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Chapter 1

1.1 Introduction

The liver has various important physiological functions, including the metabolism of (po-
tentially) toxic endo- and xenobiotics. Metabolites are secreted by liver cells into blood or
into bile for removal from the body via urine or faeces, respectively. ATP-binding cassette
(ABC) transporters have an essential role in this transport function of liver cells.

Although it is a highly differentiated organ, the liver retains the ability to regenerate
after loss of tissue. This process involves active cell division. Tissue deficits can occur after
surgical removal of a part of the liver, e.g., for treatment of hepatic carcinoma, or can be
caused by loss of functional cell mass due to the effects of toxic chemicals or viruses. Under
such circumstances the remaining cells are able to proliferate to make up for the loss of
tissue. Regeneration of the liver can occur through proliferation of mature hepatocytes or,
when the hepatocytic cell cycle is blocked, through activation of hepatic progenitor cells
that subsequently develop into functional liver cells. In addition, bone marrow-derived
cells may migrate to the liver and repopulate the diseased organ to a certain extent.1,2

Cells regenerating the liver must be well protected against toxic metabolites and xeno-
biotics. ABC transporters may be essential for this protection. In this thesis the expression
of ABC transporters in different models of liver regeneration in rats and in human liver
disease is described. The signal transduction route involved in the regulation of Mdr1b
expression has been studied in detail, as expression of Mdr1b, an ABC transporter located
in the canalicular membrane of hepatocytes, is highly increased during liver regeneration.
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General introduction

Figure 1.1: Schematic representation of a liver lobule. Large arrows indicate the flow of sinusoidal
blood, originating from portal veins (carrying nutrients from the intestine) and hepatic arteries (providing
oxygen); small arrows represent flow of bile towards the bile ducts. Reprinted from Bloom et al. (1975),
A textbook of histology.

1.2 The liver

The liver consists of different cell types (Figure 1.1). Hepatocytes comprise ∼80% of total
liver cell mass. Hepatocytes are polarized cells arranged in one cell layer-thick plates.
The basal or sinusoidal membrane of hepatocytes contacts the space of Disse (see below).
The apical or canalicular membranes of adjacent hepatocytes form the bile canaliculi.
These connect with the terminal bile ductules via the canals of Hering. These canals are
partially lined by hepatocytes and partially by biliary epithelium.3,4 The ductules pass into
the interlobular bile ducts. The cholangiocytes lining the bile ducts are heterogeneous in
appearance. The bile ductules are lined by small cholangiocytes, which are cuboidal in
form, whereas the larger bile ducts are lined by large cholangiocytes, which have a more
columnar appearance.5,6

Hepatocytes, bile ductuli and bile ducts can be considered as a hepatic microsecretory
unit (a schematic presentation of a hepatic microsecretory unit can be seen in Figure 1.3).
The hepatocytes produce the primary bile. The main determinant of bile formation is

3



Chapter 1

transport of bile salts, forming the “bile salt-dependent bile flow”. Excretion of organic
anions, especially of reduced glutathione, further contributes to bile flow and constitutes
the “bile salt-independent bile flow”.7 Primary bile is modified in the bile ducts where the
cholangiocytes add water, chloride, and bicarbonate to bile, but absorb glucose, amino
acids and, to some extent, bile salts.6

The sinusoids contain endothelial cells, Kupffer cells, pit cells, and stellate cells. The
endothelial cells are fenestrated and constitute the barrier between the hepatocytes and
the blood stream, allowing exchange of fluids between the blood and the space of Disse,
but hindering the passage of cells. Kupffer cells (macrophages) and pit cells (natural killer
cells) have important roles in immune response and phagocytosis. The hepatic stellate
cells, located in the space of Disse, contain vitamin A-rich lipid droplets. Beside storage
of vitamin A, stellate cells play a major role in fibrogenesis.8

The liver has a dual blood supply. Oxygen-rich blood (25% of total volume) enters
via the hepatic artery, whereas blood coming directly from the intestine enters via the
portal vein (75%). Blood leaves the liver via the hepatic vein. A terminal hepatic artery, a
terminal portal vein and a terminal bile duct form a so-called portal triad from which rows
of hepatocytes radiate towards the hepatic veins. This forms the smallest functional unit
in the liver, called the acinus. The hepatocytes in the acinus are functionally divergent,
dependent on their localization. Zone 1 is formed by the periportal hepatocytes, and zone 3
by the perivenous hepatocytes. Bile flows through the canalicular network in the direction
opposite to blood flow, i.e., from zone 3 to zone 1, and collects in the bile ducts (Figure
1.1).

Oxygen tension and the concentrations of metabolic substrates, cytokines, and hor-
mones in the blood differ in the various zones. Consequently, various functions of the liver
are located in specific zones. Hepatocytes in zone 1 have a higher capacity for detoxi-
fication of reactive oxygen intermediates by glutathione, glucose output, urea synthesis,
and bile formation. The capacity for glucose uptake, glutamine formation and xenobiotic
metabolism is higher in zone 3.9

1.3 Hepatic transport proteins

For uptake and secretion of compounds from and into the blood and bile, cells in the liver
contain a large number of transporter proteins. Transport specificities, cellular localization
and regulatory mechanisms of a number of these transporters are now known. A compre-
hensive picture is emerging, showing tight regulation of transporters and metabolic systems
to maintain homeostasis. An example of this is the enterohepatic circulation of bile salts:
bile salts secreted via the bile into the intestine are reabsorbed and returned to the liver
to be absorbed by hepatocytes, where they actively suppress bile salt formation. Members
of the nuclear receptor family, that are activated through binding of specific ligands are
essential in this regulation.10

With the completion of the sequencing of the human genome, all transporter proteins
can now be identified based on their sequence homology. Characterization of substrates
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and determination of physiological functions for all transporters will be the next goal.

Hepatic uptake transporters

The uptake of compounds into hepatocytes and cholangiocytes is predominantly me-
diated by members of the solute carrier superfamily (SLC). Members of this family have
diverse structures and may contain 7 to 12 transmembrane domains. Driving forces for
transport differ between the transporters.

The main transporter for the uptake of bile salts from blood into hepatocytes is
the sodium-dependent taurocholate co-transporting protein Ntcp/NTCP (gene symbol
Slc10a1 ). Ntcp is located in the basolateral membrane. Its expression is not zonated.11

Transport by Ntcp is driven by the co-transport of Na+ ions. The Na+-gradient required
for this transport is generated by the Na+/K+ ATPase. Ntcp preferentially transports bile
salts conjugated to glycine or taurine, e.g., taurocholate, and to a lesser extent unconju-
gated bile salts, like cholate, in co-transport with sodium (reviewed by Kullak-Ublick et
al.12). Basal expression of Ntcp is controlled by members of the nuclear receptor family,
namely by the retinoid X receptor (RXR) and retinoic acid receptor (RAR) heterodimer
RXR:RAR.13 High levels of bile salts activate the bile acid receptor FXR/BAR, which re-
sults in increased transcription of the short heterodimer partner-1 (Shp-1). Shp-1 in turn
decreases the activity of RXR:RAR, resulting in decreased expression of Ntcp. This way,
hepatocytes reduce the uptake of bile salts.14

In hepatocytes Oatp1 (Slc21a1 ), Oatp2 (Slc21a5 ), and Oatp4 (Slc21a10 ) contribute to
the transport of a wide range of compounds, including organic anions (among which bile
salts and glutathione conjugates) and large cations, although their individual transport
characteristics differ slightly.15−18 Oatp1 and Oatp2 are able to transport bi-directionally.
Their driving force appears to be anion exchange. Both proteins can transport glutathione
(GSH) and for Oatp1 the reverse transport of GSH may be an important driving force.19,20

Oatp1, Oatp2, and Oatp4 are located in the basolateral membrane of hepatocytes. Oatp1
is homogenously expressed along the liver acinus, whereas Oatp2 and Oatp4 are predomi-
nantly localized in zone 3.16−18,21−24 In humans, the OATP proteins in liver are OATP-C
(OATP2, SLC21A6 ), which has the highest homology with rat Oatp4, OATP8 (SLC21A8 ),
and OATP-B (SLC21A9 ). These transporters are all present in the basolateral membrane
of hepatocytes.25−27 In addition, OATP-A (OATP1, SLC21A3 ) is expressed at a low level
in human liver.28

Small organic cations, including drugs, choline, and monoamine neurotransmitters, are
transported by members of the organic cation transporter family. Until now only one
member of this family, Oct-1 (Slc22a1 ), has been identified that is expressed at high levels
in liver. It is located in the basolateral membrane of hepatocytes.29

In the liver, uptake transporters of bile salts have not only been identified in hep-
atocytes, but also in cholangiocytes. The sodium-dependent bile salt transporter Asbt
(Slc10a2 ) is expressed in the apical membrane of large cholangiocytes, as well as in ileum
and kidney.30,31 A splice variant of Asbt, t-Asbt, has been identified in the basolateral
membrane of large cholangiocytes, and may function as a bile salt exporter.32 It has been
suggested that Oatp3 (Slc21a7 ) may also mediate the uptake of bile salts by cholangio-
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cytes. Its expression in normal liver is however very low,24 and its exact role is currently
unknown.

Bile salts that are absorbed by the large cholangiocytes subsequently recirculate to
the hepatocyte sinusoidal membrane. This shunting of bile salts back and forth between
hepatocytes and cholangiocytes has been termed cholehepatic shunting.33 It may promote
additional bile formation, but to what extent this occurs is not known.

Hepatic export transporters

Export of compounds from the liver is predominantly carried out by ABC transporters.
The structure of these transporters is highly conserved. Most ABC transporters have two
sets of 6 membrane spanning domains (MSD1 and MSD2) (Figure 1.2A), though some
have an additional N-terminal extension with five transmembrane domains (MSD0) (Figure
1.2B). Two intracellular loops of approximately 300-400 amino acids (NBD1 and NBD2)
contain Walker A and B motifs, which are involved in the binding and hydrolysis of ATP.
This provides the energy needed for the transport against a concentration gradient.34,35

Between the two Walker motifs a short, highly conserved, motif is found. This “signature
sequence” or Walker C motif is a distinctive feature of all ABC transporter proteins.34 A
number of ABC transporters are half transporters, consisting of only six transmembrane
domains and one intracellular ATP binding domain (Figure 1.2C). These proteins, however,
most likely dimerize in the membrane to form a functional unit.

Based on their sequence homology, the members of the ABC superfamily have been
divided into seven subclasses (A to G). ABC transporters are not exclusively located in
the plasma membrane, but have also been localized to intracellular organelle membranes
as the peroxisomes, mitochondria and the endoplasmic reticulum. In this introduction,
focus will be on transporters located in the plasma membrane with specific attention to
hepatic transporters. An extensive overview of all human ABC transporters can be found
on http://nutrigene.4t.com/humanabc.htm.

The Abca family

The Abca family consists of 13 members. These transporters are characterized by an
extra hydrophobic stretch of amino acids in the first intracellular loop (NBD1), putatively
forming an extra loop in or through the membrane.36 Members of the Abca transporter
family are important for phospholipid transport. Best characterized is Abca1, which
is expressed at high levels in fetal tissue where its expression correlates with apoptotic
areas.37 Mouse Abca1 has been shown to be involved in engulfment of apoptotic cells by
macrophages.37 In adult liver Abca1 may function as a phosphatidylserine transporter,
involved in formation of pre-βHDL, allowing cholesterol uptake by apolipoprotein-A-I in
high density lipoproteins.38,39 Mutations in the human ABCA1 gene have been linked to
Tangier disease, a disorder characterized by the accumulation of cholesteryl ester in various
tissues and absence of HDL in plasma.40−42

The Abcb family

Of the 11 Abcb family members, four are expressed in the cell membranes of hepatic
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General introduction

Figure 1.2: Membrane topology models of ABC transporters. Schematic representation of (A) the
MSD1-NBD1-MSD2-NBD2 structure, (B) the MSD0-MSD1-NBD1-MSD2-NBD2 structure, and (C) the
NBD-MSD structure of half transporters. MSD, membrane spanning domain; NBD, nucleotide binding
domain.
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Figure 1.3: Schematic representation of ABC transporters in rat liver. Scheme of a hepatic microsecretory
unit, depicting the localization of Abcb transporters (light grey) and Abcc transporters (dark grey) in
hepatocytes and cholangiocytes.

cells, namely Mdr1a/b, Mdr2, and Bsep (Figure 1.3). The human multidrug resistance
transporter MDR1 (ABCB1 ) has two homologues in rodents, i.e. Mdr1a/Mdr1b (Abcb1a/
Abcb1b).43,44 The proteins are expressed in the canalicular membrane of hepatocytes and
the apical membrane of small biliary ductules in liver, as well as in other tissues with
excretory functions, such as the kidney and the small intestine.45 Mdr1 proteins are also
expressed in bone marrow, fetal tissue, brain, and testis,46−49 where they function in main-
tenance of the barrier function, by continuously removing hydrophobic compounds.50−53

Substrates for Mdr1 proteins include structurally unrelated, mainly amphipathic cationic,
compounds and small cations.54−56 The expression of MDR1 in normal human liver is high
compared to the expression of Mdr1a/1b in laboratory animals.48,57,58

Although not essential for basic physiological functions, MDR1 and Mdr1a/1b are es-
sential for protection of the body from potentially toxic compounds. High expression of
MDR1/Mdr1a/Mdr1b in tumor cells keeps the intracellular level of chemotherapeutics low.
This causes multidrug resistance, the phenomenon that cells become resistant to various,
structurally unrelated, chemotherapeutics.

The role of Mdr1 proteins in cellular protection may be complementary to the role
of cytochrome P450 proteins: whereas Mdr1a/b protect the cell by transporting toxic
compounds out of the cell, cytochrome P450 proteins can modify such compounds into
more hydrophilic metabolites, allowing transport by different transporters. Studies in
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Abcb1a/b nullizygous mice revealed an inverse relationship between Mdr1 protein expres-
sion and levels of cytochrome P450 proteins as CYP3a.59 Besides its function as efflux
pump for xenobiotics, additional physiological roles have been proposed for Mdr1. It may
function as a transporter of endogenous compounds, such as steroid hormones, small pep-
tides, or cytokines.60−65 By transporting intracellular signal transduction factors, Mdr1
might influence signal transduction pathways. An anti-apoptotic role for Mdr1 has been
proposed.66−69 In these studies, Mdr1 function was impaired by inhibitors or antibodies.
Alternatively, cells have been used that were induced to express Mdr1 protein either by
drug selection or by retroviral transduction. As these interventions may have a large im-
pact on the systems studied (discussed by Borst et al.,70 and Johnstone et al.,71) the precise
role of Mdr1 in the control of apoptosis remains to be elucidated.

In contrast to the drug-transporting Mdr1 proteins, Mdr2 (Abcb4, MDR3 in human) is
a translocator of phosphatidylcholine.72 Mdr2 is expressed at high levels in the canalicu-
lar membrane of hepatocytes, with a slightly higher expression in zone 1.73−75 Its role was
identified in Abcb4 nullizygous mice that do not excrete phosphatidylcholine into their bile.
As a result, bile salt micelles in primary bile are not masked by lipids and cause extensive
damage to the hepatocytes and cholangiocytes.72 Mutations in the human ABCB4 gene
are the underlying cause of progressive familiar intrahepatic cholestasis (PFIC) type 3. Pa-
tients present with increased cholestatic serum markers and high γ-glutamyltranspeptidase
levels.76

Abcb11 encodes the bile salt export pump BSEP. This protein is a hepatocyte-specific
transporter, present in high levels in the canalicular membrane.77 Mutations in the human
ABCB11 gene are associated with progressive familiar intrahepatic cholestasis (PFIC) type
2, a disease characterized by low biliary bile salt concentration, elevated serum bile salt
concentrations and normal γ-glutamyltranspeptidase levels.78,79

The Abcc family

The Abcc family consists of 12 members. At least four of these, Mrp1, Mrp2, Mrp3,
and Mrp6, are expressed in healthy liver. Abcc1 encodes Mrp1, expressed in the basolat-
eral membrane of hepatocytes. Its expression in liver is low under normal conditions.80,81

Mrp2 (Abcc2 ) is the apical isoform of Mrp1. Mrp2 is expressed in the canalicular mem-
brane of hepatocytes,82,83 as well as in kidney and intestine.84,85 The substrate specificity
of Mrp1 and Mrp2 is highly similar. Both are able to transport compounds conjugated to
glutathione, glucuronate or sulfate. Physiological substrates include leukotriene C4, biliru-
bin glucuronides, 17β-glucuronosyl estradiol, taurolithocholate 3-sulfate, and glutathione
disulfide (GSSG). In addition, transport of other organic anions and several cationic drugs,
requiring the presence of GSH, has been reported (reviewed by Renes et al.,86 Keppler et
al.,87 and König et al.,88). As for Mdr1, over-expression of Mrp1 can confer multidrug
resistance to tumor cells.80 It has been demonstrated that Mrp2 also can confer resistance
to cytotoxic drugs in in vitro systems,89,90 but it remains to be shown whether this also
occurs in vivo.

Mutations in the Abcc2 gene causing premature stopcodons result in absence of Mrp2
protein in Transporter Deficient (TR−) and in Eisai hyperbilirubinemic (EHBR) rats.83,91
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These rats cannot secrete conjugated bilirubin. In humans, mutations in the ABCC2 gene
have been linked to Dubin-Johnson syndrome.92,93

Mrp3 (Abcc3 ) is localized to the basolateral membrane of hepatocytes and cholangio-
cytes. Mrp3 expression in hepatocytes is low in normal liver. It can only be detected in
1-3 layers of hepatocytes surrounding a hepatic venule. Mrp3 is, however, highly expressed
in the basolateral membrane of cholangiocytes.94 Mrp3 is also expressed in other tissues,
including colon, small intestine, gallbladder, and at relatively low levels, in kidney.95−97

Mrp3 is a transporter of glucuronide conjugates. In addition, Mrp3 is able to transport
bile salts, with the highest affinity for taurolithocholate-3 sulfate, but Bsep substrates like
taurocholate and glycocholate are also transported.98 Glutathione conjugates are poor sub-
strates for Mrp3.99 The presence of Mrp3 in cholangiocytes suggests that it may have a role
in the cholehepatic shunt of bile salts. In addition, Mrp3 may be responsible for the intesti-
nal transport of organic anions. The hepatocellular expression of Mrp3 is highly increased
in cholestatic conditions. As the expression of Mrp2 is down-regulated during cholestasis,
Mrp3 may function to efflux compounds into blood that are normally transported by Mrp2
into bile.98,99

Mrp6 (Abcc6 ) is expressed at high levels in the liver. It is most likely localized in the
basolateral membrane of hepatocytes, though apical staining has been observed as well.
Thus far the only substrate for Mrp6 that has been identified is the cyclopentapeptide
BQ123.100 Deficiency of Mrp6 causes pseudoxanthoma elasticum, a systemic disease of
elastic tissue, affecting the eyes, skin, and blood vessels.101

Recently, more members of the Abcc family have been identified. These include Mrp4
(Abcc4 ) and Mrp5 (Abcc5 ). Mrp4 and Mrp5 do not contain the MSD0 domain. They
are nevertheless more related to other Mrps than they are to other ABC transporters.102

Both transporters are ubiquitously expressed, although their expression in normal liver is
relatively low.95,102 Mrp4 and Mrp5 are organic anion pumps, but they are also capable of
transporting cyclic nucleotides (cGMP and cAMP) and nucleotide analogues.103−105 These
transporters might therefore participate in signal transduction pathways in which cyclic
nucleotides are involved. In addition, these transporters can cause resistance to nucleoside-
based drugs that are clinically used in antiviral therapy.103

The cystic fybrosis transmembrane regulator (Cftr, Abcc7 ) is also a member of the
Abcc family. Cftr presumably does not function as a transporter but as a Cl− channel.106

In the liver CFTR/Cftr is only expressed in the apical membrane of cholangiocytes.107,108

The Abcg family

The Abcg family consists of half transporters with an NBD-MSD structure, as de-
picted in Figure 1.2C.109 This subfamily comprises eight proteins. Abcg1, g5, and g8
have been shown to be involved in the regulation of lipid-trafficking. Abcg1 is ubiquitously
expressed.110,111 Best characterized is its role in lipid homeostasis in macrophages.110 Abcg5
and Abcg8 are expressed in small intestine and liver. These transporters have been impli-
cated in the efflux of dietary sterols from the enterocytes back into the lumen and possibly
from the liver into the bile.112 Mutations in the human ABCG5 and ABCG8 genes have
been linked to sitosterolemia, a disease in which affected individuals have increased levels
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of plant sterols in plasma due to increased intestinal absorption.113

Bcrp (Abcg2 ) is highly expressed in placenta and at relatively low levels in many cell
types, including the liver (apical membrane of hepatocytes) and the epithelium of the
small intestine and colon.114 It was recently demonstrated in mice that Bcrp is highly
expressed in a subgroup of hematopoietic stem cells, the so-called “side population”.115

These cells have a high level of plasticity and it may well be that these cells migrate into
the liver during extensive damage (see below). The results of Zhou et al.115 suggest that
Bcrp has an essential role in maintaining a de-differentiated phenotype, as enforced over-
expression delays maturation of the cells. However, its presence in mature, differentiated
cells as hepatocytes indicates that Bcrp expression alone is not sufficient for preventing
differentiation of cells. Expression of Bcrp can, like Mdr1 and Mrp1, cause multidrug
resistance and has been associated with breast cancer.116

1.4 Liver regeneration

Under pathophysiological conditions, the expression levels of many hepatic transporters
alter markedly. Work described in this thesis focuses on the effect of regeneration of the
liver on expression levels of hepatic transporters.

In the normal healthy liver, hepatocytes only rarely proliferate. However, these cells
start to divide when the functional capacity of the liver becomes too small. Partial hepatec-
tomy and toxic injury are important stimuli for liver regeneration. In animal models, liver
regeneration is often studied after surgical removal of the median and left lateral lobe of the
liver. This accounts for approximately 70% of total liver mass. An important advantage
of this partial hepatectomy (PHx) model is that there is no inflammation, cell death, or
fibrosis.117

After PHx, not only the hepatocytes, but also the non-parenchymal cells and the ex-
tracellular matrix re-organize. The hepatocytes are the first cells to regenerate, reaching a
peak in DNA synthesis at 22-24 hours after PHx. Replication of hepatocytes starts in the
periportal areas of the remaining liver. Replication of non-parenchymal cells occurs 24-36
hours later. After a 70% PHx in rats, the liver will grow to its original mass within two
weeks after which proliferation stops.1

In regenerating liver, one would expect a decreased hepatic functioning during cell
division because of partial loss of cell polarity. The expression of most liver-specific proteins
is, however, maintained117 and bile flow and bile salt secretion, when expressed per gram
liver, are actually increased.118,119

The cytokines TNF-α and IL-6 have essential roles in initiating cell division after PHx,
as has been demonstrated using TNF-receptor 1-deficient and IL-6-deficient mice.120−122

The transcription factors nuclear factor kappa B (NF-κB), activated protein-1 (AP-1) and
signal transduction and activators of transcription (STAT) family member 3 (STAT3) are
activated by these cytokines and have a key role in transcriptional regulation of gene
expression after PHx.
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Signaling by TNF-α
TNF-α interaction with the TNF-receptor 1 (TNFR1) results in the association of

the receptor’s death domains. Subsequently the adaptor protein TNF-receptor-associated
death domain (TRADD) binds to the clustered receptor death domains, resulting in the
activation of multiple signaling cascades.

Binding of Fas-associated death domain (FADD) to TRADD mediates the activation
of caspase 8 and 10. This results in the activation of effector caspases and in apoptosis
when anti-apoptotic mechanisms are not effective.123,124

Activation of nuclear factor kappa B (NF-κB) (p50-p65 complex) by TNF-α starts
with TRADD, and TNF-receptor associated factor-2 (TRAF2)/receptor interacting protein
(RIP). This is followed by the activation of NF-κB-inducing kinase (NIK) and inhibitor of
κB (IκB) kinase complex (IKK). Alternatively, IKK can be directly activated by reactive
oxygen species,125,126 that are induced by TNF-α.127,128 NF-κB is retained in the cytoplasm
by IκB. For activation of NF-κB, phosphorylation of IκB by IKK is essential, followed by its
ubiquitination and degradation by the 26S proteasome. This releases the NF-κB subunits,
which then translocate to the nucleus to initiate gene transcription (reviewed by Bradham
et al.129 and Wallach et al.130).

The activation of AP-1 involves binding of TRAF2 to TRADD, followed by the acti-
vation of the mitogen activated protein kinase (MAPK) pathways. Through a number of
phosphorylation steps, this results in the activation of c-Jun NH2-kinase (JNK) and p38.
These factors can translocate to the nucleus where they phosphorylate transciption factors,
ultimately resulting in the activation of transcription factors as c-Jun and c-Fos, members
of the AP-1 family (reviewed by Hagemann and Blank131). A simplified schematic overview
of the TNF-α signaling pathways is shown in Figure 1.4.

Signaling by IL-6
The activation of NF-κB by TNF-α induces IL-6 expression in Kupffer cells. Binding

of Il-6 to its receptor results in the activation of intracellular receptor-associated tyro-
sine kinases (janus kinases, JAKS) and eventually phosphorylation, primarily of STAT3.
This phosphorylation induces dimerization of STAT3 and its translocation to the nucleus.
Transcriptional activity of STAT3 is further regulated by phosphorylation of specific serine
residues. IL-6 can also activate the MAPK pathways.

Progression through the cell cycle subsequently requires the action of growth factors
as hepatic growth factor (HGF) and transforming growth factor-alpha. Excellent reviews
on this subject have been written by Michalopolous and DeFrances,117 Taub et al.,132 and
Fausto.133

1.5 Liver regeneration involving hepatic progenitor

cells

After PHx, regeneration of the liver is accomplished by proliferation of hepatocytes and
cholangiocytes. However, liver injury after exposure to hepatotoxic chemicals or viral in-
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Figure 1.4: Schematic overview of signal transduction pathways activated by TNF-α. Activation of the
TNF-receptor (TNFR1) induces the binding of TNF-receptor-associated death domain (TRADD). Via
Fas-associated death domain (FADD), caspases are activated. Activation of nuclear factor kappa B (NF-
κB) involves the activation of NF-κB-inducing kinase (NIK) via TNF-receptor associated factor-2/receptor
interacting protein (RIP). NIK phoshorylates the inhibitor of κB (IκB) kinase complex (IKK). IKK can
also be activated by reactive oxygen species (ROS). IKK induces the phosporylation of IκB, resulting in
its ubiquitination (ub) and degradation. This releases the NF-κB subunits p50/p65, which translocate to
the nucleus and induce gene transcription. Depicted on the right is a simplified overview of the factors
involved in the activation of the mitogen activated kinases c-Jun NH2-terminal kinase (JNK) and p38.
Activation involves a member of the MAPK/ERK kinase kinase family (MEKK) or mixed lineage kinase
family (MLK) followed by members of the MAPK kinase family (MKK). Translocation of JNK and p38
to the nucleus ultimately results in the activation of transcription factors as c-Jun and c-Fos.
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fections is frequently associated with inhibition of the regenerative and functional capacity
of hepatocytes and bile duct epithelial cells. Under these conditions, the hepatic progenitor
cell compartment becomes activated. There are a number of animal models in which he-
patic progenitor cells are specifically activated by induction of severe hepatic injury while
the proliferation of hepatocytes is inhibited. One of these models combines treatment of
rats with 2-acetylaminofluorene (2-AAF) and PHx. Treatment with 2-AAF decreases the
expression of Cyclin E in hepatocytes after PHx. At the same time, expression of p53 and
subsequently of p21 are increased. This results in a blockade in the cell cycle.134

The localization of the hepatic progenitor cells has been subject of debate for many
years. The observations that after pericentral damage liver regeneration was faster than
after periportal damage135 and that damage of the bile ducts by methylene dianiline inhib-
ited the activation of the progenitor cells136 suggested that the progenitor cells might be
localized in or near the biliary tree. Recently, Theise et al.4 evaluated the three-dimensional
structure of the ductular reactions by using immunohistochemistry in serial slices of normal
liver and of liver with massive necrosis. These authors established that the hepatic progen-
itor cells are located in or near the canals of Hering. Activation of these progenitor cells
results in the generation of oval cells. These cells are small, contain little cytoplasm and
have a large ovoid nucleus. Oval cells are cells with a high potential to proliferate: they
can be found migrating from the canals of Hering into the periportal region.4 By using
electron microscopy and immunohistochemistry it has been observed that oval cells can
have different shapes. Some form irregular duct-like structures,4 while others are morpho-
logically intermediate between oval cells and hepatocytes.137 Because of this heterogeneity
the total of oval cells is often described as the “oval cell compartment”.138

The differentiation of oval cells after 2-AAF/PHx in rats has been studied by autora-
diography. [3H]-Thymidine initially labeled oval cells, but the label appeared in newly
formed hepatocytes 9-11 days after PHx. At this point the expression of α-fetoprotein and
γ-glutamyltranspeptidase decreased, and the cells switched from a bile duct cell-like to a
hepatocyte-like pattern of cytokeratine expression. Furthermore, cytochrome P450 expres-
sion, absent in the oval cells, could be observed in the newly formed hepatocytes.139,140

In addition to hepatocytes, oval cells can differentiate into bile duct epithelial cells, as
demonstrated by immunohistochemistry.141 These observations have been confirmed by in
vitro studies. Oval cells in culture can be induced with DMSO or sodium butyrate to
differentiate into cells having either hepatocyte-like or bile duct cell-like phenotypes.142

From these studies it has been concluded that oval cells are bi-potential and capable of
differentiation into either hepatocytes or cholangiocytes.

Oval cells are characterized by the expression of specific proteins. They express α-
fetoprotein, γ-glutamyltranspeptidase and cytokeratin-19, and can be detected by anti-
bodies such as OV-6, recognizing a common epitope in cytokeratins 14 and 19.143−145

Furthermore, they express Thy-1, a protein also expressed in hematopoietic stem cells.146

These markers help in the identification of oval cells and allow the isolation and in vitro
characterization of highly enriched oval cell populations.

In humans, many types of liver injury induce an increase in bile duct-like structures
near the portal tract, the so-called “ductular reaction”. Cells in these structures can dif-
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ferentiate towards cholangiocytes or hepatocytes. Differentiation towards biliary epithelial
cells is seen in extrahepatic biliary obstruction. This is comparable to the bile duct ligation
model in rats. Proliferation of cells that resemble both cholangiocytes and hepatocytes is
observed in primary biliary cirrhosis, chronic active hepatitis, and submassive necrosis. Dif-
ferentiation towards hepatocytes is most pronounced during regeneration after submassive
necrosis.147−149

1.6 Bone marrow-derived stem cells

In addition to mature hepatocytes and hepatic progenitor cells, it has recently been shown
that circulating bone marrow stem cells can differentiate into functional liver cells. This
was first demonstrated in rats that had undergone bone marrow transplantation prior to
severe hepatic damage. In the livers of these animals, mature hepatocytes and cholangio-
cytes could be detected that were derived from the donor and thus had to originate from
bone marrow-derived cells.150 Similar observations were subsequently made in humans. In
liver samples from female recipients of male bone marrow or from male recipients of a fe-
male liver, hepatocytes containing the Y-chromosome were detected. The number of bone
marrow-derived cells in these livers was however highly variable.151,152

The ABC transporter gene expression of bone marrow-derived stem cells is largely
unknown. Although the expression of ABC transporters has been studied in different bone
marrow cell types, knowledge regarding their expression in purified stem cell populations
is only limited. Only recently, Zhou et al.115 reported that murine hematopoietic stem cells
with the side-population phenotype (ckit+Sca+Lin−) express Bcrp, Mdr1a, Mrp1, Mrp3,
and Mrp4 mRNA.

From these observations it can be concluded that bone marrow-derived stem cells may
play a role in hepatic regeneration. However, as only limited numbers of these cells are
present in diseased liver, it seems unlikely that these cells have the capacity to fully rege-
nerate a damaged liver. Further characterization of these cells may lead to novel methods
to stimulate the repopulation process, which may result in novel therapies for chronic liver
disease in the future.

1.7 Outline and aim of this thesis

One may assume that cells that proliferate during severe liver damage require well-develop-
ed defense mechanisms to withstand cellular damage under conditions of severe metabolic
stress. One potential mechanism of cellular protection is the expression of efflux pumps,
belonging to the ABC superfamily of membrane transporters, which are able to dispose
toxic metabolites from cells. The aim of the work described in this thesis was to characterize
the expression of ABC transporter genes in different hepatic cell types after experimental
or disease-related liver damage in animal and humans.

In work described in chapter 2 the expression of hepatic transport systems involved
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in bile formation was studied during liver regeneration that occurs after partial hepatec-
tomy (PHx) in rats. mRNA and protein levels of transporters were analyzed in detail in
hepatocytes and related to the actual bile flow rate and the secretion rates of bile salts,
bilirubin conjugates, and GSH under these circumstances.

Subsequently, in chapter 3, ABC transporter gene expression was studied in a rat
model for hepatic progenitor cell activation. The progenitor cell compartment was induced
by treating rats with 2-acetylaminofluorene (2-AAF) followed by PHx. Gene expression
was studied in total liver, both on mRNA and on protein level. In addition, different cell
fractions were isolated. This allowed for a comparison of ABC transporter gene expression
in hepatic progenitor cells, hepatocytes, and cholangiocytes.

As progenitor cells are also activated during severe liver diseases in humans, ABC
transporter gene expression was studied by immunohistochemistry and real-time detection
PCR in human liver specimens obtained from patients diagnosed with primary biliary
cirrhosis, chronic hepatitis C, or submassive liver cell necrosis and compared with normal
human liver. The results are described in chapter 4.

We observed in chapter 2 that the expression of the ABC transporter gene Mdr1b was
highly increased in hepatocytes after partial hepatectomy. To get insight in the molecular
mechanism involved in the transcriptional control of Mdr1b during liver regeneration, the
mechanism of up-regulation of Mdr1b in hepatocytes by TNF-α was elucidated (chapter
5). TNF-α can signal through various pathways, including NF-κB and p53, transcription
factors for which binding sites in the Mdr1b promoter have been identified. By using
specific inhibitors, we could determine which signal transduction pathway was involved in
TNF-α-induced Mdr1b expression. Finally, the transcription site that is involved in the
up-regulation was determined using transient transfection assays.

This thesis is conluded with a summary of the obtained data.
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