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RESUMEN/SUMMARY 

 

1. Introducción y Objetivos 

La enfermedad del hígado graso no alcohólica (EGHNA) es una de las principales 

enfermedades hepáticas crónicas en los países desarrollados. Está considerada como la 

manifestación hepática del síndrome metabólico, e incluye un amplio espectro de 

condiciones que van desde el hígado graso no alcohólico (HGNA) a la esteatohepatitis no 

alcohólica, acompañada en algunos casos de fibrosis que puede progresar a cirrosis, 

carcinoma hepatocelular y a estadíos terminales de la enfermedad hepática, siendo el 

transplante hepático la única solución en estos casos. La desregulación metabólica es una 

característica distintiva asociada al desarrollo y progresión de EHGNA, en la cual se produce 

un desequilibrio entre incorporación de lípidos (entrada al hepatocito y síntesis de novo) y su 

utilización (catabolismo y secreción). 

El hígado es capaz de regenerarse tras daño hepático o resección para recuperar su 

correcta funcionalidad. La regeneración hepática implica una profunda remodelación 

metabólica con el principal objetivo de disponer de energía y precursores metabólicos 

esenciales para recuperar con éxito las funciones hepáticas. 

La osteopontina (OPN) es una citoquina multifuncional que se expresa en el hígado y 

está relacionada con desordenes metabólicos. En obesidad, su sobreexpresión hepática se 

correlaciona con el contenido de triacilglicérido (TG). Su deficiencia protege frente a la 

hepatoesteatosis inducidas por obesidad y a la fibrosis hepática y atenúa la producción de 

glucosa por el hígado. Además, se ha observado que la neutralización de OPN circulante 

evitala fibrogénesis hepática en ratones. Los estudios realizados hasta el momento para 

analizar el papel de OPN en los desórdenes metabólicos se han realizado en modelos de 

obesidad. En obesidad los cambios metabolicos que ocurren en el hígado están asociados a 

un aumento en la lipólisis del tejido adiposo promovido por la resistencia a insulina, lo que 

da lugar a un aumento de la liberación de ácidos grasos al plasma, los cuales serán 

almacenados, entre otros, en el hígado. Por ello resulta difícil discernir si la desregulación 

metabólica del hígado se debe a un efecto directo de OPN o es consecuencia del 

metabolismo alterado en el tejido adiposo, donde OPN también se sobreexpresa. Así, 
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teniendo en cuenta que OPN está vinculada a diferentes desórdenes hepáticos caracterizados 

por una desregulación del metabolismo, los principales objetivos en este estudio son: 1) 

identificar el papel que desempeña OPN como regulador directo del metabolismo hepático; 

2) investigar si OPN está involucrada en la modulación del metabolismo lipídico durante la 

regeneración hepática; 3) validar la OPN sérica como un biomarcador temprano de la 

disfunción metabólica del hígado en pacientes no obesos con HGNA, en los cuales no es 

evidente la desregulación metabólica del tejido adiposo. 

 

2. Procedimentos experimentales 

Se analizaron los flujos metabólicos y las actividades enzimáticas implicadas en el 

metabolismo lipídico, la expresión de diversas proteínas y el contenido lipídico en 

hepatocitos primarios e hígados de ratones OPN-KO y sus respectivos controles silvestres 

(WT), así como de ratones WT a los cuales se administró rOPN (osteopontina 

recombinante). Se analizó el lipidoma y el metaboloma hepático de los ratones OPN-KO y 

sus correspondientes WT. Además, se realizó una hepatectomía parcial del 70%, una de las 

técnicas más reconocidas y estandarizadas para el estudio de la regeneración hepática, en 

ratones OPN-KO, ratones OPN-KO tratados con atorvastatina y sus WT. Por último, se 

analizaron las biopsias hepáticas de pacientes no obesos con HGNA o con hígado normal, 

recogidas durante colecistectomías laparoscópicas programadas y sus respectivos sueros.   

 

3. Resultados 

Los resultados muestran que OPN regula la interconexión entre el metabolismo hepático 

de colesterol y el de la fosfatidilcolina (PC), siendo la conversión de colesterol en ácidos 

biliares el proceso metabólico clave. La OPN extracelular provoca la disminución de los 

niveles de expresión de la proteína colesterol 7-alfa-hidroxilasa (CYP7A1) y, en coherencia, la 

carencia de OPN aumenta la expresión de CYP7A1. A su vez la carencia de OPN 

incrementa la colesterogénesis en hepatocitos primarios; sin embargo, no altera los niveles 

hepáticos de colesterol, probablemente por el incremento de la conversión de colesterol en 

ácidos biliares. Estos cambios están asociados a una mayor expresión génica de Abcb4 

(MDR2), responsable de la secreción biliar de PC, lo que sugiere un aumento de la secreción 
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canalicular de PC a la bilis en los ratones deficientes en OPN. El hecho de que el contenido 

hepático de las especies de PC más abundantes en la bilis sea inferior en ratones OPN-KO 

apoya esta propuesta, y es coherente con la disminución del contenido hepático y de ciertas 

especies de ácidos biliares. Esta adaptación podría ser la causante del aumento en la 

expresión de genes relacionados con la vía de síntesis de CDP-colina ya que es esta vía la que 

genera mayoritariamente las especies de PC más representadas en la bilis; en cambio no se 

han detectado diferencias en la actividad fosfatidiletanolamina n-metiltransferasa (PEMT) 

debida a la deficiencia en OPN.  El descenso en los niveles hepáticos de PC dirigido por la 

falta en OPN se revierte tras la adición de OPN al medio de cultivo de hepatocitos primarios 

deficientes en OPN. Además, la administración in vivo de rOPN incrementa los valores de 

PC hepáticos en ratones WT.  

El aumento de la colesterogénesis promovido por la mayor síntesis de ácidos biliares en 

ratones OPN-KO está asociado a la disminución de la lipogénesis de novo. Ambos procesos 

metabólicos comparten una gran demanda de acetil-CoA como precursor, así como del 

poder reductor; la colesterogénesis es una vía de muy alto coste energético lo que podría dar 

lugar a la pronunciada disminución del contenido relativo de NADH hepático debida a la 

deficiencia en OPN. Los análisis metabolómicos muestran que en el hígado de los ratones 

OPN-KO los niveles relativos de algunos intermediarios de las vías de las pentosas fosfato y 

la glicólisis son inferiores a los de ratones WT. Estas modificaciones no se asocian a 

alteraciones en la entrada de glucosa en los hepatocitos ni en la transformación de piruvato a 

lactato. Tampoco existen cambios  en las actividades de las enzimas glucosa-6-fosfato 

dehidrogenasa ni enzima málico. Además, la OPN extracelular tiene un efecto directo sobre 

la lipogenesis de novo ya que activa la acetil-CoA carboxilasa, enzima limitante en este proceso. 

En concordancia la carencia hepática en OPN está asociada a la menor activación de este 

enzima. A pesar de que OPN regula la lipogénesis de novo, el contenido hepático de TG no 

está alterado, probablemente como consecuencia de una mayor disponibilidad de ácidos 

grasos procedentes de las lipoproteínas plasmáticas. Se ha observado que la carencia en OPN 

está asociada a la sobreexpresión de la proteína receptora de lipoproteínas de muy baja 

densidad (VLDLR) y un aumento en las actividades de las enzimas lisosomales 

triacilglicérido hidrolasa (TGH) y colesteril ester hidrolasa (CEH), lo que indica una mayor 

actividad de la vía endocítica de lipoproteínas. Con el fin de comprobar si la modulación de 

la utilización hepática del colesterol por OPN tiene como consecuencia alteraciones en el 
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metabolismo de glicerolípidos se administró atorvastatina a ratones OPN-KO. Los 

resultados muestran que  la inhibición de la colesterogénesis  in vivo restaura los niveles 

hepáticos de PC. 

Dado que la administración in vivo de OPN es capaz de modificar el metabolismo lipídico 

hepático y que se conoce que durante la regeneración hepática aumentan los niveles de OPN 

y existe una importante remodelación lipídica, propusimos la hipótesis de que OPN podría 

estar involucrada en la remodelación del metabolismo lipídico que ocurre durante la 

regeneración hepática después de hepatectomía parcial. Los resultados muestran que durante 

la regeneración hepática la deficiencia de OPN no afecta a los cambios que ocurren en el 

contenido hepático de TG. La esteatosis microvesicular transitoria, característica de la 

regeneración trashepatectomía parcial, requerida para que la  regeneración tenga lugar con 

normalidad, no se ve alterada por la carencia de OPN. Los bajos niveles de PC en el hígado 

quiescente de ratones OPN-KO se mantienen 24 h después de hepatectomía parcial. 

Además, la  deficiencia en OPN también evita el incremento que se produce en el contenido 

hepático de PE 24 h despues de la hepatectomía en los ratones WT. Un análisis más preciso 

del lipidoma hepático revela que la remodelación que ocurre en los ratones WT 24 h después 

de la hepatectomía parcial conduce a un perfil lipidómico similar al del hígado quiescente 

deficiente en OPN, que presenta cambios de menor magnitud que el del WT durante la 

regeneración hepática. La remodelación lipidómica 24 horas después de la hepatectomía 

parcial en los ratones WT está asociada al incremento de la actividad de las lipasas 

lisosomales TGH y CEH. Sin embargo, eso no ocurre en los animales deficientes en OPN, 

en coherencia con la menor modulación del lipidoma hepático durante este periodo de 

regeneración. La modulación del lipidoma hepático como consecuencia de la inhibición de la 

síntesis de novo de colesterol en el hígado de los ratones OPN-KO conduce a la 

normalización del contenido de PC. Con el objetivo de definir el papel de la regulación de la 

interconexión entre el metabolismo de colesterol y PC en animales carentes en OPN durante 

la regeneración hepática, se realizó la hepatectomía parcial a un grupo de ratones OPN-KO 

tratados con atorvastatina. Los resultados muestran que la remodelación lipídica se asocia a 

una respuesta más temprana en la regeneración hepática. 

 Hasta el momento no existen marcadores séricos importantes de desregulación 

metabólica en las primeras fases de HGNA y la mayoría de investigaciones se centran en 

pacientes no obesos. Teniendo en cuenta que los resultados obtenidos muestran que OPN 
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regula directamente el metabolismo lipídico hepático y que en el HGNA, se produce una 

fuerte desregulación del metabolismo hepático, propusimos que OPN podría ser un 

biomarcador sérico temprano de la desregulación metabólica en los pacientes no obesos con 

HGNA, en los que no existe una desregulación aparente del metabolismo en el tejido 

adiposo ni inflamación. 

Los resultados de los análisis realizados muestran que los niveles séricos de OPN están 

incrementados en pacientes con HGNA en los que la conversión de colesterol en ácidos 

biliares está disminuida. Además, los niveles séricos de OPN en pacientes con HGNA se 

correlacionan con la concentración hepática de PC y colesterol. 

 

4. Conclusiones 

1- Ostepontina (OPN) regula la interconexión entre el metabolismo hepático de colesterol y 

el de fosfatidilcolina (PC). El proceso metabólico clave es la conversión de colesterol en 

ácidos biliares. 

  La OPN extracelular provoca la disminución de la expresión de la colesterol 7-alfa-

hidroxilasa (CYP7A1). La carencia de OPN no modifica la concentración hepática de 

colesterol cuando CYP7A1 está sobreexpresada, a pesar del aumento de la 

colesterogénesis en hepatocitos. 

  La OPN extracelular aumenta la concentración hepática de PC mientras que su 

deficiencia está asociada a una disminución de los niveles hepáticos de PC, 

principalmente de las especies que son secretadas a la bilis. La inhibición de la síntesis 

de novo de colesterol restablece los niveles hepáticos de PC en los ratones deficientes 

en OPN. 

  El incremento en el uso de sustratos para la síntesis de novo de colesterol en los 

hepatocitos deficientes en OPN está asociado a una disminución de la lipogénesis de 

novo y a un menor contenido hepático de los intermediaros de las vías glicolítica y de 

las pentosas fosfato y del poder reductor,  lo que contribuye a la disminución en la 

concentración de PC. 



8 

 

  A pesar de que OPN regula la lipogénesis de novo, el contenido hepático de TG no está 

alterado, probablemente como consecuencia de un aumento en la disponibilidad de 

ácidos grasos vinculado a una mayor actividad endocítica . 

2- La remodelación que ocurre en el lipidoma hepático 24 h después de hepatectomía parcial 

en los ratones WT conduce a un perfil similar al del lipidoma del hígado quiescente en los 

ratones OPN-KO,  el cual presenta cambios de menor magnitud que el del WT durante la 

regeneración hepática. 

3- En los pacientes no obesos con hígado graso no alcohólico, en los cuales no existe una 

desregulación metabólica del tejido adiposo y la conversión de colesterol a ácidos biliares 

está disminuida, la OPN sérica se correlaciona con las concentraciones hepáticas de PC y 

colesterol y podría ser un biomarcador sérico temprano de la desregulación metabólica. 
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1. The liver 

The liver is the largest solid organ of the body that extends across the entire abdominal 

cavity just inferior to the diaphragm. The anatomical location is of course linked to its 

function. It is also the largest visceral organ in humans, its weight representing between 2% 

to 5% of the total adult human body weight. One of the most notable characteristics is the 

central role in whole body metabolic integration. Besides, it has the ability to regenerate 

different section of itself in the event of damage. 

 

1.1 Structure and cell types 

The human liver is formed by 4 different lobes: right, left, quadrate and caudate or 

Spiegel lobe. Each lobe is divided into small lobules, structural units of the liver, which are 

connected by blood vessels and fibrotic tracts. The lobules are built around a central 

ramification of the hepatic vein. The edges formed by the join of some lobules, known as the 

portal triads, are composed of a branch of the portal vein, another from the hepatic artery, a 

biliar conduct and a lymphatic vessel. The branches of the portal vein and the hepatic artery 

are connected with the central vein by sinusoids and between them by hepatocytes row, 

known as Remak trabecule or cordon, which is separated from the blood flux by a 

monolayer of endothelial cells and by the space of Disse. The functional and 

microcirculatory unit of the liver is the hepatic acinus, a parenchymal space covered by two 

central veins. It is a structure with a central axis, named Herring channel, which is formed by 

the portal triad. The hepatic acinus is divided into 3 regions, depending on the distance from 

the axis, named periportal, intermediate and perivenous1.  

The liver is composed of several cell populations. These cells are in and around the 

hepatic sinusoids and are divided into two principal groups: parenchymal cells or 

hepatocytes and non-parenchymal or sinusoidal cells such as endothelial cells, kupffer 

cells, stellate cells, lymphoid cells or Pit cells and the biliar epithelium2. 
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Figure B.1. Schematic image where different structural and functional liver units are 
represented: the lobule and the acinus. The image has been modified from 
http://medcell.med.yale.edu/.   

Endothelial cells are the first barrier between blood and hepatocytes, being their main 

function to filtrate fluid, solutes and particle, which facilitates the exchange between the 

lumen of the sinusoid and the space of Disse easier.  These sessile cells also participate in 

other processes like coagulation, fibrinolysis, inflammation, immune response, regulation of 

the blood pressure, angiogenesis and lipoprotein metabolism, among others.  

Kupffer cells (KC) are a macrophage resident population that has the ability to move 

between the sinusoidal endothelium and the space of Disse. These phagocytic cells can 
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produce cytokines (CK) that play a crucial role in the innate immune response and that can 

modulate hepatocyte and endothelial cell metabolism.  

Hepatic stellate cells (HSC) also known as Ito cells or fat-storing cells, are located in 

the perisinusoidal space of Disse sharing their extensions with endothelial cells. They play a 

crucial role in the hepatic fibrogenesis. Usually, they are the main hepatic source of 

extracellular matrix (ECM) components, control the microvascular tone and are the main site 

for vitamin A storage.  

Pit cells are lymphoid cells of big size with natural killer activity. They are localized in 

the sinusoidal endothelial layer and they are characterized by being a liver-associated 

population of large granular lymphocytes. They have the capacity to kill tumor cells and they 

probably also play a role in the antiviral defense of the liver. In addition, pit cells may have a 

growth-regulatory function of the liver.  
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Kupffer cell
Hepatocyte

Bile canaliculus

Bile
canaliculi

Kupffer
cell

Sinusoidal lumen
Space of Disse

Hepatocyte

Dendritic cell
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Hepatic artery
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Portal vein
branch Bile duct

Central vein

 
Figure B.2. Three-dimensional structure of hepatic acinus and the liver cellular composition3. 

 The most abundant cell type in the liver by mass and number are hepatocytes (Figure 

B.3); human liver is made of around 80 x 109 hepatocytes. The hepatocyte is a complex cell 

type which has to fulfill several complex functions at the same time and these are 

accomplished by means of very effectively functioning structures and organelles. The 

hepatocyte is a poliedric epithelial cell, mono, bi or even multinucleate (40-50% of the whole 

hepatocytes) and has a big amount of organelles in the cytoplasm, which contributes to 
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become one of the most metabolically active cell type of the body. The hepatocyte is a 

polarized cell and it possesses three different specialized membrane domains. The basolateral 

or sinusoidal domain, is the one characterized by having microvilli that increased the contact 

surface with the space of Disse, making easier the exchange of substances between the 

hepatocyte and blood, for example the secretion of lipids into very-low-density lipoproteins 

(VLDL). In the canalicular or apical domain, also called the biliary pole of the hepatocyte, 

the apical bile acid (BA) transporters, organic ion transporters and P-glycoproteins are 

located, being in charge of the primary ATP dependent transport of organic components. 

The third domain is the lateral domain, in which cellular adhesion processes develop by tight 

junctions, gap junctions and desmosomes. 
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e
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Figure B.3. Scheme of a hepatocyte. Modificated image from 
http://es.slideshare.net/mdmunozc01/orgnulos-membranosos-2011. Rough endoplasmic 
reticulum (RER); smooth endoplasmic reticulum (SER). 

1.2 Metabolic center 

The liver has a central role maintaining the entire body metabolism homeostasis. 

Different metabolic processes, such as processing of absorbed nutrients and xenobiotics, BA 

synthesis and bile formation, maintenance of lipids, glucose, amino acids, ammonia and 

bicarbonate homeostasis in the organism, and synthesis of most of the plasma proteins are 

performed by the liver. In addition, the liver is also in charge of the storage and processing 
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of signal molecules and hormones, and immune processes involved in the whole body acute 

phase reaction. 

 

1.2.1 Glycerolipid metabolism 

1.2.1.1 Fatty acid sources 

Fatty acids (FA) are very important substrates for oxidation and production of cellular 

energy as well as precursor molecules for all lipid classes, including those that form biological 

membranes. They also modify and regulate the properties of many proteins through direct 

covalent linkage, and perform important roles as signaling molecules in metabolic regulation. 

They are components of glycerolipids, such as triacylglycerides (TG) and 

glycerophospholipids (GPL).  

Depending on the presence of double bonds, FAs are classified into saturated FAs 

(SFA), monounsaturated FAs (MUFA) and polyunsaturated FAs (PUFA). According to the 

position of the first double bond from the methyl end of the FA molecule, PUFAs are 

described as n-3, n-6 or n-9. In addition, they can also differ depending on the chain length 

being classified in short-, medium-, long- and very-long-chain FAs. Short-chain FAs (SCFAs) 

consist of chain with less than 6 carbons, medium-chain FAs (MCFAs) of between 6-12 

carbons, long-chain FAs (LCFAs) of between 12-20 carbons, and very-long-chain FAs 

(VLCFA) of more than 20 carbons. 

In the liver there are three major primary sources of FAs: 1- FAs incorporated into 

lipoproteins (VLDL remnants (VLDLr) and QM remnants (QMr)), 2- circulating FA-

albumin complex, which are released from extrahepatic tissues and 3- de novo lipid synthesis 

carried out in the liver. In addition, different species of FAs can be generated in liver by 

chain elongation and desaturation of exogenous and endogenous FAs.  

Diet is a fundamental lipid source in the body and QMr are responsible for providing 

dietary FAs to the liver. The quantity and quality of dietary FAs are known to have an impact 

on the composition of tissue lipids both in rodents4 and humans5. Some reports have 

demonstrated that not all dietary FAs will be a source for the same glycerolipids; each FA 

type could have preferences. For example, dietary n-3 PUFAs are preferentially incorporated 

into PLs compared to TGs6 and among PLs, Belogun et al. have demonstrated that they are 
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incorporated into phosphatidylcholine (PC) and lysophosphatidylcholine (LPC). 

Additionally, dietary n-3 PUFA are able to remodelate the fatty acyl moieties of plasma and 

liver PC, LPC, and cholesteryl ester (CE)4.  

As mentioned, circulating FAs coming from extrahepatic tissues are also a source of 

hepatic FA. The uptake of FAs into the hepatic cells is mainly driven through passive 

diffusion or facilitated by different transporters, such as CD36, FA transport proteins 

(FATP) or FA binding proteins (FABP). 

The FA composition of intracellular glycerolipids not only depends on diet and 

extrahepatic sources but also depends on the action of other enzymatic systems responsible 

for synthesizing, desaturating and elongating FAs. Regarding FAs de novo synthesis, it is 

performed mainly in the liver starting from small intermediates that come mainly from the 

degradation of carbohydrates and amino acids that finally produce acetyl-coenzyme A (CoA), 

the starter molecule in de novo synthesis.  In a healthy liver, de novo synthesis is connected to 

carbohydrate metabolism. Therefore, glycolysis converts glucose to pyruvate, which is the 

main source of acetyl-CoA. Acetyl-CoA is transported to the cytosol as citrate. ATP citrate 

lyase (ACLY) then converts citrate back to acetyl-CoA and oxalacetate (OAA), and the 

cytosolic malate dehydrogenase (MDH) reduces that OAA to malate, which is oxidized to 

piruvate by the malic enzyme (ME) in a reaction that is associated to the production of 

reduced NADPH. In the FA de novo synthesis, the catalytic components required for the 

entire pathway are integrated into two principal enzymatic systems, acetyl-CoA carboxylase 

(ACC) and FA synthase (FAS). .ACC catalyzes the carboxylation of acetyl-CoA to malonyl-

CoA. Acetyl-CoA and malonyl-CoA are then used as the substrates for the production of 

palmitate (16:0) by the multifunctional FAS. FAS uses NADPH, produced mainly by ME 

and pentose phosphate pathway (PPP). Subsequently, elongase and desaturase enzymes can 

act on de novo synthesized 16:0 to generate 16:1, 18:0, or 18:1 FAs. In the liver, stearoyl-CoA 

desaturase 1 (SCD1) is the primary desaturase responsible for the generation of C16:1 and 

C18:1 from SFAs, whereas LCFA elongase 5 (ELOVL5) seems to be the primary hepatic 

elongase for generating C18:0 and C18:1. Additional elongases and desaturases also 

contribute to the elongation and desaturation of longer PUFAs (for examples, C18:2 and 

C18:3). De novo synthesized FAs need to be activated by long chain acyl-CoA synthetases 

(ACSL) to be incorporated into TG and PLs, in which ACSL3 and ACSL5 play a crucial 

function in the liver.  
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1.2.1.2 Phosphatidic acid synthesis  

Phosphatidic acid (PA) is the simplest membrane phosphoglyceride and also a central 

intermediate for the synthesis of membrane and storage glycerolipids. The metabolism of PA 

occupies a key position in glycerolipid metabolism and membrane biogenesis. Additionally, 

PA has emerged as a new class of lipid mediator. It is involved in various cellular processes: 

signal transduction, membrane trafficking, secretion, and cytoskeletal rearrangement7, 8.  

 
Figure B.4. Phospatidic acid biosynthetic pathway. The pink area emphasizes the biosynthetic 
pathway of PA as a product of de novo synthesis of FAs. It has also been represented the glycerolipids 
synthesized form PA, which is the precursor molecule. ACS, Acyl-CoA synthetase; AGPAT, acylglycerol-
phosphate acyltransferase; CL, cardiolipin; DG, diacylglyceride; DHAP, dihydroxyacetone-phosphate; 
DHAP-AT, DHAP acyltransferase; ER, endoplasmic reticulum; FA, fatty acid; G3P, glycerol-3-
phosphate; GK, glycerol kinase; GPAT, glycerol 3-phosphate acyltransferase; GPDH, glycerol-3-
phosphate dehydrogenase; LPA, lysophosphatidic acid; PA, phosphatidic acid; PAP, phosphatidic acid 
phosphohydrolase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; 
PI, phosphatidylinositol; PLC, phospholipase C; PS, phosphatidylserine. Image adapted from Coleman 
R.A., et al.9. 

De novo synthesis of FAs is an intrahepatic source of PA and it is produced and 

metabolized by several enzymatic reactions, including a synthetase and different 

acyltransferases, as shown in Figure B.4.  
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1.2.1.3 Triacylglyceride metabolism 

The TGs are insoluble neutral lipids. They are formed by a glycerol backbone and 3 

molecules of FAs attached by ester bonds. So the physical and chemical properties of TGs 

differ based on the nature of their FAs. TGs are the most abundant acylglycerides in the 

organism and serve important functions in the liver; in fact, a good regulation of TG 

metabolism is essential to maintain the proper metabolic homeostasis of the organism. 

 The TG content of hepatocytes is regulated in processes such as the hepatic lipid input, 

FA and lipoprotein uptake, FA synthesis and esterification, and hepatic lipid output in which 

FA oxidation and VLDL-TG export are involved. 

Acyl-CoA:diacylglycerol acyltransferase (DGAT) is the enzyme that catalyzes the final 

and specific step in TG synthesis. In the liver there are two isoforms of DGAT enzymes, 

DGAT1 and DGAT2, associated to ER membranes. Accordingly to some research groups, 

each of them are even though involved in specific roles. Both enzymes catalyze the same 

reactions, but some groups have suggested that DGAT1 seems to play a role in VLDL-TG 

secretion10, 11, whereas DGAT2 could be implicated in the regulation of liver cytosolic TG 

content and pools12. Another protein involved in cellular TG homesostasis is the lipid 

droplet (LD) associated protein adipophilin (ADRP or Plin2). It has been demonstrated that 

the overexpression of this protein increases cellular TG content, whereas a decrease of 

ADRP increases the sorting of FAs to β-oxidation13.  

Concerning the lipid export from liver, TG, together with cholesterol and PC are secreted 

in VLDL and transported to peripheral tissues. In hepatocytes, microsomal TG transfer 

protein (MTTP), together with an adequate supply of lipids are needed for the proper 

assembly of apolipoprotein (apo) B containing VLDLs. In the bloodstream, the VLDLs 

diminish in size and are enriched in cholesterol and apoE, forming the VLDLr or 

intermediate-density lipoprotein (IDL). These IDLs can follow two different ways: a low 

percentage of these lipoproteins are recognized by apoE and apoB/E hepatic receptors 

being endocyted, and the rest goes on with the plasma metabolization until they are 

transformed into low-density lipoprotein (LDL). Therefore, the VLDLs are the precursors of 

IDLs and LDLs. 

Another important function of TG is to generate precursors for PL biosynthesis because 

TG stores can be partially hydrolyzed to form diacylglycerides (DG), which are precursors of 
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the major phospholipids (PL) PC, phosphatidylethanolamine (PE), and phosphatidylserine 

(PS) (Figure B.4). DGs can also be phosphorylated to form PA, needed to generate 

phosphatidylinositol (PI), phosphatidylglycerol (PG) and cardiolipin (CL), (reviewed by 

Coleman et al.)9.  

TG is subjected to continuous hydrolysis and re-esterifications. In the liver, hydrolysis of 

TG provides products, such as FA and DG for β-oxidation and signaling, as well as 

substrates for the assembly of VLDL-TG. In the liver there are different proteins involved in 

TG hydrolysis such as adiponutrin/patatin-like phospholipase domain containing 3 

(PNPLA3), some members of the carboxylesterase family (mouse Ces3/TGH, and its 

human ortholog CES1/TGH; mouse Ces1/Es-x), arylacetamide deacetylase (AADAC), 

hepatic lipase (HL or Lipc), lysosomal acid lipase (LAL/Lipa) (reviewed by Quiroga et al.)14 

and adipose tissue TG lipase (ATGL or Pnpla2), which is expressed in the liver and plays an 

important role in the liver TG homeostasis15. There are also evidences that show the 

importance that hormone sensitive lipase (HSL/Lipe) has in the liver and not only in TG 

metabolism but also in cholesterol metabolism16, 17. Most of these lipolytic enzymes are 

glycoproteins associated with the ER. Each of them is supposed to have its own affinity to 

different TG types, depending on their characteristics (still to be concreted) and different 

proposed functions in the liver, such as, VLDL assembly, LDs maturation and lipolysis, 

among others18. Re-esterification to give TG provides the cells the availability of regulating 

the substrates for energy utilization, of regulating the lipid signaling molecules and in the 

same way the TG storage in LDs, which is a protective mechanism to avoid toxicity of FA 

and DG.  

 

1.2.1.4 Glycerophospholipid metabolism 

In the last decade the role of PLs has gained attention because of their role in the 

maintenance of liver metabolism homeostasis. PLs are a heterogeneous group of molecules 

which main function is to form cellular membranes. PLs also function as precursors of 

second messengers such as DG and inositol-1,4,5-trisphosphate (IP3). A third and usually 

overlooked function is to provide energy in the form of fatty acyl components19.  

The PLs found in most of the cell membranes are basically GPL. The most abundant 

GPL types are PC, PE, PS, PI and CL. The GPL molecules contain an apolar, consisting of 
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diacyl moiety, and a polar portion constituted by a phosphate and a substituted alcohol. The 

nature of the acyl groups and the type of alcohol group decide the classification, properties, 

and biological functions of the GPLs. GPL synthesis takes place in the ER and in the inner 

membrane of the mitochondria in almost all the cellular types.  
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Figure B.5. Liver  phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine 
biosynthetic pathways. CEPT, choline/ethanolamine phosphotransferase; CK, choline k inase; CPT, 
CDP-choline:l,2-diacylglycerol cholinephosphotransferase; CT, CTP:phosphocholine cytidylyltransferase; 
EK, ethanolamine kinase; EPT, CDP-ethanolamine: 1,2-diacylglycerol ethanolaminephosphotransferase; 
ET, CTP:phosphoethanolamine cytidylyltransferase; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PEMT, phosphatidylethanolamine N-methyltransferase; PS, 
phosphatidylserine; PSD, phosphatidylserine decarboxylase; PSS1, phosphatidylcholine synthase-1; PSS2, 
phosphatidylserine synthase-2. 

There are two different strategies for GPL synthesis and both of them are PA derived. 

Trough one of them the obtained DG is the direct precursor of PC, PE and PS, whereas in 

the other one PA is directly converted into cytidine diphophate diacylglycerol (CDP-DG), 

which will be use to produce PI, PG, and CL. 

PC is the most abundant GPL in the liver and can be synthesized by two different 

pathways: de novo or CDP-choline pathway (Figure B.5), which is also known as Kennedy 

pathway, and phosphatidylethanolamine methyltransferase (PEMT) pathway, which is mainly 

restricted to liver cells. Evidences shows that ~30% of PC synthesized in the liver is via the 
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PEMT reaction20 whereas most of the remaining biosynthetic-derived FA in liver originates 

via de novo pathway. The PC species from these two pathways reveal distinct PC profiles21, 

suggesting that a profound distinction of PC profiles may contribute to the different 

functions of these two pathways in the liver22. 

Nevertheless, PLs also undergo remodeling processes, fatty acyl moieties in the glycerol 

backbone are replaced by other FAs to form “mature” GPLs and deacylation and reacylation 

of PLs are involved in the PL remodeling.  

 

1.2.2 Cholesterol and bile acid metabolism 

All the nucleated animal cells have the capacity to synthesize cholesterol, but this process 

is specially intense in liver, suprarenal cortex, skin and intestine. Cholesterol is a crucial and 

critical molecule in animal for maintaining cell homeostasis. 

The liver plays a central role in the synthesis, redistribution, and regulation of whole 

body cholesterol. In the liver, there are two types of cholesterol, the metabolically active 

form, which is the free cholesterol (FC), and the inert form, cholesteryl ester (CE), that may 

be stored, hydrolyzed, or secreted as a lipoprotein component. 

The two sources of cholesterol in the organism are the diet and de novo synthesis. In 

humans de novo synthesis is the main source, while in rodents is mainly absorbed from the 

diet. 

De novo synthesis or mevalonate pathway starts from its precursor unit acetyl-CoA via a 

complex metabolic pathway divided in three consecutively phases. These three phases are the 

formation of mevalonate from acetyl-CoA, the conversion of mevalonate in squalene and 

finally, the transformation into cholesterol. De novo synthesis pathway is compartmentalized 

such that intermediates cycle between the peroxisome, cytosol and the ER (reviewed by 

Faust et al.)23.  

The first committed step in sterol synthesis, the NADPH-dependent reduction of 3-

hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) to mevalonate, is catalyzed at the ER 

membrane by HMG-CoA reductase (HMGCR), the rate limiting enzyme of the cholesterol 

biosynthetic pathway. This enzyme, which is the most important regulation point of 

cholesterol biosynthesis but not the unique, is regulated through different mechanisms. 
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Among them, phosphorylation and dephosphorylation mechanisms controlled by glucagon 

and adrenalin, or insulin, can inhibit or activate, respectively, the enzyme activity.  

Cellular cholesterol synthesis, uptake and processing reactions are regulated in a complex 

manner by two main nuclear receptor systems, sterol regulatory element binding proteins 

(SREBP, mainly type 2)24 and liver X receptors (LXRs). Simply, SREBP activation increases 

the transcription of gene products that function to increase cellular cholesterol levels, such as 

HMCGR and LDL receptor (LDLR) (Reviewed by Goldstein et al.)25, whereas LXR 

activation facilitates reverse cholesterol transport; that is, processes leading to cholesterol 

removal from peripheral cells and increased biliary sterol secretion, by the transcriptional 

regulation of several members of the ABC transporter family of proteins, such as, ABCG1, 

ABCG5/G8 or ABCA1 (Reviewed by Tontonoz et al.)26. 

High cellular concentrations of cholesterol are cytotoxic so there are different 

mechanisms to avoid cytotoxicity. FC content in the liver is maintained by the equilibrium of 

input pathways, in which cholesterol synthesis and lipoprotein uptake are involved; and 

output pathways, which are the formation of BAs, biliary secretion and secretion into 

lipoproteins. Any excess of FC is compensated by reversible conversion of FC to CE, which 

esterification process is favorable because the resultant is an inert product highly 

hydrophobic that can be store in the cytosol inside LDs. The esterification is catalyzed by the 

enzyme acyl-CoA:cholesterol aciltransferase (ACAT), that has 2 isoforms, ACAT1 and 

ACAT2, which are present mainly  in the liver. The CEs, thus, formed may also constitute 

part of the secreted neutral lipid core of VLDL27. Cytosolic CEs are in a dynamic state, 

undergoing a constant cycle of hydrolysis and re-esterification28 and the hydrolysis of CEs is 

thought to occur catalyzed by cholesteryl ester hydrolase (CEH) enzymes. CEH activity has 

been reported in the lysosomal, cytosolic and microsomal fractions of the liver.  

In hepatocytes cholesterol can also be oxidized to form BAs. The metabolism of 

cholesterol to BAs represents the major pathway for its elimination from the body, 

accounting for approximately half of the daily excretion. Bile salts (BS), together with 

cholesterol and PCs, are transported from the liver across the canalicular membrane of the 

hepatocytes into the bile and stored in the gallbladder.  

BAs repress transcription of the hepatic microsomal cholesterol 7-alpha-hydroxylase 

(CYP7A1) through farnesoid X receptor (FXR)-mediated induction of small heterodimer 
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partner (SHP) protein, which is recruited to the CYP7A1 promoter through interactions with 

liver receptor homolog-1 (LRH-1), a nuclear receptor activated by PLs, together with 

hepatocyte nuclear factor 4 α (HNF4α), which is another nuclear receptor, transcriptionally 

activating CYP7A129-31. Likewise, it has been demonstrated that LRH-1 and HNF4α 

cooperate in maintaining basal CYP7A1 expression31. Therefore, both of them are implicated 

in BA homeostasis and BA biosynthesis.  

After each meal, gallbladder BSs are released into the intestinal tract, efficiently 

reabsorbed (~95% of BSs) in the ileum, and transported back to the liver via portal blood. In 

the enterohepatic circulation, a minor fraction (less than 3–5%) of the secreted BAs escapes 

intestinal reabsorption via fecal excretion and needs to be replaced by de novo synthesis32. BA 

synthesis involves 17 different steps divided into two major pathways: the classical and the 

alternative pathway. The mentioned CYP7A1 is the first rate-limiting step of the classical 

pathway and of vital importance because it has been demonstrated that in a CYP7A1 

deficient mice model the BA pool size is reduced by 75% without any compensation by 

other BA biosynthetic enzyme33, 34. The immediate products of these pathways are referred 

to as primary BAs. The chemical diversity of the BA pool is further expanded by the actions 

of anaerobic bacteria in the gut, which convert this primary BAs into dozens of secondary 

BAs35. In humans, the most abundant primary BAs are conjugates of chenodeoxycholic acid 

(CDCA) and cholic acid (CA)36, 37, whereas in rodents, conjugated of CA and β-muricholic 

acid (βMCA) predominate38, 39. Tauromuricholic acid (TMC) and taurocholic acid (TCA) are 

the two most abundant BA species in murine bile. In the intestine conjugated BAs are 

deconjugated and then dehydroxylated at the 7-α-position to form the secondary BAs.  

Concerning BSs flux in the liver, the major BS transporters are the hepatic Na+-

dependent taurocholic cotransporting polypeptide (NTCP;Slc10a1), which is a basolateral 

transporter and  the BS export pump (BSEP; Abcb11), which is responsible for the 80% of 

canalicular BS efflux40.  
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Figure B.6. Hepatobiliar transporters. ABCG5/8, ATP-binding cassette G5 and G8 heterodimers; 
AE2, Cl−/HCO3− anion exchanger 2; AQP, aquaporin; BS, bile salt; BSEP, bile salt export pump; 
CHO, cholesterol; Cl-, chloride anion; FIC-1, PL-transporting ATPase; GSH, glutathione; HCO3-, 
bicarbonate; MDR1, multidrug resistance protein 1; MDR2/3, multidrug resistance protein 2/3; MRP1, 
multidrug resistance-associated protein 1; MRP2, canalicular multispecific organic anion transporter 1; 
MRP3, canalicular multispecific organic anion transporter 2; MRP4, multidrug resistance-associated 
protein 4; NPC1L1, Niemann-Pick C1-like 1 protein; NTCP, sodium/bile acid cotransporter; OA, 
organic anion; OATP, solute carrier organic anion transporter family; OC, organic cation; OSTα/β, 
organic solute transporter subunit α/β; PC, phospatidylcholine; PS, phospatidylserine. 

Thus, once the BSs have been secreted to the canaliculum, PC and cholesterol would be 

released from the outer hemimembrane of the canaliculus membrane41. A PL flippase so-

called multidrug-resistance transporter (MDR3 in humans/ MDR2 in rodents; 

ABCB4/Abcb4) is the responsible for PLs translocation, specially PC42, from the inner 

hemimembrane to the outside. For the cholesterol secretion there are two half-transporters 

ABCG5 and ABCG8 (heterodimers)43 which export sitosterol and cholesterol. Moreover, 

some findings suggest that, in addition to its role in enterocytes, Niemann-Pick C1-like 1 

protein (NPC1L1) also functions in hepatocytes to regulate biliary cholesterol 

concentration44. BSs have the capacity to allow the solubilization of cholesterol in bile and 

other lipophilic compounds, therefore, the formation of micelles acts to maintain cholesterol 

in solution while at the same time lowers the free (intermicelle) BS concentrations. An 

adequate bile composition is fundamental, not only to avoid bile stones formation but also to 

avoid damage on hepatocytes and cholangiocytes. 
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1.3 Liver disease and disrupted metabolism 

There are many kinds of liver diseases, some of them related with viruses (hepatitis B or 

C), others can be the result of drugs consumption, poisons or drinking too much alcohol, 

but in the last decade the prevalence of those related with metabolic disorders, such as 

obesity, insulin resistance (IR) and type 2 diabetes mellitus (T2DM) is increasing.  

 

1.3.1 Natural history and pathogenesis of NAFLD 

Non-alcoholic fatty liver disease (NAFLD) is one of the most common cause of chronic 

liver disease and impaired liver functions that affects up to 30% of the USA population. It 

refers to a spectrum of conditions ranging from non-alcoholic fatty liver (NAFL), 

characterized by simple steatosis without inflammation, to non-alcoholic steatohepatitis 

(NASH) which can progress to liver cirrhosis and hepatocellular carcinoma (HCC) (Figure 

B.7). When NAFLD progresses to this late stage, liver transplantation is the only option for 

treatment because until now there are none specific treatments for the disease45-48. NAFLD 

is associated with obesity, IR, and T2DM that are also connected with disrupted metabolism 

in the liver49, 50, which together with dyslipidemia and hypertension, characterize the 

metabolic syndrome. In fact, around 65-85% of obese patients suffer from NAFLD. 

However, NAFLD could also develop in non-obese patients51. 

The pathogenesis of NASH is still unclear. A traditional point of view postulates the 

“double hit” hypothesis which theorized that a ‘‘first hit’’, determined by metabolic factors 

(obesity, T2DM, dyslipidemia) will lead to hepatic steatosis, which will sensitize the liver to 

subsequent ‘‘second hits’’, such as oxidative stress, ER stress and proinflammatory CKs, that 

cause hepatocellular injury and liver inflammation, promoting NASH progression.  However, 

nowadays, there are growing evidences suggesting that simple steatosis and NASH may 

actually be 2 separate diseases. In this ‘‘multi-parallel hit’’ model52, the accumulation of 

‘‘lipotoxic/pro-inflammatory’’ lipid species interacts with proinflammatory factors to yield 

NASH since the beginning, while in the other cases the liver develops steatosis and remains 

free from inflammatory and fibrotic changes53. Therefore, there are still contraries in the 

pathogenesis of NASH that should be clarified. 
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Figure B.7. The disease spectrum of NAFLD.  (A) Schematic of progression of NAFLD. The 
accumulation of TG within lipid droplets in hepatocytes causes steatosis. Steatosis associated with 
inflammation, cell death, and fibrosis is referred to as NASH, which can progress to cirrhosis. Individuals 
with cirrhosis have an increased risk of hepatocellular carcinoma. (B) Histological sections illustrating 
normal liver, steatosis, NASH, and cirrhosis. Collagen fibers are stained blue with Masson’s trichrome 
stain. The portal triad (PT), which consists of the hepatic artery, portal vein, and bile duct, and the central 
vein (CV) are shown50. 

NASH is characterized by inflammation and fibrosis mainly induced by toxicity54, 55 and 

the release of a variety of CKs, such as tumor necrosis factor α (TNF-α), interleukin (IL)-6, 

IL-1 and transforming growth factor β (TGF-β). These CKs are involved in the recruitment 

of circulating macrophages into the liver and the activation of KCs and HSCs, both of which 

factors contribute to the progression of NAFLD56.  

 

1.3.2 Metabolic disruption in NAFLD progression 

In NAFLD the normal equilibrium in hepatocyte lipid metabolism is disrupted. In 

response to different factors such as high serum insulin and glucose, transcription factors 

SREBPs and ChREBP are activated and induce the expression of genes involved in the 

synthesis of FAs and cholesterol in the liver, lipids that in excess will cause toxicity.  
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1.3.2.1 Fatty acid accumulation in liver 

FAs are involved in different metabolic pathways, therefore, chronically elevated FAs can 

disturb metabolic homeostasis in liver leading to development of NAFLD. Hepatic fat 

accumulation has been strongly associated with IR, as mentioned above, but steatosis can 

also develop in the absence of IR57.  

 

Figure B.8. Lipotoxicity in NASH. Flux and metabolic fate utilization of free FAs that cause injury 
to the liver. Chol, cholesterol; reactive oxygen species (ROS); saturated fatty acid (SFA); very-low- 
density lipoprotein (VLDL)61. 

It has been suggested that some types of FAs, such as SFAs cause lipotoxicity, which 

could be the main cause for NAFLD progression53, 58-60 (Figure B.8). Lipotoxic injury occurs 

in the setting of excess FA traffic rather than due to simple TG accumulation. The current 

theory of lipotoxicity focuses in the damage induced because of the increase in the flux of 

FAs within hepatocytes exceeding the hepatic capacity to oxidize, store and export FAs as 

TGs. The net result could be the disruption of macrolipophagy, induction of ER stress and 

of lysosomal permeabilization, the mitochondrial dysfunction and the generation of toxic 

lipid metabolites, which predisposes to overproduction of reactive oxygen species (ROS), 

(reviewed by Sanyal et al.61 and Bechmann et al. 60).  
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Therefore, one of the main metabolic disruption, which is involved in NAFLD 

development and progression, is FA accumulation inside de liver; likewise, different studies 

have been performed to demonstrate which could be the main mechanisms involved. The 

excess flux of FAs within the liver could be due to a disruption in the major primary sources 

of FAs due to, just in part, an increase in different FA transporters, such as, FATP2/5, 

CD36, or VLDL receptor (VLDLR), which are closely implicated in the FA uptake62-67. This 

disruption is also related to alterations in the FA de novo synthesis with subsequent changes in 

some elongases and desaturases, such as, ELOVL6 and SCD1, respectively, that will lead to 

an increase in the proportion of those FA species which are toxic for the liver and important 

determinants for NAFLD progression68-71. As mentioned before, it has been suggested that 

this increase in FA flux within the liver will also lead to disrupt macrolipophagy and FA 

catabolism60, 72-74. External factors like the diet will be another very important source of FAs 

that should be taken into account. It has been demonstrated that high amounts of ingested 

carbohydrates, preferentially fructose as major stimulus for hepatic de novo lipogenesis, and 

more likely to directly contribute to NAFLD than dietary fat intake75, 76. In addition, a high 

fat diet (HFD) with excessive ingestion of FAs like SFAs and trans-FAs (TFAs) also 

contribute to the metabolism disruption and therefore to the development of NAFLD. In 

fact, it has been demonstrated that n-6 PUFAs have the capability of producing 

proinflammatory eicosanoids, which are harmful. These oxidized PUFAs can cause lipid 

peroxidation and alteration of PLs composition, resulting in changes in cell membrane 

fluidity77. A high ratio of n-6:n-3 PUFAs in hepatocytes and circulation has also been 

associated with severity of NAFLD77. 

 

1.3.2.1 Role of cholesterol and bile acids  

Emerging experimental and human evidences have linked altered hepatic cholesterol 

homeostasis and FC accumulation to pathogenesis of NASH. It has been suggested that FC, 

rather than TG and FA accumulation, sensitized the liver to some concrete inflammatory 

CKs (TNF and Fas)-induced murine NASH development78. In addition, in NAFLD patients 

has been proposed that the more fat the liver contains, the higher is the synthesis of 

cholesterol and the lower is the absorption79.  

In NAFLD patients, the progression of NASH and fibrosis paralleled hepatic FC 

accumulation. FC accumulation injures hepatocytes directly, by disrupting mitochondrial and 
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ER membrane integrity, triggering mitochondrial oxidative injury and ER stress, and by 

promoting generation of toxic oxysterols. Hepatic cholesterol has been suggested to be 

increased in NASH patients, paralleling both the extent of hepatic FC accumulation and the 

severity of liver histology, which derives from enhanced SREBP-2 gene transcription80, 81. 

However, the FC increase is not connected with the corresponding increment in CE, 

suggesting the deregulation of hydrolysis/esterification cycle80-83.  

Cholesterol can be connected with BA through the action of CYP7A1 in the liver. High 

levels of BAs would increase the risk of hepatotoxicity, causing oxidative stress, 

inflammation, necrosis, and eventually fibrosis and cirrhosis84, 85. During NASH progression, 

plasma concentration of BAs is increased in patients, concomitant with a remodeling of BA 

species, including those more hydrophobic and cytotoxic secondary species86-89. It has been 

described that some BA species are increased in liver of NASH patients, which will 

contribute to the disease progression86, 90, 91. Besides, hydrophobic species and their glyco- 

and tauro-conjugates are highly cytotoxic, and their accumulation in the liver can induce 

mitochondrial dysfunction, oxidative stress, or apoptosis92, 93. In NAFLD there is also a 

disruption of hepatic BA metabolism and transporters88, 94, 95. The major hepatic BA 

homeostasis regulator FXR is involved in NAFLD progression, in fact, FXR activity is 

decreased and inversely related to the severity of liver histology95-97.  

 

2. Liver regeneration after partial hepatectomy 

The liver has the capacity to regenerate after various types of injuries. The proliferation 

of all existing cell types ensures the replenishment of liver and bile duct mass and 

architecture98-100. 

There are different approaches to study liver regeneration in animal models. Nowadays 

one of the most studied model for liver regeneration is partial hepatectomy (PH), because it 

gives the possibility to study cell, tissue and organ regeneration. It has been established that 

the regenerative response in liver is proportional to the mass of lost tissue for resections that 

remove up to 70% (2/3) of the liver.  
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2.1 Phases and extracellular signals  

Liver regeneration after partial hepatectomy (PH) has been studied extensively since the 

19th century, establishing the long-standing model that hepatocytes, which account for most 

of the liver weight, proliferate to recover the original mass of the liver but also the rest of 

existing mature cellular populations that compose the intact organ. 

 
Figure B.9. Schematic of the ‘start and stop’ signals during liver regeneration in mice. Hepatocyte 
proliferation during liver regeneration involves initial cytokine induction of the G0–G1 transition (yellow 
light for caution), followed by growth-factor-induced progression through the G1 restriction point (green 
light for ‘go’). Hepatocyte proliferation is halted by inhibitory factors TGFβ and IL-1β (red light for ‘stop’). 
Factors such as VEGF and FGF might induce angiogenesis once proliferation has occurred. ECM 
degradation (green shaded area) occurs in the first few hours before hepatocyte DNA synthesis and division 
(blue shaded area), and hepatic ECM is re-established (orange shaded area) once hepatocytes have divided. 
Extracellular matrix (ECM), endothelial growth factor (EGF), EGF receptor (EGF), HGF receptor (c-Met), 
fibroblast growth factor (FGF), VEGF receptor (Flk1), hepatocyte growth factor (HGF), insulin-like growth 
factor-binding protein 1 (IGFBP1), interleukin (IL), nuclear factor kappa B (NFΚB), partial hepatectomy 
(PH), tumor necrosis factor (TNF), vascular endothelial growth factor (VEGF)101. 

In contrast to cells from proliferative tissues, hepatocytes are cells resting in G0 phase 

(quiescent). When regeneration starts, normally quiescent liver cells go through a series of 

well-orchestrated steps within distinct and recognizable stages. The first one is the priming 

stage, which in rodents takes place during more or less the first 4 hours after PH in which 

the progression from G0 to G1 occurs and in which initial CK induction happens. This phase 

initiate in response to an increase in CKs such as TNFα, which binds its type I receptor 

(TNRF1) on KCs, leading to the activation of nuclear factor kappa B (NFΚB)102, 103. In 

addition, C3a, C5a, and MyD88 also can activate NFΚB as well as TNFα 104, 105. The 
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induction of NFΚB in KCs leads to the expression of IL-6 and also of TNFα. Subsequently, 

IL-6 and TNFα are released and bind to their receptors on hepatocytes activating different 

signaling pathways that will allow the initial phase progression. The insulin-like growth factor 

binding protein-1 (IGFBP-1) has also an important role in this initial phase and is rapidly 

induced, concretely 1 h, after PH106. However, IL-6 stimulation in the first stage of liver 

regeneration can supersede the effect of insulin and stimulate IGFBP-1 expression107. 

IGFBPs can bind to the fibronectin receptor (α5β1 integrin) suggesting that IGFBP-1 may 

support liver regeneration at least in part via its effect on signaling pathways related to the 

phase progression108.  

After cell cycle entry, the primed hepatocytes progress through the cell cycle in response 

to growth factors. Hepatocyte growth factor (HGF), mainly synthesized by HSCs, is 

considered the central stimulatory signal for the hepatocyte cell cycle progression99. The 

binding to the corresponding receptors promotes a signaling cascade that drives transition 

from G1 to S phase. DNA replication starts approximately 34 h and reaches a maximum at 

44 h after PH in mice109, 110. Concerning non-parenchymal cells, the proliferative phase starts 

shortly after (24 h) hepatocyte proliferation and enter into DNA synthesis (reviewed by 

Michalopoulos et al.)99. There are evidences that demonstrate that normal entrance of 

hepatocytes into the replicative process does not occur in a synchronized way111-113, 

suggesting that a proliferation wave first affects the areas of the lobules surrounding the 

portal triads (periportal hepatocytes) and then moves towards the perivenous zone of the 

liver acini.  

DNA synthesis is mostly complete by 72 hours post-hepatectomy, when the last and 

third phase starts. This phase is known as the remodeling phase in which liver recovers its 

architecture due to the activity of the endothelial cells, the biliary epithelial cells and the 

synthesis of the extracellular matrix.  Finally, there is a growth termination phase by which 

quiescent and inhibitory factors like TGFβ produced by HSCs, and activin A, produced by 

hepatocytes, inhibit proliferation processes.  

 

2.2 Lipid changes during liver regeneration 

Essential for the successful initiation and completion of liver regeneration is that the 

remaining cells within the liver acquire sufficient energy substrate and metabolic precursors 
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to support the metabolic demands of rapid proliferation, which involves an immense 

metabolic remodeling. 

During liver regeneration, plasma TG and cholesterol levels significantly decrease, 

whereas there is a dramatic increase of lipids in the liver. During the early stages of liver 

regeneration, hepatocytes accumulate a significant amount of lipids in LDs, which are mainly 

composed of TGs114, 115. A study based on imaging mass spectrometry (IMS) revealed the 

existence of characteristic changes and a dynamic distribution of multiple TG and PL species 

during the G1 phase of the regenerating liver (24 h post-PH)116.  

 
Figure B.10. Triglyceride metabolism during liver regeneration. FABP, FA binding protein117.  

It has long been recognized that the regenerating liver generates signals that couple FA 

release from the adipose tissue to increased hepatic FA uptake, which in turn promotes 

hepatic lipogenesis118. In fact, hepatocellular fat accumulation in G1 phase, concretely  

between 12 and 24 h after PH, is specifically regulated and may be essential for normal liver 

regeneration119. TG accumulation in large LDs is transient with a peak in the G1 phase115. 

There are some evidences suggesting that this transient steatosis is likely due to both, an 

increase of lipogenic activity and altered lipid transport balance into and out of the 

hepatocyte115, 116, 118. Likewise, during the first hours of the G1 phase there is also an increase 

in the TG hydrolysis by cytosolic lipases that releases FAs for mitochondrial β-oxidation, 

which is coupled to the production of energy (ATP). Additionally, fatty acids and partially 

hydrolyzed lipids are ready substrates for the biosynthesis of membrane phospholipids that 

are required to support rapid cell division117.  
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Concerning cholesterol metabolism, its content increases after PH and after cell division 

begins120, 121, which is mainly stored as CE in LDs. During the entire proliferation phase, 

starting from 12 h and until 72 h after PH, when preexisting cholesterol has become 

insufficient to meet the cellular demand, an increase in HMGCR occurs with a subsequent 

increase in de novo synthesis120. In spite of this increase, LXR activity is diminished during 

liver regeneration  which could  be crucial to guarantee the intracellular cholesterol levels of 

regenerating hepatocytes121. Cholesterol accumulation could be also due to the lipid uptake, 

because there is an overexpression of some lipid receptors, such as LDLR and FABP4, 

during the first 24 h post-PH116, 122. LDLR has been shown to be an important gene not 

interfering with LDs formation but being associated with the hepatic lipidome remodeling 

during PH123.  Therefore, cholesterol is essential to perform an adequate liver regeneration 

which has led to suggest that cholesterol acts as a regulator of cell cycle progression124, 125.  

BA metabolism is also modified in liver regeneration with clear variations depending on 

the regeneration phase. Shortly after partial resection, BA concentrations fluctuate in the 

remaining liver and in serum, so it is essential that BAs return back to the remnant liver126-128, 

suggesting that BA flux is necessary for initiation of normal liver regeneration. In this 

situation, the biliary concentration of BAs and the bile flow normalized to the remaining 

liver tissue are increased. Therefore, in the first hours of the priming phase, biliary lipid 

secretion is also profoundly modified and increased129. In a later phase (24 h post-PH), it has 

been described a transient increase in BA bile output, together with a markedly hepatic BA 

decreased until the liver is completely restored130, which is accompanied by a sharp 

repression of Cyp7a1 gene expression131. In fact, this decreased on BA synthesis is known to 

be beneficial for liver regeneration progression because it is important to control the hepatic 

BA levels for liver protection. During DNA replication, bile formation is also reduced 

returning to normal levels when the liver is almost restored132. All this metabolic changes 

occur together with adaptive changes of the gene expression of the BA basolateral 

transporters NTCP and OATPs and of the canalicular transporters BSEP and MRP2133, 134, 

which might account for the decreased amounts of BAs inside the liver, along G1 and S 

phase, until 48 h after PH.  
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3. Osteopontin 

3.1 Structure, localization and function 

  Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1), early T 

lymphocyte activation (ETA-1) or bone sialoprotein-1, was originally isolated from the 

mineralized matrix of bovine bone135. This glycoprotein has a multidomain structure and 

different functional characteristics of a matricellular protein or of a proinflammatory soluble 

CK136-138.  

OPN is typically a monomer of approximately 300 amino acids and with a molecular 

weight ranging from 40-80 kDa due to varied post-translational modifications, such as 

phosphorylation, glycosylation, sulfation or enzymatic cleavage and as a result of alternative 

splicing and translation (reviewed by Gimba et al.)139. 

Concerning liver OPN variants, OPN can remain intracellular (iOPN) or secreted 

(sOPN); hence, allowing autocrine and paracrine signaling140, 141.  

 
Figure B.11. The structure of osteopontin. Indicated sites of O-glycosylation and 
phosphorylation are intended to be representative; both vary (phosphorylation in particular) 
with the source of the protein. Numbering of the amino acids is based on the human protein, 
and the signal sequence is not illustrated152. 

Once OPN is secreted, it is proteolytically cleaved142, 143 (Figure B.11), mainly by 

thrombin, which cleaves OPN into two fragments of equivalent size to display integrin and 

CD44 binding domains144. The arginine-glycine-aspartate (RGD)-motif engages a subset of 

cell surface integrins (αv/β3, αv/β1 and αv/β5, and α8/β1)145, 146; the cryptic SVVYGLR 
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(SLAYGLR in mouse OPN) containing domain that interacts with other integrins (α9/β1, 

α4/β1 and α4/β7)147-149, and the ELVTDFTDLPAT domain has been reported to bind to 

integrin α4/β1150. The CD44-binding site has been mapped to the N-terminal and the C-

terminal portion of OPN151. These receptors directly or indirectly activate cellular signaling 

pathways, allowing OPN to mediate cell-matrix, and possibly cell-cell, interactions.  

OPN is one of the most abundant non-collagenous, non-specific proteins in bone but it 

can also be expressed and located in a variety of tissues, including the liver and the adipose 

tissue, and besides blood in biological fluids such as milk or urine149. Concretely in the liver, 

OPN is expressed in parenchimal and non parenchimal cells including biliary epithelial 

cells128, 153-156. 

Concerning the functions of OPN, it is mainly involved in cell migration and adhesion, 

tissue remodeling and calcification, and inflammatory processes including macrophage 

activation152, 157. In addition, it has been shown that OPN expression is increased in 

tumorigenesis, angiogenesis and in response to cellular stress and injury158-161.  

 

3.2 Liver disease and osteopontin 

 It has been described that OPN is associated with different liver disorders160, 162. Within 

the liver, increased OPN expression has been mainly found in hepatocytes and inflammatory 

cells163. Notably, OPN is markedly upregulated in the liver in obesity, and hepatic OPN 

levels correlate with liver TG levels164, 165.  

 In addition, different studies in mice models and in humans suggest a role for OPN 

protein in the pathogenesis and progression of NAFLD166, 167 and in liver fibrosis168. 

Moreover, it has been demonstrated that OPN deficiency, avoids the disease progression 

protecting against HFD-induced liver injury and against obesity-induced hepatic steatosis163, 

165, 169.  

OPN has also been connected to the progression to HCC. OPN levels are increase in 

patients with HCC170 and OPN is also overexpressed in HCC tissues of different 

etiologies171. Recently, OPN has been implicated in the metastasis of HCC promoted by 

HSCs172, 173. In addition, it has been demonstrated that there is a relation between the 
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expression profile of OPN isoforms and HCC; OPN splice variants differentially couple to 

signaling pathways to modulate the migratory property of HCC cells174.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H. REFERENCES 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

117 

 

REFERENCES 

1.  Katz NR. Metabolic heterogeneity of hepatocytes across the liver acinus. J Nutr 1992 
Mar;122(3 Suppl):843-849. 
 

2.  Malarkey DE, Johnson K, Ryan L, et al. New insights into functional aspects of liver 
morphology. Toxicol Pathol 2005;33(1):27-34. 
 

3.  Adams DH, Eksteen B. Aberrant homing of mucosal T cells and extra-intestinal 
manifestations of inflammatory bowel disease. Nat Rev Immunol 2006 Mar;6(3):244-251. 
 

4.  Balogun KA, Albert CJ, Ford DA, et al. Dietary omega-3 polyunsaturated fatty acids alter 
the fatty acid composition of hepatic and plasma bioactive lipids in C57BL/6 mice: a 
lipidomic approach. PLoS One 2013 Nov 21;8(11):e82399. 
 

5.  Field CJ, Clandinin MT. Modulation of adipose tissue fat composition by diet: A review. 
Nutr Res 1984 0;4(4):743-755. 
 

6.  Holub BJ. Differential utilization of 1-palmitoyl and 1-stearoyl homologues of various 
unsaturated 1,2-diacyl-sn-glycerols for phosphatidylcholine and 
phosphatidylethanolamine synthesis in rat liver microsomes. J Biol Chem 1978 Feb 
10;253(3):691-696. 
 

7.  Wang X, Devaiah SP, Zhang W, et al. Signaling functions of phosphatidic acid. Prog 
Lipid Res 2006 May;45(3):250-278. 
 

8.  Liu Y, Su Y, Wang X,. Phosphatidic acid-mediated signaling.. Adv Exp Med Biol. 
2013;991:159-76. 
 

9.  Coleman RA, Lee DP. Enzymes of triacylglycerol synthesis and their regulation. Prog 
Lipid Res 2004 Mar;43(2):134-176. 
 

10.  Owen MR, Corstorphine CC, Zammit VA. Overt and latent activities of diacylglycerol 
acytransferase in rat liver microsomes: possible roles in very-low-density lipoprotein 
triacylglycerol secretion. Biochem J 1997 Apr 1;323 ( Pt 1)(Pt 1):17-21. 
 

11.  Yamazaki T, Sasaki E, Kakinuma C, et al. Increased very low density lipoprotein 
secretion and gonadal fat mass in mice overexpressing liver DGAT1. J Biol Chem 2005 
Jun 3;280(22):21506-21514. 
 

 



118 

 

12.  Stone SJ, Levin MC, Zhou P, et al. The endoplasmic reticulum enzyme DGAT2 is 
found in mitochondria-associated membranes and has a mitochondrial targeting signal 
that promotes its association with mitochondria. J Biol Chem 2009 Feb 20;284(8):5352-
5361. 
 

13.  Magnusson B, Asp L, Bostrom P, et al. Adipocyte differentiation-related protein 
promotes fatty acid storage in cytosolic triglycerides and inhibits secretion of very low-
density lipoproteins. Arterioscler Thromb Vasc Biol 2006 Jul;26(7):1566-1571. 
 

14.  Quiroga AD, Lehner R. Liver triacylglycerol lipases. Biochim Biophys Acta 2012 
May;1821(5):762-769. 
 

15.  Wu JW, Wang SP, Alvarez F, et al. Deficiency of liver adipose triglyceride lipase in mice 
causes progressive hepatic steatosis. Hepatology 2011 Jul;54(1):122-132. 
 

16.  Mulder H, Sorhede-Winzell M, Contreras JA, et al. Hormone-sensitive lipase null mice 
exhibit signs of impaired insulin sensitivity whereas insulin secretion is intact. J Biol 
Chem 2003 Sep 19;278(38):36380-36388. 
 

17.  Sekiya M, Osuga J, Yahagi N, et al. Hormone-sensitive lipase is involved in hepatic 
cholesteryl ester hydrolysis. J Lipid Res 2008 Aug;49(8):1829-1838. 
 

18.  Quiroga AD, Lehner R. Role of endoplasmic reticulum neutral lipid hydrolases. Trends 
Endocrinol Metab 2011 Jun;22(6):218-225. 
 

19.  Vance DE, Vance JE. Phospholipid biosynthesis in eukaryotes. In: D. E. Vance, J. E. 
Vance, editors. Biochemistry of Lipids, Lipoproteins and Membranes. 5th ed. Elsevier 
B.V.; 2008. . 
 

20.  Reo NV, Adinehzadeh M, Foy BD. Kinetic analyses of liver phosphatidylcholine and 
phosphatidylethanolamine biosynthesis using 13C NMR spectroscopy. Biochimica Et 
Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 2002 2/28;1580(2–
3):171-188. 
 

21.  Watkins SM, Zhu X, Zeisel SH. Phosphatidylethanolamine-N-methyltransferase activity 
and dietary choline regulate liver-plasma lipid flux and essential fatty acid metabolism in 
mice. J Nutr 2003 Nov;133(11):3386-3391. 
 

22.  DeLong CJ, Shen YJ, Thomas MJ, et al. Molecular distinction of phosphatidylcholine 
synthesis between the CDP-choline pathway and phosphatidylethanolamine 
methylation pathway. J Biol Chem 1999 Oct 15;274(42):29683-29688. 
 



 

119 

 

23.  Faust PL, Kovacs WJ. Cholesterol biosynthesis and ER stress in peroxisome deficiency. 
Biochimie 2014 Mar;98:75-85. 
 

24.  Brown MS, Goldstein JL. The SREBP pathway: regulation of cholesterol metabolism 
by proteolysis of a membrane-bound transcription factor. Cell 1997 May 2;89(3):331-
340. 
 

25.  Goldstein JL, DeBose-Boyd RA, Brown MS. Protein sensors for membrane sterols. Cell 
2006 Jan 13;124(1):35-46. 
 

26.  Tontonoz P, Mangelsdorf DJ. Liver X receptor signaling pathways in cardiovascular 
disease. Mol Endocrinol 2003 Jun;17(6):985-993. 
 

27.  Lee RG, Shah R, Sawyer JK, et al. ACAT2 contributes cholesteryl esters to newly 
secreted VLDL, whereas LCAT adds cholesteryl ester to LDL in mice. J Lipid Res 2005 
Jun;46(6):1205-1212. 
 

28.  Martinez MJ, Lacort M, Gandarias JM, et al. Cholesterol ester cycle in rat liver: effects 
of estradiol and progesterone. Exp Clin Endocrinol 1990 Apr;95(2):181-191. 
 

29.  Goodwin B, Jones SA, Price RR, et al. A regulatory cascade of the nuclear receptors 
FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol Cell 2000 Sep;6(3):517-
526. 
 

30.  Lee JM, Lee YK, Mamrosh JL, et al. A nuclear-receptor-dependent phosphatidylcholine 
pathway with antidiabetic effects. Nature 2011 May 25;474(7352):506-510. 
 

31.  Kir S, Zhang Y, Gerard RD, et al. Nuclear receptors HNF4alpha and LRH-1 cooperate 
in regulating Cyp7a1 in vivo. J Biol Chem 2012 Nov 30;287(49):41334-41341. 
 

32.  Meier PJ, Stieger B. Bile salt transporters. Annu Rev Physiol 2002;64:635-661. 
 

33.  Schwarz M, Russell DW, Dietschy JM, et al. Marked reduction in bile acid synthesis in 
cholesterol 7alpha-hydroxylase-deficient mice does not lead to diminished tissue 
cholesterol turnover or to hypercholesterolemia. J Lipid Res 1998 Sep;39(9):1833-1843. 
 

34.  Schwarz M, Russell DW, Dietschy JM, et al. Alternate pathways of bile acid synthesis in 
the cholesterol 7alpha-hydroxylase knockout mouse are not upregulated by either 
cholesterol or cholestyramine feeding. J Lipid Res 2001 Oct;42(10):1594-1603. 
 

35.  Hylemon PB, Harder J. Biotransformation of monoterpenes, bile acids, and other 
isoprenoids in anaerobic ecosystems. FEMS Microbiol Rev 1998 Dec;22(5):475-488. 
 



120 

 

36.  Nagana Gowda GA, Shanaiah N, Cooper A, et al. Bile acids conjugation in human bile 
is not random: new insights from (1)H-NMR spectroscopy at 800 MHz. Lipids 2009 
Jun;44(6):527-535. 

 
37.  Fisher MM, Yousef IM. Sex differences in the bile acid composition of human bile: 

studies in patients with and without gallstones. Can Med Assoc J 1973 Aug 
4;109(3):190-193. 
 

38.  Danielsson H, Kazuno T. On the metabolism of bile acids in the mouse, bile acids and 
steroids. Acta Chemica Scandinavica 1959;13:1141–4. 
 

39.  Botham KM, Boyd GS. The metabolism of chenodeoxycholic acid to beta-muricholic 
acid in rat liver. Eur J Biochem 1983 Jul 15;134(1):191-196. 
 

40.  Kullak-Ublick GA, Beuers U, Paumgartner G. Hepatobiliary transport. J Hepatol 
2000;32(1 Suppl):3-18. 
 

41.  Oude Elferink RP, Groen AK. Mechanisms of biliary lipid secretion and their role in 
lipid homeostasis. Semin Liver Dis 2000;20(3):293-305. 
 

42.  van Helvoort A, Smith AJ, Sprong H, et al. MDR1 P-glycoprotein is a lipid translocase 
of broad specificity, while MDR3 P-glycoprotein specifically translocates 
phosphatidylcholine. Cell 1996 Nov 1;87(3):507-517. 
 

43.  Graf GA, Yu L, Li WP, et al. ABCG5 and ABCG8 are obligate heterodimers for 
protein trafficking and biliary cholesterol excretion. J Biol Chem 2003 Nov 
28;278(48):48275-48282. 
 

44.  Temel RE, Tang W, Ma Y, et al. Hepatic Niemann-Pick C1-like 1 regulates biliary 
cholesterol concentration and is a target of ezetimibe. J Clin Invest 2007 
Jul;117(7):1968-1978. 
 

45.  Wong R, Frenette C. Updates in the management of hepatocellular carcinoma. 
Gastroenterol Hepatol (N Y) 2011 Jan;7(1):16-24. 

 
46.  Gomaa AI, Waked I. Recent advances in multidisciplinary management of 

hepatocellular carcinoma. World J Hepatol 2015 Apr 8;7(4):673-687. 
 

47.  Milic S, Mikolasevic I, Krznaric-Zrnic I, et al. Nonalcoholic steatohepatitis: emerging 
targeted therapies to optimize treatment options. Drug Des Devel Ther 2015 Aug 
20;9:4835-4845. 
 



 

121 

 

48.  Takahashi Y, Sugimoto K, Inui H, et al. Current pharmacological therapies for 
nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. World J Gastroenterol 
2015 Apr 7;21(13):3777-3785. 
  

49.  Postic C, Girard J. Contribution of de novo fatty acid synthesis to hepatic steatosis and 
insulin resistance: lessons from genetically engineered mice. J Clin Invest 2008 
Mar;118(3):829-838. 
 

50.  Cohen JC, Horton JD, Hobbs HH. Human fatty liver disease: old questions and new 
insights. Science 2011 Jun 24;332(6037):1519-1523. 
 

51.  Das K, Das K, Mukherjee PS, et al. Nonobese population in a developing country has a 
high prevalence of nonalcoholic fatty liver and significant liver disease. Hepatology 
2010 May;51(5):1593-1602. 
 

52.  Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the 
multiple parallel hits hypothesis. Hepatology 2010 Nov;52(5):1836-1846. 
 

53.  Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic 
steatohepatitis: the central role of nontriglyceride fatty acid metabolites. Hepatology 
2010 Aug;52(2):774-788. 
 

54.  Leroux A, Ferrere G, Godie V, et al. Toxic lipids stored by Kupffer cells correlates with 
their pro-inflammatory phenotype at an early stage of steatohepatitis. J Hepatol 2012 
Jul;57(1):141-149. 
 

55.  Teratani T, Tomita K, Suzuki T, et al. A high-cholesterol diet exacerbates liver fibrosis 
in mice via accumulation of free cholesterol in hepatic stellate cells. Gastroenterology 
2012 Jan;142(1):152-164.e10. 
 

56.  De Minicis S, Svegliati-Baroni G. Fibrogenesis in nonalcoholic steatohepatitis. Expert 
Rev Gastroenterol Hepatol 2011 Apr;5(2):179-187. 
 

57.  Evans RM, Barish GD, Wang YX. PPARs and the complex journey to obesity. Nat 
Med 2004 Apr;10(4):355-361. 
 

58.  Fuchs M, Sanyal AJ. Lipotoxicity in NASH. J Hepatol 2012 1;56(1):291-293. 
 

59.  Trauner M, Arrese M, Wagner M. Fatty liver and lipotoxicity. Biochim Biophys Acta 
2010 Mar;1801(3):299-310. 
 



122 

 

60.  Bechmann LP, Hannivoort RA, Gerken G, et al. The interaction of hepatic lipid and 
glucose metabolism in liver diseases. J Hepatol 2012 Apr;56(4):952-964. 
 

61.  Sanyal AJ. An integrated view of liver injury and disease progression in nonalcoholic 
steatohepatitis. Hepatol Int 2013 Dec;7 Suppl 2:800-805. 
 

62.  Falcon A, Doege H, Fluitt A, et al. FATP2 is a hepatic fatty acid transporter and 
peroxisomal very long-chain acyl-CoA synthetase. Am J Physiol Endocrinol Metab 
2010 Sep;299(3):E384-93. 
 

63.  Doege H, Grimm D, Falcon A, et al. Silencing of hepatic fatty acid transporter protein 
5 in vivo reverses diet-induced non-alcoholic fatty liver disease and improves 
hyperglycemia. J Biol Chem 2008 Aug 8;283(32):22186-22192. 

 
64.  Miquilena-Colina ME, Lima-Cabello E, Sanchez-Campos S, et al. Hepatic fatty acid 

translocase CD36 upregulation is associated with insulin resistance, hyperinsulinaemia 
and increased steatosis in non-alcoholic steatohepatitis and chronic hepatitis C. Gut 
2011 Oct;60(10):1394-1402. 
 

65.  Bechmann LP, Gieseler RK, Sowa JP, et al. Apoptosis is associated with CD36/fatty 
acid translocase upregulation in non-alcoholic steatohepatitis. Liver Int 2010 
Jul;30(6):850-859. 
 

66.  Greco D, Kotronen A, Westerbacka J, et al. Gene expression in human NAFLD. Am J 
Physiol Gastrointest Liver Physiol 2008 May;294(5):G1281-7. 
 

67.  Jo H, Choe SS, Shin KC, et al. Endoplasmic reticulum stress induces hepatic steatosis 
via increased expression of the hepatic very low-density lipoprotein receptor. 
Hepatology 2013 Apr;57(4):1366-1377. 
 

68.  Matsuzaka T, Atsumi A, Matsumori R, et al. Elovl6 promotes nonalcoholic 
steatohepatitis. Hepatology 2012 Dec;56(6):2199-2208. 
 

69.  Kessler SM, Simon Y, Gemperlein K, et al. Fatty acid elongation in non-alcoholic 
steatohepatitis and hepatocellular carcinoma. Int J Mol Sci 2014 Apr 4;15(4):5762-5773. 
 

70.  Yamada K, Mizukoshi E, Sunagozaka H, et al. Characteristics of hepatic fatty acid 
compositions in patients with nonalcoholic steatohepatitis. Liver Int 2015 
Feb;35(2):582-590. 
 

 
 



 

123 

 

71.  Li ZZ, Berk M, McIntyre TM, et al. Hepatic lipid partitioning and liver damage in 
nonalcoholic fatty liver disease: role of stearoyl-CoA desaturase. J Biol Chem 2009 Feb 
27;284(9):5637-5644. 
 

72.  Singh R, Kaushik S, Wang Y, et al. Autophagy regulates lipid metabolism. Nature 2009 
Apr 30;458(7242):1131-1135. 
 

73.  Yang L, Li P, Fu S, et al. Defective hepatic autophagy in obesity promotes ER stress 
and causes insulin resistance. Cell Metab 2010 Jun 9;11(6):467-478. 

 
74.  Sinn DH, Gwak GY, Park HN, et al. Ultrasonographically detected non-alcoholic fatty 

liver disease is an independent predictor for identifying patients with insulin resistance 
in non-obese, non-diabetic middle-aged Asian adults. Am J Gastroenterol 2012 
Apr;107(4):561-567. 
 

75.  Chung M, Ma J, Patel K, et al. Fructose, high-fructose corn syrup, sucrose, and 
nonalcoholic fatty liver disease or indexes of liver health: a systematic review and meta-
analysis. Am J Clin Nutr 2014 Sep;100(3):833-849. 
 

76.  Chong MF, Fielding BA, Frayn KN. Metabolic interaction of dietary sugars and plasma 
lipids with a focus on mechanisms and de novo lipogenesis. Proc Nutr Soc 2007 
Feb;66(1):52-59. 
 

77.  Araya J, Rodrigo R, Videla LA, et al. Increase in long-chain polyunsaturated fatty acid n 
- 6/n - 3 ratio in relation to hepatic steatosis in patients with non-alcoholic fatty liver 
disease. Clin Sci (Lond) 2004 Jun;106(6):635-643. 
 

78.  Mari M, Caballero F, Colell A, et al. Mitochondrial free cholesterol loading sensitizes to 
TNF- and Fas-mediated steatohepatitis. Cell Metab 2006 Sep;4(3):185-198. 
 

79.  Simonen P, Kotronen A, Hallikainen M, et al. Cholesterol synthesis is increased and 
absorption decreased in non-alcoholic fatty liver disease independent of obesity. J 
Hepatol 2011 Jan;54(1):153-159. 
 

80.  Caballero F, Fernandez A, De Lacy AM, et al. Enhanced free cholesterol, SREBP-2 and 
StAR expression in human NASH. J Hepatol 2009 Apr;50(4):789-796. 
 

81.  Min HK, Kapoor A, Fuchs M, et al. Increased hepatic synthesis and dysregulation of 
cholesterol metabolism is associated with the severity of nonalcoholic fatty liver disease. 
Cell Metab 2012 May 2;15(5):665-674. 

 
 



124 

 

82.  Van Rooyen DM, Larter CZ, Haigh WG, et al. Hepatic free cholesterol accumulates in 
obese, diabetic mice and causes nonalcoholic steatohepatitis. Gastroenterology 2011 
Oct;141(4):1393-403, 1403.e1-5. 
 

83.  Savard C, Tartaglione EV, Kuver R, et al. Synergistic interaction of dietary cholesterol 
and dietary fat in inducing experimental steatohepatitis. Hepatology 2013 Jan;57(1):81-
92. 
 

84.  Allen K, Jaeschke H, Copple BL. Bile acids induce inflammatory genes in hepatocytes: a 
novel mechanism of inflammation during obstructive cholestasis. Am J Pathol 2011 
Jan;178(1):175-186. 
 

85.  Hofmann AF. The continuing importance of bile acids in liver and intestinal disease. 
Arch Intern Med 1999 Dec 13-27;159(22):2647-2658. 
 

86.  Dasarathy S, Yang Y, McCullough AJ, et al. Elevated hepatic fatty acid oxidation, high 
plasma fibroblast growth factor 21, and fasting bile acids in nonalcoholic steatohepatitis. 
Eur J Gastroenterol Hepatol 2011 May;23(5):382-388. 
 

87.  Lai YS, Chen WC, Kuo TC, et al. Mass spectrometry-based serum metabolomics of a 
C57BL/6J mouse model of high-fat diet induced nonalcoholic fatty liver disease 
development. J Agric Food Chem 2015 Aug 11. 
 

88.  Bechmann LP, Kocabayoglu P, Sowa JP, et al. Free fatty acids repress small 
heterodimer partner (SHP) activation and adiponectin counteracts bile acid-induced 
liver injury in superobese patients with nonalcoholic steatohepatitis. Hepatology 2013 
Apr;57(4):1394-1406. 
 

89.  Ferslew BC, Xie G, Johnston CK, et al. Altered Bile Acid Metabolome in Patients with 
Nonalcoholic Steatohepatitis. Dig Dis Sci 2015 Jul 3. 
 

90.  Aranha MM, Cortez-Pinto H, Costa A, et al. Bile acid levels are increased in the liver of 
patients with steatohepatitis. Eur J Gastroenterol Hepatol 2008 Jun;20(6):519-525. 
 

91.  Schmucker DL, Ohta M, Kanai S, et al. Hepatic injury induced by bile salts: correlation 
between biochemical and morphological events. Hepatology 1990 Nov;12(5):1216-
1221. 
 

92.  Palmeira CM, Rolo AP. Mitochondrially-mediated toxicity of bile acids. Toxicology 
2004 Oct 15;203(1-3):1-15. 
 

 



 

125 

 

93.  Garcia-Canaveras JC, Donato MT, Castell JV, et al. A comprehensive untargeted 
metabonomic analysis of human steatotic liver tissue by RP and HILIC 
chromatography coupled to mass spectrometry reveals important metabolic alterations. 
J Proteome Res 2011 Oct 7;10(10):4825-4834. 
 

94.  Jia X, Naito H, Yetti H, et al. Dysregulated bile acid synthesis, metabolism and 
excretion in a high fat-cholesterol diet-induced fibrotic steatohepatitis in rats. Dig Dis 
Sci 2013 Aug;58(8):2212-2222. 
 

95.  Aguilar-Olivos NE, Carrillo-Cordova D, Oria-Hernandez J, et al. The nuclear receptor 
FXR, but not LXR, up-regulates bile acid transporter expression in non-alcoholic fatty 
liver disease. Ann Hepatol 2015 Jul-Aug;14(4):487-493. 
 

96.  Yang ZX, Shen W, Sun H. Effects of nuclear receptor FXR on the regulation of liver 
lipid metabolism in patients with non-alcoholic fatty liver disease. Hepatol Int 2010 Aug 
12;4(4):741-748. 

 
97.  Wu W, Liu X, Peng X, et al. Bile acids override steatosis in farnesoid X receptor 

deficient mice in a model of non-alcoholic steatohepatitis. Biochem Biophys Res 
Commun 2014 May 23;448(1):50-55. 
 

98.  Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatology 2006 Feb;43(2 Suppl 
1):S45-53. 
 

99.  Michalopoulos GK. Liver regeneration. J Cell Physiol 2007 Nov;213(2):286-300. 
 

100.  Zimmermann A. Regulation of liver regeneration. Nephrol Dial Transplant 2004 Jul;19 
Suppl 4:iv6-10. 
 

101.  Mohammed FF, Khokha R. Thinking outside the cell: proteases regulate hepatocyte 
division. Trends Cell Biol 2005 Oct;15(10):555-563. 
 

102.  Yang L, Magness ST, Bataller R, et al. NF-kappaB activation in Kupffer cells after 
partial hepatectomy. Am J Physiol Gastrointest Liver Physiol 2005 Sep;289(3):G530-8. 
 

103.  Yamada Y, Kirillova I, Peschon JJ, et al. Initiation of liver growth by tumor necrosis 
factor: deficient liver regeneration in mice lacking type I tumor necrosis factor receptor. 
Proc Natl Acad Sci U S A 1997 Feb 18;94(4):1441-1446. 
 

104.  Seki E, Tsutsui H, Iimuro Y, et al. Contribution of Toll-like receptor/myeloid 
differentiation factor 88 signaling to murine liver regeneration. Hepatology 2005 
Mar;41(3):443-450. 
 



126 

 

105.  Strey CW, Markiewski M, Mastellos D, et al. The proinflammatory mediators C3a and 
C5a are essential for liver regeneration. J Exp Med 2003 Sep 15;198(6):913-923. 
 

106.  Mohn KL, Melby AE, Tewari DS, et al. The gene encoding rat insulinlike growth 
factor-binding protein 1 is rapidly and highly induced in regenerating liver. Mol Cell 
Biol 1991 Mar;11(3):1393-1401. 
 

107.  Leu JI, Crissey MA, Leu JP, et al. Interleukin-6-induced STAT3 and AP-1 amplify 
hepatocyte nuclear factor 1-mediated transactivation of hepatic genes, an adaptive 
response to liver injury. Mol Cell Biol 2001 Jan;21(2):414-424. 
 

108.  Leu JI, Crissey MA, Craig LE, et al. Impaired hepatocyte DNA synthetic response 
posthepatectomy in insulin-like growth factor binding protein 1-deficient mice with 
defects in C/EBP beta and mitogen-activated protein kinase/extracellular signal-
regulated kinase regulation. Mol Cell Biol 2003 Feb;23(4):1251-1259. 
 

109.  Weglarz TC, Sandgren EP. Timing of hepatocyte entry into DNA synthesis after partial 
hepatectomy is cell autonomous. Proc Natl Acad Sci U S A 2000 Nov 7;97(23):12595-
12600. 
 

110.  Fausto N. Liver regeneration. J Hepatol 2000;32(1 Suppl):19-31. 
 

111.  Baumgartner U, Sellinger M, Ruf G, et al. Change of zonal bile acid processing after 
partial hepatectomy in the rat. J Hepatol 1995 Apr;22(4):474-480. 
 

112.  Rabes HM, Wirsching R, Tuczek HV, et al. Analysis of cell cycle compartments of 
hepatocytes after partial hepatecomy. Cell Tissue Kinet 1976 Nov;9(6):517-532. 
 

113.  Curtin NJ, Snell K. Enzymic retrodifferentiation during hepatocarcinogenesis and liver 
regeneration in rats in vivo. Br J Cancer 1983 Oct;48(4):495-505. 
 

114.  Garcia-Arcos I, Gonzalez-Kother P, Aspichueta P, et al. Lipid analysis reveals quiescent 
and regenerating liver-specific populations of lipid droplets. Lipids 2010 
Dec;45(12):1101-1108. 
 

115.  Tijburg LB, Nyathi CB, Meijer GW, et al. Biosynthesis and secretion of triacylglycerol 
in rat liver after partial hepatectomy. Biochem J 1991 Aug 1;277 ( Pt 3)(Pt 3):723-728. 

 
116.  Miyamura N, Nakamura T, Goto-Inoue N, et al. Imaging mass spectrometry reveals 

characteristic changes in triglyceride and phospholipid species in regenerating mouse 
liver. Biochem Biophys Res Commun 2011 Apr 29;408(1):120-125. 
 



 

127 

 

117.  Brasaemle DL. Cell biology. A metabolic push to proliferate. Science 2006 Sep 
15;313(5793):1581-1582. 
 

118.  Schofield PS, Sugden MC, Corstorphine CG, et al. Altered interactions between 
lipogenesis and fatty acid oxidation in regenerating rat liver. Biochem J 1987 Jan 
15;241(2):469-474. 
 

119.  Shteyer E, Liao Y, Muglia LJ, et al. Disruption of hepatic adipogenesis is associated with 
impaired liver regeneration in mice. Hepatology 2004 Dec;40(6):1322-1332. 
 

120.  Field FJ, Mathur SN, LaBrecque DR. Cholesterol metabolism in regenerating liver of 
the rat. Am J Physiol 1985 Dec;249(6 Pt 1):G679-84. 
 

121.  Lo Sasso G, Celli N, Caboni M, et al. Down-regulation of the LXR transcriptome 
provides the requisite cholesterol levels to proliferating hepatocytes. Hepatology 2010 
Apr;51(4):1334-1344. 
 

122.  Bocchetta M, Bruscalupi G, Castellano F, et al. Early induction of LDL receptor gene 
during rat liver regeneration. J Cell Physiol 1993 Sep;156(3):601-609. 
 

123.  Pauta M, Rotllan N, Vales F, et al. Impaired liver regeneration in Ldlr-/- mice is 
associated with an altered hepatic profile of cytokines, growth factors, and lipids. J 
Hepatol 2013 Oct;59(4):731-737. 
 

124.  Fernandez C, Lobo Md Mdel V, Gomez-Coronado D, et al. Cholesterol is essential for 
mitosis progression and its deficiency induces polyploid cell formation. Exp Cell Res 
2004 Oct 15;300(1):109-120. 
 

125.  Martinez-Botas J, Suarez Y, Ferruelo AJ, et al. Cholesterol starvation decreases 
p34(cdc2) kinase activity and arrests the cell cycle at G2. Faseb j 1999 Aug;13(11):1359-
1370. 
 

126.  Sainz GR, Monte MJ, Barbero ER, et al. Bile secretion by the rat liver during 
synchronized regeneration. Int J Exp Pathol 1997 Apr;78(2):109-116. 
 

127.  Csanaky IL, Aleksunes LM, Tanaka Y, et al. Role of hepatic transporters in prevention 
of bile acid toxicity after partial hepatectomy in mice. Am J Physiol Gastrointest Liver 
Physiol 2009 Sep;297(3):G419-33. 
 

128.  Naugler WE. Bile acid flux is necessary for normal liver regeneration. PLoS One 2014 
May 19;9(5):e97426. 
 



128 

 

129.  Perez-Barriocanal F, Perez-Antona JC, Regueiro P, et al. Biliary lipid secretion during 
the prereplicative phase of rat liver regeneration. J Exp Pathol (Oxford) 1990 
Feb;71(1):63-68. 
 

130.  Monte MJ, Martinez-Diez MC, El-Mir MY, et al. Changes in the pool of bile acids in 
hepatocyte nuclei during rat liver regeneration. J Hepatol 2002 Apr;36(4):534-542. 
 

131.  Zhang L, Huang X, Meng Z, et al. Significance and mechanism of CYP7a1 gene 
regulation during the acute phase of liver regeneration. Mol Endocrinol 2009 
Feb;23(2):137-145. 
 

132.  Xu HS, Rosenlof LK, Jones RS. Bile secretion and liver regeneration in partially 
hepatectomized rats. Ann Surg 1993 Aug;218(2):176-182. 
 

133.  Gerloff T, Geier A, Stieger B, et al. Differential expression of basolateral and canalicular 
organic anion transporters during regeneration of rat liver. Gastroenterology 1999 
Dec;117(6):1408-1415. 
 

134.  Vos TA, Ros JE, Havinga R, et al. Regulation of hepatic transport systems involved in 
bile secretion during liver regeneration in rats. Hepatology 1999 Jun;29(6):1833-1839. 
 

135.  Franzen A, Heinegard D. Isolation and characterization of two sialoproteins present 
only in bone calcified matrix. Biochem J 1985 Dec 15;232(3):715-724. 
 

136.  Giachelli CM, Steitz S. Osteopontin: a versatile regulator of inflammation and 
biomineralization. Matrix Biol 2000 Dec;19(7):615-622. 
 

137.  Denhardt DT, Guo X. Osteopontin: a protein with diverse functions. Faseb j 1993 
Dec;7(15):1475-1482. 
 

138.  Chabas D, Baranzini SE, Mitchell D, et al. The influence of the proinflammatory 
cytokine, osteopontin, on autoimmune demyelinating disease. Science 2001 Nov 
23;294(5547):1731-1735. 
 

139.  Gimba ER, Tilli TM. Human osteopontin splicing isoforms: known roles, potential 
clinical applications and activated signaling pathways. Cancer Lett 2013 Apr 
30;331(1):11-17. 
 

140.  Kazanecki CC, Uzwiak DJ, Denhardt DT. Control of osteopontin signaling and 
function by post-translational phosphorylation and protein folding. J Cell Biochem 
2007 Nov 1;102(4):912-924. 
 



 

129 

 

141.  Uede T. Osteopontin, intrinsic tissue regulator of intractable inflammatory diseases. 
Pathol Int 2011 May;61(5):265-280. 
 

142.  Kazanecki CC, Kowalski AJ, Ding T, et al. Characterization of anti-osteopontin 
monoclonal antibodies: Binding sensitivity to post-translational modifications. J Cell 
Biochem 2007 Nov 1;102(4):925-935. 
 

143.  Lee SH, Seo GS, Park YN, et al. Effects and regulation of osteopontin in rat hepatic 
stellate cells. Biochem Pharmacol 2004 Dec 15;68(12):2367-2378. 

 
 

144.  Senger DR, Perruzzi CA, Gracey CF, et al. Secreted phosphoproteins associated with 
neoplastic transformation: close homology with plasma proteins cleaved during blood 
coagulation. Cancer Res 1988 Oct 15;48(20):5770-5774. 
 

145.  Sodek J, Ganss B, McKee MD. Osteopontin. Crit Rev Oral Biol Med 2000;11(3):279-
303. 
 

146.  Fisher LW, Torchia DA, Fohr B, et al. Flexible structures of SIBLING proteins, bone 
sialoprotein, and osteopontin. Biochem Biophys Res Commun 2001 Jan 19;280(2):460-
465. 
 

147.  Bayless KJ, Davis GE. Identification of dual alpha 4beta1 integrin binding sites within a 
38 amino acid domain in the N-terminal thrombin fragment of human osteopontin. J 
Biol Chem 2001 Apr 20;276(16):13483-13489. 
 

148.  Yokosaki Y, Matsuura N, Sasaki T, et al. The integrin alpha(9)beta(1) binds to a novel 
recognition sequence (SVVYGLR) in the thrombin-cleaved amino-terminal fragment of 
osteopontin. J Biol Chem 1999 Dec 17;274(51):36328-36334. 
 

149.  Standal T, Borset M, Sundan A. Role of osteopontin in adhesion, migration, cell 
survival and bone remodeling. Exp Oncol 2004 Sep;26(3):179-184. 
 

150.  Scatena M, Liaw L, Giachelli CM. Osteopontin: a multifunctional molecule regulating 
chronic inflammation and vascular disease. Arterioscler Thromb Vasc Biol 2007 
Nov;27(11):2302-2309. 
 

151.  O'Regan A, Berman JS. Osteopontin: a key cytokine in cell-mediated and 
granulomatous inflammation. Int J Exp Pathol 2000 Dec;81(6):373-390. 

 
 

 



130 

 

152.  Denhardt DT, Noda M, O'Regan AW, et al. Osteopontin as a means to cope with 
environmental insults: regulation of inflammation, tissue remodeling, and cell survival. J 
Clin Invest 2001 May;107(9):1055-1061. 
 

153.  Brown LF, Berse B, Van de Water L, et al. Expression and distribution of osteopontin 
in human tissues: widespread association with luminal epithelial surfaces. Mol Biol Cell 
1992 Oct;3(10):1169-1180. 
 

154.  Kawashima R, Mochida S, Matsui A, et al. Expression of osteopontin in Kupffer cells 
and hepatic macrophages and Stellate cells in rat liver after carbon tetrachloride 
intoxication: a possible factor for macrophage migration into hepatic necrotic areas. 
Biochem Biophys Res Commun 1999 Mar 24;256(3):527-531. 
 

155.  Coombes JD, Swiderska-Syn M, Dolle L, et al. Osteopontin neutralisation abrogates the 
liver progenitor cell response and fibrogenesis in mice. Gut 2015 Jul;64(7):1120-1131. 
 

156.  Diao H, Kon S, Iwabuchi K, et al. Osteopontin as a mediator of NKT cell function in 
T cell-mediated liver diseases. Immunity 2004 Oct;21(4):539-550. 
 

157.  Denhardt DT, Giachelli CM, Rittling SR. Role of osteopontin in cellular signaling and 
toxicant injury. Annu Rev Pharmacol Toxicol 2001;41:723-749. 
 

158.  Apte UM, Banerjee A, McRee R, et al. Role of osteopontin in hepatic neutrophil 
infiltration during alcoholic steatohepatitis. Toxicol Appl Pharmacol 2005 Aug 
22;207(1):25-38. 
 

159.  Banerjee A, Apte UM, Smith R, et al. Higher neutrophil infiltration mediated by 
osteopontin is a likely contributing factor to the increased susceptibility of females to 
alcoholic liver disease. J Pathol 2006 Mar;208(4):473-485. 
 

160.  Ramaiah SK, Rittling S. Pathophysiological role of osteopontin in hepatic inflammation, 
toxicity, and cancer. Toxicol Sci 2008 May;103(1):4-13. 
 

161.  Denhardt DT, Mistretta D, Chambers AF, et al. Transcriptional regulation of 
osteopontin and the metastatic phenotype: evidence for a Ras-activated enhancer in the 
human OPN promoter. Clin Exp Metastasis 2003;20(1):77-84. 
 

162.  Nagoshi S. Osteopontin: Versatile modulator of liver diseases. Hepatol Res 2014 
Jan;44(1):22-30. 
 

 
 



 

131 

 

163.  Kwon HJ, Won YS, Yoon WK, et al. The role of osteopontin in d-galactosamine-
induced liver injury in genetically obese mice. Toxicol Appl Pharmacol 2010 Feb 
1;242(3):344-351. 
 

164.  Bertola A, Deveaux V, Bonnafous S, et al. Elevated expression of osteopontin may be 
related to adipose tissue macrophage accumulation and liver steatosis in morbid obesity. 
Diabetes 2009 Jan;58(1):125-133. 
 

165.  Kiefer FW, Neschen S, Pfau B, et al. Osteopontin deficiency protects against obesity-
induced hepatic steatosis and attenuates glucose production in mice. Diabetologia 2011 
Aug;54(8):2132-2142. 
 

166.  Sahai A, Malladi P, Pan X, et al. Obese and diabetic db/db mice develop marked liver 
fibrosis in a model of nonalcoholic steatohepatitis: role of short-form leptin receptors 
and osteopontin. Am J Physiol Gastrointest Liver Physiol 2004 Nov;287(5):G1035-43. 
 

167.  Syn WK, Choi SS, Liaskou E, et al. Osteopontin is induced by hedgehog pathway 
activation and promotes fibrosis progression in nonalcoholic steatohepatitis. 
Hepatology 2011 Jan;53(1):106-115. 
 

168.  Pritchett J, Harvey E, Athwal V, et al. Osteopontin is a novel downstream target of 
SOX9 with diagnostic implications for progression of liver fibrosis in humans. 
Hepatology 2012 Sep;56(3):1108-1116. 
 

169.  Kiefer FW, Zeyda M, Gollinger K, et al. Neutralization of osteopontin inhibits obesity-
induced inflammation and insulin resistance. Diabetes 2010 Apr;59(4):935-946. 
 

170.  Cui BK, Zhang CQ, Zhang Y, et al. Osteopontin as a potential biomarker of metastasis 
and recurrence for hepatocellular carcinoma. Ai Zheng 2006 Jul;25(7):876-879. 
 

171.  Hass HG, Jobst J, Scheurlen M, et al. Gene expression analysis for evaluation of 
potential biomarkers in hepatocellular carcinoma. Anticancer Res 2015 Apr;35(4):2021-
2028. 
 

172.  Song J, Ge Z, Yang X, et al. Hepatic stellate cells activated by acidic tumor 
microenvironment promote the metastasis of hepatocellular carcinoma via osteopontin. 
Cancer Lett 2015 Jan 28;356(2 Pt B):713-720. 
 

173.  Takafuji V, Forgues M, Unsworth E, et al. An osteopontin fragment is essential for 
tumor cell invasion in hepatocellular carcinoma. Oncogene 2007 Sep 27;26(44):6361-
6371. 
 



132 

 

174.  Chae S, Jun HO, Lee EG, et al. Osteopontin splice variants differentially modulate the 
migratory activity of hepatocellular carcinoma cell lines. Int J Oncol 2009 
Dec;35(6):1409-1416. 
 

175.  Brunt EM, Janney CG, Di Bisceglie AM, et al. Nonalcoholic steatohepatitis: a proposal 
for grading and staging the histological lesions. Am J Gastroenterol 1999 
Sep;94(9):2467-2474. 
 

176.  Matthews DR, Hosker JP, Rudenski AS, et al. Homeostasis model assessment: insulin 
resistance and beta-cell function from fasting plasma glucose and insulin concentrations 
in man. Diabetologia 1985 Jul;28(7):412-419. 

 
177.  Kleiner DE, Brunt EM, Van Natta M, et al. Design and validation of a histological 

scoring system for nonalcoholic fatty liver disease. Hepatology 2005 Jun;41(6):1313-
1321. 
 

178.  Mitchell C, Willenbring H. A reproducible and well-tolerated method for 2/3 partial 
hepatectomy in mice. Nat Protoc 2008;3(7):1167-1170. 

 
179.  Smedsrod B, Pertoft H. Preparation of pure hepatocytes and reticuloendothelial cells in 

high yield from a single rat liver by means of Percoll centrifugation and selective 
adherence. J Leukoc Biol 1985 Aug;38(2):213-230. 
 

180.  Yata Y, Gotwals P, Koteliansky V, et al. Dose-dependent inhibition of hepatic fibrosis 
in mice by a TGF-beta soluble receptor: implications for antifibrotic therapy. 
Hepatology 2002 May;35(5):1022-1030. 
 

181.  Fukaya M, Isohata N, Ohta H, et al. Hedgehog signal activation in gastric pit cell and in 
diffuse-type gastric cancer. Gastroenterology 2006 Jul;131(1):14-29. 
 

182.  Malavolti M, Fromm H, Nsien E, et al. Formation, absorption, and biotransformation 
of delta 6-lithocholenic acid in humans. Am J Physiol 1993 Jan;264(1 Pt 1):G163-71. 
 

183.  Shoda J, Osuga T, Matsuura K, et al. Concurrent occurrence of 3 beta,12 alpha-
dihydroxy-5-cholenoic acid associated with 3 beta-hydroxy-5-cholenoic acid and their 
preferential urinary excretion in liver diseases. J Lipid Res 1989 Aug;30(8):1233-1242. 
 

184.  Alme B, Bremmelgaard A, Sjovall J, et al. Analysis of metabolic profiles of bile acids in 
urine using a lipophilic anion exchanger and computerized gas-liquid chromatorgaphy-
mass spectrometry. J Lipid Res 1977 May;18(3):339-362. 

 
 



 

133 

 

185.  Nytofte NS, Serrano MA, Monte MJ, et al. A homozygous nonsense mutation (c.214C-
>A) in the biliverdin reductase alpha gene (BLVRA) results in accumulation of 
biliverdin during episodes of cholestasis. J Med Genet 2011 Apr;48(4):219-225. 
 

186.  Ye L, Liu S, Wang M, et al. High-performance liquid chromatography-tandem mass 
spectrometry for the analysis of bile acid profiles in serum of women with intrahepatic 
cholestasis of pregnancy. J Chromatogr B Analyt Technol Biomed Life Sci 2007 Dec 
1;860(1):10-17. 
 

187.  Barbier-Torres L, Delgado TC, Garcia-Rodriguez JL, et al. Stabilization of LKB1 and 
Akt by neddylation regulates energy metabolism in liver cancer. Oncotarget 2015 Feb 
10;6(4):2509-2523. 
 

188.  Barr J, Caballeria J, Martinez-Arranz I, et al. Obesity-dependent metabolic signatures 
associated with nonalcoholic fatty liver disease progression. J Proteome Res 2012 Apr 
6;11(4):2521-2532. 
 

189.  Martinez-Uña M, Varela-Rey M, Cano A, et al. Excess S-adenosylmethionine reroutes 
phosphatidylethanolamine towards phosphatidylcholine and triglyceride synthesis. 
Hepatology 2013 Oct;58(4):1296-1305. 
 

190.  van Vilsteren FG, Baskin-Bey ES, Nagorney DM, et al. Liver transplantation for 
gastroenteropancreatic neuroendocrine cancers: Defining selection criteria to improve 
survival. Liver Transpl 2006 Mar;12(3):448-456. 
 

191.  Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J 
Biochem Physiol 1959 Aug;37(8):911-917. 
 

192.  Ruiz JI, Ochoa B. Quantification in the subnanomolar range of phospholipids and 
neutral lipids by monodimensional thin-layer chromatography and image analysis. J 
Lipid Res 1997 Jul;38(7):1482-1489. 
 

193.  Liza M, Romero JR, Chico Y, et al. Application of 2-hydroxypropyl-beta-cyclodextrin 
in the assay of acyl-CoA:cholesterol acyltransferase and neutral and acid cholesterol 
ester hydrolases. Lipids 1996 Mar;31(3):323-329. 
 

194.  Cristobal S, Ochoa B, Fresnedo O. Purification and properties of a cholesteryl ester 
hydrolase from rat liver microsomes. J Lipid Res 1999 Apr;40(4):715-725. 
 

 
 
 



134 

 

195.  Dolinsky VW, Douglas DN, Lehner R, et al. Regulation of the enzymes of hepatic 
microsomal triacylglycerol lipolysis and re-esterification by the glucocorticoid 
dexamethasone. Biochem J 2004 Mar 15;378(Pt 3):967-974. 
 

196.  Cano A, Buque X, Martinez-Uña M, et al. Methionine adenosyltransferase 1A gene 
deletion disrupts hepatic very low-density lipoprotein assembly in mice. Hepatology 
2011 Dec;54(6):1975-1986. 
 

197.  Ridgway ND, Vance DE. Phosphatidylethanolamine N-methyltransferase from rat 
liver. Methods Enzymol 1992;209:366-374. 
 

198.  Betke K, Brewer G, Kirkman H, et al. Standardized method for G-6-PD assay of 
haemolysates. WHO Tech Rep Ser 1967;366:30-32. 
 

199.  Hsu RY, Lardy HA. Pigeon liver malic enzyme. II. Isolation, crystallization, and some 
properties. J Biol Chem 1967 Feb 10;242(3):520-526. 
 

200.  Baker R, Dowdall MJ, Whittaker VP. The incorporation of radioactive fatty acids and of 
radioactive derivatives of glucose into the phospholipids of subsynaptosomal fractions 
of cerebral cortex. Biochem J 1976 Jan 15;154(1):65-75. 
 

201.  Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification 
of total lipides from animal tissues. J Biol Chem 1957 May;226(1):497-509. 
 

202.  Laemmli UK. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 1970 Aug 15;227(5259):680-685. 
 

203.  Chomczynski P, Sacchi N. The single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction: twenty-something years on. 
Nat Protoc 2006;1(2):581-585. 
 

204.  Kahles F, Findeisen HM, Bruemmer D. Osteopontin: A novel regulator at the cross 
roads of inflammation, obesity and diabetes. Mol Metab 2014 Mar 22;3(4):384-393. 
 

205. Lorena D, Darby IA, Gadeau AP, et al. Osteopontin expression in normal and fibrotic 
liver. altered liver healing in osteopontin-deficient mice. J Hepatol 2006 Feb;44(2):383-
390. 
 

206.  Lancha A, Rodriguez A, Catalan V, et al. Osteopontin deletion prevents the 
development of obesity and hepatic steatosis via impaired adipose tissue matrix 
remodeling and reduced inflammation and fibrosis in adipose tissue and liver in mice. 
PLoS One 2014 May 28;9(5):e98398. 
 



 

135 

 

207.  Viollet B, Guigas B, Leclerc J, et al. AMP-activated protein kinase in the regulation of 
hepatic energy metabolism: from physiology to therapeutic perspectives. Acta Physiol 
(Oxf) 2009 May;196(1):81-98. 
 

208.  Papamandjaris AA, MacDougall DE, Jones PJ. Medium chain fatty acid metabolism and 
energy expenditure: obesity treatment implications. Life Sci 1998;62(14):1203-1215. 
 

209.  Gazit V, Weymann A, Hartman E, et al. Liver regeneration is impaired in 
lipodystrophic fatty liver dystrophy mice. Hepatology 2010 Dec;52(6):2109-2117. 
 

210.  Jenkins GM, Frohman MA. Phospholipase D: a lipid centric review. Cell Mol Life Sci 
2005 Oct;62(19-20):2305-2316. 
 

211.  Agellon LB, Walkey CJ, Vance DE, et al. The unique acyl chain specificity of biliary 
phosphatidylcholines in mice is independent of their biosynthetic origin in the liver. 
Hepatology 1999 Sep;30(3):725-729. 
 

212.  Hay DW, Cahalane MJ, Timofeyeva N, et al. Molecular species of lecithins in human 
gallbladder bile. J Lipid Res 1993 May;34(5):759-768. 
 

213.  Smit JJ, Schinkel AH, Oude Elferink RP, et al. Homozygous disruption of the murine 
mdr2 P-glycoprotein gene leads to a complete absence of phospholipid from bile and to 
liver disease. Cell 1993 Nov 5;75(3):451-462. 
 

214.  Delgado-Coello B, Briones-Orta MA, Macias-Silva M, et al. Cholesterol: recapitulation 
of its active role during liver regeneration. Liver Int 2011 Oct;31(9):1271-1284. 
 

215.  Li Z, Agellon LB, Allen TM, et al. The ratio of phosphatidylcholine to 
phosphatidylethanolamine influences membrane integrity and steatohepatitis. Cell 
Metab 2006 May;3(5):321-331. 
 

216.  Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of nonalcoholic fatty liver 
disease. Hepatology 2007 Oct;46(4):1081-1090. 
 

217.  Miura K, Ohnishi H. Nonalcoholic fatty liver disease: from lipid profile to treatment. 
Clin J Gastroenterol 2012 Oct;5(5):313-321. 
 

218.  Kiefer FW, Zeyda M, Todoric J, et al. Osteopontin expression in human and murine 
obesity: extensive local up-regulation in adipose tissue but minimal systemic alterations. 
Endocrinology 2008 Mar;149(3):1350-1357. 

 
 



136 

 

219.  Sun BS, Dong QZ, Ye QH, et al. Lentiviral-mediated miRNA against osteopontin 
suppresses tumor growth and metastasis of human hepatocellular carcinoma. 
Hepatology 2008 Dec;48(6):1834-1842. 
 

220.  Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty liver disease: 
biochemical, metabolic, and clinical implications. Hepatology 2010 Feb;51(2):679-689. 

 
221.  Wei JL, Leung JC, Loong TC, et al. Prevalence and Severity of Nonalcoholic Fatty Liver 

Disease in Non-Obese Patients: A Population Study Using Proton-Magnetic Resonance 
Spectroscopy. Am J Gastroenterol 2015 Sep;110(9):1306-14; quiz 1315. 
 

222.  Zeyda M, Gollinger K, Todoric J, et al. Osteopontin is an activator of human adipose 
tissue macrophages and directly affects adipocyte function. Endocrinology 2011 
Jun;152(6):2219-2227. 
 

223.  Ha J, Daniel S, Broyles SS, et al. Critical phosphorylation sites for acetyl-CoA 
carboxylase activity. J Biol Chem 1994 Sep 2;269(35):22162-22168. 
 

224.  Hirohashi T, Suzuki H, Takikawa H, et al. ATP-dependent transport of bile salts by rat 
multidrug resistance-associated protein 3 (Mrp3). J Biol Chem 2000 Jan 28;275(4):2905-
2910. 
 

225.  Charlton MR, Burns JM, Pedersen RA, et al. Frequency and outcomes of liver 
transplantation for nonalcoholic steatohepatitis in the United States. Gastroenterology 
2011 Oct;141(4):1249-1253. 
 

226.  Ikegami T, Shiotani S, Ninomiya M, et al. Auxiliary partial orthotopic liver 
transplantation from living donors. Surgery 2002 Jan;131(1 Suppl):S205-10. 
 

 

 

 

 


