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1.1 Resumen 

Introducción 

Los genes Ras (H-Ras, K-Ras y N-Ras) codifican las proteínas RAS con funciones 

fundamentales en la regulación de la supervivencia, diferenciación, crecimiento y 

apoptosis celular. Aparte de sus propiedades oncogénicas, se sabe poco sobre el 

contexto y las funciones patofisiológicas dependientes de las células de las proteínas 

RAS. En particular, N-Ras participa de manera crítica en la función de las células 

inmunes. La fibrosis hepática se desarrolla en respuesta a citocinas inflamatorias, 

interacciones celulares con células inmunes y señales morfogénicas. En el presente 

trabajo, planteamos la hipótesis de que N-Ras juega un papel fundamental en la 

fisiopatología de la fibrosis hepática. 

 

Métodos 

Los ratones deficientes en N-Ras (N-Ras - /-) y de tipo salvaje (N-Ras +/+) criados en un 

fondo C57BL/6 se sometieron a la inducción de fibrosis periportal o peribiliar 

utilizando (i) tratamiento crónico con CCl4 y (ii) ligadura de conductos biliares (BDL), 

respectivamente. Se incluyeron como controles ratones inyectados con aceite y 

operados de forma simulada. Veintiocho días después, se sacrificaron los ratones y se 

recogió y analizó tejido hepático. Se realizaron exámenes histopatológicos de secciones 

de hígado, inmunofluorescencia (IF) e inmunohistoquímica (ICH), Western Blot y 

estudios en tiempo real (RT) -qPCR y análisis de matriz de genes. 

 

Resultados 

El examen histopatológico de secciones de hígado de ratones N-Ras-/- mostró una mayor 

presencia de focos necróticos asociados con marcadores significativamente elevados de 

daño hepático en suero en comparación con N-Ras+/+, 28 días después de CCl4 o BDL. 

Los hígados N-Ras-/- mostraron un aumento de la muerte celular y marcadores de 

proliferación celular compensatoria, como PCNA y Ki-67. Además, las células F4-80+ 
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y CD45+ aumentaron significativamente en los animales N-Ras-/- en comparación con 

los animales N-Ras+/+. Además, la deposición de colágeno I y III y la expresión de 

ARNm y proteína de α-actina de músculo liso (αSMA) se elevaron significativamente 

en ratones N-Ras-/-. Mecánicamente, los hígados N-Ras-/- mostraron una activación 

aumentada de la caspasa 8 escindida (CC8), la serina / treonina quinasa que interactúa 

con el receptor fosforilado 1/3 (pRIPK1/3) y el dominio de quinasa de linaje mixto 

fosforilado como la pseudoquinasa (pMLKL), junto con una disminución Caspasa-3 

escindida. Además, la deficiencia de N-Ras desencadenó la sobreexpresión de serina / 

treonina-proteína quinasa fosforilada (pAKT) y quinasas N-terminales c-Jun 

fosforiladas 1/2 (pJNK1/2). Finalmente, el análisis de la matriz de genes mostró que N-

Ras juega un papel fundamental en la modulación de la fibrosis. 

 

Conclusiones 

Tras el tratamiento crónico con CCl4 o BDL, la deficiencia de N-Ras se asoció con un 

aumento de la muerte celular escindida de caspasa 8, RIPK1/3 y pMLKL, una 

proliferación compensadora exacerbada, un aumento de la inflamación y la infiltración 

de células inmunitarias y, en última instancia, fibrosis hepática. Estos hallazgos indican 

que N-Ras podría desempeñar un papel fundamental en el inicio y progresión de la 

fibrosis hepática. Además, sugieren que la modulación de la señalización de N-Ras 

podría ser un nuevo enfoque terapéutico para el tratamiento de la lesión hepática crónica. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 
 

1.2 Abstract 

Introduction 

The Ras genes (H-Ras, K-Ras and N-Ras) encode for the RAS proteins with pivotal 

roles in the regulation of cell survival, differentiation, growth and apoptosis. Apart from 

their oncogenic properties, little is known on the context and cell-dependent 

pathophysiological roles of RAS proteins. In particular, N-RAS is critically involved in 

immune cell function. Hepatic fibrogenesis develops in response to inflammatory 

cytokines, cellular interactions with immune cells and morphogenic signals. In the 

present work, we hypothesized that N-Ras plays a pivotal role in the pathophysiology 

of liver fibrogenesis. 

 

Methods 

N-Ras deficient (N-Ras-/-) and wildtype (N-Ras+/+) mice bred in a C57BL/6 background 

were subjected to induction of either periportal or peribiliary fibrosis using chronic (i) 

CCl4 treatment and (ii) bile duct ligation (BDL), respectively. Oil-injected and sham-

operated mice were included as controls. Twenty-eight days later, mice were sacrificed 

and liver tissue was collected and analyzed. Histopathological examination of liver 

sections, immunofluorescence (IF) and immunohistochemistry (ICH), Western Blot 

and Real time (RT)-qPCR studies and gene array analysis were performed. 

 

Results 

Histopathological examination of liver sections from N-Ras-/- mice showed increased 

presence of necrotic foci associated with significantly elevated markers of liver damage 

in serum compared with N-Ras+/+, 28 days after CCl4 or BDL. N-Ras-/- livers exhibited 

increased cell death and compensatory cell proliferation markers, such as PCNA and 

Ki-67. Furthermore, F4-80+ and CD45+ cells were significantly increased in N-Ras-/- 

compared with N-Ras+/+ animals. Moreover, collagen I and III deposition and α-smooth 

muscle actin (αSMA) mRNA and protein expression were significantly elevated in N-

Ras-/- mice. Mechanistically, N-Ras-/- livers showed augmented activation of cleaved 

Caspase 8 (CC8), phosphorylated Receptor Interacting Serine/Threonine Kinase 1/3 
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(pRIPK1/3) and phosphorylated Mixed Lineage Kinase Domain Like Pseudokinase 

(pMLKL), together with decreased cleaved Caspase-3. Additionally, N-Ras deficiency 

triggered overexpression of phosphorylated Serine/threonine-protein kinase (pAKT) 

and phosphorylated c-Jun N-terminal kinases1/2 (pJNK1/2). Finally, the gene array 

analysis showed that N-Ras plays a pivotal role important in modulating fibrosis. 

 

Conclusions 

Upon chronic CCl4 treatment or BDL, N-Ras deficiency associated with increased 

cleaved Caspase 8, RIPK1/3 and pMLKL dependent cell death, exacerbated 

compensatory proliferation, increased inflammation and immune cell infiltration and, 

ultimately, hepatic fibrosis. These findings indicate that N-Ras could play a pivotal role 

in the initiation and progression of liver fibrosis. Further, they suggest that modulation 

of N-Ras signaling could be a novel therapeutic approach for the treatment of chronic 

liver injury. 
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Abbreviations 

Abbreviations Full Name 

ADRs Adverse drug reactions  

AIF Apoptosis-inducing factor 

ALF Acute liver failure 

ALT Alanine aminotransferase 

AMPK AMP-activated protein kinase  

ANGPTL3 Angiopoietin-like 3 

APC Antigen presenting cells  

APS Ammonium Persulfate 

APAP Acetaminophen  

APAP-AD APAP-Adducts  

ASK1 Apoptotic signal-regulated kinase-1 

AST Aspartate aminotransferase 

ATP Adenosine triphosphate 

ATF Activating transcription factor  

ATG Autophagy related gene 

BCRP Breast cancer resistance protein  

BIP Binding immunoglobulin protein 

BSA Bovine serum albumin 

BSEP Bile salt export protein  

Caspase Cysteine-dependent aspartate-directed protease 

CCK-8 Cell counting kit-8 

CC3 Cleaved caspase-3 

CCl4 Carbon tetrachloride 

cDNA Complementary DNA 

CHOP CCAAT-enhancer-binding protein homologous protein 

CSE1 Carboxylesterase 1 

CYP450 Cytochrome P450 
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DAMP Damage-related molecular patterns 

DAB 3,3’-diaminobenzidine 

DAPI 4,6-diamino-2-phenylindole 

DHE Dihydroethidium 

DILI Drug-induced liver injury 

DMSO Dimethyl sulfoxide 

Δhepa Deleted in hepatocytes 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleoside triphosphate 

DTT Dithiothreitol 

eIF2α Eukaryotic initiation factor-2α 

ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

ERAD ER-associated protein degradation 

EtOH Ethanol 

FBS Fetal bovine serum 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GLDH Glutamate dehydrogenase 

GRP78 Glucose-regulated protein, 78 kDa 

GSK-3β Glycogen synthase kinase-3β 

GSH Glutathione 

H&E  Hematoxylin and eosin 

HMGB1 High mobility group-1 

HRP Horseradish peroxidase 

H2O2 Hydrogen peroxide  

HO-1 Heme oxygenese-1  

HSCs Hepatic stellate cells  

iDILI Idiosyncratic DILI  
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IF Immunofluorescence 

IHC Immunohistochemistry 

IL-1α Interleukin-1α  

IL-1β Interleukin-1β  

IL-18 Interleukin-18 

IP Intraperitoneal injection 

iNOS Inducible nitric oxide synthase  

IRE1α Inositol-requiring enzyme 1-α 

JNK c-Jun NH2-terminal kinase 

KCs Kupffer cells  

LC3 Light chain-3 

LDH Lactate dehydrogenase 

LIR LC3-interaction region  

LPC Liver parenchymal cells  

LSECs Liver sinusoidal endothelial cells 

MAPK Mitogen-activated protein kinase 

MAP2K Mitogen-activated protein kinase kinase 

MAP3K Mitogen-activated protein kinase kinase kinase 

MgCl2 Magnesium chloride 

MKK4 MAP kinase kinase-4 

MLK3 Mixed lineage kinase-3 

MMP Mitochondrial membrane potential  

MPT Mitochondrial permeability transition 

mRNA Messenger RNA 

mTOR Mammalian target of rapamycin 

NADPI N-acetyl-p-benzoquinone imine 

NAC N-Acetylcysteine  

NAFLD Non-alcoholic fatty liver disease 

Nrf2 Nuclear erythroid-2-related factor 2 
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NTCP The sodium-taurocholate co-transporting polypeptide  

NF-κB Nuclear factor kappa-B 

NO Nitric oxide  

OATP The organic anion transporting polypeptide 

OAT The organic anion transporter 

OCTNs Organic cation transporters  

OD Optical density 

PBS Phosphate buffered saline 

PBST Phosphate buffered saline supplemented with Tween 20 

PCR Polymerase chain reaction 

PDI Protein disulfide isomerase-A1 

PE Phosphatidylethanolamine  

PERK The protein kinase RNA -like ER kinase 

PFA Paraformaldehyde 

P-gp P-glycoprotein 

PKC Protein kinase C  

RER Rough endoplasmic reticulum  

RIDD Regulated IRE1-dependent decay  

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RT Reverse transcription 

O2•- Superoxide anion  

SDS Sodium dodecyl sulphate 

SER Smooth surface endoplasmic reticulum 

SMA Smooth muscle actin 

SULTs Sulfotransferases  

TAE Tris Acetate EDTA Buffer 

TAA Thioacetamide  

TBS Tris buffered saline 
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TBST Tris buffered saline supplement with Tween 20 

TEMED N´,N,N´,N´-Tetramethyl diamine 

TEM Transmission electron microscopy 

TG Hepatic triglyceride 

TJs Tight junctions  

TLR Toll-like receptors  

TMRM Tetramethylrhodamine, methyl ester 

TNF-α Tumor necrosis factor-α 

TRAF2 TNF receptor associated factor-2 

Tris 2-Amino-2 (hydroxymethyl)-1,3-propandiol 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 

Tween 20 Polyoxyethylene (20) Sorbitan Monolaureat 

UBA Uubiquitin-associated domain  

UCM Complutense University 

UGTs UDP-glucuronosyltransferases 

ULK1 Unc-51 like autophagy activating kinase-1 

UPR Unfolded protein response  

XBP1 X-box binding protein-1 

ZO-1 Zonula occludens-1 

4-HNE 4-Hydroxynonenal 
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3.1 Liver structure and physiology 

3.1.1 General aspects 

The liver is the heaviest gland of the human body, with about 1500 g in an average 

adult, therefore making up about 2% of total body weight in a healthy person. In 

humans, the liver is located in the right upper quadrant of the abdominal cavity and 

below the diaphragm. It occupies most of the right hypochondriac region and part of 

the epigastric regions of the abdominopelvic cavity overlying the gallbladder[1].   

The liver is the principal, and most of time, the initial organ for modifying toxic 

substances, and for drug biotransformation or metabolism, serving as the major filter 

of the human body; thus making it particularly susceptible to chemical-induced injury. 

Moreover, as a central regulator, the liver plays a core role in metabolic homeostasis 

by affecting the carbohydrate metabolism (gylcogenesis/gylcogenolysis), bile acids 

production (digestion of lipids in the small intestine), protein metabolism 

(degradation and synthesis of plasma proteins), and lipid metabolism (cholesterol 

synthesis, lipogenesis). Further, the liver regulates blood pressure through the protein 

angiotensinogen, thus leading to vasoconstriction and increased blood pressure[2].  

The liver is also a particular organ among all organs that the blood in liver is supplied 

by both arterial and venous blood. In liver, the oxygen is supplied by hepatic artery 

from the aorta via the celiac trunk. Meanwhile, the nutrients from the entire 

gastrointestinal trac were supplied by portal vein along with blood from the spleen 

and pancreas. All blood in the liver finally goes to the sinusoids and collected by the 

hepatic veins, afterwards flows into the systemic circulation via the inferior vena 

cava[3].  

 

3.1.2 Liver architecture 

Structurally and histologically, the liver can be divided into five tissue systems: (1) 

vascular system, (2) hepatocytes and hepatic lobule, (3) hepatic sinusoidal cells, (4) 
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biliary system, and (5) stroma. The liver is supplied by two different blood vessel 

systems, the hepatic artery (oxygenated blood) and the portal vein (deoxygenated but 

nutrient/toxic rich blood) system. The hepatic lobule is the structural and functional 

unit of the liver. A hepatic lobule is a hexagon-like structure contains a central vein 

and ranges of hepatocytes aligned in linear cords between capillary networks, which 

is known as sinusoids. Hepatic sinusoids perform the function of slowing the blood 

flow and optimize the exchanges of molecules for the hepatic metabolism. The lobule 

is accompanied by portal triad which consists of a branch of the hepatic artery, a 

branch of the hepatic portal vein, and a bile duct (Fig 1). The major function of the 

biliary system is collecting bile from hepatocytes and flow it into the bile duct and 

eventually into the gallbladder. The architecture of the liver is important for 

maintaining its function. Distortion of liver normal architecture is a characteristic of 

severe liver injury, like fibrosis and hepatic carcinoma. 
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Figure 1. Histology of the liver. A. The dual blood supply of the liver with the 

hepatic artery and portal vein and the architecture of a hepatic microscopic functional 

unit, the hepatic lobule. From the hepatic portal triad, the liver is perfused with blood 

through the hepatic sinusoids ending in the central vein. In turn, blood drains into the 

hepatic vein and consequently into inferior vena cava. Produced bile by hepatocytes 

enters the bile canaliculi. Next, the bile passes into bile ductules and enters the bile 

ducts of the portal triad. From there, the bile is released into the duodenum via 

different ducts. B. Representative images of H&E-stained histological liver sections 

demonstrating the portal triad structure as illustrated in part A. Reproduced from John 

Wiley & Sons, Inc.: [Principles of Anatomy and Physiology, 12th Edition; page 974-

975], Copyright © 2009. 

It consists of a roughly hexagonal pattern of hepatocytes which form liver cell plates 

of one-cell-thick by 15-25 hepatocytes in length. Between the two cell plates, blood 

flows from the portal tract to the terminal hepatic venule, forming the sinusoid. The 
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sinusoid is comprised by so called hepatic sinusoidal cells, which are non-

parenchymal cells. 

3.1.3 Parenchymal and non-parenchymal cells in liver 

There are multiple different types of cells performing distinct but interconnected 

functions in the liver. Generally, they are classified as parenchymal and non-

parenchymal cells (NPCs) (Fig 2). Hepatocytes are the most abundant cells in the 

liver, representing about 80% of its total volume, and their number accounting for 

about 60%. The hepatocytes are in shape of a complex rhomboid cube with various 

surfaces and the unclear stays in the middle of the cell. Majority of the function of 

liver was carried out by hepatocytes, e.g., protein synthesis, carbohydrate metabolism, 

lipid metabolism, detoxification, et. al. NPCs account for 40% of the total number of 

liver cells, but only 6.5% of its total volume. The extracellular space encompasses 

approximately 16% of the total liver volume[4].  

 

Figure 2. Cells comprising the liver. The Liver is comprised by parenchymal and 

non- parenchymal cells. Reproduced from Ishibashi H. Liver architecture, cell 

function and disease. Seminars in immunopathology, 31(3), pp.399-409; 2009 
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KCs are self-sustaining locally proliferating macrophages which reside inside the 

sinusoids. They have the ability to migrate to sites of liver injury and secrete potent 

inflammatory mediators, thus controlling the early phase of liver inflammation, which 

plays a critical role in the innate immune response. Briefly, KCs activated by 

exposure to pathogenic materials, or cytokines secreted by other damaged cells, 

produce pro-inflammatory cytokines (such as tumor necrosis factor alpha; TNFα), 

interleukins, transforming growth factor beta (TGF-β) and reactive oxygen species 

(ROS). All these factors contribute to activation of adjacent parenchymal and non-

parenchymal cells, which in turn results in remodeling of the extracellular matrix 

(ECM). Quiescent hepatic stellate cells (HSCs), also named Ito cells, are located in 

the Disse space. These cells store vitamin A lipid droplets (up to 80% of total body 

content) at the quiescent stage, which serves as the major source of retinoids for the 

retina. In the event of liver injury, HSCs activated by signals secreted by damaged 

cells differentiate into activated myofibroblasts that produce ECM. HSCs control the 

turnover of ECM and also the contractility of the liver sinusoids via alpha-smooth 

muscle actin (αSMA). Activated HSCs are characterized by increased capability of 

proliferation, migration and massive production of ECM proteins such as αSMA, 

desmin and Collagen IA1. HSCs migration and persistent ECM production ultimately 

lead to scarring and structural deformation, thus causing hepatic fibrosis and 

cirrhosis[5].  

3.1.4 Liver transaminases 

Liver transaminases levels in serum are used as biomarkers to assess the degree 

of hepatic injury. During liver damage, enzymes leak out from hepatocytes and other 

non-parenchymal cells into the blood circulation, leading to elevated concentration 

of serum transaminases. For the purpose of evaluating the progression of liver injury, 

the most widely used transaminases are as follows: Aspartate aminotransferase (AST), 

Alanine transaminase (ALT), Glutamate Dehydrogenase (LDH) and Alkaline 

phosphatase (AP).  
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AST and ALT are enzymes transferring α-amino groups from aspartate and alanine 

to the α-keto group of ketoglutaric acid in order to produce oxalacetic and pyruvic 

acids, respectively[6]. It is worth noting that, although both enzymes are highly 

concentrated in liver, AST also exists in cardiac and skeletal muscle, kidney, brain 

and red blood cells. Hence, the increase of ALT in serum is a more specific marker 

for liver injury[7]. LDH is one of the mitochondrial matrix enzymes and catalyzes the 

conversion of glutamate to 2-oxoglutarate. Elevated serum levels indicate 

mitochondrial dysfunction or damage, by leakage from injured or necrotic 

hepatocytes[6]. APs are located on the surface of bile duct epithelia, and act as 

hydrolase in a basic environment and thereby transport metabolites across plasma 

membranes. Elevated AP levels reflect an intrahepatic cholestasis or infiltrative 

damage of the liver. Cholestasis enhances AP synthesis and thereby its release[6].  

3.2 Liver fibrosis 

Live fibrosis (or fibrogenesis) is a dynamic and complex process characterized by 

ECM accumulation and scar healing, in response to chronic liver injury of various 

etiologies[8]. 

3.2.1 Etiology and epidemiology of liver fibrosis 

The etiology of liver fibrosis and cirrhosis includes alcohol abuse, chronic hepatitis 

virus (HBV, HCV) infection, non-alcoholic fatty liver disease (NAFLD) or non-

alcoholic steatohepatitis (NASH), autoimmune liver diseases (such as primary biliary 

cirrhosis (PBC), primary sclerosing cholangitis (PSC) and autoimmune hepatitis), 

hereditary diseases (including Wilson’s disease, haemochromatosis and α1-anti-

trypsin deficiency) and chronic toxic liver injury[9]. In addition, advanced fibrosis or 

decompensated cirrhosis accounts for approximately one million deaths per year 

worldwide and 170,000 deaths per year in Europe[10]. At present, advanced liver 

fibrosis the main indication for liver transplantation. Just in Europe, more than 5000 

patients received liver transplantation due to the latter pathologies[9].  
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3.2.2 Pathophysiology of liver fibrosis 

3.2.2.1 Common and etiology-independent pathophysiology in liver 

fibrogenesis 

Liver fibrosis is the outcome of the hepatic wound-healing response to repeated and 

persisting injury. Acute and transient liver injuries often induce parenchymal cell 

regeneration for replacement of the necrotic or apoptotic cells. This process is 

accompanied by an inflammatory response and limited deposition of ECM. If the 

injury persists for a long time, eventually the liver regeneration fails, and abundant 

ECM replaces hepatocytes. This chronic inflammatory response is sustained by a 

number of damaging mediators, such as ROS, cytokines, extracellular vesicles and 

other mediators. It is important to note that both experimental and clinical data 

indicate that activated/transdifferentiated HSCs represent the major source of hepatic 

myofibroblasts (MFs), whatever the etiology of liver fibrosis.  

3.2.2.2 Toxic-related liver fibrosis 

Toxic metabolites is usually involved in the pathogenesis of drug- or toxin-induced 

liver injury, which either elicit an immune response or affect the fate of different cell 

types[11]. Toxic metabolites can undergo or promote a variety of chemical reactions, 

including covalent binding, depletion of reduced glutathione or oxidative stress, with 

consequent effects on proteins, lipids and DNA. Numbers of organelles suffer from 

these challenges directly or indirectly, including mitochondria, cytoskeleton, 

endoplasmic reticulum, microtubules or nucleus. Ultimately, these changes can 

trigger necrosis or apoptosis, activation of non-parenchymal cells, or sensitization to 

the injuring action of cytokines in the liver.  

3.2.2.3 ROS and liver fibrosis 

Oxidative stress defined as an imbalance between the production and elimination of 

free radicals, e.g. reactive oxygen species (ROS), reactive nitrogen species (RNS) 

et.al. As a result of their unique chemical characteristic, ROS/RNS is able to initiate 
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lipid peroxidation, generate DNA strand breaks, and oxidize all cellular membrane 

molecules and tissues, resulting in oxidative stress injury[12].  

ROS overproduction has been regarded as a core pathological mechanism, especially 

in the progression of chronic liver diseases, regardless of the cause of the liver 

disorder[13]. Multiple studies have shown that many classical signaling pathways are 

involved in response to ROS induced damage, among these mitogen-activated protein 

kinase (MAPK) family may have an essential role. Recently, Levada and colleagues 

reported that the reduction of phosphorylated JNK is one the key mechanism of 

Hsp72 protection from oxidative stress[14]. On the contrary, the overproduction of 

phosphor-JNK may promotes ROS induced liver injury.  

KEAP1-Nrf2 system, a ROS-defense mechanism is equipped in the liver. The nuclear 

factor E2-related factor 2 (Nrf2) behaves as a cellular redox status sensor, which is 

bond to the Kelch-like ECH-associated protein 1(KEAP1), cytoskeletal-anchoring 

protein1 in the cytoplasm under normal conditions. Nrf2 releases from KEAP1 and 

translocate to the nucleus once levels of ROS elevate. Thereafter, Nrf2 promotes the 

transcription of cytoprotective genes, e.g. NAD(P)H quinone dehydrogenase 1 

(Nqo1), glutamate cysteine ligase catalytic (GCLC) and modifier (Gclm) subunits, 

those proteins block the activation of the classical pro-inflammatory transcription 

factor NF-κB, thereby inhibiting the transcription of pro-inflammatory mediators[13]. 

3.2.2.4 Cell types involved in liver fibrosis 

Hepatocytes are the most abundant cells in the liver. Damage or death of hepatocytes 

is considered as the starting step of liver fibrosis, featuring release of ROS and 

fibrogenic mediators and recruitment of leucocytes by resident inflammatory cells. 

Wounded hepatocytes stimulate the fibrogenic actions of liver myofibroblasts (MFs) 

[9]. Hepatic Stellate Cells (HSCs) are the primary and best characterized source of 

MFs. HSCs represent ~10% of all resident liver cells. In normal liver, unactivated 

HSCs sustain a non-proliferative, quiescent phenotype. After liver injury, HSCs turn 
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into MFs, which are proliferative, contractile, inflammatory, chemotactic and are 

distinguished by producing ECM[15]. Many cytokines play vital roles in the process 

of HSCs activation, transforming growth factor-β (TGF β) is generally considered the 

most potent fibrogenic cytokine. TGF β activates mitogen-activated protein kinase 

(MAPK) signaling pathways, including extracellular signal-regulated kinase (ERK), 

p38 and c-jun-N-terminal kinase (JNK), to promote HSCs activation[16]. JNK has 

been linked to HSCs activation, JNK1 in HSCs but not in hepatocytes contributes to 

fibrosis, a pan-JNK inhibitor does not affect liver injury but can reduce fibrosis in 

mice after CCl4 treatment and BDL[17]. Fibrosis is also significantly decreased in 

JNK1-deficient mice in contrast with wild-types ones and those with hepatocyte-

specific JNK1 deficiency after CCl4 treatment and BDL[18]. ROS produced by 

damaged hepatocytes provide paracrine activation signals to HSCs, NADPH oxidase 

(NOS) is an enzyme complex that produces ROS, loss of NOX1 and NOX4 attenuates 

liver fibrosis in mice model. An oral NOX1 and NOX4 inhibitor has been considered 

for treating human chronic liver disease[15]. Fibril-forming type I and III collagens , 

produced by MFs, are components of extracellular matrix, they stimulated MFs into 

producing increased fibrosis in acute and chronic hepatic injury[19, 20]. 

KCs and monocyte-derived macrophages (MoMF) are essential to maintain liver 

homeostasis, and for ensuring rapid and sustained responses to hepatic injury. These 

cells, upon receiving specific signals, are able to adjust their polarization and either 

promote restoration of tissue integrity after acute injury or, in the context of chronic 

injury, contribute to chronic liver disease progression. In case of liver injury, KCs are 

activated by various damage-associated molecular patterns (DAMPs; like free DNA, 

ATP, and nuclear proteins) and/or pathogen-associated molecular patterns (PAMPs; 

like LPS or viral DNA). Activated KCs starts the assembly and activation of the 

inflammasome, and release of interleukin-1β (IL-1 β), IL-18 and various other pro-

inflammatory cytokines and chemokines (in particular CC-chemokine ligand 2 

(CCL2), also known as monocyte chemoattractant protein1 (MCP1)), thus leading to 

recruitment of circulating leukocytes, modulation of T cells and activation of HSCs 
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or other precursor cells to become collagen-producing hepatic MFs. 

In the process of liver fibrogenesis, HSCs are the major source of liver MFs. Under 

chronic injury, HSCs are activated or differentiate into myofibroblast-like cells, 

acquiring fibrogenic, proinflammatory and contractile properties. During repair of 

damaged liver tissues, activated HSCs migrate and accumulate to the injured site, 

secreting large amounts of ECM and regulating its degradation.\ 

3.3 Cell death 

Cell death is a basic biological event that governs outcomes and long-term prognosis 

in almost every hepatic disease condition. In the context of acute liver failure, massive 

loss of parenchymal cells is one of the major features. By contrast, cell death in 

chronic liver diseases often occurs at lesser extent but results in long-term alterations 

in hepatic architecture and function, thus contributing to chronic hepatocyte turnover, 

recruitment of immune cells and activation of HSCs, and thereby leads to liver 

fibrosis, cirrhosis and even cancer.  

According to the recommendations of the Nomenclature Committee on Cell Death 

(NCCD), cell morphotypes and mechanisms of cell death are used to classify cell 

death into three different forms: (1) type I or apoptosis, characterized by shrinkage of 

cytoplasm, chromatin condensation, nuclear and plasma membrane blebbing; intact 

small vesicles (known as apoptotic bodies) are formed and subsequently taken up by 

neighboring phagocytic cells and degraded within lysosomes; (2) type II or autophagy, 

featuring massive vacuolization of cytoplasm, subsequently uptake and degraded by 

lysosomal similar with type I cell death; (3) type III or necrosis, exhibiting no 

distinctive characteristics of type I or II cell death and terminating in the absence of 

overt phagocytic and lysosomal degradation[21].  

In the context of liver disease, cell death typically follows one of two patterns: 

necrosis or apoptosis. Necrosis is typically the consequence of acute metabolic 

disorder, such as ischemia/reperfusion or acute drug-induced hepatotoxicity. In 
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contrast, apoptosis represents a programmed death often initiated by multiple stimuli. 

Apoptosis leads to the orderly resorption of individual cells, which minimizes 

inflammatory responses and leakage of cellular components into the extracellular 

space. Apoptosis and necrosis are usually considered separate entities, but an 

alternative view is emerging suggesting that apoptosis and necrosis are the 

consequence of the same initiating factors and signaling pathways. Rather than being 

separate entities, apoptosis and necrosis in their pure form may represent extremes on 

a continuum of cell death. 

 

3.3.1 Necrosis 

Necrosis or oncotic necrosis is the most frequent result of metabolic hepatic injury 

resulting in ATP depletion, for instance that due to CCl4 treatment or paracetamol 

intoxication. Morphologically, necrotic cells show a swelling and disruption of cell 

membranes, without organelle pyknosis (a reduction of cellular and nuclear 

volume)[22]. Moreover, necrosis is believed to trigger a massive inflammatory 

response which in turn causes substantial collateral damage to neighboring cells. 

3.3.2 Apoptosis 

Apoptosis is the most well-known form of programmed cell death, characterized by 

ordered, regulated suicide cell death that exerts only minimal effects on surrounding 

cells; and thereby does not disrupt tissue homeostasis or organ development[23]. 

Morphologically, apoptosis is characterized by cellular shrinkage, a dense cytoplasm 

with tightly packed organelles, and pyknosis caused by the characteristic 

condensation and fragmentation of chromatin[22]. The execution of apoptosis is 

mediated by activation of initiator and executioner caspases, which kill cells via 

protein cleavage and subsequent activation of nucleases that cleave DNA into short, 

regularly sized fragments. 

While the execution of apoptosis is an irreversible process, the activation and 
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regulation of the caspase cascade is tightly regulated. The caspase reaction can be 

triggered by the intrinsic, mitochondrial-dependent pathway, or the extrinsic, death 

receptor-dependent (TNFR, FASR and DR4/5) pathways. Under abrupt and 

persistent stimulation, both pathways result in activation of Caspase 8, and 

subsequent activation of executioner caspases, mainly Caspase 3. 

3.3.3 Necroptosis 

In the last decades, it has been shown that cell death can develop in many different 

patterns, which are triggered by different etiologies and result in distinct biological 

outcomes[23]. Necroptosis is one of the most well-studied new forms of cell death, 

especially in the hepatology field. In 1998, Peter Vandenabeele and colleagues 

showed a controlled form of necrosis when caspases were inhibited in fibrosarcoma 

cells[24]. This necrosis-like controlled cell death was induced by TNF activation and 

was later shown to depend on receptor-interacting serine/threonine-protein kinase 1 

(RIPK1), receptor-interacting serine/threonine-protein kinase 3 (RIPK3) and the 

pseudokinase mixed lineage kinase domain-like protein (MLKL)[25]. This new form 

of controlled necrosis was named Necroptosis. Activation of RIPK1 and parallel 

inhibition of caspase 8 are indispensable for initiating Necroptosis. A complex 

containing RIPK1, RIPK3 and MLKL is called necrosome. It binds to lipids in the 

cytoplasmic membrane and perforate membrane structures and execute cell lysis[26]. 

3.4 Murine models of liver fibrosis 

Due to the complexity and chronicity of the pathological process of liver fibrosis in 

humans, animal models have been widely used in fibrosis research. Among animal 

models, experimental work in rodents represents the gold standard to confirm a 

proposed disease-associated mechanism, providing specialized models that closely 

mimick particular clinical situations[27].  

3.4.1 CCl4 induced hepatic fibrogenesis model  
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Toxic models are well-established approaches to experimental liver fibrosis. Many 

chemical substances have been proved capable to induce liver inflammation and 

fibrogenesis efficiently in a relatively short term. CCl4 is the most commonly used in 

a periodic administration way in rodents. In a typical protocol, 0.5-2 ml/kg 

bodyweight of CCl4 is injected intraperitoneally two-three times a week, with this 

leading to robust and highly reproducible liver fibrosis between 4-6 weeks of 

treatment. 

In the liver, CCl4 is metabolized by the monooxygenases of cytochrome P450 

superfamily (CYP family) to the trichloromethyl radical (CCl*3). Afterwards, this 

radical reacts with nucleic acids, proteins, and lipids, thereby affecting several pivotal 

biological processes and leading to altered lipid metabolism (fatty degeneration and 

steatosis) and reducing the amount of proteins. Further, CCl*3 f can trigger mutations 

and eventual development of HCC. Oxygenated CCl*3 trichloromethylperoxy radical 

(CCl3OO*), initiates lipid peroxidation and destruction of polyunsaturated fatty acids. 

Consequently, the membrane permeability in all cellular compartments (mitochondria, 

endoplasmic reticulum and plasma membrane) is lowered and generalized hepatic 

damage occurs that is characterized by inflammation, cell death, fibrosis and other 

signs of liver disease.  

Figure 3. Pathobiochemical sequence of events during carbon tetrachloride 
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(CCl4)-induced liver damage. In the liver, CCl4 is metabolized by cytochrome P450 

(CYP) enzymes to a trichloromethyl radical that can be further oxygenated to the 

trichloromethylperoxy radical. Both radicals are highly reactive and induce complex 

cellular alterations that result in hepatotoxic damage, inflammation, fibrosis, cirrhosis 

and hepatocellular carcinoma (HCC). Reproduced from Scholten, D., et al. "The 

carbon tetrachloride model in mice." Laboratory animals 49.1_suppl (2015): 4-11. 

The process of CCl4-mediated liver fibrosis is characterized by KCs activation and 

induction of an inflammatory response, leading to secretion of cytokines, chemokines 

and other proinflammatory mediators. These mediators in turn attract and activate 

immune cells, like monocytes, neutrophils and lymphocytes, which further 

contributes to liver damage, inflammatory response and cell death. A strong 

regenerative response follows, with massive proliferation of hepatocytes and non-

parenchymal cells as early as 48 hours after the first CCl4 application[28]. Thereby, 

a single CCl4 injection in mice can also be used as an acute model of liver toxicity. It 

usually takes 2 to 3 weeks of CCl4 injection to achieve the first appearance of 

histological fibrosis and scarring fibrosis. By then, molecular fibrosis markers are 

easily detected. Generally, 4 to 6 weeks of continuous treatment is enough to induce 

true bridging fibrosis, which corresponds with approximately 8 to 18 injections. In 

general, the rodent CCl4 model display all key characteristics of human liver fibrosis, 

including inflammation, regeneration, fiber formation and potentially fibrosis 

regression[27].  

Morphologically, CCl4-induced fibrogenesis appears as a progressive development of 

fibrosis. CCl4 is mainly metabolized by centrilobular hepatocytes and causes 

centrilobular liver damage. Therefore, severe and diffuse periportal necrosis or 

infarction was one of the features of CCl4-induced liver damage. Fibrosis starts in 

perivenular zones, mainly in the pericentral area. As fibrosis extends, fibrotic bridges 

between central areas are formed in centro-central septa, and then central-portal septa 

are secondarily involved[29].  
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Figure 4. Typical liver fibrosis after CCL4 challenge. 6-8 week old male C57BL/6 

mice received i.p. injection twice weekly of 0.7mL/kg body weight of CCl4 or oil for 

6 weeks. Sirius-Red staining of liver specimen from control mouse (a) and CCl4 (b) 

mouse. Reproduced from Scholten, D., et al. "The carbon tetrachloride model in 

mice." Laboratory animals 49.1_suppl (2015): 4-11. 

3.4.2 Bile Duct Ligation periductal liver fibrosis model 

Cholestatic liver injury is one of the main etiologies of liver fibrosis and cirrhosis in 

patients with acute or chronic hepatic disease. The major pathological course is biliary 

epithelium damage and bile duct injury, which can result in end-stage liver disease, 

liver failure or death. Multiple causes of bile duct injury have been described, which 

include autoimmune diseases (eg, PBC and PSC), obstructive conditions 

(cholelithiasis and blockage of bile ducts) and toxic injury (drugs, chemicals and 

detergents). Several rodent models mimicking these pathophysiologic processes have 

been generated in the past.  

These rodent models, such as bile duct obstruction and autoimmune or direct toxic 

injury, often shed light on specific causes of cholestatic liver disease. Bile Duct 

Ligation (BDL) or Common Bile Duct Ligation (CBDL) is the archetype model of 
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obstructive cholestasis. As the first highly reproducible protocol for cholestatic 

fibrosis, BDL in rodents was already introduced in 1932 by Cameron and Oakley[30]. 

Owing to interruption of the bile flow, intense ductular proliferative response, portal 

inflammation, jaundice and portal fibrosis are induced altogether in a relatively short 

term[31]. Some works describe liver cirrhosis 15–28 days after BDL, while others 

are unable to demonstrate evidence of cirrhosis after 40 days[32]. Meanwhile, 

different special operation techniques have been described. These procedures allow 

bile duct reconnection or reanastomosis after BDL. Other techniques have been 

described, such as partial BDL or microsurgical methods[27]. Furthermore, this 

model can be applied in transgenic mice easily, providing powerful tool for 

investigation of cholestatic injury in many different study designs. 

In BDL, as an extrahepatic cholestasis model, the major damage for liver cells is the 

increased intracellular concentration of potentially toxic bile salts. Accumulation of 

bile salts plays an important pathogenic role in sustaining liver damage and promoting 

fibrogenesis. These bile salts alters the intracellular calcium homeostasis, cause 

mitochondrial damage and depletion of ATP[33].  

Morphologically, BDL induces typical cholestatic damage, such as cholangiocyte 

proliferation, resulting in exuberant ductular reaction, portal inflammation and 

classical periportal fibrosis[34, 35]. The evolution of fibrosis can be characterized 

using the METAVIR fibrosis score as follows: F0, no fibrosis; F1, fibrotic changes 

confined to the portal tracts (portal fibrosis), with only mild portal expansion; F2, 

portal fibrosis with formation of few septa; F3, formation of portal-to-portal fibrous 

septa (septal fibrosis); F4, cirrhosis. Chronologically, enlargement of the portal tracts 

showed up as soon as 1 week after BDL. Meanwhile, an increasing amount of 

mononuclear cells appears around the portal tract. These changes persist and worsen 

the proliferation of bile ductules as the cholestatic damage progresses. After 3 weeks, 

fibrotic changes appear and scored as F2 and evolve into F3 after 5 weeks of BDL. 

Proliferation of ductal cells at the interlobular ducts persists and is accompanied with 
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more infiltrating inflammatory cells. After 6 weeks, secondary biliary cirrhosis (F4) 

develops with nodular changes in the liver parenchyma[35].  

 

Figure 5. Histological changes following BDL. H&E staining after 3-weeks BDL. 

Liver sections were prepared from C57BL/6 mice that were sham-operated (A) or 

subjected to BDL and analyzed after 3 weeks (B). Typical BDL alterations included 

signs of inflammation (infiltrating cells), parenchymal necrosis foci, and proliferation 

of bile ducts. Reproduced from Tag, Carmen G., et al. "Bile duct ligation in mice: 

induction of inflammatory liver injury and fibrosis by obstructive cholestasis." JoVE 

(Journal of Visualized Experiments) 96 (2015): e52438. 

3.5 Ras family and N-Ras 

3.5.1 Ras family 

The first study on RAS can be traced back to1964, when Jennifer Harvey noticed that 

a novel murine leukaemia virus, isolated from a leukaemic rat, induced sarcomas in 

new-born rodent puppies. Thereafter, three additional retroviruses were shown to 

carry RAS genes. The sequences responsible for the oncogenic properties of these 

acute transforming viruses were molecularly defined in the 1970s[36]. Meanwhile, 

more and more attention were paid to the link between RAS and human cancers. 

Following the first report on RAS involvement in human bladder carcinoma, 

increasing data showed that RAS is involved in as high as 20% to 30% of all human 

tumors[37]. 
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The Ras GTPase superfamily comprises small size (molecular weight 20–30 kDa), 

monomeric GTP-binding and hydrolyzing (GTPases) proteins that act as GDP-/GTP-

regulated, molecular switches in transducing extracellular cues into intracellular 

signals, which regulates diverse fundamental cellular processes, including cell 

proliferation and differentiation, maintenance of cell morphology, migration, survival, 

apoptosis, among others[38]. RAS proteins localize to discrete membrane 

microdomains. Classical RAS proteins comprise three major isoforms, known as 

H-,K- and N-RAS, which are ubiquitously expressed and highly conserved yet 

exhibiting different biological functions[39].  

 

Figure 6. The family of classical RAS proteins. In mammals, four distinct RAS 

isoforms are encoded by three Ras genes: H-Ras, N-Ras, and the two splice variants 

of the K-Ras gene, K-Ras4a and K-Ras4b. In the figure, G-domains are displayed in 

ribbon pattern, orange and green color represent membrane anchored farnesyl and 

palmitoyl lipid chains, respectively. Reproduced from Simanshu DK, et. al. RAS 

Proteins and Their Regulators in Human Disease. Cell. 2017 Jun;170(1):17-33. 

RAS cellular activity is regulated in response to either outside-in or inside-out signals 

by the reversing action of guanine nucleotide exchange factors (GEFs) and GTPase-

activating proteins (GAPs), which promote the generation of the active GTP and 

inactive GDP-bound conformation, respectively. Multiple GEFs and GAPs coexist in 
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the majority cell types, increasing the diversity of signals that regulate the activity of 

RAS proteins. In the active conformation, RAS proteins bind with differential 

affinities to a variety of effectors, which are defined as downstream signaling 

molecules that interact selectively with the GTP-bound form of RAS GTPases, and 

become activated as a consequence of this interaction. The existence of a large 

number of RAS effectors, as well as of extensive crosstalk between multiple 

intracellular signaling pathways, further increases the signaling complexity of RAS 

proteins.  

3.5.2 N-Ras and liver disease 

Neuroblastoma rat sarcoma (N-Ras) gene, as a member of the Ras superfamily, is 

well-known for being an oncogene, especially in the context of cutaneous melanoma 

and leukemia[40]. The oncogenic Ras mutations and the mutations in other 

components of Ras/MAPK signaling pathways seems to be mutually exclusive events 

in most tumors, suggesting that changes of Ras-dependent signaling may be one of 

the essential requirements for tumorigenesis.  

Apart from these oncogenic properties, little is known about the pathophysiological 

roles of N-Ras. Recently, more and more data have revealed that N-Ras may 

contribute to development of hepatic carcinoma and other liver diseases. 

Regarding the association of N-Ras with liver disease, some reports have shown that 

N-Ras could play an important role. Reif and colleagues observed that inhibited RAS 

with pan-RAS antagonist may alleviate experimentally-induced liver fibrosis in 

rodents[41, 42]. In Reif’s experiments, 12 weeks of thioacetamide administration 

were used to induce liver fibrosis, after 8 weeks treatment of farnesylthiosalicylic acid 

(FTS), a pan-Ras antagonist, regression of fibrosis was observed with H&E liver 

section microscopic diagnosis. Meanwhile, they also found that RAS antagonist 

induced MMP-2, MMP-9 and TIMP-2 expression aggressively. However, in Reif’s 

works, they chose a pan-RAS antagonist and did not check the expression of isoforms 
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of RAS, the contribution of N-RAS was not mentioned.  

Some recent papers try to reveal the function of N-RAS in cholestatic liver disease, 

including Primary Biliary Cholangitis (PBC) and Primary Sclerosing Cholangitis 

(PSC). Nakagawa and colleagues reported that upregulated N-RAS induced 

production of inflammatory cytokines and promoted the progressing of PBC[43]. 

They showed that N-RAS was up-regulated in CD4+ T cells of PBC, this was 

associated with increased expression of inflammatory cytokines. Once the N-RAS 

was blocked by FTS, the T cell receptor (TCR) signaling pathway could be degrade, 

less cytokines was produced. Tabibian and colleagues showed that activation of N-

RAS accelerated the senescence of cholangiocytes, a typical trait of PSC[44]. In 

Tabibian’s paper, they found that expression of N-RAS was in accordance with 

senescence of cholangiocytes in in vivo PSC tissue, profibroinflammatory 

senescence-associated secretory phenotype componets (i.e., IL-6, IL-8, CCL2, PAI-

1) were also increased. In vitro, cholangiocytes senescence was induced by several 

biological relevant endogenous and exogenous molecules which normally contains in 

bile. The markers of senescence were decreased in cholangiocytes after treated with 

pan-Ras antagonist (FTS). Their results suggested that N-RAS accelerates PSC by 

inducing cholangiocytes senescence. However, they did not knockout or knockdown 

N-Ras to testify the result.  

In a word, these findings suggest that N-Ras can be involved in the progress of liver 

fibrogenesis, but the certain role and the mechanisms are not clear. 
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Hepatic fibrosis is a wound-healing response to chronic liver injury of different 

etiologies, which highly possible results in advanced liver damage and even 

hepatocarcinoma. N-Ras, as a well-known oncogene, has been proved responsible for 

oxidative stress response, cell proliferation and survival[45]. Recently, other groups 

found that N-Ras plays a role in the pathophysiology process of cholangitis and 

fibrosis[43, 44]. Which suggests that N-Ras gene might involve in hepatic 

fibrogenesis. However, the specific role of the N-Ras gene during liver fibrogenesis 

is not yet defined.  

General aim 

To determine the involvement of the signaling molecule N-RAS in the development 

of liver fibrosis by using deficient mice for N-Ras. 

Specific aims 

Comparative analysis of N-Ras-sufficient and N-Ras-deficient mice in two 

experimental models of induced chronic liver fibrosis (CCl4 treatment and BDL), 

focusing on determination of liver injury, extracellular matrix (ECM) deposition and 

fibrosis markers, leucocyte infiltration, oxidative stress, hepatocyte death, 

compensatory proliferation, and analysis of signaling pathways and gene expression 

related to hepatic fibrogenesis.    
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5.1 Materials 

5.1.1 Chemicals 

Reagent Manufacturer/Distributer 

Acetic acid (glacial) 100% 

(CH3COOH) 
Panreac Applichem, Madrid, Spain 

Acetone (C3H6O) VWR, Madrid, Spain 

Acrylamide 30% Bio-Rad, Italy 

AEBSF hydrochloride 
Thermo Fisher Scientific, Karlsruhe, 

Germany 

Agarose Electrophoresis Grade Bio-Rad, Madrid, Spain 

Albumin bovine Merck, Madrid 

Ammonium peroxodisulfat 

(H8N2O8S2) 
Carl Roth, Karlsruhe, Germany 

Agar-Agar 
Becton Dickinson, 

Barcelona, Spain 

Boric acid (H3BO3) AppliChem, Madrid, Spain 

Bromphenol blue Bio-Rad, Italy 

β-Mercaptoethanol AppliChem, Madrid, Spain 

Carbon tetrachloride  Merck, Madrid, Spain 

CHAPS (C32H58N2O7S) Merck, Madrid, Spain 
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Chloroform (CHCl3) Merck, Madrid, Spain 

Collagen from rat tail Merck, Madrid, Spain 

Complete Mini (protease inhibitors) Roche, Mannheim, Germany 

Coomassie Brilliant Blue Bio-Rad, Italy 

Corn Oil Merck, Madrid, Spain 

DAKO REAL Peroxidase Blocking 

Solution 
Dako, Hamburg, Germany 

DMSO (Dimethyl sulfoxide) 
Merck, Saint-Quentin-Fallavier, 

France 

DNA ladder (50bp) Invitrogen, Vilnius, Lithuania 

DNA standard Invitrogen, Karlsruhe, Germany 

DTT (Dithiothreitol) (C4H10O2S2) Merck, Madrid, Spain 

EDTA (Ethylene Diamine 

Tetraacetate) 
AppliChem, Madrid, Spain 

Eosin Merck, Madrid, Spain 

Ethanol (C2H5OH) AppliChem, Madrid, Spain 

Ethidium bromide (C21H20BrN3) Invitrogen, Karsruhe, Germany 

Fetal bovine serum Invitrogen, Karsruhe, Germany 
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FITC-dextran 4 Uppsala, Sweden 

Formaldehyde solution 4% AppliChem, Madrid, Spain 

Gelatin from porcine skin Type A Merck, Madrid, Spain 

Glutaraldehyde (C5H8O2) Carl Roth,  Karlsruhe, Germany 

Glycerin (C3H5(OH)3) Carl Roth,  Karlsruhe, Germany 

Glycerol gelatin Merck, Madrid, Spain 

Glycine (C8H9NO3) AppliChem, Madrid, Spain 

Goat serum Promocell, Barcelona, Spain 

Haematoxylin Merck, Madrid, Spain 

Hydrogen peroxide 30% (H2O2) AppliChem, Madrid, Spain 

Hydrochloric acid (HCl) Merck, Madrid, Spain 

Isopropyl alcohol (C3H8O) AppliChem, Madrid, Spain 

Magnesium chloride (MgCl2) Merck, Madrid, Spain 

Methanol (CH4O) VWR, Madrid, Spain 

Nonfat dried milk powder AppliChem, Madrid, Spain 

Nonidet P-40 AppliChem, Madrid, Spain 

Novex Sharp protein standard Invitrogen, Karsruhe, Germany 
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Pefabloc SC Protease Inhibitor Roth, Barcelona, Spain 

PhosSTOP Roche, Mannheim, Germany 

PMSF (Phenylmethylsulphonyl 

fluoride) 
Roth, Barcelona, Spain 

Ponceau S Merck, Madrid, Spain 

Potassium chloride (KCl) Merck, Madrid, Spain 

Potassium Ferricyanide (C6N6FeK3) Merck, Madrid, Spain 

Roti-Histokit Roth, Barcelona, Spain 

SDS (Sodium Dodecylsulfate) 

(NaC12H25SO4) 
Roth, Barcelona, Spain 

Serum, human Merck, Madrid, Spain 

Serum, mouse Merck, Madrid, Spain 

Serum, rabbit Merck, Madrid, Spain 

Sodium acetate anhydrous 

(C2H3NaO2) 
AppliChem, Madrid, Spain 

Sodium azide (NaN3) AppliChem, Madrid, Spain 

Sodium tetraborate anhydrous 

(Na2B4O7) 
Merck, Madrid, Spain 

Sodium carbonate (Na2CO3) Merck, Madrid, Spain 



Materials and Methods 

 
 

 

Sodium chloride (NaCl) AppliChem, Madrid, Spain 

Sodium fluoride (NaF) Merck, Madrid, Spain 

Sodium hydroxide (NaOH) 1 mol/l AppliChem, Madrid, Spain 

Sodium hydroxide pellets Merck, Madrid, Spain 

Sodium orthovanadate (Na3VO4) AppliChem, Madrid, Spain 

Sodium thiosulfate (Na2S2O3) Merck, Madrid, Spain 

TEMED 

(Tetramethylethylenediamine) 
Bio-Rad, Italy 

Tissue Tek Sakura, Warsaw, Poland 

Trichloroacetic acid (C2HCl3O2) Merck, Madrid, Spain 

Tris (C4H11NO3) AppliChem, Madrid, Spain 

Tri-sodium citrate 

dihydrate(Na3C6H5O7·2HCl) 
Carl Roth, Karlsruhe, Germany 

Triton X100 Carl Roth, Karlsruhe, Germany 

Tween® 20 Merck, Madrid, Spain 

Vectashield mounting medium with 

DAPI 
Dako, Hamburg, Germany 

Xylene Carl Roth, Karlsruhe, Germany 
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5.1.2 Standard buffer and media 

10x SDS-Running Buffer Volume/Quality 

Tris 30.3 g 

Glycine 144.13 g 

SDS 10 g 

dH2O add to 1 L 

 

10x Transfer Buffer Volume/Quality 

Tris 30.3 g 

Glycine 144.13 g 

dH2O add to 1 L 

1x Transfer Buffer Volume/Quality 

10x Transfer Buffer 100 ml 

Methanol 200 ml 

dH2O add to 1 L 

 

10x TBS Volume/Quality PH value 

Tris 24.2 g PH=7.6 

NaCl 80 g 

dH2O add to 1 L 

1x TBST Volume/Quality  

10x TBS 100 ml  

Tween-20 0.5 ml  

dH2O add to 1 L  

 

10x PBS Volume/Quality 

NaCl 78.8 g 

KCl 3.5 g 

Na2HPO4 26.8 g 
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NaH2PO4 2.76 g 

dH2O add to 1 L 

 

NP40 Buffer Volume Final concentration 

Tris/HCl 7.5 pH (1 M) 25 ml 50 mM 

NaCl (5 M) 15 ml 150 mM 

Nonidet P-40 2.5 ml 0.5 % 

Sodium Fluoride 1.05 g 50 mM 

dH2O added to 500 ml  

 

 

 

5.1.3 Standard kits and enzymes 

Kit / Assay  Manufacturer  

Amersham Enhanced 

chemiluminescence (ECL) Prime 

Western Blotting Detection reagent 

GE Healthcare, Buckinghamshire, UK 

In Situ Cell Death Detection Kit, 

Fluorescein  

Roche, Mannheim, Germany  

High Capacity cDNA Reverse 

Transcription Kit 

Thermo Fisher Scientific, Vilnius, 

Lithuania 

NID buffer Volume/Quality Final Concentration PH value 

KCl 3.73 g 0.05 M PH=8.3 

Tris 10 ml 0.01 M 

MgCl2 0.41 g 2 mM 

Gelatine Type B 0.1 g 0.1 mg/ml 

NP-40 4.5 ml 0.45 % 

Tween-20 4.5 ml 0.45 % 
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ImmPACTI DAB HRP Substrate Vector Laboratories, Burlingame, USA 

 

Enzyme  Manufacturer  

Proteinase K-Solution  AppliChem, Darmstadt, Germany  

ReadyMixTM redtaqTM PCR reaction 

mix with MgCl2  

Merck, Steinheim, Germany  

RNAse Merck, Steinheim, Germany  

SYBR® GreenERTM qPCR Super Mix  Invitrogen, Karlsruhe, Germany  

 

5.1.4 Antibodies used for immunostaining and/or western blot 

5.1.4.1 Primer antibodies  

 

Primary Antibody Catalog Number Company 

-SMA A2574 Sigma 

Caspase8 ALX-804-447 Enzo life sciences 

Cleaved Caspase8 D5B2 Cell Signaling 

CD11b 550282 BD 

Cleaved Caspase-3 #9661 Cell Signaling 

Collagen I1 BT-5014-10 BioTrend 

CD45 550539 BD 

F4/80 MCA497GA AbD serotec 

GAPDH 39-8600 Invitrogen 
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Ki-67 6013874 Leica 

PCNA 13-3900 Invitrogen 

RIPK-1 610459 BD 

RIPK-3 2283 Prosci 

JNK 9252s Cell Signaling 

JNK1 10664 Abcam 

JNK2 4672S Cell Signaling 

P-JNK 9251S Cell Signaling 

P-JNK1 Ab10664 Abcam 

P-JNK2 4672S Cell Signaling 

p-JNK1/2 9255 Cell Signaling 

P-MLKL 196436 Abcam 

p-RIPK1 31122S Cell Signaling 

p-RIPK3 57220S Cell Signaling 

p-AKT 9271s Cell Signaling 

AKT 9272s Cell Signaling 

4-HNE ab46545 Abcam 
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5.1.4.2 Secondary antibodies 

Product Manufacturer Catalog Concentration 

Anti-rabbit-HRP Cell Signaling 

Technology 

7074S 1:3000 (WB) 

Anti-Mouse-HRP BIO-RAD STAR207P 1:5000 (WB) 

Anti-Rabbit-HRP 

IgG 

Vector Laboratories MP-7401 ready-to-use 

(IHC) 

Anti-Mouse-HRP 

IgG 

Vector Laboratories MP-7402 ready-to-use 

(IHC) 

Goat-Anti-Rat (IF, 

488) 

Invitrogen A-11006 1:400 (IF) 

Goat-Anti-Mouse 

(IF, 488) 

Invitrogen A-11001 1:400 (IF) 

Donkey-Anti-

Rabbit (IF, 488) 

Invitrogen A-21206 1:500 (IF) 

 

5.1.5 Primer sequences used for qPCR 

5.1.5.2 Primer for Mouse: 

Gene Forward Reverse 

α-SMA 

TGACAGAGGCACCACT 

           GAACC 

 

TCCAGAGTCCAGCACAATA

CCAGT 

Collagen 

Iα1 
GCT CCT CTT AGG GGC CAC T 

CCA CGT CTC ACC ATT 

GGG G 

IL-6 
GCT ACC AAA CTG GAT ATA 

ATC AG 

CCA GGT AGC TAT GGT 

ACT CCA GA 

IL-18 CAG GCC TGA CAT TCT GAC ATG GCA GCC 
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CTT CTG CAA ATT GT 

MCP-1 
TTA AAA AAC CTG GAT CGG 

AAC CAA 

GCA TTA GCT TCA GAT 

TTA CGG GT 

IL-10 GGC TGA GGC GCT GTC ATC G 
TCA TTC ATG GCC TTG TAG 

ACA CC 

TGFβ 
GCT CGC TTT GTA CAA CAG 

CAC C 

GCG GTC CAC CAT TAG 

CAC G 

GAPDH TGTTGAAGTCACAGGAGACAA

CCT 

AACCTGCCAAGTATGATGA

CATCA 

TNF- 
CCT CTT CTC ATT CCT GCT TGT 

GG 

GAG AAG ATG ATC TGA 

GTG TGA GG 

KEAP1 AGGACCAGTTGAACAGTGTG CATCATAGCCTCCGAGGAC 

Nrf-2 GGTCCACACGGGTTAGTTCA 
AAGCTCGGTGTTAGTGGTG

G 

GCLC GTTATGGCTTTGAGTGCTGCAT 
ATCACTCCCCAGCGACAAT

C 

NQO1 GAGCTTTAGGGTCGTCTTGG 
AGGATCGTAATACCGAACG

C 

 

 

5.1.6 Primer sequences used for genotyping PCR 
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5.1.7 Instruments and equipment 

Primer name Sequence in 5´-3´orientation 

LM164 

(common for WT and KO) 

CCAGGATTCTTACCGAAAGCAA

GTGGTG 

LM205 

(3’ for WT of N-Ras) 

GATGGCAAATACACAGAGGAA

CCCTTCG 

LM166 

(3’ for KO of N-Ras) 

CAGAGCAGATTGTACTGAGAGT

GCACC 

Product Manufacturer 

AxioVision SE64. Rel.4.9 Carl Zeiss Microscopy GmbH, München, 

Germany 

ELx800 Spectrophotometer BioTek, Vermont, USA 

Centrifuge 5415 D Eppendorf AG, Hamburg, Germany 

Centrifuge 5804/5804R Eppendorf AG, Hamburg, Germany 

Centrifuge 5920 R Eppendorf AG, Hamburg, Germany 

Centrifuge 4K15 10740 DJB Labcare Ltd, Buckinghamshire, UK 

Centrifuge Z233M-2 and Refrigerated 

Z233MK-2 

Hermle Labor Technik GmbH, Wehingen 

Germany 

Class II Bio II Advance Plus 

Microbiological Safety Cabinet 

Azbil Telstar Technologies Slu, 

Barcelona, Spain 

Cryostat CM1950 Leica Biosystems Nussloch GmbH, 

Wetzlar, Germany 
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Digital microscope camera Moticam 

2500 

Ryf AG, Bettlachstrasse, Switzerland 

Gel Doc 2000 System BioRad, Neuberg, Germany 

ImageJ Version 1.52u LOCI, University of Wisconsin, USA 

Leica EG1160 Embedding Center, 

Dispenser + hot Plate 

Leica Biosystems Nussloch GmbH, 

Wetzlar, Germany 

Leica MZ16 Stereomicroscope with 

Leica DFC480 Digital Camera 

Leica Microsystems, Milton Keynes, 

United Kingdom 

Leica HI1210 Water bath for paraffin 

sections 

Leica Biosysetems, Heidelberger, 

Germany 

Leica RM2125 RTS - The Essential 

Microtome 

Leica Biosysetems, Heidelberger, 

Germany 

Microcentrifuge National Labnet, Madrid, Spain 

NanoDrop™ One Microvolume UV-

Vis Spectrophotometer 

Thermo Fisher Scientific, Boston, USA 

7300 Real Time PCR System AND 

Sequence Detection Software Version 

1.3.1 

Applied Biosystems, Darmstadt, 

Germany 

2100-Retriever Aptum Biologics, Hants, United 

Kingdom 

Odyssey Fc Imaging system LI-COR, Madrid, Spain 

Thermo Scientific Forma Steri-Cycle 

i250 C02 incubator 

Thermo Fisher Scientific, Boston, USA 

Thermomixer Eppendorf, Hamburg, Germany 

Vertical laminar flow workbench, Mini- 

V/PCR 

Azbil Telstar Technologies Slu, 

Barcelona, Spain 

Vortex Reax 200 Heildophin, Nürnberg, Germany  

Water bath (STANDARD of 12877) DILABO, Torralba de Calatrava, Spain 

ZEISS Axio Lab.A1 Carl Zeiss Microscopy GmbH, Jena, 
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5.1.8 Other equipment 

Plastic and Glassware Manufacturer Catalog 

Blue tips 1ml 
Greiner Bio-One,  

Frickenhausen, Germany  
740290 

Centrifuge tube 50ml (falcon) Labbox, Barcelona, Spain PTGP-E50-025 

Cryogenic tubes 
Thermo Fisher Scientific, 

Suzhou, China 
375353PK 

Easypet 3 electronic pipetting 
Eppendorf, Hamburg, 

Germany 
4430000018 

Eppendorf® Reference® 2 G 

single-channel, fixed, volume (10 

μl) 

Eppendorf, Hamburg, 

Germany  
EP4925000049 

Eppendorf® Reference® 2 G 

single-channel, fixed, volume (100 

μl) 

Eppendorf, Hamburg, 

Germany  EP4925000103 

Eppendorf® Reference® 2 G 

single-channel, fixed, volume 

(1000 μl) 

Eppendorf, Hamburg, 

Germany EP4925000154 

Eppendorf™ Tubes (1.5ml) 
Thermo Fisher Scientific, 

Hamburg, Germany 
10398031 

Graduated Filter Tip (Sterile) 10 µl 
STARLAB, Hamburge, 

Germany 
S1120-3810 

MicroAmp Fast Optical 96 Well 

Reaction Plate, 0.1ml 

Thermo Fisher Scientific, 

Suzhou, China 
43-469-06 

MicroAmp Optical Adhesive Film 
Thermo Fisher Scientific, 

Carlsbad, USA 
43-119-71 

MicroAmp Optical 8-Tube Strip Thermo Fisher Scientific, A30588 

Germany 



Materials and Methods 

 
 

with attached optical caps Cramlington, UK 

Mini Trans-Blot® Electrophoretic 

Transfer Cell 
Bio-Rad, Portland, USA 170-3930 

Nitrocellulose blotting membrane, 

0.2 μm  

Amersham, Dornstadt, 

Germany 
A19478273 

Nitrocellulose blotting membrane, 

0.45 μm  

Amersham, Dornstadt, 

Germany 
A10021531 

Pipettes 5 ml 
Greiner Bio-One,  

Frickenhausen, Germany  
606107 

Pipettes 10ml 
Greiner Bio-One,  

Frickenhausen, Germany  
607180 

Polyvinylidene difluoride (PVDF) 

membrane 
Bio-Rad, Hercules, USA 1620264 

Sarstedt Inc PC MTUBE 1.1ML 

SER-GEL/PK100 

Thermo Fisher Scientific, 

Madrid, Spain 
NC9436363 

Slides Klinipath, Lutterworth, UK PR-S-100 

Syringes 1 mL Luer  
BD Plastipak, Madrid, 

Spain 
303172 

Small falcon 15ml Labbox, Barcelona, Spain PTGP-E15-500 

Syringe 1 ml with 27 × 13 needle 
BD Plastipak, Madrid, 

Spain 
300635 

Whatman® paper (Thick Blot Filter 

Paper, For WB) 
BIO-RAD, Hercules, USA 1704085 

Yellow tips 200μl 
Greiner Bio-One,  

Frickenhausen, Germany  
739290 

 

5.2 Methods 

5.2.1 Housing and breeding of mice 

All mice strains were housed in a specific-pathogen-free (SPF) environment, 
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temperature and humidity-controlled facility at the Institute for Biology faculty, 

Complutense University (UCM). The animal facility was standardized with 12 h light-

dark cycles and the mice had free access to standard food and water. 

5.2.2 Mice strain 

Mice deficient for N-Ras (N-Ras-/-
;
 in the C57BL/6J background) have been described 

previously[46]. They were gently provided by Eugenio Santos (Center for Cancer 

Research, Salamanca). Genotyping of mice was performed as previously described[46]. 

C57BL/6J mice used as wild type (N-Ras+/+) controls were purchased from Envigo 

RMS Spain. Mice aged 8-10 weeks were included in the study. All animal experiments 

were approved by the concerned Spain authorities (PROEX: 154/16). Animals 

received humane care according to the Spanish and European Union legislation on 

protection of animals, and Complutense University Animal Care guidelines. 

5.2.3 Genotyping of genetically modified mice 

Genotyping was performed on all mice included in this study by PCR analysis. Fresh 

mouse tails biopsies were collected for preparing DNA with NID buffer. Each tail was 

cultured with 200 μl of NID buffer and 2 μl of proteinase K at 56°C overnight on 

thermomixer. Proteinase K activity was stopped by heating at 99°C for 10 min. Then 

the buffer was centrifuged at 12000 rpm for 10 min, and 2 μl of the supernatant was 

taken for genotyping PCR. 

NID buffer was prepared as follows: 

Reagent Volume/Quality Final Concentration PH value 

KCl 3.73 g 0.05 M PH=8.3 

Tris 10 ml 0.01 M 

MgCl2 0.41 g 2 mM 

Gelatine Type B 0.1 g 0.1 mg/ml 

NP-40 4.5 ml 0.45 % 

Tween-20 4.5 ml 0.45 % 
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PCR reaction reagents were as follows: 

Mixture for genotyping: 

Reagent Volume 

DNA 2 μl 

Primer LM164 1 μl 

Primer LM166 1 μl 

Primer LM205 1 μl 

RedTaq 12.5 μl 

DEPC H2O 7.5 μl 

TOTAL 25 μl 

PCR was performed according to the following programs: 

Program for genotyping for genotyping: 

PCR program  temperature  time (h:min:sec)  Cycles  

initial denaturing  94°C 00:03:00  

denaturing  

annealing  

elongation  

94°C  

54°C  

72°C  

00:00:30 

00:01:00 

00:00:45 

X 30 

final elongation  

conservation  

72°C  

4°C  

00:10:00  

00:00:00  

 

 

2% (w/v) agarose gels were prepared for detecting genotyping PCR products. The 

agarose powder was boiled in 1x TAE buffer with Microwave oven until the solution 

was completely clear and all particles was dissolved, added 6 μl of MIDORI Green 

Advance was added and mixed gently, then the gel was cooled at room temperature for 

15-20 min. Gels were run in 1x TAE buffer at 100 V. DNA ladders used to identify the 

specific size of fragments. The results were checked on a UV- transilluminator and took 

pictures with Video copy processor after the electrophoresis. 

5.2.4 CCl4 model and BDL model  

N-Ras deficiency mice with a C57BL/6J background were bred in a SPF environment, 
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a 12-hour light/dark cycle was performed in temperature and humidity-controlled 

animal rooms. 

5.2.4.1 CCl4 model 

CCl4 intraperitoneal injection is the most widely used way to induce liver fibrogenesis. 

In highly susceptible strains, like C57BL/6J, four to six weeks of CCl4 application is 

usually sufficient for fibrosis induction.  

Mice should be weighed before CCl4 preparation. CCl4 dosage of 1.2 mL/g and 0.6 

mL/g body weight were chosen and diluted in corn oil for acute and chronic model, 

respectively. Please note that the injection solutions (CCl4 or CCl4/corn oil) should be 

at room temperature or close to body temperature. The required volume of CCl4 should 

be calculated. For practical reasons, I always inject a constant volume of 50 µL 

containing a solution of CCl4 in corn oil. Accordingly, the required volume of CCl4 (1.2 

mL/g or 0.6 mL/g mouse weight) is made up to 50 µL of total volume with corn oil.  

CCl4/corn oil solution was intraperitoneal (IP) injected in mice using disposable, sterile 

syringes. To this end the mouse should be scuffed behind the neck region between the 

thumb and forefinger. After turning over the hand, the mouse should lay on the palm 

against the base of the thumb, a third finger should be used to stabilize the pelvic region 

or legs, meanwhile stabilize the tail with little finger of the same hand. CCl4 should be 

injected into the right/left lower side of the abdomen with the mouse head down to 

avoid injury to the bladder. IP injection can lead to local irritation of the skin and CCl4 

can cause mildperitoneal inflammation. Animals should be re-checked 1-2 hours after 

injection for abnormalities and every 24 h thereafter.  

In chronic model, 4weeks (28-days) treatment was chosen. Two doses of CCl4 IP 

injection per week were performed. The body weight of the mice was monitored twice 

a week during the treatment period. 48 hours after the last injection, mice were 

euthanized and liver tissue was preciously collected as described. 
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5.2.4.2 BDL model 

8-10 weeks-old male mice were anesthetised with intraperitoneal injection of 

arcotisation solution (0.01% Xylazin hydrochloride/1% Ketamine hydrochloride 

mixture, diluted in 0.9% NaCl) and suffered with bile duct ligation after anesthesia. For 

the i.p. injection the mouse was fixed at the neck and tail with one hand. Injection was 

done in dorsal direction. The dosage of the narcotic solution was 100 μl/10g body 

weight of mouse. After loss of reflex control and affirmation of anesthesia, the 

abdominal wall was sterilized with Antifect®. After midline laparotomy, the common 

bile duct was exposed and twice ligated with 6-0 silk suture. Sham operation was 

performed by gently touching the bile duct. The abdominal musculature and skin were 

closed with absorbable suture by a continuous fissure. Subsequently, mice were 

received 0,1mg/kg Buprenorphine® i.m. to avoid pain-induced stress.  

All BDL were performed in the morning, mice were kept on warm pad for 4h after 

surgery. Since mice were fully recovered and able to act free movement, they were 

transferred to the original animal rack. Check operated mice daily during the first 5 days 

after surgery. All mice were sacrificed 28 days after surgery, and all samples were finely 

harvested. 

5.2.5 Blood and tissue collection 

5.2.5.1 Taking blood samples 

N-Ras-/- mice and C57BL/6 WT mice were euthanized 48 hours after the last injection 

of CCl4 under general anesthesia by isoflurane, following the abdominal cavity was cut 

open along the linea alba. Intestine was moved aside to expose the inferior vena cava. 

Blood sampling was extracted out by penetrating the inferior vena cava in turn with a 

1ml syringe and then blood was collected in a serum tube and centrifuged at 12000 rpm 

for 10 minutes. Serum transaminases are specific markers for liver damage. In the 

present study, 10μl serum immediately was diluted 1:5 for measuring serologic markers 

such ALT, AST and other transaminases. The left Serum was stored at -80°C. 
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5.2.5.2 Extraction and sectioning of liver 

When mice were sacrificed, the body weight was recorded and blood was taken out. 

Next, I separated the liver from other abdominal tissues. The macroscopic image was 

taken with Diskus (Leica). The liver weight was recorded, and the liver was cut into 

small pieces. 0.1 cm3 liver tissue for RNA isolation, 0.2 cm3 liver for protein isolation 

storied in liquid nitrogen and then transferred to -80°C. Meanwhile, two of the same 

pieces (0.4 cm3 liver tissue) from different lobes were fixed in 4% formaldehyde for 

24-48 hours and then embedded in paraffin. The same part of each liver was taken and 

put the fresh liver tissue in Tissue-Tek® O.C.T.™ Compound and kept in -80°C for the 

frozen section cutting. 

5.2.6 Histological analysis 

5.2.6.1 Immunohistochemistry  

All immunohistochemistry stainings were performed in a consistent pattern as describe 

below. Quantifications were performed with ImageJ. Briefly, positive cells or area were 

marked with ImageJ, then compared with total cell number or the total area of the image. 

The results were displayed as percentage. 

Small pieces of the liver as described before were fixed in 4% Formaldehyde for 24-48 

hours and were embedded into paraffin. The protocol of tissue processing and paraffin 

embedding are as fellow. Day 1: Dehydration, all tissue sections were take out from 4% 

formaldehyde and washed by tap water for 0.5-1hour, then dehydrated in 50%, 

70%,85%, 95% EtOH tanks for 1hour/tank, then put them in a new 95% tank for 

overnight. Day 2: Dehydration, put tissue cassettes into 100% EtOH tank, 1hour for 

two times. Cleaning with Xylene, 100% Xylene, 1hour for two times. Paraffin 

infiltration, infiltrate cassettes with 3 different Wax tanks, each tank at 58°C for 1 hour. 

Embedding tissues into paraffin blocks with the embedding Leica HistoCore Arcadia 

H machine. 

Paraffin blocks were precooled at 4°C overnight then transfer to the surface of -20°C 

cold pad before cutting. All glass slides were brushed with poly-l-lysine before using. 
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The thickness of the tissue was set at 5µm. 2 pieces of tissue were attached on 1 slide. 

Paraffin sections were dried at 65°C before immunobiological staining. 

5.2.6.1.1 Hematoxylin & Eosin staining  

In order to understanding the liver tissue structure, the H&E staining was performed. 

Oxidized hematoxylin stains nucleic acids by a complex in a blue-purple color, while 

the counterstaining with eosin leads to a red-pink staining of the cytoplasm. First, the 

paraffin section slides were deparaffinized by incubating them 2x 10 min in xylene. In 

the next step, the paraffin sections were rehydrated in a descending ethanol 

concentration series by using 2x 10 min incubation in 100%, 5 min in 96% and 5 min 

in 70% ethanol. After incubating the paraffin sections for 2 min in tap water, the 

sections were stained in hematoxylin for 20 min following a bluing step for 15 min 

under tab water. Next, the liver sections were stained in Eosin Buffer for 2-3 min and 

were shortly washed in tab water. To dehydrate the paraffin sections, the sections were 

incubated in an ascending ethanol concentration series (short dipping in 70% and 

washing up and down in 96% ethanol, 5 min 100% and 2 X 10 min in xylene). Finally, 

the stained paraffin sections were mounted with a coverslip using the Roti®-Histokitt 

and subsequently assessed under the microscope. 

5.2.6.1.2 Sirius Red staining 

To determine the collagen deposition in the liver, the Sirius Red staining was performed. 

Sirius Red is a typical histochemical detection method to evaluate collagen deposition 

in different organs. With normal optical microscopy, Sirius Red staining perform the 

application of a single red color dye with collagen types I, II and III. Meanwhile, Sirius 

Red is certified that highly sensitive in detecting small amounts of collagen and early 

stage of liver fibrosis[47]. Exposing the stained liver section under the microscope, the 

staining helps to display red (collagen deposition) fibers in the liver. First, the paraffin 

sections were deparaffinized by incubating the sections for 30 min at 65°C followed by 

2x 15 min in xylene, 100% and 96% ethanol. Further, the sections were incubated in 
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70% ethanol followed by an incubation step for 5 min in distilled water. Next, the 

sections were incubated at room temperature for 60 min in a 0,1% Sirius Red solution. 

After the incubation time, the sections were incubated for 4 min in 0.5% glacial acetic 

acid. To dehydrate the sections, the sections were incubated in an ascending ethanol 

concentration series (2 min 95%, 2x 5 min 100% ethanol and 2x 10 min xylene). Finally, 

the stained paraffin sections were mounted with a coverslip using the Roti®-Histokitt 

and subsequently assed under the microscope. 

5.2.6.1.3 4-HNE staining  

For the purpose of assessing the oxidative stress level of the liver, the tissue was stained 

for 4-hydroxy-2-nonenals (4-HNE), one of the lipid peroxidation products, represents 

one of the most well-studied and wildly used biomarker. Measurement of 4-HNE as a 

biomarker in vivo lipid peroxidation occurring during oxidative stress in both 

experimental and clinical settings[48]. 

First, the paraffin section slides were incubated for 30 min at 65°C to facilitate the 

following deparaffinizing step by 2x 10 min incubation in xylene. After this step, the 

sections were rehydrated using 2x 2 min incubation in 100% EtOH, followed by 2x 5 

min incubation in a descending ethanol concentration series (95%, 90%, 80%, 70%, 

distilled water). For antigen retrieval, the slides were boiled for 25 min in 10mM citric 

acid buffer in microwave and cooled down with running tap water for 5 min. A washing 

step in dH2O 2 X 5min were performed before permeabilization, then incubate slides 

with 0.3% Tween-20 for 20min to permeabilize the cell membrane. Then washing step 

in dH2O 5min. After this, BLOXALL solution for blocking the endogenous peroxidase 

activity for 7min. Then washing with PBS 2 X 5min. In the following step, the paraffin 

sections were incubated with the primary antibody for 4-HNE (dilution 1:100) over 

night at 4°C in IHC 1st antibody dilution buffer. The next day, the paraffin sections were 

washed 3 X 5 min in PBS and then incubated with the corresponding secondary 

antibody (pre-warmed for 15min to room temperature) at room temperature for 60 min. 

Subsequently, the paraffin sections were washed 3 x 5 min PBS and incubated at room 



Materials and Methods 

 
 

temperature for 2-4 min with the ImmPACT® DAB solution. To stop the DAB solution 

reaction, the sections were washed in tap water for 5 min. In the next step, the sections 

were counterstained to visualize the cellular structure by using Hematoxylin solution 

for 3-5 min followed by 10 min incubation in tap water to blue the tissue. To dehydrate 

the sections, the sections were incubated in an ascending ethanol concentration series 

(each 2 X 2 min: 95%, 100%) and then 2 X 10min Xylene. In the last step, the sections 

were mounted with a coverslip using the Roti®-Histokitt and subsequently assessed 

under the microscope. 

5.2.6.2 Immunofluorescence  

In order to perform immunofluorescence staining, the cryo-blocks of embedded liver 

tissue in Tissue-Tek® were freshly cut before staining. The thickness of the tissue is 

5µm. All Immunofluorescence staining slides were checked with Zeiss AxioImager Z1 

microscope, all results were analyzed with Zeiss Axio Vision V4.9.1.0. Quantification 

of immunofluorescence were performed with ImageJ. Briefly, positive cells or area 

were marked with ImageJ, then compared with total cell number or the total area of the 

image. The results were displayed as percentage.  

5.2.6.2.1 TUNEL staining  

TUNEL (Terminal deoxynucleotidyl transferase -mediated dUTP nick end labelling) 

staining is an established method for in situ labelling of DNA strand breaks that occur 

early during cell death. Terminal deoxynucleotidyl transferase is used to introduce 

labelled nucleotides into partially degraded DNA. Liver cryosections were dried for 

20min followed by fixed with 4% PFA for 25 min and then rehydrated with PBS for 3 

x 10 min. Sections were treated with 3% H2O2 in methanol (20 ml 3% H2O2 + 180ml 

methanol) for 10 min, and then permeabilized with 0.1% Triton and 150 mM Na-citrate 

for 2 min at 4°C. 

Reagent Volume/Quality PH value 

150 mM Na-Citrate 8.8 g PH=6.0 
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PBS solution 200 ml 

10X Triton-100 0.2 ml 

Slides were washed with PBS and stained with TUNEL mix (1 μl enzyme, 9 μl TUNEL 

dilution buffer, 90 μl buffer) in humidified chamber overnight at 4°C. The TUNEL mix 

were prepared as followed, 

Reagent Volume for 1 section (2 samples) 

Enzyme Solution 1 µl 

10X TUNEL Diluent Buffer  10 µl 

TUNEL Labeling Solution  89 µl 

Total 100 µl 

After 4 x 10 min washing with PBS, stained sections were mounted with DAPI 

mounting medium. The percentage of TUNEL positive cells was counted and set in 

percentage relationship to the total cells from the same field. 

5.2.6.2.2 CD11b, CD45, F4/80 and α-SMA staining 

First, freshly cut sections were dried for 30min, then fixed with formaldehyde (4%) for 

15 min followed by 3 X 5 min washing with PBS. Next, the sections were blocked with 

PBS + 5% goat serum for 60 min at room temperature. In the next step, the sections 

were incubated in humified box for overnight at 4 °C with the primary antibody (1:100 

in PBS+ 1% goat serum). Subsequently, the sections were washed 3x 5 min with PBS 

followed by the incubation of the secondary antibody (1:500 in PBS+ 1% goat serum) 

at room temperature for 1 hour. After the incubation time, the sections were washed by 

three repetitive 10 min washing steps in PBS. Then tissues were counterstained with 

mounting medium with DAPI. Subsequently, the sections were assessed under the 

microscope. 

5.2.6.2.3 Ki-67, Collagen IA1 staining 
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Cryosections were defrosted for 20min at RT, then fixed in 4% PFA for 15min at RT. 

Next, PFA was removed by washing with PBS 3 X 5min. Subsequently, incubated with 

blocking solution (5% BSA + 0.3% Triton-X 100 in PBS) in humidified box for 1 hour 

at RT. After this, slides were incubated with the 1st antibody, 1:100, dissolved in 

antibody solution (1% BSA + 0.3% Triton-X 100 in PBS), overnight at 4°C. The next 

day, washed slides with PBS 3 X 10min, then incubated with corresponding 2nd 

antibody (1: 300) for 60 min RT. Subsequently, washed with PBS 3 X 10min. Then 

tissues were counterstained with mounting medium with DAPI and assessed under the 

microscope. Quantification of Ki-67 and Collagen IA1 were performed with ImageJ. 

Briefly, positive cells or area were marked with ImageJ, then compared with total cell 

number or the total area of the image. 

5.2.7 Isolation and analysis of RNA 

5.2.7.1 RNA isolation and determination of RNA concentration 

For RNA isolation of cryopreserved liver tissue, a piece of approximately 300 mg was 

homogenized in 1 ml Trizol with a electronic homogenizer. After 30 min incubation on 

ice, 200 μl chloroform were added to separate the phases. The solution was mixed up 

and down vigorously by hand for 30 sec followed by 20 min incubation on ice and 10 

min centrifugation at 12000 x g at 4°C. The upper phase, 400 µl clear liquid, containing 

the RNA was removed and transferred into a new 1,5 ml tube. Furthermore, 400 µl 

isopropanol was added and the tube was mixed intensely to precipitate the RNA. The 

solution was incubated for 20 min on ice following a 10 min centrifugation step at 

12000 x g and 4°C. The supernatant was removed and freshly prepared ethanol (70%) 

was added to the tube, the solution was mixed and centrifuged for 10 min centrifugation 

step at 12000 x g and 4°C. This step was repeated two times in total to wash the RNA 

pellet. After removing the ethanol, the pellet was air dried for 15 min and dissolved, 

depending on the pellet size, in 60-100 μl DEPC treated water. The RNA was stored at 

-80 °C. 

The RNA concentration and purity was checked by NanoDrop Spectrophotometer 
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according to the manufacturer's protocol. The purity of the isolated RNA was assessed 

by the relation between of two optical density wavelengths, OD260 and OD280, 

whereas a protein free nucleic acid solution typically has a relationship of 1,8 – 2,0. 

 

5.2.7.2 cDNA synthesis 

In order to synthesize cDNA, the Applied Biosystems™ High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Vilnius, Lithuania) was employed 

according to the manufacturer's protocol. In total, 1 μg total RNA were used for 

transcription and diluted in DEPC water to a total volume of 20 μl. In addition, 10μl of 

the reaction mix were added to each sample. The components and the ratio are as 

follows: 

Reagents Volume 

RNA sample Total 10 μl 

DEPC WATER 

DEPC WATER 4.2 μl 

10x buffer RT 2 μl 

25x dNTPs 0.8 μl 

10X random PRIMER 2 μl 

Enzyme Reversetranscriptase 1 μl 

Total volume 20 μl 

Reactions were incubated in a PCR thermocycler at 25°C for 10 min, followed by 

at 37°C for 120 min, at 85°C for 5 min and then cooled to 4°C. After reverse 

transcriptase, the cDNA was diluted 1:5 with purified water and stored at -20°C. 

5.2.7.3 Real-time quantitative PCR (qPCR) 

The qPCR method is The Real-Time quantitative PCR (q-PCR) method is used for the 

amplification and quantification of DNA products. The DNA amplification is 

monitored at each cycle of the PCR and is based on fluorescent detection. The 
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fluorescent signal increases with increasing PCR cycles, whereas the point at which the 

fluorescence becomes measurable is called the threshold cycle (CT). A lower CT value 

indicates for high amounts of the target gene, while higher CT values denote for lower 

amounts of the gene of interest. Comparison with a house keeping gene 

(Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH)), the amount of the DNA can 

be calculated from its CT value and provides an insight of the expression of the gene of 

interest. In addition, the mRNA or fold induction of the gene was calculated using the 

2-ΔΔCT method. Each sample was measured in duplicates on one 96-well plate. To 

perform the q-PCR analysis, the following reaction mix and program was used: 

qPCR Reaction mix 

Reagents  Volume 

Fast SYBR® Green Master Mix  12.5 µl 

Pri fwd (gene of interest)  1 µl 

Pri rev (gene of interest)  1 µl 

DEPC water  5.5 µl 

cDNA  5 µ 

 

qPCR program 

Phase Temperature  Time  Cycle 

Activation  95°C  20 sec  1 

Denaturation 95°C 1 sec 40 
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Annealing 60°C 20 sec 

 

5.2.8 Protein extraction and analysis 

5.2.8.1 Protein isolation from liver tissue 

Liver proteins were isolated from frozen tissue by homogenizing approximately 500 

mg in 500 µl NP40-Complete buffer. To separate the proteins from other cellular 

components, the solution was centrifuged at 12000 x g, 4°C for 20 min. Supernatant 

was transferred into fresh tube. The proteins in the aqueous supernatant were transferred 

to a new tube and stored at -80°C. The composition of NP40 buffer was as follow: 

NP40-Buffer Volume Final concentration 

Tris/HCl 7.5 pH (1 M) 25 ml 50 mM 

NaCl (5 M) 15 ml 150 mM 

Nonidet P-40 2.5 ml 0.5 % 

Sodium Fluoride 1.05 g 50 mM 

dH2O added to 500 ml  

Reagents shown as follow need to be added fresh before use: 

Freshly added components Volume 

PhosSTOP 1 tablet 

Complete Mini (protease inhibitors) 1 tablet 

DTT (1 M) 20 μl 

AEBSF Hydrochloride (100 mM) 100 μl 

NP40 buffer added to 10 ml 

The homogenate was incubated on ice for at least 1 h, afterward centrifuged for 

15-20 min at 12000 rpm and 4°C. The supernatant was transferred into a new marked 

ep tube. 
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5.2.8.2 Protein concentration determination 

The protein concentration of the isolated proteins was measured by means of the 

Bradford protein assay first described by Bradford[49]. This method is based on the 

absorbance maximum for an acidic solution of Coomassie Brilliant Blue G-250 shifts 

from 465 nm to 595 nm when binding to protein occurs. According to manufacturer’s 

protocol protein and standard were measured in ELx800 Spectrophotometer (BioTek, 

Vermont, USA) at OD630. The OD630 of each sample was compared to a standard 

curve prepared with BSA. BSA was diluted to 0.5 mg/ml, 1 mg/ml, 2 mg/ml, 4 mg/ml, 

6 mg/ml, 8 mg/ml, 10 mg/ml in NP40 buffer for generating the standard curve. NP40 

buffer was also checked as blank control. Briefly, 2 μl of each protein sample or BSA 

standard was mixed with 998 μl Bio-Rad protein reagent (Bio-Rad, Hercules, USA), 

which had been diluted with MilliQ water with the final concentration of 20%. 200 μl 

mixed solution was added into 96-well plate and measured with a spectrophotometer at 

OD630. Protein concentrations were calculated according to the standard curve drawn 

from the OD630 values of BSA standard proteins. By using NP-40-complete Buffer 

and the Laemmli-Buffer (final concentration 1x), the proteins where adjusted to a final 

concentration of 4 µg/µl. The samples were snap frozen in liquid nitrogen and stored at 

-80°C. 

5.2.8.3 Western blot 

Protein samples were separated electrophoretically on 10% or 12.5% denaturing SDS-

polyacrylamide gel. Gel and buffer were prepared according to table (see below). The 

compositions of gels and buffers were as follows: 

Separating Gel 8 % 10 % 12 % 15 % 

dH2O (ml) 9.3 7.9 6.6 4.6 

30% 

Acrylamide/Bis 

Solution (ml) 

5.3 6.7 8.0 10.0 

Tris/HCl PH=8.8 

(ml) 
5.0 5.0 5.0 5.0 

SDS 10% (ml) 0.2 0.2 0.2 0.2 
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APS 10 % (ml) 0.2 0.2 0.2 0.2 

TEMED (ml) 0.012 0.008 0.008 0.008 

Total volume (ml) 20 20 20 20 

 

Stacking Gel Volume 

dH2O  4.5 ml 

30% Acrylamide/Bis Solution  1.3 ml 

Tris/HCL PH=6.8  2 ml 

SDS 10%  0.08 ml 

APS 10 %  0.08 ml 

TEMED  0.008 ml 

Total volume  8 ml 

The molecular weights of proteins separated by different concentrations of separation 

gel are as follows [4]: 

 

The buffers used in WB are as follow: 

10x SDS-Running Buffer Volume/Quality 

Tris 30.3 g 

Glycine 144.13 g 
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SDS 10 g 

dH2O add to 1 L 

 

10x Transfer Buffer Volume/Quality 

Tris 30.3 g 

Glycine 144.13 g 

dH2O add to 1 L 

1x Transfer Buffer Volume/Quality 

10x Transfer Buffer 100 ml 

Methanol 200 ml 

dH2O add to 1 L 

 

10x TBS Volume/Quality PH value 

Tris 24.2 g PH=7.6 

NaCl 80 g 

dH2O add to 1 L 

1x TBST Volume/Quality  

10x TBS 100 ml  

Tween-20 0.5 ml  

dH2O add to 1 L  

 

In short, samples were boiled at 96°C for 5 min then 60-100 µg protein was loaded 

to the gel slot. Separation was performed in 1x SDS running buffer at 80 V for 30min 

then 120 V for approximately 2 hours. For immunological detection, the separated 

proteins in gel were transferred to a nitrocellulose membrane. A wet blotting chamber 

was used to transfer the separated proteins from the polyacrylamide gel to a 

nitrocellulose membrane. Whatman paper, nitrocellulose membrane and 

polyacrylamide gel were soaked in transfer buffer. Transfer was performed according 
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to standard proceedings. Successful protein transfer was confirmed by Ponceau Red 

staining. For immunological detection, the non-specific binding sites were blocked for 

1 hours in 5% non-fat dry milk diluted in TBS-Tween (TBST) for blocking of 

nonspecific binding activities. The membrane was shortly washed and then incubated 

overnight at 4°C in TBST with primary antibody at optimized dilution. The membrane 

was washed 3x10 min in TBST to wash away the non-bound antibody and then 

incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody 

diluted 1:5000 in 2.5% non-fat dry milk diluted in TBST for 1 hour at room temperature. 

After incubation, the membrane was washed 3x5 min in TBST to wash away the non-

bound antibody. Target bands were visualized with Amersham enhanced 

chemiluminescence (ECL) Prime (GE Healthcare, Buckinghamshire, UK). After 

incubation for 3 min in ECL solution, the membrane was exposed to an odyssey Fc 

Imaging system (LI-COR, Madrid, Spain) until specific signals were detectable.  

5.3 Serological analysis 

Transaminases like ALT and AST are enzymes catalyzing the reversible conversion of 

α-keton acids to amino acids. These enzymes are qualified as specific markers for liver 

damage. In this study, aminotransferases were analyzed from murine blood. After 

spinning down blood samples at 12000 rpm X 10min at 4°C, plasma was recovered and 

stored at -80°C until used for determination of aminotransferase activities. 

Measurement was performed in the clinical routine laboratories of the Institute of 

Biochemistry at the Hospital Universitario Gregorio Marañón (Madrid, Spain).  

 

5.4 Microarray analysis  

RNA was isolated from experimental mouse livers using TRIzol reagent according to 

the manufacturer's instructions as describe previously. Concentrations and purity of 

RNA samples were determined on a NanoDrop spectrophotometer. 2100 Bioanalyzer 

Instrument - Agilent RNA 6000 Nano Kit (reorder number 5067-1511) was employed 

to detected the RNA integrity. Subsequently, Clariom™ S Array mouse (Thermo Fisher) 
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was used to conduct the Microarray assay. Briefly, RNA was processed with the WT 

Plus Reagent kit, included in Clariom S Assay, together with the corresponding mouse 

arrays. After this, the labeled RNA was hybridized to Clariom™ S Array mouse, 

following manufacturer’s instructions (Affymetrix, Santa Clara, CA) in a GeneChip 

Hybridization Oven 645 at 45 ° C with rotation (60 rpm). The hybridized samples were 

washed and stained using an Affymetrix fluidics station 450. After washing and staining, 

the probe array was scanned using Affymetrix Genechip scanner GCS3000 7G system 

and the software Genechip Command Console Software (AGCC). All Microarray 

assays were performed in the Unidad de Genómica, CAI Genómica y Proteómica, 

Facultad CC Biológicas. UCM. All procedures of microarray testing (Hybridization, 

washing, and scanning of the arrays) were performed according to standard protocols. 

Transcriptome Analysis Console (TAC, Thermo Fisher) was employed to commit the 

analysis. Probes were assigned to unique gene identifiers according to the official gene 

symbol. Robust Multi-array Average (RMA) method were implied to normalize the 

arrays. Subsequently data analysis were performed with the program of eBayes 

(limma ). 

5.5 Statistical analysis 

All data were analyzed using Graph Pad Prism® 6.01 (GraphPad Software, Inc.). The 

Two-way ANOVA analysis with Tukey’s post-hoc was employed for multiple 

comparisons between N-Ras-/- and N-Ras+/+ mice. Results were expressed as mean ± 

SEM. A p values below 0.05 were considered to be statistically significant. 
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6.1 Confirm the genotype of N-Ras-/- mice  

For the purpose of understanding the role of N-Ras in liver fibrogenesis, the N-Ras 

universal knockout transgenic mice were employed. In the present study, two groups of 

mice were included: constitutive N-Ras knockout (N-Ras-/-) and wild type mice (N-

Ras+/+) both in C57BL/6J background. In order to confirm the correct genomic changes 

of N-Ras-/- mice, I performed PCR of DNA isolated from mice tails (Fig 7).  

  

Figure 7. Confirming the Knock-out of N-Ras in mice. Ethidium Bromide stained 

1.5% Agarose gel showing the genotyping PCR result from mice tails DNA derived 

from N-Ras+/+ and N-Ras-/-mice respectively. The upper band is the N-Ras KO band 

sizes 315 bp, the lower band is the WT band sizes 146 bp. 

 

Those data confirmed that the dramatically decreased of N-Ras expression in N-Ras-/- 

mice hepatic tissue. 

6.2 Chronic CCl4-induced periportal liver fibrosis   

6.2.1 Loss of N-Ras enhances liver injury after CCl4 treatment  

For induction of liver fibrosis, mice were inoculated with CCl4 or corn oil as control, 

as described in Material and Methods, and 28 days after livers were explanted and 

analyzed. Our results showed significantly higher liver-to-body weight (LW/BW) ratio 

in N-Ras-/- compared with N-Ras+/+ mice (Figure 8A-B). H&E staining of liver sections 

from CCl4-treated mice showed a tendency towards increased periportal necrosis in N-

Ras-/- mice compared with N-Ras+/+counterparts (Figure 8C-D). 
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Figure 8. N-Ras deficiency enhances CCl4-induced liver injury and periportal 

fibrosis. (A) Representative macroscopic images of livers and (B) percent liver-to- 

body weight ratio in N-Ras+/+ and N-Ras-/- mice, 28 days after corn oil (Oil) or CCl4 

treatment. (C) Representative H&E staining and (D) quantification of periportal 

necrosis in the same samples. Values are mean ± SEM (*p<0.05, n=5-6). 

 

Next, we sought to evaluate the degree of liver damage by analyzing serological 

markers. Increasing of serum transaminases is a key trait of liver damage. In our model, 

levels of ALT, AST and LDH hepatic enzymes were significantly increased in N-Ras-

/- compared with N-Ras+/+ animals, 28 days after CCl4 inoculation (Figure 9), indicating 
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that N-Ras might exert a role in experimental septa-to-septa liver fibrosis model. The 

increasing of serum transaminase suggests that losing N-Ras may exacerbate the liver 

damage in CCl4 liver damage model. 

 

 

 

Figure 9. Loss of N-Ras increases the level of transaminases after CCl4 treatment. 

Serum levels of ALT (A), AST (B) and LDH (C) were determined 28 days after CCl4 

treatment. Values are mean ± SEM (*p<0.05; ***p<0.001, n=5-6). 
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6.2.2 Extracellular matrix deposition is increased in N-Ras-/- liver after CCl4 

treatment 

Accumulation of ECM is a common feature of liver fibrosis induced by various 

etiologies. Chronic CCl4 treatment is one of the most widely used model for periportal 

fibrogenesis, inducing septa-to-septa fibrosis within 4 weeks of treatment. Thus, we 

next evaluated whether N-Ras ablation had an impact on extracellular matrix deposition, 

as measured by Sirius red (SR) staining, following CCl4 treatment. Our result showed 

that chronic treatment with CCl4 resulted in significant intense Sirius red (SR) staining 

in N-Ras-/- compared with N-Ras+/+ animals (Figure 10A-B).  
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Figure 10. Extracellular matrix deposition in the liver is increased in chronically 

CCl4-treated N-Ras-/- mice. (A) Representative Sirius Red (SR) staining and (B) 
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quantification in N-Ras+/+ and N-Ras-/- livers, after 28 days CCl4 treatment. (C) 

Immunofluorescence staining for Collagen IA1 and (D) quantification was performed 

in liver from N-Ras+/+ and N-Ras-/- animals. (E) mRNA expression analysis of Collagen 

IA1 was quantified by q-PCR in samples from N-Ras+/+ and N-Ras-/- mice, after 28 

days of CCl4 treatment. Values are mean ± SEM from 5-6 mice per group (*p<0.05, 

****p< 0.0001, n=5-6).  

The moderate to severe fibrosis observed by SR staining in N-Ras-/- mice was confirmed 

by immunofluorescence detection and RNA expression of Collagen IA1(Figure 10C-

E). Collagen I is the major component of the fibrous scar deposition, and therefore, the 

accumulation of Collagen I serve as a major source of ECM in the fibrotic liver.  

Next, expression of alpha-smooth muscle actin (αSMA) – a marker of hepatic stellate 

cell activation and liver fibrosis was assessed. We found that N-Ras-/- livers exhibited 

significantly more αSMA expression both at the protein (Figure 11A-C) and mRNA 

level (Figure 11D) in CCl4 model than wild type animals. αSMA is one of the actin 

isoforms and a specific biomarker for smooth muscle cell differentiation. Hence, αSMA 

expression has been wildly implemented for identifying HSCs differentiation into a 

myofibroblastic phenotype[50]. Moreover, several studies have shown that the 

presence of αSMA in liver with early fibrosis correlate with a higher potential for 

further fibrogenesis progression[51].  
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Figure 11. Enhanced HSC activation in chronically CCl4-treated N-Ras-/- mice. (A) 

Immunofluorescence staining for αSMA and (B) quantification was performed in livers 

from N-Ras+/+ and N-Ras-/- animals. (C) Liver extracts were prepared and examined by 

immunoblot analysis using αSMA antibody. GAPDH was used as protein loading 

control. (D) mRNA expression analysis of αSMA by q-PCR of hepatic samples from 

N-Ras+/+ and N-Ras-/- mice, after 28 days of CCl4 treatment. Values are mean ± SEM 

from 5-6 mice per group (*p<0.05, **p<0.01, ****p< 0.0001, n=5-6).   

Taken together, these results suggest that N-Ras is involved in the deposition of ECM 

and activation of HSC during CCl4-induced liver fibrosis.  
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6.2.3 Impact of N-Ras deficiency in liver cell death and compensatory proliferation 

after chronic CCl4 challenge 

Cell death and compensatory proliferation represent basic biological events that control 

the outcome of most hepatic disease conditions [23]. Due to the extremely elevated 

transaminases levels in N-Ras-/- mice, more cell death was anticipated in these mice. 

Hence, hepatic cell death following CCl4 treatment was assessed by TUNEL. 

Unexpectedly, no difference in TUNEL-positive cells between CCl4-treated N-Ras-/- 

and N-Ras+/+ mice was found (Figure 12A-B). To further understand the mechanisms 

governed by N-Ras, we studied the levels of proteins related to cell death (details in 6.4 

Cell death is changed in N-Ras-/- livers in fibrosis models) 



Results 

 
 

 

Figure 12. Impact of N-Ras deficiency in cell death and compensatory 

proliferation in CCl4-treated mice. (A) Representative TUNEL staining and (B) 

TUNEL-positive cells of N-Ras+/+ and N-Ras-/- livers, 28 days after CCl4 treatment. (C) 

Immunofluorescence staining for Ki-67 of liver cryosections and (D) positive cell 
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quantification was performed, 28 days after CCl4 treatment. (E) Total liver tissue 

extracts were prepared and examined by immunoblot analysis with PCNA antibodies, 

GAPDH as protein loading control. Arrows indicate positive cells. Values are mean ± 

SEM from 5-6 mice per group (***p< 0.001, n=5-6).  

In multi-cellular organisms, cell death, mainly apoptosis, is able to trigger 

compensatory proliferation in surrounding cells in order to recovery the construction 

and maintain tissue homeostasis[52]. Compensatory hepatocyte proliferation is one of 

the major characteristics of natural course of chronic hepatic disease. For detection of 

compensatory proliferation, we employed proliferating cell nuclear antigen (PCNA) 

and antigen Ki-67 (Ki-67) as proliferation markers.  

Protein levels of PCNA in the hepatic tissue were increased in N-Ras-/- compared with 

N-Ras+/+ mice (Figure 12E), which correlated with significantly increased proliferation 

measured by Ki-67 staining (Figure 12C-D). Altogether, these results show that 

although N-Ras deletion did not clearly impact on proportion of cell death (at least as 

measured by TUNEL), it enhanced compensatory proliferation in the liver after CCl4 

treatment. 

6.2.4 Increased leucocyte infiltration in livers of CCl4-treated N-Ras-/- liver 

In the process of hepatic disease, the infiltration of multiple immune cell populations, 

e.g. monocytes, NK cells, NKT cells and T cells, is a central pathogenic feature 

following acute and chronic liver injury. Infiltration of immune cells is also 

accompanied by increased KCs.  

For detecting immune cell infiltration in the liver following CCl4 treatment, we 

performed immunofluorescence staining with CD45, CD11b and F4/80 antibodies. 

CD45 is a common marker for all leukocytes, which represents the overall infiltrated 

and resident immune cells. CD11b is a marker of neutrophils and F4/80 as marker of 

macrophages and KCs. Our results indicate that chronic CCl4 treatment triggered 

significantly more leucocyte infiltration in N-Ras-/- livers compared with N-Ras+/+ ones 

(Figure 13A-B). CD11b staining pointed to a similar extent of neutrophil infiltration 
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(Figure 13C-D), while N-Ras-/- mice showed significantly increased numbers of F4/80 

cells in the liver parenchyma compared with N-Ras+/+ animals, 28 days after CCl4 

treatment (Figure 13 E-F).  
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Figure 13. N-Ras deficiency promotes immune cell infiltration in the liver 

following CCl4 treatment (A, C, E) Representative immunofluorescence stainings for 
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CD45, CD11b and F4/80 of livers from N-Ras+/+ and N-Ras-/- mice, after 28 days of 

CCl4 treatment. (B, D, F) Quantification of positive cells in the same samples. Arrows 

indicate positive cells. Values are mean ± SEM from 5-6 mice per group (***p< 0.001; 

****p<0.0001, n=5-6). 

 

Taking together, our results indicate that loss of N-Ras promotes CD11b and F4/80 

positive immune cell infiltration into the liver after chronic CCl4 treatment.  

6.2.5 Loss of N-Ras provokes more oxidative stress in the liver of CCl4-treated 

mice 

In order to understand the state of oxidative stress in liver, we performed 

immunohistochemical staining with 4-HNE antibody. As a general biomarker of 

oxidative stress, our results indicated that chronic CCl4 treatment induced significantly 

more 4-HNE production in N-Ras-/- livers compared with N-Ras+/+ ones (Figure 14A-

B). Nrf2-KEAP1 system was also altered, with remarkably more KEAP1 mRNA 

detected in N-Ras-/- livers compared with N-Ras+/+ counterparts (Figure 14C). As a 

response to oxidative stress, KEAP1 increases the capability of binding Nrf2, in order 

to maintain the balance of Nrf2 and KEAP1. Hence, we tested GCLC and NQO1 as 

Nrf2 targeted genes (Figure 14D-E). Both N-Ras+/+ and N-Ras-/- mice showed a 

tendency towards increasing expression of these genes after chronic CCl4 treatment.  
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Figure 14. Loss of N-Ras provokes more oxidative stress in liver after chronic CCl4 

treatment. (A) Representative immunohistochemical staining for 4-HNE of livers from 
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N-Ras+/+ and N-Ras-/- mice, after 28 days of CCl4 treatment, and (B) quantification of 

positive cells in the same samples. (C-F) mRNA expression of KEAP1, Nrf2, GCLC 

and NQO1 was quantified by q-PCR of hepatic samples from N-Ras+/+ and N-Ras-/- 

mice, after 28 days of CCl4 treatment. Arrows indicate positive cells. Values are mean 

± SEM from 5-6 mice per group (**p< 0.01; ***p<0.001, n=5-6).  

6.3 Chronic BDL-induced periductular fibrogenesis model  

6.3.1 Liver damage were increased in N-Ras-/- mice after chronic BDL 

Apart from CCl4-induced fibrosis model, we sought to evaluate whether N-Ras 

deficiency modulated liver fibrosis in other experimental models. Therefore, we 

performed ligation of the bile duct (BDL) and analyzed these animals 28 days after.  

According to the macroscopic inspection, jaundice and yellowish gallbladder were 

characteristic of N-Ras-/- livers subjected to BDL (Figure 15A). Moreover, the 

hepatosomatic ratio (percent liver-to-body weight) was significantly increased in N-

Ras-/- compared with N-Ras+/+, 28 days after BDL (Figure 15B). Furthermore, H&E 

staining showed increased necrotic foci in N-Ras-/- livers (Figure 4C-D).  
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Figure 15. N-Ras deficiency exacerbated liver damage in BDL-induced 

periductular fibrosis. (A) Representative macroscopic appearance of livers and (B) 

hepatosomatic ratios of N-Ras+/+ and N-Ras-/- mice, 28 days after BDL. (C) 

Representative H&E staining, necrosis foci are marked by black circle and (D) 

quantification of necrosis size. Values are mean ± SEM from 5-6 mice per group 

(*p<0.05; **p<0.01; ****p<0.0001, n=5-6). 

 

Serological analysis of transaminases was also performed. The results showed that 

although similar level of ALT, AST were found in N-Ras+/+ and N-Ras-/- mice28 days 

after BDL, increased levels of LDH were suggestive of more cell death and liver 
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damage in N-Ras-/- mice compared with N-Ras+/+ counterparts (Figure 16 A-C).  

  

 

Figure 16. Impact of N-Ras deficiency on serum transaminases after chronic BDL. 

Serum levels of ALT (A), AST (B) and LDH (C) were determined, 28 days after BDL 

treatment. Values are mean ± SEM (*p<0.05; ****p<0.0001, n=5-6). 

 

6.3.2 Deficiency of N-Ras accelerates periductular ECM deposition after BDL 

Periductular fibrosis is a distinctive feature of BDL-induced fibrogenesis. Hence, Sirius 

Red staining and quantification of liver samples was performed to assess ECM 

deposition (Figure 17A-B). The results indicated that loss of N-Ras significantly 

promoted periductular fibrogenesis, 28 days after BDL. This result was confirmed with 

Collagen IA1 immunofluorescence staining (Figure 17C).  
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Figure 17. N-Ras-/- mice exhibited more hepatic periductural ECM accumulation 

after chronic BDL. (A) Sirius Red staining and (C) immunofluorescence of Collagen 

IA1 were performed, (B, D) quantification of positive area from N-Ras+/+ and N-Ras-/- 

mice 28 days after BDL. Values are mean ± SEM from 5-6 mice per group 

(****p<0.0001, n=5-6).  

Augmented periductular fibrosis in N-Ras-/- mice was also confirmed by examination 

of αSMA expression. We found that both mRNA and protein levels of αSMA were 

elevated in livers of N-Ras-/- mice, after 28-days BDL, compared with N-Ras+/+ animals 

(Figure 18 A-B).  

Tissue inhibitors of metalloproteinases1 (TIMP1) is one of the important inhibitors of 
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Matrix metallopeptidases (MMPs). The major function of MMPs is degrading all kinds 

of extracellular matrix proteins, reducing ECM accumulation and thus prevent the 

progression of fibrogenesis. TIMP1, as the inhibitor of MMPs, restrains the ECM 

degradation and promotes extracellular protein accumulation. Results from qPCR 

analysis showed increased TIMP1expression in N-Ras-/- livers compared with N-Ras+/+ 

mice (Figure 18C).  

 

Figure 18. Loss of N-Ras enhanced liver fibrogenesis after chronic BDL. (A-B) 

Expression of αSMA assessed by qPCR and Western Blot. (C) qPCR analysis of  

mRNA expression of TIMP1 in liver tissues from N-Ras+/+ and N-Ras-/- mice, 28 days 

after BDL. Values are mean ± SEM from 5-6 mice per group (****p<0.0001, n=5-6) 

 

Overall, our results indicated that more periductular fibrosis progressed in N-Ras-/- mice 

compared with N-Ras+/+ counterparts 28 days after BDL. 
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6.3.3 Loss of N-Ras enhanced immune cell infiltration, proliferation, and oxidative 

stress in the liver after chronic BDL 

We assessed immune cell infiltration, cell proliferation and oxidative stress in BDL-

treated mice, in order to compare with results in the chronic CCl4 model. Our results 

indicated that, 28 days after BDL, significantly more CD45+ cells (Figure 19A-B) and 

higher level of PCNA expression (Figure 19C) were found in N-Ras-/- livers compared 

with N-Ras+/+ ones. Similarly to the CCl4 model, oxidative stress was also increased, 

as determined by augmented mRNA expression of Nrf2 (Figure 19D) and 4-HNE+ 

cells (Figure 19E-F).   
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Figure 19. N-Ras deficiency enhanced immune cell infiltration, proliferation, and 

oxidative stress after chronic BDL. (A) Representative immunefluorescence staining 

for CD45 of liver sections from N-Ras+/+ and N-Ras-/- mice, 28 days after BDL. (B) 
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Quantification of positive cells in the same samples. (C) WB analysis of PCNA 

(D)mRNA expression analysis of) Nrf2 was quantified by qPCR (E-F) Representative 

immunohistochemical staining of 4-HNE and quantification after BDL. Arrows 

indicate positive cells. Values are mean ± SEM from 5-6 mice per group (***p< 0.001; 

****p<0.0001, n=5-6).  

6.4 Impact of N-Ras deficiency in cell death mechanisms during experimental liver 

fibrosis 

Cell death is ubiquitously found in various forms of acute or chronic liver disease 

regardless the original etiologies. The type of cell death may result in distinct outcomes. 

In the context of hepatic fibrogenesis, cell death is a prominent feature which correlates 

with worsened fibrosis. Since disparate forms of liver cell death were observed in this 

study, we attempted to dissect further the relationship between fibrosis and different 

forms of cell death, and explore the role of N-Ras in this process. 

We therefore studied the expression of proteins related to cell death, in order to further 

understand the potential mechanisms regulated by N-Ras. The results showed that 

pRIPK1/3, pMLKL and CC8 were increased in N-Ras-/- livers, whereas CC3 was 

underexpressed in these animals, compared with N-Ras+/+, 28 days after CCl4 treatment 

(Figure 20A). The same tendency was observed in the BDL-induced periductural 

fibrosis model (Figure 20B). These findings indicate that there may be more pMLKL 

related necrosis yet less Casp 3 related apoptosis occurred in N-Ras-/- livers compared 

with N-Ras+/+ ones after CCl4 and BDL treatment. 
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Figure 20. Impact of N-ras deficiency in the expression of cell death related 

proteins in experimental liver fibrosis. Total liver tissue extracts from CCl4-treated 

mice (A) and animals subjected to BDL (B) were prepared and analyzed by western 

blot with pRIPK1, pRIPK3, pMLKL, CC3 and CC8 antibodies. GAPDH was 

included as protein loading control  

 

6.5 N-Ras deficiency enhanced MAPK and AKT activation in experimental liver 

fibrosis  

MAPKs are typical downstream targets of N-Ras [53]. We found that JNK1 and JNK2 
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activation (measured as JNK phosphorylation) was increased in livers of N-Ras-/- 

compared to N-Ras+/+ mice, 28 days after either CCl4 treatment or BDL (Figure 21A-

B). This indicates that JNK are a downstream pivotal target of N-Ras.  

AKT is another Ras effector besides MAPKs [54], which plays an important role in 

Ras-mediated cell survival and proliferation. Enhanced phosphorylation of AKT was 

also detected in livers from N-Ras-/- compared to N-Ras+/+ mice (Figure 21A-B). 
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Figure 21. Enhanced JNK and AKT activation in N-Ras-/-mice subjected to 

experimental liver fibrosis. (A-B) Immunoblotting for activated (phosphorylated) 

JNK and AKT (pJNK and pAKT) were performed in liver samples after CCl4 treatment 

and BDL. GAPDH was used as loading control. 
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Together, these results support the notion that N-Ras is a negative regulator of the JNK 

and AKT activation associated to liver injury and fibrosis.  

  

6.6 Impact of N-Ras deficiency on gene expression and essential signaling 

pathways 

N-Ras is a multifunctional gene which affecting plenty of other genes, thus we 

performed Transcriptome Profiling Microarray analysis to potentially link the gene 

profile to our liver fibrosis models. We performed microarray analysis to detect changes 

in mRNA expression in both CCl4 and BDL models. We calculated the average 

expression of the Oil-treated or Sham N-Ras+/+ mice and divided the log2 values of the 

individual mice by the mean of the N-Ras+/+ mice with Oil-treated or sham, respectively. 

Log ratios were uploaded and analyzed by INGENUITY pathway analysis. First, we 

classified the fold-changed genes with Venn diagram (Figure 22). Then, we selected 

the top variable genes in the dataset based on interquartile range and top Canonical 

pathways have been changed in two different liver fibrosis models (Figure 23 A, B).  

Finally, the hierarchically clustered and Pearson correlation were performed to all 

samples. The results were shown in Figure 23 C, D to reveal the major fold-changed 

genes involved in hepatotoxicity and hepatic fibrosis.  

As we performed two liver fibrosis models, CCl4 and BDL models, we intend to find 

common mechanism and locate genes which play vital role in both animal models. Our 

results showed that Synaptosome Associated Protein 23 (Snap23) and Disabled 1 

(DAB1) were significantly up-regulated in N-Ras-/- mice after both CCl4 and BDL 

challenge.  
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Figure 22. Gene array analysis of liver tissue from N-Ras+/+ and N-Ras-/- mice in 

CCl4 and BDL fibrosis models. N-Ras+/+ (n=3) and N-Ras-/- mice (n=3) were treated 

with CCl4 or BDL. Venn diagram summarized overlaps among upregulated (A) and (B) 

downregulated genes in CCl4 and BDL fibrosis models. 
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Figure 23. Gene array analysis of liver tissue from N-Ras+/+ and N-Ras-/- mice in 

CCl4 and BDL fibrosis models. N-Ras+/+ (n=3) and N-Ras-/- mice (n=3) were treated 

with CCl4 or BDL. (A, B) Top molecules and canonical pathways deregulated in N-

Ras-/- after treatment of CCl4 and BDL, listed genes have an absolute fold change of 

<2.0>. (C, D) Differentially expressed genes were clustered in a heat map to show 

differential in N-Ras+/+ and N-Ras-/- mice after treatment of CCl4 or BDL.  
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Liver fibrosis occurs in most chronic liver diseases, which is characterized by 

transdifferentiation of myofibroblasts into activated hepatic stellate cells (HSCs), 

expression of profibrotic cytokines, immune cell infiltration and excessive 

accumulation of extracellular matrix proteins (ECM), among other features. 

Progressive fibrosis results in cirrhosis, liver failure, and end-stage liver cancer. 

Advanced fibrosis or cirrhosis, independent of their etiology, rank 4th among chronic 

diseases as a major cause of mortality worldwide, with estimated 1.2 million deaths 

every year[55]. Although our current understanding of fibrosis has been extended in 

the last few decades, due to the unsatisfied clinical outcome, a thorough 

comprehension of fibrogenesis is required before defining suitable therapeutic targets.  

N-Ras is a well-studied oncogene, especially in melanoma, colorectal cancer, and 

HCC[45, 56]. Recently, several groups have demonstrated that N-Ras also plays an 

important role in cholestasis-related fibrosis, which suggests a potential role for N-

Ras in the process of hepatic fibrosis[44, 57]. We thus hypothesized that N-Ras could 

play a critical role in liver fibrogenesis and aimed to test it by analyzing mice deficient 

for N-Ras.  

In order to decipher the function of N-Ras in the context of liver fibrosis, we employed 

two widely used in vivo murine experimental models[58, 59]: (i) the toxic CCl4-

induced chemical liver fibrosis model and (ii) the surgical BDL-induced fibrosis 

model. In these models, liver injury is triggered by different etiologies, along with 

immune cell infiltration, ROS production, cytokine-mediated activation of HSCs and 

hepatic fibroblasts, and featured with excessive accumulation of extracellular matrix 

proteins. Both of these two models are very widely used in the field of liver 

fibrogenesis research. CCl4-induced model was featured with periportal fibrogenesis, 

and periductular fibrogenesis characterized the pathophysiology of BDL models. We 

employed two different models on N-Ras deficiency mice, since we wanted to find 

the common phenotypes or mechanisms from different etiologic backgrounds and 

fibrosis patterns, thus understand the role of N-Ras in the process of liver fibrogenesis.  
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Both CCl4 and BDL cause liver damage with parenchymal injury. Therefore, we first 

investigated the role of N-Ras during liver injury in the CCL4 and BDL models. 

Typical markers of liver injury, including liver/body weight ratio and serum 

transaminases, were significantly increased by the N-Ras deficiency in the CCL4 

model; while in the BDL model liver/body weight ratio, but not transaminases, was 

augmented in N-Ras-/- mice, compared to the Oil- or -SHAM mice. The hepatosomatic 

ratio is indicative of aggravated cell death, compensatory proliferation and 

upregulated extracellular matrix protein deposition[60]. The elevated liver 

weight/body weight ratio might indicate that more cell death or compensatory 

proliferation in N-Ras-/- mice after CCl4 and BDL challenges. Thus, we expected 

significantly increase in serum transaminases in N-Ras knockout mice. However, we 

observed that the serum transaminases level of N-Ras-/- mice was dramatically 

increased in CCL4 model but not in BDL model, which is unexpected. Meanwhile, 

more necrosis foci were found in N-Ras-/- liver after BDL treatment. Those findings 

indicate N-Ras may play different roles in different liver fibrosis models, which may 

relate to the functions of different cell types. Compared to toxic-induced fibrogenesis, 

in the pathophysiology of obstructive cholestasis, cholangiocytes plays an important 

role. The senescence of cholangiocytes is linked to the development of various biliary 

and liver diseases, the potential mechanisms may include senescence-associated 

secretory phenotype, induction of senescence in nearby cells and depletion of 

progenitor cell populations[61]. Tabibian and colleagues revealed that N-Ras 

promotes the senescence of the cholangiocytes in cholangitis[44]. As we used general 

N-Ras knockout mice, the depletion of N-Ras might ameliorate the senescence of 

cholangiocytes in the process of BDL, thus alleviate the increase in hepatic 

transaminases. Further evaluation on cell specific role of N-Ras should be employed 

in the future.  

Some reports have supported the hypothesis that N-Ras could be involved in hepatic 

fibrogenesis[44, 57], in particular cholestatic fibrosis. Nakagawa and colleagues 

demonstrated that upregulated N-Ras exacerbate primary biliary cholangitis through 



Discussion 

 
 

downregulation of miR-450 and other miRNAs[57]. Hence, we expected the ablation 

of N-Ras could alleviate exacerbated ECM production and deposition in CCl4 and 

BDL models. Surprisingly, Sirius Red staining indicated that N-Ras ablation 

promoted ECM deposition in both CCl4 and BDL models. Both a-SMA and collagen 

IA1 were dramatically increased in N-Ras KO mice in both CCl4 and BDL 

experimental fibrosis models. These results were further corroborated at the mRNA 

level. Taking together our findings suggested that N-Ras deficiency aggravated ECM 

deposition in the context of CCl4 and BDL liver fibrosis models. This phenomenon 

may be partly explained by the upregulation of phosphorylation of AKT. AKT is a 

serine/threonine-specific protein kinase that plays a pivotal role in multiple cellular 

processes such as apoptosis and cell proliferation, which is one of the most important 

downstream targets of N-Ras. In cultured HSCs, PI3K-AKT signaling pathway 

mediated agonist-induced fibrogenic actions [62]. Specific antagonist of AKT 

blocked HSCs activation, proliferation, and reduced expression of a-SMA and 

collagen IA1[63]. Taken together, our findings suggest actions of deficiency of N-

Ras on liver proliferation may mediate, at least in part, through phosphorylation of 

AKT. Moreover, JNK is an important downstream targets of N-Ras. Many papers 

revealed that JNK is strongly activated in HSCs following induction of liver fibrosis 

induced by CCl4 and BDL treatment[17, 18, 64], knockout JNK1 generally or 

specifically in HSCs is protected from liver fibrosis. In the present study, we observed 

that phosphorylation of JNK (JNK, JNK1, and JNK2) was upregulated in N-Ras-/- 

mice than wildtype ones after both CCl4 and BDL challenge. This is accordance with 

previous reports. Taking together, deletion of N-Ras promotes liver fibrosis may 

mediated by AKT and JNK activation. 

Severe liver damage usually results in cell death and associated compensatory 

proliferation. Surprisingly, N-Ras-/- mice did not display significantly more cell death 

in either model, while more proliferation was detected in N-Ras-/- livers than in 

wildtype counterparts. N-Ras has been shown to be pro-apoptotic or anti-apoptosis in 

different cells and models[45, 56]. However, the role of N-Ras in cell death in the 
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process of experimental liver fibrosis has not been investigated.  

Apoptosis is one of the major patterns of cell death. Cascade of apoptosis ending up 

in cleaving of Caspase 3 and initiate the programmed cell death. The results showed 

that deficiency of N-Ras inhibited the apoptosis in both model by prevent Caspase 3 

from cleaving yet promoted the cleaving of Caspase 8. This hinted that N-Ras may 

affect apoptosis via its downstream proteins. The upregulation of phosphorylation of 

AKT may rescue the cascade of apoptosis in N-Ras-/- liver in our experimental liver 

fibrosis models. Caspase 8 is frequently related to another form of cell death, 

necroptosis. Thus, we checked the expression of necroptosis component, RIPK1, 

RIPK3, and MLKL. We found that N-Ras deficiency upregulated the phosphorylation 

of these 3 necroptosis components in both CCl4 and BDL models. Activation of JNK 

may contribute to the necroptosis. To the extent of our knowledge, this is the first 

demonstration that deficiency of N-Ras promotes necroptosis and inhibits apoptosis 

in experimental liver fibrosis animal models.   

The phosphorylation of downstream proteins of N-Ras, pJNK and pAKT were 

unexpected increased after CCl4 and BDL challenge in N-Ras-/- liver in the present 

study. Kwong and colleagues proved that knockdown of N-Ras promoted expression 

and phosphorylation of its downstream proteins, like AKT, in melanoma[65], in 

agreement with my results. They also pointed out that N-Ras-MAPK pathway is not 

a binary on/off signal, but preferably a gradient analogy output. Gated outputs would 

be generated, if downstream phenotypes like survival and proliferation have 

differential sensitivities to the level of N-Ras-MAPK activity. This could partially 

explain why proliferation was upregulated, but not cell death, in our liver fibrosis 

models N-Ras deficiency differentially impacted cellular proliferation versus 

apoptotic cell death. Meanwhile, Ras may have different effects on subtypes of 

MAPK[66]. In this study, the results indicated that loss of N-Ras may promote JNK 

phosphorylation in liver fibrosis models.  

Our data indicate that both apoptosis and necroptosis contributed to the liver injury 
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in both CCl4 and BDL models. Meanwhile, loss of N-Ras did not rescue or aggravate 

the level of cell death, the pattern of cell death has been totally changed. In the liver 

of N-Ras-/- mice, CCl4 and BDL induced less activation of Caspase-3 but more of 

Caspase-8, when compared to N-Ras+/+ mice. Phosphorylation of AKT may 

contribute to this restriction of Caspase-3 activation (discussed below). As our group 

demonstrated before, loss of Caspase-8 in hepatocytes alleviate liver fibrogenesis in 

different liver disease models (i.e. NAFLAD and cholestasis disease)[67, 68]. Thus, 

our data suggested that Caspase-8 cleavage contributed to the liver fibrosis in N-Ras 

deficiency mice. Together, these data suggest that N-Ras plays a role in determining 

the profile of caspase activation and the predominant type of cell death during 

experimental liver fibrosis. 

Reactive oxygen species (ROS) are one of the major inducers of fibrosis in the liver. 

ROS affect several liver-specific cells and contribute to the development of 

fibrosis[69]. Oxidative stress was proved as the key affaire in HSC activation. 

Antioxidant treatment is capable of decreasing the production of α-SMA. It has been 

well demonstrated that activation of Ras promotes ROS production[70]. However, 

the specific role of different subtypes of Ras is not defined, especially in liver fibrosis 

model. In the present study, I proved that N-Ras deficiency caused overproduction of 

ROS during experimental liver fibrosis. Moreover, ROS elimination was suppressed 

in N-Ras-/-  mice, upregulated KEAP1, which is a sensor of ROS accumulation and 

negative regulator of Nrf2, and a tendency towards downregulation of Nrf2, an 

important enzyme which protect cells from oxidative damage[71]. Altered ROS 

homeostasis was also supported by accumulation of a marker of the peroxidation, 4-

HNE. As such, these data is suggestive of N-Ras being a negative regulator of ROS 

in the context of liver fibrosis.  

Infiltration of inflammatory cells is a feature of liver fibrosis. Macrophages is not 

only are able to activate HSCs through a paracrine manner, but they also express 

several cytokines to accumulate the infiltration of more immune cells during 
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experimental liver fibrosis[72]. Loss of N-Ras induced remarkable lymphocyte 

infiltrated into the liver, especially of F4/80+ cells in both of liver fibrosis models. 

This finding is line with the fact that hepatic cell death can activate profibrotic 

resident macrophages (e.g. KCs) and initiate the fibrogenic response[73].  

N-Ras, as a member of Ras GTPase superfamily comprises small size (molecular 

weight 20–30 kDa), it works as a molecular switcher in transducing extracellular cues 

into intracellular signals. N-Ras regulated signal pathways control many downstream 

molecules. Thus we conducted Microarray analysis, although we didn’t find fold 

changes in traditional molecules e.g. mmp7, timp et.al., we found Snap23 and DAB1 

were significantly upregulated in N-Ras deficiency mice after both CCl4 and BDL 

treatments, both Snap23 and DAB1 are related to exocytosis and profoundly involved 

in extracellular matrix secretion. Snap23 is important in trafficking of newly 

synthesized proteins to plasma membrane for release into the extracellular 

environment[74]. Knockdown of Snap23 in HSC decreased polymerization and 

disorganization of the actin cytoskeleton associated with loss of cell movement. To 

the contrary, reduction of Snap23 in mice significantly delayed the progression of 

liver fibrosis. The activation of DAB1 is required for cellular migration[75]. DAB1 

is an adaptor protein of Reelin, which is one of the ECM and biomarker for the 

differentiation of HSC[76]. Carotti S and colleagues reported that the expression of 

DAB1 was elevated in cells of ductular reaction in HCV induced liver fibrosis in 

human, which suggested that Dab1 accelerated the progression of liver fibrosis[77]. 

Meanwhile, upregulated DAB1 may contribute to the phosphorylation of AKT. Bock 

H.H reported that AKT is a downstream of DAB1, and the activation of AKT was 

required the interaction of DAB1 with the PI3K regulatory subunit p85α[78]. 

 

This is the first piece of work proved that N-Ras plays an important role in the process 

of experimental rodent liver fibrosis. N-Ras deficiency aggravate the liver fibrosis by 

elevating cell proliferation, ROS production and immune cell infiltration. Meanwhile, 
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knock-out N-Ras also changed expression of other genes. These findings suggest that 

N-Ras may be serve as a candidate of potential therapeutic target, however, further 

research is required.
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In this study, the data show that N-Ras is protective in the process of hepatic 

fibrogenesis in both CCl4 and BDL-induced experimental liver fibrosis, an effect 

most likely mediated by JNK and AKT. Thus, loss of N-Ras might aggravate the 

fibrogenesis, deeply changed the signaling pathways of cell death in rodent chronic 

liver fibrosis model.   

1)  Loss of N-Ras increased presence of necrotic foci associated with significantly 

elevated markers of liver damage in serum compared with wildtype mice, 28 days 

after CCl4 and BDL. 

2)  N-Ras-/- livers exhibited increased cell death and compensatory cell proliferation 

markers such as PCNA and Ki-67. 

3)  Immune cell infiltration were significantly increased in N-Ras-/- compared with 

N-Ras+/+ animals, 28 days after CCl4 and BDL. 

4)  Deposition of ECM protein was significantly elevated in N-Ras-/- compared with 

N-Ras+/+ mice. 

5)  Mechanistically, cell death pathways were changed by deficiency of N-Ras in the 

process of experimental fibrosis, this changing may be mediated by JNK and 

AKT. 
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