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Abstract 

It has been reported that massive levels or/and high frequency exposure of 

diethylnitrosamine could induce hepatic neoplasm. However, it would be more 

interesting to figure out the hepatotoxic effects of diethylnitrosamine exposure at trace 

level and low frequency, which could be more common in our daily life. We found 

that both the mRNA and protein expression levels of β-catenin were aberrant in all 

liver tissues, accompanied by inflammation, steatosis, fibrosis and hepatic neoplasm 

after 10-week exposure of diethylnitrosamine (dissolved in sesame oil, 0.16 mmol/kg 

body weight) to mice. In addition, gradual increases in the mRNA expressions of 

several pivotal risk factors (TNF-α, COX-2, PPAR-γ, AP-2, Smad-2, TGF-β1, and 

C-myc), as well as their protein expression levels, were associated with the aberrant 

expression or/and nucleus localization of β-catenin. Taken together, our results show 

that long-term diethylnitrosamine exposure at trace amount and low frequency can 

also induce hepatotoxicity (including inflammation, steatosis and fibrosis) and 

consequently aberrant activation of β-catenin which in turn plays an important role in 

the initiation and promotion of liver tumor.  

 

 

Key Words: diethylnitrosamine; trace level; low frequency; β-catenin; hepatotoxicity; 
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1. Introduction 

Humans are exposed to more and more environmental pollutants, which come from 

the emissions of various chemical compounds due to their production and extensive 

uses.
1
 Therefore, public concerns over the past decade are significantly inspired for 

the effects of exposure to environmental pollutants on human health. Risk 

assessment of pollutants is commonly realized by evaluating the acute toxicity 

or/and chronic toxicity of the pollutants. However, many studies have shown that the 

chronic toxicity differs from the acute toxicity,
2-5

 which may be caused by the 

difference of the chemical model of action.
6
 The acute toxicity is often evaluated 

under the exposure conditions of the pollutants at high concentrations or/and high 

frequencies. Although there is a great amount of available information on acute 

toxicity of environmental pollutants, the information on chronic toxicity is still 

relatively scarce.
7,8

 It is easily understood that during the daily life, humans are 

typically exposed to environmental pollutants over long periods of time,
9
 which is 

quite different from the acute toxicity evaluation conditions.
10

 Therefore, the chronic 

toxicity is a better selection for the risk assessment of environmental pollutants and 

food ingredients, which is conducted with the exposure way at trace levels and low 

frequencies. There are a great number of environmental pollutants and food 

ingredients which should be checked for their chronic toxicity. Among these 

chemical compounds, carcinogenic environmental or food contaminants, including 

N-nitroso compounds (NOCs), are a group of highly toxic pollutants, which 

significant attention must be paid to.  

NOCs are a class of widespread potential environmental carcinogens. Among about 

three-hundred tested NOCs, more than 90% of them have been found to be 

carcinogenic toward a wide variety of animal species.
11

 They are also potentially 

important in the etiology of human cancer. Human exposure to NOCs occurs readily 

via diet, cigarette smoking, occupational exposure, and endogenous nitrosation.
12

 

Hepatic neoplasm, especially hepatocellular carcinoma (HCC) is a primary 

malignancy of the liver, and is the third leading cause of cancer-related death in the 
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world.
13

 The high incidence of HCC is related to high exposure to carcinogenic 

compounds, including NOCs.
14

  

Diethylnitrosamine (DEN) is a representative member of the NOC family and has 

been detected frequently in foods.
15-17

 DEN has been evaluated as one of the most 

important potential carcinogens.
18

 Therefore, DEN was selected as a target carcinogen 

to investigate the chronic toxicity effects of NOCs and the underlying mechanisms. 

According to the researches on DEN-induced hepatocarcinogenesis, reactive oxygen 

species (ROS) is suspected to play an important role in DEN-induced 

hepatocarcinogenesis. It was reported that the exposure to DEN caused hepatocellular 

accumulation of ROS, leading to oxidative damage of DNA and other 

nucleophiles.
19,20

 DEN induced DNA damage by alkylation and the resultant 

O
6
-alkylguanine caused GC-AT transition mutations, being largely responsible for 

DEN-induced carcinogenesis.
21

 The association of circadian disruption with DEN 

exposure was shown to accelerate mouse liver carcinogenesis.
22

 However, these 

conclusions were obtained under the exposure conditions with mass dose as high as 

1.96 mmol/kg body weight, or/and high frequency, usually once a day, which is not in 

conformity with the actual human exposure conditions. Few studies have elucidated 

the hepatotoxic effects of trace level and low frequency DEN exposure and the 

underlying mechanisms, especially the process of hepatic neoplasm formation. 

The role of the canonical Wnt/β-catenin signaling pathway in liver biology has 

come to the forefront over the last several years.
23

 In normal liver, as an essential 

downstream transcriptional activator of this signaling pathway, β-catenin maintains its 

dual characteristics and is clearly of essence in several physiological events such as 

development, regeneration, and growth.
24

 In hepatic pathological conditions, 

β-catenin aberrant activation is evident in chronic inflammation, steatosis and fibrosis 

changes and in many different tumors of the liver, such as HCC and hepatoblastoma.
25

 

Therefore, the aberrant activation of β-catenin is likely an initiating or contributory 

factor from inflammation towards cirrhosis and carcinogenesis in the progression of 

hepatic neoplasm. Therefore, β-catenin is a well-recognized oncogene. Indeed, our 

preliminary experiments demonstrated that trace level and low frequency DEN 
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exposure resulted in aberrant activation of β-catenin, contributing to 

hepatocarcinogenesis. The major purpose of the present work was to study the 

hepatotoxic effects of trace level and low frequency DEN exposure and clearly 

uncover the role of β-catenin in the formation process of hepatic neoplasm induced by 

such an exposure. For this purpose, the effects of the specified DEN exposure were 

systematically investigated on the expression changes of β-catenin and other factors 

correlated with the inflammation, steatosis and fibrosis stages (such as TNF-α, COX-2, 

PPAR-γ, AP-2, Smad-2, TGF-β1, HGF, and C-myc) in different liver lesions on the 

initiation and progression of liver tumors in the present study. It should be emphasized 

here that the DEN exposure dose and frequency were only 0.16 mmol/kg and 1 

time/week, which were correspondingly much less than the amount (1.96 mmol/kg 

and 7 times/week) often used in the literature.  

2. Materials and Methods 

2.1. Animal  

Sixty young male Kunming mice (18-20 g) were acclimatized for seven days under 

SPF conditions before the initiation of experiments. The animals were kept in a 

temperature controlled laboratory (22-25 
o
C) with a 12-hour light-dark cycle. In this 

study, the animals were randomly divided into two groups: control group and DEN 

group. After one week on a basal diet, thirty-six mice belonging to the DEN group 

underwent oral administration of DEN (0.16 mmol/kg body weight) in sesame oil 

once a week, consecutively for 10 weeks, whereas the other twenty-four mice 

received sesame oil (isotonic) as the control. Food and water intakes and body 

weights were measured daily until the mice were sacrificed at 10, 15, 20, 25, 30, and 

35 weeks after the beginning of DEN oral administration. At the sacrifice, their livers 

were immediately collected for histology, mRNA profiling, and protein analysis. All 

animal procedures were performed in accordance with the Guide for Animal 

Experimentation, South-Central University for Nationalities and the Committee of 

Research Facilities for Laboratory Animal Sciences, South-Central University for 

Nationalities, China. 
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2.2. Sample collection and histological analysis  

After autopsy, all liver tissues were examined grossly and weighted. The selected 

liver tissues were observed for gross changes, divided into pieces of about 0.1 g, 

snap-frozen directly in liquid nitrogen, and then stored at -80°C prior to RNA and 

protein isolation for RT-PCR. The remained liver tissues were preserved in 10% 

phosphate-buffered formalin and embedded in paraffin, followed by sectioning and 

hematoxylin and eosin (H&E) or Masson's trichrome staining by standard techniques. 

Histopathologic examinations of the liver sections were conducted by a pathologist 

and peer-reviewed using a Nikon 50i light microscope (Nikon Inc, Tokyo, Japan).  

2.3. Immunohistochemical staining and multispectral imaging analysis of 

β-catenin expression 

Briefly, four-micron sections of liver tissues were incubated overnight at 4°C with 

rabbit anti-β-catenin primary antibody (dilution of 1:300; Cayman chemical, 

Michigan, USA) overnight at 4
o
C. After washing, the sections were incubated with 

appropriate biotin-conjugated secondary antibody (dilution of 1:100; Santa Cruz 

Biotechnology, CA, USA) for 30 minutes at room temperature. The color 

development (brown) was performed using a DAB substrate kit (Nichirei, Tokyo, 

Japan), and the sections were counterstained with hematoxylin (blue). Then, 

multispectral imaging analysis of sections were performed by using a Nikon 50i light 

microscope (Nikon) with a Nuance Multispectral Imaging System (Cambridge 

Research and Instrumentation Inc., Woburn, MA) according to the method 

instructions.
26

 Spectral optical density data were automatically acquired from 

420–720 nm in 10 nm increments. Spectral unmixing was accomplished by Nuance 

software v1.42 and pure spectral libraries of individual chromogens. Nonspecific 

background staining was subtracted from each image individually. For the 

quantification in each experiment, three equal-sized fields of each photograph per 

group were randomly chosen. 

2.4. Quantitative real-time RT-PCR 

Total RNA was harvested from the liver tissues with RNAiso Plus (TaKaRa, Dalian, 
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China), followed by cDNA synthesis according to the manufacturer instructions with 

PrimeScriptII 1ststrand cDNA synthesis kit (TaKaRa). Quantitative real-time PCR 

was performed on a Thermal Cycler Dice TP800 system (TaKaRa Bio, Japan) using 

SYBR Premix Ex Taq II (Takara) with 40 cycles of 95 ºC for 5 s and 60 ºC for 30 s. 

GAPDH was used as an internal standard. The primer pairs used in the present study 

were showed in Table 1. 

2.5. Immunohistochemical staining of factors associated with the inflammation, 

steatosis, fibrosis, and cancer stages in different liver lesions  

Briefly, four-micron sections of liver tissues were incubated overnight at 4°C with 

associated primary antibodies (mouse anti COX-2 polyclonal antibody, dilution of 

1:300, Cayman chemical, Michigan, USA; rabbit anti AP-2 polyclonal antibody, 

dilution of 1:400, Boster, Wuhan, China; rabbit anti PPAR-γ polyclonal antibody, 

dilution of 1:400, Boster; rabbit anti TGF-β1 polyclonal antibody, dilution of 1:400, 

Boster; Boster; rabbit anti Smad-2 polyclonal antibody, dilution of 1:200, Boster; 

Boster; rabbit anti HGF polyclonal antibody, dilution of 1:200, Boster; mouse anti 

GAPDH monoclonal antibody, dilution of 1:1000, Boster) overnight at 4
o
C. After 

washing, the sections were incubated with appropriate biotin-conjugated secondary 

antibodies (dilution of 1:100; Santa Cruz Biotechnology, CA, USA) for 30 minutes at 

room temperature. The color development (brown) was performed using a DAB 

substrate kit (Nichirei), and the sections were counterstained with hematoxylin (blue). 

Then, imaging analysis of sections was performed by using a Nikon 50i light 

microscope imaging system (Nikon). 

Western blot analysis 

The cell cytoplasmic and nuclear proteins were extracted from cultured HepG2 

cells using a Nucl-Cyto-Mem Preparation Kit (Applygen, Beijing, China). Primary 

antibodies were raised against with specific rabbit anti-β-catenin primary polyclonal 

antibody (1:1000 dilution; Cayman) and rabbit anti-GAPDH polyclonal antibody 

(1:1000 dilution; Boster). The horseradish peroxidase-conjugated anti-rabbit 

secondary antibody (1:2000 dilution; rabbit polyclonal anti-immunoglobulin G; Cell 
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Signaling Technology, Beverly, MA) were used for chemiluminescence detection 

according to the manufacturer’s instructions, respectively. 

2.6. Statistical analysis 

GraphPad Prism 5 was used for all statistical analyses. All data are presented 

as mean ± S.E.M. Differences were analyzed using one- or two-way analysis of 

variance (ANOVA) followed by Newman-Keuls post hoc test or Bonferroni post 

hoc test, with p values < 0.05 considered to be statistically significant. 

3. Results 

3.1. Histopathological changes in the liver tissues of the DEN-treated mouse  

DEN and control male mice received a single-dose oral administration of 

DEN (0.16 mmol/kg) or sesame oil (isotonic) once a week, consecutively for 10 

weeks, respectively. The changes in body weight of the mice were measured daily 

until the day of sacrifice. The specified DEN exposure in a mode of trace amount and 

low frequency significantly reduced the body weights of the tested mice and increased 

their liver weights in comparison with the control group (Fig. 1A and B). The changes 

in the body and liver weights of the mice suggest that the “trace level and low 

frequency” DEN exposure is a primary factor to induce liver injuries towards 

neoplasm in the progression of liver tumor as observed in the present work. 

After the oral administration, each experimental mouse bearing specific liver 

disease(s) was analyzed and compared (Fig. 2A and B). Initially, from the first week 

to 35
th

 week, liver inflammation frequently (61%; 22/36) occurred in the forms such 

as cellular swelling, necrosis and inflammatory infiltration. During the stage from the 

10
th

 to the 35
th

 week, a gradual increase (17% to 83%) in liver fatty change of the 

DEN group occurred, such as macrovesicular fat within hepatocytes compared to the 

control. In addition, from the 20
th

 to the 35
th

 week, liver fibrosis occurred infrequently 

(20.8%; 5/24) and weakly with extensive collagen deposition and pseudolobular 

formation, whereas liver cancer (62.5%; 15/24) occurred frequently with an increased 

nuclear-to-cytoplasmic index, enlarged and hyperchromatic nuclei, and expansive 
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growth. From the 20
th

 to the 35
th

 week, increases in the number and size of cancerous 

nodules were obviously observed on the surface of the livers in DEN group, but not in 

the control group.  

3.2. Expressions of important factors associated with the inflammation, steatosis, 

fibrosis, and cancer stages in liver tissues during the DEN-induced tumor 

formation 

To further assess the histological phases of liver tissues observed above, we 

investigated mRNA and protein changes of several important factors associated with 

the inflammation (COX-2 and TNF-α), steatosis (PPAR-γ and AP-2), fibrosis (Smad-2 

and TGF-β1), and tumor (C-myc) stages in different liver lesions. As shown in Fig. 

3A, the trace level and low frequency DEN exposure caused gradual increases in 

mRNA levels of COX-2 (approximately 230% to 380% of the control), TNF-α 

(approximately 280% to 590% of the control), PPAR-γ (approximately 160% to 380% 

of the control), and AP-2 (approximately 170% to 400% of the control) in liver tissues 

on the 10
th

 to the 35
th

 week. Consistently, the trace level and low frequency DEN 

exposure induced delayed increases in mRNA levels of Smad-2 (approximately 106% 

to 180% of the control) and TGF-β1 (approximately 104% to 280% of the control). 

Similar to the expression pattern of TNF-α mRNA, HGF (approximately 180% to 

430% of the control) and C-myc (approximately 100% to 590% of the control) mRNA 

levels were dramatically increased in mice treated with DEN in comparison to that in 

control group. Maximal mRNA levels of both HGF and c-myc were obviously 

observed at 25
th

 or 30
th

 week after the beginning of DEN oral administration, 

respectively.  

Moreover, the immunohistochemistry experiments confirmed that the protein 

expression levels of COX-2, AP-2, PPAR-γ, TGF-β1, Smad-2 and HGF were also 

up-regulated in accordance with their mRNA levels during the trace level and low 

frequency DEN exposure as shown in Fig. 3B. 

3.3. Aberrant changes of β-catenin in different liver lesions during the 

DEN-induced tumor formation 
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To investigate whether aberrant activation of β-catenin initiates inflammation 

towards steatosis, fibrosis and neoplasm during the tumor formation induced by trace 

level and low frequency DEN exposure, the mRNA and protein expressions of 

β-catenin were firstly examined at the 10
th

, 15
th

, 20
th

, 25
th

, 30
th

, and 35
th

 week after 

the beginning of DEN oral administration. As shown in Fig. 4, both mRNA level and 

protein expression of β-catenin (approximately 300-600% and 5000-17000% of the 

control, respectively) were dramatically increased in mice after the DEN exposure in 

comparison to those in control group at same time point. Maximal protein levels of 

both total and cytoplasm/membrane β-catenin (approximately 17000% and 45000% 

of the control, respectively) were obviously observed at the 25
th

 week after the 

beginning of DEN oral administration, while a maximal protein level of nuclear 

β-catenin (approximately 2800% of the control) was observed at the 30
th

 week. 

Namely, there was a differential distribution in the level of β-catenin expression 

between different stages during the development of neoplasm. All of these results 

suggest that cytoplasmic accumulation and nucleus translocation of β-catenin is 

associated with liver inflammation, steatosis, fibrosis, and neoplasm. 

3.4. Different expressions of β-catenin and several factors associated with the 

inflammation, steatosis, fibrosis, and tumor stages in tumor and adjacent 

non-tumor liver tissues 

Based on the results described above, the trace level and low frequency DEN 

exposure induced early high-expressions of β-catenin protein and its mRNA 

accompanied with the histopathological changes of liver tissues: such as inflammation, 

steatosis, fibrosis, and neoplasm. To more-deeply assess a possible role of β-catenin in 

the initiation and promotion of liver histopathological changes induced by the DEN 

exposure, we examined the expression of β-catenin of tumor and adjacent non-tumor 

liver tissues from DEN-treated mice by immunohistochemical staining and 

multispectral imaging analysis. In Fig. 5A, we found that the expression of β-catenin 

was much higher in the tumor region. We also observed a highly significant increase 

of β-catenin mRNA level in tumor liver tissues in comparison to adjacent non-tumor 
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liver tissues (Fig. 5B).  

To investigate the possible molecular mechanism of tumor formation, we further 

examined mRNA changes of several important factors associated with the 

inflammation (COX-2 and TNF-α), steatosis (PPAR-γ and AP-2), fibrosis (Smad-2 and 

TGF-β1), and cancer (HGF and C-myc) stages in tumor and adjacent non-tumor liver 

tissues from the mice treated by trace level and low frequency DEN exposure. As 

shown in Fig. 5C, significant increases in mRNA levels of COX-2, TNF-α, PPAR-γ, 

AP-2, Smad-2, TGF-β1, and C-myc were observed in tumor liver tissues from 

DEN-treated mice compared to the adjacent non-tumor region. These results were in 

accordance with the change of β-catenin mRNA level, suggesting the involvement of 

β-catenin and these factors in the initiation and promotion of tumor. The only 

exception was HGF, which showed significant decrease in mRNA level. HGF is 

secreted by mesenchymal cells and acts as a multi-functional cytokine to play a 

central role in angiogenesis, tumorogenesis, and tissue regeneration.
27

 Therefore, we 

further assessed amount of mesenchymal cells in liver tissues from DEN-treated mice 

and observed a significant decrease in tumor regions of neoplastic mice (Fig. 6). This 

explained in part the decrease of mRNA level of HGF. 

3.5. Relationship between nuclear β-catenin accumulation and tumor formation 

To further characterize the role of β-catenin accumulation in tumor formation, we 

investigated the protein distribution of β-catenin in the tumor region. It was found that 

the ratios of both MP/CP and nuclear β-catenin-positive cells in tumor liver tissues 

were significantly greater than those in adjacent non-tumor liver tissues (Fig. 7A). 

Moreover, there were significant increases in numbers of both HCC cell mitosis and 

microscopic nodule with nuclear β-catenin accumulation (Fig. 7B). Interestingly, by 

searching in GenBank, we found that the nearby upstream domains of COX-2, TNF-α, 

PPAR-γ and AP-2, Smad-2, TGF-β1 and C-myc contain the β-catenin/Tcf-Lef 

consensus binding site sequence (5’-CTTTT/G-3’ or 5’-CAAAG-3’; Fig. 7C). In 

accordance with this notion, except for HGF, the mRNA levels of other seven factors, 

COX-2, TNF-α, PPAR-γ, AP-2, Smad-2, TGF-β1, and C-myc, were greater in nuclear 
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β-catenin-positive liver tissues than those in nuclear β-catenin-negative liver tissues 

(Fig. 7D). 

3.6. Activation of β-catenin and induction of several factors described above in 

Wnt 3a-treated HepG2 cells 

To clarify the impact of β-catenin on the expressions of those genes, we mimicked 

the activation of β-catenin with an agonist of β-catenin transcriptional activity (Wnt 

3a, 100 ng/ml) in cultured HepG2 cells. As shown in Fig. 8A, the mRNA level of 

β-catenin increased (up to 154% of the control) in a time-dependent manner after Wnt 

3a treatment. Consistent with mRNA level, β-catenin protein level of either cytoplasm, 

nuclear or total fractions from cultured HepG2 cells was also increased by the Wnt 3a 

treatment in a time-dependent manner (up to 337%, 161% and 142% of the control, 

respectively; Fig. 8B and C). 

Furthermore, mRNA levels of several factors including COX-2, TNF-α, PPAR-γ and 

AP-2, Smad-2, TGF-β1 and HGF, C-myc in cultured HepG2 cells treated with Wnt 3a. 

As expected, exposure of HepG2 cells to Wnt 3a also induced significant increases 

(Fig. 8D) in mRNA levels of COX-2 (up to 150% of the control at 0 h), TNF-α (up to 

266% of the control at 0 h), PPAR-γ (up to 136% of the control at 0 h), and AP-2 (up 

to 126% of the control at 0 h), Smad-2 (up to 132% of the control at 0 h) and TGF-β1 

(up to 159% of the control at 0 h), HGF (up to 178% of the control at 0 h) and C-myc 

(up to 164% of the control at 0 h), respectively.  

4. Discussion 

The present study focused on the hepatotoxic effects of the trace level and low 

frequency DEN exposure and the role of β-catenin in the process of hepatic neoplasm 

formation. DEN, one of the most important potential carcinogens, has been detected 

frequently in foods. Because the liver is the first detoxification organ, and very 

sensitive to dietary pollutants,
28

 it is prominent to investigate the hepatotoxic effects 

of DEN.  

Previous studies have demonstrated that DEN exposure may induce hepatic 
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neoplasm.
19-22

 In liver cancer researches with experimental animals, DEN is used 

either as a complete carcinogen or as an initiator in multistage models. When used as 

a tumor initiator, DEN is usually given at a single dose of 1.96 mmol/kg, which can 

induce pronounced liver necrosis.
29,30

 The relevant mechanism is thought to be as 

follows: (1) DEN is bioactivated by metabolic enzymes CYP2E1 and CYP2A5 in the 

liver; (2) After DEN is bioactivated to an ethyldiazonium ion, it undergoes a reaction 

with DNA bases to form adducts; (3) Ethyl DNA adducts can interrupt base pairing, 

resulting in mutations and the consequent activation of proto-oncogenes and 

inhibition of tumor-suppressor genes, which often result in HCC.
31

 However, the 

exposure concentration of DEN in the past studies was usually massive, which cannot 

simulate the actual human exposure conditions. Generally speaking, people will not 

be easily exposed to such a high concentration of DEN. It is necessary to clarify what 

will happen if the DEN exposure is carried out at trace level of DEN with low 

exposure frequency. Therefore, the aim of this study is to investigate the hepatotoxic 

effects of trace level and low frequency DEN exposure and the underlying molecular 

mechanisms. 

DEN can be produced by the transformation of nitrite through many ways,
32,33

 and 

DEN has been detected in foods frequently.
15-17

 When humans are accustomed to eat 

pickles and bacon, their DEN exposure risk will be increased drastically because such 

pickled foods often contain high level nitrites.
34

 It was recently reported that the 

nitrite content in overnight foods increased significantly. It is certain that DEN will be 

formed during the production and storage of nitrite preserved foods. The levels of 

DEN in nitrite preserved foods may be as high as in the order of thousands µg kg
-1

.
35

 

The dosage of DEN in this paper is 0.16 mmol/kg body weight once a week, which 

can almost be close to the actual exposure level. The results from the present study 

shows that trace level and low frequency DEN exposure can also induce liver injuries 

or even tumor formation (Fig. 2A and B), which is particularly dangerous because 

people tend to ignore its hepatotoxic effects. Therefore, trace level and low frequency 

DEN exposure is worth more attentions. 

As β-catenin is clearly of essence in several physiological events such as 
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development, regeneration, and growth,
24

 a detailed characterization of expression 

changes of β-catenin during the DEN-induced tumor formation is very important in 

order to understand the mechanisms of carcinogenesis. The contribution of 

inflammation to carcinogenesis has received major attention in hepatocarcinogenesis 

because more than 90% of HCCs develop in the context of chronic liver damage and 

inflammation.
36

 It has been shown that prolonged inflammation can increase the 

cancer risk by accumulating genetic and epigenetic damage.
37

 We therefore 

investigated whether inflammation was a component of β-catenin–induced 

tumorigenesis after trace level and low frequency DEN exposure. The results from the 

present study showed that over-expression and nuclear translocation of β-catenin 

initiate inflammation towards steatosis, fibrosis and carcinogenesis during the trace 

level and low frequency DEN-induced hepatocarcinogenesis.  

The histological changes in DEN-induced liver cancer in mice are similar to those 

seen in human hepatic neoplasm. Therefore, studying animal models of liver tumor 

provide reliable data on the primal biology of liver tumorigenesis.
38 

In the present 

study, we have investigated the pathologic changes of livers in mice after trace level 

and low frequency DEN exposure included non-specific injuries, regeneration and 

repair, fibrosis, and cirrhosis, dysplastic nodules, early tumorous nodules, advanced 

tumorous nodules and metastasis foci, better reflecting the true process of human 

hepatic neoplasm (Fig. 3A and B).  

Many pathways broadly categorized into Ras/MAPK, PIK3CA/AKT, and 

Wnt/β-catenin signaling, have been shown to be of signaling in HCC. β-catenin, the 

central orchestrator of Wnt signaling, is a known oncogene due to its implications in a 

variety of cancer, including 20%-40% of all HCCs. Recently, the activity of 

Wnt/β-catenin have also been identified in human liver diseases associated with a 

high incidence of HCC or cholangiocarcinoma (such as chronic viral and alcoholic 

hepatitis, sclerosing cholangitis).
23,39

 Our data support such a role for Wnt/β-catenin 

signaling in the development of hepatic neoplasm after DEN exposure. In this study, 

we showed that mRNA and protein levels of β-catenin were significantly higher in 

livers with non-specific injuries (Fig. 4A and B), suggesting an association between 
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β-catenin and the chronic inflammation of liver. Similar results were also observed in 

livers with fatty change and fibrosis, suggesting β-catenin is correlated with steatosis 

and fibrosis as well. Meanwhile, mRNA and protein expression levels of several 

pivotal risk factors (including TNF-α, COX-2, PPAR-γ, AP-2, Smad-2, TGF-β1, HGF, 

and C-myc) were also up-regulated. Moreover, the fact that the mRNA level of 

β-catenin was significantly higher in tumor areas than in non-tumor areas suggesting a 

role of β-catenin in the initiation and formation of liver tumor after trace level and low 

frequency DEN exposure (Fig. 5). 

Abnormal expression of β-catenin were identified in numerous human neoplasm 

and correlated with tumor metastasis.
40,41 

It has been shown that the accumulation of 

β-catenin in cytosol and translocation of activated β-catenin into nucleus could lead to 

hepatocarcinoma.
42 

It has also been shown that COX-2 is down-regulated by APC and 

up-regulated by β-catenin in HuH7, hepatocellular carcinoma cell line.
43 

We found 

that the translocation of β-catenin into the nucleus was also positively correlated with 

the develop stages of hepatic neoplasm after trace level and low frequency DEN 

exposure. Consequently, in non-specific injury and inflammation stages (10
th

 week to 

15
th

 week) there were significantly higher levels of β-catenin in the cytoplasm and 

significantly less membrane-bound β-catenin than the control group. In these stages, 

β-catenin was mostly concentrated in the cytoplasm, although some was located in the 

nucleus. In tumor stage (25
th

 week to 35
th

 week), there were significantly higher 

levels of β-catenin in the nucleus than the inflammation, steatosis and fibrosis stage 

liver cells (Fig. 7A).  

Moreover, we also observed a co-relation between nucleus located β-catenin and 

high expressions of several pivotal risk factors (including TNF-α, COX-2, PPAR-γ, 

AP-2, Smad-2, TGF-β1, and C-myc; Fig. 7D). Together with the fact that the 

β-catenin/Tcf-Lef consensus binding site sequence could be found in the upstream 

domains of these factors, we speculated that nucleus localization of β-catenin turned 

on the expression of these risk factors. In accordance with this speculation, Wnt 3a 

treatment in HepG2 cells successfully stimulated the expression and nucleus 

localization of β-catenin, and hence the expression of these risk factors (Fig. 8). 
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5. Conclusions 

We have successfully demonstrated the hepatotoxic effects of trace level and low 

frequency DEN exposure and the underlying molecular mechanisms for the formation 

of tumors. Once the liver subjected to the chronic injury under the trace level and low 

frequency DEN exposure, the Wnt/β-catenin pathway is over activated and 

translocated into nucleus. These nucleus localized β-catenin will gradually initiate and 

promote the formation of tumor. For these reasons, we conclude that trace level and 

low frequency DEN exposure can induce liver injuries even tumor formation and 

β-catenin plays a key role during the DEN-induced hepatocarcinogenesis. Therefore, 

trace level and low frequency DEN exposure is worth more attention for its neglected 

influence on health. 
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Fig. 1. Influence of trace level and low frequency DEN exposure on body weight and liver weight/body 
weight ratio of Kunming mice. (A) Body weight changes of Kunming mice during the whole experiment. (B) 
Liver weight/body weight ratio changes of Kunming mice from 10th to 35th week after the beginning of DEN 

exposure. *, ** and *** denote P < 0.05, 0.01 and 0.001（two-way repeated-measures analysis of 

variance, followed by Bonferroni post hoc test), in comparison to respective controls, respectively.  
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Fig. 2. The gross appearance and histological changes of livers from control and DEN-treated mice. (A) The 
liver tissues were harvested at 10, 15, 20, 25, 30, and 35 weeks after the beginning of trace level and low 
frequency DEN exposure (n = 6). Gross observation of livers from normal control (n = 4) and DEN-treated 

mice (yellow arrows stick to cancerous nodules). Hematoxylin and eosin (H&E) staining showing 
representative liver sections with inflammatory infiltration, fatty degeneration, necrotic damage, and 

microscopic tumor foci from DEN-treated mice (Middle panel). Masson staining showing representative liver 
sections from mice treated with DEN (red arrows stick to liver fibrosis; bottom panel). Scale bars: 50 µm. 

(B) Histological features (inflammation, steastosis, fibrosis, and tumor) comparison of liver sections from the 
DEN-treated mice.  

166x146mm (600 x 600 DPI)  

 

 

Page 22 of 30Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 3. Messenger RNA and protein changes of various factors associated with the inflammation, steatosis, 
fibrosis, and tumor stages in different liver lesions. (A) Messenger RNA expressions of COX-2, TNF-α, PPAR-

γ, AP-2, Smad-2, TGF-β1, HGF, and C-myc in liver tissues at 10, 15, 20, 25, 30, and 35 weeks after the 

beginning of trace level and low frequency DEN exposure. *, ** and *** denote P < 0.05, 0.01 and 0.001 
(two-way repeated-measures analysis of variance, followed by Bonferroni post hoc test), in comparison to 
respective controls, respectively. (B) Protein expressions of COX-2, PPAR-γ, AP-2, Smad-2, TGF-β1, HGF, 
and C-myc in liver tissues at 10, 15, 20, 25, 30, and 35 weeks after the beginning of trace level and low 

frequency DEN exposure. Scale bars: 50 µm.  
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Fig. 4. Changes of β-catenin in different liver lesions of DEN-treated mice. (A) Representative multispectral 
images for immunohistochemical staining of β-catenin in liver tissues of control and DEN mice at 10, 15, 20, 
25, 30, and 35 weeks after the beginning of trace level and low frequency DEN exposure. Brown is positive 

β-catenin stain and blue is hematoxylin counterstain. Left panel: RGB images of six time points; middle 
panel: unmixed DAB images of left panel; right panel: unmixed hematoxylin images of left panel. Scale 

bars: 50 µm. (B) Determination of spectral optical density of β-catenin protein expression in different liver 
lesions of control and DEN mice. MB, membrane; CP, cytoplasm. (C) β-Catenin mRNA expression in different 

liver lesions of control and DEN mice assayed by RT-PCR. *, ** and *** denote P < 0.05, 0.01 and 0.001 

(two-way repeated-measures analysis of variance, followed by Bonferroni post hoc test), in comparison to 
respective controls, respectively.  
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Fig. 5. Different expression of β-catenin and several factors associated with the inflammation, steatosis, 
fibrosis, and tumor stages in tumor and adjacent non-tumor liver tissues. (A) Representative multispectral 

images for immunohistochemical staining of β-catenin distrbution in tumor and non-tumor liver tissues from 
DEN-treated mice. The β-catenin proteins were stained to show brown color in membrane (MB), cytoplasm 
(CP) and nuclei. (B) β-Catenin mRNA expression in tumor and non-tumor liver tissues of (A). (C) Messenger 
RNA changes of COX-2, TNF-α, PPAR-γ, AP-2, Smad-2, TGF-β1, HGF, and C-myc in tumor and non-tumor 
liver tissues from DEN-treated mice. *, ** and *** denote P < 0.05, 0.01 and 0.001 (two-way repeated-
measures analysis of variance, followed by Bonferroni post hoc test), in comparison to respective controls, 

respectively.  
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Fig. 6. Number of mesenchymal cells in liver tissues from DEN-treated mice. Determination of mesenchymal 
cell numbers in tumor and non-tumor region. ** denotes P < 0.01.  
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Fig. 7. Cell mitosis and high expression of several factors associated with the inflammation, steatosis, 
fibrosis, and tumor stages is connected to the protein distribution of β-catenin in mouse hepatic neoplasm 
induced by trace level and low frequency DEN exposure. (A) Determination of spectral optical density of β-

catenin protein expression in tumor and non-tumor liver tissues. MB, membrane; CP, cytoplasm. (B) 
Determination of cell mitosis and microscopic nodule numbers in hepatic neoplasm. (C) β-Catenin/Tcf-Lef 

consensus binding site sequences (5’-CAAAG-3’, 5’-CTTTT-3’ and 5’-CTTTG-3’) located at the nearby 
upstream domain of mouse genes (including COX-2, TNF-α, AP-2, PPAR-γ, samd-2, TGF-β1, HGF, and c-
myc) by searching GenBank. (D) Determination of mRNA expressions for COX-2, TNF-α, PPAR-γ, AP-2, 

Smad-2, TGF-β1, HGF, and C-myc with β-catenin nucleus negative or positive in hepatic neoplasm. *, ** 
and *** denote P < 0.05, 0.01 and 0.001 (one-way analysis of variance, followed by Newman-Keuls post 

hoc test), in comparison to respective controls, respectively.  
254x338mm (300 x 300 DPI)  
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Fig. 8. Messenger RNA and protein changes of β-catenin and several factors associated with the 
inflammation, steatosis, fibrosis, and cancer stages in cultured HepG2 cells treated with Wnt 3a. Exposure of 
HepG2 cells to Wnt 3a (100 ng/ml) obviously increased mRNA expression (A) and protein level (B and C) of 

β-catenin in a time-dependent manner (different blots have been prepared under the same experimental 
conditions). (D) Exposure of HepG2 cells to Wnt 3a (100 ng/ml) also induced mRNA expression changes of 

COX-2, TNF-α, PPAR-γ, AP-2, Smad-2, TGF-β1, HGF, and C-myc within 24 h. *, ** and *** denote P < 
0.05, 0.01 and 0.001 (n = 3; two-way repeated-measures analysis of variance, followed by Bonferroni post 

hoc test), in comparison to respective controls, respectively.  
254x338mm (300 x 300 DPI)  
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Table 1  Summary of the primers designed and used in the present work. 

 

Gene  direction Primers for HUMAN (5’-3’) 

PCR  

Product 

(bp) 

Primers for MOUSE (5’-3’) 

PCR  

Product 

(bp) 

β-catenin 
F GAGTGCTGAAGGTGCTATCTGTCTG 

116 
CCTAGCTGGTGGACTGCAGAA 

137 
R GTTCTGAACAAGACGTTGACTTGGA CACCACTGGCCAGAATGATGA 

TGF-β1 
F GCGACTCGCCAGAGTGGTTA 

143 
GTGTGGAGCAACATGTGGAACTCTA  

174 
R GTTGATGTCCACTTGCAGTGTGTTA CGCTGAATCGAAAGCCCTGTA 

Smad-2 
F TGTTAACCGAAATGCCACGGTA 

125 
AACCCGAATGTGCACCATAAGAA 

174 
R GGCTCTGCACAAAGATTGCACTA ATGCTTGAGCATCGCACTGAA 

C-myc 
F GCAGCTGCTTAGACGCTGGA 

136 
CCTAGTGCTGCATGAGGAGACAC 

93 
R CGCAGTAGAAATACGGCTGCAC TCCACAGACACCACATCAATTTCTT 

COX-2 
F CCAGCACTTCACGCATCAG 

119 
CTGGAACATGGACTCACTCAGTTTG 

109 
R GCTGTCTAGCCAGAGTTTCACC AGGCCTTTGCCACTGCTTGTA 

TNF-α 
F TGCTTGTTCCTCAGCCTCTT 

132 
ACCCTCACACTCAGATCATCTTCTGG 

71 
R CAGAGGGCTGATTAGAGAGAGGT TGGTTTGCTACGACGT 

PPAR-γ 
F ATTCCATTCACAAGAACAGATCCAG 

195 
CGCTGATGCACTGCCTATGA 

100 
R TTTATCTCCACAGACACGACATTCA AGAGGTCCACAGAGCTGATTCC 

AP-2 
F CAGGAAAGTCAAGAGCACCATAACC 

198 
CATGGCCAAGCCCAACAT 

101 
R GCGAACTTCAGTCCAGGTCAAC CGCCCAGTTTGAAGGAAATC 

HGF 
F GGAAAACTGAATGGCTGACAAGA 

197 
CCATGAATTTGACCTCTATGA 

262 
R CCCCTCCCCAAATACTCCA CTGAGGAATCTCACAGACTTC 

GAPDH 
F GCACCGTCAAGGCTGAGAAC 

138 
TGTGTCCGTCGTGGATCTGA 

150 
R TGGTGAAGACGCCAGTGGA TTGCTGTTGAAGTCGCAGGAG 
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