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group compared to that in control group. The histologi-
cal examination confirmed that the hepatocarcinogenesis 
model was successfully established, and 100% of the ani-
mals in the DEN-exposed group developed liver tumors 
at 20  weeks. According to the pathological changes, the 
model characterized resulted in three stages: the inflamma-
tion stage (week 2–6), the fibrosis stage (week 8–12), and 
the HCC stage (week 14–20).
Conclusions  The results suggested that the HCC develop-
ment was associated with IFC axis. The serial progression 
of hepatocarcinogenesis was according to the sequence of 
hepatic inflammation, fibrosis and then hepatic tumor.

Keywords  Hepatocellular carcinoma · Liver 
inflammation · Liver fibrosis · Inflammation-fibrosis-cancer 
(IFC) axis

Introduction

Hepatocellular carcinoma (HCC) is one of the major malig-
nant tumors in humans, representing the fifth most com-
mon cancer and the third cause of cancer-related deaths 
worldwide (Hernandez-Gea et  al. 2013). The rising inci-
dence of HCC is largely due to the emergence of hepatitis 
C virus (HCV) and hepatitis B virus (HBV) viral infection, 
the liver pathologies associated with obesity and chronic 
alcohol abuse (Li et  al. 2014). There is an urgent need to 
understand how HCC develops in the disease liver.

Upon exposure to risk factors like HCV, HBV, obesity, 
diabetes, alcohol, injury-induced hepatic cells undergo 
inflammation driven by Kupffer cell, dentritic cell, and 
hepatic stellate cell (HSC) (Cubero 2016). Chronic 
inflammation and the associated regenerative wound-
healing response are strongly linked to the development 
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of fibrosis. And almost 80% of HCC cases are associated 
with chronic hepatitis and cirrhosis resulting from inflam-
mation and fibrosis. HCC is the final stage of this process. 
Some scholars call this sequence the hepatic inflammation-
fibrosis-cancer (IFC) axis (Elsharkawy and Mann 2007). 
Approaches to HCC prevention should therefore focused on 
the underlying molecular mechanisms of IFC process.

To make advances in research in the prevention of HCC 
based on IFC axis, several experimental models have been 
developed to investigate the aspects of the pathogenesis and 
etiology. Due to the similarity to histological and genetic 
features of patients, diethylnitrosamine (DEN)-induced 
HCC model, is commonly used to imitate the process of 
hepatocarcinogenesis. In this study, the DEN-induced HCC 
model was used to, respectively, analyze the each stage of 
hepatic inflammation, fibrogenesis, and cancer. Time series 
sera and organ samples from DEN animal model were ana-
lyzed to evaluate the dynamic changes and discover bio-
marker candidates. This present study aims to reveal the 
development of hepatocarcinoma based on hepatic IFC 
sequence.

Materials and methods

Experimental animals

Animal experiments were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (Publica-
tion No. 85-23, revised 1996), and the study was approved 
by our Academy Animal Experimental Ethical Commit-
tee. Male Sprague–Dawley rats, weighing 150–180 g, were 
purchased from Sino-British Sippr/BK Lab Animal Ltd. 
(Shanghai, China). All animals were housed in stainless 
steel cages and maintained under a 12  h:12  h light/dark 
cycle with constant temperature and humidity, and allowed 
free access to standard rat-chow diet and tap water. Ani-
mals were allowed a 1-week acclimatization period prior to 
the experimental protocol.

Experimental design

The rats were randomly divided into two groups of ten rats 
for control group and 70 rats for DEN group. Control group 
was intraperitoneally injected with 0.9% normal saline 
solution twice a week. Model group was injected DEN 
(Sigma Aldrich, St. Louis, MO) at a dose of 30 mg/kg body 
weight (bw) on the same day as control group for 11 weeks 
(Zeng et al. 2015; Peng and Ding 2015). DEN was stopped 
then and the animals were observed until 20 weeks. Four-
teen rats from the model group died during the administra-
tion. The experimental schedule is given in Fig. 1.

Body weight of the animals was measured once every 
2  weeks throughout the study. To monitor the progress 
of stepwise hepatocarcinogenesis, a time-serial sera set, 
including ten rats (11 rats in week 20) from DEN group 
and ten rats from control group, was collected once every 
2 weeks from week 0 to week 20. Five rats from the model 
group were killed for histological examination every 
2 weeks from week 2 to week 18. In week 20, all surviving 
rats (n = 11 for DEN group and n = 10 for control group) 
were finally killed. Collected liver tissues were weighted, 
and then fixed in 10% formalin for histopathology and 
immunohistochemiacal examinations. The remaining por-
tion was kept at −80 °C for further analysis.

Determination of biochemical indicators

Blood samples were collected via obital venous. Serum lev-
els of alanine aminotransferase (ALT), aspartate transami-
nase (AST), alkaline phosphatase (ALP), total protein (TP), 
albumin (ALB), globulin (GLO) and total bilirubin (T-BIL) 
were tested using an automatic analyzer (C8000 Roche; 
Hoffmann-La Roche Inc, Switzerland). Serum levels of 
tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6) were 
measured using ELISA kits (R&D Systems, Inc.), accord-
ing to the manufacturer’s instructions.

Evaluation of fibrosis‑related index

Serum liver fibrosis markers hyaluronic acid (HA), laminin 
(LN), procollagen III N-terminal peptide (P-III-NP) and 
collagen type IV (IV-C) were determined using radioim-
munoassay (Beijing North Institute of Biological Tech-
nology, Beijing, China). As an indicator of total collagen 
content, hepatic hydroxyproline (Hyp) content was meas-
ured using ultraviolet spectrophotometry with the Hydroxy-
proline Assay kit (Nanjing Jiancheng Institute of Bioengi-
neering, Nanjing, China) according to the manufacturer’s 
instruction. Hyp content was expressed as μg/g of liver wet 
weight.

Fig. 1   Experimental schedule
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Magnetic resonance imaging (MRI) analysis

To monitor tumor growth, MR imaging was performed at 
16th week, 18th week and 20th week. The animals were 
anesthesia using isoflurane, which was initiated in an 
induction chamber using a mixture of 4% isoflurane and 
96% oxygen, and maintained with the mixture of 2% isoflu-
rane and 98% oxygen at a flow rate of 0.8 L min. An 1.5-T 
whole-body MR imager (Sonata; Siemens, Erlangen, Ger-
many) with a wrist coil was used to acquire T2-weighted 
MR images (T2WI, repetition time, 3000  ms; echo time, 
57  ms; flip angle, 140°; field of view, 100 × 100  mm; 
matrix, 205 × 256; section thickness, 1.5  mm) (Li et  al. 
2011; Tyler et al. 2013).

Histologic and immunohistochemical evaluation

For assessment the pathological changes of the different 
stages about inflammation, fibrosis and carcinoma, liv-
ers were fixed in formaldehyde neutral buffer solution and 
cut into 4 μm sections. The hematoxylin–eosin (HE) stain-
ing and collagen-specific Masson staining were used for 
histopathological examination. Grading of inflammatory 
activity and staging of fibrosis were performed accord-
ing to the METAVIR scoring system, a histological scale 
used to quantify the degree of inflammation and fibrosis. 
“A” refers to the intensity of necrosis and inflammation 
and may vary from A0 to A3 (A0 = no activity, A1 = mild 
activity, A2 = moderate activity, and A3 = severe activity). 
“F” refers to the extent of fibrosis and may vary from F0 
to F4 (F0 = no fibrosis, F1 = portal fibrosis without septa, 
F2 = portal fibrosis with rare septa, F3 = numerous septa 
without cirrhosis, and F4 = cirrhosis) (Knodell et al. 1981; 
Costentin et al. 2011). The development of HCC was stud-
ied by two independent pathologists who were blind to the 
study.

Immunohistochemical analyses of TGF-β1 and α-SMA 
were performed using paraffin-embedded sections. The 
slides were incubated with antibody TGF-β1 (1:100, 
ab92486, Abcam, UK) or α-SMA (1:100, ab5694, Abcam, 
UK) to detect bound antibodies. After staining, the sec-
tions were counterstained with hematoxylin for microscopy 

analyses. All sections were examined by light microscopy 
(Axioskop 2 microscope, Carl Zeiss, Germany). The num-
ber of positive hepatocytes in liver specimens from each 
rat was counted in five random fields at 100× magnifica-
tion. The percentage of positive area was determined using 
Image-Pro Plus 6.0 (Media Cybernetics Inc., Baltimore, 
MD, USA). The image analysis was conducted by patholo-
gists blinded to the treatments.

Western blotting analysis

Western blotting procedures were performed as described 
previously with minor modifications (Ding et  al. 2013). 
In brief, proteins were extracted from frozen liver tissues 
in 500  μl of RIPA Lysis buffer containing 1  mM PMSF. 
The protein level was measured by Bradford assay. Equal 
quantities of proteins (40 μg) were separated by 10% SDS-
PAGE and transferred to PVDF membranes. Membranes 
were blocked and probed overnight at 4 °C with polyclonal 
anti-TGF-β1 (1:1000, ab92486, Abcam, UK), α-SMA 
(1:1000, ab5694, Abcam, UK), JAK2 (1:1000, ab39636, 
Abcam, UK), STAT3 (1:1000, ab68153, Abcam, UK) and 
P-STAT3 (1:2500, ab76315, Abcam, UK). After washing, 
the membranes were incubated for 1 h at room temperature 
with secondary antibody and visualized using ECL detec-
tion kit (KeyGEN BioTECH, China). Target proteins levels 
were normalized against the level of β-actin.

RNA extraction and quantitative real‑time PCR 
detection

Total RNA was extracted from frozen liver tissues of rats 
using Trizol reagent and first-stand cDNA was produced 
using Thermo Fisher K1622 first-stand cDNA Synthesis 
Kit (Thermo Fisher, USA). Gene-specific primer sequences 
were designed using Primer 5.0 software and synthesized 
by GenScript Inc., Nanjing, China. The primer sequences 
utilized are shown in Table 1.

The PCR reaction was carried out in 20 μl reaction mix-
ture containing 10  μl real-time PCR Master Mix (SYBR 
Green), 1 μl cDNA, and 2 μl primer mix (including forward 
and reverse primers) diluted in Rnase-free water. Relative 

Table 1   Primer sequences of 
target genes

Gene Forward primer Reverse primer

Collagen I 5-CTG​CTG​GTC​CTA​AGG​GAG​AG-3 5-GAC​AGC​ACC​ATC​GTT​ACC​AC-3
Collagen III 5-TCC​TGG​ATA​CCA​AGG​TCC​TC-3 5-GAC​CAA​TAG​CAC​CAG​GAG​GT-3
α-SMA 5-GGG​ATC​CTG​ACC​CTG​AAG​TA-3 5-CAC​GCG​AAG​CTC​GTT​ATA​GA-3
TGF-β1 5-CTT​GCC​CTC​TAC​AAC​CAA​CA-3 5-CTT​GCG​ACC​CAC​GTA​GTA​GA-3
IL-6 5-AAG​GAC​CAA​GAC​CAT​CCA​AC-3 5-ACC​ACA​GTG​AGG​AAT​GTC​CA-3
TNF-α 5-AAA​CAC​ACG​AGA​CGC​TGA​AG-3 5-ATC​CAG​TGA​GTT​CCG​AAA​GC-3
GAPDH 5-GGC​CTT​CCG​TGT​TCC​TAC​C-3 5-CGC​CTG​CTT​CAC​CAC​CTT​C-3
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gene expression was analyzed using the comparative ΔΔCt 
method with GAPDH (Duan et al. 2014).

Statistical analysis

The obtained data were analyzed and using the statistical 
package for social science (SPSS, Version 11.5, SPSS Inc., 
Chicago, IL, USA). Data were presented as mean ± SD. 
One-way analysis of variance (ANOVA) with LSD multi-
ple comparison test was used for comparisons among all 
groups. The Kruskal–Wallis t test was used to compare 
the METAVIR score. P values <0.05 were considered 
significant.

Results

General appearance and serum parameters

During the administration of DEN, 14 rats from the model 
group died of liver function failure. Body weight in the 
model group was lower than that in the control group at var-
ious time points (P < 0.01). Average body weights of differ-
ent groups are shown in Fig. 2. Final absolute and relative 
liver weights of model group were significantly increased 
as compared to those of the control group (P < 0.01). Final 

body weights and absolute and relative liver weights of two 
groups are presented in Table 2.

Serum transaminase (ALT and AST) and ALP lev-
els were higher in the DEN group and remained at a high 
level until the end of the experiment (P < 0.01), which 
most likely reflected the hepatic injury induced by DEN 
(Fig. 3a–c). Serum TP level was higher in the DEN group 
compared to the control group from week 12 to week 20 
(P < 0.05–0.01, Fig. 3d). Serum T-BIL level was also sig-
nificantly higher in the model group than that in the con-
trol and remained at a high level throughout the experiment 
period (P < 0.01, Fig. 3h).

Serum IL-6 level in DEN group was obviously increased 
from week 6 and reached the peak at week 12 (Fig.  3i). 
Serum TNF-α level was higher in DEN group than in con-
trol group in week 4 and week 6 (P < 0.01), but no signifi-
cant differences were identified in other weeks (Fig. 3l).

Fibrosis‑related index in serum and liver tissue

Serum fibrosis markers HA, LN, P-III-NP and IV-C are 
showed in Fig. 4. A gradual increase of the HA, LN, P-III-
NP and IV-C concentrations was observed from week 4. 
Serum levels of these were significantly higher compared 
with control group (Fig. 4a–d, P < 0.05–0.01). After begin-
ning of treatment DEN, hepatic hydroxyproline (Hyp) con-
tent, an indicator of total collagen content, was high and 
statistically significant from week 4 to week 20 (Fig. 3e).

Results of magnetic resonance imaging (MRI) analysis

To evaluate tumor development, MRI was performed at 
16th week, 18th week and 20th week. The liver nodules 
were consistently hyper-intense on the T2-weighted image 
(T2WI). Tumors were demonstrated in 11/11 cases (100%) 
at week 20 (Fig. 5). The maximum tumor diameter was up 
to 2.3 cm. The number and size of nodules in different indi-
viduals were unbalanced and the hepatic nodules were dif-
fusely distributed. There were cystic degeneration, necrosis 
and hemorrhage in some nodules, therefore tumor masses 
showed mixed intensity on T2WI.

Fig. 2   Growth curve of rats treated with diethylnitrosamine. Results 
are expressed as mean ± SD (n = 10–11). **P < 0.01 vs control group

Table 2   Final body and liver 
weights of rats treated with 
diethylnitrosamine

Values are expressed as the mean ± SD
Relative liver weight =

[

liver weight (g)∕body weight (bw,g) × 100
]

**P < 0.01 vs control group

Group n Final body weight (g) Liver weight

Absolute (g) Relative (/100 g bw)

Control group 10 419.6 ± 13.5 9.149 ± 0.976 2.179 ± 0.209
Model group 11 330.3 ± 27.3** 30.049 ± 2.705** 9.167 ± 1.218**
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Fig. 3   Effect of DEN on serum 
biochemical indicators. Serum 
levels of a ALT, b AST, c ALP, 
d TP, e ALB, f GLO, g A/G, h 
T-BIL, i IL-6, j TNF-α. Results 
are expressed as mean ± SD 
(n = 10–11). *P < 0.05, 
**P < 0.01 vs control group
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Results of histopathological examination

The hepatic histological sections from control rats dis-
played the normal hepatic lobules organization, normal 
hepatocytes and sinusoidal architecture. As expected, 
no tumors were observed in control group (Fig.  6a). The 
inflammation, fibrosis and HCC in DEN treatment group 
appeared one after another from the beginning of DEN 

injection. Rats in DEN-treated group by week 6 showed fat 
droplet deposition in hepatocytes, disordered lobular struc-
ture, broadly distributed edematous lobular hepatic cells, a 
large amount of lipid vacuoles formed, obvious inflamma-
tory cell infiltration and a little of collagen fibers (Fig. 6a, 
b, week 2–6). A significant improvement in inflammation 
grade was observed after DEN injection (Table  3). 100% 
of five rats developed A3 (severe activity) grade by week 

Fig. 4   Effect of DEN on 
serum biochemical indicators. 
Serum levels of a HA, b LN, c 
P-IIINP, d IV-C, and tissue level 
of e hydroxyproline. Results 
are expressed as mean ± SD. 
(n = 10–11). *P < 0.05, 
**P < 0.01 vs control group

Fig. 5   Representative results of liver nodules on T2-weighted image. MRI was performed at week 16, week 18 and week 20. Multiple nodules 
appeared
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6. Week 2–6 was the characteristic histological changes of 
inflammation, and was called inflammation stage.

DEN treatment for 12  weeks, microscopic fibrosis 
became obvious and distinct cirrhosis appeared, as indi-
cated by Masson staining. More advanced hepatic fibrosis 
and regenerating lobules were often observed. The collagen 
was mainly deposited perilobularly. Hemorrhagic necrosis 
with foci of lymphomonocytic infiltration around fibrosis 
tissue can be seen (Fig.  6a, b, week 8–12). We assessed 
five animals in week 12 and obtained similar results in each 

animal. All rats developed F4 grade (cirrhosis) by week 12 
according to METAVIR scoring system (Table  4). So the 
time point of week 8–12 was called fibrosis stage. Week 
8 was the time point that was between inflammation and 
fibrosis stages with mixed features depending on the indi-
vidual animals.

Subsequent liver fibrosis, there was a marked increase 
in the incidence of tumors. All the rats in model group 
developed HCC by week 20. Multiple white nodules were 
macroscopically observed on the surface of the livers 

Fig. 6   Examination of liver histology after DEN induced on hepatic inflammation-fibrosis-cancer axis. Representative photomicrographs of HE 
(a) and Masson staining (b) at 2–20 weeks (×200); Arrows indicate the representative tumors
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treated with DEN. The white nodules were demonstrated 
to be HCC in the histological analysis. The tumor cells 
had clear, eosinophilic or hyper basophilic cytoplasm, 
and all had enlarged and hyperchromatic nuclei (Fig. 6a, 
b, week 14–20). These appearances showed the HCC 
with various grades of differentiation. Week 14–20 was 
called HCC stage. Week 14 was the time point that was 
between fibrosis and HCC stages with mixed features 
depending on the individual animals.

In summary, all surviving animals from DEN group 
appeared hepatocellular carcinoma at the end of the 
experiment. The development of this HCC animal model 
was divided into three stages: the inflammation stage 
(week 2–6), the fibrosis stage (week 8–12), and the HCC 
stage (week 14–20). Week 8 and week 14 were the points 
of time between two stages with mixer features.

Fig. 6   (continued)
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The expression of TGF‑β1 and α‑SMA

TGF-β represents an important link between fibrosis and 
neoplasia in the liver by acting as a pro-fibrogenic fac-
tor (Bissell 2001). The overexpression of hepatic TGF-β1 
was found in HCC tissues and correlated with carcino-
genesis, progression and prognosis of HCC. The expres-
sion of TGF-β1 in the liver among the treatment group 
and control group were examined. Immunohistochemi-
cal analysis revealed that TGF-β1-positive cells were 
scarcely observed in the control livers without DEN treat-
ment (Fig. 7a). Following treatment with DEN, the num-
ber of TGF-β1-positive cells was significantly increased 
in the model rats. The result of TGF-β1 was demon-
strated by western blotting (Fig.  7b). The expression of 
TGF-β1 in DEN-treated group was higher than that in 
control group.

The activated hepatic stellate cells (HSCs) promote 
HCC growth and invasiveness. As the marker of acti-
vated HSCs, the expression of α-SMA in liver tissues 
from model and control groups was detected by immu-
nohistochemical staining. Positive staining for α-SMA in 
control tissue was mainly observed in vascular smooth 
muscle cells and extremely few in perisinusoidal spaces. 
High quantitative expression of α-SMA was revealed 
from inflammation stage (Fig. 7a, 6w). There were also 
lots of α-SMA-positive cells within the carcinomatous 
nodules and the adjacent non-tumorous tissues in HCC 
stage (Fig.  7a, 20w). As demonstrated by western blot-
ting, the expression levels of α-SMA in the DEN treated 
livers were higher than that in control livers (Fig. 7b).

Table 3   Inflammation 
stages of rats treated with 
diethylnitrosamine assessed by 
METAVIR score

Compared to control group; calculated using the Chi-square test

Time A0 A1 A2 A3 P value 
(vs con-
trol)

Control (n = 10) 10 (100%) 0 (0%) 0 (0%) 0 (0%)
 2 weeks (n = 5) 0 (0%) 5 (100%) 0 (0%) 0 (0%) 0.001
 4 weeks (n = 5) 0 (0%) 1 (20%) 4 (80%) 0 (0%) 0.001
 6 weeks (n = 5) 0 (0%) 0 (0%) 0 (60%) 5 (100%) 0.001
 8 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 10 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 12 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 14 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 16 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 18 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 20 weeks (n = 11) 0 (0%) 0 (0%) 0 (0%) 11 (100%) 0.001

Table 4   Fibrosis stages of rats 
treated with diethylnitrosamine 
assessed by METAVIR score

Compared to control group; calculated using the Chi-square test

Time F0 F1 F2 F3 F4 P value 
(vs con-
trol)

Control (n = 10) 10 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
 2 weeks (n = 5) 0 (0%) 5 (100%) 0 (0%) 0 (0%) 0 (0%) 0.001
 4 weeks (n = 5) 0 (0%) 3 (60%) 2 (40%) 0 (0%) 0 (0%) 0.001
 6 weeks (n = 5) 0 (0%) 0 (0%) 5 (100%) 0 (0%) 0 (0%) 0.001
 8 weeks (n = 5) 0 (0%) 0 (0%) 2 (40%) 2 (40%) 1 (20%) 0.001
 10 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 4 (80%) 1 (20%) 0.001
 12 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 14 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
 16 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001

18 weeks (n = 5) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0.001
20 weeks (n = 11) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 11 (100%) 0.001
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Results of PCR

Following DEN exposure, there was a marked increase 
in inflammatory cytokines, IL-6 and TNF-α. The hepatic 
tissue of DEN-treated rats had an increased IL-6 and 
TNF-α mRNA levels in comparing to the control group 
(P < 0.05–0.01, Fig.  8a). The expression levels in the 
model group appeared significant differences with the 
control group from week 2 and remained at a high levels 
until the end of the study.

Collagen I and collagen III are the markers of liver 
fibrosis and its expression is a useful tool for the develop-
ment of liver fibrosis and hepatic carcinoma. When com-
pared to that of control group, rats of the DEN-treated 
group were suffered from the significant increase of col-
lagen I and collagen III mRNA levels in the livers at time 
points of week 4 to week 20 (P < 0.01, Fig. 8c).

Up‑regulation of JAK2/STAT3 signaling

The Janus kinase (JAK)-signal transducer and activator 
transcription factor (STAT) signaling pathway is known 
to be a major cascade associated with the signal transduc-
tion for many cytokines and growth factors. The activation 
of JAK and STAT depends on the phosphorylation at the 
specific tyrosine residues. IL-6 stimulation leads to the 
phosphorylation of JAK2, followed by nuclear transloca-
tion of the STAT3 homodimer (Zhao et al. 2015; Ma et al. 
2016). With ELISA and PCR, we found that IL-6 was up-
regulated in DEN-treated rats throughout the experimental 
period. To elucidate the underlying molecular mechanism 
of HCC, we identified JAK2/STAT3 as a candidate. So next 
we sought to examine the JAK2/STAT3 signaling pathway 
in liver tissues which treated by DEN. We found that JAK2 
was significantly increased compared to that in control 

Fig. 7   Expression of TGF-β1 andα-SMA in the livers of model rats. 
Expression levels were evaluated by immunohistochemical (a) and 
western blot analyses (b). a Representative liver tissues immustained 

(×200) with anti-TGF-β1 and α-SMA antibody in control, diethyl-
nitrosamine treated for 6, 12 and 20 weeks. b Hepatic expression of 
TGF-β1 and α-SMA by western boltting
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group (Fig.  9). Using western blotting, we also observed 
that STAT3 and phosphorylation of STAT3 (P-STAT3) 
were up-regulated as shown in Fig. 9. The effect on JAK2/
STAT3 was time dependent.

Discussion

HCC is a leading cause of morbidity and mortality. In this 
study, we aimed to analyze the development features of 
hepatocellular carcinoma. The DEN model for this study 
is a pre-clinical model of hepatocellular cancer that exhib-
its many phenotypic characteristics relevant to the liver 
cancer. Treatment of DEN usually gives rise to stepwise 
hepatic necroinflammation and liver fibrogenesis followed 
by the appearance of low- and high-grade dysplastic nod-
ules. (Borbath and Stärkel 2011; Calès et al. 2010; Aravalli 
et al. 2013). Our model resulted in liver carcinoma within 
20  weeks induced by DEN. Since the first documented 
proposition of an association between inflammation and 
cancer by the German pathologist Rudolf Virchow in the 
mid-nineteenth century, our understanding of inflammation 
and cancer has improved dramatically (Di Virgilio 2014; 
Kong et  al. 2016). However, the underlying molecular 
mechanisms that are responsible for the high rate of HCC 
development in the chronically injured and fibrotic liver 
remain largely unknown and the understanding of HCC 

pathogenesis is incomplete. Inflammation-fibrosis-cancer 
(IFC) axis was proposed and gradually attracted the atten-
tion of scholars.

In our study, the model of hepatocellular carcinoma 
was induced by DEN in which DNA damage contributes 
to necrotic cell death, resulting in an inflammatory reaction 
that promotes tumor development. Inflammation is not only 
being a tumor initiator but also a tumor promoter (Griven-
nikov et al. 2010). Inflammatory processes are involved in 
triggering the molecular and cellular events leading from 
liver injury to fibrosis and ultimately to HCC. Activation 
of macrophages and neutrophils, as well as the resultant 
release of pro-inflammatory cytokines and chemokines 
(IL-6, IL-8, IL-1β, TNF-α, CCL2, CCL20), is thought to 
play an important role in the pathogenesis of human liver 
cancer (Uehara et  al. 2014). In our study, the concentra-
tions of IL-6 and TNF-α in serum and liver were higher 
than control group from week 2 and at a high levels all 
the time. We also found that IL-6/JAK2/STAT3 signaling 
was activated and the levels of JAK2, STAT3 and P-STAT 
were up-regulated. It is of note that the occurrence of HCC 
may be suppressed by reducing the degree of inflammation. 
According to the histopathological features study at the 
beginning of DEN-treated, fat droplets occupied the cyto-
plasm of hepatocytes, pushing the nucleus to the periphery, 
and the cytoplasm of hepatocytes is filled with tiny lipid 
droplets. Inflammation also appeared, and consisted of a 

Fig. 8   Expression of IL-6, TNF-α, α-SMA, TGF-β1, collagen I and 
collagen III in the livers of DEN-treated rats. Real-time PCR analyses 
of IL-6 and TNF-α (a), α-SMA and TGF-β1 (b), collagen I and col-

lagen III (c). Results are expressed as mean ± SD (n = 3). *P < 0.05, 
**P < 0.01 vs control group
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mixed inflammatory cell infiltrated (lymphocytes, neutro-
phils, eosinophils, and Kupffer cells) (Takahashi and Fuku-
sato 2014). These features were mainly found from week 
2 to week 6 after the DEN treated in our study, and this 
time point was called inflammation stage. This result con-
sists with present research (Uehara et al. 2014; Duan et al. 
2014).

Followed the inflammatory response, fibrosis gradu-
ally appeared and became the main pathological features 
(Tachi et al. 2015). Advanced inflammation, repeated dos-
ing of DEN leads to progressively worsening pathological 
changes, liver fibrosis/ cirrhosis. The long-term follow-up 
study found that progressive fibrosis was significantly cor-
related with the development of HCC in patients. Accord-
ing to an epidemiological survey, 70–90% of clinical HCC 
cases are associated with advanced liver fibrosis or cirrho-
sis (Wong and Janssen 2015; Farazi and Depinho 2006). In 
our study, the model shows that 100% of the animals in the 
treatment group developed chronic liver fibrosis at week 
12. The levels of Collagen I and Collagen III mRNA in 
DEN-treated group were higher than those from the control 
group. Masson staining showed that more and more colla-
gen deposited from week 8 to week 12, and it is the fibrosis 

stage in the development of HCC. Given the importance of 
liver fibrosis/cirrhosis in the process of human HCC, inte-
grative studies that evaluate the mechanisms of fibrogen-
esis, and how they relate to hepatocyte transformation and 
modulation of oncogenic signaling, are most relevant to 
better understanding of the pathogenesis of human disease.

By treated with DEN, our model resulted in carcinoma 
within 20  weeks. Sustain exposure to DEN caused accu-
mulated extra reactive oxygen species (ROS), in hepatic 
cells. Excessive concentration of ROS may trigger differ-
ent reactions concerning oxidative cell defense, which may 
hamper the definition of a cell profile response. The bal-
ance between ROS production and antioxidant capability 
was disturbed, resulting in oxidative stress and DNA dam-
age in hepatocytes, and finally triggering liver carcinogen-
esis (Geiger-Maor et al. 2015; Kishida et al. 2016; Santos 
et al. 2014). The resultant chronic inflammation and fibro-
sis are accompanied by a dramatic increase in the liver 
tumor incidence. The histological examination confirmed 
that the hepatocarcinogenesis model was successfully 
established, and 100% of the animals in the DEN-exposed 
group developed liver tumors at 20 weeks in our study. The 
histopathological features of this HCC model consist of 

Fig. 9   Up-regulation of JAK2/STAT3 signaling in the liver of DEN-treated livers. Western blotting analyses of JAK2/STAT3 signaling
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a broad trabecular growth pattern of atypical hepatocytes 
with hemorrhaging and ischemic necrosis in the center of 
the tumors. This model displays proliferation of relatively 
uniform hepatocytes accompanied with loss of normal 
lobular architecture and compression of the surrounding 
parenchyma. So far, the liver had experienced inflammation 
stage, fibrosis stage, and finally into liver cancer. Thus the 
histopathological features observed in this model are simi-
lar to human HCC.

In conclusion, based on IFC axis, the sequence devel-
opment of hepatic tumorigenesis was studied following 
treatment with a carcinogen (DEN). The relative indexed 
of inflammation, fibrosis, and HCC were detected. Time 
series specimens from this animal model were analyzed 
to reveal the specific time points of different stages. The 
model characterized in our protocol resulted in three stages: 
the inflammation stage (week 2–6), the fibrosis stage (week 
8–12), and the HCC stage (week 14–20). Compared with 
previous reports, this dynamic study of the stepwise hepa-
tocarcinogenesis process would prefer to the screening of 
early biomarkers of HCC. This analysis might help eluci-
date molecular events associated with early and late events 
in HCC development and progression. In addition, the 
present work also provides useful clues for future mecha-
nism exploration and identification of therapeutic targets of 
HCC.
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