of transformation. Under a sustainable
inflammatory microenvironment, hepatic cells suffer serious
oxidative stress-induced injury and death. Downregulated
HNF4A may be a warning marker for liver injury and further
hepatic cell deterioration. The regulatory network centered on
integrin signaling increases migration and the EMT ability of
hepatic cells by regulating the cytoskeleton and focal adhe-
sion. The involvement of HNF4A in this regulatory network
still needs to be defined.
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