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ABSTRACT	
 

Cancer is the first cause of death in developed countries and the second in developing 

countries. Concerning the most frequent worldwide-diagnosed cancer, primary liver cancer 

(PLC) represents approximately 4% of all new cancer cases diagnosed globally. However, 

amongst PLC, hepatocellular carcinoma (HCC) is by far the most common malignancy with 

poor clinical outcome. Notwithstanding the health promotion and disease prevention 

campaigns, more than half a million new HCC cases are reported yearly, being estimated to 

growth continuously until 2020. The high incidence of this aggressive malignancy might be 

related to exposure to known risk factors, including carcinogenic compounds, such as N-

nitrosamines, which cause DNA damage. N-nitrosamines affect mitochondrial metabolism 

disturbing the balance between reactive oxygen species (ROS) and antioxidants, causing 

oxidative stress and DNA damage, potentially leading to carcinogenesis. However, HCC 

histogenesis is a subject of intense debate. The expression of cytokeratins (CKs) 7 and 19, 

associated with aggressive biological behaviour, is proposed to reflect a possible progenitor 

cell origin or tumor dedifferentiation towards a primitive phenotype.  

Taking this scenario under consideration and the fact that some aspects concerning HCC 

evolution and metastasize process are still unknown, animal models assume a crucial role to 

understand this disease. The animal models have also provided the opportunity to screen 

new therapeutic strategies.  

Nevertheless, taking under consideration that no model fulfills all HCC research purposes, it 

is crucial to define criteria concerning the ideal animal model, depending on the researchers’ 

options.  The chemically induced mouse model of N-diethylnitrosamine (DEN) provides 

useful insights into liver carcinogenesis, namely HCC due to its histological and genetic 

resemblance to human tumors. 

Our research aimed to study the multistep process of hepatocarcinogenesis, using DEN as 

chemical carcinogen without any promoter agent, providing a systematic framework for 

animal studies on this subject.  For this purpose, male ICR mice were randomly divided into 

six DEN-exposed and six matched control groups. Saline solution and DEN were injected 

intraperitoneally, respectively, for eight consecutive weeks. Two groups (DEN vs. control) 

were euthanized at 8, 15, 22, 29, 36 and 40 weeks after the first administration. Liver 

samples were taken from each group at consecutive time points. Plasma albumin, total 

bilirubin, alanine transaminase and aspartate aminotransferase activity were all measured 

and liver mitochondrial bioenergetics and oxidative stress were also evaluated. 
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DEN induced changes in liver bioenergetics and antioxidant capacity towards reactive 

oxygen species at seven weeks after last administration. Total plasma bilirubin increased 

significantly in the group exposed to DEN and mitochondrial complex I and IV were 

significantly inhibited (p=0.0403 and p=0.0053, respectively). At this initial stage, liver tissue 

in mice exposed to DEN still had the ability to counteract the oxidative effects of this 

chemical by increasing the activity of antioxidant enzymes. Nevertheless, DEN resulted in 

early toxic lesions and, from week 29 onwards, in progressive proliferative lesions. Between 

15 and 29 weeks, DEN-exposed animals showed significant changes in hepatic antioxidant 

(glutathione, glutathione reductase, and catalase) status (p<0.05) compared with controls. 

These results point to a link between increased DEN-induced oxidative stress and the early 

histopathological alterations, suggesting that DEN disrupted the antioxidant defense 

mechanism, thereby triggering liver carcinogenesis.  

Histology observation showed pre-neoplastic lesions in the livers from mice of the DEN-

exposed group. Hydropic degeneration, necrosis and apoptosis were acutely induced at 

eight weeks and onwards. Hyperplastic foci occurred at 29 to 40 weeks along with diffuse 

dysplastic areas and hepatocellular adenoma (at 29 weeks). Peliosis hepatis were also 

identified at 36 and 40 weeks. HCC were only noted at 40 weeks, showing characteristic 

histological features of malignancy.  

CKs 7 and 19 showed identical expression patterns and located to large, mature 

hepatocytes, isolated or in small clusters. Hyperplastic foci and the single HCA were 

consistently negative for both markers, while dysplastic areas and HCCs were positive. 

These results support the hypothesis that CKs 7 and 19 expression in hepatocellular 

malignancies results from a dedifferentiation process rather than from a possible progenitor 

cell origin. 

The results obtained allow establishing a time line of the progressive evolution and 

histological changes of liver injury induced by DEN (from initial injury to the malignant 

neoplasms) in mice of five weeks old, without the use of a promoting agent, and its 

correlation with oxidative stress. 
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RESUMO 
	

O cancro é a primeira causa de morte nos países desenvolvidos e a segunda nos países em 

desenvolvimento. O cancro primário do fígado representa cerca de 4% dos novos casos 

diagnosticados mundialmente. Contudo, entre os tumores malignos primários do fígado, o 

carcinoma hepatocelular (CHC) é a neoplasia maligna mais comum e com mau prognóstico 

clínico. Não obstante as campanhas de promoção e educação para a saúde, mais de meio 

milhão de novos casos de CHC são reportados anualmente, estimando-se um crescimento 

de forma contínua até 2020. A alta incidência desta neoplasia agressiva pode estar 

relacionada com exposição a fatores de risco conhecidos, incluindo compostos 

cancerígenos, tais como as N-nitrosaminas, que causam danos no ADN. Estes compostos 

afetam o metabolismo mitocondrial perturbando o equilíbrio entre espécies reativas de 

oxigénio (ROS) e antioxidantes, causando stresse oxidativo, induzindo danos no ADN, 

levando potencialmente à hepatocarcinogénese. Contudo, a histogénese do CHC constitui 

um assunto de aceso debate. A expressão das citoqueratinas (CKs) 7 e 19 é 

frequentemente associada a um comportamento biológico agressivo, pelo que se propõe 

refletir na possível origem em células progenitoras ou na desdiferenciação do tumor num 

fenótipo primitivo. 

Tendo por base o cenário descrito, e o facto de alguns aspetos da evolução do CHC e 

processos de metastização serem ainda desconhecidos, os modelos animais assumem um 

papel crucial para a melhor compreensão desta doença e na testagem de novos fármacos. 

Considerando que nenhum modelo cumpre todos os propósitos de investigação do CHC, 

torna-se crucial definir critérios relativos ao modelo animal a adotar, dependendo das 

opções e fins de pesquisa. O murganho constitui um modelo animal quimicamente induzido 

pela N-dietilnitrosamina (DEN) que tem sido utilizado em estudos sobre a carcinogénese 

hepática, nomeadamente no caso do CHC, devido à sua semelhança histológica e genética 

face aos tumores humanos. 

A nossa investigação centrou-se nas diferentes etapas relacionadas com a 

hepatocarcinogénese, usando a DEN, sem recurso a qualquer agente promotor, 

proporcionando um contributo ao enquadramento sistemático existente sobre modelos 

animais e carcinogénese química. Para esse efeito, murganhos (ICR) machos foram 

aleatoriamente divididos em seis grupos de controlo e em seis grupos expostos à DEN. 

Foram preparadas uma solução salina e uma solução de DEN que foram injetados por via 

intraperitoneal, respetivamente em cada grupo, durante oito semanas consecutivas. Dois 
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grupos (DEN vs. controlo) foram sacrificados às 8, 15, 22, 29, 36 e 40 semanas após a 

primeira administração. Foram colhidas amostras de fígado de cada grupo em momentos 

temporais consecutivos. A atividade da albumina plasmática, bilirrubina total, alanina 

transaminase e aspartato aminotransferase foram medidas e a bioenergética mitocondrial e 

stresse oxidativo do fígado foram avaliados. 

A DEN induziu alterações na bioenergética hepática e na sua capacidade antioxidante face 

às espécies reativas de oxigénio, sete semanas após a última administração intraperitoneal. 

A bilirrubina total plasmática aumentou significativamente no grupo exposto à DEN e a 

atividade dos complexos mitocondriais I e IV foi inibida significativamente (p = 0,0403 e p = 

0,0053, respetivamente). Nesta fase inicial, o tecido hepático dos murganhos expostos à 

DEN possuía ainda a capacidade de neutralizar os efeitos oxidativos deste composto 

químico por via do incremento da atividade dos antioxidantes. Contudo, o efeito tóxico da 

DEN revelou-se em lesões precoces e, a partir da semana 29, em lesões proliferativas 

progressivas. Entre a semana 15 e 29, os animais expostos à DEN revelaram mudanças 

significativas ao nível da atividade dos antioxidantes hepáticos (glutatião, glutatião redutase 

e catalase)  (p <0,05) comparativamente com os controlos. 

Estes resultados apontam para uma ligação entre o aumento do stresse oxidativo induzido 

pela DEN e as alterações histopatológicas inicialmente observadas, sugerindo que DEN 

desencadeou um desequilíbrio no mecanismo de defesa antioxidante, estimulando a 

carcinogénese hepática. 

A observação de cortes histológicos revelou lesões pré-neoplásicas nos fígados do grupo de 

murganhos exposto à DEN. Degenerescência hidrópica, necrose e apoptose foram 

associadas a uma resposta aguda induzida a partir das oito semanas e em diante. Focos 

hiperplásticos ocorreram a partir das 29 às 40 semanas, observando-se em simultâneo, 

áreas de displasia difusa e adenoma hepatocelular (às 29 semanas). Peliose hepática foi 

igualmente identificada às 36 e 40 semanas. Apenas a partir das 40 semanas foi possível 

observar-se CHC, mostrando características histológicas específicas de malignidade.  

As CKs 7 e 19 apresentaram padrões de expressão idênticos, localizados em hepatócitos 

grandes e maduros, isolados ou em pequenos grupos. Os focos hiperplásticos e o único 

adenoma hepatocelular foram consistentemente negativos para ambos os marcadores, 

enquanto que nas áreas de displasia e de CHC foram positivos. Estes resultados apoiam a 

hipótese que a expressão das citoqueratinas 7 e 19 em tumores hepatocelulares resulta de 

um processo de desdiferenciação, em vez de uma eventual origem numa célula progenitora. 
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Os resultados permitiram estabelecer uma linha temporal progressiva das alterações e 

evolução histológica das lesões hepáticas induzidas pela DEN (desde as lesões iniciais até 

às neoplasias malignas), em murganhos com cinco semanas de idade, sem recurso a um 

agente promotor, e sua correlação com stresse oxidativo. 
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1. General Introduction 
	

1.1 Liver Cancer 
	

Despite the massive amount of research and the encouraging new therapeutic approaches 

developed in the last years, cancer continues to have a high rate worldwide mortality (1). 

Several cancers namely breast, melanoma, prostate, testicular, colorectal, thyroid, bladder 

cancer and others have been linked to genetic factors but the majority causes of cancer are 

environment factors (2). Mutations leading to cancer are due to lifestyles factors, specifically 

absence of physical activity, smoking habits and unhealthy diets, alongside with the aging 

and growth of the population worldwide, are pointed as leading causes to the increased 

number of cancers. Concerning the most frequent worldwide diagnosed cancer, liver cancer 

appears as the fifth/seventh most recurrent cancer diagnostic in man/women, being the 

second/sixth frequent cause of cancer death (1,3,4). Amongst primary liver cancer, 

hepatocellular carcinoma (HCC) is under the spotlights due to its rapid increased incidence 

worldwide. Recent projections estimate to its continuous growth and eventual stabilization 

near the end of this decade (1,5). Globally, most cases of HCC (>80%) occur in sub-Saharan 

Africa and Eastern Asia which largely reflect the higher prevalence of chronic hepatitis B 

virus (HBV), accounting for approximately 60% of the total liver cancer in developing 

countries; the corresponding percentages for hepatitis C virus (HCV) infection in this 

countries is nearby 33% (1). Nevertheless, HCC incidence has also been disproportionately 

increasing in developed countries as Japan, UK, France, and USA, possibly related to 

obesity epidemic and the rise in HCV infection through continued transmission among 

injecting drug users (IDUs) (1,3,6).  

Concerning the RORENO statistics of 2008, Portuguese incidence (male and female) of 

malignant liver tumors per 100.000 was of 4.7 compared to 3.8 and 2.7 for standard 

incidence of malignant liver tumors per 100.000 in European and world wide population, 

respectively (7). Nevertheless, incidence and mortality rates are considered low compared to 

other types of cancers, although HCC epidemiological data are scanty and scattered, 

interfering in planning activities to promote health impacting on prevention and early 

diagnosis (6,8–10). Consequently, as a result of the aggressive nature of HCC, diagnosed 

patients have poor prognosis and the effectiveness of surgical resection is only possible at 

an early stage of HCC. However within 5 years, about 70% of these patients develop 

recurrent tumors (3,11). 
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HCC 

The interaction of some of environmental and genetic factors has been noted to increase 

liver cancer and the relative risk of HCC development (1,12), as summarized in Figure 1.1 

(3,8,13,12). 
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Figure 1.1 Hepatocellular Carcinoma aetiological factors, adapted from (3,8,13,12,14–16) 

	

There is an apparent gender disparity in HCC incidence, being considerably higher in males 

than females (ratio 2–7:1) (17); reasons to the increased risk in male population may depend 

not only on higher exposure to the mentioned risk factors, but also to the possibility of sex-

specific hormones (protective effect of estrogens in females), as only  demonstrated so far in 

animal models (18,12,19). This hypothetical male predominance in HCC risk factor has been 

suggested to be linked to polymorphisms in hormone-related enzymes encoded by 

androgen-receptor (AR), 5-alpha reductase (SRD5A2) and cytochrome p450c 17alpha 

(CYP17). The analysis of these loci pointed to a significant association in androgen-signalling 

pathways with higher risk of HCC in males (20). 

  

Chronic	inflammation	

Environmental Factors 

Intrinsic/ genetic factors 

Liver	Cirrhosis	
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1.2 Biopathology 
	

Since cancer itself may be seen as a disease involving dynamic changes in the genome, 

which cause defects in cell regulatory genes that govern normal proliferation and 

homeostasis, alteration in cell physiology who collectively dictate malignant growth may be 

included in:  

 

i) self-sufficiency in growth signals;  

ii) insensitivity to growth inhibitory signals (inactivation of tumor suppressor genes);  

iii) acquired resistance toward apoptosis;  

iv) replicative immortality;  

v) induced angiogenesis;  

vi) activation of the tissue invasion and metastasis;  

vii) reprogramming of energy metabolism; 

viii) evasion to immune destruction (21–23).  

 

In the review “Hallmarks of cancer: the next generation”, Hanahan and Weinberg (23) 

expanded their original analogy of the signaling pathways in the normal cell to the complexity 

of the electronic integrated circuit with considerable interconnections and crosstalk, 

encompassing subcircuits associated with above hallmark capabilities described (Figure 1.2) 

and others yet to be described.  

Data collected from human cancers and research using murine models emphasize tumor 

development in general and HCC in particular as a result of cumulative acquired 

characteristics, conferring a growth advantage in a process analogous to Darwinian evolution 

leading to the conversion of normal cells into cancer cells (22).   
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Figure 1.2 Intracellular Signaling Networks Regulate the Operations of the Cancer Cell. An elaborate integrated circuit operates within normal cells and is 
reprogrammed to regulate hallmark capabilities within cancer cells. Separate subcircuits, depicted here in differently colored fields, are specialized to 
orchestrate the various capabilities. At one level, this depiction is simplistic, as there is considerable crosstalk between such subcircuits. In addition, because 
each cancer cell is exposed to a complex mixture of signals from its microenvironment, each of these subcircuits is connected with signals originating from 
other cells in the tumor microenvironment. (Adapted from Hanahan and Weinberg (2011) (23), with permission from Elsevier). 
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Despite the complexity above described, the so called driver genes (mutant genes that 

directly or indirectly confers selective growth advantage) can be classified, according to 

Vogelstein et al (24) in one or more of the 12 cancer cell signaling pathways organized in the 

followed core cellular processes: Cell Fate; Cell Survivor and Genome Maintenance (Figure 

1.3). 

	

Figure 1.3 Cancer cell signaling pathways and the cellular processes they regulate. Some of the 

driver genes can be classified into one or more of 12 pathways (middle ring) allowing a selective 

growth advantage (inner circle). These pathways can themselves be further organized into three core 

cellular processes (outer ring). (Adapted from Vogelstein et al (2013)(24), with permission from 

AAAS). 

	

The pathophysiology of hepatocarcinogenesis is strongly connected to cirrhosis. To date, 

several investigations have identified numerous mechanisms in cirrhotic stage patients that 

appear to accelerate HCC formation, including telomere dysfunction, alterations in the micro 

and macroenvironment stimulating cellular proliferation and growth-inhibitory environment 

selecting for proliferative cells (6,25). 

But the precise mechanisms of hepatocarcinogenesis are still largely unknown since few 

data have been collected, involving the onset of the neoplasm until the moment of its 

diagnostic. The early diagnosis of HCC still relies on pathological data instead of molecular 
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data and the precision of discriminating premalignant lesions and early neoplasm may be 

intricate. Surgical resection or local ablation rehabilitation has effective impact at an early 

stage of HCC, but nonetheless, about 70% of these patients develop recurrent tumors within 

5 years (3,5,26). But cumulative knowledge over years of research pointed to imperceptible 

cumulative genetic and epigenetic events, resulting in a different expression of cancer-

related genes that ultimately led to hepatocytes malignant transformation, as the cause of the 

molecular mechanism of carcinogenesis (3,4,27). Albeit the molecular mechanisms involved 

in development and progression of HCC are yet to clarify, genetic alterations can be grouped 

into: i) inactivation of the tumor suppressor genes p53, pRb, M6P/IGF2 receptor, and E-

cadherin; ii) abnormal activation of Wnt/β-catenin pathway; and iii) telomerase 

immortalization enzyme (21,27–33). Therefore, since HCC progression is generally 

asymptomatic, resulting in poor prognosis and low survival rate, understanding the molecular 

components underlying signaling pathways, cascades of protein-protein interactions and 

mechanism of information transference from the cell surface to the nucleus, is crucial to 

reevaluate the importance of cancer metabolism in tumor biology, as depicted in Figure 1.2	

(24,34,35). 	

	

1.3 Current challenges in HCC research 
	

As mentioned above clinical and pharmacological treatment of HCC are limited to the 

advanced stage of this disease, due the absence of observable symptoms at the early 

stages and to aggressive nature of HCC associated to hepatic impaired; therefore, 

diagnosed patients have poor prognosis and limited therapeutic options (36,18,37). Standard 

procedures for effective treatment are transplantation and surgical resection. Nevertheless, 

these options are only potentially curative at early stages of HCC and concerning 

transplantation, candidates must submit to the selection criteria (38). Presently, no curative 

options are available for advanced HCC and systemic treatment is restricted by high 

multidrug resistance (39). To overcome this issue it is crucial to study new therapeutic 

approaches and to develop potentially new effective single-agent or combination of 

treatments. But to achieve this goal is fundamental to expand our knowledge concerning 

hepatic carcinogenesis. As mentioned in Figure 1.3, targeting the driver genes could have an 

impact on tumor growth offering a putative new option for therapeutic approach. However, 

the identification of driver genes number or nodes in drivers’ pathways to be targeted 

simultaneously or in close sequence to eradicate all of the malignant cells in a cancer 
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remains a serious challenge. Furthermore, intratumour heterogeneity leads to the emergence 

of resistant clones capable of adapting and evading targeted drugs, either by evolving new 

genetic aberrations in the genes coding for the target or by activating alternative 

compensatory pathways that can bypass the inhibitory effect of the drug on its target (40). 

New drugs have been developed to target the hallmarks of cancer capable of interfering with 

each of the acquired capabilities needed for the tumor growth and progression (23).  

HCC is a highly vascular tumor, and proangiogenic cytokines such as vascular endothelial 

growth factor (VEGF), platelet-derived growth factor (PDGF), and fibroblast growth factor 

may play crucial roles in this disease (41,42), thus providing an attractive target for 

antiangiogenic drugs, such as bevacizumab, sorafenib, or sunitinib, which are currently 

approved in a wide number of tumor types, including liver (43).  

The molecular inhibitor targeting tyrosine protein kinases aim two of the main pathways 

involved in hepatocarcinogenesis by blocking angiogenesis (VEFGR2 and PDGFR) and cell 

proliferation through activation of Ras/MAPKK signaling (bRAF) (44). Those drugs are 

currently used as the standard-of-care for advanced HCC patients notwithstanding adverse 

side effects as diarrhoea, weight loss, hand–foot skin reaction and fatigue (39); but the 

benefits remain modest and this molecular inhibitor alone, cannot substantially modify the 

prognosis of patients with advanced HCC (33,45).  

Several new agents currently under late clinical developmental phases in first and second 

line for patients with advanced HCC such as erlotinib (EGFR inhibitor), brivanib, 

(FGFR/VEGFR inhibitor), linifanib (VEGFR/PDGFR inhibitor) or the mTOR inhibitors 

everolimus and rapamycin (17,42,45). 

Taking under consideration the vascular endothelial growth factor (VEGF) family Heindryckx 

et al (39), using a placental growth factor (PlGF) knockout mice, successfully reduced the 

prometastatic potential of HCC. The PIGF inhibition has the advantage of not affecting 

healthy blood vessels; genetic studies support its involvement in pathological angiogenesis 

contrasting to VEGF. These authors consider PlGF inhibition as a valuable therapeutic 

strategy against HCC (39). 
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1.4 Cancer Prevention and Health Promotion 
 

Notwithstanding the achievements concerning HCC diagnose and treatment approach, 

health promotion and disease prevention interest has increased significantly over the last 

years. The survival rates of cancer patients are increasing. Lifestyle and environmental 

factors are potentially adaptable and by promoting healthy habits for cancer patients is also 

reducing the risk of cancer recurrence (46). The important lifestyle factors that affect the 

incidence and mortality of cancer include tobacco, alcohol, diet, obesity, infectious agents, 

environmental pollutants and radiation (2). Besides behavior change, interactive education 

session increased knowledge and awareness for cancer screening and decreased negative 

perceptions (47).  

Youngsters spend several hours per day at school. Behaviors that represent a risk to health 

and that are acquired during childhood or adolescence are often difficult to eradicate in adult 

life (48); for instance tobacco and alcohol consumption are among those cancer risk 

behaviors for HCC. Based on this fact, school plays an essential role in preventing childhood 

obesity by encouraging well-designed and well-implemented school programs to effectively 

promote physical activity and healthy eating (49), since  healthy behaviors acquired during 

adolescence tend to prevail in adult life, and can have an impact on health, in the short 

and/or long run, namely in cancer prevention (48). 
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2. AIMS 
 

Hepatocellular carcinoma (HCC) sparked particular interest due to rapid increase worldwide, 

despite the global preventive strategies adopted. It is one of the most worldwide lethal 

cancers with poor prognosis related to late diagnosis. The increased awareness of the 

scientific community has improved the patients’ survival odds since the asymptomatic 

patients are being diagnosed earlier. Furthermore, new promising molecular target therapies 

are now under development, as no effective chemotherapy exists for the advanced cases of 

HCC. But the use of animal models still plays a crucial role to understand the early stages of 

hepatocarcinogenesis, establishing a detailed histological feature of pre-neoplastic, 

neoplastic and non-neoplastic lesions, immunohistochemistry, mitochondrial bioenergetics 

assessment, cellular antioxidant response and to evaluate new therapeutic approaches 

focusing in new drugs and new targets. Therefore, this thesis had as main objectives: 

ü To review the current situation concerning worldwide hepatocellular carcinoma, the 

advantages and limitations of the different in vivo models, namely mice, and methodologies 

applied to evaluate chemical-induced carcinogenesis. 

 ü To assess the effect of the chemical multiple dose N-diethylnitrosamine (DEN) commonly 

used for toxicological and carcinogenesis studies and report the histological features of pre-

neoplastic, neoplastic and non-neoplastic lesions in male mice ICR strain, during 8, 15, 22, 

29, 36 and 40 weeks   

ü  To analyze mitochondrial bioenergetics and antioxidant response (grade of oxidative 

stress) evolution to establish a correlation between liver histology changes throughout time 

as a result of DEN implications on histogenesis. 

ü  To compare and describe liver lesions induced by multiple dose of DEN, (8 consecutive 

weeks of intraperitoneal injections) in a mouse strain (ICR) throughout time, using routine 

haematoxylin and eosin (H&E) histology and immunohistochemistry expression for 

Cytokeratins (CKs) 7 and 19 in preneoplastic and neoplastic hepatic lesions in a DEN-

induced HCC. 
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	Abstract 
	

Cancer is the first cause of death in developed countries and the second in developing 

countries. Concerning the most frequent worldwide-diagnosed cancer, primary liver cancer 

represents approximately 4% of all new cancer cases diagnosed globally. However, amongst 

primary liver cancer, hepatocellular carcinoma (HCC) is by far the most common histological 

subtype. Notwithstanding the health promotion and disease prevention campaigns, more 

than half a million new HCC cases are reported yearly, being estimated to growth 

continuously until 2020. Taking this scenario under consideration and the fact that some 

aspects concerning HCC evolution and metastasize process are still unknown, animal 

models assume a crucial role to understand this disease. The animal models have also 

provided the opportunity to screen new therapeutic strategies.  

The present chapter was supported on research and review papers aiming the state of the 

art regarding animal models research in hepatocarcinogenesis. In addition, taking under 

consideration that no model fulfills all HCC research purposes, criteria to define the ideal 

animal model, depending on the researchers’ approach, are also discussed in this review.   

 

Keywords: 
 

Chemical carcinogens; liver; syngeneic; xenograft, orthotopic; GEM; rodents 
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3.1 Introduction 
	

Cancer is seen as a threatening disease by public opinion and responsible for one in eight 

deaths worldwide, being the second cause of death in developed countries and the third 

leading cause in developing countries. Globally, proportions of liver cancer are more than 

twice as high in males than in females. In men is the fifth most frequently diagnosed cancer 

worldwide versus the seventh most commonly diagnosed cancer in women. Considering 

cause of cancer death, liver cancer is the second most frequent in men versus the sixth 

leading cause of cancer death in women (1,2). Among primary liver cancers, hepatocellular 

carcinoma (HCC) represents 85% of liver cancers worldwide (3). Further kinds of liver cancer 

comprise cholangiocarcinoma, angiosarcoma or haemangiosarcoma and hepatoblastoma 

(3–6).  

 

HCC has recently received particular attention due to the increasing mortality and morbidity, 

involving more than half a million new cases yearly, expecting to reach its plateau nearby 

2015–2020 (7). Remarkable differences can be found in HCC incidence and mortality in 

gender, race/ethnicity, age, geographical regions (due to socioeconomic development), and 

our understanding on behaviour change and health promotion (e.g. campaigns promoting the 

reduction of drinking and smoking habits, health programmes on unsafe sexual practices and 

needle sharing among injecting drug users (1,3,8–10)).   

All over the years’ a myriad of chemicals capable of inducing liver cancer have been tested in 

animal models, namely dogs (11), Mongolian gerbils (12), Guinea pigs (13), Syrian golden 

hamsters (14), rabbits (15), pigs (16), monkeys (17), rats (18) and mice (19,20). The 

methods applied using those models are useful to study premalignant and malignant liver 

lesions allowing to extrapolate on the biopathology mechanisms underlying hepatic human 

tumors and also for the evaluation of new therapeutic strategies (21–25).  

The present review will focus on liver cancer, the state of the art regarding experimental 

models for HCC research and the mechanism of action of chemical carcinogenic compounds 

used to induce liver tumors. 
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3.2 Risk Factors 
 

HCC may be seen as the ending process of chronic liver diseases, starting from fibrosis, to 

cirrhosis and cancer as a final stage; this clinical history has been reported in 80% of people 

with HCC (26). In human species, cirrhosis is the major clinical risk factor for hepatic cancer. 

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infection are well-established 

aetiological factors for HCC worldwide. Interestingly, HCV, HBV and alcohol also cause DNA 

damage via activation of inflammation and reactive oxygen species (ROS). Despite the 

worldwide campaigns to prevent HBV and HCV infection, young adults often have difficulty to 

understand the cumulative implications of recurrent exposures risks overtime, misperceiving 

the true risk impact on their health (27).   

Toxic exposure (alcohol abuse, aflatoxin-B1 intake from contaminated food), obesity, 

metabolic diseases [(starting from non-alcoholic fatty liver disease (NAFLD), nonalcoholic 

steatohepatitis (NASH)] and autoimmune reactions also contribute to HCC development 

(25,28,29,31). Recently, has been suggested that many cryptogenic cirrhosis and HCC 

cases found in Western countries (30 - 40% proportion of patients) characterize in fact 

severe forms of NAFLD, specifically NASH, which might have been promoted partially by 

diabetes and obesity (32). 

	

3.3 Animal models and HCC research 

 

Animal testing has played a central role in biomedical research throughout history, despite 

the controversy involving animal research and their use to predict human outcomes be far 

from settled (33,34). The need of experimental animal models of liver tumors analogous to 

human has been a challenge to researchers attempting several approaches to elucidate the 

mechanism of human hepatocarcinogenesis. The ideal animal model (Figure 3.1) should 

reproduce human HCC natural history, biopathology and biochemistry (35), allow the 

evaluation of potential novel therapeutic drugs in pre-clinical trials against this disease (25) 

and contribute to the development of molecular target therapy. One should remind that no 

model, however, is ideal for all HCC research purposes (36–38) as well for the study of other 

diseases.  
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Figure 3.1 Synopsis of the criteria to be taken under consideration when selecting and designing 

animal models for HCC (35–40). 

 

Advance HCC has no effective treatment or cure, despite the promising novel therapeutic 

drugs discovered. The failure of treatments to improve the patients’ survival should be 

related to tumour heterogeneity and to hepatic dysfunction. Part of the solution to this 

problem may rely on molecular target therapies and the assessment of their efficacy in HCC 

(41). The difference between animal models and human species has to be taken under 

consideration to elucidate the molecular mechanism of human hepatocarcinogenesis, since 

some frequent gene mutations found in rodent liver tumors (H-ras or B-raf) are uncommon in 

human HCC (42–44). Differences were also found in p53 since mice usually lack p53 

mutations unlike human HCC where is rather recurrent (45).  

Despite the differences among species, animal models are still required to determine gene 

function and their mutation. A wide range of HCC animal models are currently available to 

study HCC development, metastasis and treatment. For several reasons (size, short lifespan, 

breeding capabilities, genetic engineering options, similarity to human hepatic lesions at 

histological and molecular levels) the mouse (Mus musculus) has long been regarded as one 

of the animal models most suitable for this purpose (30,46–48). 
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* 

3.3.1 Experimentally induced liver tumors 

 

A relatively large number of rodent models to study hepatocarcinogenesis are presently 

available and can be organized as: a) chemically induced models; b) implantation models 

(syngeneic and xenograft models), c) viral models and d) genetically engineered mouse 

(GEM) models (Figure 3.2) (35,40,49–51). Spontaneous models are scarcely rare. However, 

they are the ones who give an accurate perspective concerning cell growth pattern, 

antigenicity, cell metabolism and cell differentiation (40). Transplantation models have 

provided new insights concerning hepatocarcinogenesis stages of invasion-metastasis 

cascade and validation of new therapeutic approaches (50,52).  

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure 3.2 Models of hepatocellular 

carcinoma; (A) spontaneous,          

(B) xenograft and (C) syngeneic 

models; (GEM - genetically 

engineered mouse model). 
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Syngeneic models comprise tumors originated in the same strain as a result of spontaneous 

causes, hepatocarcinogen, viral infections and genetic engineered models (35,40,50), 

(Figure 3.2).  

	

a) Chemically induced models 
 

Human society trust on the use of chemical compounds to fulfill a large number of needs 

from food production, process of conservation/storage, agriculture purposes and novel 

applications on industrial process (53). Many of these compounds are also able to induce 

carcinogenesis after acute, short or long-term exposure, depending on the chemical 

structure, chemical concentration, animal species and the animals’ susceptibility. Since all 

living organisms are inevitably exposed to chemical compounds, the liver is the primary 

target due to its essential role in xenobiotic detoxification (54). Biotransformation 

mechanisms against xenobiotic are crucial to prevent its accretion and deleterious 

consequences (55). Nonetheless this preventive role, some of the metabolites are capable of 

establish covalent bounds called adducts with DNA and cell proteins (56) leading to 

carcinogenic development.  

According to the World Health Organization’s International Agency for Research on Cancer 

(IARC) “the categorization of an agent is a matter of scientific judgment that reflects the 

strength of the evidence derived from studies in humans and in experimental animals and 

from mechanistic and other relevant data” (57). Considering these data as a whole, the IARC 

Monographs reflect an overall evaluation of the analyzed agents and classify into the 

following categories:  

Group 1 – Carcinogenic to humans 

Group 2A – Probably carcinogenic to humans 

Group 2B – Possibly carcinogenic to humans 

Group 3 – Not classifiable as to its carcinogenicity to humans 

Group 4 – Probably not carcinogenic to humans 
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The National Toxicology Program (NTP) of the U.S. Department of Health and Human 

Services is a governmental Agency dedicated to identify a substance or exposure 

circumstance as a known or reasonably anticipated human carcinogen (58). Similar to the 

IARC Monographs, Report on Carcinogens (RoC) is a science-based, public health 

document that reproduce the NTP global evaluation of the examined substances being 

classify into the following categories:  

– Known to be Human Carcinogen (KHC) 

– Reasonably Anticipated to be Human Carcinogen (RAHC) 

 

Using these two Agencies classification the chemical substances listed below, frequently 

used in chemically induced animal models, are identified with CAS n.º; IARC group (Ref); 

NTP category (Ref). 

 

Diethylnitrosamine (DEN) [CAS N.º 55-18-5; Group 2A (59); RAHC (58,60)] 

 

N-nitroso compounds (NOCs) are well known for their mutagenic, teratogenic and 

carcinogenic activities (61,62). The first hint came in the early 1960s from Norway, when 

sheep died of liver toxicity after feeding nitrite-preserved herring meal (62,63). The effect of 

nitrate, nitrite and NOCs on human health has been a recurrent issue with respect to cancer 

(64–67) due to unawareness of the general population exposure to NOCs, namely DEN, 

present in foods, beverages, tobacco smoke (62,68–70), drinking water and industrial 

pollution (71,72). Endogenous synthesis of NOCs are also mentioned for being responsible 

for 45–75% of total exposure (73,74). In 1956, Magee and Barnes reported evidence of liver 

carcinogenesis by N-nitrosamines (dimethylnitrosamine - DMN) in male and female albino 

rats fed with powder diet containing DMN solution in arachis oil (10 ml/Kg diet powder). 

Nineteen out of twenty rats developed primary liver tumors and metastatic spread was 

noticed in seven rats (pulmonary and intra-abdominal metastasis); these hepatic tumors took 

between week 26 and 40 to develop (18). Since then, this class of chemical compounds has 

received special attention due to their carcinogenesis induction in almost all experimental 

animal models tested, showing in some cases, target organ specificity, e.g. DEN causes 

tumors mainly in the liver, respiratory tract, kidney, upper digestive tract and the 

hematopoietic system (75). In mice exposed to DEN, dosage, age, sex and strain influenced 

tumorigenesis (49) as discussed further. Based in experimental animals studies, DEN is 
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reasonably anticipated to be classified as a human carcinogen (60,61), despite the lack of 

epidemiological data (76).  Furthermore, the number of probable and possible human 

carcinogens list classified by the IARC has considerably enlarged over the last 20 years (77). 

In a recent review, Waters et al (78) outlined the importance of rodent models to screen for 

chemical carcinogenicity based on analysis of gene expression. An international effort to 

develop a genomic biomarker to classify chemicals as either genotoxic or nongenotoxic for 

the purposes of human health risk assessment and pharmaceutical drug development is 

highlighted by Buick et al (79). Notwithstanding the mentioned cumulative knowledge, the 

identification of the hepatocarcinogenic compounds, their cellular and molecular mechanisms 

still an ongoing challenge (35,51). Some of the hepatocarcinogens have the ability to 

presumably origin cancer throughout DNA adducts formation, oxidative alteration and strand 

breakage (80). If not repaired, or the damaged cells destroyed, the genetic changes may 

enhance cell replication, increasing the probability if mutation; these compounds are known 

as genotoxic (or direct-acting) carcinogens and act as initiators (19,24,81). Examples of liver 

genotoxic are the above mentioned DEN and DMN, but also others such as 2-

acetylaminofluorene (2-AAF), N-nitrosomorpholine (NMOR), aflatoxin B1 (AFB1), (25,35,82). 

If a carcinogen displays proprieties of both initiators and promoters is considered to be a 

complete carcinogen; if only instigate irreversible DNA impairment it is considered to be a 

incomplete carcinogen (53). 

Conversely, the non-genotoxic (or epigenetic) carcinogens have no direct interaction with 

DNA and display an intricate and varying mechanisms that are not completely understood. 

These mechanisms are believed to act through pathways inducing cellular structures 

disruption or damage, increasing the risk of genetic error, stimulating cell evolution into 

malignant neoplasm by affecting the proliferation, differentiation and apoptosis mechanisms 

(30,81,83,84). These compounds are called tumor promoters and include phenobarbital 

(PB), thioacetamide (TAA), di(2-ethylhexyl)phthalate (DEHP), methapyrilene (MP), carbon 

tetrachloride (CCl4) and tamoxifen (77,80). 

It is widely described that the chemically induced models for carcinogenesis is an intricate 

and stepwise process, involving at least three distinct stages (from an operational point of 

view) – initiation, promoting and progression (3,40,53). Although of being the most common 

process described other authors prefer to conceptually divide the multistage chemical 

carcinogenesis into four steps: tumor initiation, promotion, malignant conversion and 

progression distinguishing the malignant conversion from the tumor progression stage (85). 

Notwithstanding the suggested conceptual model several chemically carcinogenic protocols 

have been proposed to study liver carcinogenesis, taking under consideration the species 
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and the aim of the research, i.e. carcinogenesis target organ, novel therapeutic approach, 

and characterization of preneoplastic and neoplastic evolution. Concerning mouse model, 

besides the administration route and dosage, other aspects are also taken under 

consideration, i.e., age, gender and strain; hepatocyte proliferation rates are higher in 

juvenile mice and gender related differences - HCC higher prevalence in males - appears to 

be a result of the promoting effects of androgens and the inhibitory effects of estrogens in 

females (19,51). Table 3.1 outlines several animal models commonly used in 

hepatocarcinogenesis investigations as reviewed, including study design, strain, gender and 

main features.   
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Table 3.1 Synopsis of chemically induced HCC – models. 

	 Strain	(Gender)	
Dose	–	Animal’s	age	 Time	to	

develop	
tumors	
(weeks)	

Main	features	 (References)	Administration	
frequency	

Administration	
route	

DEN	
	 Gdf15	null/C57BL6(♂)	

5	mg/kg	–	4	week-old	
12-20	

Gdf15
+/+

	(C57BL6/J	wild-type)-	84%;	Gdf15	
-/-
mice	–	80%	

Gdf15:	Growth	differentiation	factor	15;	
Poorly	reproducible.	

(19,86)	
s.d.	 i.p.	

	
B6C3F1(♂)	

5	µg/g	–	12	to	15	days-old	
40	 100%	developed	HCC	after	44	weeks	(average).	 (24,87,88)	

s.d.	 i.p.	
	

ATM
+/+

ATM
+/-	

ATM
-

/-
(♂)	

5	mg/kg	–	15	days-old	

36	

Poorly	differentiated	HCCs	in	100%	and	90%	of	DEN-injected	ATM
+/+

(wild	type)	

and	ATM
+/-	

mice,	respectively	at	36	weeks.	Lung	metastases	were	present	in	

50%	of	ATM
+/+

	and	52%	of	ATM	
+/-

	mice.	Livers	of	ATM
-/-	

mice	at	24,	36	and	
48	weeks	showed	no	detectable	tumors,	either	macroscopically	or	by	
histological	examination. ATM:	Ataxia	Telangiectasia	Mutated	kinase. 

	

(89)	
s.d.	 i.p.	

	
ICR	(♂)	

35	mg/kg	–	6	week-old	
40	 Multiple	administrations	once	a	week	for	8	consecutive	weeks	

50%	of	DEN-injected	mice	developed	HCC.	 (47)	
m.d.	 i.p.	

	

Wistar	(♂)	
10	mg/kg	

Rats	weighing	140-160	g	 15	 Multiple	administrations	for	5	times	a	week	during	15	consecutive	weeks.	 (90)	

m.d.	DEN	 i.g.	
DEN+	CCL4	

Swiss	Albino	(♂)	

a)	200	mg/kg	+	b)	3	ml/kg	–	Rats	
weighing	140-160	g	

24	 DEN+	CCl4	–	initiator	of	hepatocarcinogenesis.	
Multiple	administrations	once	a	week	for	6	consecutive	weeks.	 (91)	a)	m.d.	DEN	

b)	m.d.	CCl4	
	
	

a)	i.p.	
b)	s.c.	

 

s.d. – single dose; m.d. – multiple doses; i.p. – intraperitoneal injection; s.c. – subcutaneous injection; d.w. – drinking water; d. – diet; i.g. – gavage; DEN: N-diethylnitrosamine;                      
2-AAF: 2-acetylaminofluorene; DMN: N-nitrosodimethylamine; NMOR: N-nitrosomorpholine; AFB1: Aflatoxin B1; DMSO: dimethyl sulfoxide; TAA: thioacetamide; CCl4: carbon 
tetrachloride; PB: phenobarbital; ♂ - Male; ♀ - Female. 
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Table 3.1 Synopsis of chemically induced HCC – models (continuation). 

	 Strain	(Gender)	
Dose	–	Animal’s	age	 Time	to	

develop	
tumors	
(weeks)	

Main	features	 (References)	
Administration	
frequency	

Administration	
Route	

DEN+	NMOR	
F344	(♂)	

	

a)	100	mg/Kg	–	6	week-old	
b)	120	ppm	–	6	to	22	weeks	

8	-	16	
DEN	–	initiator	of	hepatocarcinogenesis	
NMOR	–	progression	promoter	
HCC	with	lung	metastasis	
Low	survival	rates.	

(92)	a)	s.d.	DEN	
b)	m.d.	NMOR	

a)	i.p.	
b)	d.w.	

	

F344	(♂)	

	

a)	100	mg/Kg	–	6	week-old	
b)	40	ppm	–	14	weeks	

8	

Rats	were	kept	without	any	treatment	from	week	14	up	to	week	40.	
DEN	–	initiator	of	hepatocarcinogenesis;	
NMOR	–	progression	promoter;	
HCC	with	lung	metastasis;	
Survival	rates	–	75%;		
Incidence	of	primary	HCC	increased	gradually	to	100%	after	week	20.		
	

	

(93)	a)	s.d.	DEN	
b)		m.d.	NMOR	

a)	i.p.	
b)	d.w.	

DEN+PB	

ICR	(♂)	

a)	100	mg/Kg	–	5	week-old	
b)		0.05%	PB	in	water	-1	week	after	

DEN	i.p.	 20	
DEN	initiation	-	PB	promotion	resulted	in	33.3%	hepatocellular	cancer,	55.6%	
hepatoma,	and	88.9%	multiple	bile	canaliculi	hyperplasia	 formations	 in	 the	
liver.	

(94)	
a)	s.d.	DEN	
b)		m.d.	PB	

a)	i.p.	
b)	d.w.	

	

C3H/He	(♂)	

90	µg/kg	–	6	week-old	
b)		PB	(0.07%	w/w)	-	standard	diet	

–	2	weeks	after	DEN	i.p.	 26	
Most	 livers	 (mice	 aged	 with	 32-week-old)	 displayed	 microscopically	 and	
macroscopically	 detectable	 tumors.	 At	 52-week-old	 –	 all	 mice	 presented	
HCC.	

(31)	
a)	s.d.	DEN	
b)		m.d.	PB	

a)	i.p.	
b)	d.	

 

s.d. – single dose; m.d. – multiple doses; i.p. – intraperitoneal injection; s.c. – subcutaneous injection; d.w. – drinking water; d. – diet; i.g. – gavage; DEN: N-diethylnitrosamine;                       
2-AAF: 2-acetylaminofluorene; DMN: N-nitrosodimethylamine; NMOR: N-nitrosomorpholine; AFB1: Aflatoxin B1; DMSO: dimethyl sulfoxide; TAA: thioacetamide; CCl4: carbon 
tetrachloride; PB: phenobarbital; ♂ - Male; ♀ - Female. 
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Table 3.1 Synopsis of chemically induced HCC – models (continuation). 

	 Strain	(Gender)	
Dose	–	Animal’s	age	 Time	to	

develop	
tumors	
(weeks)	

Main	features	 (References)	
Administration	
frequency	

Administration	
Route	

2	-	AAF	

F344	(♂)	

a)	DEN	(200	mg/kg)	-	8	week-old	
b)	2-AAF	(30	mg/kg)	–	2	weeks	

after	DEN	i.p.	 22	
Two	weeks	after	DEN	treatment,	rats	received	six	daily	 intragastric	doses	
of	2-AAF	(30	mg/kg	in	1%	Tween	80)	for	promoting	hepatocarcinogenesis.	
After	22	weeks	HCC	incidence	was	of	75%.	

(95,96)	
a)	s.d.	
b)	m.d.	

a)	i.p.	
b)	i.g.	

AFB1	

gpt	delta											B6C3F1	
(♂♀)	
	

a)	6	mg/kg	AFB1	in	10	µl	DMSO	-	on	
postnatal	day	4	

	
b)	2	mg/kg	AFB1	in	10	µl	DMSO	-	on	

postnatal	day	4,	7	and	10	
82	

a)	Mice	were	euthanized	21	days	after	the	single	dose	was	administered;	
b)	Mice	were	euthanized	21	days	after	the	last	dose.	
HCC	by	82	weeks	of	age	in	>90%	in	males	compared	with	<10%	in	females.	

(97,98)	

a)	s.d.	
b)	m.d.	 i.p.	

	TAA	

Wistar	(♂)	

0.03%	(w/v)	TAA	
Rats	weighing	200-230	g	

>	52	

TAA	was	 continuously	 administered	 in	 the	drinking	water	 for	 12	weeks	 -	
0.03%	(w/v);	induces	fibrosis	(rats	and	mice)	over	a	period	of	4–12	weeks.	
Metabolites	 induce	hepatic	oxidative	stress,	which	progressively	will	 lead	
to	DNA	damage	and	HCC	development.	

(25,51,99,	
100)	

m.d.	 d.w.	

	

C3H/He	(♂)	

TAA	(200	mg/l)	-	10-week-old	

50-80	 Orally	 administered	 in	 drinking	 water	 for	 6,	 10,	 12,	 14,	 or	 16	 weeks,	
respectively.	Liver	HCC	in	mice	70	to	100%.	 (19,101)	

m.d.	 d.w.	

 

s.d. – single dose; m.d. – multiple doses; i.p. – intraperitoneal injection; s.c. – subcutaneous injection; d.w. – drinking water; d. – diet; i.g. – gavage; DEN: N-diethylnitrosamine;                         
2-AAF: 2-acetylaminofluorene; DMN: N-nitrosodimethylamine; NMOR: N-nitrosomorpholine; AFB1: Aflatoxin B1; DMSO: dimethyl sulfoxide; TAA: thioacetamide; CCl4: carbon 
tetrachloride; PB: phenobarbital; ♂ - Male; ♀ - Female. 
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According to summarized data in Table 3.1, DEN is one of the most widely 

hepatotoxic chemicals (Figure 3.3A) used to induce HCC animal model and was first 

listed in the Second Annual Report on Carcinogenesis in 1981 (60,76). Its 

carcinogenesis process goes through liver injury, liver fibrosis, liver cirrhosis and 

ultimately HCC development as proposed in our schematic sequence in Figure 3.4 

(102,103). Despite the fact that some of the chemical hepatocarcinogenesis events 

remain uncertain, the multistage process – Initiation ⇒ Promotion ⇒ Progression – is 

an accepted theory (80,104). Its complexity can only be studied in vivo involving all 

aspects of exposure and target organ biology (104). Regarding DEN if injected into 

younger mice (less than 2 weeks), acts as a complete carcinogen, due to higher 

hepatocyte proliferation rates in the juvenile (51,96). If the mice are older than 2 

weeks, subsequent to DEN administration is required the administration of a tumor 

promoter, which enhances hepatocarcinogenesis. This can be achieved by adding 

the following promoters: phenobarbital (PB), N-nitrosomorpholine (NMOR) carbon 

tetrachloride (CCl4), as described in Table 3.1. Most recently Park and co-workers 

(105) demonstrated that either high fat diet (HFD) or genetic obesity can act as a 

liver tumor promoter in mice. However, despite the mice age difference (i.e. 6 week 

age old), Gil da Costa et al using DEN in male ICR mice reported several 

preneoplastic features and proliferative lesions, including HCC, 40 weeks after the 

last exposure to a multiple intraperitoneal injection (i.e. 8 consecutive weeks) (106).  

In addition to the above mentioned, necrogenic dose of a hepatocarcinogen or a non-

necrogenic conjugated with partial hepatectomy (PH) as the promoting stimuli to 

induce clonal expansion of initiated cells as described in the Solt–Farber protocol 

(107) have been also used in hepatocarcinogenesis studies (96,108). Cancer 

development, both in vivo and in vitro models, is associated with genotoxic and cell 

proliferative stages; PH is associated to genotoxic action in order to induced cell 

proliferation in the liver, both in adults (109,110) and in neonatal animals (111). 

According to the chemical model option (one stage – using only initiator proprieties or 

two-stage model – using the association of initiator and promoter) – the genomic 

expression should result in activation of Ha-ras mutations, induced by single DEN 

injection, while DEN/PB (two-stage model protocol) have a propensity to activate     

β-catenin proto-oncogene instead causing genomic instability (19,31,51,112–114).  

DEN biotransformation requires metabolic activation catalyzed by the liver 

cytochrome P450 (CYP) system (subfamily CYP2A6 and mainly by CYP2E1), having 

its highest activity in the centrilobular hepatocytes – Zone III (pericentral) of the liver 
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lobule (19,20,49,69,115,116). The CYPs’ superfamily are a membrane-bound heme 

containing enzymes that catalyze the oxidation of several endogenous and 

exogenous compounds (20). Severe centrilobular hydropic degeneration was noticed 

in mice exposed to DEN, after 8 weeks (post-exposure) (47,106,117). Experimental 

models have clearly demonstrated that the modulation of P450 expression can 

modify the susceptibility of animals to cancer development induced by various 

chemical carcinogens (118).  

The hydroxylation of DEN to α-hydroxylnitrosamine is molecular oxygen and 

NADPH-reductase dependent (76). DNA-adducts formation continues through the 

cleavage of acetaldehyde resulting the production of an electrophilic ethyldiazonium 

ion, triggering DNA damage by reacting with nucleophiles such as DNA bases, 

causing its methylation (19,49,76,119). The O6-ethyl-guanine is one of the main 

adducts associated with DEN carcinogenicity (49). If the enzymatic repair 

mechanisms fail to repair DNA adducts the initiation stage of carcinogenesis may 

occur (53). Kaina et al (2007) emphasis as factors responsible for DEN 

carcinogenicity the effective capability to remove adducts by the enzyme O6-

alkylguanine-DNA alkyltransferase by means of base excision and the repair of 

interstrand crosslinking and strand breaks (120). Additionally to alkylation of DNA, 

ROS and free radicals resulting from P450-dependent enzymatic system, namely 

CYP2E1, might induce oxidative stress by the formation of hydrogen peroxide and 

superoxide anions (19,119). ROS are known for interacting and inducing damages at 

different levels, e.g. cellular protein, lipids and DNA, causing cellular dysfunction. 

Therefore, oxidative stress is broadly recognized as a key player in 

hepatocarcinogenesis, both at initiation and progression stages (121–123). 

The activation of the β-catenin pathway in mice model is useful to support the 

importance of this model to decipher human HCC, since almost 30% of this cancers 

display mutations responsible for activating the β-catenin pathway (51,124–126). 

Nevertheless, one should be aware that despite the resemblance in metabolic 

pathways and their importance for both human and other animal species used in 

cancer research, qualitative and quantitative differences should be taken under 

consideration in order to avoid misinterpretation of the carcinogenic effect of tested 

chemical compounds when deducing to human risk assessment (53). 
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A. Chemical structure of     
N-nitrosodiethylamine (DEN) 

 B. Chemical structure of        
N-Nitrosomorpholine (NMOR) 

 C. Chemical structure of           
2-Acethylaminofluorene (2-AAF)  

CAS N.º 55-18-5  CAS N.º 59-89-2  CAS N.º 53-96-3 

	 	 	 	 	

	 	 	

D. Chemical structure of Aflotoxin-B1 (AFB1)  E. Chemical structure of Thioacetamide (TAA) 

CAS N.º 1402-68-2  CAS N.º 62-55-5 

	 	

F. Chemical structure of Carbon Tetrachloride   
(CCl4) 

G. Chemical structure of Phenobarbital (PB) 

CAS N.º 56-23-5 CAS N.º 50-06-6 

 

Figure 3.3 Chemical structure of some of the most used compounds in chemically induced 

models (60,76,127).  
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Carbon Tetrachloride 
CAS No. 56-23-5 

Reasonably anticipated to be a human carcinogen 
First listed in the Second Annual Report on Carcinogens (1981) 
Also known as tetachloromethane 

Carcinogenicity 
Carbon tetrachloride is reasonably anticipated to be a human car-
cinogen based on sufficient evidence of carcinogenicity from studies 
in experimental animals. 

Cancer Studies in Experimental Animals 
Carbon tetrachloride caused tumors in several species of experimen-
tal animals, at two different tissue sites, and by several different routes
of exposure. It caused benign or malignant liver tumors when admin-
istered (1) orally in mice and rats of both sexes, in hamsters, and in 
trout, (2) by subcutaneous injection in male rats, and (3) by inhalation
in rats (of unspecified sex) (IARC 1972, 1979). Subcutaneous injec-
tion of carbon tetrachloride caused benign and malignant mammary-
gland tumors (fibroadenoma and adenocarcinoma) in female rats.

Since carbon tetrachloride was listed in the Second Annual Re-
port on Carcinogens, additional studies in mice have been identified. 
Inhalation exposure to carbon tetrachloride caused benign and ma-
lignant liver tumors (hepatocellular adenoma and carcinoma) and 
benign adrenal-gland tumors (pheochromocytoma) in mice of both 
sexes (Nagano et al. 1998, 2007, IARC 1999). 

Cancer Studies in Humans 
The data available from epidemiological studies were inadequate to 
evaluate the relationship between human cancer and exposure spe-
cifically to carbon tetrachloride. Three cases of liver cancer were re-
ported in humans with cirrhosis of the liver who had been exposed 
to carbon tetrachloride (IARC 1979). 

After carbon tetrachloride was listed in the Second Annual Report 
on Carcinogens, additional epidemiological studies were identified 
and reviewed by the International Agency for Research on Cancer. 
IARC (1999) concluded that there was inadequate evidence in humans
for the carcinogenicity of carbon tetrachloride. Statistically nonsig-
nificant increased risks for non-Hodgkin’s lymphoma in association 
with potential exposure to carbon tetrachloride were found among fe-
male aircraft-maintenance workers (Blair et al. 1998) and in a nested 
case-control study of rubber workers (Checkoway et al. 1984, Wil-
cosky et al. 1984). The latter study also found an increased risk of 
leukemia. Studies on drycleaning workers were not specific for ex-
posure to carbon tetrachloride (Blair et al. 1990, 1993), and IARC 
considered the population-based case-control studies to be unin-
formative (IARC 1999).

Since the 1999 IARC review, additional studies have been iden-
tified that evaluated the relationship between non-Hodgkin’s lym-
phoma and carbon tetrachloride exposure. Statistically significant 
risks of non-Hodgkin’s lymphoma were reported among individuals 
with potential exposure to carbon tetrachloride used as a pesticide 
(McDuffie et al. 2001) and among women occupationally exposed to 
carbon tetrachloride (Wang et al. 2009). A small, statistically nonsig-
nificant excess of non-Hodgkin’s lymphoma was also found among 
laboratory workers potentially exposed to carbon tetrachloride and 
other agents (Kauppinen et al. 2003). In an extended follow-up of 
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Figure 3.4 The sequences of the main 
events in DEN induced liver tumors in 
mice; H&E: Haematoxyline and Eosine. 

Hepatocelular	
carcinoma								
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N-Nitrosomorpholine [CAS N.º 59-89-2; Group 2B (59); RAHC (58,60)]  

	

N-Nitrosomorpholine (NMOR) belongs to the N-Nitrosamine group likewise DEN and 

requires liver metabolic activation. First listed in the Second Annual Report on 

Carcinogenesis in 1981 (60). According to Wesierska-Gaadek et al (128) NMOR 

causes severe hepatotoxicity and its carcinogenic effect has been corroborated in 

numerous animal models in diverse tissues sites and using distinctive routes of 

exposure (60,129). Oral administration of NMOR (drinking water) in male mice caused 

benign hepatocellular tumors, several lung adenomas and a restricted number of 

squamous cell carcinoma of the lung (130). Identical results were achieved in rats (BD, 

Sprague-Dawley and Wistar) additionally to malignant liver and bile-duct tumors 

(hepatocellular carcinoma, cholangiofibroma, or cholangiocarcinoma) (130). 

Intravenous injection of NMOR in rats was responsible for HCC.  Immersion assays 

were also performed using as animal models the Zebra fish (Danio rerio) and Guppies 

(Lebistes reticulatus); both species after 31 weeks of exposure to NMOR developed 

HCC and hepatoadenomas (130). The routes of potential human exposure to NMOR 

are dermal contact, ingestion and inhalation (60). 

Initiated liver cells arise and divide resulting in small preneoplastic cell clones. Due to 

its alkylating features NMOR (Figure 3.3B) modify the biological macromolecules and a 

defense strategy against potentially harmful cells may increases resulting in apoptosis, 

necrosis and subsequently regenerative DNA synthesis, during tumor initiation 

(128,129).  

 

2-Acetylaminofluorene� (2-AAF)  
[CAS N.º 53-96-3; IARC not available; RAHC (58,60)] 

 

2-Acethylaminofluorene (Figure 3.3C) is an aromatic amine used as a research tool, 

mainly as a positive control in studies of the carcinogenicity and mutagenicity of other 

chemicals (60). Since 2-AAF was first listed in the Second Annual Report on 

Carcinogenesis in 1981 further studies in experimental animal models were conducted. 

This compound is converted by liver microsomal monooxygenases to N-hydroxy-AAF 

(131–133) followed by further activation steps leading to the formation of reactive forms 

causing toxicity, cell death and carcinogenesis (133). Oral exposure, subcutaneous 

and intraperitoneal administration caused liver cancer in mice, rats, dogs and fishes 

(60). 2-AAF has also been used as a promoter agent associated with DEN in male 
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Sprague-Dawley rats (134) and with partial hepatectomy approach in male Wistar rats 

and C57BL/6 mice (135). Dietary administration of 2-AAF induced liver cancer (HCC) in 

both genders in mice and rats (60).  A single subcutaneous injection in newborn male 

mice induced hepatocellular tumors. Concerning the hamster model intraperitoneal 

injection in newborn until weaning, associated with dietary administration, caused not 

only liver cancer, but also urinary bladder and benign stomach tumors in both gender 

(60). The routes of potential human exposure to 2-AAF are inhalation, ingestion, and 

dermal contact (60). 

 

Aflatoxins [CAS N.º 1402-68-2; Group 1 (59); KHC (58,60)]  

 

A major risk factor concerning HCC is the aflatoxins intake (mostly aflatoxin B1 – 

AFB1). Human diet consisting of Aspergillus fumigatus, A. flavus, A. parasiticus, A. 

australis and A. nomius contaminated food has been associated to synergistic effect 

between of aflatoxin-HBV infection in Africa and Asia (1,9,136). However, despite the 

strong and significant positive correlation between estimated aflatoxin intake or its 

levels in food samples and the incidence of liver cancer, AFB1 (Figure 3.3.D) 

contribution in those regions, where the exposure is widespread, is still unknown 

(1,9,60). AFB1 was first listed in the First Annual Report on Carcinogenesis in 1980 

(60,127). The aflatoxins are a group of difurano-coumarin compounds, a closely related 

mycotoxins that are widely distributed in nature in different agricultural communities, 

being contamination higher on crops growing in hot and humid tropical climates 

(60,137,138). They have a very wide range of biological activities, causing great 

economic losses and puts health at risk both to human and farm animals. These 

mycotoxins are responsible for genetic damage including formation of DNA and 

albumin adducts, gene mutation (e.g. mutation in p53 tumor-supressor gene has been 

found in 30-60% of HCC in aflotoxin-endemic areas), micronucleus formation, sister 

chromatid exchange and mitotic recombination (8,60,138,139).  

In susceptible animal species including humans, once ingested, AFB1 is metabolize by 

cytochrome P450 enzymes to an active intermediate, AFB1-exo-8,9-epoxide, a very 

reactive form that binds to DNA (forming adducts with the N7 position of guanine 

residues) and also to albumin in the blood serum (8,137). In several assessed 

biological systems, the most frequently observed mutation induced by chemically 

reactive forms of AFB1 is the GC→TA transversion (interchanging of purine ↔ 

pyrimidine) (127,140). This mutation was confirmed in Escherichia coli, rainbow trout, 

F344 rats, transgenic C57BL/ 6N (BigBlue) mice, human hepatocytes in culture and in 
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human liver tumors (127). Susceptibility differences among mice strains are a 

consequence of several AFB detoxification loci. According to McGlynn et al (139),        

7-day-old mice (from strains inbred C57BL/6J, DBA/2J) exposed to a single 

administration of 6mg/Kg body weight of AFB1 developed HCC after 52 weeks. DBA/2J 

animals were 3-fold more sensitive to AFB1-induced HCC and significantly more 

sensitive to AFB1 acute toxicity than were C57BL/6J animals (19,139).  

The AFB1-exo-8,9-epoxide metabolite can be detoxified through conjugation with 

glutathione, mediated by the enzyme glutathione S-transferase (GST). This enzyme is 

particularly higher in animal species resistant to aflatoxin carcinogenicity, such as mice, 

than in susceptible animal species such as rats. Compared to rats and mice, humans 

have lower GST activity, which suggest a minor capacity of detoxifying AFB1-exo-8,9-

epoxide (138).  

 

Thioacetamide (TAA) [CAS N.º 62-55-5; Group 2B (59); RAHC (58,60)]  

 

Thioacetamide (TAA) is an organosulfur compound (Figure 3.3E) first listed in the Third 

Annual Report on Carcinogenesis in 1983 (60,127). It has been used as an organic 

solvent in the leather, textile and paper industries (141), as a fungicide, accelerator in 

the vulcanization of rubber and as a stabilizer of motor oil (142). TAA is used to induce 

acute and chronic liver injury in mice and rats either in diet containing 0.03%-0.1% 

(143), drinking water (0.02-0.05%) or by intraperitoneal administration (0.1%) (19,144). 

As a potent centrilobular hepatotoxicant TAA undergoes a two-step bioactivation by a 

mixed-function oxidase system, namely by CYP and/or flavin-containing 

monooxygenase (FMO) systems to sulfine (sulfoxide) and sulfene (sulfone) metabolites 

(141,142,144,145). In vivo administration in rodents induced highly selective liver 

damages including cirrhosis, fibrosis as well as hepatic necrosis/apoptosis (142,146). 

Liver damage results from the mediation of microsomal CYP2E1 to TA sulfoxide 

(TASO), and further to TA-S,S-dioxide (TASO2), which ultimately modifies amine-lipids 

and proteins initiating cellular necrosis (145–147). 

The primary routes of potential human exposure to thioacetamide are inhalation and 

dermal contact (60).  
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Carbon Tetrachloride (CCl4) [CAS N.º 56-23-5; Group 2B (59); RAHC (58,60)]  

 

Since the 1950’s that carbon tetrachloride (CCl4) (Figure 3.3F) has been used for free 

radical-induced liver injury model (148,149). The experimental evidences of 

carcinogenicity in several animal models supported its classification as reasonably 

anticipated to be a human carcinogen; it was first listed in the Second Annual Report 

on Carcinogenesis in 1981 (60). Benign or malignant liver tumors were found in both 

genders in mice, rats and hamsters orally exposed to CCl4; identical results were also 

described in rainbow trout. In male rats subcutaneous administration was responsible 

for hepatocarcinogenesis; was additionally reported inhalation in rats (unspecified 

gender) (60,150,151). 

Concerning the potential human exposure to CCl4 the primary routes mentioned are 

inhalation, ingestion and dermal contact through air and water (60). 

It is widely accepted that the cytochrome P450 isozymes are involved in this 

halomethane toxic effect. Bioactivation of CCl4 result into trichloromethyl free radical 

that reacts with oxygen resulting in a toxic reactive trichloromethyl peroxy radical (148). 

Cell membrane integrity is affected due to the resulting chain reaction triggered by the 

attack of these highly energetic radicals on the polyunsaturated fatty acids of the cell 

membrane lipids. Cell energy processes and protein synthesis are also disturbed by 

the free radicals (19,148). According to Avasarala et al (148), an inflammatory 

response is induced by Kupffer and stellate cells, as a result of the release of 

cytokines, chemokines and other proinflammatory factors. Moreover the direct cytotoxic 

effect, monocytes, neutrophils and lymphocytes are activated and recruited. 

Heindryckx et al (19) stressed fibrosis as a consequence of the repeated cycle of 

injury, inflammation and repair, leading eventually to HCC.   

 

Phenobarbital (PB) [CAS N.º 50-06-6; Group 2B (59); NTP not available]  

 

Phenobarbital (PB) is a drug with sedative, hypnotic and anti-epileptic proprieties 

(Figure 3.3G) (152). Studies on cancer in experimental animals emphasizes the 

carcinogenic risk involving long-term PB exposure in mice and rats after oral 

administration [drinking-water and diet (152)].  IARC selected several of well-conducted 

studies involving long-term oral administration of PB; strains, adequate numbers of 

animals, dosage and protocol duration were taken under consideration to analyze the 

carcinogenicity risk of this compound. Mice strains (e.g. C3H, CF-1, BALB/c, B6C3F1 
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and c-myc) and rat strains (e.g. Wistar, F344 and Sprague-Dawley) showed liver 

adenomas and carcinomas either after oral exposure or after injection administration. 

Age and gender were also taken under consideration. In mice, for instance, 

hepatocarcinogenesis enhancement by PB depends on the strain susceptibility, 

gender, age at the start of exposure and type of initiator used (152–155).  The 

incidence of HCC in weaning and/or male gender was higher (Table 3.1) (152). 

However, several studies have displayed that oral administration of PB resulted not 

only in tumor promoting but also in inhibition in mouse and rat liver, when associated 

with known carcinogens and modifying agents, depending on the carcinogen and time 

of administration. Nevertheless, DEN/PB-induced HCC is one of the most widely used 

initiator-promoter in experimental models to study hepatocarcinogenesis (155). 

Likewise DEN, 2-AAF and NMOR have also been used as initiator agents, followed by 

the association of PB in drinking water and diet to promote preneoplastic and 

neoplastic liver lesions in mice, rats and hamsters (152). 

 

Yang H. and Wang H (2014) highlighted the role of the nuclear receptor superfamily, 

named constitutive androstane receptor (CAR, NR1I3) in the regulation of drug 

metabolism and cancer development (156). CAR is activated by a restricted set of 

chemical carcinogens including PB inducing the hepatic cytochrome P450 (CYP) 2B 

gene family in the liver (156,157). Prolonged PB treatment in mice induce CAR for 

gene expression changes, hepatomegaly and liver tumour formation (158). 
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b) Syngeneic and xenograft models 

Presently, the access to animal and human HCC cell lines has broadened the technical 

skills of HCC researchers. Genetic and malignant cell transformation processes, 

metastatic cell potential, cell response to external stimuli and its influence in signaling 

mediation of the pathways involved, represent an opportunity to study cancer in vitro 

(35). Nevertheless, when using cell cultures, the interaction between neoplastic cells 

and the surrounding microenvironment is lost. Due to heterogeneity nature of the cell 

lines used, its selection is often challenging, since they are important for understanding 

the tumor evolution (159). As a consequence of the cell lines heterogeneity, when 

screening new anticancer drugs, is essential to use multiple cell lines in xenograft 

models, in order to prevent misleading results (19,24,160). Cell lines used in 

transplantable HCC mice models are described in Table 3.2 (24,35,40).  

To perform a transplantable model immunocompetent and immunodeficient animals 

can be used. The syngeneic models comprise immunocompetent mice carrying tumor 

cells or fragments originated in the same strain as a result of spontaneous causes, 

hepatocarcinogen and viral infections (35,40,50,161).  

The discovery of nude (nu/nu) athymic mice and severe combined immunodeficient 

mice – SCID (scid/scid), i.e., T-cell deficient and B+T-cell deficient, respectively, 

endorsed proficiency into human tissues transplantation in this specie – the xenograft 

models (Figure 3.2) in order to avoid cell and tissue rejections (161–163). Both models 

are established by the implantation of fragments of human tumors or cultured human or 

other species cancer cells, either under the skin (ectopic) or into the organ of tumor 

origin (orthotopic) (35,164–166).  

To reproduce the tumor microenvironment and organ tropism, an orthotopic model is 

better than the ectopic model; the advantages and disadvantages of both models are 

summarized in Table 3.3. If the influence of the immune system is required to study the 

tumor-host interactions or testing anticancer drugs that influence the immune system 

activation, the syngeneic orthotopic mice model should be the right option. 

Nevertheless, creating high-quality orthotopic models is technically more puzzling than 

the construction of ectopic models (24,35,39). Despite the above mentioned, 

depending on the research purposes, the choice of the implant anatomical site is 

crucial to establish if the tumor grows as a local nodule (subcutaneous and orthotopic) 

or if it will be disseminated since the beginning of the experiment as a result of the 

injections of cancer cells suspension (intraportal or intrasplenic) (40,167).  
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Due to the influence of the 3R’s philosophy – replacement, refinement and reduction 

(168–170) and taking under consideration the need for anticancer drugs screening, an 

efficient method was established by Hollingshead et al (171): - the Hollow Fiber Assay 

(HFA). This method developed at the National Cancer Institute has the advantage, 

comparing to traditional tumor xenograft, of having a minimal influence on the animal 

welfare; it also allows the uncontaminated retrieval of tumor cells for subsequent 

analysis (19,171). The HFA assay (Figure 3.5) allows the implantation of multiple 

polivinylidene fluoride fibers either subcutaneous or intraperitoneal at once in a single 

nude mouse, consequently reducing the number of laboratory animals without 

compromising the reliability of the results (19,172). Tumor cell lines are positioned into 

semi-permeable hollow polivinylidene fluoride fibers – 1mm inner diameter; after heat-

sealed and cut, the fibers are placed into an in vitro culture medium for 24 to 48 hours 

(19,172). After mouse recovery from surgery (3 to 4 days), drug-screening assay may 

be performed. Afterward a period of 3 to 4 days of drug treatment, the HFA are 

surgically removed and surviving cells retrieved for analysis in order to determine 

anticancer drug efficacy (19,173).  According to Suggitt et al (172) the HFA may offer 

an amenable, rapid, cost-effective and ethically acceptable model to investigate 

unlimited drug-target interaction/target inhibition pre-clinically. 

 

	

	

	

	

	

Figure 3.5 Schematic representation of the HFA model. (l*+ represent different cell lines). 
Human or mice tumor cell lines are placed into semi-permeable polyvinylidene fluoride fibres    
(1 mm internal diameter). Fibers are then heat sealed in 2 cm intervals and subsequently 
cultured in vitro (standard tissue culture conditions) for 24-48 hours, preceding subcutaneous or 
intraperitoneal implantation. Since the cell lines are isolated in the hollow fibres, it is possible to 
implant several different tumor cell lines at the same time into a single mouse. After drug 
screening assay, the cell lines can be retrieved for analysis. 
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Table 3.2 Synopsis of the most used cell lines in xenografts and syngeneic HCC models. 

Xenograft models 
Cell Line Donor Main features  (References) 

Hep3B Black male 8y 
HBV HCC well differentiated. AFP+ (174,175). 

HepG2 Caucasian male 
15y 

Hepatoblastoma. AFP+. Weakly tumorigenic in nude mice 
(176,177). 

BEL-7402 Asian male HCC undifferentiated. AFP+ (35,178). 

SMM-7721 Asian male HCC. AFP+ (179). 

SK-HEP-1 Caucasian male 
52y HBV 

Derived from the ascitic fluid of a patient with adenocarcinoma of 
the liver. Endothelial origin was later confirmed. AFP- (180,181). 

PLC/PRF/5 
(Alexander) 

Black male 24y 
HBV HCC, AFP+(182,183). 

LCI-D20 Asian male 39y HCC, AFP+ (184). 

MHCC97 Asian male 39y Cell line obtained from subcutaneous xenograft of a metastatic 
model of human HCC in nude mice (LCI-D20), AFP+(185). 

MHCC97L, MHCC97H, 
HCCLM3, HCCLM6   Clones derived from MHCC97 with metastatic potential (186). 

 Syngeneic models 
Cell Line/ tumor Strain (gender) Main features (References) 

M
O

U
SE

 

Hepa 1-6 C57L/J (♀) AFP+(187,188) 

BNL 1ME 
A.7R.1  BALB/c This line was derived from BNL CL.2; epithelial, chemically 

transformed with methylcholanthrene epoxide (189). 

MH129 C3H/He strain CCl4-induced murine hepatoma cell lines from C3H/He strain 
(190). 

MH134 C3H/He strain 
CCl4-induced murine hepatoma cell lines from C3H/He strain 
(190,191). 

MH-22A C3HA 
Cell line derived from the cells of a solid form of mouse hepatoma 
22A. Inoculation into C3HA mice led to the formation of 
transplantable tumours (192). 

    

R
A

T 

McA-RH7777  Buffalo (♀) Morris hepatoma model (McA-RH7777 cells in Buffalo rat). AFP+  
(193). 

McA-RH8994 Buffalo Morris hepatoma model (McA-RH8994). AFP+  (193). 

H4-II-E-C3 AxC (♂) H4IIE-C3 rat hepatoma cells; tyrosine aminotransferase+; 
albumin+; TF transferrin+; prothrombine+ (194,195). 

N1-S1 
N1-S1 Fudr * 

Sprague-
Dawley, (♂) 

This cell line was established from a hepatoma induced by feeding 
4-dimethylaminoazobenzene to a male rat (194).  

*This line is derivative of N1-S1 and it is resistant to 5-fluoro-2'-
deoxyuridine (FUdR) at 0.05 mM and to 5-fluorouracil 
(manufacture data sheet). 

 Remarks: AFP+ presence of α-fetoprotein; AFP- absence of α-fetoprotein; y – age of donor in years;  
 HBV – refers to donor infected with hepatitis B virus. 
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Table 3.3 Synopsis of the key advantages and disadvantages of using syngenic and xenografts HCC 
mice models (19,39,40,50,161,172). 

	 Syngeneic Ectopic Orthotopic HFA 

A
dv

an
ta

ge
s 

Required when 
testing anticancer 
drugs that activate 
the immune system 
(immune therapy) 

Rapid tumor growth 
(5 – 20 weeks) 

Easy to perform, 
highly reproducible, 
inexpensive and low 
procedure mortality 

Rapid tumor growth and 
development of 

metastases 
Provides realistic model of 

tumor location, liver 
damage, biochemical 

variations and tumor cells 
heterogeneity 

Allows the interaction 
tumor - host, namely 

among tumor cells and 
surrounding 

microenvironment 
Allow expression of 

specific genes and proteins 

Minimal effects on animal 
welfare 

Reduction of the number of 
mice used to test when 

compared to classic 
xenograft models (e.g. 
reduction of 1/5 of mice 

used) 
Retrieval of tumor cells 
uncontaminated by host 

cells 
Fast results (1 – 2 weeks) 

D
is

ad
va

nt
ag

es
 

Reduce availability of 
the number of murine 

cell lines 
Efficacy of the human 

HCC anticancer 
drugs studied is 

unforeseen 
 

No direct interaction 
with liver tissue 

Absence of 
metastasis 

Technically complex and 
relatively expensive 

Immunocompromised mice 
which may provide a less 

realistic tumor 
microenvironment 

No direct interaction with 
liver tissue 

Technically complex and 
expensive 

Not suitable for studying 
complex host-tumor 

interactions 
Occurrence of 

neovascularization around 
fibers may affect results on 

long-term periods 

	

c) Viral models 
	

Despite the preventive strategies against hepatitis B virus (HBV) and C virus (HCV), as 

recommended by World Health Organization (WHO), the high prevalence of these 

hepatotropic virus are implicated in HCC etiology and its asymmetric distribution 

worldwide (1,40). In some Asian regions and sub-Saharan Africa 8% of the population 

is chronically infected with HBV; this infection is responsible for nearly 60% of total liver 

cancers in developing countries while HCV accounts for 33%, versus, 23% (HBV) and 

20% (HCV), in developed countries (1,8). As largely discussed in the literature, HBV 

and HVC are causative agents of HCC due to the chronic inflammation and 

regeneration of hepatocytes that increase the odds of DNA damage and consequent 

alterations associated to cancer development (196,197). Although the progress 

achieved in recent years, the absence of feasible small animal model of human HBV 
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infection has been regarded as an obstacle for further knowledge concerning the virus 

life cycle and development of effective therapeutics (198,199). 

 

Concerning the animal models reported in current literature related to HBV-induced 

HCC, woodchucks (Marmota monax) and ground squirrels (Spermophilus beecheyi), 

chronically infected, respectively, with woodchuck hepatitis virus (WHV) and ground 

squirrel hepatitis virus (GSHV) are mentioned as one of the most reliable models. 

Some human hepatitis virus-infected chimpanzee (Pan troglodytes), tree shrews 

(Tupaia belangeri chinensis), and rhesus macaques (Macacca mulatta) also developed 

HCC mainly when combined with chemical carcinogens (35,200,201). Concerning 

rhesus macaques, neoplasia in juvenile is extremely uncommon. A recent case report 

of naturally occurring neoplasia and metastatic liver was identified in a 3.75-year-old 

primiparous female rhesus macaque (202). Due to its scarcity and clinical history this 

case reflects similitude to that of human adolescents with HCC.  

Regarding the animal models related to HCV-induced HCC, chimpanzees (Pan 

troglodytes) and tree shrews (Tupaia belangeri chinensis) are also presented in current 

literature (198,203). HCV infects only chimpanzees and humans, which makes 

chimpanzees a natural choice as animal model to study the virus pathogenicity. 

However, due to availability, economic and ethical constraints, this animal model is 

considered unacceptable for scientific research (198,204). Concerning Tupaias, 

despite the fact of being susceptible to HCV infection, immunosuppression achieved 

after whole-body radiation, increased HCV infection efficiency (199,203). Tree shrews 

are also infected with human HBV in vivo, resulting in viral DNA replication and gene 

expression in the livers (199).  

The woodchuck hepatitis virus (WHV) belongs to the hepadnaviruses family, which 

also includes the ground squirrel hepatitis virus (GSHV), duck hepatitis B virus (DHBV) 

and human hepatitis virus (HBV) (199,205). The WHV induces the formation of foci of 

altered hepatocytes, which ultimately will lead to well-differentiated HCC (35). Despite 

the resemblance in liver inflammation, injury and repair processes as observed in HBV-

positive patients, important differences should be noted. WHV DNA is integrated into 

hepatocyte DNA within or nearly contiguous to a specific locus associated to 

overexpression of c-myc and N-myc genes (35,40,99). However, it should be noticed 

that the insertion of activated dominant oncogene is not a typical mechanism for HBV 

carcinogenesis. 
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Tracking the possibility of creating adequate mice model for the study of HBV infection 

in liver cancer development, Kim and co-workers (206) placed the HBx (hepatitis B 

virus X) regulatory gene directly into the germ line of mice. The HBx protein affected 

the host gene expression by means of transcriptional transactivator of viral genes, 

leading ultimately to HCC development. However, despite the development of chronic 

hepatitis and liver cancer, some limitations may be noticed, due to differences in the 

establishment of this transgenic mouse model and the situation of infection with the 

intact HBV (Dane) particles (199). 

The pursuit of an animal model for HBV and HCV infection in genetically altered mice 

lead to advances of human hepatocyte chimeric mice. As a result of the work of Degen 

and Palmiter the AL-uPA (Albumin enhancer/promoter urokinase-type plasminogen 

activator) transgenic mice was established in Ralph Brinster’s laboratory (207,208). 

These transgenic mice show accelerated hepatocyte death with consequent chronic 

hepatocyte growth stimulation (207). Recently, Chayama et al (196) drawn the 

attention to the development of human hepatocyte chimeric mice and hepatitis virus 

infection model. The uPA/scid mice were created by crossing uPA transgenic mice and 

scid mice (196). A similar chimeric mice model was generated by Mercer and co-

workers for studying the human hepatitis C virus in vivo (209).   

Despite of being useful for the assessment of efficacy of anti-HBV agents, the chimeric 

mice models are relatively complex, expensive and have no immune response derived 

from uPA/scid mouse (204).  

 

d) Genetically engineered mouse (GEM) model  

The recent advances during the past two decades concerning genetically engineered 

animal models, specifically mice, increased our possibilities to understand the 

mechanisms which drives tumor initiation and progression.  

The first report concerning the technology for generating transgenic mice carrying 

cloned oncogenes was published in 1984; following reports (1985–1987) supported the 

hypothesis that oncogene expression in normal cells within normal tissues of a 

mammalian organism might lead to tumor development (210). This development 

expanded the possibilities to study the molecular features of human malignancies in 

vivo, namely the role of a specific gene and the interaction of different genes, i.e. 

oncogenes and tumor-suppressor genes (TSGs) related to HCC development (24). 



CHAPTER 3 

 47 
 

Gene target technology sanctioned the generation of more sophisticated mouse 

models. These Genetic Engineered Models (GEM) are designed to mimic the 

pathophysiological and molecular features of human malignancies, namely HCC 

(211,212). Apart their complexity GEM can be summarized, according to Frese and 

Tuveson (2007), either as transgenic or as endogenous (Table 3.4) (212).  

 

Table 3.4 Summary of the transgenic and endogenous GEM mouse models of cancer 
according to Frese and Tuveson (212). 

Transgenic GEM  Endogenous GEM 

4Express oncogenes; 

4Express dominant-negative TSGs; 

4The gene expression is dependent of 

ectopic promoter and enhancer elements; 

4Recapitulate the genetic characteristics of 

translocated or amplified  proto-oncogenes; 

4Reversible control of target gene expression 

with exogenous ligands namely 

doxycycline or interferon; 

 
4Lost the expression of TSGs; 

 

 

4Express dominant-negative TSGs; 

 

 

4Express oncogenes from their native 

promoters throughout the use of 

knockout and knockin technology. 

 
 

HCC as in other types of cancer, the analysis of the genetic variations in the pathways 

involved in tumour growth, angiogenesis, proliferation and apoptosis are crucial to 

accompany the development in its microenvironment (24,213). Gene targeting 

technology has provided knockouts models, used in loss-of-function studies (214) or 

conditional GEM, that rely on the use of site-specific recombinase systems in order to 

control the spatiotemporal gene expression in a restricted manner (212). In studies 

concerning allele gain-of-function, conditional transgenic and knockin is the most 

preferable approach (214). 

 

Despite the fact of the hepatocarcinogenesis genetic events are not entirely 

understood, evidence point to several pathways involved in the process, namely p53, 

Rb and Wnt/β-catenin (24). The use of transgenic SV40 T-Ag (Simian Virus 40           

T-antigen) has been extensively described (215–218). SV40 was one of the first DNA 

viruses with tumorigenic properties and cell transforming capabilities discovered (218). 

The genome of SV40 encodes two oncogenic proteins – large and small T antigen    
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(T-Ag and tAg, respectively) (215,217) which play a key role in inactivating the tumour 

suppressor genes p53 and Rb and cell regulatory proteins (24,217). 

 

Murakami et al (219) describe another transgenic mouse model, taking under 

consideration the deregulation of c-myc expression detected in primary liver tumours 

and induced HCC in rodents and the frequent coexpression of the transforming growth 

factor TGF-α observed in both human tumors and in transformed liver cultured cells 

(24,35,219). Liver tumors occur in c-myc transgenic mice as a result of the selective 

expression of c-myc in the liver directed by the albumin enhancer/promoter or the       

α-1-antitrypsin promoter (24,219). This c-myc/TGF-α synergistic effect was 

demonstrated by Santoni-Rugiu and co-workers resulting in major boost of neoplastic 

development compared with the expression of these isolated transgenes (220). 

Furthermore, in c-myc/TGF-α transgenic mice the TGF-βRI was reduced in a subgroup 

of undifferentiated HCC, which may be implied in dedifferentiation and acquirement of 

high-grade malignancy (35).  

Nevertheless the fact of the importance of these models to study the role of specific 

genes in hepatocarcinogenesis, some limitation have been pointed out related to the 

presence of the mutations during embryogenesis, compensatory molecular pathways 

which might be activated and the expression of the transgene in all hepatocytes (24). 

To circumvent the limitations above mentioned the advent of the conditional mice 

models seems to be an effective alternative in the generation of cancer-prone GEM 

(212).  

 

Somatic mutations in specific tissue can be induced and spatiotemporal controlled 

using conditional and the inducible systems. According to Cheon and Orsulic (214) the 

most common systems are – the Cre-loxP system; - the flippase (FLP)-flippase 

recognition target (FRT) system; the inducible Cre system; and the tetracycline (tet)-

inducible system. Most recently, a combination of these technologies has been used to 

more accurately mimic tumour onset and its progression (214). 
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3.6 Conclusion 
 

It is clear the availability of a wide number of mice models to study HCC which gave 

researchers the opportunity for further knowledge of the biopathology signaling 

pathways, assessing novel therapeutic approaches and genetic manipulation methods. 

The variety of animal models of HCC, namely rodents, such as mouse and rat, will 

continue to contribute to understand the mechanisms underlying liver carcinogenesis. 

Tumor progression, tumor-host microenvironment, mechanisms that trigger metastatic 

dissemination, immune system response and the development of new therapeutic 

strategies will continue to focus the researchers’ attention.  The complexity and variety 

of the available model in HCC research would fulfill a review it self and the researchers’ 

choice will depend on the investigation purposes. At present time, there is no single 

animal model capable of recapitulate all the genetic and biological aspects of the 

human cancer. Based on this assumption, knowing the limitations and strengths of the 

existing animal models will allow to emphasizing its potential in order to precocious 

detections of human tumors and treatment, reducing health care expenses and 

providing human comfort and welfare. Future trends in HCC research may be related to 

personalized gene-based treatments capable of offering an accurate intervention in the 

key pathways and mediators concerning HCC. Nevertheless, despite the advent of the 

molecular medicine and cell culture recent achievements, animal models and GEM, 

particularly mice, will continue to provide plausible evidence by mimicking the in vivo 

complexity pattern. Cancer research it’s a long wide road were we have started to give 

the first steps, unveiling its complexity.  
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Abstract  
 

Background - Hepatocellular carcinoma (HCC) is a frequent and aggressive 

malignancy associated with multiple environmental risk factors. The chemically induced 

mouse model of diethylnitrosamine (DEN) provides useful insights into liver 

carcinogenesis, namely HCC. Aim: This work aimed to study the multistep process of 

hepatocarcinogenesis, providing a systematic framework for animal studies on this 

subject. Material and Methods: Male ICR mice were divided into six control and six 

DEN-exposed groups. Saline solution and DEN were injected intraperitoneally, 

respectively, for eight consecutive weeks. Two groups (DEN vs. control) were 

euthanized at 8, 15, 22, 29, 36 and 40 weeks after the first administration. Results: 

Hydropic degeneration, necrosis and apoptosis were acutely induced at eight weeks 

and onwards. Hyperplastic foci occurred at 29 to 40 weeks along with diffuse dysplastic 

areas and hepatocellular adenoma. Peliosis hepatis were also identified at 36 and 40 

weeks. HCC were only noted at 40 weeks, showing characteristic histological features 

of malignancy. Conclusion: Results allowed sketching of a timeline of evolution of DEN-

induced hepatic lesions in mice, from initial lesions to malignant neoplasms. 
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4.1 Introduction 
 

Liver cancer is largely a problem of developing countries, where 83% of the estimated 

782,000 new cancer cases worldwide occurred in 2012 (1). Concerning primary liver 

cancers, hepatocellular carcinoma (HCC) is one of the most prevalent tumors 

worldwide, associated with a poor prognosis, showing a great propensity for 

angioinvasion (2,3). Its incidence is increasing due to infection with hepatitis B (HBV) 

and C (HCV) viruses and assumption of cancer-associated lifestyle (e.g. smoking, 

physical inactivity, unhealthy diet and exposure to aflatoxins).  

 

Hepatocarcinogenesis is a multistep process characterized by progressive accretion 

and interaction of genetic and epigenetic changes leading to unrestrained clonal 

production, local invasion and distant metastasis (4). Three types of liver cells are 

regarded as the source of malignant transformation being hepatocytes, cholangiocytes 

and progenitor cells (5). HCC is preceded in both rodents and humans by the 

development of numerous microscopic abnormalities, often designated as 

premalignant lesions (6). These include cytological changes in hepatocytes (e.g. large 

cell change; small cell change), expandable foci of those cytological alterations 

(dysplatic foci) and macroscopic dysplastic nodules (low and high grade) (7,8). Other 

cytological modifications, are collectively termed ‘foci of altered hepatocytes’, and have 

been described in several chemically-induced animal models in early 

hepatocarcinogenesis. Nevertheless, the role of foci of altered hepatocytes in human 

hepatocarcinogenesis remains a matter of discussion (4). Well-differentiated early-

stage HCCs (early HCCs) arise from these premalignant lesions and are thought to 

emerge either from mature hepatocytes as mentioned before or from hepatic 

stem/progenitor cells, as suggested by the expression of stem cell markers and 

cholangiocyte markers found in these HCCs (5,9,10). Shibuya et al. have recently 

proposed that the expression of stem cell markers in malignant hepatocytes may result 

from de-differentiation and transdifferentiation into an immature stem cell-like 

phenotype rather than malignant transformation of stem/progenitor cells (9). This 

hypothesis was further supported by animal studies using an N-nitrosodiethylamine 

(DEN)-induced mouse model of HCC (11).   

 

Over the years, animal models have been used to increase knowledge on the 

mechanisms of pathogenesis underlying HCC (12). The laboratory mouse (Mus 

musculus) is considered one of the best models due to the availability of gene tracking 
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methods, the possibility of xenograft implantation, breeding capacity, size and 

physiological/molecular correspondence to human patients (6,13). Genetically modified 

mouse strains used as models of liver cancer include transgenic and knock-out mice. 

Some models take advantage of interspecific or inter-strain differences to study the 

contribution of different genetic backgrounds to hepatic carcinogenesis; other models, 

developed using xenografted cell lines, are particularly useful for screening anticancer 

drugs. Most recently, human hepatocyte chimeric mice have allowed studies on viral 

replication and cellular changes induced by HBV and HCV to be carried out (14). 

 

DEN is the chemical most widely used to induce liver cancer in mice (12,13,15–17).  

DEN belongs to the family of N-nitroso compounds (NOC), considered highly 

carcinogenic, and has been found as a contaminant in food, beverages, cosmetic and 

personal care products, and tobacco among others (18). In fact, dietary exposure to 

NOC has been associated with increased risk of several types of cancer in human 

populations (19,20). Approximately 300 NOCs have been tested for carcinogenicity; 

90% of those stimulated carcinogenesis in 40 animal species, including higher 

primates, and at a variety of sites and organs (20,21). 

 

DEN is a DNA-alkylating carcinogen that requires metabolic bioactivation in 

hepatocytes, mediated by cytochrome P450 (22) and acts as a complete carcinogen. 

DEN-induced mouse tumors often harbor Harvey rat sarcoma viral oncogene (H-RAS) 

activating mutations (23). While activation of the Ras pathway is a common event in 

human hepatocarcinogenesis (24), mutations of the HRAS proto-oncogene itself are 

less frequent and associated with a more aggressive biological behavior (25). 

Consequently DEN-induced tumors are purported to closely model the more 

aggressive human HCCs.  

 

Although animal models are particularly useful for studying the pathogenesis of cancer, 

it is vital that detailed histological descriptions of the induced lesions are made 

available and updated, using a standard nomenclature, in order to allow inter-study 

comparisons and adequate interpretation of results in different experimental settings. 

The present work aimed to evaluate short-term multiple administration induced 

exclusively by DEN (without any promoter agent), in macro- and microscopic hepatic 

changes in ICR mouse strain and to report the histological features of pre-neoplastic, 

neoplastic and non-neoplastic lesions. 
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4.2 Materials and Methods 

4.2.1 Animals and experimental conditions  
 

One hundred and twenty male ICR mice (five weeks of age) were acquired from 

Harlan, Barcelona, and were housed at Trás-os-Montes and Alto Douro University 

animal facilities, according to National (Portaria 1005/92 dated October 23rd) and 

European (EU Directive 2010/63/EU) legislation. The subsequent quarantine period 

lasted for one week. Animals were maintained at a temperature of 23±2ºC, 50±10% 

humidity, with 12 h light/12 h dark and hardwood bedding (26). Water and a standard 

diet (Global Diet; Harlan) were provided ad libitum. In order to reduce eventual 

aggressive behaviors conditioned by the long-term experimental procedure, 

environmental enrichment was provided using ping-pong balls, paper rolls and PVC 

tubes (27). 
 

4.2.2 Experimental mouse model procedures 
 

Previously to the present procedures, mice did not receive any treatment. At six weeks 

of age, all mice were identified with ear cuts and randomly divided into 12 groups as 

depicted in Figure 4.1. Groups 1, 3, 5, 7, 9 and 11 (controls) were intraperitoneally (i.p.) 

administered with saline solution for eight consecutive weeks, while groups 2, 4, 6, 8, 

10 and 12 were weekly i.p. injected with 35 mg of DEN/kg bodyweight per mouse (DEN 

acquired from Sigma-Aldrich Company, Sintra, Portugal). During the experimental 

protocol, the animals were daily monitored for signs of distress. Food and water intake 

were documented weekly. Mouse weights were noted weekly; ponderal homogeneity 

index iPH=2Wl/(Wl+Wh) and ponderal gain PG=W2-W1/W2x100 were calculated (Wl 

being the lowest average animal weight, Wh the highest average animal weight, W1 

initial body weight and W2 final body weight).  

 

4.2.3 Sample collection and histological processing 
 

The first group (DEN n=9; control n=10) was sacrificed by means of a lethal i.p. dose of 

sodium pentobarbital 18 hours after the last DEN injection (designated T1, 8 weeks 

post-exposure). The remaining groups were sacrificed, correspondingly, at the 

following weeks: 15 (T2: DEN n=10; control n=10); 22 (T3: DEN n=10; control n=10); 

29 (T4: DEN n=10; control n=10); 36 (T5: DEN n=9; control n=10) and 40 (T6: DEN 
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n=8; control n=10) weeks after the first DEN injection by the same method mentioned 

above.  

1	injection/week		
8	consecutive	weeks	 T1	

	 	 	 	 	

Saline	i.p.	
control	group		

(i.e.	groups	1,	3,	5,	
7,	9	and	11)	

DEN	i.p.	
group		

(i.e.	groups	2,	4,	
6,	8,	10	and	12)	

	 T2	 	 	 	 	
	 	 T3	 	 	 	
	 	 	 T4	 	 	
	 	 	 	 T5	 	
	 	 	 	 	 T6	
	 	 	 	 	 	

Time:	Weeks	 1	 	 8 15 22 29 36 40 
	

Figure 4.1 Experimental design. Time is given in weeks post-exposure. Black arrows indicate 
time of euthanasia. Control animals received saline solution injections intraperitoneally (i.p.) and 
were euthanized at the same time as the diethylnitrosamine (DEN) i.p. treated group. 
	

All animals were submitted to necropsies and internal organs were screened for visible 

nodular masses. The liver, heart, lungs, spleen, stomach, intestine, pancreas and 

kidneys were collected and fixed in 10% neutral buffered formalin for 48 hours and then 

liver samples were routinely processed and paraffin-embedded. Relative organ weights 

were estimated as the ratio of the organ weight to total mouse bodyweight according to 

Arantes-Rodrigues et al. (28). Macroscopically visible hepatic nodules were counted 

and measured using a caliper to determine their largest diameters.  

 

4.2.4 Histological evaluation 
 

Representative histological sections (2-µm-thick) were obtained and stained with 

hematoxylin and eosin (H&E) for examination under light microscopy by two different 

researchers in a blinded fashion and results were compared. The number of animals in 

each group presenting hepatic hemorrhage and other vascular disorders, inflammatory 

cell infiltration, biliary cysts, necrosis, apoptosis, pseudo-nucleoli and mitotic figures 

were noted. The mitotic index [number of mitotic figures per high power field (HPF) at 

×400] in each group was expressed as a range (lowest count - highest count). 

Proliferative hepatic lesions were classified as hepatocellular hyperplastic foci, 

hepatocellular adenoma or hepatocellular carcinoma, according to the International 

Classification of Rodent Tumors (29) and the update on precursors and early lesion on 

HCC (8). Additionally, multifocal to regionally extensive, poorly delimited dysplastic 

areas, showing loss or distortion of lobular architecture, irregular hepatocyte plates, 

moderate cell atypia and mitotic activity were classified as diffuse dysplasia. 
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4.2.5 Statistical analysis 
 

Data are expressed as the mean±standard deviation (SD) and compared by one-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison test at the 5% 

significant level (p<0.05). All tests were performed using the GraphPad Prism, version 

5.01 (GraphPad Software, Inc., La Jolla, CA, USA). 
	

4.3 Results 

4.3.1 General findings  
	

The mortality rate during the experimental protocol was 6.7% (4 out of 60 mice) and 

occurred exclusively in the DEN-treated groups. Due to male competitive behavior, 

despite the environmental enrichment, some sporadic injuries related to the 

establishment of hierarchy and territory defense were noted, resulting in focal loss of 

hair (barbering behavior). 

Concerning animal growth, the iPH and PG for control and DEN-treated groups were 

estimated (Table 4.1). DEN-treated groups presented statistically lower mean final 

body weights when compared with controls at T2 and T5 respectively.  

Table 4.1 Mouse body weights (g) (mean ± SD), ponderal homogeneity index (iPH) and ponderal 
gain (PG). Time is given in weeks post-exposure: T1: 8 weeks; T2: 15 weeks; T3: 22 weeks; T4: 
29 weeks; T5: 36 weeks; T6: 40 weeks. 

No. of 
weeks Group 

Initial body 
weight 

Final body 
weight iPH PG 

8	 Control 31.16±2.60 39.86±3.35 2×27.06/(27.06+35.50) = 0.865 (39.86-31.16/39.86)×100 = 21.82 

DEN-exposed 31.16±1.57 39.64±2.17 2×28.90/(28.90+33.06) = 0.932 (39.64-31.16/39.64)×100 = 21.39 

15	 Control 30.55±1.77 45.40±4.40 2×28.04/(28.04+33.66) = 0.909 (45.40-30.55/45.40)×100 = 32.70 

DEN-exposed 29.74±1.49 41.88±2.83a 2×27.70/(27.70+32.84) = 0.915 (41.88-29.74/41.88)×100 = 28.98 

22	 Control 30.41±2.49 44.39±4.24 2×27.58/(27.58+35.40) = 0.875 (44.39-30.41/44.39)×100 = 31.49 

DEN-exposed 30.55±2.32 48.18±5.98 2×27.16/(27.16+34.00) = 0.888 (48.18-30.55/48.18)×100 = 36.59 

29	 Control 29.63±1.62 46.01±3.55 2×27.20/(27.20+31.94) = 0.919 (46.01-29.63/46.01)×100 = 35.60 

DEN-exposed 29.84±2.48 44.32±5.81 2×25.62/(25.62+33.86) = 0.861 (44.32-29.84/44.32)×100 = 32.67 

36	 Control 30.70±2.28 51.13±6.19 2×27.84/(27.84+34.80) = 0.888 (51.13-30.70/51.13)×100 = 39.95 

DEN-exposed 29.22±2.33 42.59±7.02b 2×26.04/(26.04+34.02) = 0.867 (42.59-29.22/42.59)×100 = 31.39 

40	 Control 31.47±2.30 50.07±2.41 2×29.84/(29.84+33.10) = 0.948 (50.07-31.47/50.07)×100 = 37.14 

	 DEN-exposed 30.30±1.78 48.93±7.11 2×28.02/(28.02+33.76) = 0.907 (48.93-30.30/48.93)×100 = 38.07 
	

Different letters represent statistically significant differences (p<0.05). DEN: ap=0.048, bp=0.016 
statistically different from that of the control group. 
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Water consumption variation (DEN-treated groups versus control) showed no 

statistically significant differences; nevertheless, DEN-treated groups presented a lower 

water consumption compared to controls. Food intake was also lower in the DEN-

treated groups. Statistically significant differences (p<0.05) were recorded during the 

assay, concerning DEN-treated vs. control group at T4 and T5 (29 and 36 weeks) after 

the first DEN i.p. administration (data not shown).  

	

4.3.2 Macroscopic and microscopic effects of DEN on mouse liver  
 

The occurrence of hepatic nodular lesions over time and their respective dimensions 

are summarized in Table 4.2 and Figure 4.2.  

	

	

 

 

Table 4.2 Timeline evolution features from livers of diethylnitrosamine (DEN)-treated mice: 
Macroscopic nodular masses induced by DEN and estimated dimensions. Macroscopically 
visible hepatic nodules were counted and measured as described in the Materials and 
Methods. No macroscopic alterations (nodular masses) were noted at T1 and T2.  Time in 
weeks post-exposure: T1: 8 weeks; T2: 15 weeks; T3: 22 weeks; T4: 29 weeks; T5: 36 
weeks; T6: 40 weeks. 
	

 

Time of 
euthanasia 

No. of  nodular masses 
per DEN-treated group 

Largest diameters 
measured (mm) 

T3 6 
1 

2×1×1 
6×5×2 

T4 
1 
1 
1 

3×3×1 
4×5×2 
5×5×5 

T5 6 2×1×1 

T6 

3 
49 
11 
5 
1 
1 
1 
1 
2 
1 
1 
1 

2×1×1 
2×2×1 
3×2×1 
3×3×1 
3×4×2 
4×4×1 
4×7×2 
5×4×1 
5×5×3 
6×4×2 

10×8×4 
10×11×4 
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Exposure to DEN resulted in a sequence of lesions (Table 4.3) that evolved over time, 

from acute toxic lesions observed from T1 (8 weeks) onwards, to chronic, pre-

neoplastic and neoplastic lesions that culminated at T6 (40 weeks) with the occurrence 

of HCC. Control mice did not show any significant lesions (Figure 4.3a). 

	

Figure 4.2 Evolution of features of livers of diethylnitrosamine (DEN)-treated mice (scale ruler in 
mm). a: Mouse at 22 weeks (T3), arrowhead points to a single nodule (6×5×2 mm). b: Mouse at 
29 weeks (T4), arrowhead points to a small visible nodule (4×5×2 mm).  c: Gross morphology of 
liver tumor from a DEN-treated mouse at 40 weeks (T6), note irregular hepatic surface and 
several small nodules (arrowheads). d: Gross morphology of liver tumor from DEN-treated 
mouse at 40 weeks (T6), arrowheads point to differently sized tumors. None of the control mice 
had any macroscopic changes. 

 

As previously reported, acute DEN exposure resulted in regionally extensive to diffuse 

hepatocellular hydropic degeneration and multifocal necrosis, as well as in increased 

anisokaryosis, binucleated and mitotic hepatocytes, pseudo-nucleoli and apoptosis 

(16). Hydropic degeneration (Figure 4.3b) was most frequently observed at T1 (8 

weeks after DEN administration) and diminished onwards. Necrosis (Figure 4.3c and d) 

was present in all DEN-treated groups, either in regionally extensive areas or in small 

foci that formed micro-abscesses, but was most frequently observed in the DEN-

treated groups from T1 onwards to T4 (8 to 29 weeks post-exposure). 

 

Apoptotic and mitotic figures, as well as pseudo-nucleoli were consistently observed in 

all DEN-treated groups. Animals euthanized at T1 and T2 (8 and 15 weeks post-

exposure, respectively) frequently exhibited abnormal mitotic figures, but the highest 

mitotic indices were observed at T6 (40 weeks post-exposure).  

	
	
	
	

	 	 	 	

b	 d	a	 c	
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The late exposed groups, T4 toward T6 (i.e. 29 to 40 weeks post-exposure), displayed 

chronic lesions that distorted normal hepatic architecture (Figure 4.2c and d). Three 

DEN-exposed animals at T5 and T6 exhibited blood-filled cystic cavities of various 

sizes (up to 1.0 mm), lined by endothelium that multifocally replaced part of the hepatic 

parenchyma. These lesions (Figure 4.3e), recognized as peliosis hepatis (Table 4.3), 

occasionally contained variably-sized thrombi. Another three mice at T6 exhibited 

multiple cystic cavities of variable size (up to 5.0 mm) that multifocally replaced the 

hepatic parenchyma, and contained a lightly eosinophilic fluid and were lined by a low 

cuboidal (biliary) epithelium, identified as biliary cysts (Figure 4.3f).  

 

The first hyperplastic foci (six nodules in four out of 10 mice) were observed 29 weeks 

(T4) after last DEN injection (Table 4.3). Such foci were clearly delimited from the 

adjacent parenchyma and composed of tight hepatocellular plates between 

compressed sinusoids. Hyperplastic hepatocytes exhibited distinct tinctorial 

cytoplasmic affinities compared with the adjacent parenchyma, basophilic or mixed. 

Table 4.3 Time-related evolution of histological liver lesions induced by diethylnitrosamine (DEN).  
Time is given in weeks post-exposure: T1: 8 weeks; T2: 15 weeks; T3: 22 weeks; T4: 29 weeks; 
T5: 36 weeks; T6: 40 weeks. 

	 	 Toxic hepatic changes  
(no. affected animals/N) 

 Proliferative lesions  
(no. of identified lesions) 

Ti
m

e 
of

 
eu

th
an

as
ia

 

N 

N
ec

ro
si

s 

A
po

pt
os

is
 

H
yd

ro
pi

c 
de

ge
ne

ra
tio

n 

Ps
eu

do
-

nu
cl

eo
li 

M
ito

si
s 

pe
r 

H
PF

 

 

B
ile

 c
ys

ts
 

Pe
lio

si
s 

he
pa

tis
 

H
yp

er
pl

as
tic

 
fo

ci
 

D
ifu

se
 

dy
sp

la
si

a 

H
ep

at
oc

el
ul

ar
 

ad
en

om
a 

H
ep

at
oc

el
lu

la
r 

ca
rc

in
om

a 

T1 9 7/9 8/9 9/9 7/9 0-1, 9/9  0 0 0 0 0 0 

T2 10 7/10 8/10 10/10 7/10 1-2, 9/10  0 0 0 0 0 0 

T3 10 7/10 3/10 8/10 7/10 0-1, 2/10  0 0 0 0 0 0 
T4 10 10/10 5/10 5/10 5/10 0-1, 3/10  0 0 6 1 1 0 
T5 9 5/9 5/9 1/9 7/9 0-1, 4/9  0 1 3 9 0 0 
T6 8 4/8 7/8 1/8 8/8 0-4, 8/8  3 2 4 8 0 4 
 
HPF: High power field. 
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Figure 4.3 Histological hepatic changes in diethylnitrosamine (DEN)-treated and control male 
ICR mice. a: Normal liver histology (control mouse at T6); hematoxylin and eosin (H&E), ×40. b: 
Hydropic degeneration (DEN-treated mouse  at T1); H&E, ×200. c: Regionally extensive 
necrotic areas (DEN-treated mouse at T3); H&E, ×40. d: Coagulative necrosis. Note nuclear 
changes with a condensed chromatin pattern (DEN-exposed mouse at T4); H&E ×100. e: 
Peliosis hepatis (DEN-treated mouse at T5); H&E, ×100. f: Biliary cysts (DEN-treated mouse at 
T6); H&E, ×40. Time in weeks (post-exposure): T1: 8 weeks; T2: 15 weeks; T3: 22 weeks; T4: 
29 weeks; T5: 36 weeks; T6: 40 weeks. 

	

Some animals that developed hyperplastic foci (Figure 4.4a) also exhibited dysplastic 

changes in a distant and poorly delimited area (classified as diffuse dysplasia,       

Figure 4.4b), as well as a larger, well-defined nodule classified as a hepatocellular 

adenoma (Figure 4.4c). Dysplastic lesions were composed of hepatocytes arranged in 

irregular and variably-oriented trabeculae which disrupted normal liver architecture 
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without forming distinguishable nodules. Hepatocytes were moderately pleomorphic 

with significant variations in size and occasional cytoplasmic vacuoles. Pseudo-nucleoli 

and mitotic figures were present (one per HPF). The hepatocellular adenoma was a 

large (10.0 mm in diameter) nodule, which compressed the adjacent parenchyma and 

was composed of regularly oriented hepatocellular trabeculae. Hepatocytes were 

comparatively small, showed basophilic cytoplasm and occasional mitotic figures (up to 

one mitotic figure per HPF). 

 

 

All mice euthanized at T5 (36 weeks after DEN administration) displayed extensive 

areas of diffuse hepatic dysplasia but hyperplastic foci were noted less frequently 

(Table 4.3). Dysplastic areas also showed a sinusoidal accumulation of erythroblasts 

distributed in small foci of two to 20 cells. Occasionally, myeloid precursor cells were 

associated with such foci. Four out of eight mice at T6 (euthanized 40 weeks after DEN 

administration) exhibited large hepatic, soft, grey to light brown or, occasionally, 

hemorrhagic nodules, measuring up to 10.0 mm in diameter. Histologically, these 

nodules were classified as HCC (Table 4.3). These lesions arose within dysplastic 

areas and often exhibited invasive growth and a multifocal appearance. Carcinomas 

were composed of highly pleomorphic cells disposed in an irregular trabecular pattern 

or, multifocally, in solid nests or pseudo-acinar structures, supported by a fibrovascular 

stroma (Figure 4.4d). Neoplastic cells exhibited moderate nuclear pleomorphism, a 

prominent nucleolus and up to four mitotic figures per HPF. Cells were often 

vacuolated, and frequently assumed signet-ring morphology. Multifocally, cells showed 

variably sized intracytoplasmic hyaline bodies (Figure 4.4e). Groups of erythroblasts 

were present in all HCCs and were larger than those observed in dysplastic areas.      

In one instance, fully differentiated bone marrow developed inside a carcinomatous 

nodule, with myeloid, erythroid, lymphoid and platelet precursors distributed between 

bone lamellae and adipocytes (Figure 4.4f). Additionally, all mice at T6 presented 

diffuse dysplastic areas and four animals exhibited hepatic hyperplastic foci          

(Table 4.3).   
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Figure 4.4 Proliferative hepatic lesions in diethylnitrosamine (DEN)-treated male ICR mice. a: 
Hyperplastic focus (DEN-treated mouse at T4); hematoxylin and eosin (H&E), ×100. b:  Diffuse 
dysplasia (DEN-treated mouse at T5); H&E, ×100. c:  Hepatocellular adenoma (DEN-treated 
mouse at T4); H&E, ×40. d:  Hepatocellular carcinoma. Note focal pseudo-acinar differentiation 
and irregular thin trabecular pattern (DEN-treated mouse at T6); H&E, ×400. e: Hepatocellular 
carcinoma. Note variably-sized intracytoplasmic hyaline bodies and scarce signet-ring 
morphology (DEN-treated mouse at T6); H&E, ×400. f:  Bone marrow focus in hepatocellular 
carcinoma. Note bone trabeculae and several bone marrow precursor cells, with prominent 
megakaryocytes (DEN-treated mouse at T6); H&E, ×400. Time in weeks (post-exposure): T1: 8 
weeks; T2: 15 weeks; T3: 22 weeks; T4: 29 weeks; T5: 36 weeks; T6: 40 weeks. 
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4.4 Discussion 
 

The present work aimed to evaluate the macro- and microscopic hepatic changes 

induced by short-term multiple DEN administration (8 consecutive weeks) in ICR mice, 

without any promoter agent, in order to report the histological features of pre-

neoplastic, neoplastic and non-neoplastic lesions. Chemically induced cancer in mouse 

models, such as the DEN mouse model, should be able to recapitulate the multifaceted 

relationship between the tumor and its surrounding microenvironment which is absent 

in in vitro systems (30).  

 

Considering the acute stage as a result of the consecutive 8-week repeat-dosing 

toxicity test, the first mouse liver samples collected (18 h after the last DEN injection) 

were characterized by recurrent and intense hydropic degeneration, necrosis and 

apoptosis. Current literature stresses the timing of initiation with DEN as critical due to 

the fact that hepatocytes are still actively proliferating in infant mice (17,30–33). 

Despite the age differences of our DEN-exposed mice (six weeks), the results are 

consistent with current knowledge regarding DEN pharmacokinetics, which undergoes 

metabolic activation and acts as a complete carcinogen in mice younger than two 

weeks (17,30,34); when administered in older mice, tumor promotion is required (e.g. 

phenobarbital; carbon tetrachloride) (17,22). Despite the absence of a promoter agent, 

and mimicking NOC exposure in older organisms, the increased mitotic index observed 

in DEN-treated groups reflects reactive cell proliferation as a response to replace 

destroyed hepatocytes. These findings are in line with our previous report that 

described acute damage involving major mitochondrial enzymatic complexes and 

increased activity of enzymes involved in controlling oxidative stress (17). Unrepaired 

DNA damage produced at this stage is likely to trigger the development of later pre-

neoplastic and neoplastic lesions. The occurrence of biliary cysts and vascular lesions 

such as peliosis hepatis has also been documented in DEN-treated mice (32).  

 

In the present study, the incidence of hepatocellular hyperplastic foci (up to 6 foci/10 

animals) was lower than that obtained by Kushida et al. (up to 26 foci per 10 animals) 

(32). However, the DEN dose used (35 mg/kg) was lower compared to those tested by 

Kushida et al. (25, 50 and 75 mg/kg, in 8 weeks’ consecutive treatment), a difference 

which might explain this discrepancy associated with the age of mice used in our 

research (three weeks older). On the other hand Kushida et al (32), reported 
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hyperplastic foci and adenomas occurrence at 33 weeks after the end of the treatment. 

At a similar time point, the present work finished 32 weeks after the last DEN injection 

(T6 i.e. 40 weeks after first DEN exposure), our group identified HCCs. The 

occurrence of HCC in four out of eight exposed animals at T6 also seems to diverge 

from those presented in a review by Minicis et al. suggesting a time of 100 weeks for 

HCC tumor development induce by DEN without promoting agent (31). In our opinion 

these opposing results highlight the influence of the strain’s genetic background on 

carcinogenesis. The tumors exhibited characteristic features, including cell ballooning, 

intracytoplasmic hyaline bodies and pseudo-acinar structures. Intracytoplasmic hyaline 

bodies from human HCCs have been suggested to consist of p62 and show variable 

positivity for ubiquitin and for cytokeratins (35). The presence of extramedullary 

hematopoiesis, with formation of intratumoral bone marrow foci is a particularly 

interesting feature of these tumors, as it points towards their primitive phenotype and 

may provide leads concerning their histogenesis.  

 

Taking into account the existing similarities between DEN-induced lesions in 

experimental models and those observed in patients with cancer, the standardization 

and detailed characterization of experimental lesions becomes a priority, in order to 

allow adequate interpretation of results and inter-study comparisons. 

 

The consecutive time points chosen for euthanasia and data analysis allowed us to 

provide a wide-ranging timeline overview of DEN-induced hepatic lesions, comprising 

acute toxic lesions to malignant neoplasms. The protocol proposed in the present work 

[ICR strain and age of mice (six weeks) at first i.p. exposure to DEN, without any 

promoter agent] accomplished the goal of inducing HCC. However, in order to refine 

this mouse model of DEN-induced HCC, it is important to increase the knowledge 

concerning the timeline of histological features as a consequence of NOC exposure. 
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Abstract  
 

Hepatocellular carcinoma (HCC) is a common malignancy with poor clinical outcome, 

whose histogenesis is the subject of intense debate. Specifically, expression of 

cytokeratins (CKs) 7 and 19, associated with aggressive biological behaviour, is 

proposed to reflect a possible progenitor cell origin or tumor dedifferentiation towards a 

primitive phenotype. This work addresses that problem by studying CKs 7 and 19 

expression in N-diethylnitrosamine (DEN)-induced mouse HCCs. ICR mice were 

divided into six DEN-exposed and six matched control groups. Samples were taken 

from each group at consecutive time points. Hyperplastic foci (13 lesions) occurred at 

29–40 weeks (groups 8, 10 and 12) with diffuse dysplastic areas (19 lesions) and with 

one hepatocellular adenoma (HCA) (at 29 weeks). HCCs (4 lesions) were observed 40 

weeks after the first DEN administration (group 12). CKs 7 and 19 showed identical 

expression patterns and located to large, mature hepatocytes, isolated or in small 

clusters. Hyperplastic foci and the single HCA were consistently negative for both 

markers, while dysplastic areas and HCCs were positive. These results support the 

hypothesis that CKs 7 and 19 expression in hepatocellular malignancies results from a 

dedifferentiation process rather than from a possible progenitor cell origin. 
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Cytokeratin, hepatic progenitor cell, hepatocellular carcinoma, histogenesis, liver, 
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5.1 Introduction 
	

Liver cancer is a major public health problem, with approximately 748 000 new cases 

diagnosed yearly (1). The majority of these cases are histologically classified as 

hepatocellular carcinomas (HCC) and occur mostly in older males in developing 

countries, due to the distribution of the risk factors (2). Hepatocellular carcinomas are 

believed to emerge through a process of multistep carcinogenesis, but their 

histogenesis is still a matter of discussion. One long-established view is that normal 

mature hepatocytes undergo neoplastic transformation to originate premalignant 

lesions and that early-stage HCCs arise within such lesions, giving them place to high-

grade carcinomas, originating a characteristic nodule-within-nodule structure (3). 

However, it has also been hypothesized that a set of HCCs may originate from hepatic 

stem cells (4,5). This hypothesis is supported by the expression patterns of several 

hepatic differentiation markers. Cytokeratins (CKs) 8 and 18 are equally expressed by 

hepatocytes and bile duct cells, while CKs 7 and 19 are considered as markers of 

cholangiocytic differentiation (6). Nevertheless, it has been observed that some HCCs 

express CKs 7 and 19, as well as c-kit that is a hepatic stem cell marker (7), displaying 

an intermediate hepatocellular-cholangiocytic progenitor cell-like phenotype. 

Furthermore, expression of CK19 has been associated with poor prognosis (4,8,9). 

However, Shibuya and collaborators (10) have recently put forward another 

contribution to this debate by proposing that malignant hepatocytes may 

transdifferentiate (or de-differentiate) into immature stem cell-like cells. An 

experimental carcinogenesis experiment may be useful to address this problem, by 

studying the expression of differentiation markers over time and thus determining 

whether tumors result from the clonal expansion of progenitor cells or dedifferentiate to 

acquire a progenitor cell-like phenotype. Over the years, several experimental rodent 

models have been used to study the pathogenesis of HCC, particularly mice and rats 

(11). Chemically induced models using N-diethylnitrosamine (DEN) are long-

established and among the most frequently used (12). DEN belongs to the N-nitroso 

group and is widely known for its ability to induce tumors in a multiplicity of organs, 

including the liver, the stomach, the lung and the haematopoietic organs. DEN is a 

genotoxic, DNA-alkylating carcinogen that requires metabolic activation (13). The first 

biotransformation step is hydroxylation to α-hydroxylnitrosamine, mediated by 

cytochrome P450, which shows its highest activity in centrilobular hepatocytes (14). 

Upon cleavage of acetaldehyde, an ethyldiazonium ion is formed, reacting with DNA 
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and other nucleophiles, including DNA repair enzymes. DEN induced mouse tumors 

often harbour H-ras activating mutations (15). While activation of the Ras pathway is a 

common event in human hepatocarcinogenesis (16), mutations of the H-ras proto-

oncogene itself are less frequent and associated with a more aggressive biological 

behavior (17). Accordingly, DEN-induced tumors are thought to closely mimic the more 

aggressive human HCCs. 

The necessary development time after a single DEN administration for HCC depends 

on several factors, namely administered dose, administration route, age, sex and strain 

of the animals (11,18,19). The present work employs a multiple dose DEN-induced 

mouse HCC model to study the expression of CKs 7 and 19 in preneoplastic and 

neoplastic hepatic lesions. 

 

5.2 Materials and methods 

5.2.1 Animals and experimental conditions 
 

One hundred and twenty male ICR mice with 5 weeks of age (Harlan, Barcelona) were 

housed at the bioterium of the University of Trás-os-Montes and Alto Douro, according 

to National (Portaria 1005/92 dated 23 October) and European (EU Directive 

2010/63/EU) legislation and submitted to 1 week of quarantine. Mice were identified 

with ear cuts and kept in ventilated facilities, under controlled conditions of temperature 

(23±2 °C), light/dark cycle (12 h light/ 12 h dark) and relative humidity (50±10%), using 

hardwood bedding. Standard diet (Global Diet 2014, Harlan, Barcelona) and water 

were provided ad libitum. 

 

5.2.2 Ethical Approval 
 

All animal procedures were done in accordance with the European Directive 

2010/63/EU on the protection of animals used for scientific purposes. 
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5.2.3 Experimental procedures 
 

At 6 weeks of age, all mice were randomly divided into 12 groups. Animals from groups 

1, 3, 5, 7, 9 and 11 (controls, CTL) were intraperitoneally injected with a saline solution 

weekly for eight consecutive weeks (administration route – i.p. once a week), whereas 

animals from groups 2, 4, 6, 8, 10 and 12 (exposed groups) received DEN (Sigma-

Aldrich, St. Louis, MO, USA) at a dose of 35 mg/kg of body weight (20). Throughout the 

experimental protocol (Figure 5.1), animals were daily monitored for signs of distress. 

Food and water intake, as well as animal weights, were weekly recorded. Animals from 

groups 1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10 were euthanized at 8, 15, 22, 29 

and 36 weeks (W) after the first administration of DEN, respectively, by means of a 

lethal dose of pentobarbital sodium, injected intraperitoneally. Euthanasia of animals 

from groups 11 (40W CTL) and 12 (40W exposed) was performed at 40 weeks after 

the DEN first administration, because some mice of the DEN-exposed group exhibited 

external signs of distress.  
	

	

	
Figure 5.1 Experimental design and animal groups. Experimental design; Time in weeks (post-
exposure): T1 – 8 weeks; T2 – 15 weeks; T3 – 22 weeks; T4 – 29 weeks; T5 – 36 weeks;       
T6 – 40 weeks; black arrows indicate euthanasia. Control animals received saline solution 
injections and were euthanized at the same time as the N-diethylnitrosamine-exposed group. 
	

5.2.4 Sample collection and histological processing 
 

A complete necropsy was carried out in all animals to check for tumoral masses. The 

liver, brain, heart, lungs, spleen, stomach, intestine, pancreas, kidneys, adrenal glands, 

testes, gastrocnemius muscles and a dorsal skin sample were collected into 10% 

neutral-buffered formalin and fixated for 48 h. Posteriorly, the samples were routinely 

processed and paraffin-embedded. 
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5.2.5 Histological and immunohistochemical analysis 
 

Histological sections (2 µm thick) were obtained and stained with haematoxylin and 

eosin (H&E) for examination on light microscopy. The presence of haemorrhage and 

other vascular disorders, bile cysts, necrosis, apoptosis, nuclear and cytoplasmic 

changes/accumulations was noted. Proliferative hepatic lesions were classified as 

hyperplastic foci, hepatocellular adenoma (HCA) or HCC (21). Furthermore, multifocal 

to regionally extensive, poorly delimited dysplastic areas, showing loss or distortion of 

lobular architecture, irregular hepatocyte plates, moderate cell atypia and mitotic 

activity, were classified as diffuse dysplasia. Immunohistochemical detection of CKs 7 

and 19 was performed on 2-µm-thick sections using a standard peroxidase protocol. 

Heat-induced antigen retrieval was performed employing citrate buffer in a microwave 

for 15 min. Monoclonal anti-CK7 (RCK105) and anti-CK19 (A-3) were acquired from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA), diluted in phosphate-buffered saline 

(1:500) and incubated with the tissue sections for 1 h at room temperature. 

Immunoreactivity was detected using diaminobenzidine. Negative controls were 

obtained by omitting the primary antibody. Bile duct epithelial cells were used as 

positive internal controls. 

 

5.2.6 Statistical analysis 
 

Data were expressed as mean ± standard deviation (SD) and compared by one-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison test at the 5% 

significant level (P<0.05). All tests were performed using the GRAPHPAD PRISM, 

version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). 

 

5.3 Results 
 

The mortality rate in the DEN group during the experimental protocol was 6.67% (4 of 

60 animals, one in group 2, another in group 10 and two in group 12). Despite the 

enrichment of cage environment, male competitive behaviour was noticed, resulting in 

punctual injuries and focal loss of hair (barbering behaviour). 

Regarding animal growth, the ponderal homogeneity index (iPH) and ponderal gain 

(PG) for control and DEN-exposed groups were calculated (Table 5.1). Drinking water 
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consumption was lower in DEN-treated animals compared with control groups (not 

significant). Food intake was also lower in DEN-exposed groups. Statistically significant 

differences between groups were noticed during the assay at 29 and 36 weeks after 

the first DEN exposure, regarding final body weight (P<0.05). 

 

Control animals (Figure 5.2) did not show changes to the normal hepatic architecture at 

any time point of the assay. Animals from group 2 (8W exposed) revealed acute toxic 

lesions, such as hepatocellular hydropic degeneration (Figure 5.3a) and necrosis. 

Animals from groups 4 and 6 (15W and 22W, exposed) revealed the same kind of 

lesions (Figure 5.3b, c respectively). No alterations to normal liver architecture were 

present.  

 

 

Figure 5.2 Histological and immunohistochemical features of the livers of control mice, 40W, 
100×, bar=100 µm. (a)H&E. (b) immunohistochemistry for CK7. (c) immunohistochemistry for 
CK19. 

Table 5.1 Animals body weights (g) (mean ± SD), ponderal homogeneity index (iPH) and 
ponderal gain (PG) 

W
ee

ks
  

Group 
Initial body 

weight 
Final body 

weight 
i PH PG 

8	 1-Control 31.16±2.60 39.86±3.35 2×27.06/(27.06+35.50) = 0.865 (39.86-31.16/39.86)×100 = 21.82 

2-DEN 31.16±1.57 39.64±2.17 2×28.90/(28.90+33.06) = 0.932 (39.64-31.16/39.64)×100 = 21.39 

15	 3-Control 30.55±1.77 45.40±4.40 2×28.04/(28.04+33.66) = 0.909 (45.40-30.55/45.40)×100 = 32.70 

4-DEN 29.74±1.49 41.88±2.83a 2×27.70/(27.70+32.84) = 0.915 (41.88-29.74/41.88)×100 = 28.98 
22	 5-Control 30.41±2.49 44.39±4.24 2×27.58/(27.58+35.40) = 0.875 (44.39-30.41/44.39)×100 = 31.49 

6-DEN 30.55±2.32 48.18±5.98 2×27.16/(27.16+34.00) = 0.888 (48.18-30.55/48.18)×100 = 36.59 
29	 7-Control 29.63±1.62 46.01±3.55 2×27.20/(27.20+31.94) = 0.919 (46.01-29.63/46.01)×100 = 35.60 

8-DEN 29.84±2.48 44.32±5.81 2×25.62/(25.62+33.86) = 0.861 (44.32-29.84/44.32)×100 = 32.67 

36	 9-Control 30.70±2.28 51.13±6.19 2×27.84/(27.84+34.80) = 0.888 (51.13-30.70/51.13)×100 = 39.95 
10-DEN 29.22±2.33 42.59±7.02b 2×26.04/(26.04+34.02) = 0.867 (42.59-29.22/42.59)×100 = 31.39 

40	 11-Control 31.47±2.30 50.07±2.41 2×29.84/(29.84+33.10) = 0.948 (50.07-31.47/50.07)×100 = 37.14 
12-DEN 30.30±1.78 48.93±7.11 2×28.02/(28.02+33.76) = 0.907 (48.93-30.30/48.93)×100 = 38.07 

	

DEN, N-diethylnitrosamine.  

DEN: ap=0.048, bp=0.016 Statistically different from that of the control group (p<0.05).	
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At the same time points occasional cytoplasmic immunostaining for CKs 7 (Figure 5.4e 

– f respectively) and 19 (Figure 5.5b – e – f respectively) was observed in the biliary 

epithelium and hepatocytes surrounding necrotic areas, in both exposed and control 

animals.  

 

	
Figure 5.3 N-diethylnitrosamine-exposed mouse liver. H&E, 100×, bars = 100 µm. Inserts 400×, 
bars = 20 µm. (a) 8W animal. Hepatocellular hydropic degeneration. Note intense cytoplasmic 
vacuolization. (b) 15W animal. Note coagulative necrosis focus. (c) 22W animal. Note nuclear 
changes with condensed, fuzzy chromatin. (d) 29W animal. Note small, mixed type hyperplastic 
nodule. (e) 36W animal. Note pleomorphic nuclei with pseudonucleoli over a dysplastic area. (f) 
40W animal. Note a pseudo-acinar structure amidst a hepatocellular carcinoma. 
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Nodular hepatic lesions occurred from 29 weeks after the first DEN administration and 

were often visible macroscopically (Figure 5.6). The first hyperplastic foci were 

observed in group 8 (29W exposed). Such foci were clearly delimited from the adjacent 

parenchyma, were composed of tight hepatocellular plates, which compressed the 

hepatic sinusoids, and showed distinct, basophilic or mixed type, cytoplasmic 

coloration (Figure 5.3d). Four of 10 animals (40%) showed hepatic hyperplastic foci (six 

nodules, Table 5.2).  

 

One animal showing two hyperplastic foci also exhibited dysplastic changes in a distant 

and poorly delimited area classified as diffuse dysplasia (10%) as well as a larger, well-

defined nodule classified as an HCA (21). Dysplastic lesions (Figure 5.3e) were 

composed of hepatocytes arranged in irregular and variably oriented plates, which 

disrupted normal liver architecture lacking the formation of distinguishable nodules. 

Hepatocytes were moderately pleomorphic showing significant variations in size and 

occasional cytoplasmic vacuoles. Pseudonucleoli and mitotic figures were present      

(1 per high-power field). The HCA was a large (1.0 cm in diameter) nodule, which 

compressed the adjacent parenchyma, composed of regularly oriented hepatocellular 

trabeculae. Hepatocytes were smaller than adjacent cells, displaying basophilic 

cytoplasm and large, round nuclei with coarse chromatin and occasional mitotic figures 

(up to 1 mitotic figure per high-power field). Both dysplastic and adenomatous areas 

showed scattered immunopositive cells for CKs 7 and 19, isolated or in groups of 2–10 

large mature hepatocytes (Figure 5.4e and Figure 5.5e respectively), while hyperplastic 

foci (Figure 5.4d and Figure 5.5d) were consistently negative. Immunopositive cells in 

dysplastic areas were often located in the subcapsular region or in centrilobular areas, 

around the central vein. Immunostaining was diffusely distributed in the cytoplasm and 

was moderate to strong. Antibodies against CKs 7 and 19 consistently stained the 

same areas, with similar distribution and intensity. All animals from group 10 (36W 

exposed) showed extensive areas of diffuse hepatic dysplasia (9 of 9 animals, 100%). 

Hyperplastic foci were recorded less frequently (2 of 10 animals, 20%, a total of three 

nodules). As observed in group 8 (29W exposed), dysplastic areas showed scattered 

cells exhibiting moderate-to-strong immunostaining for CKs 7 and 19, while 

hyperplastic foci remained consistently negative. Dysplastic areas also showed a 

sinusoidal accumulation of erythroblasts distributed in small foci of 2–20 cells. 

Occasionally, myeloid precursor cells were found in association with such foci.  
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Figure 5.4 N-diethylnitrosamine-exposed mouse liver. Immunostaining for CK7-Mayer’s 
haematoxylin, 100×, bars = 100 µm. Inserts 400×, bars = 20 µm. (a) 8W animal. (b) 15W 
animal. Note mitotic figure. (c) 22W animal. (d) 29W animal. Note hyperplastic nodule on the 
upper half of the picture. (e) 36W animal. Note scattered, large, mature, immunopositive 
hepatocytes over a dysplastic area. (f) 40W animal. Note variably stained, mature, 
immunopositive hepatocytes scattered amidst a hepatocellular carcinoma. 

 

 

Four of 8 (50%) animals from group 12 (40W exposed) exhibited large hepatic, soft, 

grey to light brown or occasionally haemorrhagic nodules, measuring up to 1.0 cm in 

diameter. Histologically, these nodules were classified as HCCs. 
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Figure 5.5 N-diethylnitrosamine-exposed mouse liver. Immunostaining for CK19-Mayer’s 
haematoxylin, 100×, bars = 100 lm. Inserts 400×, bars = 20 lm. (a) 8W animal. (b) 15W animal. 
Note immunopositive biliary epithelium. (c) 22W animal. (d) 29W animal. Note hyperplastic 
nodule on the lower half of the picture. (e) 36W animal. Note scattered, large, mature, 
immunopositive hepatocytes over a dysplastic area. (f) 40W animal. Note variably stained, 
mature, immunopositive hepatocytes scattered amidst a hepatocellular carcinoma. 
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These lesions arose within diffuse dysplastic areas and showed invasive growth and a 

multifocal distribution. Hepatocellular carcinomas (Figure 5.3f) were composed of 

moderately to highly pleomorphic cells disposed in solid nests, trabeculae or, 

multifocally, pseudo-acinar structures, supported by a loose fibrovascular stroma.  

 

 
 

Figure 5.6 Macroscopic features of livers from control and N-diethylnitrosamine exposed ICR 
mice. (a) 40W control animal. (b) 36W exposed animal. Note hepatomegaly with grey 
discoloration and irregular hepatic surface. (c) 40W exposed animal. Note distortion of hepatic 
lobes, haemorrhagic foci and multiple grey nodular lesions. 
 

 

Neoplastic cells showed moderate nuclear pleomorphism, a prominent nucleolus and 

up to four mitotic figures per high-power field. Cells varied in size, were often 

vacuolated and frequently assumed signet-ring morphology. Multifocally, variably sized 

intracytoplasmic hyaline bodies were present. Scattered cells or cell groups exhibiting 

moderate-to-strong cytoplasmic immunostaining for CKs 7 and 19 were present (Figure 

5.4f and Figure 5.5f). Immunopositive hepatocytes were mostly large-, little- or non-

vacuolated cells, with vacuolated cells showing a fainter immunostaining. 

Immunostaining for both CKs was consistently present in the same areas. Groups of 

erythroblasts were present in all HCCs and were larger than those observed in 

dysplastic areas. In one instance, fully differentiated bone marrow developed inside a 

carcinomatous nodule, with myeloid, erythroid, lymphoid and platelet precursors 

distributed between bone lamellae and adipocytes.  
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Table 5.2 Histological incidence of hyperplastic foci, dysplastic lesions, hepatocellular 
adenomas and carcinomas, and CK7/CK9 immunoexpression among DEN-exposed and 
control ICR mice 

S
ac

rif
ic

e 
tim

e 
po

in
ts

 (W
ee

ks
) 

Animal 
groups 

 

Hyperplastic 
foci 

CK7+/19+ 
Hyperplastic 

foci 

Diffuse 
dysplasia 

CK7+/19+ 
diffuse 

dysplasia 
HCA CK7+/19+ 

HCA HCC CK7+/19+ 
HCC 

% of animals with lesions (no. lesions per group) 

8 

Control 
Group 1 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 2 
(n = 9) 

0 0 0 0 0 0 0 0 

15 

Control 
Group 3 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 4 
(n = 10) 

0 0 0 0 0 0 0 0 

22 

Control 
Group 5 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 6 
(n = 10) 

0 0 0 0 0 0 0 0 

29 

Control 
Group 7 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 8 
(n = 10) 

40% 
(6 lesions) 

0 
10% 

(1 lesion) 
10% 

(1 lesion) 
10% 

(1 lesion) 
10% 

(1 lesion) 
0 0 

36 

Control 
Group 9 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 10 

(n = 9) 

22% 
(3 lesions) 

0 
100% 

(9 lesions) 
100% 

(9 lesions) 
0 0 0 0 

40 

Control 
Group 11 
(n = 10) 

0 0 0 0 0 0 0 0 

Exposed 
Group 12 

(n = 8) 

37.5% 
(4 lesions) 

0 
100% 

(8 lesions) 
100% 

(8 lesions) 
0 0 

50% 
(4 lesions) 

50% 
(4 lesions) 

           HCA, hepatocellular adenoma; HCC, hepatocellular carcinoma; DEN, N-diethylnitrosamine. 
	
 

All animals from group 12 (40W exposed) showed diffuse dysplastic areas (eight of 

eight animals, 100%) and three of eight (37.5%) showed hyperplastic foci (four lesions 

in total). The immunostaining patterns observed in these lesions were identical to those 

observed in previous groups. 
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5.4 Discussion 
 

The histogenesis of HCC is the subject of an intense debate. In fact, as some tumor 

subtypes show different biological behavior, refining their histopathological 

classification has important consequences for patient treatment and prognosis (4,9). 

Hepatocellular carcinomas with a progenitor cell-like phenotype express certain 

characteristic markers of cholangiocytes (4,9). While CKs 8 and 18 are expressed by 

both hepatocytes and epithelial bile duct cells, CKs 7 and 19 are used as markers of 

cholangiocytic differentiation (6). In the present work, the expression of CKs 7 and 19 

was studied in a murine model of chemical hepatocarcinogenesis, in non-neoplastic, 

preneoplastic and neoplastic tissues. Immunopositive cells were not observed in 

control tissues in the early exposed groups, apart from bile duct epithelial cells and 

hepatocytes bordering necrotic foci. These were not small, scattered cells resembling 

hepatic progenitor cells but a continuous lining of large, mature hepatocytes. It seems 

likely that these hepatocytes are responding to liver damage and have suffered 

corresponding cytoskeletal rearrangements involving CKs 7 and 19 expression – a 

similar phenomenon was previously described in alcoholic steatohepatitis and 

cholestatic liver diseases (22,23). Activation of hepatic progenitor cells in the early 

stages following DEN exposure was not detected immunohistochemically. Hyperplastic 

foci are considered early preneoplastic changes in the process of multistep 

hepatocarcinogenesis. Overexpression of CKs 8 and 18 has been described in 

hyperplastic foci in DEN-exposed RasH2, B6C3F1 and C57BL/6 mice (24–26). These 

authors agree that CK8 and CK18-positive foci seem to be reliable markers for 

premalignant lesions in those mouse strains. Expression of CK19 has also been 

recently described in DEN-induced hyperplastic foci (especially in eosinophilic foci) and 

HCAs in C57BL/6 mice (26). Andersen et al. (27) also associated CK19 expression 

with malignancy and with malignant progression of preneoplastic liver lesions in a rat 

model. 

 

In the present study, immunopositivity for CKs 7 and 19 was always coincident and 

distributed in small cell clusters or isolated cells, in a pattern resembling that described 

by Shibuya et al. (10) and not forming nodules as described by Kushida et al. (26). 

However, in contrast with these last author’s findings, hyperplastic nodules were 

consistently negative for both CKs 7 and 19. This discrepancy must be regarded with 
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caution due to the low number of hyperplastic foci detected in the present study and 

the fact that these were basophilic or mixed instead of eosinophilic. On the other hand, 

immunopositive hepatocytes were found outside the hyperplastic foci, scattered 

through diffuse dysplastic areas, and especially in subcapsular and centrilobular areas 

(where DEN metabolic activation occurs most intensely). Immunopositive hepatocytes 

did not resemble hepatic progenitor cells, but were large, mature hepatocytes with 

abundant cytoplasm, a coarse nuclear chromatin pattern and, frequently, a prominent 

nucleolus, in agreement with the results of Shibuya et al. (10). A similar pattern was 

observed in all HCCs (although there were only four of these). The only diagnosed 

HCA showed an identical CK7/CK19 expression pattern as well. These results support 

the association of CKs 7 and 19 expression with hepatocellular malignancy in the 

mouse DEN-induced hepatocarcinogenesis model. Interestingly, immunopositivity for 

CKs 7 and 19 coincides with the presence of extramedullary haematopoiesis, 

consisting first of scattered groups of erythroblasts in dysplastic areas and then of bone 

marrow foci in HCCs. Considering that the immature mouse liver is, physiologically, a 

haematopoietic organ, this finding provides yet another indication of the primitive or 

immature phenotype of these malignancies. Furthermore, bearing in mind that (i) all 

observed hyperplastic foci were CK7/CK19-negative, (ii) positive cells occurred isolated 

or in small clusters, rather than in nodules and (iii) positive cells showed hepatocellular 

rather than progenitor cell morphology, the present results give additional support to 

the hypothesis that CKs 7 and 19 expression in HCCs may result from dedifferentiation 

of mature hepatocytes. This is in line with the findings of Shibuya et al. (10), but 

contrasts with the results presented by other authors. In fact, Libbrecht et al. (28) 

presented results suggesting that hepatic progenitor cells give rise to HCCs via small 

cell dysplastic foci. Using an experimental approach, Dumble et al. (29) showed that 

p53-null hepatic progenitor cells implanted in nude mice did give rise to tumours 

resembling HCCs. The discrepancy between these findings and our present results 

appears to lie in the different models used by each research group. Most human HCCs 

arise from a background of chronic liver disease, with hepatic progenitor cell activation. 

In our model, DEN preferentially targets centrilobular hepatocytes (not progenitor cells) 

over an 8-week period, with no evidence of early-stage progenitor cell activation. These 

results thus provide new perspectives on the mechanisms of hepatocarcinogenesis, 

especially on the contribution of the stem cell phenotype in the context of DEN-induced 

carcinogenesis. 
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Abstract 
 

Background - A mouse model using N-diethylnitrosamine (DEN) to induce 

Hepatocellular carcinoma (HCC) has histological and genetic resemblance to human 

tumours. Material and Methods: Male ICR mice were divided into control (n=10) and 

DEN treated (n=10) groups. DEN was administered via intraperitoneal injection, once a 

week, for eight consecutive weeks. Animals were euthanized seven weeks after the 

last administration of DEN and their livers collected. Plasma albumin, total bilirubin, 

alanine transaminase and aspartate aminotransferase activity were all measured and 

liver mitochondrial bioenergetics and oxidative stress were also evaluated. Results: 

Histologically, pre-neoplastic lesions were identified in the livers from mice of the DEN 

group. Total plasma bilirubin increased significantly in the group exposed to DEN and 

mitochondrial complex I and IV were significantly inhibited (p=0.0403 and p=0.0053, 

respectively). Conclusion: DEN induced changes in liver bioenergetics and antioxidant 

capacity towards reactive oxygen species at seven weeks after administration. At this 

stage, liver tissue in mice exposed to DEN still had the ability to counteract the 

oxidative effects of DEN by increasing the activity of antioxidant enzymes.  

 

 

Keywords 
 

N-Diethylnitrosamine (DEN), mice, liver, oxidative stress, antioxidant enzyme. 
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6.1 Introduction 
 

Hepatocellular carcinoma (HCC) represents 85% to 90% of primary malignant tumors; 

it is the fifth most common kind of tumor and the third most common cause of death 

among oncologic patients (1). The number of cases of HCC has been increasing 

steadily, with 600,000 new cases arising worldwide per year. HCC is associated with a 

poor prognosis and has a high mortality rate, causing up to 500,000 deaths a year. The 

majority of patients die within a year of being diagnosed with HCC (2). Over 80% of 

HCC cases occur in East Asia and Sub-Saharan Africa, whereas the Americas, 

Northern Europe and Oceania have the lowest rates (<5/100,000). The countries of 

Southern Europe, including Portugal, have intermediate incidence rates of 5-

20/100,000. HCC prevalence is related to the geographic distribution of the associated 

risk factors (3). The main risk factors for developing HCC are viral hepatitis, alcoholic 

cirrhosis, contamination of food by aflatoxins, exposure to certain carcinogenic 

compounds, certain oral contraceptives, gender and the concomitant existence of other 

diseases (1,4).  Several carcinogenic compounds have been identified and associated 

with the development of different types of cancer, including HCC, in diverse organs 

using animal models. Synthetic chemicals such as diethylnitrosamine (DEN), 

dimethylnitrosamine, ethylnitrosurea, 2-acetylaminofluorene, carbon tetrachloride and 

1,2-dichloroethane, as well as natural substances such as aflatoxins, are used to 

induce liver cancer in laboratory animals (5,6). DEN is an organic substance belonging 

to the N-nitroso group and is widely known for its ability to induce tumors in various 

organs, such as the liver, lung and stomach, and the hematopoietic system. The route 

and duration of dosage administration may affect the experimental results (7-9). DEN is 

also classified as a genotoxic carcinogen and requires metabolic activation. The first 

biotransformation step is hydroxylation of the α carbon of an alkyl group forming α-

hydroxylnitrosamine. This chemical reaction is mediated by cytochrome P450 enzyme, 

with a greater activity in centrilobular hepatocytes (10,11). As a result of this step, 

aldehyde and alkyldiazo hydroxide are formed and the resultant compound, in its ionic 

form, can react not only with nucleic acids but also with the enzymes involved in DNA 

repair. The aim of this study was to evaluate the effect of DEN on liver histology, and 

mitochondrial bioenergetics, and to assess the grade of oxidative stress. 
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6.2 Materials and Methods 

6.2.1 Animals and experimental conditions  
 

All experimental procedures were developed according to ordinance no. 1005/92, and 

EU Directive 2010/63/EU on the use of laboratory animals. Four to five-week-old male 

ICR mice were purchased from the Harlan-Interfauna company (Barcelona, Spain). 

The subsequent quarantine period lasted for one week. The animals were kept under 

controlled conditions at 23±2˚C, with 12 h light/12 h dark and controlled ventilation. 

They did not receive any treatment prior to the start of the study. Animals were 

randomly divided into groups, kept on hardwood bedding and received a standard 

laboratory maintenance diet (Harlan Global Diet 2014, Barcelona, Spain) and water ad 

libitum throughout the experiment. Maintenance and cleaning was carried out twice a 

week. Drinking water was replaced weekly or earlier if necessary. Consumption of food 

and water was measured at the same time as animals’ body weight was determined. 

The animals were observed daily to assess their general health. 

 

6.2.2 Experimental procedure 
 

 A total of 20 male ICR mice were divided into two groups consisting of 10 animals 

each: a control group, which did not receive any treatment and a DEN-treated group 

subjected to treatment with the carcinogen. DEN was acquired from Sigma-Aldrich 

Company (Portuguese affiliated Office, Sintra, Portugal). The carcinogenic solution 

was administered via intraperitoneal route, once a week, for eight consecutive weeks, 

at a dose of 3.5μl/g bodyweight per mouse. DEN solution was prepared at 1% 

concentration (99 ml of normal saline – NaCl 0.9% to which was added 1 ml of 

concentrated DEN solution (0.01 μg/μl)). 

Animals were checked daily for clinical signs of toxicity and mortality. Their ponderal 

homogeneity index iPH=2 Wl /(Wl + Wh) and ponderal gain PG=W2-W1/W2×100 were 

calculated, with Wl being the lowest average animal weight, Wh the highest average 

animal weight, W1 initial body weight and W2 final body weight. 
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6.2.3 Sample collection 
 

Fifteen weeks after the start of the experiment, the animals were euthanased by means 

of a lethal dose intraperitoneal injection of pentobarbital sodium. Whole blood samples 

were collected via intracardiac punction and placed in appropriately sized heparinized 

tubes. At this time, blood samples were also collected into heparinized capillary tubes 

for microhematocrit procedure. Samples were centrifuged in a Labofuge I (Burladingen, 

Germany) at 656 × g for 15 minutes to obtain plasma and kept at −20˚C until used. 

Complete necropsies were subsequently performed; the heart, lungs, liver, kidneys, 

urinary bladder and spleen were collected, weighed and examined macroscopically. 

Relative organ weights (liver, kidney, spleen, lungs, heart and urinary bladder) were 

calculated as the ratio of the organ weight to the mouse’s total bodyweight.  

 

6.2.4 Liver function tests 
 

 Automated standardized procedures (RX Daytona, Randox Laboratories, Dublin, 

Ireland) were used to measure and assess liver function, alanine transaminase and 

aspartate aminotransferase plasma activity, and plasma levels of total bilirubin and 

albumin. 

 

6.2.5 Haematology 
 

 The capillaries were centrifuged in a Hermle Z320® unit (Gosheim, Germany) at     

6000 × g for 5 minutes, and the hematocrit measured on a hematocrit ruler. 

 

6.2.6 Histological evaluation 
 

Representative fragments of each organ were fixed in 10% buffered formalin and 

embedded in paraffin wax. Tissue sections of 2 μm were processed and stained with 

haematoxylin and eosin (H&E). The livers were sectioned for reticulin and Masson’s 

trichrome staining, according to the techniques described by Jones (12). Liver samples 

were analyzed via optical microscopy to identify lesions. The following parameters 
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were evaluated: architecture, fibrosis, bile ductal hyperplasia, cholestasis, hepatocyte 

necrosis, the presence of inflammatory cells, hydropic degeneration, hyperplasia, 

anisokaryosis, binucleated cells, pseudo-nucleoli, apoptosis, focal hepatic necrosis and 

mitosis. As far as reticulin expression and Masson’s trichrome staining were 

concerned, the following parameters were evaluated: liver parenchyma, portal space, 

centrolobular space, portal space and the presence of bridges in adjacent centrolobular 

veins. 

 

6.2.7 Isolation of liver mitochondria 
  

Mitochondrial isolation was performed by conventional methods (13), with minor 

modifications. The homogenization medium contained 0.25 M sucrose, 5 mM Hepes 

(pH 7.4), 0.2 mM ethyleneglycol-bis(-aminoethyl ether) N, N, N, N-tetraacetic acid 

(EGTA), and 0.1% fatty acid-free bovine serum albumin (BSA). Ethylenediaminetetra-

acetic acid (EDTA), EGTA, and BSA were omitted from the final washing medium, 

which was adjusted to pH 7.2. The final concentration of the mitochondrial protein was 

determined by the Biuret method (14) using BSA as standard protein. 

 

6.2.8 Enzymatic activity of mitochondrial complexes 
 

Complex I or nicotinamide adenine dinucleotide (NADH)-dehydrogenase activity was 

measured spectrophotometrically at 25˚C by following the oxidation of NADH (reduced 

nicotinamide dinucleotide) into NAD+ (oxidized nicotinamide dinucleotide), and this 

decrease in the concentration of NADH was read at 340 nm. The assay was performed 

in a buffer containing 50 mM potassium phosphate, pH 7.4, 2 mM KCN, 5 mM MgCl2, 

2.5 mg/ml BSA, 2 μM antimycin, 100 μM decylubiquinone, and 0.3 mM K2NADH; 15-25 

μg of the mitochondrial sample was used to initiate the reaction. The enzymatic activity 

was measured for 3 min and values were recorded 30 s after the initiation of the 

reaction. Specific activities were determined by calculating the slope of the reaction in 

the linear range in the presence or absence of 1 μM rotenone (complex I inhibitor) and 

expressed in nmol NADH/min/mg of protein (15). Succinate dehydrogenase activity 

was measured spectrophotometrically by the reduction of 2,6- 

dichlorophenolindophenol at 600 nm in the presence of phenazine methasulphate (16). 

The reaction was performed in 1 ml of the standard reaction medium supplemented 
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with 5 mM succinate, 2 M rotenone, 0.1 g antimycin A, 1 mM KCN, 0.025% Triton X-

100 at 25˚C, and 0.5 mg protein of disrupted mitochondria (two cycles of freezing and 

thawing). Cytochrome c oxidase activity was measured polarographically (16) at 25˚C 

in 1 ml of the standard reaction medium supplemented with 5 mM succinate, 2 M 

rotenone, 10 M cytochrome c, and 0.5 mg protein broken mitochondria. The reaction 

was initiated by the addition of 5 mM ascorbate plus 0.25 mM N,N,N,N-tetramethyl-p-

phenylenediamine (TMPD). F0-F1 –ATPase activity was determined by monitoring the 

pH change associated with ATP hydrolysis (16). The reaction was carried out in 2 ml of 

a medium containing 130 mM sucrose, 50 mM KCl, 5 mM MgCl, and 0.5 mM Hepes 

(pH 7.2), supplemented with 2 M rotenone and mitochondria (1 mg protein of disrupted 

mitochondria). The reaction was initiated by the addition of 2 mM Mg-ATP and was 

completely inhibited by the addition of oligomycin (2 g/mg mitochondrial protein). 

Proton production was again calculated 2 min after starting the reaction. The final 

concentration of the mitochondrial protein was determined by the Biuret method (14) 

using BSA as standard. 

 

6.2.9 Oxidative stress evaluation 
 

Liver homogenization: Livers were placed in freezing medium consisting of 0.2 M 

mannitol, 0.07 M sucrose, 20% of Dimethyl sulfoxide (DMSO) and subsequently frozen 

at −70˚C for subsequent homogenization. Livers were weighed and added to 10% (w/v) 

50 mM phosphate buffer and were homogenized. The homogenate obtained was 

centrifuged at 16,000 × g for 20 minutes at 4˚C, the protein supernatant was used to 

measure antioxidant enzyme activities and protein thiol content. 

 

Determination of protein thiol content: Total protein thiols expressed as reduced 

glutathione (GSH) was measured as described by Peixoto et al. (17). Absorption was 

measured at 412 nm, using GSH for calibration. 

 

Determination of antioxidant enzymes: Superoxide dismutase (SOD) activity was 

determined according to the method of Paya et al. (18), using the xanthine–xanthine 

oxidase system. One unit of SOD activity was defined as the amount of SOD inhibiting 

the reduction rate of nitroblue tetrazolium chloride (NBT) by 50%. Catalase (CAT) was 

assayed as described by Aebi (19) and the activity was determined without disruption 
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of mitochondria in the presence of 0.5% Triton X-100. Glutathione reductase (GR) 

activity was performed according to Smith et al. (20). The rate was calculated from the 

linear portion of the curve and expressed as nmol NADPH/min/mg protein. The activity 

of glutathione S-transferase (GST) was assayed at 25˚C and 340 nm due to the 

conjugation of GSH to 1-chloro-2,4-dinitrobenzene (CDNB). The reaction mixture 

contained 650 µl of sodium phosphate buffer (100 mM, pH 7.0), 10 µl CDNB (50 mM), 

and 25 µl GSH (50 mM). The absorbance was measured at 340 nm, and enzyme 

activity expressed in µmol CDNB conjugated/min/mg of protein (ε=9.6×103/M cm) (21). 

 

6.2.10 Statistical analysis 
 

Continuous data were expressed as mean±standard deviation (SD), with comparisons 

of continuous data made using a one-way ANOVA, Bonferroni and Tukey’s multiple 

comparison test at the 5% significant level (p<0.05). All tests were performed using the 

GraphPad Prism, version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). 

 

6.3 Results 
 

In order to evaluate the effects of DEN on mouse liver, we treated mice for eight weeks 

and euthanased them seven weeks after administration of the final dose. None of the 

animals showed any clinical signs of disease during the experimental period and at the 

end of the assay, all the animals were still alive. 

 

6.3.1 Animal growth and water and food consumptions 
 

The iPH and PG calculated for the two experimental groups are summarized in Table 

6.1. No statistically significant differences in water consumption were recorded during 

the experimental period, although throughout the experiment, the DEN-treated group 

manifested a lower water consumption compared to the control group (data not 

shown). Food intake was also lower in the DEN-treated group, however, only at the 

ninth week was this statistically significant (p=0.045) compared to the control group 

(data not shown). 
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Table 6.1 Mouse body weights (g) (mean ± SD) and ponderal homogeneity index (i PH) and 
ponderal gain (PG) 

 

The mean weight of the animals’ livers, kidneys, urinary bladders, lungs, spleens and 

hearts, as well as the relative organ weights, are shown in Table 6.2.   

	

Table 6.2  Weight (g) and relative weight (%) (mean ± SD) of liver, kidneys, bladder, lung, 
spleen and heart of mice.	

	

	

	 Initial	body	
weight	

Final	body	
weight	 i	PH	 PG	

Control 
group 

30.55±1.77 45.40±4.40 2×28.04/(28.04+33.66) =0.909 (45.4-30.552/45.4)×100=32.705 

DEN-treated 
group 

29.74±1.49 41.88±2.83a 2×27.70/(27.70+32.84) =0.915 (41.882-29.742/41.882)×100=28.986 

DEN: ap=0.048, Statistically different from that of the control group. 

	 Control	group	 DEN-treated	group	

Weight (g) 	 	

Liver 2.417±0.309 2.187±0.182 

Right kidney 0.385±0.054 0.315±0.043a 

Left kidney 0.353±0.027 0.305±0.029b 

Bladder 0.336±0.227 0.234±0.119 

Lungs 0.356±0.032 0.344±0.086 

Spleen 0.183±0.060 0.165±0.030 

Heart 0.249±0.029 0.209±0.017b 

Relative weight (%) 	 	

Liver 0.053±5.65E-03 0.052±3.29E-03 

Right kidney 0.008±8.47E-04 0.008±7.88E-04c 

Left kidney 0.008±5.09E-04 0.007±5.57E-04d 

Bladder 0.007±5.00E-03 0.006±2.62E-03 

Lungs 0.008±8.03E-04 0.008±2.09E-03 

Spleen 0.004±1.11E-03 0.004±6.83E-04 

Heart 0.006±7.69E-04 0.005±4.21E-04 

Significantly different from the control group at ap=0.005, bp=0.001,  cp=0.016, dp=0.045 
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6.3.2 Liver function tests and microhematocrit 
 

The results of plasma biochemical analysis and microhematocrit are shown in Table 

6.3. Statistically significant differences were found in terms of total bilirubin (p=0.026) 

between the DEN-exposed group and the control group. 

	

Table 6.3 Biochemical and microhematocrit parameters evaluated (mean ± SD). 

	 Albumin 
(g/dl) 

Total bilirubin 
(mg/dl) 

Alanine 
transaminase 

(U/l) 

Aspartate 
aminotransferase 

(U/l) 
Microhematocrit 

Control group 2.79±0.19	 0.15±0.04	 51.87±9.55	 122.88±26.51	 40.60±2.43	

DEN-treated 
group 2.77±0.50	 0.26±0.12a	 40.55±14.74	 99.77±48.00	 40.65±2.58	

Significantly different from the control group at ap=0.026 
 

6.3.3 Macroscopic and microscopic evaluation 
 

Macroscopic changes were not identified on the organs collected from the control 

group; liver from one mouse of the DEN-treated group exhibited a whitish-coloured 

lesion with a diameter less than 1 mm. Histopathological liver lesions discovered were 

confined to the DEN-exposed group and are indicated in Table 6.4.  

 

Table 6.4 Histological lesions identified in animals’ livers. 
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No histological changes were found in the livers of mice belonging to the control group. 

Both groups preserved normal liver architecture (Figure 6.1A). 

Livers from animals exposed to DEN presented cytoplasmic hydropic degeneration 

(Figure 6.1B); mitoses (Figure 6.1C); pseudo-nucleoli (Figure 6.1D); apoptosis (Figure 

6.1E) and focal hepatic necrosis (Figure 6.1F).  

Histological changes were not identified in the remaining organs collected. The normal 

expression of fibrinogen and reticulin (Figure 6.1G) observed in the livers means that 

DEN did not cause the development of hepatic fibrosis. Masson’s trichrome staining 

(Figure 6.1H) revealed a normal distribution pattern in both groups.  

	

	 	 	
	 	 	

	 	 	
	 	 	

	 	

	

 

Figure 6.1 A: Normal liver architecture (H&E, 200x); B: hydropic degeneration and anisokaryosis 
(H&E, 400×); C: mitoses (H&E, 400×); D: pseudonucleolus (H&E, 600×); E: apoptosis (H&E, 400×); F: 
focal hepatic necrosis (H&E, 400×); G: reticulin staining expression in liver taken from na animal 
exposed to diethylnitrosamine (DEN) (200×); H: Normal Masson’s trichrome staining expression (200×) 
in an animal exposed to DEN. 
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To evaluate the effect of DEN on the group exposed to it, specific activities of complex 

I, II, IV and V (F0-F1-ATPase) were measured on isolated liver mitochondria. Changes 

in the activity of the enzymatic mitochondrial complexes were identified in the DEN 

group (Figure 6.2) compared to the corresponding control group. 

 

Figure 6.2 Effect of treatment with diethylnitrosamine (DEN) on the activity of mitochondrial 
respiratory chain complexes. A: NADH dehydrogenase (complex I); B: succinate 
dehydrogenase (complex II); C: cytochrome c oxidase (complex IV); D: F0-F1-ATPase activity 
(complex V) as described in the Materials and Methods. CON: Control group; DEN: DEN-
treated group. Values are presented as the mean and standard deviations for all mice treated 
with DEN (1%) for eight weeks and all control animals. Different letters represent statistically 
significant differences (p<0.05). 

	

In DEN-treated animals, there was a 37% inhibition of the activity of complex I (NADH: 

ubiquinone reductase) compared to the control group (p=0.0403). In addition in the 

DEN group, there was a noticeable increase in the activity of complex II (succinate-

coenzyme Q reductase) enzyme, however, no statistically significant differences were 

found compared to the control group. Complex IV (cytochrome c oxidase) activity was 

significantly inhibited (28% that of the control) (p=0.0053) and F0-F1-ATPase activity 

decreased by 13.6% in mice exposed to DEN, but no statistically significant differences 

were found compared to the control group.  

Quantification of protein in the liver homogenate indicated a decrease of 12.4% in mice 

of the DEN-treated group compared to the control group, but this difference was not 

statistically significant (data not shown). 
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The results for oxidative stress are summarized in Figure 6.3. SOD and GR activity 

increased in the DEN group (6% and 40% of that of control, respectively) but was not 

statistically significant (p=0.6956 and p=0.1728, respectively). However, concerning 

Catalase and GST activity, findings suggest an increase of 250% for Catalase 

(p=0.0001) and an increase of 45% for GST (p=0.0358) in the DEN-treated group. 

Concerning GSH (total thiols expressed as reduced glutathione), the data show an 

increase in the content but this was not statistically significant in the DEN-treated group 

(10% that of the control; p=0.1494).  

Mitochondrial bioenergetics and antioxidant enzyme activities suggest effects on liver 

associated with the biotransformation of DEN. 

 

		

Figure 6.3 Antioxidant enzyme activity. A: Superoxide dismutase; B: catalase; C: glutathione 
reductase; D: glutathione S-transferase; E: total thiols expressed as reduced glutathione as 
described in the Materials and Methods. CON: Control group; DEN: DEN-treated group. Values 
are presented as the mean and standard deviations for mice treated with DEN (1%) for eight 
weeks (N=10) and control animals (N=10). Different letters represent statistically significant 
differences (p<0.05). 
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6.4 Discussion 
 

This study aimed to evaluate the effect of DEN on physiological parameters in mice, 

such as liver histopathology, liver function, mitochondrial bioenergetics and oxidative 

stress. 

Regarding liver function, this study showed a statistically significant increase in total 

bilirubin in the DEN-treated group, which suggests changes in liver function. Related 

results concerning total bilirubin were described by Al-Rejaie (22).  

In this study, histological analysis of the livers of those mice exposed to DEN showed 

the existence of several histological changes, including areas of necrosis, apoptotic 

cells and the presence of mitoses, which are extremely rare in normal livers. The 

existence of mitoses in the livers of animals exposed to DEN was also demonstrated 

by Sadik et al. (23) using the rat as an experimental model. The results above 

described, combined with the presence of cell hyperplasia and nuclear changes, 

suggest the formation of precancerous lesions caused by DEN, which is also reported 

by other researchers (24,25).  

The histological changes induced in liver by DEN exposure may be related to cell 

energy deficiency, therefore the results of hepatocyte bioenergetics may contribute to 

our understanding how DEN affects cellular bioenergetics. Concerning the functional 

state of mitochondrial bioenergetics, we analyzed the activity of complexes I, II, IV and 

V. Our findings show that liver bioenergetics is negatively affected by DEN. Complex I 

activity was significantly inhibited in mice exposed to DEN, which may be associated 

with the fact that this nitrosamine, or its metabolites, may affect the structure of this 

peptide complex, changing its function and reducing its activity. Similar results were 

obtained by Boitier and colleagues (26).  

Regarding complex II, a slight but not statistically significant increase was registered in 

the DEN-treated group compared to the control group. This increase is likely to be the 

result of non-specific membrane mechanisms. It is known that certain compounds can 

interact with the inner mitochondrial membrane, changing its structure, function and 

dynamics (27). Since mitochondrial respiratory complexes are integrated into the 

mitochondrial inner membrane, their activity is likely to be affected if the membrane is 

affected. On the other hand, it is known that mitochondria are able to compensate for 

such negative effect on one complex by enhancing the activity of the remaining 
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complexes, so that oxidative phosphorylation overall is less affected. Complex IV 

activity was significantly inhibited for the mice in the DEN-treated group. This result is 

probably related to structural changes in this complex caused by DEN or its resulting 

metabolites, consequently leading to a reduction in their activity. The F0-F1-ATPase 

(complex V) activity decreased in those mice exposed to DEN. As mentioned before, 

these results are clear indicators that DEN has a negative effect on mitochondrial 

bioenergetics. The inhibition of the activity of complexes I and IV in animals exposed to 

DEN should reduce ATP production via mitochondrial phosphorylation compared to the 

control group. As shown in breast cancer (28), cancer cell mitochondria often exhibit 

reduced oxidative phosphorylation, increasing the flux through the glycolytic pathway 

and thereby increasing the Warburg effect. It has already been demonstrated that 

cancer cells have a significantly decreased complex I activity (29), and a normal or 

slightly elevated activity of complexes II-IV has also been observed as a compensatory 

mechanism (30). Nevertheless, our data obtained from mice treated with DEN could 

reflect a global effect of DEN and its metabolites, as well as the mitochondrial 

alterations occurring during carcinogenesis.  

It is widely recognized that mitochondria are a considerable source of Reactive Oxygen 

Species (ROS), and intracellular accumulation of ROS over extended periods causes 

the oxidative stress that goes together with many chronic diseases, including cancer 

and liver dysfunction (31). Enzymes, including SOD, Catalase, GR and GST are 

successfully used as indicators of oxidative stress and their increased activity is a 

protective response to ROS (24, 32-34).  

The results concerning oxidative stress enzymes may indicate the influence of DEN on 

the balance between cell oxidants and antioxidants. The activity of SOD was higher in 

mice exposed to DEN, however, these results were not statistically significant. SOD 

catalyzes the dismutation of superoxide anion into hydrogen peroxide. Increased 

superoxide radical production by mitochondria may lead to increased activity of SOD to 

offset the abnormal production of the superoxide radical. On the other hand, these 

results support those obtained for Catalase activity, since Catalase is an enzyme 

responsible for the conversion of hydrogen peroxide into water and oxygen and an 

increment in its activity may be a response to increased SOD activity. As expected, 

Catalase activity was increased due to the addition of a substrate (hydrogen peroxide), 

a by-product resulting from SOD activity. However, the increase of 250% of this 

enzyme in those animals exposed to DEN cannot be explained exclusively by the 

action of SOD, since the animals exposed to DEN exhibited only a 6% increase in this 

enzyme’s activity. Therefore, only an unusual production of hydrogen peroxide in the 
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cell would explain the sudden increase in Catalase. The role of cytochrome P450 

should be taken into account since it is responsible for the removal and detoxification 

of many substances in the liver. As a result of its activity, more reactive metabolites 

can be formed, as occurs with the metabolism of DEN in this enzymatic system, which 

leads to the formation of ROS including hydrogen peroxide (35,36). Inflammatory cells 

and peroxisomes are also capable of increasing ROS levels. Peroxisomes specifically 

are a source of hydrogen peroxide, which can significantly increase the activity of 

Catalase (35). GST enzyme activity was also found to be elevated in those mice 

exposed to DEN, which may be related to the function of this enzyme, which is to 

conjugate xenobiotic substances with GSH. DEN and its metabolites are conjugated by 

GST in order to be more easily excreted by the organism, justifying a statistically 

significant increase of 45% in GST activity in the DEN-treated group compared to the 

controls. GSH content in the DEN-treated group was slightly increased compared to 

the control group; nevertheless, this difference was not statistically significant. 

Concerning GR activity, we found a 40% increase in mice exposed to DEN. 

Furthermore this increased GR activity may contribute to a rate of GSH production 

above that required for its conjunction with DEN. These results may have led to a de 

novo synthesis of GSH promoted by DEN treatment, as reported by Marinho et al. (37). 

In identical studies using the rat as an experimental model, similar results for the 

activity of GST and GR, and GSH content were found (23). Nevertheless, other studies 

have shown contradictory results, namely a decrease in the activity of antioxidant 

enzymes in animals exposed to DEN (33). In fact, an increase in ROS formation and a 

drop in antioxidant enzyme activity in liver tissue have been reported in several models 

where HCC was induced by DEN (38,39). The fact that these studies show a decrease 

in the activity of the antioxidant system may be related to the experimental design, in 

that the effects caused by DEN may have been so harmful to cells that they lost the 

ability to maintain an effective response against ROS. Supporting this idea of cells’ 

incapacity to respond to ROS, Al-Rejaie (22) and Mourão et al. (25) showed that 

expression of SOD, Catalase and GR was negatively affected in animals exposed to 

DEN. 
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6.5 Conclusion 
	

This investigation showed that DEN, over the 15-week experimental period, induced 

changes in animals’ biochemical parameters, histological features, liver bioenergetics 

and antioxidant capability towards ROS. Nevertheless, this work clearly shows that 

liver tissue cells in mice exposed to DEN, at this stage of the study, still preserve the 

ability to counteract the oxidative effects of DEN by increasing antioxidant activity. It is 

also shown that mitochondria play a role in DEN hepatotoxicity. 
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Abstract 
 

Animal models, namely mice, have been used to study chemically induced 

carcinogenesis due to their similarity to the histological and genetic features of human 

patients. Hepatocellular carcinoma (HCC) is a common malignancy with poor clinical 

outcome. The high incidence of HCC might be related to exposure to known risk 

factors, including carcinogenic compounds, such as N-nitrosamines, which cause DNA 

damage. N-nitrosamines affect cell mitochondrial metabolism disturbing the balance 

between reactive oxygen species (ROS) and antioxidants, causing oxidative stress and 

DNA damage, potentially leading to carcinogenesis. This work addresses the 

progressive histological changes in the liver of N-diethylnitrosamine (DEN)-exposed 

mice and its correlation with oxidative stress. Male ICR mice were randomly divided 

into five DEN-exposed and five matched control groups. DEN was IP administered, 

once a week, for eight consecutive weeks. Samples were taken 18 h after the last DEN 

injection (8 weeks post-exposure). The following sampling occurred at weeks 15th, 

22nd, 29th and 36th after the first DEN injection. DEN resulted in early toxic lesions 

and, from week 29 onwards, in progressive proliferative lesions. Between 15 and 29 

weeks, DEN-exposed animals showed significant changes in hepatic antioxidant 

(glutathione, glutathione reductase, and catalase) status (p<0.05) compared with 

controls. These results point to an association between increased DEN-induced 

oxidative stress and the early histopathological alterations, suggesting that DEN 

disrupted the antioxidant defense mechanism, thereby triggering liver carcinogenesis. 
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7.1 Introduction 
 

Hepatocellular carcinoma (HCC) accounts for 70–85% of primary liver cancers 

worldwide, being the third most common cause of cancer-related deaths (1,2). The 

high incidence of HCC is related to high exposure to known risk factors such as alcohol 

consumption, cigarette smoking, viral infections and food contaminants. Many of these 

factors involve exposure to carcinogenic compounds, such as N-nitrosamines. N-

nitrosamines have carcinogenic, mutagenic and teratogenic properties and can be 

found in smoked meat and fish products, milk and dairy products, soft drinks, alcoholic 

beverages and cigarette smoke (3–6). These compounds are structurally divided in N-

nitrosamides and N-nitrosodialkylamines, both with alkylation capability to induce DNA 

damage. Contrary to N-nitrosamides, N-nitrosodialkylamines require metabolic 

activation (α-hydroxylation), mediated by cytochrome P450 enzymes, in order to induce 

DNA damage. N-diethylnitrosamine (DEN) is a genotoxic, carcinogenic nitrosamine 

having its place among N-nitrosodialkylamines. According to Inami et al. (5), 

spontaneous decomposition of α-hydroxynitrosamines generates aldehydes and 

alkanediazohydroxides, followed by the production of alkyldiazonium ions, which 

alkylate DNA bases. The resulting O6-alkylguanine leads to GC–AT transitions, which 

are believed to be largely responsible for DEN-induced carcinogenesis. Exposure to 

DEN has also been associated with hepatocellular accumulation of reactive oxygen 

species (ROS) (7,8), which may result in oxidative damage to DNA and other 

nucleophiles, a mechanism that may further enhance DEN-induced 

hepatocarcinogenesis. ROS may be an outcome of the normal aerobic cell metabolism, 

but may also result from exogenous sources, such as DEN (9). Despite their origin, 

when the imbalance between ROS production and antioxidant cell capability is 

overcome in favor of ROS, oxidative stress occurs. This disturbance is caused not only 

by excessive ROS production but also by antioxidant depletion, or both (9–11). ROS 

may interact and induce damage at different levels (cellular protein, lipids and DNA), 

causing cell malfunction. Oxidative stress is widely accepted as a major cancer cause, 

playing a key role in hepatocarcinogenesis, at both the initiation and progression steps 

(9,12,13). Concerning DNA damage related to ROS activity, it may implicate breaks in 

single or double stranded DNA chain and adjustments in deoxyribose or nitrogenous 

bases. Increased error replication will lead to genomic instability causing 

carcinogenesis (14). Although cancer is generally considered a genetic disease, this 

perspective is under serious reevaluation since recent evidences pointed out cancer as 

a metabolic disease involving disturbance of cellular energy production (15). Rodent 
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models such as mice, have been commonly used to study the mechanisms underlying 

hepatocarcinogenesis, due to similarities between murine and human hepatic lesions 

at the histological and molecular levels (16–18). 

The present study was carried out in order to evaluate the hepatic microscopic 

changes induced exclusively by DEN (without any promoter agent), and the 

relationship between histological alterations and oxidative stress. 

 

7.2 Materials and Methods 
 

7.2.1 Animals and experimental conditions  
 

Five weeks-old male ICR mice were acquired from Harlan-Interfauna (Barcelona, 

Spain). After one week of quarantine and acclimatization, mice were identified with ear 

cuts, randomly divided into groups (4–8 mice per group), housed in plastic cages, kept 

on hardwood bedding, in an animal facilities with a 12-hlight/dark cycle, controlled 

temperature (23 ± 2◦C) and ventilation (19). Prior to the start of the study, the mice did 

not receive any treatment. Water and a standard laboratory maintenance diet (Harlan 

Global Diet 2014, Barcelona, Spain) were provided ad libitum throughout the 

experiment. 

All animal experimental procedures were conducted according to the Portuguese 

animal welfare protection legal guidelines (Portaria No. 1005/92) and EU Directive 

2010/63/EU on the use of laboratory animals. Ping–Pong balls, paper roll and PVC 

tubes were used in order to provide environmental enrichment (20). 

 

7.2.2 Experimental design  
 

A total of 100 male ICR mice were randomly divided into 10 groups. Mice from groups 

1, 3, 5, 7 and 9 (controls) received saline solution intraperitoneally (IP). Groups 2, 4, 6, 

8 and 10 were administered DEN intraperitoneally at a dose of 35 mg/kg bodyweight 

per mouse, once a week, for eight consecutive weeks (Figure 7.1). The DEN solution 

was prepared at 1% concentration (99 ml of normal saline–NaCl 0.9% to which was 

added 1 ml of concentrated DEN solution (0.01 µg/ µl, Sigma–Aldrich). Animals were 
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daily observed to assess their general health and check for toxicity signs and mortality. 

Mouse weights, food and water intake were recorded weekly. As outlined below, 

ponderal homogeneity index iPH=2Wl/(Wl+Wh) and ponderal gain PG=W2− W1/W2×100 

were calculated (Wl being the lowest average animal weight, Wh the highest average 

animal weight, W1 initial body weight and W2 final body weight). 

 

7.2.3 Sample collection  
 

Since 2 mice died during the experimental protocol, only a total of 98 mice were 

considered for sampling purposes. The first group (DEN N = 9; Control N = 10) was 

euthanized by means of a lethal sodium pentobarbital IP injection, 18 h after last DEN 

injection (T1–8 weeks post-exposure). The remaining euthanasia’s occurred, 

respectively, at weeks 15th (T2–DEN N = 10; Control N = 10), 22nd (T3–DEN N = 10; 

Control N = 10), 29th (T4–DEN N = 10; Control N = 10) and 36th (T5–DEN N = 9; 

Control N = 10) after the first DEN injection (weeks post-exposure) by the same 

method. Complete necropsies were subsequently performed. Heart, lungs, liver, 

kidneys, urinary bladder and spleen were collected, weighed and examined 

macroscopically. Relative organ weights (liver, kidney, spleen, lungs and heart) were 

calculated as the ratio of the organ weight to the mouse’s total bodyweight (21). 

	

	

DEN	IP	
(exposed	group)	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

Saline	IP		
(control	group)	

	 	 	 	 	

	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		

Time:	Weeks	(W)	

Figure 7.1 Experimental design; time in weeks (post-exposure): T1 – 8 W; T2 – 15 W; T3 – 22 W;  
T4 – 29 W;  T5 – 36 W; black arrows indicate euthanasia moment. Control animals received saline 
solution injections and were euthanized at the same time as the DEN exposed group. 
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7.2.4 Histological evaluation  
 

Representative fragments of each organ were fixed in 10% buffered formalin and 

embedded in paraffin wax. Tissue sections of 2 µm were processed and routinely 

stained with hematoxylin and eosin (H&E), according to the techniques described by 

Jones (22), in order to evaluate morphological changes induced by DEN. Parameters 

to evaluate toxic hepatic changes were the following: necrosis, apoptosis, hydropic 

degeneration, pseudo-nucleoli and mitoses. Concerning proliferative lesions, the 

hepatic lesions identified were bile cysts, peliosis hepatis, hyperplastic foci, diffuse 

dysplasia, hepatocellular adenoma and hepatocellular carcinoma. Furthermore, 

multifocal to regionally extensive, poorly delimited dysplastic areas, showing loss or 

distortion of lobular architecture, irregular hepatocyte plates, moderate cell atypia and 

mitotic activity were classified as diffuse dysplasia. Liver histologic lesions were 

classified according to standardized and internationally accepted nomenclature for 

classification of rodent tumors (23). Histological slides were observed under light 

microscopy by two different researchers in a blind fashion and results were compared.  

 

7.2.5 Oxidative stress evaluation 
 

Livers were thawed at 4 ◦C, weighed and added to 10% (w/v) 50 mM phosphate buffer, 

pH 7.0 and were homogenized in a Ultra-Turrax® homogenizer type, to burst the cells. 

The homogenate obtained was transferred to centrifuge tubes and centrifuged at 

16,000 × g for 20 min at 4 ◦C. After centrifugation the lipid layer on the surface was 

removed and the supernatant was placed in Eppendorf tubes to measure antioxidant 

enzyme activities and protein thiol content. 

 

7.2.6 Determination of protein thiol content 
 

Total protein thiols, expressed as reduced glutathione (GSH), was measured as 

described by Peixoto et al. (24). Absorption was measured at 412 nm, using GSH for 

calibration. 
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7.2.7 Determination of antioxidant enzymes 
 

The activity of superoxide dismutase (SOD) was evaluated at 25 ◦C using a Varian-

Cary® 50 spectrophotometer according to the method of Paya et al.(25), using the 

xanthine–xanthine oxidase system. The assay medium contained potassium 

phosphate buffer (50 mM KH
2
PO

4 and 1 mM ethylenediaminetetra-acetic acid (EDTA), 

pH 7.4), 10 mM hypoxanthine, 10 mM nitroblue tetrazolium chloride (NBT). The 

reaction was initiated with the addition of 0.023 U xanthine oxidase to reaction medium, 

after incubation at 25 ◦C, and the reaction was followed for 2 min at 560 nm (one unit of 

SOD activity was defined as the amount of SOD inhibiting the reduction rate of NBT by 

50%). The result was expressed as U/min/mg of protein. The catalase activity (CAT) 

was measured with a Clark-type oxygen electrode (Hansatech®) according to Del Rio 

et al. (26). The reaction medium consisted of potassium phosphate buffer (50 mM   

KH
2
PO

4 pH 7.0) and hydrogen peroxide (1 M) in a final volume of 1 ml. Medium buffer 

was previously subjected to a nitrogen stream to decrease the dissolved oxygen. After 

2 min of thermostatic incubation at 25 ◦C and stabilization, H
2
O

2 was added to the 

reaction medium. Slope was measured and after 30 s the enzyme extract (diluted 100 

times) was added and new slope measured. CAT activity was calculated as mmol 

H
2
O

2
/min/mg of protein. Glutathione reductase (GR) activity was performed according 

to Smith et al. (27). The reaction medium consisted of potassium phosphate buffer (100 

mM KH
2
PO

4 and 0.5 mM EDTA, pH 7.4), 100 mM oxidized glutathione (GSSG) and 10 

mM NADPH. GSSG was added after 2 min of thermostatic incubation at 25 ◦C to 

initiate the reaction. GR activity was measured at 340 nm at 25 ◦C by NADPH 

oxidation. The result was expressed as nmol NADPH oxidized/min/mg of protein. The 

activity of glutathione S-transferase (GST) was assayed at 25 ◦C and 340 nm due to 

the conjugation of GSH to 1-chloro-2,4-dinitrobenzene (CDNB). The reaction mixture 

contained 650 µl of sodium phosphate buffer (100 mM, pH 7.0), 10 µl CDNB (50 mM), 

and 25 µl GSH (50 mM). The absorbance was measured at 340 nm, and enzyme 

activity expressed in µmol CDNB conjugated/min/mg of protein. 
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7.2.8 Statistical analysis 
 

Data were expressed as mean±standard deviation (SD) and compared by one-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison test at the 5% 

significant level (p<0.05). All tests were performed using the GraphPad Prism, version 

5.01 (GraphPad Software, Inc., La Jolla, CA, USA). 

 

7.3 Results 
	

From among the 100 mice used, 50 were intraperitoneally (IP) injected with DEN, for 

eight consecutive weeks, in order to evaluate the carcinogenic effect of DEN on the 

liver. During this timeline 2 DEN-exposed mice died between weeks 8th–15th and 

29th–36th. However, during the experimental period and at the end of the assay, none 

of the mice showed external clinical signs of disease. Despite the environmental cage 

enrichment to prevent aggressive behavior, sporadic injuries and focal loss of hair were 

reported. 

 

7.3.1 Animal growth and water and food consumption 
 

The iPH and PG for control and DEN groups were calculated and summarized in Table 

7.1. Differences in water consumption between DEN-exposed and control animals 

were not statistically significant. Yet, DEN-exposed groups manifested lower water 

consumption compared to control groups (data not shown). Food intake was also lower 

in the DEN-exposed groups, and statistically significant differences (p<0.05) were 

observed, between DEN-exposed and control groups at 29 (T4) and 36 (T5) weeks. 

 

7.3.2 Macroscopic and microscopic evaluation 
 

The mean weight of the animals’ livers, kidneys, lungs, spleens and hearts, as well as 

the relative organ weight were recorded. Statistically significant differences concerning 

liver weight were found between DEN-exposed and control groups (p=0.034) at T1 (8 

weeks). 
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Macroscopic hepatic changes were found in DEN-exposed groups, starting at T3 

through to T5 (Figure 7.2). Several nodules measuring between 1.0 mm and 6.0 mm × 

7.0 mm × 3.0 mm were found in the liver at T3 (22 weeks after DEN exposure). Similar 

findings occurred for moments T4 (29 weeks) and T5 (36 weeks) with numerous 

nodules measuring up to 3.0 mm × 3.0 mm × 1.0 mm, 3.0 mm × 5.0 mm × 2.0 mm and 

5.0 mm × 5.0 mm × 5.0 mm. 

	

Figure 7.2 Macroscopic features of livers from DEN-exposed mice. (a) Mouse at 22W. Note the 
single nodule detected at T3; (b) mouse at 29W (T4). Several small nodules are visible (black 
arrows); scale ruler in mm. (c) An overview of a mouse liver at 36W (T5); note irregular hepatic 
surface. All control mice had no macroscopic change. 

 

Table 7.1 Mouse body weights (g) (mean ± SD) and ponderal homogeneity index (i PH) and 
ponderal gain (PG). Time in weeks (post-exposure): T1 – 8 weeks; T2 – 15 weeks; T3 – 22 
weeks; T4 – 29 weeks; T5 – 36 weeks. 

N
o.

 W
ee

ks
 

Group Initial body 
weight 

Final body 
weight i PH PG 

8	 Control 31.16±2.60 39.86±3.35 2×27.06/(27.06+35.50) = 0.865 (39.86-31.16/39.86)×100 = 21.82 

DEN-exposed 31.16±1.57 39.64±2.17 2×28.90/(28.90+33.06) = 0.932 (39.64-31.16/39.64)×100 = 21.39 

15	Control 30.55±1.77 45.40±4.40 2×28.04/(28.04+33.66) = 0.909 (45.40-30.55/45.40)×100 = 32.70 

DEN-exposed 29.74±1.49 41.88±2.83a 2×27.70/(27.70+32.84) = 0.915 (41.88-29.74/41.88)×100 = 28.98 

22	Control 30.41±2.49 44.39±4.24 2×27.58/(27.58+35.40) = 0.875 (44.39-30.41/44.39)×100 = 31.49 

DEN-exposed 30.55±2.32 48.18±5.98 2×27.16/(27.16+34.00) = 0.888 (48.18-30.55/48.18)×100 = 36.59 

29	Control 29.63±1.62 46.01±3.55 2×27.20/(27.20+31.94) = 0.919 (46.01-29.63/46.01)×100 = 35.60 

DEN-exposed 29.84±2.48 44.32±5.81 2×25.62/(25.62+33.86) = 0.861 (44.32-29.84/44.32)×100 = 32.67 

36	Control 30.70±2.28 51.13±6.19 2×27.84/(27.84+34.80) = 0.888 (51.13-30.70/51.13)×100 = 39.95 

DEN-exposed 29.22±2.33 42.59±7.02b 2×26.04/(26.04+34.02) = 0.867 (42.59-29.22/42.59)×100 = 31.39 

 

Different letters represent statistically significant differences (p<0.05). 
DEN: ap=0.048 bp=0.016 Statistically different from that of the control group	 

(a)	 (b)	 (c)	
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Microscopic evaluation of liver sections from control mice revealed normal architecture 

and histology. All identified microscopic liver lesions were confined to DEN-exposed 

groups and are summarized in Table 7.2. Exposure to DEN resulted in a sequence of 

lesions with increasing severity. 

 

Liver histological changes Figure 7.3 were identified from moment T2 to T5 (8–36 

weeks) and proliferative lesions (Figure 7.4) were identified from moment T4 to T5   

(29-36 weeks). Hepatocellular adenoma was identified at T4 (29 weeks); however, 

hepatocellular carcinoma was not identified at any stage of the experimental design.	 

   
Figure 7.3 Hepatic histological features (H&E) of control and DEN-exposed mice. (a) Control 
mouse 36W, 40x, bar=200µm; (b) hepatocellular necrosis. Note nuclear fuzzy chromatin 
pattern, 15W, 400x, bar=20µm; (c) apoptosis, 22W, 200x, bar=50µm. Note pleomorphic nuclei; 
(d) severe centrilobular hydropic degeneration, 8W, 200x, bar=50µm; (e) pseudo-nucleoli (black 
arrows) 22W, 400x, bar=20µm; (f) abnormal, tripolar figure (black arrow), 15W, 400x, 
bar=20µm. 

Table 7.2 Time-related evolution of histological liver lesions induced by DEN  
Time in weeks (post-exposure): T1 - 8 weeks; T2 - 15 weeks; T3 - 22 weeks;T4 - 29 weeks;  
T5 - 36 weeks.  
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T1 9 7/9 8/9 9/9 7/9 0-1, 9/9  0 0 0 0 0 0 

T2 10 7/10 8/10 10/10 7/10 1-2, 9/10  0 0 0 0 0 0 

T3 10 7/10 3/10 8/10 7/10 0-1, 2/10  0 0 0 0 0 0 
T4 10 10/10 5/10 5/10 5/10 0-1, 3/10  0 0 6 1 1 0 
T5 9 5/9 5/9 1/9 7/9 0-1, 4/9  0 1 3 9 0 0 

(a)	 (b)	 (c)	

(d)	 (e)	 (f)	
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7.3.3 Oxidative stress evaluation: antioxidant status 
 

The results for oxidative stress are summarized in Figure 7.5. DEN-exposed and 

control groups showed increased significant differences (p < 0.05) concerning GST 

activity at T1, T2 and T3. Significant differences (p < 0.05) were also observed 

concerning CAT, GR and GSH at T2. It is noteworthy at moment T2 (15 weeks after 

the first DEN exposure) that all antioxidants assessed reported increased activity in 

DEN-exposed groups compared with controls. In general, these results suggest a 

correlation pattern in the antioxidants activity evaluated. Nevertheless, a disturbance in 

antioxidants activity remains clearly over time – from acute toxic onwards to chronic 

effect of DEN exposure. 

	 	

	 	

Figure 7.4 Proliferative lesions in DEN exposed group (H&E): (a) peliosis hepatis 36W, 100x, bar=100µm; 
(b) hyperplastic foci 29W, 400x, bar=20µm; (c) difuse dysplasia 36W, 100x, bar=100µm; (d) hepatocelular 
adenoma 29W, 100x, bar=100µm. 

(e)	

(b)	(a)	

(c)	 (d)	
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Figure 7.5 Antioxidant activity. (A) Superoxide dismutase; (B) catalase; (C) glutathione 
reductase; (D) glutathione S-transferase; (E) total thiols expressed as reduced glutathione as 
described in Materials and Methods. CON: Control group; DEN: DEN-exposed group. Different 
letters represent statistically significant differences (p<0.05). 

	

7.4. Discussion 
 

Our literature review has shown several in vivo studies associated to a single dose of 

DEN, but fewer in vivo studies concerning short-term multiple administration of this 

genotoxic carcinogen, followed by histological evaluation and oxidative stress 

assessment. However, a detailed characterization of these animal models is very 

important in order to understand the carcinogenesis mechanisms and to allow for a 

proper inter-study analysis. The results from the present study provide cross-reference 

data between histology and biochemical information (ROS and antioxidant response). 

It is widely recognized that a low level of ROS is essential to normal cell physiological 

processes. Under normal conditions, cells can counterbalance ROS production with 

antioxidants defenses, such as CAT, SOD and several peroxidases. Increased ROS 

production is a result of several environment distresses, resulting in a stressful 

condition, inflicting direct damage to macromolecules, such as lipids, proteins and 

!
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nucleic acids, and leading ultimately to carcinogenesis. Generation of ROS is 

associated to endogenous processes – normal aerobic cellular metabolism, and to 

exogenous processes, such as xenobiotic exposure and toxicity, namely nitrosamine 

(16,26,30). Our data suggest a DEN influence in the balance of the antioxidant 

activities towards ROS. A correlation pattern among the antioxidants activity assayed 

may be suggested. Antioxidant response was particularly relevant at T2 in the DEN-

exposed group; statistically significant differences (p<0.05) were found in CAT, GR, 

GST and GSH. GST was the antioxidant enzyme showing the greatest increase at T1, 

T2 and T3, which may be justified as a result of augmented byproducts of other 

antioxidants and as a result of enzyme activity against alkylating agents, specifically 

DEN. GST is included among the cytoprotective phase II proteins involved in 

biotransformation of xenobiotics, and conjugates hydrophobic electrophiles, H
2
O

2
, and 

lipid hydroperoxides with glutathione, aiding in their excretion (29). But when 

comparing all DEN-exposed groups, GST activity decreased from T3 to T5, probably 

influenced by hepatocellular damage, which is in agreement with the results obtained 

by Kartik et al. (6) and to the rapid consumption and exhaustion of this enzyme storage 

as described by Noeman et al. (30). 

SOD activity increased among DEN-exposed animals and was higher during the first 

14 weeks after last DEN injection (T2 and T3), but did not reveal significant statistically 

differences; nevertheless, DEN-exposed groups had higher SOD activity than control 

groups during T1, T2 and T3. Differences between control and DEN-exposed groups 

started to fade from T3 towards T5. Since SOD catalyzes the dismutation of the 

superoxide anion into hydrogen peroxide, its activity may have also influenced the CAT 

activity, despite the cell normal activity. In general, DEN-exposed groups had higher 

CAT activity compared with control groups, probably due to complementary activity of 

SOD detoxifying action. Hydrogen peroxide may also be eliminated by other enzymes 

involving the intervention of GSH as cofactor (11). GSH is the major low-molecular-

weight thiol in mammalian cells and is involved in many cellular functions, namely 

protection against oxidative stress and detoxification of xenobiotics (11,31,32). GSH 

lower levels in DEN-exposed groups (except on T2), compared with controls, might be 

explained by its extensive use for hydrogen peroxide breakdown, thereby increasing 

the intracellular concentration of oxidized glutathione (GSSG) (33). Since GR is 

essential to maintain glutathione in its reduced form (GSH), by comparing GR activity 

and GSH content in DEN-exposed group, the present data suggest an association 

pattern between those antioxidants as a consequence of the antioxidant defense 

mechanism of the liver. 
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Taken together, these data show a coordinated antioxidant response, being this 

response particularly high at T2. These results point to the cellular effects of DEN, 

which produces oxidative stress and triggered the corresponding antioxidant response. 

But a question remains regarding the explanation of the results obtained after T2. 

These results lead us to express two hypotheses. In the first hypothesis we proposed 

that, after T2, the hepatocellular response to DEN, was sufficient to counterbalance 

ROS production and to repair damage in cellular biomolecules, recovering the 

antioxidant activity towards its normal pattern. In order to support this hypothesis, 

histological observation should reveal normal liver architecture and/or inexistence of 

significant lesions after T2. 

A second hypothesis justifies the reduction of antioxidant activity in DEN-exposed 

groups after T2, as a result of biomolecular changes involved in preneoplastic and 

neoplastic transformation. The arising and growth of preneoplastic and neoplastic cell 

populations ultimately may affect the hepatic capability to respond to ROS production, 

decreasing the liver’s antioxidant activity after T2. It is not easy to define a profile 

pattern of antioxidant expression in tumor cells, but it is admissible that the increased 

number of abnormal cell population may lead to antioxidant gene expression 

deregulation without any meaning in antioxidant defense. The decreased content of 

GSH and dependent enzymes – GST and GR – in DEN exposed mice after T2 may 

support the idea that hepatocellular damage influences antioxidant gene expression; 

supporting results were also described by Pradeep et al. (34). 

It has also been reported that severe damage to liver decreases antioxidant defenses. 

Oxidative stress condition has been linked to cascade signaling pathways, which affect 

the regulation of cell growth and transformation processes. Excessive concentration of 

ROS may trigger different reactions concerning oxidative cell defense, which may 

hamper the definition of a cell profile response. Therefore, the variation on antioxidant 

gene expressions is a result of DNA damage and the alteration of cellular key 

processes which might not be directly related, as mentioned before, to antioxidant cell 

defense. The key role of ROS on the initiation stage of carcinogenesis, causing DNA 

damage, and interference to repair damaged DNA is indubitably recognized (13,35). 

Biochemical data concerning antioxidant biomarkers should provide early results 

before any cell or histology significant changes. 

The observed histopathology pattern of liver injuries is, therefore, compatible with the 

biochemical findings and supports the second hypothesis. All histological lesions were 
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confined to DEN-exposed groups. The increased mitotic index identified in the earlier 

histological samples (at 8 and 15 weeks) reproduces the hepatocyte’s response to the 

chemically induced damages. DEN exposure, resulted in regionally extensive to diffuse 

hepatocellular hydropic degeneration and multifocal necrosis, as well as in increased 

anisokaryosis, binucleated and mitotic hepatocytes, pseudo-nucleoli and apoptosis. 

These results are according to current knowledge concerning biotransformation of 

chemical carcinogens such as DEN, which requires oxygen-dependent metabolic 

activation by cytochrome P450 (CYP) system with subsequent accumulation of ROS 

and DNA damage (28,36). 

The activation of the xenobiotic to electrophilic derivatives which damage the DNA 

results in the initiation of the carcinogenesis occurred at this stage, causing the 

preneoplastic and neoplastic changes identified afterwards. The first preneoplastic 

lesions were identified at 15 weeks (T2), growing in number, severity in liver damage 

degree and diversity of histological lesions over time, as described in Table 7.2. 

The late exposed groups (T4 and T5, i.e. 29 and 36 weeks post-exposure) showed 

chronic lesions that affected normal hepatic architecture. Hepatocellular adenomas 

were identified at T4; however, histological evaluation did not support positive 

hepatocellular carcinoma identification, probably due to the time of DEN administration 

(mice older than 2 weeks) without any promoter agent (28,37). 

In conclusion, our results suggest an intrinsic association concerning increased 

oxidative stress and histopathological alterations. The increasing severity of histological 

alterations, namely toxic hepatic changes – increased anisokaryosis, hydropic 

degeneration, multifocal necrosis, increased mitotic hepatocytes, apoptosis – and 

proliferative lesions – peliosis hepatis, hyperplastic foci, diffuse dysplasia and 

hepatocellular adenoma – are compatible with impaired cellular response to DEN over 

time. 
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8. GENERAL DISCUSSION AND CONCLUSIONS 
	

For most societies cancer remains a severe problem. Reducing its incidence, morbidity 

and mortality is a continuing challenge for researchers, public health professionals and 

teachers. Increased longevity and growth of the world population alongside to the 

cumulative cancer-causing behaviours and environmental carcinogens exposure may 

foresee that cancer will never be completely eliminated (1,2). A joint action is 

necessary in order to promote healthier habits (e.g. dietary intake, physical activity, 

vaccination), early diagnosis and therapeutic strategies based on the most recent data 

(3). Despite the efforts to ensure early diagnosis and the challenging new anticancer 

therapeutic approach, concerning HCC, the evolution is apparently fast and almost 

invariably fatal three to six months after diagnosis (4). Unfortunately, HCC mortality 

data remain discouraging due to the fact of patients presenting an advanced 

hepatocellular carcinoma stage when diagnosed. Systemic therapy including hormones 

and cytotoxic agents only have provided marginal benefits (5) and today there is no 

effective systemic therapy for patients with advanced HCC (6). 

Complex interactions of signaling pathways, gene mutation, and chromosome 

aberration, among other mechanisms, have been providing new leads towards the 

understanding of the mechanisms of hepatocarcinogenesis (7). Due to the 

resemblance features commonly found in animal and human liver carcinogenesis, 

animal models, mostly rodents, have provided experimental models that have 

unmasked the role of certain complex signaling pathways that control inflammatory 

reactions, response to oxidative stress, lipid metabolism, and cell proliferation (8).  

The animal model choice to study liver carcinogenesis will depend on the investigation 

purposes; but one should be aware that no single model is actually capable of 

recapitulate all aspects of the genetic and human cancer biology (9). In a recent 

review, Li and co-workers emphasized the need of developing suitable animal models 

to promote our understanding of the molecular, cellular and pathophysiological 

mechanisms of HCC and for the development of new therapeutic strategies (10-13). 

Taking under consideration the above mentioned and the Thesis aims as defined in 

Chapter 2, our results suggest that liver bioenergetics is negatively affected during 

carcinogenesis, since the activity of complexes I and IV, in mice DEN-exposed, was 

significantly inhibited (13). This result is probably related to structural changes of these 
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peptide complexes caused by exposure to the nitrosamine or its metabolites and are 

consistent to the results of Boitier and co-workers (14). Apart the fact of not being 

statistically significant, complex II increased, which may be justified by non-specific 

membrane mechanism. Since certain compounds can interact with the inner 

mitochondrial membrane (IMM), where the complexes are located, their activity is likely 

to be affected as a side effect (15). In healthy cells, IMM is nearly impermeable to ions 

including protons. This detail allows the respiratory chain complexes I-IV to build up the 

necessary proton gradient which will be exploited by the complex V for oxidative 

phosphorylation to drive ATP synthesis (16). Oxidative stress (later discussed) 

associated to other specific conditions as described in a review by Halestrap (17), 

promotes the opening of the mitochondrial permeability transition pore (MPTP) in the 

inner mitochondrial membrane. Incapable of maintaining the proton barrier, the 

depletion of ATP synthesis occurs leading to bioenergetics failure (16,17). This is in 

line with our results concerning activity decrease of the complex V in DEN-group 

compared to control (13).  

Mitochondria are a considerable source of reactive oxygen species (ROS) and it is 

consensual that a low level of ROS is essential to normal cell physiological processes. 

In contrast, the intensification of ROS, including hydroxyl radicals, e.g. hydrogen 

peroxide (H2O2), hydroxyl radical (•OH), superoxide anion radical (O2 •-), and high level 

of intracellular ROS, over extended periods, causes the oxidative stress that can be 

found in several chronic diseases, including cancer and liver dysfunction (18,19). 

Generation of ROS is also associated to exogenous processes, such as xenobiotics 

exposure, namely nitrosamines (9,20,21).  

N-nitrosamines are powerful hepatotoxins with carcinogenic, mutagenic and 

teratogenic proprieties (22,23). The biotransformation mechanism is catalyzed by the 

cytochrome P450 (CYP) system - with greater activity in centrilobular hepatocytes 

(24,25) - and in particular, CYP2E1, which has a primary role in the activation of N-

nitrosodialkylamines (26). Recent studies imply the expression of the CYP2E1 in 

oxidative stress promotion. Kang and co-workers, using Cyp2e1-null mice reported 

evidences that suggest a strong involvement of the CYP2E1 in DEN-induced 

hepatocarcinogenesis, and the increased tumor frequency and multiplicity in wild-type, 

could be associated with the apoptosis intensification (26).  

Our data suggest that the N-nitrosamine DEN affected the balance of the antioxidant 

activities towards ROS, and a correlation pattern among the antioxidants activities 

assayed may be established (20). According to our experimental design, the 
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antioxidant response was assayed at 8, 15, 22, 29 and 36 weeks after last DEN 

exposure. Antioxidant response was particularly relevant at T2 (i.e., 15 weeks after first 

DEN-exposure) showing statistically significant differences (p < 0.05) in CAT, GR, GST 

and GSH values.  

Concerning the antioxidant enzymes, GST was the one that showed the highest 

increase at 8, 15 and 22 weeks. These results may be justified as a consequence of 

augmented byproducts from other antioxidants, and as a result of enzyme activity 

against alkylating agents, expressly DEN. GST is included among the cytoprotective 

phase II proteins involved in biotransformation of xenobiotics, and conjugates 

hydrophobic electrophiles, H2O2, and lipid hydroperoxides with glutathione, aiding in 

their excretion, thus decreasing toxicity and toxic effects (27). But continuing tracking 

the time-related effects, GST activity decreased from T3 to T5 (i.e., 22 to 36 weeks 

after DEN-exposure), denoting inhibition, probably influenced by hepatocellular 

damage, which is in agreement with the results obtained by Kartik and co-workers (28). 

This also might be justified by the rapid consumption and exhaustion of this enzyme 

storage as described by Noeman and associates (29).  

Despite the fact of not revealing significant statistically differences, SOD activity 

increased among DEN-exposed group during the first 14-15 weeks after last DEN 

injection (T2 and T3). Comparing to control groups at 8, 15 and 22 weeks (i.e., T1, T2 

and T3), DEN-exposed groups had higher SOD activity. This differences among 

groups started to fade from 22 towards 36 weeks (i.e., T3 to T5). SOD catalyzes the 

dismutation of the superoxide anion into hydrogen peroxide, which is then decomposed 

to H2O by catalase (18,30), affecting its activity. Since CAT and SOD work together, 

higher SOD detoxifying action should be complemented with increase of CAT activity. 

In general this complementary activity was observed in DEN-exposed groups showing 

higher CAT activity compared with control groups (13). Our findings are in agreement 

with Patterson and co-workers (18).  

Hydrogen peroxide may also be eliminated by other enzymes involving the intervention 

of GSH as cofactor (31). GSH is the major low-molecular-weight thiol in mammalian 

cells and is involved in many cellular functions, namely protection against oxidative 

stress and detoxification of xenobiotics (31–33). GSH lower levels in DEN-exposed 

groups (except at week 15), compared with controls, might be explained by its 

extensive use for hydrogen peroxide breakdown, thereby increasing the intracellular 

concentration of oxidized glutathione (GSSG) (34). A number of hepatotoxins are 
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converted to electrophilic metabolites which generally increase the demand of 

antioxidants and compounds, which readily conjugate such as GSH (30).  

GR activity in all DEN-groups was increased compared to control animals. The 

increased GR activity may contribute to a rate of GSH production above the required 

for its conjunction with DEN. Our results may somehow reflect a de novo synthesis of 

GSH as a consequence to DEN exposure, as reported by Marinho and co-workers 

(35). Since GR is essential to maintain glutathione in its reduced form (GSH), due to 

the reduction of glutathione disulfide (GSSG) to GSH, by comparing GR activity and 

GSH content in DEN-exposed group, our data suggest an association pattern between 

those antioxidants as a consequence of the antioxidant defense mechanism of the 

liver.  

In general, data show coordination in the antioxidant response, being this response 

particularly high at T2, i.e., 15 weeks after first DEN-exposure. These results point to 

the cellular effects of DEN, which produces oxidative stress and triggered the 

corresponding antioxidant response. As mentioned before, DEN is an important 

environmental carcinogen, implied in the generation of ROS, resulting in oxidative 

stress and cellular injury (25). Subsequently, being the liver the main organ responsible 

for DEN metabolism, resulting ROS should contribute to hepatocarcinogenesis (30). 

Therefore, biomolecular changes involved in the arising and growth of preneoplastic 

and neoplastic cell populations may justify the decrease/inhibition of the liver’s 

antioxidant activity in DEN-exposed animals after 15 weeks. Nevertheless, one should 

be aware that it is not easy to define a profile pattern of antioxidant expression in tumor 

cells. Oxidative stress condition is linked to cascade signaling pathways that affect the 

regulation of cell growth and transformation processes. Excessive concentration of 

ROS may trigger different reactions concerning oxidative cell defense, hampering the 

definition of cellular profile response. Therefore, the variation on antioxidant gene 

expressions is a result of DNA damage and the alteration of cellular key processes 

which might not be directly related, as mentioned before, to antioxidant cell defense. 

The decreased content of GSH and dependent enzymes – GST and GR – in DEN-

exposed group, compared to control after T2, (i.e., 15 weeks of DEN-exposure), may 

support the idea that hepatocellular damage influence antioxidant gene expression; 

supporting results in rodents were also described by Pradeep and associates, using 

adult male albino Wistar rats (36). 
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The key role of ROS on the initiation stage of carcinogenesis, causing DNA damage, 

and interference to repair damaged DNA is indubitably recognized (37,38). Data 

concerning antioxidant biomarkers should provide early results before any cell or 

histology significant changes.  

Concerning macroscopic changes, the occurrences of hepatic nodular lesions over 

time were only identified starting from 22 weeks post-exposure (T3), mostly small in 

number and dimension (39). Our histopathology data showed a sequence of lesions 

that evolved over time, from acute toxic hepatic lesions (e.g. necrosis, apoptosis, 

hydropic degeneration, pseudo-nucleoli, mitosis) onwards, to chronic proliferative 

lesions (e.g. bile cysts, peliosis hepatis, hyperplastic foci, difuse dysplasia, 

hepatocellular adenoma), culminating with the occurrence of HCC at T6, i.e., 40 weeks 

after first DEN-exposure. All histological lesions were confined to DEN-exposed 

groups; control mice did not shown any lesions (13,20,39,40).  

Current literature stresses the timing of exposure to DEN as critical due to the fact that 

hepatocytes are still actively proliferating in infant mice (9,41,42). Despite the age 

differences of our DEN-exposed mice (six weeks), the results are consistent with 

current knowledge regarding DEN pharmacokinetics, which undergoes metabolic 

activation and acts as a complete carcinogen in mice younger than two weeks 

(9,43,44). Literature also mentions that when DEN is administered in older mice, tumor 

promoter agent administration is necessary (e.g. phenobarbital; carbon tetrachloride) 

(9,26).  

In our research, we were interested in mimicking the effect of exposure to N-nitroso 

compounds (NOC) in older organisms. Despite the absence of a promoter agent the 

increased mitotic index observed in DEN-treated groups reflected reactive cell 

proliferation as a response to replace destroyed hepatocytes. As a response to DEN-

induced hepatocellular damage, contiguous Kupffer cells are activated as resident liver 

macrophages. Consequently, hepatomitogens are synthesized (e.g. interleukin (IL)-6), 

promoting a compensatory proliferation of the surviving hepatocytes (45,46). 

Considering the acute stage as a result of the consecutive 8-week repeat-dosing 

toxicity test, the first mouse liver samples collected 18 h after the last DEN injection 

were characterized by recurrent and intense hydropic degeneration, necrosis and 

apoptosis. These findings are in line with previous reports that described acute 

damage involving major mitochondrial enzymatic complexes and increased activity of 

enzymes involved in controlling oxidative stress (9).  
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Patterson et al (18) emphasis the toxic effects of DEN resulting in ROS and free 

radicals production as a relevant cause for necrosis and apoptosis. According to Khan 

(47) necrosis is characterized by cytoplasm vacoulation and mitochondrial swelling. In 

this type of lesion, the cell swells and intracellular components are released in order to 

promote inflammatory response. On the other hand, apoptosis is characterized by 

nuclear fragmentation, chromatin condensation and the formation of apoptotic bodies 

(47). Our biochemical data, concerning antioxidant defense mechanisms and 

histopathology pattern of liver injuries, reflect the toxic effects as those described by 

Patterson and co-workers (18). This mechanism of increased oxidative stress coupled 

to imbalance between ROS synthesis and antioxidant cell capability towards ROS, 

induces a vicious cycle of biomolecular injury, namely DNA damage, and liver 

regeneration increasing the risk of hepatocytes mutation; data provided by our 

research show clearly a disturbance in antioxidants activity over time – from acute toxic 

onwards to chronic effect of DEN exposure, and histopathology injuries as a possible 

consequence. 

Unrepaired DNA damage produced at this stage is likely to trigger the development of 

later pre-neoplastic and neoplastic lesions. The occurrence of biliary cysts and 

vascular lesions such as peliosis hepatis (reported at week 36 – T5) has been also 

documented in DEN-treated mice (20,39,42). The late exposed groups (29, 36 and 40 

weeks post-exposure) showed chronic lesions that affected normal hepatic 

architecture. Hepatocellular adenomas (HCA) were identified 29 weeks after DEN-

exposure. However, histological evaluation only supported positive hepatocellular 

carcinoma identification, at T6, i.e., 40 weeks after first DEN-exposure. The reason for 

these results are probably related to the time of DEN administration (mice older than 2 

weeks) and without any promoter agent (9,41). Fausto and Campbell suggest a simple 

and effective protocol for DEN hepatocarcinogenesis; it consists of a single injection of 

DEN into 15-day-old male mice, in nontoxic doses varying from 1.25 to 5 mg/g of body 

weight (48). According to these researchers, abnormal foci, nodules and adenomas will 

be detected approximately after 6 months, and HCCs should appear roughly 10 

months later. The present work used a short-term multiple administration of DEN 

(without any promoter agent) in ICR mice aged 5 to 6 weeks. It is obvious that the 

differences in protocol procedures justify the temporal disparity to obtain HCA and 

HCC, when comparing our results to the published by Fausto and Campbell (48).  

In our study, the incidence of hepatocellular hyperplastic foci (up to 6 foci/10 animals) 

was lower than that obtained by Kushida et al. (up to 26 foci per 10 animals) (42). 
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However, we used a lower dosage of DEN (35 mg/kg) compared to those tested by 

Kushida et al. (25, 50 and 75 mg/kg, in 8 weeks’ consecutive treatment), a difference 

which might explain this discrepancy associated with the age of mice used in our 

research (three weeks older). 

On the other hand, while Kushida and co-workers reported hyperplastic foci and 

adenomas occurrence 33 weeks after the end of the treatment (42), at a similar time 

point, (the present work finished 32 weeks after the last DEN injection, i.e., 40 weeks 

after first DEN exposure), our group identified severe proliferative lesions, including 

HCCs. The occurrence of HCC in four out of eight exposed animals after 40 weeks 

also seems to diverge from those presented in a review by Minicis et al. suggesting a 

time of 100 weeks for HCC tumor development induce by DEN without promoting 

agent (41). The opposing results highlight the influence of the strain’s genetic 

background on carcinogenesis, as far as specific characteristics of the DEN model, 

explicitly (i) dose dependency; (ii) timing of the administration; (iii) sex-, age- and mice 

strain-related efficacy; and (iv) possible association with the simultaneous 

administration of promoting agents as was performed by other researchers (41). 

The histogenesis of HCC is far from consensus; the refinement of histopathologic 

characteristics of tumor subtypes, due to their specific biological behavior, is relevant to 

express therapeutic approach and prognosis (49,50). Hepatocellular carcinomas with a 

progenitor cell-like phenotype, express certain distinctive markers of cholangiocytes 

(49,50). In fact, differentiated hepatocytes are epithelial cells with the least complex 

keratin (previously also called cytokeratins CKs) expression pattern, expressing CKs 8 

and 18 (51). Additionally, bile duct epithelia show a more complex pattern expressing 

also CKs 7 and 19 used as markers of cholangiocytic differentiation (52,53). Keratins 

are intermediate filament–forming proteins that provide mechanical support and fulfill a 

variety of additional functions in epithelial cells (51). In the present research, the 

expression of CKs 7 and 19, in non-neoplastic, preneoplastic and neoplastic tissues, 

was analyzed in the mouse model of chemical hepatocarcinogenesis induced by DEN. 

In the early exposed groups, immunopositive cells were not observed in control 

tissues, apart from bile duct epithelial cells and hepatocytes bordering necrotic foci. 

These were not small, scattered cells resembling hepatic progenitor cells but a 

continuous lining of large, mature hepatocytes, probably as a response to liver damage 

and corresponding cytoskeletal rearrangements involving CKs 7 and 19 expression. 

Identical occurrence was formerly described in alcoholic steatohepatitis and cholestatic 

liver diseases (53). Activation of hepatic progenitor cells activation in the early stages 
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after DEN-exposure was not detected by immunohistochemistry. According to Kawai 

and co-workers, despite CKs 8 and 18-positive foci appear to be reliable as markers for 

detecting premalignant lesions in mouse strains - B6C3F1 and C57BL/6, further 

studies using other hepatocarcinogens are considered necessary to confirm the utility 

of CK8/18 immunohistochemistry for HCC proliferative lesions in mice (54). More 

recently, CK19 expression has also been described in DEN-induced hyperplastic foci 

(especially in eosinophilic foci) and HCAs in C57BL/6 mice (42). Andersen et al. also 

associated CK19 expression with malignancy and with malignant progression of 

preneoplastic liver lesions in a rat model (55).  These authors stress that abnormal 

expression of CK19 in the hepatic parenchyma has been attributed to remodeling of 

cirrhotic nodules and hepatic progenitor cell (HPC) proliferation in human HCC. They 

also reported to have recently identified a subclass of human HCC enriched for the 

genes expression, including the progenitor cell markers CK7 and CK19. The 

expression of CK 19 in HCC was associated with increased risk of intrahepatic 

metastases and poor prognosis, suggesting that CK19 might be a potential reliable 

marker for this subclass of human HCC (56). Consequently CK19 phenotype strongly 

supports the dispute that CK19-positive HCC should be diagnosed and treated as 

distinct entities of HCCs (55,56). 

In our research, results regarding immunopositivity for CKs 7 and 19,  were always 

coincident and distributed in small cell clusters or isolated cells, in a pattern resembling 

that described by Shibuya et al. (57) and not forming nodules as described by Kushida 

and associates (58). But, unlike with these research findings, hyperplastic nodules 

were consistently negative for both CKs 7 and 19. Since our results evidenced a low 

number of hyperplastic foci, associated to their basophilic or mixed features instead of 

eosinophilic, this incongruence has to be viewed with caution. Immunopositive 

hepatocytes were identified outside the hyperplastic foci, scattered through diffuse 

dysplastic areas, particularly in parts where DEN metabolic activation occurs. These 

hepatocytes were different from hepatic progenitor cells. They were large, mature 

hepatocytes with abundant cytoplasm, a coarse nuclear chromatin pattern and, 

frequently, a prominent nucleolus, compatible with the results of Shibuya and co-

workers (57). A similar pattern was observed in all HCCs. Identical CK7/CK19 

expression pattern was found in HCA. These results support the association of CKs 7 

and 19 expression with hepatocellular malignancy in the DEN-induced 

hepatocarcinogenesis mouse model. Interestingly, immunopositivity for CKs 7 and 19 

concurs with the presence of extramedullary haematopoiesis, firstly consisting of 

scattered groups of erythroblasts in dysplastic areas and later on of bone marrow foci 
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in HCCs. Bearing in mind that the immature mouse liver is physiologically a 

haematopoietic organ, this finding delivers yet another indication of the primitive or 

immature phenotype of these malignancies. Furthermore, (i) all observed hyperplastic 

foci were CK7/CK19-negative, (ii) positive cells occurred isolated or in small clusters, 

rather than in nodules and (iii) positive cells showed hepatocellular rather than 

progenitor cell morphology, the present results give additional support to the 

hypothesis that CKs 7 and 19 expression in HCCs may result from dedifferentiation of 

mature hepatocytes. The results are in line with the findings of Shibuya et al., but 

diverge with the results presented by Libbrecht et al. suggesting that hepatic progenitor 

cells give rise to HCCs via small cell dysplastic foci. (57,59).  

The discrepancy among these findings and the results presented in this thesis appears 

to rely in the different models used by each research group. Most human HCCs arise 

from a background of chronic liver disease, with hepatic progenitor cell activation. In 

our model, DEN preferentially targets centrilobular hepatocytes (not progenitor cells) 

over an 8-week period, with no evidence of early-stage progenitor cell activation. 

These results provide new perspectives on the mechanisms of hepatocarcinogenesis, 

especially on the contribution of the stem cell phenotype in the context of DEN-induced 

carcinogenesis. 

Taking into account the existing similarities between DEN-induced lesions in 

experimental models and those observed in patients with cancer, the standardization 

and detailed characterization of experimental lesions becomes a priority, in order to 

allow adequate interpretation of results and inter-study comparisons.  

The consecutive time points chosen for euthanasia and data analysis allowed us to 

provide a wide-ranging timeline overview of DEN-induced hepatic lesions, comprising 

acute toxic lesions to malignant neoplasms. The protocol proposed in the present work 

[ICR strain and age of mice (six weeks) at first i.p. exposure to DEN, without any 

promoter agent] not only accomplished the goal of inducing HCC, but also the 

identification of characteristic tumoral features, including cell ballooning, 

intracytoplasmic hyaline bodies and pseudo-acinar structures. 

In conclusion, our results suggest an intrinsic association concerning increased 

oxidative stress and histopathological alterations. The increasing severity of 

histological changes, i.e., toxic hepatic changes – increased anisokaryosis, hydropic 

degeneration, multifocal necrosis, increased mitotic hepatocytes, apoptosis – and 

proliferative lesions – peliosis hepatis, hyperplastic foci, diffuse dysplasia, 
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hepatocellular adenoma and carcinoma – are compatible with impaired cellular 

response to DEN over time.  
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