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Chapter II 

The liver 

The first signs of the liver as an organ appear during the end of the 3 week of embryonic 

development. Its parenchyme is of endodermal origin and arises from the ventral wall of the future 

duodenum as a hepatic diverticulum. During the 4 week, bud-like clusters of epithelial cells 

extend forwards and outwards from the hepatic diverticulum into the mesenchymal stroma, where 

they contact a hepatic sinusoidal plexus. The epithelial bud breaks up into thick anastomosing 

epithelial sheets of liver cells, surrounded by primitive hepatic sinusoids. The unique intimate 

relation between hepatocytes and sinusoidal capillaries, so characteristic of the adult organ, is 

therefore already anticipated in the 4r week of development. Bile canaliculi are first seen in 

human embryos in the 6th week, as intercellular spaces within sheets of hepatocytes. The 

intrahepatic ducts, which link the bile canaliculi and extrahepatic ducts, develop from a primitive 

sheet of epithelium which surrounds the branches of the portal vein. An anastomosing network of 

bile ducts is formed, but not completed until 40 weeks of gestation. The common ancestry of 

hepatocytes and bile duct epithelial cells was first described by Bloom in 1925'. Contact with 

surrounding tissues primes differentiation: immature hepatocytes which are in contact with 

vascular endothelium tend to differentiate into mature hepatocytes, whereas contact with 

connective tissue cells initiates differentiation into bile duct epithelial cells. Evidence exists that 

the bile duct epithelium harbors a compartment of cells (located in the canals of Hering) consisting 

of oval or stem cells. These pluripotent cells are capable of differentiating into several cell lineages 

(bile duct epithelia. hepatocytes, enterocytes and exocrine pancreatic cells)2. 

The structural and functional units of the liver can be described by different concepts. The classic 

liver "lobule" consists of parenchymal and nonparenchymal cells surrounding a central vein with 

portal fields in the periphery3. The liver "acinus", defined by Rappaport and colleagues in 19544, 

is arranged round a portal triad with a terminal portal vein, its accompanying hepatic arteriole and 

a bile duct. The simple acinus is a functional unit along the bloodstream. Radiating plates of 

hepatocytes are perfused on each side by hepatic sinusoids, which have a dual blood supply: 80% 

of the blood entering the sinusoid is poorly oxygenated venous portal blood, whereas the 

remaining 20% is well oxygenated arterial blood. The walls of the hepatic sinusoid are formed by 

flattened endothelial cells which constitute a barrier between hepatocytes and the blood stream. 

The liver endothelial cells are characterized by so-called fenestrae, which allow a continuous 
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General Introduction 

exchange of fluids between the sinusoidal blood and the space of Disse, but hinder passage of 

larger substances (erythrocytes for example). Here, the hepatocytes are supplied with oxygen and 

substrates and release several products of liver metabolism. Within the sinusoid, attached to 

endothelial cells, Kupffer cells are localized whereas inside the space of Disse a network of 

collagen fibers, stellate cells and pit cells are present. The Kupffer cells (macrophages) and pit 

cells (specialized hepatic natural killer cells) represent the specialized host defence of the liver. 

The hepatocytes comprise 80% of the volume and 60% of the total cell population of the liver. 

The hepatocyte is a polarized cell with three specialized regions, or domains. The basal (or 

sinusoidal), lateral and apical (or canalicular) membrane account for approximately 70%, 15% and 

10-15% of the total cell surface area5'6. The cell polarity is maintained by tight junctions (also 

known as zonulae occludens) between adjacent hepatocytes in the lateral surface of the domain7. 

The function of tight junctions is to create a barrier between sinusoidal blood and canalicular bile. 

The lateral surface is specialized for cell attachment (by tight junctions and desmosomes) and 

intercellular communication between hepatocytes (by gap junctions). The sinusoidal surface is 

covered with abundant microvilli. They increase the surface area for the numerous absorptive 

and/or secretory activities between the hepatocyte and sinusoidal blood. The canalicular surfaces 

of two adjacent hepatocytes form the bile canaliculus, delimited by tight-junction complexes. 

Numerous canalicular microvilli extend from the plasma membrane surface into the canalicular 

lumen. A pericanalicular web of actin filament bundles, which also extends into the microvilli, 

is involved in canalicular contractility, secretory or endocytotic activities8. Compounds which 

disorganize pericanalicular actin filaments (phalloidin or cytochalasin D) cause loss of microvilli, 

impairment of canalicular contractility and a decrease in bile flow9. Because hepatocytes are 

radially situated within the hepatic lobule, bile canaliculi run from the central vein to the portal 

tract, where they empty bile into the canals of Hering, but canaliculi also communicate with each 

other, forming an anastomosing network. The bile canaliculi are the primary secretory units of the 

liver for bile formation. 
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Bile formation 

Bile formation is an important function of the liver in nearly all vertebrates10. Firstly, bile salts 

emulsify dietary lipids in the intestine allowing efficient absorption by the intestinal mucosa. The 

majority of bile salts and biliary lipids is reabsorbed from the intestine which constitutes an 

enterohepatic circulation. Secondly, bile is the only excretory route for cholesterol from the body. 

Thirdly, bile secretion is of importance for the disposal of a wide array of endo- and xenobiotic 

compounds. Disposition of drugs from the body largely depends on their hepatic metabolism and 

biliary clearance. The specialized ultrastructure of the liver is designed for efficient transport of 

a wide variety of endogenous and exogenous substances. The main lipid species in bile are bile 

salts (67%), phospholipids (22%) and cholesterol (4%)". Other components in bile are 

electrolytes, organic anions (conjugated bilirubin), proteins (albumin, IgA), small peptides 

(glutathione), amino acids, leukotrienes, vitamins, and steroid hormones. The concentrations of 

these solutes in bile vary from species to species, but bile salts and biliary lipids remain always 

the major constituents. Secretion of these biliary solutes creates an osmotic difference which 

generates a water flow into the canaliculus. The primary driving force for bile formation is thought 

to be the secretion of osmotically active bile salts, the "bile salt-dependent bile flow". Efficient 

secretion allows bile salts to reach concentrations up to 50 mM, making them the most abundant 

organic solute in bile12. The biliary secretion of non-bile salt organic anions drive the bile salt-

independent bile flow. Especially glutathione, produced in hepatocytes and secreted into bile, 

contributes to the bile salt-independent flow13. Glutathione is a tripeptide which is degraded by 

intracanalicular enzymes y-glutamytransferase and dipeptidase to its constituent amino acids 

glutamate, glycine and cysteine. This hydrolysis results into three osmols per secreted osmol, 

which attracts an equivalent amount of water. The remaining force for bile flow is the secretion 

of bicarbonate by hepatocytes and bile ductules. Especially hormonal stimulation by secretin 

induces bicarbonate secretion into the bile ductules12. 

The driving force for canalicular transport of bile salts and non-bile salt organic anions was, for 

a long time, thought to be the intracellular negative membrane potential (-35 mV), primarily 

generated by the Na+/K+-ATPase in the basolateral membrane together with an outward potassium 

channel14. This membrane potential however, could never account for the large gradients in bile 

observed for bile salts (up to 100-fold). Therefore, additional driving forces are required. More 
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than 50 years ago, enzyme histochemistry of the mammalian liver with ATP and lead (Gomori 

reaction) detected a lead phosphate precipitation which identified a "chicken wire" appearance of 

the bile canaliculus. Novikoff proposed that this high ATPase activity present in canalicular 

microvilli was produced by enzymes involved in canalicular transport". In the mid-eighties, 

ectoATPases like Ca2+Mg2+-ATPase were purified and characterized at the canalicular membrane 

of the hepatocyte. These proteins had nucleotidase activities, including hydrolysis of ATP, ADP 

and AMP81617. The identification of these ectoATPases withdrew the attention from Novikoffs 

hypothesis of ATP-dependent transport of organic molecules across the canalicular membrane. The 

successful identification, cloning and functional characterization of several canalicular transporters 

during recent years has proven Novikoffs original interpretation on ATP-dependent transport 

activity in the canaliculus18. 

ATP-dependent hepatocyte membrane transporters 

The canalicular membrane of the hepatocyte harbours a set of export pumps which transport a 

variety of compounds into bile driven by the hydrolysis of ATP1018"20 (listed in table 1). These 

primary active transporters are capable of transporting solutes into bile against a steep 

concentration gradient which provides a driving force for bile flow. These transporters belong to 

an ancient family of ATP-Binding Cassette (ABC) transport proteins which share common 

structural and functional characteristics21. Typically, these ABC transporters utilize the energy of 

ATP hydrolysis to pump substrates across the lipid bilayer against a concentration gradient. Some 

of them take up nutrients, others excrete waste products. The substrates of the different ABC 

transporters are chemically very different and vary enormously in molecular weight, ranging from 

sugars, amino acids, ions, large proteins, small peptides to chemotherapeutic drugs (reviewed 

in21,22). More than 100 ABC transporters have been identified in bacteria, yeasts, plants and 

mammals2124. ABC transporters are localized in various cellular compartments like peroxisomes, 

endoplasmic reticulum (ER) or the plasma membrane of the cell. All ABC transporters share a 

common domain organization and encode the highly conserved amino acid sequence of the Walker 

motifs involved in ATP-binding22. 
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Fig. 1. Two-dimensional structure of the MDR P-gp transporter: (modified after Strautnieks et al25). 
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The typical ABC transporter contains two sets of hydrophobic transmembrane domains and two 

nucleotide-binding regions located at the cytoplasmic face of the membrane (Fig.l). The 

transmembrane regions are highly hydrophobic and consist in most cases of six hydrophobic 

membrane-spanning segments with the N- and C-termini located on the cytoplasmic face of the 

membrane. These membrane-spanning segments are believed to determine the substrate specificity 

of the transporter. Extensive analyses of point mutations, deletions and insertions have revealed 

that transmembrane domains 5, 6, and 11, 12 are major substrate binding sites of P-glycoproteins, 

a subset of ABC transporters26"28. The cytoplasmic nucleotide binding domains bind ATP after 

which ATP hydrolysis is coupled to transport processes. The sequences of these ATP-binding 

domains are highly conserved throughout evolution and contain two short sequence motifs (Walker 

A and Walker B) and a 'signature sequence' located just upstream of the Walker B motif29. This 

signature sequence or Walker C motif has proven to be an useful tool in identifying putative new 

members of the family. Detailed mutational analyses performed with numerous ABC transporters 
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confirmed that amino acid changes in the Walker A and B motifs are generally not tolerated with 

respect to ATPase activity and mutations in the signature sequence or Walker C motif may impair 

the transport process3031. In prokaryotes, the four structural domains of ABC transporters can be 

encoded by different genes; later in evolution these domains have fused into a single 
21 22 

gene ' . 

The hepatic transporters thusfar identified in the hepatocyte belong to different subfamilies of the 

ABC transport superfamily23. Two clusters of transporters can be identified: The P-

glycoprotein/Multidrug resistance family (P-gp/MDR) and the Multidrug resistance associated 

protein family (MRP), listed in table 1. The P-glycoproteins MDR1 and MDR3 were the first of 

the canalicular transporters to be identified, cloned and functionally characterized. Recently, a 

third member of this family has been identified by utilizing low stringency screening of a pig liver 

cDNA library. This new transporter was designated as the sister of P-glycoprotein (SPGP) due 

to its homology to the other P-glycoproteins32. The MRP family contains at least 6 members of 

which four are expressed in the liver3334. The different hepatic ABC transporters and their role 

in bile formation will be discussed below. 

Table 1. Hepatic canalicular transporters involved in bile formation and hepatic liver diseases 

Human Mouse Localization Human Function/ Substrates Linked 

protein protein (membrane) Chromosome Diseases 

MDR1 mdrla/b canalicular 7q21 organic cations / xenobiotics ? 

MDR3 mdr2 canalicular 7q21 phosphatidylcholine PFIC type 3 

SPGP/BSEP spgP canalicular 2q24 bile salts PFIC type 2 

MRP1 mrpl lateral 16p13.12-13 organic anions (conjugated w 

gluthatione, glucuronate, 

sulfate) 

ith ? 

MRP2 mrp2 canalicular 10q23-q24 organic anions (conjugated w: 

gluthatione, glucuronate, 

sulfate) 

ith Dubin-

Johnson 

MRP3 mrp3 basolateral 17q21.3 organic anions ? ? 

MRP6 mrp6 basolateral ? 16pl3.1 9 9 
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MDRl P-glycoprotein 

Multidrug resistance (MDR) is the phenomenon that tumor cells become resistant to a wide variety 

of chemotherapeutic agents. Ling and coworkers described the first mechanism of MDR when 

overproduction of a 170 kD plasma membrane protein in chinese hamster cell lines correlated with 

the occurrence of MDR3J. P-glycoproteins were initially thought to affect the permeability (P) of 

the plasma membrane of the cells. Nowadays it is known that MDRl P-gp is an ABC transporter 

which pumps hydrophobic drugs out of cells in an ATP-dependent fashion, thereby reducing the 

cytoplasmic concentration of drugs and hence their cytotoxicity36'37. The mode of action of the 

drug transporter MDRl P-gp is still a subject of debate. Several models have been proposed for 

MDR-mediated substrate translocation. The simplest model is the "aqueous pore" model in which 

the transmembrane domains form a channel through which the substrates are directly transported. 

In 1992, the "flippase" model was proposed by Higgins and Gottesman38. The substrate is taken 

up from the inner leaflet of the membrane, flipped around and inserted into the outer leaflet of the 

membrane where it can diffuse into the aqueous phase. Support for this theory was provided by 

in vitro studies by Sarkadi and colleagues39. NIH-3T3 mouse fibroblasts which stably express the 

MDRl gene actively extrude hydrophobic acetoxymethyl ester derivatives. The extrusion of 

cellular dyes by MDRl P-gp takes place before the dye is able to reach the cytoplasm, suggesting 

that the dye is transported from the inner to the outer leaflet of the plasma membrane. 

Intracellular^, rapid cleavage by cytoplasmic esterases would have occurred and the free acid 

forms are not substrates for MDRl. More evidence supporting the flippase function of MDR P-gps 

was provided by Van Helvoort et al.40. Stable transfection of MDRl in the apical membrane of 

epithelial LLC-PK1 cells resulted in translocation of short chain analogs of several phospholipids. 

MDR inhibitors and energy depletion reduced the apical release. These experiments suggest that 

the substrate binding site of MDRl P-gp can be reached from the inner leaflet of the membrane 

by the short chain lipid analogs. Whether MDRl has a physiological function as a flippase in 

translocating certain types of lipid molecules across the plasma membrane remains to be 

established. A third model is named the "vacuum cleaner" model: P-gp acts by binding 

hydrophobic compounds at the inner or outer leaflet of the plasma membrane, followed by 

extrusion into the external medium via the transmembrane domains into the aqueous pore. 
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In order to understand the molecular mechanisms by which MDR P-gps exert their function, 

insight into the threedimensional structure is essential. Recent ultrastructural studies on the three-

dimensional structure of the MDR1 P-gp and the crystal structure of the ATP-binding subunit 

provide a basis for the understanding how these transporters function41-42. From high resolution 

electron microscopic studies of MDR1 P-glycoprotein, an initial structural model for P-gp has 

been derived. P-gp resembles a cylinder of about 10 nm in diameter with a maximum height of 

8 nm. The membrane lipid bilayer has a depth of 4 nm, implying that about one-half of the 

molecule is within the membrane. MDR1 forms a large aqueous pore of about 5 nm diameter 

which is closed at the inner (cytoplasmic) face of the membrane, forming an aqueous chamber 

within the lipid membrane and a "gate" at the cytoplasmic membrane leaflet. An additional 

opening from this aqueous chamber partially in the plane of the lipid bilayer is apparent. The 

ATP-binding domains are visible as 3 nm lobes at the cytoplasmic face of the membrane, with 

each ATP-binding domain more closely attached to one of the transmembrane domains than to 

each other. This rough structural model does not solve the question, which of the translocation 

models is the correct one. All the three different models for substrate translocation are in line with 

the ultrastructural model for MDR1 P-gp. Clearly, ultrastructural analysis at a higher level of 

resolution is necessarily. 

The first ABC transporter identified in the canalicular membrane of the hepatocyte was MDR1 P-

gp (mdrla/b in the mouse)43. Besides a low liver-specific expression, MDR1 P-gp is detected at 

the luminal side of secretory epithelial cells of many organs (small intestine, colon, adrenal gland, 

kidney and in endothelial cells at the blood-brain barrier44,45. The tissue distribution in excretory 

organs, combined with the capacity to transport drugs led to the hypothesis that MDR1 P-gp is 

involved in secretion of amphipathic neutral or cationic substrates, thereby protecting organs 

against potential toxic compounds. To elucidate its physiological function, double knockout mice 

for the mdrla and mdrlb genes were generated which turned out to be healthy and fertile under 

normal laboratory conditions. The disruption of both genes rendered them hypersensitive to many 

drugs46 and reduced hepatobiliary and intestinal clearance of amphiphilic cationic drugs47. 

Furthermore, the absence of mdrla P-gp in the endothelial cells of the blood-brain barrier resulted 

in increased permeability of drugs and the development of fatal drug-induced neurotoxicity48. The 

analysis of the mdrla/b double knockout mouse has demonstrated that the physiological function 

of mdrla/b in the hepatocyte is probably the protection against toxic substances46. Under certain 

21 



Chapter II 

pathological circumstances, MDR1 may have an important role in protecting the hepatocyte by the 

secretion of hydrophobic toxic components into bile. During obstructive cholestasis, mdrl 

expession is strongly elevated49. Two-thirds partial hepatectomy or severe liver damage by 

chemicals like carbon tetrachloride each forces the liver to undergo a strong compensatory growth 

phase which induces mdrl expression50,51. 

MDR3 P-glycoprotein 

The human MDR1 and MDR3 P-gp are 77% identical at the amino acid level which suggests that 

MDR3 P-gp serves a similar function as MDR1. Transport of drug by MDR3 P-gp was however 

initially not found in numerous experiments3752. The cDNA of MDR3 and mdr2 was cloned53"55 

and it was shown that the mdr2 and MDR3 genes were predominantly expressed in the liver and 

to a much lower extent in the adrenal gland, spleen, heart and skeletal muscle54'55. 

Immunohistochemical analyses revealed that mdr2/MDR3 P-gp is exclusively located in the 

canalicular membrane of the hepatocyte56-''7. To elucidate which transport activity mdr2/MDR3 

fulfills at the canalicular membrane, knockout mice were generated which are homozygous for a 

disruption of the mdr2 gene58. In contrast to MDR1 P-gp, mdr2 P-gp appeared to have a very 

important role in liver physiology. Bile from mdr2 (-/-) mice is completely devoid of 

phospholipids and cholesterol. Besides a reduced lipid secretion, a strong reduction in glutathione 

secretion and an increase in bile flow and biliary chloride secretion was observed. Bile salt 

secretion is, however, completely normal in these knockout mice. In mice which are heterozygous 

for the mdr2 disruption (mdr2 ( + /-) mice) a 40% reduction in phospholipid content was measured 

while the amount of all the other bile components was normal. These results demonstrated that 

absence of phospholipid secretion is the primary defect caused by mdr2 gene disruption. In vitro 

experiments confirmed that transport of PC, the most abundant phospholipid in bile, is mediated 

by mdr2 and MDR3 P-gps40,59"61. Transfection of the mdr2 gene in a yeast strain with a mutation 

in the secretory apparatus, provided an experimental system for the isolation of (inside-out) 

secretory vesicles with high amounts of mdr2 P-gp. In the presence of ATP, a fluorescent PC 

analog (NBD-PC) is translocated to the interior of these vesicles by mdr2 P-gp60-61. Evidence that 

the human homologue MDR3 also mediates the translocation of PC was provided by studies using 

fibroblasts of transgenic mice expressing the human MDR3 P-gp59. Translocation of newly 

synthesized metabolically labeled PC to the outer leaflet of the cell membrane is increased in 
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MDR3 P-gp containing fibroblasts. Stable transfection of polarized kidney epithelial cells with 

MDR3 P-gp also resulted in translocation of NBD-PC at the apical pole of the cell where the 

protein is expressed40. 

These transport studies show that the murine mdrl and human MDR3 are able to translocate PC 

from the inner to the outer leaflet of the plasma membrane40-59-60. To test the functional and 

physiological homology between the two proteins in a conclusive manner, mdr2 (-/-) mice were 

generated which transgenically express the human MDR3 gene specifically in the liver, by the use 

of an albumin promotor. In these mice, MDR3 P-gp is properly located in the canalicular 

membrane of the hepatocyte and biliary PC secretion is fully restored62. There are two lines (Al 

and A63) of these transgenic "rescue" mice with different levels of MDR3 expression. The 

expression of MDR3 in the different transgenic mouse lines correlates with the rate of PC 

secretion, demonstrating that the activity of mdr2 and MDR3 P-gp is a rate limiting step in 

phospholipid secretion into bile. 

Initial attempts to show that mdr2 and MDR3 P-gp were capable of transporting cytotoxic drugs 

and other xenobiotics in transfected cell lines failed52. In addition, no expression of the human 

MDR3 or mouse mdrl gene was observed in most multidrug resistant cell lines. Recent studies 

however shed doubt on the presumed inability of MDR3 to transport drugs. In certain B-cell 

leukemias a correlation between MDR3 expression and transport of daunorubicin, a known 

substrate for MDR1, has been found6364. A yeast strain transformed with the human MDR3 gene 

displayed resistance to the fungicide aureobasidin A65. Unpublished results of Smith et al. 

demonstrate that expression of MDR3 P-gp in LLC-PK 1 cells results in transport of certain MDR1 

substrates (digoxin, taxol, daunorubicin and vinblastine). These experiments suggest that MDR3 

P-gp and MDR1 P-gp are more alike than previously thought. This is quite likely as they have 

arisen from the same ancestor (as they share a high degree of homology at the amino acid level 

of 77%). During evolution however, mdr2 and MDR3 P-gp have probably adapted to fulfill the 

specific task of PC translocation into bile. 

Sister of P-glycoprotein/Bile salt export pump 

Following the initial identification of spgp in pig liver, the full length cDNA of spgp was cloned 

from rat liver and the tissue distribution, assessed by Northern blot analysis revealed an exclusive 

expression in the liver66. Immunofluorescence and immunogold labeling studies localized spgp to 
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the canaliculus. Functional expression of spgp in X. laevis oocytes (by injection of spgp cRNA) 

resulted in a significant 1.5-fold increase in [3H] taurocholate efflux, compared with water- and 

mrp2 cRNA-injected oocytes. In addition, membrane vesicles isolated from spgp cDNA-

transfected Sf9 cells demonstrated a 5-fold stimulation of ATP-dependent taurocholate transport 

as compared with controls. Furthermore, it was reported that these spgp-expressmg vesicles 

exhibited a similar substrate preference as ATP-dependent bile salt transport in canalicular 

membrane vesicles66. The human orthologue SPGP has been mapped to chromosome 2 (2q24). 

Mutations in the SPGP gene, which are predicted to disrupt gene function have been found in a 

subgroup of patients with progressive familial intrahepatic cholestasis (FPIC type 2). These 

patients have a phenotype entirely consistent with an isolated defect in bile salt transport at the 

canalicular membrane25 (see below). From these experimental findings two research groups25,66 

concluded that the SPGP gene encodes the major Bile Salt Export Pump (BSEP). 

The Multidrug resistance associated protein family (MRP). 

The MRP family contains at least six members of which four are expressed in the liver3334. MRP1 

is the gene which is capable to confer multidrug resistance in human cancer cells4967. MRP1 is 

capable of transporting a variety of endogenous and xenobiotic compounds, conjugated anionic 

ligands such as glutathione (GSH), glucuronide or sulphate as well as unconjugated anionic 

compounds. In normal liver tissue, MRP1 is expressed at a very low level at the basolateral 

membrane3468. Up-regulation of MRP1 occurs under circumstances of metabolic stress, like 

endotoxin-induced cholestasis and in proliferating hepatocytes although the level of expression 

remains relatively low69'70. 

MRP2, also known as the canalicular multispecific organic anion transporter (cMOAT), is highly 

expressed at the canalicular membrane of the hepatocyte71'72. MRP1 and MRP2 have a similar 

substrate specificity and are also known as glutathione-S-conjugate (GS-X) pumps73. MRP2 

generates a part of the bile salt-independent bile flow by the secretion of GSH10'74. The function 

of MRP2 was defined by its absence in the liver of TR" rats and EHBR rats. A single nucleotide 

deletion results in the introduction of a premature stopcodon and the absence of MRP2 protein 

from the canalicular membrane71. The TR rat has been characterized as the animal model for the 

human Dubin Johnson syndrome. This is a rare autosomal recessive liver disorder characterized 

by conjugated hyperbilirubinemia without cholestasis. Patients have impaired hepatobiliary 
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transport of non-bile salt organic anions and the liver is black due to accumulated pigment. This 

pigment probably respresents polymers of catecholamine metabolites which cannot be excreted. 

Sequence analyses in Dubin Johnson patients have revealed several mutations in the human 

homologue MRP2, resulting in a truncated MRP2 protein7576. 

Besides MRP1 and MRP2, at least four more MRP homologues have been identified in man, 

called MRP3, MRP4, MRP5 and MRP63"4. MRP3 is present at a low level in normal rat and 

human liver tissue34'77, whereas MRP6 is present at relatively high levels33. Independently, MRP3 

cDNA has recently been cloned by several groups7781. Normal liver contains only low amounts 

of MRP3 protein and this protein is localized in the basolateral membrane7781. Mrp3 is upregulated 

in the mrp2 deficient rat and increased levels of the MRP3 protein are observed in the basolateral 

membrane of two Dubin Johnson patients6877. These observations suggest that MRP3 may be 

another organic anion transporter. Indeed, transduction of MRP3 in Madine-Darby canine kidney 

II cells results in routing to the basolateral membrane and mediation of increased transport of GS-

DNP and estradiol towards the basolateral side of the monolayer81. Upregulation of MRP3 at the 

basolateral membrane might be an escape mechanism of the hepatocyte for organic anion transport 

when normal canalicular transport by MRP2 is abrogated. The sixth member of the MRP family 

is highly expressed in liver and kidney. MRP6 is expressed at the lateral membrane of the 

hepatocyte and its physiological role remains to be clarified33,68. 

Regulation of hepatic transporters 

The identification and characterization of hepatic transporters have led to new insights in the 

molecular mechanisms of bile formation1018'20. 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 (reviewed 

in82'83, see below). Altered expression of canalicular transporters and impaired transport of bile 

constituents has been reported in animal models which mimic pathophysiological conditions like 

sepsis-induced cholestasis (by endotoxin treatment69'84"89), extrahepatic biliary obstruction (by 

ligation of the common bile duct89"92) and ethinylestradiol (EE) treatment8993. Estrogens are known 

to cause reversible intrahepatic cholestasis during administration of contraceptives or pregnancy, 

characterized by pruritus with or without jaundice and increased levels of serum bile salts. 
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Decreased levels of the basolateral sodium-dependent bile salt transporter ntcp have been reported 

after EE-treatment in the rat94. EE-induced cholestasis is associated with a reduction in the bile 

salt-independent bile flow. Reduced organic anion transport due to decreased protein levels of 

mrp2 have been observed after EE treatment89. The absence of mrp2 and biliary glutathione in TR 

rats, however, does not offer protection against EE-induced cholestasis in these mutants93. 

Therefore, other regulatory mechanisms are likely to play a role in EE-induced cholestasis. 

Sepsis-induced cholestasis will be discussed in this paragraph as patients admitted to an intensive 

care unit (ICU) often develop sepsis and multiple organ failure (chapter 4). Many ICU patients 

are initially starved or receive total parenteral nutrition (TPN) which leads to a compromise of the 

gastrointestinal tract and bacterial overgrowth9597. It has been postulated that bacterial 

translocation through the intestinal wall leads to spillover of lipopolysaccharide (LPS), the cell 

wall component of gram-negative bacteria, to the liver and to a subsequent release of inflammatory 

cytokines like interleukin-1 (IL-1), tumor necrosis factor -a (TNF-a) and IL-6 in the liver by 

activated Kupffer cells. In addition, the inflammatory response to endotoxin is augmented during 

TPN98. The clinical manifestation of endotoxemia were more severe in TPN-fed patients and 

comparatively higher levels of TNF and IL-6 were measured after endotoxin challenge98. Several 

studies have demonstrated that endotoxin/cytokine treatment impairs hepatocellular uptake and 

secretion of a variety of bile constituents86"8895'99. In the early phase after endotoxin/cytokine 

administration, rapid redistribution of transporters to a subapical domain of intracellular vesicles 

has been observed for mrp2 and spgp 69-83-89. At a later time point, long-term regulation involved 

decrease of expression levels at the protein and/or mRNA level for the basolateral sodium-

dependent bile salt transporter ntcpu"'m and the canalicular transporters mrp269'89 and 

spgp6992. The impaired secretion of bile salts due to downregulation of spgp results in the retention 

and accumulation of bile salts in the serum. Down-regulation of ntcp might protect the hepatocyte 

against high intracellular concentration of bile salts. Mdrla and mdr2m expression levels remain 

unchanged, whereas mdrlb and mrpl were strongly upregulated69 ",2. Increased expression of these 

two proteins might protect the hepatocyte against accumulation of toxic compounds69. 

Administration of anti-TNF-a antibodies or pretreatment with dexamethasone counteracted the 

endotoxin/cytokine effects on mrp2 mRNA85 and restored biliary bile salt secretion and bile flow86. 

These studies clearly demonstrate that endotoxin-induced cholestasis is mediated by cytokines. The 

precise mechanisms for endotoxin-mediated regulation of hepatic transporters have not been 
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identified. At the transcription level, complex signal transduction pathways are involved that 

ultimately lead to activation and translocation of transcription factors like nuclear factor KB (NF-

KB). Binding of TNF-a and other cytokines to the cell surface stimulate the translocation of the 

transcription factor NF-KB to the nucleus where the promotor regions of mdr genes contain 

binding sites for NF-KB102. Regulation of hepatocyte transporters during cholestasis at the 

posttranscriptional level by mRNA stability103, posttranslational glycosylation, canalicular 

targeting, protein inactivation by dephosphorylation or degradation have not been investigated. 

Mechanisms of hepatobiliary lipid transport 

Studies in the early sixties already demonstrated that bile salt and phospholipid secretion are 

strictly coupled. In the absence of biliary bile salt secretion, no phospholipids or cholesterol 

appear in bile. The relationship between bile salts and lipid secretion is hyperbolic. The slope of 

the hyperbolic relation between phospholipid and bile salt secretion depends on the hydrophobicity 

of the secreted bile salt. The secretion of both phospholipids and cholesterol plateaus at high bile 

salt secretion rates (reviewed in104105). The commonly accepted model for biliary lipid secretion 

involves the primary action of bile salt monomers or micelles in the canalicular lumen where they 

extract phospholipids and cholesterol from the canalicular membrane. The selective extraction of 

PC (composing > 95% of the biliary phospholipids) and the existence of vesicular structures at 

the canalicular levels106"108 is however not explained by this model. It became clear more recently 

that besides the extraction of PC by bile salts another important step in biliary lipid secretion is 

required: the active translocation of PC over the canalicular membrane by mdr2/MDR3 P-

glycoproteins58. The involvement of mdr2 P-gp in biliary lipid secretion was investigated in the 

mdrl ( + / + ), ( + /-) and (-/-) mouse109 by measuring PC secretion at various bile salt infusion 

rates. PC secretion increased hyperbolically in the mdrl ( + /-) mouse, but remained reduced 

compared to mdrl (+ /+) mice. In mdrl (-/-) mice, PC secretion was negligible, even at high bile 

salt output rates. In contrast, cholesterol secretion uncoupled in the mdrl (-/-) mouse at maximal 

bile salt output rates: it increased from nearly absent to 50% of the maximal cholesterol output in 

normal mice upon maximal infusion of tauroursodeoxycholate. These experiments demonstrate 

that secretion of phospholipids into bile is controlled simultaneously by the amount and type of 

bile salts in the bile and mdr2 P-gp activity. Frijters et al. investigated whether the bile salt 
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composition itself alters mdrl expression and PC secretion capacity110. Feeding mdrl ( + /+) mice 

the hydrophobic bile salt cholate (0.1 % in the diet), which is relatively more hydrophobic than the 

main endogenous murine bile salt muricholate, led to a near-complete replacement of the 

endogenous bile salt pool by taurocholate and resulted in a 55% increase in maximal PC secretion 

and a 42% increase in mdrl mRNA. Feeding the relatively hydrophilic bile salt 

tauroursodeoxycholate (0.5% in the diet) did not influence the maximal rate of PC output or mdrl 

mRNA content. These experiments imply that the type of bile salts in the circulation influences 

the expression level of the mdrl gene and subsequently the amount of PC secretion. 

The experimental data provided by mdr2 ( + / + ) and (-/-) mice have led to the proposal of a new 

hypothetical model for the mechanism of PC secretion into bile by Oude Elferink and colleagues 

(Fig.2)1". In this model, MDR3 P-gps act as a flippase and actively translocate PC from the inner 

to the outer leaflet of the canalicular membrane. Unstable PC-rich microdomains are generated 

due to the continuous activity of MDR3 P-gp which induces a surplus of PC in the outer leaflet 

of the membrane. In the presence of luminal bile salts further destabilization of these PC-rich 

microdomains occurs, and vesicular structures appear at the canalicular membrane. The detergent 

action of bile salts is necessary to extract the instable PC vesicles from the canalicular lumen. 

Fig 2. Proposed mechanism of MDR3-mediated phospholipid secretion (modified after 
Oude Elferinketal1"). 
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Morphological studies in the past already observed lipid vesicles within the canalicular lumen of 

human liver specimens107. Using an ultrarapid freezing technique, Crawford and colleagues were 

able to visualize characteristic electron-lucent vesicular structures which were attached to the 

canalicular membrane by an electron-dense base108. These vesicles were infrequent in the canaliculi 

of bile salt-depleted rats and abundant in canaliculi of rats infused with taurocholate. In a recent 

study, they furthermore demonstrated that the appearance of these lipid vesicles correlates with 

the level of PC secretion in bile. Vesicle numbers in mdrl (+/-) and (-/-) mice were 55 % and 12 % 

of wild-type levels, respectively106. An increased number of vesicles is present in transgenic MDR3 

( + / + ) mice with a doubled PC secretion, compared to mdrl controls. The vesiculation of the 

external hemileaflet provides an explanation for how luminal bile salts are capable to extract large 

amounts of PC on the basis of their detergent action, without disrupting the integrity of the 

detergent-resistant canalicular plasma membrane. In summary, the presence of these vesicles 

depends on the amount of PC secreted, which is controlled simultaneously by MDR3 P-gp activity 

and bile salts. 

Liver disease and serum lipid abnormalities in the mdr2 (-/-) mouse 

Liver disease: An important finding in the mdrl (-/-) mouse is the development of liver disease, 

which becomes manifest shortly after birth and progresses to an end stage in the course of three 

to four months58112. The pathological changes concern the portal areas of the liver, characterized 

by inflammation, proliferation of bile ducts and ductules and the development of fibrosis112. MDR3 

transgenic mice which contain a similar amount of MDR3 P-gp as mdr2 P-gp in wildtype mice, 

display no histopathological abnormalities in the liver62. Several studies113114 provide strong 

evidence that absence of PC secretion, combined with a normal bile salt secretion induces damage 

in the canaliculus and the bile ductules. In the normal situation, bile salts form mixed micelles with 

PC and cholesterol. The formation of these mixed micelles neutralizes the cytotoxicity of bile 

salts115116. In the absence of lipids, simple bile salt micelles solubilize membranes of the 

hepatocytes and bile duct epithelial cells. The bile salt hydrophobicity plays an important role in 

the severity of liver pathology which develops in the mdr2 (-/-) mouse. The hydrophobicity of the 

different types of bile salts is determined by the number and the stereospecific localization of 

hydroxyl groups in the molecule117. The endogenous bile salt pool of male mdrl (-/-) mice is 

29 



Chapter H 

composed of 70% tauromuricholate and 30% taurocholate. Female mdr2 (-/-) mice have a higher 

content of taurocholate (up to 50%) and develop more severe liver pathology"3"4. Furthermore, 

manipulation of the bile salt pool by dietary supplementation with the more hydrophobic bile salt 

cholate, which is converted to taurocholate, strongly accelerates and aggravates the development 

of all signs of liver disease. Especially, portal inflammation and ductular proliferation deteriorate, 

leading to bridging fibrosis (all portal triads are connected to eachother due to extensive fibrosis). 

Conversely, complete replacement of the bile salt pool by the hydrophilic bile salt 

ursodeoxycholate prevents progression of disease"3"4. The former bile salt, cholate, is more 

hydrophobic, while ursodeoxycholate is hydrophilic and non-cytotoxic. The development of liver 

disease in the mdr2 (-/-) mouse due to bile salt cytotoxicity underscores a pivotal role of biliary 

lipid secretion in the pathogenesis of liver disease. 

Besides the pathological alterations around the portal tract, mdrl deficiency also induces 

considerable damage to the liver parenchyme. Hepatocytes show degenerative features throughout 

the lobule with irregular sizes and nuclear polymorphism and sometimes focal necrosis. 

Throughout the whole liver lobule an increased number of mitotic figures and apoptotic bodies are 

visible. There is a continuous turnover of hepatocytes, assessed by proliferative markers like Ki-67 

and PCNA"2. In addition, after the mice are 4-6 months of age, preneoplastic lesions from 

hepatocellular origin start to develop. These nodules grow out to hepatocellular carcinoma, 

sometimes with metastases in the lungs when the mice are more than one year old"2. The 

underlying cause of tumor formation is not yet clarified. The chronic damage to hepatocytes 

causes a continuous state of regenerative proliferation which eventually may induce hepatocellular 

tumor formation. It cannot be excluded that mdr2 P-gp is also involved in the secretion of 

carcinogenic compounds and that its absence leads to accumulation of these compounds in mdr2 

(-/-) hepatocytes. The transport of certain MDR1 substrates by cells transfected with the human 

orthologue of mdr2, MDR3, is in line with this hypothesis. 

Serum lipid abnormalities: The enterohepatic circulation of biliary lipids plays an important role 

in the maintenance of cholesterol homeostasis"8. The human liver secretes about 1 g cholesterol 

and 4 g phosholipids into bile per day. Biliary phospholipids, cholesterol and bile salts are 

required for efficient absorption of lipids from the intestine119. A substantial part of the biliary 

lipids is reabsorbed in the intestine, thereby constituting an enterohepatic cycle. This uptake in the 

intestine reflects the presence of a control mechanism in cholesterol metabolism at the intestinal 

30 



General Introduction 

level. Complete absence of biliary lipids from bile of mdrl (-/-) mice interferes with serum lipid 

homeostasis120. The inability to secrete cholesterol and phospholipid into bile does not result in 

lipid accumulation within the hepatocyte. No differences in hepatic cholesterol or phospholipid 

content could be detected between (-/-) and ( + / + ) mice. Unexpectedly, serum cholesterol and 

triglyceride levels were actually reduced in the mdrl (-/-) mouse, and this was mainly due to a 

reduction in plasma high-density lipoprotein (HDL)120. Which mechanisms could underly these 

decreased HDL levels in serum? The intestinal cholesterol absorption in mdrl (-/-) mice is 

decreased to 50% of mdrl controls. Furthermore, absence of biliary lipid components impairs 

apoB48 synthesis which is essential for the proper assembly and secretion of chylomicrons 

containing the absorbed dietary fats121. As HDL particles derive their cholesterol and phospholipid 

in part from the chylomicron surface, the reduced cholesterol absorption and impaired 

chylomicron formation may contribute to low serum HDL levels in the mdr2 (-/-) mouse. 

In pursuit of human MDR3 deficiency 

The important role of biliary phospholipid secretion in liver physiology was recognized by the 

generation of mdr2 (-/-) mice. The secretion of phospholipids into bile protects the cells lining the 

biliary tree against the cytotoxic action of bile salts. Absence of biliary phospholipid secretion 

induces severe liver disease, characterized by extensive bile duct proliferation and portal 

inflammation58112. Non-suppurative cholangitis is a morphological hallmark of a number of 

inherited or acquired hepatobiliary diseases. In most cases the etiology is poorly understood and 

a primary defect in biliary phospholipid secretion as the underlying mechanism might have been 

overlooked. Besides a complete defect at the genomic level which abrogates phospholipid 

secretion, partial defects in the MDR3 gene, or disease-related down-regulation of MDR3 or drug-

induced MDR3 P-gp inhibition might lead to reduced phospholipid secretion. As the human bile 

salt pool is considerably more hydrophobic than that of the mouse, diminished concentrations of 

biliary lipids might well induce liver damage in humans. The question thus rose whether reduced 

phospholipid secretion might cause or contribute to the liver pathology that is observed in a wide 

array of adult forms of cholestasis. Acquired destructive cholangiopathies like primary biliary 

cirrhosis (PBC) and primary sclerosing cholangitis (PSC), but also acquired forms of cholestasis 

like drug-induced cholestasis, total parenteral nutrition-induced cholestasis (TPN) and several 
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forms of cholestasis without known origin (ECI) were possible candidates. Bile samples from 

patients with these syndromes have been analysed (listed in table 2, unpublished results). 

Furthermore, we collected bile from neonatal patients with several forms of progressive familial 

intrahepatic cholestasis (PFIC), Alagille's syndrome, or paucity of bile ducts. 

Table 2. Bile analysis of different cholestatic syndromes 

Cholestatic disorders n Bile Salts (mM) Phospholipids 

(mM) 

BS/PL ratio 

control 18 43.6 ± 19 8.3 + 3.9 5.5 ± 2.1 

mdr2 (-/-) 5 23 ± 5.2 0.02 + 0.02 1316 

Acquired forms 

PSC 45 15.9 ± 17 4.7 + 4.9 4.4 ± 5.1 

PBC 12 5.7 + 6.1 0.8 ± 0.8 7.4 ± 4.0 

BRIC 3 10.3 + 4.2 4.2 + 2.2 2.7 ± 1.3 

ECI 14 10.4 + 8.1 2.9 ± 2.3 5.1 ± 3.2 

TPN 10 8.3 ± 13.2 1.2 + 2.5 18.1 ± 19.8 

Neonatal forms 

Alagille 2 4.85 0.9 5.4 

PFIC (low yGT) 3 0.18 0.03 6 

PFIC (high yGT) 4 100.8 0.85 119 

In controls, the bile salt concentration varies strongly with an average of 44 mM and the bile salt 

over phospholipid ratio (BS/PL) is around 5.5. In all patient groups the total lipid content of the 

bile samples was considerably decreased, which is in line with the fact that all groups suffered 

from cholestasis. The BS/PL ratio was not significantly different from control values in the adult 

forms of cholangiopathies: PSC, PBC, unknown cholestasis patients and BRIC patients. This 

indicates that MDR3 does not play a primary role in the pathogenesis of these diseases. In line 

with this hypothesis, semiquantitative analysis of MDR3 mRNA levels in small tissue specimens 

from a variety of liver diseases, including PBC, revealed no decreased hepatic mRNA levels of 

MDR3ni. Experimental animal models of cholestasis like ethinylestradiol treatment or bile duct 
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ligation do not alter or even increase mdrl expression in the rat69123. The only acquired form of 

cholestasis in which we observed a specific increase of the BS/PL ratio was TPN-induced 

cholestasis. In addition, a dramatic increase in the BS/PL ratio was observed in PFIC patients with 

high serum y-glutamyl transpeptidase (yGT) activity. Both conditions will be discussed more 

extensively below. 

TPN-induced cholestasis 

Cholestasis often develops in patients which receive TPN, but it is 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, lack of enteral nutrition during TPN 

administration could play an important role, bacterial overgrowth combined with spillover of LPS 

and cytokines into the portal circulation and the accumulation of toxic bile salts due to the 

interrupted enterohepatic circulation124125. The elimination of oral food intake suppresses the 

gastrointestinal hormone release of secretin and cholecystokinin (CCK). Subsequently, a reduced 

bile flow and impairment of gallbladder emptying result in stagnation and sludge formation in the 

gallbladder. When CCK-octapeptide is administered during TPN, gallbladder emptying fully 

restores, but bile flow and biliary lipid composition are not normalized which suggests that other 

mechanisms may affect hepatobiliary functioning126"128. Daily CCK-octapeptide infusions improved 

periportal inflammation and portal fibrosis, but hepatocyte damage persisted in CCK-octapeptide 

treated patients126. Absence of intraluminal nutrients leads to an interruption of the enterohepatic 

circulation of lipids and may affect hepatic lipid metabolism129. Several animal studies have 

investigated the role of TPN on biliary lipid metabolism130"133. These studies revealed that TPN 

impairs the bile flow and alters bile composition, especially the amount of phospholipid and 

cholesterol secretion are relatively more impaired than bile salt secretion133. These observations 

may indicate that TPN administration affects biliary lipid composition. Molecular evidence for 

diminished phospholipid transport by mdr2 P-gp after TPN administration was recently provided 

by a 50% reduction in expression of the phospholipid transporter after 7 days of TPN 

administration in the mouse134. Patients with total parenteral nutrition displayed an increased 

BS/PL ratio (table 2). The changes in bile composition are in line with the observations in animal 

models that biliary phospholipid and cholesterol contents are specifically declined during TPN 

administration. In chapter 4, the role of nutrition on biliary and serum lipid levels has been 
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investigated in critically ill patients who often receive TPN. We hypothesized that lack of enteral 

nutrition is an important factor, involved in the alterations of biliary lipid composition during TPN 

administration. To discriminate between the effect of TPN versus starvation, we compared patients 

which were starved for five days with or without parenteral nutrition. After this initial period, the 

effect of a five days period of enteral nutrition on biliary and serum lipid concentrations was 

investigated in the same patients. This study generated the following conclusions: 1) Compared 

to controls, critically ill patients have profound decrements in the secretion of bile constituents, 

including bile salts. Phospholipid secretion is however more affected than bile salt secretion, 

which increased the BS/PL ratio. 2) These decreased lipid values cannot be prevented by TPN 

administration. 3) Five days of enteral nutrition partially restored biliary lipid concentrations and 

normalized bile composition, irrespective of the clinical condition of the patient. It was not 

possible to analyze the expression of the MDR3 P-glycoprotein in biopsies of these patients, so 

it may be possible that we have been observing a secondary phenomenon. It cannot be excluded 

that other factors than lack of enteral nutrition interfere with hepatobiliary lipid secretion in these 

critically ill patients like infection, administration of antibiotics, bacterial overgrowth in the 

intestine and the development of multiple organ failure135136. 

Progressive familial intrahepatic cholestasis (PFIC) 

The category of pediatric patients described as having familial intrahepatic cholestasis encompasses 

a variety of inherited disorders82,83. Patients develop unremitting cholestasis within the first 6 

months of life with clinical features including itching, jaundice, fat malabsorption and failure to 

thrive. The familial segregation and frequent occurrence of consanguinity is consistent with an 

(autosomal recessive) inherited disorder. The clinical course progresses towards cirrhosis and 

death due to liver failure during the first decade of life. Liver transplantation is at present the sole 

therapy for this disorder. Differences in clinical, biochemical and liver histological features 

indicate that multiple underlying causes exist within the PFIC group137'139. The discovery that 

mutations in different genes, encoding hepatocellular transporters, form the genetic basis for 

pediatric cholestatic liver diseases explain the observed differences in clinicopathological 

presentation of PFIC patients25140141. Despite the elucidation of the molecular basis of various 

forms of PFIC, a confusing nomenclature exists which will probably undergo several changes 

before consensus has been reached. 
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PFICl (FICl deficiency / Byler's disease) 

PFIC type 1 or Byler's disease was first described among direct descendants of Jacob Byler and 

Nancy Kauffman in the Amish community142. Patients with PFIC1 exhibit intrahepatic cholestasis 

without congenital hepatobiliary structural abnormalities. They have disproportionately low serum 

Y-glutamyl transferase (y-GT) and serum cholesterol levels for their degree of cholestasis. Serum 

bilirubin, transaminases and bile salt levels are increased and patients suffer from pruritus139143144. 

Serum levels of lithocholic acid were found to be increased whereas biliary bile salt concentrations 

have been observed to be very low in PFIC1 patients, which suggests an abnormality in canalicular 

secretion of bile salts142. Liver histology in young patients reveals a normal number of bile ducts, 

fibrosis (progressive with age), moderate portal inflammation and expansion and canalicular bile 

stasis145146. Transmission electron microscopy depicts coarsely granular "Byler"-like bile with 

paucity of canalicular microvilli and thickened pericanalicular collars of microfilaments145. By 

using material from the original Byler kindred, the gene responsible for PFIC1 was mapped to 

chromosome 18q21-22147, the same region to which the locus for benign recurrent intrahepatic 

cholestasis (BRIC) was linked148. 

BRIC is characterized by recurrent episodes of intrahepatic cholestasis which resolve 

spontaneously without detectable persistent lasting liver damage. Despite the differences in 

phenotype and prognosis, it was hypothesized that Byler's disease and BRIC are allelic variants 

of the same disease. Haplotype analysis narrowed the candidate region for both diseases on 

chromosome 18 to the same interval of less than 1 cM. Screening a human cDNA library for this 

specific region resulted in the identification of a gene named FICl (familial intrahepatic cholestasis 

l)141. This gene encodes a P-type ATPase with highest homology to a gene that was suggested to 

play a role in the transfer of aminophospholipids from the outer to the inner leaflet of the lipid 

bilayer149. This is at present, however a controversial issue. The yeast drs2 gene encodes one of 

these P-type ATPases and was reported to transport aminophospholipids between the leaflets of 

the plasmamembrane149. Examination of a drs2 null mutant by fluorescence microscopy revealed 

however normal uptake and distribution of NBD-labeled phosphatidylserine and ethanolamine. 

Furthermore, a normal amount of endogenous phosphatidylethanolamine was exposed to the outer 

leaflet of the plasmamembrane150. 

FICl is expressed in several epithelial tissues, predominantly in the small intestine and to a lesser 

extent in the liver. The exact function of FICl is unknown at the moment, but the working 
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hypothesis is that the FIC1 protein may play a direct or indirect role in the enterohepatic cycling 

of bile salts. The expression of FIC1 in the small intestine may offer an explanation for the 

persistant diarrhoea even after successful liver transplantation in By 1er patients, a finding which 

distinguishes these patients from other PFIC patients151. Five mutations in highly conserved 

regions of the FIC1 gene have been identified in Byler patients. In BRIC patients, mutations occur 

in different regions of the gene which demonstrate less conservation and are thought to be less 

critical to the function of FIC1. Very recently, another mutation in the FIC1 gene was found in 

patients with recurrent familial intrahepatic cholestasis at the Faeroe Islands152. All patients were 

shown to be homozygous for the same mutation, but impressive phenotypic differences occur (age 

at onset, number of attacks). Environmental differences and modifier genes might influence the 

phenotypic expression of the disease in this specific patient group. Further studies are required to 

determine the functional role of this P-type ATPase which could contribute to the understanding 

of the pathophysiology of cholestatic liver diseases. 

PFIC2 (SPGP/BSEP deficiency / includes "Byler syndrome") 

Some PFIC patients have the clinical phenotype of PFIC1 patients (elevated serum bile salts, 

normal serum cholesterol and y-GT levels and low concentrations of biliary bile salts), but linkage 

analysis in these patients (children from Israel, Saudi Arabia, Sweden and Eastern Greenland) 

excluded the disease locus FIC1 from this region, showing that locus heterogeneity exists for the 

PFIC phenotype153'135. By using homozygosity mapping and a genome scan in these pedigrees, a 

new locus designated "PFIC2" was mapped to chromosome 2q24156. Genetic analysis of 41 

patients from 35 families using a variety of informative markers pinpointed the region to 870 kb 

of chromosome 2. This region contains the gene for a liver-specific ABC transporter, the sister 

gene of P-glycoprotein (SPGP) which was cloned32 and subsequently its orthologue in the rat was 

identified as the canalicular bile salt transporter66. Mutations in this transporter explain the 

phenotype of PFIC2 patients: cholestasis due to the absence of canalicular bile salt secretion. To 

date, more than 15 mutations in the SPGP gene have been identified in PFIC2 patients from 

several distinct populations. All of these mutations are predicted to be functionally significant, 

although none of these mutations has been shown yet in vitro to result in bile salt transport 

abnormalities25. These genetic analyses together with the observation that liver sections of PFIC2 

patients do not express the canalicular SPGP protein157, provide compelling evidence that SPGP 
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is the major human bile salt export pump. 

PFIC3 (MDR3 deficiency) 

The genetic basis for the first two types of PFIC has been identified by positional cloning158. In 

this approach, genetic mapping in affected families in combination with a search for a candidate 

gene led to the identification of the chromosomal position and to the ultimate identification of the 

responsible genes FIC1 and SPGP. A fundamentally different approach was used to identify a third 

type of PFIC. The physiological analysis and well defined phenotype of the mdrl knockout mouse 

prompted us and other investigators to search for a human liver disease in which mutations in the 

homologous MDR3 gene are reponsible for a similar disease phenotype. A subgroup of PFIC 

patients differs from the other PFIC patients by their high y-GT activity in serum and a 

characteristic liver histology with portal inflammation and ductular proliferation which progresses 

towards cirrhosis138. These patients invariably have to undergo liver transplantation. The 

histological and biochemical findings of this subtype resemble the features of the mdrl knockout 

mouse very closely. Deleuze et al. reported that a liver biopsy of such a patient lacked mRNA for 

MDR3 P-glycoprotein159 and this corresponded with our observation that bile of patients with a 

similar diagnosis was completely devoid of phospholipids (table 2). Both observations further 

substantiated the possibility that PFIC3 patients have mutations in the MDR3 gene. 

Immunohistochemistry on frozen liver sections of these patients showed a complete absence of 

canalicular staining for MDR3 P-gp, while other canalicular transporters were normally present 

(chapter 5). The characteristic liver histology and increased serum y-GT levels probably result 

from the continuous exposure of the biliary epithelium and the bile canaliculi to hydrophobic bile 

salts, no longer inactivated by phospholipids. The specific clinicopathological presentation is a 

hallmark for the pediatric clinician to differentiate PFIC3 from the other PFIC patients. 

By RT-PCR and genomic DNA sequence analysis, 12 mutations in the MDR3 gene have been 

identified which give rise to a truncated protein140,160 (and chapter 5). Our results unambiguously 

demonstrate that MDR3 deficiency induces progressive familial intrahepatic cholestasis. Five 

homozygous mutations give rise to a truncated protein. Four missense mutations were found in 

the highly conserved amino acid sequences of the Walker A and B motifs which are involved in 

ATP-binding. In a number of patients a heterozygous mutation has been found. We assume that 

the other allele in these patients also harbours a mutation although this has not yet been identified. 
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On the basis of their phenotype we expect them to be compound heterozygotes. 

Mdr2 (+/-) mice, with a maximal phospholipid secretion of 60% of controls, do not develop liver 

disorders58 "2. Hence, relatives of PFIC type 3 patients, which are heterozygous for MDR3, are 

not likely to develop any liver disorders, although mild alterations in liver histology cannot be 

excluded. For example, recurrent episodes of cholestasis during pregnancy have been observed 

in pregnant relatives of PFIC type 3 patients. In a large consanguinous family of one PFIC patient 

with a homozygous nonsense mutation, heterozygosity for the mutation predisposed women during 

pregnancy for cholestasis161. Cholestasis did however not occur during each pregnancy in affected 

women. This might indicate that modifier genes or other non-genetic factors like female sex 

hormones and their metabolites could alter the expression of the nonmutated (normal) allele162. 

PF1C4 (Bile salt synthesis deficiencies) 

A small percentage of the PFIC patients has a disorder in bile salt synthesis, rather than a secretion 

defect of biliary components. A disorder in bile salt synthesis should be suspected when PFIC 

patients have reduced serum bile salt concentrations and absence of pruritus, despite the 

conjugated hyperbilirubinemia, fatty stools, and low serum cholesterol levels. Analysis of urinary 

secretion of bile salt metabolites by fast atom-bombardment ionization mass spectrometry and gas 

chromatography-mass spectrometry provide tools to detect inborn errors in bile salt synthesis. The 

underlying causes are deficiencies in hepatic enzymes involved in the conversion of cholesterol 

to the primary bile salts cholate and chenodeoxycholate163165. A4-3-oxosteroid 5/J-reductase 

deficiency was first described in identical twins with severe intrahepatic cholestasis164. Deficiency 

of 3/?-hydroxy-C27-steroid dehydrogenase/ isomerase (3/?-HSD) was identified by Clayton et al163 

and further characterized in a group of 30 PFIC patients by Jacquemin et a/165. 3/^HSD deficiency 

was identified in 5 of these PFIC children. In addition, 4 siblings of these 5 children were 

ultimately found to have the same deficiency. Early identification of bile salt synthesis deficiency 

in these children is essential as they can benefit from bile salt therapy. Bile salt supplementation 

will restore the impaired bile secretion in these patients and might avoid the need for liver 

transplantation. 
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Therapies and future perspectives 

Ursodeoxycholic acid (UDCA) 

In spite of the completely different underlying mechanisms of disease, PFIC patients all present 

clinically in a similar way with biochemical characteristics of cholestasis. Symptoms like persistent 

elevated serum liver enzymes and serum bile salts, irretractable pruritus and poor weight gain are 

very common. In the early sixties ursodeoxycholic acid (UDCA) was introduced in the field of 

hepatology as a therapeutic agent for a variety of liver disorders'66. The underlying mechanisms 

of action of UDCA in cholestasis have however not been clearly identified167, although two 

putative mechanisms and sites of action of UDCA have been proposed: UDCA protects cell 

membranes at the level of the biliary tree by a modulation of the bile salt pool in favor of 

hydrophilic bile salts and/or UDCA stimulates the impaired hepatocellular secretion of potentially 

toxic cholephils167. Several clinical trials in the field of pediatric hepatology have explored the 

beneficial effects of UDCA in the management of persistent cholestasis (reviewed in168). Before 

the genetic background of the different PFIC types had been clarified, lacquemin and colleagues169 

already specified the response to long-term oral UDCA treatment in 39 PFIC patients with low 

and high serum y-GT (PFIC1 and 2 versus PFIC3). In both groups, a variable response to UDCA 

treatment was observed after a treatment period of 2 to 4 years. Improvement of serum liver 

enzymes and clinical characteristics was always associated with an enrichment of the circulating 

pool of bile salts with UDCA. Upon normalization of serum liver enzymes, hepatosplenomegaly 

and pruritus disappeared and liver histology showed a decrease in fibrosis. Therapy interruption 

in responders provoked a relapse of cholestasis reflected in elevated serum liver enzymes. In the 

group of 13 high y-GT patients (now categorized as PFIC type 3), six patients responded 

positively to UDCA treatment, 4 patients stabilized and in 3 patients liver pathology deteriorated. 

As described above, PFIC3 patients have the same functional defect as mdr2 (-/-) mice58140. The 

cytotoxic effects of hydrophobic bile salts against epithelial cells inside the biliary tree are no 

longer mitigated by phospholipids. Experiments in the mdr2 (-/-) mouse revealed that a relatively 

high dose of UDCA treatment leads to complete replacement of the endogenous bile salt pool with 

UDCA and prevents progression of liver disease113"4. The nonresponsiveness to UDCA treatment 

in PFIC3 patients may be explained by the fact that only a small part of the bile salt pool in 

humans is replaced by UDCA and treatment is started in a relatively late stage of the disease, 
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when cholestasis is manifest for a longer period. The first two identified mutations in the MDR3 

gene led to a truncated protein and both patients did not respond to UDCA140. PFIC3 patients who 

did respond to UDCA may have had a partial defect, and the residual phosholipid secretion 

together with the partial UDCA replacement may have been sufficient to reduce the bile salt 

cytotoxicity below a critical threshold and result in reversal of the disease process. 

Future perspectives 

A substantial part of the PFIC patients does not respond to UDCA treatment and their liver disease 

progresses towards end-stage liver disease with cirrhosis. At present, orthotopic liver 

transplantation is their sole recourse. The disadvantages of liver transplantation are the shortages 

of donor livers, extensive financial costs, relatively high morbidity and mortality rates and the 

requirement for long-term immunosuppressive therapy. PFIC belongs to a group of inherited 

metabolic diseases, based on a single gene defect. Many of these genetic disorders would 

potentially be amenable to liver-directed gene therapy by correction of the genetic defect at the 

primary site of action. There are various categories of liver-directed gene therapy, distinguished 

by the mode of delivery of the gene to the affected liver: 1) transplantation of healthy donor 

hepatocytes; 2) ex vivo gene therapy which involves the removal of autologous liver cells from the 

diseased liver, transfection/transduction of the cells with a vector after which corrected 

hepatocytes are transplanted back into the patient; 3) in vivo gene therapy by transferring genetic 

material directly into the patient via the portal vein or retrograde injection via the biliary 

Hepatocyte transplantation 

Transplantation of healthy hepatocytes may offer similar therapeutic benefits as orthotopic liver 

transplantation in patients with inborn errors of metabolism, primarily affecting the liver. 

Compared to orthotopic liver transplantation, liver transplantation of hepatocytes is a relative 

simple procedure. Hepatocyte transplantation does not require the removal of the affected liver 

and thus constitutes a "reversible" procedure in case of therapy failure. Cells obtained from one 

donor liver can be stored and transplanted into multiple recipients. Nonetheless, 

immunosuppressive therapy remains neccessary to avoid rejection of the transplanted 
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hepatocytes172173. 

In the sixties reproducible methods were developed to isolate viable hepatocytes174176. This 

initiated pioneer studies in hyperbilirubinemic Gunn rats in which hepatocyte transplantation 

resulted in the reduction of serum bilirubin levels'77178. The number of cells which could be safely 

infused into the circulation were limited due to complications like portal vein thrombosis, portal 

hypertention, pulmonary emboli and cardiac arrest. Therefore, initial experiences with hepatocyte 

transplantation involved ectopic transplantation in various organs like the lungs, kidneys, 

pancreas, the spleen or the intraperitoneal cavity. The survival rates of infused hepatocytes were, 

however, very limited. The optimal sites for implantation of hepatocytes appeared to be the spleen 

and the liver. After intrasplenic hepatocyte transplantation, most transplanted hepatocytes migrate 

to the liver and assimilate into the host liver within a few days, with less than 20% remaining in 

the spleen. When hepatocytes are transplanted into the spleen they may induce a specific antigenic 

tolerance179. The hepatic microenvironment of the liver offers the best advantages for transplanted 

hepatocytes to survive, including correct extracellular matrix components, hepatic growth factor 

(HGF) and portal hepatotrophic factors, nutrients and interactions with other liver cells. A recent 

study unraveled the process by which transplanted cells integrate into the liver parenchyme180. 

After portal infusion, a large fraction of transplanted cells is rapidly removed from portal spaces 

by phagocyte/macrophage responses. Hepatocytes which enter the hepatic sinusoids show superior 

survival. These cells migrate into the surrounding liver plates within 20 hours and form gap 

junctions and bile canaliculi with neighbouring cells within 3 to 7 days after cell transplantation. 

The maximal percentage of functional donor hepatocytes engrafting the normal liver after a single 

administration of cells is 2-3% and the engraftment can be improved to 5-7% after three additional 

rounds of cell transplantation181. 

The successful treatment of specific metabolic disorders in animal models by hepatocyte 

transplantation prompted investigators to perform this procedure in the human disorders familial 

hypercholesterolemia (FH)182184 and the Crigler-Najjar syndrome185. FH Patients suffer from high 

serum LDL-cholesterol levels due to a genetic defect of the LDL-receptor which is for 70% 

present in hepatocytes. In 5 FH patients, partial hepatectomy was performed and autologous 

hepatocytes were ex vivo genetically modified with the LDL-receptor and transplanted back into 

the patients182183. Of the 5 treated FH patients, only one patient showed a prolonged reduction in 

serum cholesterol level by 20-30%, but in the other 4 patients the modest reduction in serum 
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cholesterol could not be sustained on the long term, presumably due to inefficient gene transfer 

and the small numbers of hepatocytes which engrafted into the liver after transplantation183. In an 

innovating study of Chowdhury and colleagues, allogeneic hepatocytes (approximately 5% of the 

total liver mass) were infused into the liver of a patient with the Crigler-Najjar syndrome type 1185. 

The level of immunosuppression was similar to that used for whole liver transplantation. 

Transplanted cells survived after engraftment for more than one year. After the transplant 

procedure, hyperbilirubinemia was partially corrected, although additional phototherapy was still 

required in this patient. These studies demonstrate that hepatocyte transplantation can be 

performed in a safe and relatively simple way. The Crigler-Najjar study furthermore proves for 

the first time that long-term survival and functioning of human hepatocytes is possible after cell 

transplantation. Nonetheless, one of the biggest obstacles to overcome in both studies is the limited 

clinical improvement upon hepatocyte transplantation. Possible explanations may be the low 

amount of integrated donor hepatocytes and the absence of proliferative signals for transplanted 

hepatocytes to repopulate the liver. 

Hepatocytes and bile duct epithelial cells are usually in a relatively quiescent state, but maintain 

their capability to rapidly enter the replication phase2186. The liver is capable to regenerate to its 

original cell mass in case of parenchyme loss. This occurs for example after partial 

hepatectomy187188 or after chronic hepatocyte damage caused by hepatotoxic agents189. Several 

genetic diseases result in direct cell damage and/or reduced cell growth of the recipient liver. The 

chronic damage to hepatocytes causes a continuous state of regenerative proliferation. 

Transplantation of healthy hepatocytes with a selective growth advantage over the recipient liver 

may lead to repopulation. The substantial increase in healthy hepatocytes may correct the specific 

metabolic disorder to a clinical beneficial extent. 

Selective hepatocyte repopulation driven by liver damage due to genetic defects 

Recently, two experimental animal models of hepatocyte repopulation due to extensive liver 

damage have been described: the urokinase-type plasminogen activator transgenic mouse190"192 and 

the fumarylacetoacetate hydrolase (fah)-null mouse193, the animal model for hereditary tyrosinemia 

type I (HT1). HT1 is an inborn error of metabolism due to the lack of the enzyme 

fumarylacetoacetate hydrolase (FAH), which catalyzes the last step of tyrosine degradation. The 

accumulating substrates and precursors of FAH are thought to be hepatotoxic and mutagenic, and 
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therefore responsible for the phenotype in HT1 patients and fah knockout mice: progressive liver 

failure in early childhood, renal tubular damage and early onset of hepatocellular cancer. The drug 

NTBC inhibits one of the early enzymes in tyrosine metabolism, 4-hydroxyphenylpyruvate 

dioxygenase, and prevents the accumulation of the putative hepatotoxins maleylacetoacetate and 

fumarylacetoacetate. Use of NTBC in fah knockout mice prevents neonatal lethality and liver 

dysfunction, although hepatic cancer still arises194. When hepatocyte transplantation is performed 

in fah knockout mice, as few as 1000 transplanted wild-type hepatocytes are able to almost 

completely repopulate the mutant livers, demonstrating their strong competitive growth 

advantage193. Retroviral or adenoviral gene therapy also lead to more than 90% correction of 

mutant hepatocytes and to restoration of normal liver function195,196. Unfortunately, more than 90% 

correction could not prevent the induction of primary hepatocellular carcinoma in recipient liver 

tissue in two-thirds of the treated animals197. Apparently, either the transplanted or corrected 

hepatocytes do not protect residual hepatocytes, or the presence of mutagenic metabolites in utero 

already primes cells for carcinogenesis. The strength of the concept of selective hepatocyte 

repopulation has also been demonstrated by Brinster et alm. They generated a transgenic mouse 

for a urokinase-type plasminogen activator under the control of an albumin promotor ( transgenic 

uPA mice)191. The transgenic pups with high plasma uPA concentrations died at birth due to fatal 

bleeding, but in the pups that survived, plasma uPA levels surprisingly declined to normal levels 

by 2 months of age and the clotting system was fully restored. Expression of uPA transgene in 

hepatocytes led to a continuous cycle of liver inflammation, necrosis and regeneration. During this 

process, some hepatocytes abolished the transgene expression due to DNA rearrangement and 

these hepatocytes selectively proliferated and repopulated the entire liver. Transfer of adult mouse 

liver cells into immune-tolerant uPA transgenic mice resulted in repopulation up to 80% of the 

diseased recipient liver with transplanted cells190. It was estimated that the donor cells can undergo 

12 cell divisions and still retain the ability to respond to partial hepatectomy with one or two extra 

cell divisions. These two models show the enormous proliferative capacity of healthy hepatocytes 

under circumstances of repopulation pressure due to extreme liver disease. 

How intimate the relationship between diseased and regenerative liver compartments after liver 

injury actually is, has been investigated in the urokinase transgenic mouse strain198. Liver of 

transgenic uPA mice have regenerative nodules (uPA negative hepatocytes) which are visually 

different from the surrounding diseased compartments which express the uPA transgene. After 
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separate removal of the two different types of tissue, the expression of liver growth modulators, 

hepatocyte proliferation and apoptosis were assessed in the proliferating and diseased liver 

compartments. Hepatocyte growth factor (HGF) was specifically upregulated in the diseased 

compartments, together with an increased production of growth inhibitors. The authors proposed 

a new speculative model: the increased production of HGF in the diseased compartment induces 

proliferation of normal hepatocytes (without the uPA transgene) and the formation of regenerative 

nodules in a paracrine fashion. The growth unresponsiveness of diseased hepatocytes to their own 

proliferative stimuli is mediated in a autocrine fashion by the increased production of growth 

inhibitors like transforming growth factor ßl, p53 and activin A. It can be concluded from these 

studies that the extent of liver repopulation by transplanted hepatocytes is dependent on the degree 

of the regenerative capacity of the liver induced by: 1) chronic damage to the liver parenchyme 

with loss of liver mass and the induction of a proliferative signal and 2) a growth advantage for 

transplanted hepatocytes (corrected gene defect). 

An important question that arises is whether hepatocyte transplantation can be of therapeutic value 

in circumstances where liver disease is less severe and its progression is slower and not always 

fatal. Wilson's disease is characterized by excess deposition of copper in the liver, brain and eyes. 

Biliary copper secretion is diminished and patients suffer from chronic liver disease. Hepatocyte 

transplantation was performed in Long-Evans cinnamon (LEC) rats, the animal model for 

Wilson's disease, before clinical manifestations of hepatic damage were present199. Transplantation 

resulted in 4%-20% repopulation of the recipient liver, a 40% reduction in copper deposition and 

reduction in lethality from 50% to 7,4%. It must be noted however, that these LEC rats underwent 

a two-third hepatectomy before transplantation was performed and hepatocytes of newborn rats 

were used. It is not known whether a similar degree of repopulation would be achieved without 

the strong regenerative stimulus of partial hepatectomy. 

Hepatocyte transplantation might be an alternative therapy for patients with progressive familial 

intrahepatic cholestasis. We speculate that this disease meets the conditions which are required for 

hepatocyte repopulation. Firstly, the chronic damage to hepatocytes causes a continuous state of 

regenerative proliferation. Secondly, transplanted hepatocytes are expected to protect themselves 

against bile salt-mediated damage by secretion of lipid, thus creating a net growth advantage. In 

chapter 6 we have investigated this issue and found that transplantation of MD7?J-expressing 

hepatocytes in mdr2 (-/-) mice restores phospholipid secretion into bile and reverses the 
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progression of liver diseases. 

When selective repopulation of transplanted hepatocytes is used as a discernible criterion, we can 

divide the group of liver-associated genetic defects in two subgroups, a group with possible 

selective growth advantage of transplanted hepatocytes due to liver damage and a group without 

direct cell damage in the recipient liver (listed in table 3). 

Table 3. Partial list of genetic diseases amenable to hepatocyte transplantation 

Genetic defects potentially suitable for Genetic defects that will not lead to 

hepatocyte repopulation hepatocyte repopulation 

Alpha-1 antitrypsin deficiency Crigler Najjar Syndrome 

Bile salt deficiency disorders Familial Hypercholesterolemia 

Erythropoietic protoporphyria Hemophilia 

Fructosemia Histidinemia 

Glycogenesis type IV Homocystinuria 

PFIC 2 Factor IX deficiency 

PFIC 3 Peroxisomal metabolism disorders 

Tyrosinemia type 1 Phenylketonuria 

Wilson's disease Urea cycle disorders  

Hepatic gene defects without direct liver damage 

A substantial number of metabolic disorders is caused by mutations in genes which are 

preferentially expressed in the liver, but lack of enzyme/protein activity does not result into direct 

liver damage (Table 3). Therefore, the recipient liver is not in a proliferative state and 

repopulation by corrected hepatocytes will not occur. Examples for the relative low numbers of 

donor cells which take up residence in the nonregenerating liver after hepatocyte transplantation 

are the clinical trials in familial hypercholesterolemia182183 and the Crigler Najjar syndrome181. To 

overcome the serious problem of limited repopulation after hepatocyte transplantation and modest 

clinical improvement, three research groups have tested in animal models whether new strategies 

provide a selective growth advantage for transplanted hepatocytes over endogenous hepatocytes 

("artificial repopulation"). 
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The first study describes a strategy in which the efficient gene transfer properties of an adenoviral 

vector are utilized to introduce a hepatotoxic urokinase gene into normal liver parenchyme200. This 

resulted in hepatocyte degeneration followed by a prolonged period of liver regeneration. The 

regenerative stimulus induced repopulation of the recipient liver by transplanted hepatocytes up 

to 8.6%, a significant increase compared to control animals in which no proliferative stimulus was 

given. Although not extensively studied, this approach must have caused considerable damage to 

the liver, as there was a 5% mortality when 80% to 90% of the hepatocytes was transfected with 

the hepatotoxic urokinase gene, while doubling of the adenoviral dose increased mortality to 

nearly 100%. Another limitation of this study is the fact that the amount of liver injury is 

unpredictable, as the intrahepatic levels of the hepatotoxic urokinase after viral infection are 

uncontrolled. In a second study, Laconi and colleagues achieved extensive repopulation when the 

proliferative activity of recipient hepatocytes was completely blocked by a preceding treatment 

with a pyrrolizidine alkaloid. Retrorsine induced especially in the liver alkylation of DNA and 

permanent arrest of hepatocytes in the late S and /or G2 phase. To induce a proliferative stimulus, 

a two-third hepatectomy was performed after retrorsine was administered201. Transplantation of 

healthy hepatocytes resulted in replacement of 40% to 60% of hepatic mass in female rats and 

nearly 100% repopulation was observed in male rats within 4 months and persisted for more than 

one year. Treated animals were followed up for 2 years without the development of adenomas, 

hepatocelullar carcinoma or other hepatic malignancies. The extensive repopulation by 

transplanted hepatocytes can be explained by the proliferative stimulus of a partial hepatectomy, 

combined with the inability of endogenous hepatocytes to proliferate after the retrorsine treatment. 

It is however not estimated whether retrorsine would induce a similar repopulation response 

without a two-third hepatectomy. Although successful, this approach is unlikely to be used in 

patients due to the highly hepatotoxic properties of retrorsine which induce permanent DNA 

damage in hepatocytes. In a third study, Kahn and colleagues have generated mice which express 

the human Bcl-2 gene in hepatocytes (which normally do not constitutively express Bcl-2202). 

Transgenic bcl-2 expression protects the hepatocytes against cell death due to apoptosis by the 

anti-Fas Jo2 antibody. When transgenic Bcl-2 expressing hepatocytes are transplanted in livers of 

immunosuppressed mice after treatment with nonlethal doses of the the anti-Fas antibody Jo2, they 

are capable to repopulate the liver to approximately 16%203. Repopulation occured only after anti-

Fas treatment, confirming that resistance to Fas-induced apoptosis constituted the selective 
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advantage of these transplanted hepatocytes. The authors themselves indicated that Bcl-2 is not the 

best candidate gene for a repopulation strategy, as constitutive and uncontrolled expression of Bcl-

2 favors tumor progression and interferes with the normal immune response. Moreover, the use 

of a Fas apoptosis-inducing agent may be hazardhous outside the liver, as Fas- induced apoptosis 

is a main signalling pathway for programmed cell death throughout the whole body. 

These three studies demonstrate that repopulation of a quiescent liver is possible (with diverging 

results in repopulation ranging from 8 to nearly 100%). Whether these specific techniques will be 

applied in humans is questionable because irreversible and uncontrolled liver injury is induced and 

the agents are potentially carcinogenic. The approach used by Kahn and colleagues203 has 

potentials to become a powerful method for successful liver-directed gene therapy. It will be a 

challenge in the forthcoming years to identify an appropriate hepatotoxic agent which, combined 

with a gene encoding resistance to this agent, can be administered in a secure and controllable way 

in the human clinical setting. 

Gene therapy 

An alternative for the application of healthy donor hepatocytes is the transplantation of in vitro 

genetically modified autologous hepatocytes182183'203. In the ex vivo procedure, cells are harvested 

by partial hepatectomy, after which hepatocytes undergo some cell division in culture which 

facilitates viral transfection. Transduced cells are subsequently transplanted back into the deficient 

liver. Partial correction of certain disease phenotypes like type 1 tyrosinemia, familial 

hypercholesterolemia (FH) and a 1-antitrypsin deficiency were obtained by this strategy in different 

animal models and one FH patient182183195-204'205. Drawbacks of ex vivo gene therapy are the 

invasiveness of a partial hepatectomy and the labour-intensive procedures of cell culture and the 

limited amount of gene-corrected hepatocytes in the non-dividing liver. 

The ultimate goal of liver-directed gene therapy is the restoration of enzyme/protein activity by 

stable expression of a therapeutic gene directly at the site of its normal expession. Liver-directed 

gene therapy involves the direct administration of genetic material to the patient, either by 

transfecting the affected liver parenchyme via the vena portae or the bile ducts (direct targeting 

in situ) or injection of the vector into the peripheral bloodstream (direct targeting in vivo). To 

accomplish this, vectors are under investigation which can be safely injected, target specifically 
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to the hepatocytes and transfect/transduce a high percentage of the liver cells206"208. During 

evolution, the human cell has learned to protect itself against the incorporation of foreign DNA 

into the genome. Viruses have however become very successful in overcoming this human barrier 

system and efficiently incorporate their genetic material into the human cell. Hence, important 

vehicles used for gene transfer are engineered viruses. Two groups can be distinguished: Vectors 

based on RNA viruses and vectors based on DNA viruses207208. 

Recombinant retroviruses are utilized most frequently. These RNA viruses carry out efficient gene 

transfer into many celltypes and are stably integrated into the host cell genome. The problems 

which investigators face with retroviruses are: 1) obtaining efficient delivery; 2) transduction of 

non-dividing cells; 3) sustaining long-term gene expression and 4) relatively low concentrations 

of viruses that can be produced. The regenerating liver can be efficiently transfected with 

retroviruses as shown in the animal model of hereditary tyrosinemia193. When liver regeneration 

is artificially induced by surgical hepatectomy, chemical injury or infusion of various growth-

stimulation drugs, efficient transfection is achieved and a significant or sometimes complete 

reversion of the diseased phenotype has been shown in animal models of liver genetic diseases. 

For example, 66% hepatectomy combined with retroviral transfection of human bilirubin-UGTl 

resulted in long-term amelioration of inherited jaundice in Gunn rats209. A 5-day infusion of human 

hepatocyte growth factor (HGF) results in a 140% increase in relative liver mass and a 30% 

retroviral transduction for at least one month with no signs on hepatic injury of histopathology210 

Adenoviral vectors are the most commonly used DNA viruses for gene transfer (specifically the 

adenoviruses serotypes 2 and 5 which cause mild upper respiratory infections). Its genome is a 

linear double-stranded DNA of approximately 35 kb which is divided into early (E1-E4) and late 

(L1-L5) transcription regions. By eliminating the El region, two goals are accomplished: space 

is made for placing the gene of interest, and due to the absence of the transactivating Ela protein, 

the virus cannot replicate207. So, adenoviral vectors have several positive features: they are large 

and can therefore potentially hold large DNA inserts upto 35 kb, they can transduce non-dividing 

cells and are produced at very high titers in culture. The first report of adenovirus treatment in 

a mouse model of ornithine transcarbamoylase deficiency was very promising showing long-term 

expression of the transgene in one animal2". Numerous studies since then have demonstrated that 

systemic administration of adenoviral vectors have led to therapeutic levels of gene expression in 

the liver and partial or complete correction of the clinical phenotype208. However, it became soon 
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clear that the gene expression was transient and transfected/transduced hepatocytes rapidly 

disappeared from the liver206'208. This can be explained by the transient gene expression after 

transduction and the rapid disappearance of transduced hepatocytes from the liver. This is 

probably caused by the immune response of the host, directed against vector components which 

also precludes readministration of the same adenovirus vector. These problems of immune 

rejection can be overcome by suppressing the host immunity by immunosuppressants or induction 

of tolerance to adenoviral proteins at the host site. Otherwise, modification of the vector can be 

applied to prevent immunoreactivity towards the viruses, for example by deleting those viral genes 

that are most immunogenic (early transcription regions E1-E4). Contradictory results are however 

obtained with these modified adenovirus vectors; they have reduced titers compared to the original 

vectors and only moderate gene expression (reviewed in208). 

Since a few years a number of additional viral vectors have been designed which combine the 

advantages of both retroviruses and adenoviruses (long-term expression of the transgene and the 

ability to infect nondividing cells). 

The Recombinant adeno-associated virus (rAAV) vectors are derived from a non-pathogenic 

parvovirus and contain a small single-stranded DNA genome. In non-dividing cells, efficient and 

stable transfer into the host genome is achieved for prolonged periods. The disadvantage of rAAV 

vectors is the limited amount of DNA that can be packaged. A few publications have demonstrated 

the potent ability of rAAV-vectors to achieve transient212 or persistent transgene expression in the 

mouse liver213'214. A single administration of wild-type-free and adenovirus-free rAAV vectors in 

the portal vein resulted in persistent, curative concentrations of functional human factor IX for 

more than 6 months, demonstrating the absence of immune rejection of the infected cells. The rise 

in factor IX levels within 6 weeks after the treatment could be explained in part by the conversion 

of single stranded to double stranded DNA. The persistence of gene expression after rAAV gene 

transfer is attributed to the integration of proviral DNA87. Other viral vectors like non-human 

lentiviruses, hepatitis viruses and simian virus 40 are in an early but very promising stage of 

development. The recombinant vector SV 40 for example is a non-replicative, non-immunogenic 

vector, that transfers genes efficiently into quiescent hepatocytes in vivo. Mean serum bilirubin 

concentrations are decreased by 40% after infusion of bilirubin-UGt containing SV40 vectors in 

the Gunn rat215. 
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An alternative and promising approach is the site-specific correction of genetic defects, reported 

by Steer and colleagues216'217. Single point mutations and single base deletions can be repaired in 

situ by chimeric RNA/DNA oligonucleotides encoding the wild-type sequence; this probably 

involves the DNA repair system of the cell. Without the introduction of new genetic material, 

single genetic defects can be repaired, as shown in the Gunn rat model of Crigler Najjar syndrome 

type 1, where at least 25% of the hepatocytes were corrected by this new technique218. In 

conclusion, the different forms of liver-directed gene therapies are potentially powerful tools to 

correct genetic defects and in the near future these revolutionary treatments may be applied in 

patients with genetic liver disorders. 
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