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Chapter 1 

Summary 

The canalicular membrane of the hepatocyte is equipped with a set of ATP-binding cassete (ABC) 

transporters, that are specialized in the concentrative transport of compounds from the liver into 

bile. Bile salts, phospholipids, organic anions and cations are all pumped into the bile via such 

primary active transporters. The identification and characterization of these hepatic transporters 

have led to new insights in the molecular mechanisms of bile formation. Dysfunction of any of 

these proteins leads to retention of substrates and cholestasis. Molecular defects in these 

hepatocellular proteins form the genetic basis of various forms of cholestatic liver diseases in 

animal models and man. The understanding of the genetic basis of these inherited forms of 

cholestasis may lead to new therapeutic strategies. Several forms of liver-directed gene therapies 

which can potentially correct the genetic defect at the primary site of action are currently under 

investigation. A general overview on these issues is provided in chapter 2. 

Phospholipid secretion across the canalicular membrane is mediated by a member of the 

hepatocyte membrane transporter family, mdr2 P-glycoprotein (P-gp) in the mouse and MDR3 P-

gp in man. The function of the mdrl gene has been elucidated following its homozygous disruption 

in mice, which leads to a complete absence of phospholipid in bile of these mdrl knockouts. 

Biliary lipid secretion is a pivotal function of the liver in the protection of cells against high bile 

salt concentrations. The detergent action of bile salts is normally mitigated through the formation 

of mixed micelles with phospholipids and cholesterol. Complete absence of phospholipids (and 

cholesterol) in bile, combined with a normal bile salt secretion, induces progressive liver disease 

in mdr2 knockout mice, characterized by portal inflammation, bile duct proliferation and fibrosis. 

In addition, chronic damage of hepatocytes is reflected by the development of hepatocellular 

carcinoma beyond the age of one year. 

In chapter 3 we addressed the question whether a partial reduction in phospholipid secretion, 

rather than complete absence, induces a hepatotoxic condition. In this study we determined how 

far phospholipid secretion into bile can be reduced before liver disease is induced. Mdr2 knockout 

mice were generated in which phospholipid secretion was "rescued" by transgenic expression of 

the homologous human MDR3 gene. One of these strains, the Al strain, had a maximal 
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phospholipid secretion of 15% of control, and displayed minor but clearly detectable liver 

pathology directly after weaning. Liver pathology could be switched on or off by diet 

manipulations. A cholate-supplemented diet, which increases bile salt cytotoxicity, induced severe 

liver pathology whereas liver pathology completely disappeared on a purified diet. It was 

concluded from this study that the window at which mdr2 P-gp expression in the liver prevents 

liver pathology to occur is very narrow and depends on the amount and type of bile salts secreted. 

The human bile salt pool is considerably more hydrophobic than that of the mouse. This might 

indicate that the threshold at which phospholipid secretion can prevent liver pathology in man is 

considerably higher. Partial defects in the MDR3 gene, or disease-related downregulation of 

MDR3 P-gp may lead to reduced phospholipid secretion. 

The question thus arose whether reduced phospholipid secretion might cause or contribute to liver 

pathology which is observed in a wide array of acquired forms of cholestasis. The only group of 

cholestatic patients in which we observed a decreased phospholipid content was Total Parenteral 

Nutrition (TPN)-induced cholestasis. It is however very difficult to extricate the effects of TPN 

on hepatobiliary functioning from many other hepatotoxic factors which may be operative in 

patients receiving TPN. For example, food in the intestine drives the enterohepatic circulation of 

bile components. We investigated in chapter 4 whether parenteral or enteral delivery of nutrients 

alters serum and biliary lipids in critically ill patients. This study generated the following 

conclusions. Lack of enteral nutrition, irrespective of prior administration of TPN, contributed 

to markedly reduced concentrations of bile salts, cholesterol and especially phospholipids in bile, 

and to hypolipidemia. These effects occurred rapidly and were partially restored after 5 days of 

enteral nutrition. We hypothesize that loss of enteric stimulation impairs hepatic lipid metabolism, 

although it cannot be excluded that other factors might interfere with hepatobiliary lipid secretion 

during critical illness. 

Progressive familial intrahepatic cholestasis (PFIC) is a heterogeneous group of autosomal 

recessive liver disorders, characterized by an early onset of cholestasis which progresses to 

cirrhosis and liver failure before adulthood. A subgroup of PFIC patients differs from the other 

PFIC patients by their high serum y-glutamyl transferase activity and a characteristic liver 

histology of portal inflammation and ductular proliferation. In fact, the biochemical and 
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Chapter I 

histological findings of this PFIC subtype resemble the phenotype of the mdrl knockout mouse 

very closely. In chapter 5 we investigated in a collaborative study whether genetic defects in the 

MDR3 gene underly the liver disorders in PFIC type 3 patients. Canalicular staining for MDR3 

P-gp was negative in liver tissue of several patients and, where measured, bile was (nearly) devoid 

of phospholipids. By RT-PCR and genomic DNA sequence analysis, 12 mutations were identified 

in the MDR3 gene, of which 6 mutations led to a complete absence of MDR3 P-gp. 

The liver disease in PFIC type 3 patients progresses towards end-stage liver disease with cirrhosis 

for which, at present, liver transplantation is the sole recourse. Transplantation of healthy 

hepatocytes might be an alternative therapy for patients with progressive familial intrahepatic 

cholestasis. The extent of liver repopulation by transplanted hepatocytes depends on the degree 

of regenerative capacity of the liver. We expect that the liver disease due to mdr2/MDR3 

deficiency meets the required conditions for effective hepatocyte transplantation. Firstly, the 

chronic damage to hepatocytes by cytotoxic bile salts causes a continuous state of regenerative 

proliferation. Secondly, transplanted hepatocytes are expected to protect themselves against the 

bile salt-induced damage through the secretion of phospholipids. In chapter 6 we investigated 

whether mdr2 deficiency can be corrected by the transplantation of MD/?3-expressing hepatocytes. 

Hepatocyte transplantation led to a partial repopulation of the liver by A/D/?5-expressing 

hepatocytes and restoration of biliary phospholipid secretion. Aggravation of liver pathology in 

the recipient liver strongly enhanced hepatocyte repopulation, but simultaneously increased the 

risk for the development of hepatocellular carcinoma. The moderate liver pathology on a control 

diet appeared to be sufficient to reach a slow but stable hepatocyte repopulation which completely 

abrogated the liver disease process and prevented tumor formation. We expect that hepatocyte 

transplantation in PFIC type 3 patients in an early stage of liver disease, when the liver pathology 

has not yet exacerbated, will lead to substantial hepatocyte repopulation and eventual protection 

of the remaining liver parenchyme. 
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