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Objectives of this thesis 

OBJECTIVES OF THIS THESIS 

Hepatic and intestinal transport processes are essential for the uptake and excretion of 
endogenous and exogenous substrates. Defects in transporter expression and function 
can disturb organ-specific functions and may be the direct cause of disease. 
Bile formation is one of the major functions of the liver. Its impairment by drugs or 
infectious, auto-immune, metabolic or genetic disorders can result in cholestasis. The 
term cholestasis is used to describe conditions associated with impaired bile flow from 
the liver co the duodenum. Cholestasis may be secondary to dysregulated bile salt 
synthesis and/or transport or by physical obstruction of bile flow. Transport of bile 
acids is accomplished by various transporters located at the basolateral (sinusoidal) and 
canalicular membrane of hepatocytes. A rapidly growing number of studies have been 
dealing with the regulatory mechanisms of hepatobiliary transporter gene expression 
in health and disease. The transcriptional regulation of hepatic transporters by liver
enriched hepatocyte nuclear factors and ligand-activated nuclear receptors was essential 
for understanding the molecular mechanisms of cholestasis. 
Transport proteins are also expressed in intestinal epithelial cells and are responsible 
for the uptake of dietary compounds. In addition, transporters play a crucial role in 
the body's defence against dietary toxins, xenobiotics and toxins from luminal bacteria. 
Current studies provide evidence that intestinal transport systems are involved in the 
pathogenesis of inflammatory and malignant disorders of the gastrointestinal tract. 
Despite significant advances in our understanding of che regulation and function of 
intestinal and hepatobiliary transporter expression in rodents, limited information is 
available about the contribution of alterations of these transport proteins to human 
inflammatory diseases. Intestinal and hepatic inflammation are frequently encountered 
in the daily practise of a gastroenterologist. The two main forms of chronic inflammatory 
bowel disease (IBD), Crohn's disease and ulcerative colitis, have an incidence rate of 7-
10 per 100,000 inhabitants a year in the Netherlands. Further, chronic hepatitis B and 
C are the major causes of chronic liver disease, cirrhosis and liver cancer. 
The aim of the research described in this thesis is to define the function and regulation 
of transport proteins in human inflammatory disease of the gastrointestinal tract. 
Further, we investigated the role of hepatobiliary transport proteins in the development 
of cholestasis in hepatic inflammatory disease after liver transplantation. 

A comprehensive review of the current literature on the role and regulation of intestinal 
and hepatic transporters in inflammatory disease is given in chapter 1. 
The first part of this thesis comprises two studies investigating the role and regulation 
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of two transport proteins in patients with IBO: the multidrug resistance protein 1 
(MORI; ABCBl) and the multidrug resistance-associated protein 1 (MRPl; ABCCl). 
MORI is an 170 kOa transmembrane protein that is highly expressed at the apical 
side of intestinal epithelial cells (IEC). Its function is to mediate efflux of compounds 
from the mucosa to the gut lumen. There is evidence that changes in MORI function 
and/or expression are associated with the development of inflammatory disorders of the 
gastrointestinal tract. IBO-susceptibility loci were found on chromosome 7, in which 
the MORI gene is located. Moreover, single nucleotide polymorphisms (SNPs) in the 
human MORI gene have been reported to be associated with IBO. Animal studies 
support a possible association of Mdrl function and intestinal inflammation. Mdrla -/
mice develop spontaneous intestinal inflammation. Currently, it is unknown what the 
influence is of intestinal inflammation on the expression of MORI in IECs. Therefore, 
we studied in chapter 2 the regulatory mechanism involved in the expression of MORI 
in inflamed human intestinal tissue. 
The multidrug resistance proteins constitute a family of membrane proteins that were 
first identified as active transporters of anti-cancer drugs. Subsequently, it became clear 
that MRPl was involved in he excretion of physiological substrates such as the cysteinyl 
leukotriene C

4 
(LTC

4
), a lipid mediator of inflammation. It was demonstrated that 

Mrpl-deficient mice subjected to dextran sulphate-induced colitis, a model for IBO, 
have an increased susceptibility to intestinal mucosa epithelial damage. Therefore, we 
investigated in chapter 3 the expression and function of MRPI in inflamed intestinal 
tissue from patients with IBO. 
Transport proteins, such as the previously described MORI and MRPI, have an 
important role in intestinal inflammation since they are involved in transepithelial 
transport of potentially toxic compounds. The transcription factors nuclear factor-KB 
(NF-KB) and activator protein-I (AP-I) are central regulators of the transcriptional 
activation of a number of genes involved in inflammatory responses, such as MORI 
and MRPl. Other survival pathways regulated by NF-KB and AP-I involve iNOS 
and HO-1. The induction of iNOS in IECs is an element of the NF-KB-mediated 
survival pathway. HO-1 is an AP-I-regulated gene that is induced by oxidative stress. 
The enzyme produces carbon monoxide (CO), which has anti-inflammatory and anti
apoptotic effects. In chapter 4 the regulation and interaction of inducible nitric oxide 
synthase (iNOS) and haem oxygenase-I (HO-I) in response to intestinal inflammation 
and oxidative stress is studied. 
In the second part of this thesis the expression of bile acid and ATP-binding cassette 
(ABC) transporters is studied in cholestatic liver disease. Acute liver rejection 
after transplantation is associated with intrahepatic cholestasis. Acute rejection is 
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characterized by portal inflammation and bile duct inflammation. Therefore, cholestasis 
can result from inflammation-induced dysregulation of bile salt transport or by physical 
obstruction of bile flow. In chapter 5, we investigated the primary cause of cholestasis 
in acute liver rejection. 
Viral hepatitis is one of the causes for cholestatis. Recurrent hepatitis C (HCV) in 
the post-transplantation period is among the leading causes of graft loss requiring 
re-transplantation. The majority of patients display an asymptomatic clinical course 
characterized by elevated liver enzymes and features of chronic hepatitis. A variant of 
recurrent hepatitis C infection affecting transplant recipients is fibrosing cholestatic 
hepatitis (FCH). This variant is associated with cholestasis, graft loss and high mortality. 
It is unknown why a certain percentage of HCV-infected patients develop FCH after 
liver transplantation. In chapter 6 we studied whether bile acid and ABC transporters 
are involved in the development of cholescasis in patients with FCH. 
Finally, the results as described in this thesis are summarized in chapter 7, and future 
perspectives are discussed. 

II 





CHAPTER 1 

REGULATION OF TRANSPORT PROTEINS 

INVOLVED IN BILE ACID HOMEOSTASIS AND 

CYTOPROTECTION DURING INFLAMMATION OF 

THE DIGESTIVE TRACT AND LIVER 

Hans BlokzijP, Peter L.M. Jansen2, and Klaas Nico Faber1 

1 Department of Gastroenterology and Hepatology, University Medical Center Groningen, 
Groningen, The Netherlands 
2 Department of Gastroenterology and Hepatology, Academic Medical Center, Amsterdam, 
The Netherlands 



Chapter l 

1. INTRODUCTION 

The liver and intestine are organs with a high metabolic and biosynthetic activity. The 
intestinal epithelium secretes fluids and digestive enzymes to facilitate processing of 
ingested food and to absorb macromolecular nutrients. The liver receives the nutrient
enriched blood from the intestine via the portal system. Compounds taken up by the 
liver, are modified and secreted back to the blood for usage elsewhere in the body or 
are secreted to the bile for excretion from the body or to take part in the enterohepatic 
circulation. An important function of the liver is the formation of bile. Bile acids are 
synthesized in the liver and secreted to the bile where they form mixed-micelles with 
phospholipids. These mixed micelles are carriers for lipophilic compounds. The bile 
acids are stored in the gallbladder. Upon food intake, the gallbladder contracts and 
bile acids are released into the small bowel to facilitate the absorption of fats, fat
soluble vitamins and cholesterol. The majority of bile salts is reabsorbed in the terminal 
ileum and returned to the liver via the portal circulation to complete the enterohepatic 
circulation (1). 
The intestinal epithelium controls the uptake of dietary compounds. In addition and 
probably as important, it serves as the first barrier to protect the organism against 
potentially harmful substances from the intestinal lumen. Epithelial cells express a great 
variety of proteins that are directly or indirectly involved in maintaining the protective 
barrier, including cytochrome P450 enzymes, substrate transport proteins, tight junction 
proteins and trefoil peptides (2) . 
The liver is the central organ where toxic compounds and/or waste products are 
metabolized and secreted for excretion via the faeces or urine. Hepatocytes are located 
such that they form a physical barrier between sinusoidal blood and bile. Hepatocytes 
are polarized cells. Their basolateral membrane is in contact with the sinusoidal blood 
and is the site for uptake of compounds. The apical membrane of adjacent hepatocytes 
form the bile canaliculus. Proteins in these membranes function as transporters and are 
responsible for the movement of compounds into and out of hepatocytes. Metabolites 
from the liver may be excreted directly through bile into the intestinal lumen. 
Alternatively, metabolites may effiux across the basolateral membrane into blood for 
elimination by kidney, lung and skin (3) . 
Infections and inflammatory disease of the liver and intestine can disturb organ-specific 
functions, thereby resulting in diverse clinical disorders. Jaundice and cholestasis are 
observed in case of viral, drug-induced and autoimmune hepatitis and sometimes in case 
of systemic bacterial infections. These symptoms are caused by impaired bile flow from 
the liver (4) . Similarly, the intestinal epithelial barrier is affected during inflammatory 

14 



Regulation of transport proteins during inflammation 

conditions as observed in patients with inflammatory bowel disease (IBD) (5). Damage 
to the intestinal epithelium can lead to a reduction in intestinal bile acid reabsorption. 
In that case the increase in fecal bile acid excretion contributes to chronic diarrhea which 
is characteristic for this patient group (6). 
Pro-inflammatory cytokines play an important role in the modulation of expression 
and function of substrate transporters in hepatic and gastrointestinal inflammatory 
disease (7). Altered expression of these transport proteins during inflammation may 
be an adaptive mechanism to restore homeostasis and protect epithelial cells against 
inflammatory stress. On the other hand, loss of transport activity may strongly confine 
the function of the absorptive and secretive organs. Our knowledge about the role and 
regulation of transport proteins in the pathogenesis of hepatic and gastrointestinal 
inflammatory disease is incomplete. Pro-inflammatory cytokines bind to the membrane 
ofhepatocytes and enterocytes and initiate intracellular signaling pathways through which 
gene expression is altered. Recent studies demonstrate that alterations in transporter 
expression play an important role in the pathogenesis and clinical presentation of 
inflammatory diseases (4, 8) .  
This review focuses on the function and regulation of hepatic and intestinal bile salt 
transporters and transporters of the ATP-binding cassette (ABC) superfamily that 
are involved in cytoprotection. First, we describe their function and regulation under 
physiological conditions. Second, we describe their regulation in experimental (animal) 
models of inflammation. Finally, the functional consequences of altered expression of 
transport proteins in human hepatic and intestinal disease will be discussed. 
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°' Table 1. Nomenclature, localization, function and substrates of major transport systems (modified from ref7) 

Gene 
Basolateral membrane 
NTCP/Ntcp (SLCIOAI/Slcl 0al)  
Na• ltaurocholate cotransporter 

OATPI B I ,  OATP-C (SLCO I B I ;  SLC2IA6) 
Organic anion transporting protein I Bl 

OATPI B3, OATP-8 (SLCOI B3; SLC21A8) 
Organic anion transporting protein I B3 

MRPI/Mrpl (ABCCI /Abccl) 
Multidrug resis tance-associated protein I 

MRP3/Mrp3 (ABCC3/Abcc3) 
Multidrug res is tance-associated protein 3 

MRP4/Mrp4 (ABCC4/Abcc4) 
Multidrug resis tance-associated protein 4 

OSTa.:OSTl3/Osta.:Ostl3 
Organic solute carrier 

Function 

Main transporter for Na· -dependent bile acid 
uptake from portal blood into hepatocyte 

Multispecific organic anion transporter for Na•
independent uptake of bile acids, broad range of 
other organic anions and cations 

Multispecific organic anion transporter for Na· -
independent uptake of bile acids, broad range of 
other organic anions and cations 

ATP-dependent transport of organic anions into 
blood 

ATP-dependent efflux of biliary constituents, 
potential implications for removal of accumulating 
bile acids in cholestasis 

ATP-dependent cotransport of GSH and divalent 
bile acids to portal blood 

Na'-independent bile salt transport system, 
expressed in hepatocytes and intestine 

Substrates 

Conjugated and unconjugated bile acids with 
highest affinity for conjugated di- and trihydroxy 
bile acids, estrogen conjugates, BSP, DHEAS, 
thyroid hormones, drugs covalently bound to 
taurocholate 

Conjugated and unconjugated bile acids, estrogen 
conjugates, DHEAS, BSP, neutral steroids, thyroid 
hormones, bilirubin monoglucuronide and 
unconjugated bilirubin, LTC4, prostaglandin E2, 
thromboxane B2, pravastatin, rifampin 

Conjugated bile acids, bilirubin monoglucoronide, 
BSP, DHEAS, cholecystokinine, estrogen 
conjugates, thyroid hormones, ouabain, digoxin 

Organic anions and compounds conjugated to 
glutathione, glucuronate or sulphate, LTC, 

Monovalent and divalent bile acids, methotrexate, 
acetaminophen glucuronide, E21 7G, several other 
glucuronides and glutathione conjugates 

Divalent sulphated and monovalent bile acids, 
estrogen sulphates, DHEAS, cyclic nucleotides, 
methotrexate 

Bile acids, digoxine, DHEAS, estrone-3-sulphate, 
prostaglandin E2 



!::::i 

Table 1 continued 
Gene 
Apical/ canalicular membrane 
BSEP/Bsep (ABCBI 1 /Abcbl I )  
Bile salt export pump 
MRP2/Mrp2 (ABCC2/Abcc2) 

MDRI/Mdrla/b (ABCBI /Abcbl)  
Multidrug resistance protein/ P-glycoprotein 
MDR3/Mdr2 (ABCB4/Abcb4) 

BCRP/Bcrp (ABCG2/Abcg2) 
Breast cancer related protein 
ASBT (SLCI OA2) 
apical sodium-dependent bile acid transporter 

Function Substrates 

ATP-dependent transport of monovalent bile acids Monovalent and divalent bile acids, low affinity for 
certain drugs (taxol, vinblastine) 

ATP-dependent transport of organic anions into 
bile 

Bile excretion of bulky organic cations 

Phospholipid Rippase 

Cellular extrusion of sulphated conjugates 

Na•-dependent bile acid co-transport 

Divalent bile acids, GSH, bilirubin, LTC4, 
divalent amphipathic conjugates with glutathione, 
glucuronate and sulphate 
Multiple organic cations, hydrophobic compounds, 
several drugs 
Phosphatidylcholine, porphyrins, digoxin, 
paclitaxel, vinblastine 
Sulphoconjugated organic anions such as folic acid, 
estrone-3-sulphate, methocrexate, sulphasalazine 
Conjugated bile acids 
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Chapter I 

2. BILE SALT HOMEOSTASIS 

2. 1 Hepatic transport proteins 

The liver expresses a large number of functional interrelated transport proteins that are 
involved in bile acid homeostasis (Table 1 and Fig. 1) . Bile salts are taken up by one of 
several sinusoidal transport proteins encoded by the solute carrier superfamily (SLC) 
(9) . The sodium-dependent taurocholate co-transporting protein (NTCP; SLClOAl )  
is an unidirectional uptake system, which mediates the uptake of taurine- and glycine
conjugated bile salts at the basolateral membrane of the hepatocyte . The Na•-gradient 
required for this transport is generated by the Na•/K·-ATPase ( 1 0) .  In addition, organic 
anion-transporting polypeptides (OATP; SLC2IA) reside in the basolateral membrane 
of hepatocytes that mediate sodium-independent uptake of bile salts. OATPs have a 
broad substrate specificity and in addition to bile salts they transport organic anions 
such as bilirubin, steroids and numerous drugs (11) . Human OATP-B (SLC21A9) , 
OATP-C (SLC21A6), and OATP8 (SLC21A8) account for the major part of sodium
independent bile salt, organic anion, and drug clearance of human liver (12) . In addition 
to these uptake systems, the basolateral membrane contains bile acid efflux pumps. 
The multidrug resistance-associated proteins MRP3 (ABCC3) and MRP4 (ABCC4), 
and the heteromeric organic solute transporter OSTa:OSTj3 are basolateral bile acid 
transporters ( I  3-I 6) .  

Hepatocyte 
tight 
junction 

Figure 1. Schematic presentation of transport proteins expressed in the liver and bile duct. 
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Regulation of transport proteins during inflammation 

Hepatocytes closely monitor the basolateral influx of bile salts and when inadequate, 
they increase the conversion of cholesterol to bile salts. Secretion of bile salts to the 
bile is the main driving force for bile formation. The bile salt export pump (BSEP; 
ABCBl 1) is the most important transporter for monovalent bile acids in the 
canalicular membrane (17) . BSEP is an ABC transporter that transpom bile salts at 
the expense of ATP-hydrolysis. The AT P dependence allows BSEP to transport bile 
salts against steep concentration gradients of 100-1,000-fold that exists between the 
interior of hepatocytes and the bile (11) . The canalicular export of bile salts needs to 
be accompanied by export of phospholipids to form mixed micelles as free bile salts are 
very toxic. The ABC-transporter multidrug resistant protein 3 (MDR3/ABCB4; Mdr2 
in rodents) is responsible for phosphatidylcholine secretion into bile (18) . The secretion 
of phospholipids is of crucial importance in the protection of the cellular membranes 
of the biliary tree from the high concentrations of the detergent bile salts (19) . Besides 
BSEP and MDR3, the canalicular membrane contains other ABC-type transporters that 
fullfill important hepatic excretory functions that are relevant for bile formation. The 
multidrug resistance-associated protein 2 (MRP2; ABCC2) is the primary transporter for 
bilirubin. The ABC-half transporter ABCG5 and ABCG8 act together in the transport 
of cholesterol to the bile. 

2.2 Intestinal transport proteins 
Organic biliary constituents including bile salts are reabsorbed with high efficiency after 
reaching the small intestine (Table 1 and Fig. 2) . Apical bile salt uptake of conjugated 
bile salts across the ilea! enterocyte brush border membrane is mediated by the apical 
sodium-dependent bile salt transporter ASBT (SLC10A2) ,  which is highly homologous 
to NTCP (20) . As observed for hepatocytes, also sodium-independent transport occurs 
into enterocytes via members of the OATP family (21) . After uptake into the enterocyte, 
bile acids are shuttled to the basolateral domain by the cytosolic ilea! bile acid-binding 
protein (1-BABP) (22, 23) . The heteromeric complex Osta:OstP has recently been shown 
to be the dominant bile salt transporter in the basolateral membrane of enterocytes. Osta: 
OstP may act together with MRP3 that is also expressed in the basolateral membrane in 
the enterocyte and has been shown to transport bile salts (24-26). 

19 
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MRP2 MRPI 

� 
BCRP 

Intestinal 0 MOR I  0 

villus ::c 
ASBT 

MRP3 

OSTa:osrn 

enterocyte 

Figure 2. Schematic representation of transport proteins expressed in the small intestine. 

3. CITO PROTECTION 

3. 1 Hepatic transporters 

Hepatocytes are protected against the cytotoxic effect of bile acids by the coordinate 
function of bile acid uptake and efflux pumps. In addition, the l iver is protected against 
toxic endogenous and exogenous compounds by the multidrug resistance pump (MDRl ; 
P-glycoprotein: ABCBl ) ,  the half-transporter breast cancer resistance protein (BCRP; 
ABCG2) , and members of the multidrug resistance-associated protein family (ABCC). 
MDRl is the founder of the ATP binding cassette superfamily. Well known from its role 
in multidrug resistance of cancer cells (27) , it is also expressed in normal human tissues. 
For instance, MDRI is expressed in the canalicular membrane of hepatocytes and the 
apical membrane of small biliary ductules in the liver (28) . Although not essential for 
basic physiological functions MDRl is important for protection of the liver against 
potentially toxic compounds, such as anti-cancer agents (29-31) , antivirals (32, 33) , 
and immunosuppressants (34-36) .  Single nucleotide polymorphisms in MDRl affect 
the expression and/or activity of MDRl and determine individual differences in drug 
availability (37) . Besides its function as an efflux pump for xenobiotics, additional 
physiological roles have been proposed for MDRl . It may function as a transporter of 
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endogenous compounds, such as steroid hormones, small peptides and cytokines (38-
42) . Further, an anti-apoptotic function of MDRI has been proposed (43, 44) . Similar 
to MDRI , BCRP is expressed in hepatocyres and localized to the canalicular membrane. 
BCRP has been demonstrated to transport several toxins (45, 46) ,  carcinogens (47-49), 
and clinically important drugs (50-52) . 
The multidrug resistance-associated protein I (MRPI ;  ABCCI )  is located at the 
basolateral membrane and is involved in the transport of compounds conjugated to 
glutathione, glucuronate or sulphate (53) . Physiological substrates include leukotriene 
C4, bilirubin glucuronides, 1 7�-glucuronosyl estradiol, taurolithocholate 3-sulphate 
and glutathione disulfide (54-56) .  

3.2 Intestinal transporters 

The intestinal epithelial barrier function is maintained by transport proteins, ion channels 
and tight junctions adapting permeability to the intestinal physiological milieu (2) .  
Impaired barrier function triggers an altered tolerance to xenobiotica and endogenous 
antigens leading to gastrointestinal disease. ABC-transporters play an important role in 
transepithelial transport in the intestine, including MDRl , MRP l ,  MRP2 and BCRP 
(57-59) . 
MDRI is highly expressed at the apical side of the intestinal epithelium (60). Here it 
provides a first line defence against nutritional toxins and carcinogens. With specific 
relevance for gastrointestinal inflammation, MDRl also plays a role in host-bacterial 
interactions in the gastrointestinal tract. Mdrla  -/- mice have epithelial dysfunction, 
which is accompanied by decreased phosphorylation of tight junctions and increased 
bacterial translocation (61) . Under specific pathogen-free conditions Mdrl a -/- mice 
develop spontaneous colitis (62) , and challenge of the animals with Helicobacter strains 
even accelerates the occurrence of chronic colitis (63) . Recently, polymorphisms in 
the human MDRI gene have been shown to be associated with reduced expression of 
MDRI in the intestine. It was proposed that individuals with the C3435T genotype 
are at higher risk for developing ulcerative colitis because of reduced intestinal barrier 
function (64) . 
In addition to MDRI also MRP2 is located at the apical membrane of the enterocyte, 
whereas MRPl is found at the basolateral membrane. MRPI and MRP2 have an 
overall substrate similarity, which involves the transport of organic anions as in the liver 
(65) . Similar to MDRI , BCRP is expressed at the apical membrane and has a role in 
tissue defense against xenobiotics (57). Recencly, BCRP has been demonstrated to be 
important in the absorption of sulfasalazine, which is widely used in the treatment of 
inflammatory bowel disease (50) . 
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Chapter I 

4. TRANSCRIPTIONAL REGUIATION OF TRANSPORT PROTEINS 

4. 1 Inflammation specific transcription factors 
Two important transcription factors, which are central regulators of the transcriptional 
activation of a number of genes involved in inflammatory responses, are the transcription 
factors activated protein-I (AP-1) and nuclear factor kappa B (NF-KB). The NF-kB family 
consists of five members, p65 (REL-A) , REL-B, c-REL, p50 and p52, which function as 
homo- or heterodimers. Under basal conditions, NF-KB is sequestered in the cytoplasm 
by an inhibitory molecule IKB. Inflammatory stimulation results in the activation of the 
high molecular weight kinase complex, IKB kinase. This complex phosphorylates IKB, 
which results in degradation of the molecule by the ubiquitin proteosome pathway, 
releasing NF-KB and resulting in its translocation into the nucleus, where it binds to 
target promoters (66) . The activation of NF-KB leads to a coordinated increase in the 
expression of many genes whose products mediate inflammatory and immune responses. 
In hepatocytes it was shown that Mdrl b the rodent homologue of the human MDRl , 
is induced by TNF-a via NF-KB signaling (67). Up-regulation of Mdrl may help to 
protect cells against apoptosis in inflammatory conditions. 
Another important transcription factor induced in response to an inflammatory stimulus 
is AP-1. AP-1 is involved in activation of the mitogen-activated protein kinase (MAPK) 
pathways. Translocation of c-Jun NH2 QNK) and p38 to the nucleus leads to activation 
of the transcription factors c-Jun and c-Fos members of the AP-1 family (68). Under 
inflammatory conditions AP-1 mediates ileitis-associated or IL-1(3-stimulated down
regulation of ASBT. Inflammation is associated with up-regulation, phosphorylation, 
and nuclear translocation of c-Fos, which then represses ASBT promoter activity via 
binding of the 3' AP-1 element by a c-Fos/c-Jun heterodimer (69). Many promoters of 
genes involved in inflammatory reactions contain binding sites for AP-1 in addition to 
NF-KB sites, raising the possibility of synergism or cooperation by both transcription 
factors during an inflammatory response. Both transcription factors are involved in the 
transcriptional regulation of MDRl/Mdrlb (67, 70). 

4.2. Nuclear receptors 
Nuclear receptors are ligand-dependent transcription factors and involved in many 
biological processes including cell growth and differentiation, embryonic development, 
and metabolic homeostasis (71) .  In recent years it has been shown that a subset of 
the nuclear receptors, previously classified as orphan receptors, play a central role in 
transcriptional regulation of bile salt and ABC transporters. Nuclear receptors are 
characterized by a central, highly conserved DNA-binding domain, which specifically 
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binds to a short conserved nucleotide sequence in promoters of target genes. The C
terminus of the nuclear receptor is involved in ligand-binding and dimerization. The N
terminus is the interaction site for co-repressors and co-activators. Upon ligand binding, 
nuclear receptors undergo a conformational change that results in the dissociation of co
repressors and recruitment of co-activators, dimerization with a partner nuclear receptor 
and binding to a promoter site. Subsequently, transcription of the downstream gene is 
either activated or repressed (71-73) . 
The most relevant nuclear receptors for bile salt and ABC transporters (Table 2 )  belong 
to Class II nuclear receptor family, which require heterodimerization with the retinoic X 
receptor (RXR; NR2B) .  Nuclear receptors belonging to this group are the farnesoid X 
receptor (FXR; NR1H4), pregnane X receptor (PXR, NR112),  constitutive androstane 
receptor (CAR; NR113), liver X receptor (LXR; NRlH), peroxisome proliferators
activated receptor (PPAR; NRlC), and retinoic acid receptor (RAR; NRlBl) (74) . 
FXR has a predominant role in regulating bile acid synthesis and transport (3) .  Bile 
acids activate FXR (75). FXR is expressed in cells exposed to bile acids; those involved 
in the enterohepatic circulation of bile acids in the liver and intestine (hepatocytes, 
cholangiocytes, enterocytes), as well as in the kidney, and endocrine cells of the adrenal 
cortex (76, 77) . The primary bile acid chenodeoxycholic acid and cholic acid were shown 
to be high affinity ligands for FXR (75, 78, 79). 
In the intestinal epithelial cells, FXR inhibits the expression of ASBT through induction 
of the transcriptional repressor small heterodimer protein-I (SHP; NR0B2). SHP is an 
atypical nuclear receptor as it lacks a DNA binding domain and a ligand for this factor 
has not been described. SHP represses expression through binding to transcription 
inducing factors. In case of ASBT regulation, SHP binds to RAR/RXR that positively 
regulates ASBT expression (80). In contrast, the efflux of bile acids by the basolateral 
OSTa:OSTP complex and the expression of the intracellular IBABP is directly induced 
by the FXR/RXR heterodimer (16, 81) .  Interestingly, a functional relationship between 
IBABP with FXR has been demonstrated. IBABP is able to stimulate FXR transcriptional 
activity and decrease ASBT-mediated uptake of conjugated bile acids (82) .  Collectively, 
these adaptations maintain low intracellular bile salt concentrations in enterocytes when 
high bile salt levels exist in the intestinal lumen. 
Bile acids also regulate their own synthesis rate via feed back repression mechanisms. In 
hepatocytes, bile salt-activated FXR induces expression of SHP, which in turn represses 
expression of cholesterol 7a-hydroxylase (CYP7 A), which is the rate-limiting step of 
bile salt synthesis. CYP7 A expression is induced by liver receptor homologue 1 (LRH-1) 
and SHP binds to this transcription factor thereby repressing transcription of CYP7 A 
(83).  Recently, it was found that FXR induces expression of fibroblast growth factor 15 
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(FGF 15; FGF19 in humans) in the intestine. FGF 1 5  than signals from the intestine to 
the liver co repress expression of CYP7 A. (84) On the ocher hand, FXR induces BSEP, 
MRP2 and OATP8 co maintain the hepacocellular clearance of bile acids and xenobiocics 
in cholestatic conditions (85-87). 

Table 2. Nuclear receptors, ligands and target transporter genes (modified from ref? ) 
Nuclear receptor Ligands Target transporter gene 
RXR (NR2B I )  9-cis retinoic acid, rexinoids Obligate heterodimeric partner 
Retinoid X receptor for class II  NR, multiple target 

genes 

RAR (NRI Bl )  
Retinoic acid receptor 

FXR (NR1H4) 
Famesoid X receptor 

Trans-retinoic acid 

Hydrophobic bile acids such as 
COCA, OCA, LCA, GW4064 

Ntcp, Mrp2, ASBT, Mrp3/ 
MRP3 

Bsep/BSEP, Mrp2/MRP2; 
OATPlBl ,  OATPI B3, Osta: 
p/OSTa:p, Asbt, Mdr2/MOR3 

SHP (NR0B2) 
Short heterodimer partner 1 

Not known, SHP transcription is Ntcp ,OATPlBl  
under positive control of FXR 

PXR/SXR (NRl 12) 
Pregnane (Steroid) X receptor 

LCA and metabolites, OCA, CA, Mrp2/MRP2, Mrp3/MRP3, 
UOCA?, rifampicin (human), Oatp2, MORI 
PCN (rodent), hyperforin, 
dexamethasone, statins 

CAR (NR1 !3) Androstenol (antagonist), 
Constitutive androstane receptor phenobarbital, TCPOBOP, 

bilirubin 

LRH-1 /FTF (NR5A2) None, bile acids and TNF-a 
Liver receptor homolog-I 
a 1-fetoprotein transcription factor 

result in up-regulation of 
Lrh-1 mRNA 

PPARa (NRlCl)  Fatty acids, statins, fibrates, 
Peroxisome proliferators activator a OHEAS, prostaglandins 

LXR (NR1H3) 
Liver X receptor 

HNFla (TCFl )  
Hepatocyte nuclear factor la 

HNF3 p (FOXA2) 
Hepatocyte nuclear factor 3P 

HNF4a (NR2Al)  
Hepatocyte nuclear factor 4a 
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Oxysterols 

Mrp2/MRP2, Mrp3/MRP3, 
Mrp4/MRP4 

MRP3, Shp, Asbt 

Asbt/ASBT, Mdr2 

Abcg5/8/ABCG5/8 

Ntcp, Oatpl ,  Oatp2, Oatp4, 
Oatp lB l ,  Oatp!A3, Asbt 

Ntcp, Mdr2 

NTCP, Oatpl ,  Bsep, Mdr2 
OATPI B I  



Reg11lation of tramport proteins d11ring inflammation 

Two other members of the nuclear receptor family, PXR and CAR, have been identified 
as critical transcription factors for the activation of genes involved in detoxification and 
elimination of toxic substrates (88, 89) . Among the genes that are regulated by PXR are 
those encoding for the CYP3A4 and CYP2B subfamily, members of the cytochrome 
P450 (CYP) enzymes (90, 91) .  These enzymes are involved in hydroxylation and 
metabolism of numerous drugs , xenobiotics and some bile acids (92) .  In addition, PXR 
is an activator of transport proteins such as MDRl (93) , Oatp2 (94-96) , MRP2 (97, 
98) , and MRP3 (99, 100). PXR is activated by bile acids , including lithocholic acid, 
3-keto lichocholic acid and to a lesser extents by deoxycholic acid and cholic acid (94, 
101). Several groups showed that PXR is able to induce bile acid transporters , which may 
be an important elimination pathways to counteract cholestasis (94-100) . Moreover, 
recently it was shown that PXR is also regulated by FXR. As a result, activation of FXR 
will inhibit the synthesis of bile acids and simultaneous induction of PXR will promote 
the metabolism of bile acids. Therefore, activation of FXR and PXR by bile acids lead to 
an efficient protection of the liver against bile acid induced toxicity (102). 
There is substantial overlap in genes that are regulated by CAR and PXR. Genes involved 
in bilirubin conjugation, xenobiotic and energy metabolism are CAR targets (103, 
104) . CAR has a central coordinating role in the regulation of hepatic bilirubin import, 
conjugation and export (105) . A CAR-binding element was identified in the promoter 
of the canalicular exporter of conjugated bilirubin MRP2 (97, 106 ,  107) . In line with 
this , Mrp2, as well as the importer of unconjugated bilirubin OAT P4 (SLC21A6) are 
poorly expressed in Car -/- mice (108) . The hepatocellular efflux pumps Mrp3 and 
Mrp4 are also induced by CAR agonises, which may represent therapeutically inducible 
alternative pathways for clearing bile salts from hepatocytes (100) . 
LXR is an important regulator of cholesterol metabolism (76) .  Two isoforms have been 
identified, LXRa (NRl H3) and LXR� (NRl H2) that both bind DNA as a heterodimer 
with RXRa (109) . Subsequently, oxysterols were identified as activating ligands for LXR 
(110, 111) . Oxysterols are oxidized derivatives of cholesterol that serve as intermediary 
substrates in the rate limiting steps of steroid hormone and bile salt synthesis (112) . 
All LXR target genes encode proteins that have major roles in controlling bile acid, 
cholesterol and/or fatty acid homeostasis (113) . ABCAl , ABCG5 and ABCG8 have 
been shown as LXR target genes ( 114-117) . 
PPARs control the transcription of genes involved in lipid and lipoprotein metabolism,  
glucose homeostasis , cell proliferation and differentiation, and apoptosis. PP AR activators 
have also been shown to exert anti-inflammatory activities by inhibiting the expression 
of pro-inflammatory genes (118) . Three different PPAR subtypes have been identified, 
PPARa (NRl Cl ) ,  PPARy (NR1C3) and PPAR8 (also known as �; NR1C2) , which 
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are activated by poly-unsaturated fatty acids, eicosanoids, and a variety of synthetic 
ligands (119) . PPARa is responsible for the major metabolic adaptation to fasting. 
The phospholipid translocator Mdr2 (MDR3 in humans) was shown to be increased 
in fasting mice in a PPARa-dependent manner, which could have a cytoprotective 
effect on cells lining the biliairy tree and gallbladder against high toxic concentrations 
of bile by increasing the biliairy phospholipid concentration (120, 1 21 ) .  In addition, 
fasting induces expression of the putative hepatobiliary cholesterol transport genes 
Abca 1, Abcg5, and Abcg8. Expression of the intestinal apical bile salt transporter ASBT 
proved to be stimulated by PPARa, which could be a novel link between ileal bile salt 
absorption and hepatic lipid metabolism. PPARa and PPARy also negatively regulate 
the transcription of inflammatory response genes by antagonizing AP-1 , NF-KB, signal 
transducer and activator of transcription (STAT) and nuclear factor of activated T-cells 
(NFAT) signalling pathways and by stimulating the catabolism of pro-inflammatory 

eicosanoids. These recent findings indicate a modulatory role for PPARs in inflammation 
with potential therapeutical applications in chronic inflammatory diseases ( 1 18). 
PPARy signaling pathways are now recognized to be involved in the control of lipid 
uptake, transport, storage, and disposal ( 122). PPAR8 enhances fatty acid catabolism 
and energy uncoupling in adipose tissue and muscle, and it suppresses inflammatory 

gene expression in macrophages (123) . 

4.3 Tissue specific factors 

The transcriptional regulation of hepatic organic anion transporters comprises a complex 
interacting network of ligand-activated nuclear receptors as well as liver-enriched 
hepatocyte nuclear factors (HNFl ,  HNF3, HNF4) (124) . The hepatocyte nuclear 
factors have been shown to fulfill an important role in the regulation of the basolateral 
bile acid transporters NTCP and OAT P2. 
Bile acid-dependent SHP induction has been shown to interfere with RXRa:RARa 
activation of the Ntcp promoter, thus, reducing Ntcp gene expression (125) . Recently, 
HNF4a was shown to bind to a DNA region overlapping the RAR:RXR recognition 
element within the rat Ntcp promoter, and exert transactivation through this element 
in reporter assays (126). Given that transcriptional activity of the HNF4a homodimer 
is inhibited by SHP in many promoter contexts, it is possible that HNF4a and RAR: 
RXR are alternative targets for SHP-mediated inhibition of the rat Ntcp promoter (124, 
126) . It should also be noted that the RAR:RXR and HNF4a DNA-binding elements 
present in the rat Ntcp promoter are not conserved in the human NTCP gene, implying 
that the exact mechanism for transcriptional feedback repression by bile acids is not 
operationally conserved between the two species (126) .  The only common motif in all 
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three species in the minimal promoter was HNF-3P, suggesting that there might be 
relevant differences in regulating the NTCP/Ntcp gene between species (126, 127). 
HNF3P might have a negative regulatory function since HNF3P transgenic mice have 
reduced Ntcp levels (128) . 
Bile acids and FXR also negatively regulate OATPC, the main Na-independent bile acid 
uptake transporter in humans. OATPC is suppressed by FXR via a regulatory cascade 
involving FXR-SHP activation, SHP-HNF4 interaction and subsequent inhibition 
of the HNF4a transactivating effect on HNFla (124, 129) . Findings in HNFl-/
and conditional HNF4-/- mice with reduced Ntcp, Oatpl (Oatplal) and Oatp2 
(Oatpla4) expression, indicate a role ofHNFl and HNF4 as central positive regulators 
of these basolateral bile acid uptake systems responsible for constitutive gene expression 
(130) . HNFla also appears to be required for expression of Oatp4 (Oatplb2) (131, 
132). Moreover, the genes encoding intestinal Asbt and FXR were found among the 
down-regulated genes in HNF 1-/- mice underlining the central role of HNF 1 a in bile 
acid homeostasis (133) . While HNFla is essential for the basal constitutive promoter 
activity of rat Ntcp, so far no HNFla binding sites have been identified in the human 
minimal NTCP promoter (126, 134) . However, the human OATP2 gene contains an 
HNFla binding site in its promoter region (131). Thus, HNFla appears to be the 
master regulator of basolateral Ntcp and Oatp expression. 

5. TRANSPORTER REGULATION IN EXPERIMENTAL MODELS 

5. 1 Hepatic inflammatory models 
Patients with sepsis and extrahepatic bacterial infections can develop cholestasis due 
to alterations in the sinusoidal and basolateral expression of transport proteins (4). 
Endotoxin (also termed lipopolysaccharide, LPS) and pro-inflammatory cytokines 
influence bile flow and organic anion excretion (135, 136) . The mechanisms by which 
inflammatory mediators modulate transporter gene expression at the transcriptional 
level have been intensively studied over the past decade (Table 3). 
Basolateral uptake of bile acids is impaired in LPS-treated rodents , because of decreased 
expression levels of Ntcp (137-140). In vitro and in vivo experiments showed that 
down-regulation ofNtcp expression was mediated via pro-inflammatory cytokines such 
as TNF-a and IL-I P  ( 138, 1 4 1 ,  1 42). Sturm et al. demonstrated that Kupffer cells 
are involved in the cytokine-mediated suppression of N tcp, since depletion of Kupffer 
cells blocked the decrease in Ntcp upon endotoxin exposure (143) . Hepatic uptake of 
bile salts via Ntcp is suppressed through an IL-IP-dependent decrease in RXR:RAR 
transactivation of the Ntcp promoter (144, 145) . 
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Table 3. Regulation of major hepatobiliary transport systems in inflammation 

Species/gene Impact of LPS and cytokines on transporter expression references 

Rat 

Basolareral 
Ntcp 

Oatpl 
Oatp2 
Oatp4 
l\Irp l 
Mrp3 
Mrp4 
Ost()(:Ost� 

Caaaucular 
Bsep 

Mrp2 

Mdrla 
Mdrlb 

LPS -> Ntcp ! 
LPS -> HNFl ! -> Ntcp ! 
LPS -> TNF-0( and IL 1� j ->  Ntcp ! 
IL-6 ->  Ntcp ! 
LPS -> IL-1� j ->  HNFl and RXR:RAR ! -> Ntcp ! 
LPS -> Oatpl ! 
LPS -> Oatp2 ! 
LPS -> HNFl, HNF3, and RXR:RAR ! -> Oatp4 ! 
LPS -> Mrpl j 
LPS -> tv1rp3 i 
unknown 
unknown 

LPS -> Bsep ! 
LPS -> Bsep +-+ 
LPS -> l\1rp2 ! 
LPS -> I L -1�  j-> Mrp2 ! 
LPS -> TNF-0(, IL-1 � j-> MAP kinases j-> Mrp2 ! 
LPS, IL-6 -> Mdrla ! 
LPS, TNF-0( -> Mdrl b j 
IL-6 -> Mdrl b ! 

l\Idr2 unknown 
Bcrp unknown 

Mouse 

Basolateral 
Ntcp 

Oatpl 
Oatp2 
Oatp4 

Mrpl 
Mrp3 
Mrp4 
Ost()(:Ost� 

Canalicular 
Bsep 

Mrp2 

Mdrla 
Mdrlb 
Mdr2 
Bcrp 

28 

LPS ->TNF-0(, IL-1 �, IL-6 j ->  Ntcp ! 
TNF-0(, IL-1� ->  HNFl ! ->Ntcp ! 
LPS, TNF-0(, IL-1�, IL-6 -> Oatpl ! 
LPS, IL-6, IL-1�, TNF-0( -> Oatp2 ! 
LPS -> toll like receptor 4 !-> oatp4 ! 
LPS -> Oatp4 ! 
LPS -> Mrp1 j 
LPS, TNF- 0(, I L - 1 � -> Mrp3 ! 
LPS -> Mrp4 +-+ 
unknown 

LPS, IL-1� -> Bsep ! 
TNF-0( -> Bsep ! 
LPS, IL-6, IL-1 � -> Bsep ! 
TNF-0( ->  Mrp2 ! 
LPS, IL-6, IL-1 �, TNF-0( ->  Mrp2 ! 
LPS, IL-1 � -> Mdr1a ! 
LPS-> Mdr1 b ! 
TNF -0(, IL-1 � -> Mdrl b j 
LPS, IL-1 � -> Mdr2 ! 
Unknown 

(171, 261, 262) 
(140) 
(138) 
(263) 
(141-143, 1 50) 
(142, 261 ,  264) 
(142, 261) 
(132, 261) 
(177, 261) 
(261) 

(177, 261) 
(171, 262) 
(177, 222, 261 , 262, 265) 
(142) 
(266) 
(171, 184, 261) 
(67, 177, 261) 
(184) 

(138, 156) 
(139) 
(137, 139) 
(137, 178) 
(267) 
(178) 
(178) 
(137, 139) 
(178) 

(178, 182) 
(139) 
(137) 
(139) 
(137) 
(182) 
(182) 
(182) 
(182) 
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Table 3 continued 
Species/gene Impact of LPS and cytokines on transporter expression 

Human 
Basolatera! 
NTCP 
OATP-B 
OATP-C 
OATP8 
MRPt 
lvffi.P3 

MRP4 
OSTcx:OST� 

Canalicular 
BSEP 
MRP2 

MDRl 
MDR3 
BCRP 

LPS, IL-1 � --> NTCP ! 
IL-1 � -->  OATP-B ! 
IL- 1� --> OATP-C ! 
IL-1� --> OATP8 ! 
IL-1 �, IL-6 --> lvffi.Pl j 
TNF-cx --> LRH-1 j--> lvffi.P3 j 
IL-1 � --> MRP3 ! 
TNF-cx, IL-1 �, IL- 6  --> lvffi.P3 j 
IL-1 � --> lvffi.P 4 ! 
unknown 

LPS, IL-1 � --> BSEP ! 
IL-1 �--> interferon regulatory factor 3--> MRP2 ! 
LPS, IL-1 � --> lvffi.P2 ! 
IL-6, TNF-cx, IL-1� --> MDRl ! 
unknown 
IL-1 � --> BCRP ! 

references 

(171 , 1 81) 
(181) 
(181) 
(181) 
(268) 
(232) 
(181) 
(268) 
(181) 

(171, 181) 
(269) 
(171 , 181 , 270) 
(268) 

(181) 

Specific inactivation of IL-1 p partially prevented down-regulation of N ccp via 
preservation of Rxr:Rar binding activity, however neutralizing TNF-a was not effective 
in maintaining Nccp gene expression (146). 
Alterations in the nuclear availability and binding activity of RXR:RAR is induced by 
the activation of inflammatory intracellular signaling cascades. The function of the 
RXR:RAR complex during the acute phase response is decreased by different pose
transcriptional mechanisms (147-149) . Nuclear RXR protein levels rapidly decrease 
upon LPS, TNF-a, or IL-1 p treatment due co cranslocacion from the nucleus to 
the cycosol (149) . In addition, LPS-induced stimulation of Kupffer cells activates c
Jun-cerminal kinase QNK). RXR is phosphorylated by JNK. Inhibition of the JNK 
signaling pathway completely prevents IL-1 P-mediaced suppression of RXR-dependent 
Nccp gene expression (150). The parallel time course of JNK activation and increasing 
cytoplasmacic RXR levels led co the hypothesis chat LPS-induced activation of JNK 
results in phosphorylation and possibly further pose-transcriptional modification of 
RXR, triggering its export from the nucleus co the cycosol (149) . 
Another mechanism involved in down-regulation of Nccp gene during the acute phase 
response is LPS-dependent reduction in HNFl expression and binding activity (132, 
140, 151-153) . Decreased HNFl binding activity in mouse liver nuclei has been 
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observed afterTNF-a or IL-113 treatment (139) . In line with these findings clodronate
induced depletion of Kupffer cells blocks cytokine-mediated Ntcp suppression upon 
endotoxin exposure and preserves binding activity of RXR:RAR and HNFl (143). 
Reduced HNFl expression can also be secondary to decreased HNF4 activity (153) . 
Inflammatory signals induced by LPS, particularly IL-113, result in a post-transcriptional 
reduction in HNF4 protein levels in HepG2 cells and rat livers probably caused by 
degradation via the proteasomal pathway (153) . Recent data indicate that IL- 113 inhibits 
HNF4 promoter activity, protein expression, and its binding to the chromatin via a 
JNK pathway (154) . In this study a JNK-specific inhibitor blocked IL-ll3-inhibition 
of HNF4 expression and JNKl was able to phosphorylate HNF4 thereby reducing its 
DNA binding. However, IL-113 could also affect HNFl-mediated gene transcription in 
vivo during endotoxemia by interference with chromatin remodeling facilitated by the 
histone acetyltransferase activity of HNFl co-activator proteins such as steroid receptor 
co-activator (SRC)-1  and CREE-binding protein (CBP)/p300 (142, 155) . 
Expression of the basolateral sodium-independent organic anion transporters Oatpl , 2  
and 4 is decreased in endotoxin-treated rats (106, 137, 142) . Down-regulation ofOatpl 
and Oatp2 is mediated by administration of inflammatory cytokines TNF-a, IL-113, 
and IL-6 (156) .  However, inactivation of cytokines did not prevent down-regulation of 
both transporters, which suggests that in endotoxemia down-regulation of basolateral 
organic anion transporters does not depend on single cytokines alone and may involve 
cytokine-independent signal transduction pathways (157) . Decreased expression of 
PXR and CAR might play a role in down-regulation of Oatp2, since endotoxins and 
cytokines are able to decrease the expression of PXR and CAR (158-161) .  As described 
for RXR:RAR-mediated Ntcp expression, post-transcriptional regulation of RXR 
during the acute phase response by phosphorylation and nuclear export also represents 
the common denominator for a coordinated down-regulation of other nuclear receptor 
heterodimer target genes. 
In endotoxin-treated rodents bile salt excretion is reduced, because of decreased 
expression levels of the canalicular export pumps Bsep and Mrp2 (162-165) . In vitro and 
in vivo experiments showed that the decrease in Bsep expression was mediated via pro
inflammatory cytokines such as TNF-a and IL-113 (166-168) . Recent data showed that 
IL-113 is predominantly involved in the decrease in Mrp2 expression, while TNF-a only 
caused a moderate decrease (169) . Experiments with selective inactivation of cytokines 
showed that IL-113 inactivation caused full preservation of canalicular Mrp2 expression 
in endotoxin-induced cholestasis, while T NF-a inactivation did not prevent the decline 
in Mrp2 (170) . In contrast to the transcriptional down-regulation of Bsep and Mrp2 in 
rodents , post-transcriptional mechanisms appear to play a more important role in the 
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regulation of both human transporter genes. In LPS-treated human liver slices, BSEP and 
MRP2 mRNA expression are unaltered, whereas both proteins are virtually absent ( I  71). 
In accordance, profound reduction in canalicular BSEP and MRP2 staining have been 
observed in human liver biopsies with inflammation-induced cholestasis (8) . In rodents, 
transcriptional and post-translational mechanisms act together in regulating Bsep and 
Mrp2 mediated transport. In LPS-treated rats, Bsep and Mrp2 are redistributed from 
the canalicular membrane to a subapical compartment in LPS-induced cholestasis (172, 
173) . Nuclear hormone receptors involved in the transcriptional regulation of B sep and 
Mrp2 are FXR, RAR, PXR and CAR (87, 97) . The pro-inflammatory cycokines TNF
a and IL-1J3 decrease Bsep levels via down-regulation of FXR (174) . In addition co 
reduced FXR transactivation, decreased PXR and CAR activity may be involved in Mrp2 
repression (160) . Further, Mrp2 is down-regulated in obstructive- and LPS-induced 
cholestasis via a cycokine-dependent decrease of hepatic RARa:RXRa nuclear protein 
levels and DNA binding activity (141, 175) . However, inactivation ofTNF-a or IL-1 J3 
did not restore RXRa levels and RARa:RXRa binding was just partially maintained 
(176) . Although, RARa:RXRa was identified as an important regulator of Mrp2 in 
vitro, its role in cycokine-mediaced regulation in vivo still remains to be determined. 
Much less is known about the regulation of the basolateral efflux transporters Mrp 1, Mrp3 
and Mrp4 during inflammation-induced cholestasis. In endotoxin-treated rats Mrpl 
mRNA and protein expression was increased (177) . Further, Mrpl was up-regulated 
or not changed after administration of LPS to mice (137, 178) . In vivo experiment 
showed species differences in the regulation of Mrp3. In LPS-treated rats, hepatic Mrp3 
mRNA expression was enhanced, whereas it is decreased in LPS-treated mice (179) . 
RXRa:RARa was shown to act as a repressor of MRP3. Therefore, diminished RXRa: 
RARa expression in cholestatic liver injury may lead to up-regulation of MRP3/Mrp3 
expression in these disorders (180) . On the other hand, treatment of primary human 
hepatocyces with IL-1J3 resulted in down-regulation ofMrp3 (181) . Regulation ofMrp4 
in inflammation-induced cholestasis needs further investigation. One study showed 
decreased Mrp4 mRNA levels in human hepatocyces treated with IL-1J3 (181). 
Various animal models were used co investigate the effect of inflammation on hepatic 
Mdr 1 expression and function. Rodents contain 2 isoforms of Mdr 1, Mdr 1 a and Mdr 1 b. 
After induction of hepatic inflammation, Mdrl a mRNA expression is decreased (182-
185) . However, for Mdrl b contradictory results have been described. LPS-treatment 
leads either to a strong increase (177, 185) or a decrease in Mdrlb  mRNA levels (183, 
184) . In the studies investigating the effects of separated cycokines at the hepatic level, 
consensual results were obtained regarding the effect ofIL-6: decrease in MDRl ( 186) or 
Mdrl b mRNA expression (182, 184, 1 87) . Regarding TNF-a, results were controversial, 
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since the expression ofMDRl/Mdrl b expression was increased (182, 188) or decreased 
(185) . Ros eta!. demonstrated that the Mdrl b gene was activated byTNF-a. via NF-KB 
signaling (189). 

5.2 Intestinal inflammatory models 
Inflammation also alters the expression and function of several intestinal transport 
proteins. Trinitrobenzene sulfonic acid (TNBS)-induced ileitis decreases active bile 
acid uptake in hamsters (190) . Sundaram et al. demonstrated that Na•-raurocholate 
co-transport is significantly inhibited in chronically inflamed ileum of rabbits ( 191) . 
In vitro and in vivo experiments demonstrated that cytokine-mediated repression of 
ASBT takes place via binding of the c-Fos/c-Jun heterodimer to an AP-1 element in its 
promoter element (192, 193) . 
The function and expression of Mdr 1 a was reduced in different experimental models 
of acute and chronic colitis in mice and LPS-treated rats (194-197) . However, in colon 
carcinoma cell lines contradictory results are reported on the expression of human MD R 1 
after incubation with cyrokines. Increased expression of MDRl was observed after 
administration of cyrokines to Caco-2 cells, whereas these cytokines decreases MDRl 
levels in Lo Vo, HT l 15, SW480, HCT15 and HCT l 16 cells (198-200) . Animal studies 
showed an association between Mdr 1 function and intestinal inflammation. Mdr 1 a 
deficiency is associated with epithelial dysfunction and the spontaneous development 
of colitis (61, 62, 201).  
The multidrug resistance-associated protein 1 (MRPl )  also plays a role in inflammatory 
responses. Treatment of human colorectal cancer cell line HT-29 with IL- l f3  showed 
induced expression of MRPl gene via nitric oxide signalling ( 202) . Furthermore, it has 
been shown that MRPl has an important cytoprotective effect in inflammation-induced 
intestinal epithelial injury, since intestinal damage was significantly aggravated in Mrpl ·1-
knock-our mice exposed to dextran sulfate sodium (DSS)- induced colitis (203) . 
In recent studies nuclear receptors have been shown to be critical in the pathogenesis of 
IBD (204-209) . Ahn et al. demonstrated in intestine-specific HNF4a null mice, that 
HNF4a may have an important role in the etiology of IBO. In the dextran sulphate 
sodium-induced colitis model, the HNF4a. null mice showed markedly more severe 
changes in clinical symptoms and pathologies associated with IBD (210) . 

5.3 Obstructive cholestasis 
Bile duct ligation (BDL) is an animal model for exrraheparic biliary obstruction. 
Obstructive cholestasis is a complex pathophysiological condition associated with 
accumulation of bile acids but also with production of pro-inflammatory cyrokines 
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(211). Changes in hepatic transporter expression are therefore a result of an interplay 
between increased bile acids and cytokine levels. 
Basolateral Ntcp is strongly down-regulated in BDL rats , which reduces bile salt inflow 
in hepatocyres and prevents excessive cellular damage due to cellular accumulation of bile 
salts (212, 213). Repression ofNtcp during BDL is mediated through the bile salt-FXR
SHP pathway and does not depend on cytokines (213,  214). Selective inactivation of 
TNF-a and IL- lP  did not preserve Ntcp expression in obstructive cholestasis (213). In 

contrast, down-regulation of the basolateral Na+-independent organic anion transporter 
Oatp 1 during BDL is mediated by TNF-a (215). In addition, inflammatory cytokines, 
but not bile acids, were involved in the down-regulation of Oatp 1 in mouse hepatoma 
cells (216). 
In obstructive cholestasis canalicular efflux of bile salts is impaired. In early obstructive 
cholestasis Bsep is down-regulated, however, to a lesser extent than other basolateral and 
canalicular membrane transport proteins like Ntcp and Mrp2. As cholestasis persist, 
Bsep expression is partially restored (217, 218). Functional studies show that initially 
hepatocytes are unable to concentrate taurocholate in the canalicular area, however, after 
2 weeks BDL restoration of bile salt excretory function takes place, which is in line with 
re-establishment of Bsep levels (219) . Induction of Bsep by bile acids via FXR seems to 

operate as an adaptive mechanism under cholestatic conditions by which accumulating 
bile acids promote their own export into bile (86, 220). However, enhancing biliary 
pressure via stimulation of Bsep in the presence of a complete obstruction may aggravate 
cholestatic injury (221) .  
During obstructive cholestasis, hepatic and intestinal Mrp2 levels are decreased, leading 
to high serum bilirubin levels (222, 223). Down-regulation of Mrp2 is attributed to 
IL-IP-dependent alterations in RXRa:RARa levels (224). Specific inactivation of IL-
1 p  during BDL led to normalization of intestinal MRP2 levels (225). In addition, 
post-transcriptional regulation of Mrp2 is also observed in obstructive cholestasis. In 

bile duct-ligated rats zonal down-regulation of hepatic Mrp2 was observed, which was 
initiated in the periportal areas of the liver lobule and progressed towards the pericentral 
areas. In the pericentral area the residual Mrp2 protein was partly redistributed to 

intracellular pericanalicular vesicles (226). Decreased Mrp2 expression and function 
during cholestasis may have important implications for the metabolism and excretion of 
various , potentially toxic endo- and xenobiotics (227). However, these compounds are 
effluxed into the sinusoidal blood via up-regulation of the basolateral transport proteins 
Mrp3 and Mrp4 (14, 14, 228-231) . Bohan et al. showed induction of Mrp3 in bile 
duct-ligated mice via TNF-a-dependent up-regulation of Lrh-1 (232). The precise 
mechanism involved in up-regulation of Mrp4 has not been established yet. Basolateral 
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expression of Mrp 1 was also increased in bile duct-ligated rats, which may be an adaptive 
response to impaired hepatobiliary organic anion transport (230, 233) . The xenobiotic 
canalicular efflux pump Mdrl was increased after obstructive cholestasis (234-236) .  

6. TRANSPORT PROTEINS IN HUMAN INFlAMMATORY DISEASE 

6 1  Hepatic inflammatory disease 

Inflammation-induced cholestasis can occur in the setting of intra- and extrahepatic 
inflammation, drug- and alcohol-induced liver injury, total parenteral nutrition, non
metastatic neoplastic disorders and following surgical procedures (4). Clinical features 
of cholestasis include jaundice, pruritis, acholic stool and dark urine. Increased levels of 
serum alkaline phosphatase and gamma-glutamyl transpeptidase together with induced 
transaminase levels are considered as biochemical evidence of cholestasis. Histologically, 
cholestatic hepatitis is characterized by intralobular bilirubinostasis accompanied by 
hepatocellular ballooning/necrosis and inflammatory infiltrates in the portal tract and 
liver lobule (237) . 
Viral hepatitis is one of the causes for hepatic cholestatis. Acute hepatitis (A, B, E) 
(238-241) , and fibrosing cholestatic hepatitis B and C can take a cholestatic course 
(242, 243) . Until now, no studies have been published about hepatitis and hepatobiliary 
transporter expression. Only two studies investigated hepatic transporter expression in 
non-cholestatic chronic hepatitis C. Increased expression ofMDRl , MRPl and MRP3 
was observed, which could reflect a protective mechanism against the accumulation of 
toxic bile constituents (8, 244) . 
Extrahepatic bacterial infections can lead to cholestasis without direct invasion of the 
liver by the infectious agent. Sepsis and bacterial infection are responsible for up to 
20% of cases of jaundice in patients of all ages in a community hospital setting (245) . 
Jaundice has been associated with infections caused by several organisms including 
aerobic and anaerobic gram-negative and gram-positive bacteria, where gram-negative 
bacteria are the most common cause. The primary site of infection is most often 
intra-abdominal, but infection of various other sites such as urinary tract infection, 
pneumonia, endocarditis, and meningitis have been associated with this complication 
(246, 247) . Transporter regulation has been partly reconstituted in human liver slices. 
LPS treatment of these slices results in transcriptional down-regulation of NTCP and 
post-transcriptional decreases in MRP2 and BSEP protein levels (171) . 
The role of hepatobiliary transport system in the pathogenesis of inflammation-induced 
cholestasis was studied in patients with alcoholic hepatitis, autoimmune hepatitis and 
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drug-induced cholestasis (8) . In percutaneous liver biopsies it was shown chat canalicular 
BSEP and MRP2 levels were decreased, which will contribute to the development of 
cholestasis. Further, a reduction in basolateral NTCP and OAT P2 levels was observed, 
which may be an adaptive mechanism to protect the hepatocyte against the hepatocellular 
accumulation of toxic bile salts. 
In human liver disease it was also shown that transport protein expression was altered in 
progenitor cell-related bile ductules. In patients with hepatic injury, such as in hepatitis, 
ductular reaction contributes to hepatocyte regeneration. Reactive bile ductules are the 
result of activation, proliferation and differentiation of bi potential progenitor cells, which 
can differentiate towards hepatocytes and bile duct epithelial cells. MDRl , MRPl and 
MRP3 were up-regulated in this cell compartment and in remaining hepatocytes, which 
enables these cells to survive conditions associated with excess metabolic stress (244) . 

62 Intestinal inflammatory disease 
Intestinal inflammatory disease is also associated with alteration in transporter expression. 
Intestinal reclamation of bile salts is a key component of the enterohepatic circulation 
of bile salts. Pro-inflammatory cytokines that are associated with ilea! inflammation 
as in Crohn's disease are associated with intestinal malabsorption of bile acids due to 
repression of ASBT expression ( 69) .  Malabsorption of bile salts exacerbates the morbidity 
of Crohn's disease by potentiating diarrhea, and the associated malabsorpcion, leading to 
depletion of the bile acid pool with the subsequent development of cholesterol gallstones 
and steatorrhea. The induction of the ASBT gene by direct binding of the glucocorticoid 
receptor (GR) to the ASBT promoter is discussed as one factor that may contribute to 
the beneficial effect of glucocorticoid treatment in relief in diarrhea in Crohn's disease 
(248) . 
In addition to bile acid transport, plasma membrane transporters play a crucial role 
in maintaining the barrier between the gut lumen and the underlying tissue. There is 
increasing evidence that changes in expression of transport proteins may contribute to the 
pathogenesis of gastrointestinal inflammatory disorders. In animal studies it was shown 
that Mdrl a -/ - mice developed spontaneous colitis (62) . Furthermore, polymorphisms in 
the human MDRl gene have been shown to predispose for inflammatory bowel disease 
(64, 249, 250) . A significant correlation was found between the C3435T polymorphism 
and the expression levels and function of MDRl (37) . 
Long-term ulcerative colitis is associated with an increased risk for the development of 
colon cancer. Since MDRl has an important role in mulcidrug resistance in cancer cells, 
the role of MDRI in carcinogenesis in the context of ulcerative colitis is also highly 
interesting. Saclarides et al. showed chat in patients with ulcerative colitis MDRl levels 
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were increased in dysplascic areas compared to histological normal areas (251) . 
In addition, BCRP is expressed at strongly reduced levels in inflamed intestinal mucosa 
in patients with ulcerative colitis (252). BCRP and MDRl have an important role in 
tissue defence against xenobiotics. Locally administered drugs and controlled-release 
formulations are frequently used in the treatment ofIBD and the outcome of treatment 
is dependent on the amount of drug chat reaches the inflamed areas (253) . Of the 
medications commonly used in ulcerative colitis, several are known to be actively 
extruded via transporters. 5-Aminosalicylace is subjected to efflux from intestinal cells 
(254), possibly MORI -mediated (253) . Sulphasalazine demonstrates a strong vectorial 
flux in epithelial cells, which is attributed to BCRP and MRP activity (255, 256) . In line 
with this, Bcrp is an important determinant for the oral bioavailability of sulfasalazine 
in mice (50). Cyclosporine is a modulator of several ABC transporters, including 
MORI and BCRP (257) . Finally, steroids are secreted by MDRl (258, 259) and their 
conjugated forms by BCRP (260) . Therefore, reduced expression of BCRP and MDRl 
can contribute to altered tissue exposure of several drugs used for IBO. 

7. SUMMARY AND CONCLUSION 

Diseases of the liver and the gastrointestinal tract directly affect the absorptive and 
secretory functions of these tissues. Modulation of dedicated transporter expression may 
contribute to or maintain clinical symptoms. On the ocher hand, changes in transporter 
regulation may be the result of adaptive processes which are aimed at protecting the 
tissue against toxic compounds. Current research is mainly focused on the adaptations 
in transcriptional regulation in response co cycokines and bile salts chat in large part 
act through nuclear receptors. In human diseases, also post-translational regulation 
mechanisms play a prominent role, which need further analysis. The growing evidence 
on the transcriptional regulation of hepatic and gastrointestinal transport systems will 
bring further insight into the pachophysiology of human inflammatory disease and 
could lead co identification of novel therapies. 
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Chapter 2 

ABSTRACT 

Background and Aims 
Altered P-gp expression (P-gp/MDRl) and/or function may contribute to the 
pathogenesis of gastrointestinal inflammatory disorders. Low intestinal mRNA levels 
of the pregnane X receptor (PXR) have been linked to low MDRl mRNA levels in 
patients with ulcerative colitis (UC). Here, we compared intestinal MDRl mRNA and 
protein expression in uninflamed and inflamed intestinal epithelium (IE) of patients 
with gastrointestinal inflammatory disorders to healthy controls. 

Methods 
Intestinal mucosa! biopsies were obtained from patients with Crohn's disease (CD, 
n=20), UC (n=lO), diverticulitis (n=3), collagenous colitis (n=3) and healthy controls 
(n=lO). MDRl, iNOS, MRPl, CYP3A4 and PXR expression was determined using 
real time RT-PCR, Western blotting and/or immunohistochemistry. Furthermore, 
MDRl expression was determined in human intestinal biopsies and the human colon 
carcinoma cell line DLD-1 after exposure to cytokines (TNF-a, IFN-y, and IL-1J3). 

Results 
MDRl mRNA levels in uninflamed colon of UC patients were comparable to healthy 
controls, while they were slightly decreased in ileum and slightly increased in colon of 
CD patients. MDRl expression was, however, strongly decreased in inflamed IE of 
CD, UC, collagenous colitis and diverticulitis patients. Cytokine-dependent decrease 
of MDRl expression was observed in human intestinal biopsies, but not in DLD-1 
cells. Remarkably, PXR protein levels were equal in uninflamed and inflamed tissue of 
CD and UC patients despite low PXR mRNA levels in inflamed tissue. 

Conclusion 
MDRl expression is strongly decreased in inflamed IE of patients with gastrointestinal 
disorders and this is independent of PXR protein levels. Low MDRl levels may aggravate 
intestinal inflammation. 
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Low MDRJ levels in inflamed human intestinal epithelium 

INTRODUCTION 

A single layer of intestinal epithelial cells (IEC) make up the barrier between the host 
and the luminal content of the intestine. The cells of the mucosa! immune system 
are protected against the luminal antigen load by this single layer of epithelial cells. 
Disturbance of the integrity of the epithelial cell barrier contributes to the development 
of mucosa! inflammation (1). Many proteins are expressed by epithelial cells that are 
directly or indirectly involved in maintaining the protective barrier, including substrate 
transport proteins, tight junction proteins and trefoil peptides (2-4). An additional 
important function of the epithelium is the facilitation of transepithelial transport 
of essential nutrients, and the efflux of potentially toxic compounds. Many of these 
transport functions are performed by proteins belonging to the AT P-binding cassette 
(ABC) transporter family (5). 
P-glycoprotein (P-gp/MDRl), encoded bytheABCBI gene, is an 170 kDa transmembrane 
protein that is highly expressed at the apical side of the intestinal epithelium (6). Its 
function is to mediate efflux of compounds from the mucosa to the gut lumen. There is 
increasing evidence that changes in MDRl function and/or expression contribute to the 
pathogenesis of inflammatory disorders of the gastrointestinal tract (7). Inflammatory 
bowel disease (IBD)-susceptibility loci were found on chromosome 7, in which the 
MDRI gene is located (8). Indeed, single nucleotide polymorphisms (SNPs) in the 
human MDRI gene have recently been reported that show association with IBD (9-
11). Also the low mRNA levels of the pregnane X receptor (PXR) and its target gene 
MDRl in uninflamed intestinal tissue of ulcerative colitis (UC) as recently reported 
by Langmann et al. (12) are in line with the association of MDRl with IBD. However, 
not all genetic studies support the association of specific MDRl SNPs and IBD. For 
instance, no association of the C3435T polymorphism with UC or Crohn's disease 
(CD) was detected in large cohorts of UC and CD patients from Northern Europe and 
Greece, respectively (13;14) . 
Animal studies do support a possible association of Mdrl function and intestinal 
inflammation. Panwala et al showed that Mdrla -/- mice developed spontaneous 
intestinal inflammation (2;15;16), which is further aggravated when these animals are 
exposed to Helicobacter bi/is. These experiments support the belief that a compromised 
intestinal epithelial barrier is involved in the development of IBD (17). 
Besides a primary effect of SNPs on MDRl function it is also important to determine 
the effect of inflammation on MDRl expression. Contradicting data have been reported 
about hepatic Mdrl regulation during inflammation. In LPS-treated rats, we showed 
that Mdrlb in the liver is strongly increased in a NF-kB-dependent manner, whereas 
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Mdrla expression is unchanged (18; 19) .  Ocher authors showed that hepatic Mdrla and 
Mdrlb are down-regulated in endotoxemic rats and mice in an IL-1 and IL-6 dependent 
manner (20-23). Recent data suggest that inflammation also results in decreased levels 
of intestinal Mdrl in rats (24) and mice (25), but human MORI expression is increased 
in Caco-2 cells treated with pro-inflammatory cytokines (26) .  
No data are available yet on the effect of inflammation on the expression of MORI in 
CD or UC, let alone what kind of regulatory mechanisms may be involved. The aim of 
this project was to study the intestinal expression of human MORI and to determine 
the role of the transcriptional regulator of MDRl PXR in the inflamed epithelium. 

MATERIALS AND METHODS 

Patient characteristics 
Intestinal mucosa! biopsy specimens were obtained during endoscopy from patients with 
CD or UC, and control patients. Intestinal material from patients with diverticulitis 
and collagenous colitis was used for the disease control group. Diagnosis of IBD, 
diverticulitis and collagenous colitis was established by endoscopic, radiological and 
histopachological examination. The controls were patients referred to our endoscopy 
centre because of abdominal cramp and diarrhoea with unknown cause, irritable bowel 
syndrome, polyp surveillance, obstipation, changed stool frequency, and anemia of 
unknown cause. The control patients had no mucosa! inflammation upon endoscopic 
and histological examination. Patient characteristics are described in table 1. The Ethics 
Committee of the University Medical Center Groningen approved the protocol (METc 
2002/177c). 

Tissue specimens 
Intestinal biopsies were obtained from macroscopically inflamed and non-inflamed 
mucosa from the colon in UC patients and from the terminal ileum and the colon 
in CD patients. In addition, biopsies were taken from 4 different intestinal areas 
(ileum, ascending colon, transverse colon, and rectum) in 10 control patients using a 
standard biopsy forceps. As disease controls, we used intestinal tissue chat was obtained 
after sigmoid resection of 3 patients with diverticulitis and intestinal biopsies of 3 
patients with collagenous colitis. Intestinal specimens were immediately snap-frozen 
in liquid nitrogen for mRNA and protein analysis or in dry ice cooled isopentane for 
immunohistochemical staining, and stored at-80 °C until further processing. Resection 
material from patients with diverticulitis and intestinal biopsies from patients with 
collagenous colitis were embedded in paraffin after fixation in 6 % formalin. 
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Table 1 .  Baseline characteristics 
Characteristics Crohn's ulcerative collagenous diverticulitis healthy 

disease colitis colitis controls 

Mean age, yr (range) 40 (20-62) 48 (27-78) 69 (63-73) 61 (54-68) 38 (I 7-56) 
Sex (M/F) 4/ 16  4/6 0/3 1 /2 6/4 
Mean duration of disease 
de novo, no. patients 1 0/20 0/ 1 0  
longterm disease, no. patients 1 0/20 1 0/ 1 0  
yrs (range) I O  (3-39) 9 ( J -23) 
Concomitant medication, (yes/no) 8/ 1 2  8/2 1 /2 1 /2 0/ 1 0  
Corticosteroids 6 4 1 
Sulfasalazine/mesalamine 2 7 
Azathioprine 3 2 
Methotrexate 1 

Results are expressed as means and ranges. 

Cell culture experiments 
The human colon carcinoma cell line DLD-I or fresh biopsy specimens obtained from 
control patients were used for in vitro experiments. Biopsies were taken from macroscopic 
and microscopic normal mucosa from the transverse colon. Human biopsies and DLD
I cells were cultured in a humidified incubator at 37 °C in 5 % CO2 in RPMI medium 
(lnvitrogen, Breda, The Netherlands) supplemented with glutamax, 10 % v/v fetal calf 
serum (FCS, Gibco BRL, Breda, The Netherlands) , penicillin (50 U/ml) , streptomycin 
(50 µg/ml) and fungizone (5 µg/ml) (BioWhittaker, Verviers, Belgium). DLD-I cells 
and human colon biopsies were incubated for 8 hours with a cytokine mix (CM) 
composed of 1 0  ng/ml human tumor necrosis factor-a (TNF-a, R&D Systems Europe, 
Abingdon, UK) , 10 ng/ml human interleukin-IP (IL-IP ,  R&D Systems Europe) , and 10 
ng/ml human interferon-y (IFN-y, R&D Systems Europe). Prior to the CM-treatment, 
DLD-I cells were placed on fresh serum-free culture medium. 

RNA isolation and quantitative PCR 
Total RNA was isolated as described (27). RNA was checked on an agarose gel for 
integrity, and RNA concentration was measured using Ribogreen RNA quantitation kit 
(Molecular Probes, Leiden, The Netherlands). Reverse transcriptation was performed 
on 2.5 mg of total RNA using random primers in a final volume of 50 µl (Reverse 
Transcription System, Promega, Madison, WI, USA) . Samples were heated for 10 
minutes at 25°C ,  followed by 60 minutes at 37°C , and subsequently for 5 minutes at 
94°C to terminate the reverse transcription reaction. 
For real-time PCR, 4 µl 20-fold diluted complementary DNA was used for every 
PCR reaction in a final volume of 20 µI , containing 900 nmol/L sense and antisense 
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primers, 200 nmol/L fluorogenic probe, 5 mmol/1 MgC12, 0.2 mmol/1 deoxynucleoside 
triphosphate mix, 2 µl real-time PCR buffer (l0x), and 0.5 U Hot Goldstar DNA 
Polymerase (Eurogentec, Seraing, Belium). Details about primers and probes are 
described in table 2. Fluorescence was measured by an ABI Prism 770 Sequence Detector 
version 1.6 software (Perkin Elmer Life Sciences, Foster City, CA, USA) initialized by 
10 minutes at 95°C to denaturate the complementary DNA followed by 40 PCR cycles 
each of 95°C for 15 seconds and 60°C for 1 minute. Each sample was measured in 
duplicate. Standard curves for both the gene of interest and the endogenous control 
were obtained. A standard curve was derived from serial dilution of a pool of cDNA 
from the samples that were analysed. Subsequently, the cycle threshold values were 
transformed by using the standard curve into relative amounts. Finally, the gene of 
interest was normalized with respect to our endogenous control (18S). 

Table 2. Sequences of primers and probes used for real-rime detection PCR analysis 

18S sense 5'-CGG CTA CCA CAT CCA AGG A-3' 
antisense 5'-CCA ATI ACA GGG CCT CGA M-3' 
probe S'FAM-CGC GCA MT TAC CCA CTC CCG A-TAMRA3' 

MORI sense 5'-GGC AM GM ATA MG CGA CTG M-3' 
antisense 5' -GGC TGT TGT CTC CAT AGG CAA T-3' 
probe S 'FAM-CGT GTC CCA GGA GCC CAT CCT GT-TAMRA3' 

iNOS sense 5'-GGC TCA MT CTC GGC AGA ATC-3' 
antisense 5'-GGC CAT CCT CAC AGG AGA GTT-3' 
probe S'FAM-TCC GAC ATC CAG CCG TGC CAC-TAMRA3' 

MRPI sense 5'-CTI CTG GAG GM TTG GTI GTA TAG MG-3' 
antisense 5'-GGT AGA CCC AGA CAA GGA TGT TAG A-3' 
probe S'FAM-TCT TTG AGA TGC TIC TGG CTC CCA TCA C-TAMRA3' 

CYP3A4 sense 5'-GCA GGA GGA MT TGA TGC AGT T-3' 
antisense 5'-GTC MG ATA CTC CAT CTG TAG CAC AGT-3' 
probe S 'FAM-ACC CM TM GGC ACC ACC CAC CTA TGA-TAMRA3' 

PXR sense 5'-AGC MT TCG CCA TTA CTC TGA AGT-3' 
anrisense 5'-CTG GGT GTG CTG AGC ATI GA-3' 
probe S'FAM-AGA TCA TGG CTA TGC GCA CCG AGC TCC-TAMRA3' 

Immunohistochemistry 
lmmunohistochemistry was performed on intestinal frozen and paraffin-embedded 
sections using the primary monoclonal antibodies JSB-1 against MDRl (dilution 
1/10; Monosan, Uden, The Netherlands) and KLl against cytokeratin (dilution 1:50, 
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Immunotech, Marseille, France). 
Staining of frozen sections for MDRI and KLI was performed according to the protocol 
that was described (28). MDRl staining was performed on 5 µm thick paraffin
embedded sections, which were deparaffinized in xylene followed by rehydration. 
Endogenous peroxidase activity was blocked using 0.3 % H202 in methanol for 20 
minutes. Before staining, antigen retrieval was performed in 10 mM citrate buffer (pH 
6.0). The sections were incubated at room temperature with primary antibodies for 30 
minutes. Subsequently, the slides stained for MDRl were incubated for 30 minutes at 
room temperature with rabbit anti-mouse biotinylated IgG (dilution 1:400; Dako) and 
then incubated with avidin biotin complex/HRP. All incubation steps were followed 
by a wash in three changes of PBS. The reaction product was developed with the use 
of 3-amino-9-ethylcarbazol (DAB). For negative controls the primary antibody was 
omitted. 
To check the viability of the in vitro human intestinal biopsies after culturing, we 
performed haematoxylin and eosin staining. At O and 8 hours biopsies were imbedded 
in paraffin, cut in 4 µm thick sections and subsequently stained. 

Western blot 

Total cell lysates of human biopsies or transfected DLD-1 cells were separated by 10 % 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed 
by Western blotting. Protein concentrations were determined using the Bio-Rad 
DC Protein Assay system (Bio -Rad GmbH, Munich, Germany) using bovine serum 
albumin as standard. The rabbit polyclonal antibody against human PXR (dilution 
1:750, Active Motif, Rixensarc, Belgium) and monoclonal antibodies anti-iNOS/NOS 
Type II (dilution 1:300, Becton Dickinson, Alphen a/d Rijn, The Netherlands), C219 
against P-glycoprotein (dilution 1:1000; Signet Laboratories Inc. , Dedham, MA, 
USA), and GAPDH were used (dilution 1:5000, Calbiochem, Darmstadt, Germany). 
Horseradish peroxidase-labelled swine anti-rabbit IgG and rabbit anti-mouse IgG were 
used as secondary antibodies (dilutions 1: 2500; DAKO). Detection was performed 
using Chemiluminescent Substrate Luminol/Enhancer (Cell Signalling Technology, 
Beverly, Massachusetts, USA). DLD-1 cells transfected with plasmid CDGl-hSXR 
(kindly provided by B. Blumberg) served as positive control for human PXR detection 
by Western blotting (29). 

Statistical analysis 

Statistical analyses were performed using SPSS version 12.0 for Windows (SPSS Inc., 
Chicago, USA). Data obtained from the different groups are expressed as mean values ± 
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standard deviation (SD). Different groups were compared using Mann-Whitney U-tests 
and Kruskal-Wallis tests. A p-value of < 0.05 was considered statistically significant. 

RESULTS 

MDRJ expression in the intestinal epithelium of control patients 

Biopsies were taken from the terminal i leum, ascending colon, transverse colon, and 
the rectum in control patients and were processed for MDRI mRNA quantification 
and immunohistochemistry. MORI mRNA levels were constant throughout the colon. 
MORI mRNA levels in the terminal i leum were 5-fold higher than in the colon (Fig. 
IA). Using immunohistochemistry, a strong apical MORI staining of the intestinal 
epithelial surface was observed. Epithelial staining was continuous in the ileum (Fig. lB) 
and somewhat "patchy" in the colon (Fig. IC). No differences were observed in MDRI 
staining throughout the colon. Besides intestinal epithelial cells, scattered mononuclear 
cells were stained positive for MDRI in the lamina propria, but mononuclear aggregates 
were negative for MDRI (Fig. lB). MDRI expression is equal throughout the colon. 
Thus, effects of inflammation can be compared in biopsies taken from different parts 
of the colon. 

Expression of MDRJ in uninflamed intestinal epithelium of JED patients 

Several SNPs in MORI have been suggested to be linked to IBD. Such SNPs may 
give rise to decreased MORI mRNA and/or protein levels (30-34). Therefore, we 
analyzed the MORI mRNA expression in uninRamed tissue of our IBD patient group 
and compared those to healthy controls. Figure 2A shows that in UC patients the 
MORI mRNA level in the uninRamed colon was not significantly different compared 
to healthy controls with a trend of being slightly increased. The MDRI mRNA 
levels in the uninRamed colon of CD patients were also increased (+ 67%) and here 
a statistical significant difference was observed. Remarkably, in the uninRamed ileum 
of CD patients a minor, but significantly lower (64 % of normal) MDRI mRNA level 
was detected (Fig. 2A). lmmunohistochemistry for MORI showed an apical staining 
indistinguishable from the one observed in the controls (Fig. 3A, compare to Fig. IC). 
These data show that MORI levels in uninRamed intestinal epithelium may slightly 
differ from that observed in healthy controls, but that the specific effect within one 
patient group may be different for the ilea! and the colon epithelium. 
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Figure 1. MDRI expression throughout the human colon and in the ileum. Biopsies were taken from 
control patients (n=lO) and analyzed for MDRI mRNA levels by real time RT-PCR (A) and cell-specific 
MDRI protein expression using immunohiscochemiscry in ileum (B) and colon (C). MDRI mRNA 
levels were equal throughout the colon and approximately 5-fold higher in the ileum (p<0,05 compared co 
ileum). Typical MORI-specific staining (using the JSBI antibody) was observed at the apical membrane 
of ilea! and colon epithelial cells. Epithelial staining was continuous in the ileum and "patchy" in the 
colon. 

Decreased MDRI expression in inflamed intestinal epithelium of patients with IBD 
Next, we determined the effect of inflammation on the expression of MDRl . Biopsies 
were taken from uninflamed and inflamed tissue in IBD patients within a distance 
of a few centimetres. Inducible NOS (iNOS) mRNA expression was determined co 
confirm active inflammation in the biopsy. iNOS mRNA levels in uninflamed tissue of 
IBD patients were comparable to controls, but strongly increased (>IO-fold) in inflamed 
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ileum and colon tissue of these patients (Fig. 2B). In contrast to iNOS, MDRl mRNA 
and protein levels were strongly decreased in inflamed tissue from CD as well as from 
UC patients (Fig. 2A and C). The decreased MDRI mRNA level resulted in a complete 
disappearance of MORI-dependent immunohistochemical staining in inflamed 
intestinal epithelial cells (Fig. 3B). Importantly, staining for cytokeratin showed that 
the epithelium was still intact (Fig. 3C and D). The absence of epithelial MDRl
staining was accompanied with a significant increase in the number of MORI-positive 
mononuclear cells (Fig. 3B). This implies that the decrease in MDRI mRNA in the 
inflamed intestinal epithelial cells is likely to be underestimated. We did not observe 
any difference in MDRI mRNA levels between patients with or without medication 
(Fig. SI) .  The decrease of MDRI was not part of an overall down-regulation of 
(ABC)-transporters in inflamed intestinal tissue, since the expression of the multidrug 
resistance-associated protein I (MRPI) was increased in this patient group (Fig. 2D). 

Decreased intestinal MDRI expression in inflamed mucosa is not specific for IBD 

To investigate whether the observed decrease of MDRI protein was specific for inflamed 
tissue of IBD patients, immunohistochemistry for MDRI was performed on intestinal 
biopsies from patients with collagenous colitis and on resection material from patients 
with diverticulitis. Similar to the results obtained for IBD patients, MORI-staining 
was absent in the inflamed intestinal tissue of patients with diverticulitis or collagenous 
colitis (Fig. 3F and G). Again, uninflamed intestinal epithelium stained positive for 
MDRl (Fig. 3E). 

Cytokine-dependent expression of MDRJ in human intestinal biopsies and the intestinal 
cell Line DLD-1 

In vitro experiments are required to study the molecular mechanism(s) involved in 
down-regulation of intestinal MDRI. Others have shown that cytokines induce MDRl 
mRNA expression in Caco2 cells (26). We obtained similar results when analyzing 
cytokine-dependent regulation of MD RI in the human colon carcinoma cell line DLD-
1. None of the individual cytokines tested was able to induce any significant reduction 
of MDRl mRNA levels (Fig. 4A). Consequently, these cell lines cannot be used to 
delineate the mechanism involved in intestinal MDRl down-regulation. 
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Figure 2. MORI mRNA expression is decreased in inflamed intestinal tissue from IBO patients. 
Biopsies were taken from (1) uninflamed (normal) and inflamed tissue of CD (n=20) and UC (n=IO) 
patients and (2) normal tissue from control patients (n=IO) and subsequencly analyzed for m RNA 
and protein levels of MORI (A, C), che inflammation marker iNOS (8) and MRPI (D) using real 
time RT-PCR and Western blotting. MORI m RNA levels in non-inflamed tissue in CD were 
significantly increased in the colon and decreased in the ileum compared co control patients, in contrast 
no significant difference was observed between non-inflamed tissue in UC and healthy controls (A). 
iNOS mRNA levels were significant increase in inflamed intestinal biopsies from patients with CD or 
UC (B). MORI mRNA and protein expression was significancly decreased in the inflamed tissue of 
patients with CD or UC (A, C). In contrast, the expression of MRPl was significancly increased (D). 
C = control, N = normal, I = inflamed. · p<0,05. 
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Therefore, we performed similar experiments with freshly isolated biopsies from the 
transverse colon from control patients. An 8 hours incubation of these biopsies in the 
presence of a cytokine mixture consisting of T NF-a, IL-I�, and INF-y resulted in a 
significant reduction of the MORI mRNA level in combination with a 7-fold increase 
of the iNOS mRNA level (Fig. 4C and 0). Importantly, the histological architecture 
remained intact during the 8 hours in vitro incubation, without any significant signs of 
increased necrotic or apoptotic cells (Fig. 4E). These results correlate well with the in vivo 
observations described above. The individual cytokines all gave rise to reduced MORI 
expression, however without reaching statistical relevance. Clearly, the combination 
of the different cytokines, which is a better reflection of the in vivo situation during 
inflammation, resulted in the strongest, and statistically significant, MORI mRNA 
decrease. 

Figure 3. MDRI protein levels are strongly decreased in inAamed intestinal epithelium. Biopsies were 
taken from uninAamed (A, E) and inAamed (B, C, O, F, and G) tissue from the colon of patients with 
UC (A-0), diverticulitis (E, F) or collagenous colitis (G) and processed for immunohisrochemisrry using 
the MOR-I-specific antibody JSB-I (A-C, E-G) or the cyrokeratin specific antibody KL! (0). A strong 
apical MORI-staining was observed of the epithelium of the non-inAamed mucosa of UC patients (A), 
which was absent in the inAamed tissue (B). Staining of serial sections of inAamed tissue for either MORI 
(C) or cyrokeratin (0) shows that the intestinal epithelium is still intact. Apical MORI staining is also 
observed in non-inAamed tissue of patients with diverticulitis (E), which is absent in inAamed tissue of 
the same patient (F). Apical MORI is also undetectable in inAamed tissue of a patient with collagenous 
colitis (G). 
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Figure 4. Cytokine-induced decrease in MORI mRNA expression in human colon biopsies. OLD-I (A, 
B) or human biopsies from rhe transverse colon of control patients (C, D) were incubated for 8 hours with 
10 ng/ml TNF-a, 10 ng/ml IL- I�, 10 ng/ml INF-y or a combination of these 3 cytokines (CM). MORI 
expression was increased in OLD-I cells after incubation with cyrokine mix (A). INF-y administration 
resulted in the strongest increase ofborh iNOS and MORI levels compared with rhe other two cyrokines 
(A, B). Treatment of human intestinal biopsies with CM resulted in a significant reduction of MORI 
mRNA levels (C), while iNOS mRNA expression was significantly increased (D). Treatment of human 
biopsies with the individual cytokines did nor result in a significant change in MORI mRNA level. Dara 
represent mean values of biopsies from 5 different patients. The viability of the cultured intestinal biopsies 
was evaluated by immunohistochemistry. Histological integrity of rhe biopsies proved to be intact (E). 
p<0,05. 

Downregulation of MDRJ is independent of PXR protein Levels 
Recently, intestinal down-regulation of MDRl mRNA in patients with UC was 
suggested to be caused by decreased PXR mRNA levels, a transcriptional regulator 
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of the MORI gene (12). Therefore, we studied the expression of PXR in our tissue 
samples. Similar to MORI, we found that PXR mRNA levels were significant decreased 
in inflamed intestinal tissue of both groups of IBD patients (Fig. 5A). However, PXR 
protein levels did not follow the decrease in PXR mRNA levels. The PXR protein 
level remained remarkably constant even if the PXR mRNA level had dropped to 
approximately 4 % in the inflamed versus uninflamed tissue from one patient (Fig. 
5B). In addition, mRNA expression of the PXR regulated gene cytochrome P450 3A4 
(CYP3A4) was not changed or increased in 7 (out of 30) patients, while MORI was 
downregulated (Fig. 6). Taken together, these results do not support the involvement of 
PXR in downregulation of intestinal MORI during inflammation. 
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Figure 5. Down-regulation of MDRl is independent of PXR protein levels. Biopsies were taken from 
uninAamed (normal) and inflamed tissue of CD (n=20) and UC (n=lO) patients and analyzed for PXR 
mRNA (A) and protein levels (B). A significant decrease in PXR mRNA levels was observed in the 
inAamed tissue compared to uninAamed tissue (A; p<0.05). Western blot detection of PXR in total protein 
extracts of biopsies from uninflamed and inflamed tissue revealed similar levels of PXR protein (patient 
1. UC (rectum); patient 2. CD (ascending colon); patient 3. CD (ileum). Specificity of the antibody was 
shown with PXR transfected DLD-1 cells (B). Quantification of PXR mRNA levels in biopsies taken 
from the same sites revealed strongly reduced PXR mRNA levels in the inAamed tissue of these patients 
(B, table). The inAammation marker iNOS was strongly increased in the inAamed intestinal tissue of 
these patients, both at the mRNA level and the protein level (B). 
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Figure 6. The PXR-target genes MORI and CYP3A4 are not strictly co-regulated in the non-inflamed 
versus inflamed tissue of patients with CD or UC. MORI and CYP3A4 mRNA levels were quantified 
in biopsies from non-inflamed and inflamed tissue of CD (n=20) and UC (n=IO) patients. In 7 of these 
patients, CYP3A4 mRNA levels were unchanged or increased (A), while MORI mRNA levels were 
decreased (B). 

DISCUSSION 

Reduced MDRl function is associated with increased risk for gastrointestinal 
inflammatory disorders, as shown by genetic linkage studies of patients with IBD 
and animal experiments (2;9 -11) . No data were available yet about the effect of 
inflammation per se in the intestinal epithelium of patients with IBD. Here, we show 
that MDRl expression is strongly compromised in the inflamed epithelium of these 
patients. Cytokine-dependent reduction of MDRl transcription was shown in in vitro 
experiments using intestinal biopsies from control patients. Negative regulation of 
MDRl was independent of PXR protein levels. 
MDRl is well known for its ability to export a great variety of drugs out of (cancer) cells. 
In normal tissue it is highly expressed in the intestine, underscoring its potential role in 
determining drug bioavailability and elimination of naturally occurring toxins in food. 
Physiological substrates for MDRl have not yet firmly been established, but MDRl has 
been proposed to play a role in migration of antigen-presenting dendritic cells and may 
be able to transport cytokines like IL-2 and IL-4 (35;36) .  Clearly, changes in MDRl 
function and/or expression may have major implications for proper functioning of the 
intestine. 
Langmann et al. recently showed that MDRl expression was reduced in uninflamed 
sections of the colon of UC patients, whereas no significant difference was observed in 
the ileum of UC patients, nor in the colon or ileum of CD patients (12) . In contrast, we 
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found no significant difference in the uninflamed tissue of UC patients, with a trend 
of being slightly increased. Remarkably, we found a slight but significant increase of 
MORI in uninflamed colon of CD patients, concomitantly with a slight but significant 
decrease in the uninflamed ileum of these patients. The observed increase in MORI levels 
in non-inflamed tissue in the colon could be an adaptive mechanism to compensate for 
the decreased expression in inflamed tissue. Similar observation have been reported by 
Buyse et al. who found an increased Mdrl expression and activity in non-inflamed ilea! 
tissue in mice with DSS -induced colitis (25). The most significant effect we observed 
in our study was the very strong difference in MORI expression in inflamed compared 
to non-inflamed intestinal tissue obtained from individual patients. MORI expression 
was strongly decreased in inflamed tissue of patients with CD, UC, diverticulitis or 
collagenous colitis. These data are in line with Thl- and Th2-mediated experimental 
models of colitis, in which also a significant decrease of Mdrla expression was observed 
(37). Our data, however, seem to contradict the observations made by Farrell et al. (38). 
Using flow cytometry, they found that intestinal epithelial cells from uninflamed or 
inflamed mucosa of UC patients contained similar MORI expression levels. At present, 
we cannot explain this apparent contradiction, rather than that it may be related to the 
methods used. Our analyses on biopsies were performed on immediately fixed or snap
frozen material thereby minimizing the effects of in vitro incubation s after obtaining 
the biopsies. It is unknown whether the isolation procedure for intestinal epithelial 
cells as performed by Farrell et al. may affect initial differences in MORI expression in 
uninflamed versus inflamed tissues. 
No cytokine-dependent down-regulation of MORI has been established using 
intestine-derived cell lines, such as Caco-2 (12; 26). Also the DLD-I cell line used 
in this study showed a strong increase in MORI transcription upon incubation with 
a cytokine-m ixture consisting of T NF-a, IL -I� and INF-y. However, we were able 
to establish a cytokine-dependent down-regulation of MORI using freshly isolated 
intestinal biopsies from healthy controls. All individual cytokines gave rise to a slight 
decrease in MDRI expression without reaching statistical significance. A significant 
50 % reduction in MORI expression was observed when the 3 cytokines were used 
simultaneously. Clearly, the transcriptional regulation of MORI in coloncarcinoma 
cell lines differs from what is observed in intestinal cells in vivo. In vitro incubation of 
freshly isolated intestinal biopsies provides a good experimental model to study this. 
Transcriptional regulation of the MORI gene is complex. Many different transcription 
factors have been shown to bind to the DNA in the MORI promoter region and 
directly control its transcription. The nuclear receptor PXR is one of these transcription 
factors, which binds to a region 8-kb upstream of the MDRl transcription start site and 
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positively regulates MORI transcription (39) . PXR is a ligand-activated transcription 
factor and a key regulator of the xenobiotic response system that coordinates the 
expression of genes involved in metabolism and transport of toxic compounds. Single 
nucleotide polymorphisms (SNPs) in the NRJI2 gene encoding PXR have been 
identified that affect PXR activity and thereby the expression of target genes including 
MORI, CYP3A4 and several UOP-glucuronosyltransferase isoforms (40-42) . More 
recently, SNPs in PXR have been shown to be associated to the development of IBO 
(43) . In addition, low PXR mRNA levels in patients with UC have recently been linked 
to low MORI mRNA levels in uninflamed intestinal epithelium of these patients (12) . 
Though we did not observe reduced levels of PXR in the healthy intestinal epithelium 
of IBO patients versus controls, we did find that PXR mRNA levels were significantly 
decreased in inflamed tissue when compared to uninflamed tissue. Remarkably though, 
PXR protein levels were comparable in uninflamed and inflamed tissue from individual 
patients, even if the PXR mRNA level was reduced 25-fold. This finding again shows 
that mRNA levels may strongly diverge from the level of the corresponding protein 
and in our case, unlink the relationship between PXR and MORI mRNA levels. Still, 
one needs to bear in mind that PXR is a ligand-activated transcription factor and its 
activation state in uninflamed and inflamed tissue has not been studied to date. We, 
however, also observed that another PXR target gene, CYP3A4, may be up-regulated 
in inflamed tissue of IBO patients which simultaneously showed a down-regulation 
of MORI . This further underscores our view that low MDRl levels are not a result of 
changed PXR levels and/or activation. 
What may be the physiological consequences of reduced MORI function in the 
intestine? MORI is primarily known for its capacity to export drugs out of cells . 
In intestinal epithelial cells it directs its substrates to the gut lumen (5) . Obviously, 
reduced levels may therefore increase the bioavailability of drugs used to treat these 
patients, such as glucocorticoids and immunosuppressants (44) . However, due to the 
local inflammation of the intestinal mucosa in most IBD patients, the influence on 
drug availability is most probably limited. On the other hand, the MORI-dependent 
protection against naturally occurring toxins is compromised in the inflamed intestine. 
This is also substantiated by the fact that intestinal bacteria are required to initiate 
and/or aggravate the inflammation in the mdrl-/- knock out mouse (2) . MDRl has also 
been implicated in the transport of cytokines (36) and chemokines (45;46) as well as 
protecting intestinal epithelial cell against apoptosis (47) and regulating dendritic cell 
migration (35;48). Future research needs to resolve which of the above function(s) of 
MORI are aiding to the diseased conditions of IBO patients. 
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ABSTRACT 

The multidrug resistance-associated protein 1 (MRPl) is well known for its role in 
providing mulcidrug resistance to cancer cells. In addition, MRPl has been associated 
with both pro- and anti-inflammatory functions in non-malignant cells. The pro
inflammatory function is evident from the fact that MRPl is a high-affinity transporter 
for cysteinyl-leukotriene C4 (LTC), a lipid mediator of inflammation. It remains 
unexplained, however, why the absence of Mrpl leads to increased intestinal epithelial 
damage in mice treated with dextrane-sodium sulphate, a model for inflammatory 
bowel disease (IBO). We found that MRPl expression is induced in the inflamed 
intestine of IBO patients, e.g. Crohn's disease and ulcerative colitis. Increased MRPl 
expression was detected at the basolateral membrane of intestinal epithelial cells. To 
study a putative role for MRPl in protecting epithelial cells against inflammatory cues, 
we manipulated MRPl levels in human epithelial OL0-1 cells and exposed these cells to 
cytokines and anti-Fas. Inhibition of MRPl (by MK571 or RNA interference) resulted 
in increased cyrokine- and anti-Fas-induced apoptosis of OL0-1 cells. Opposite effects, 
e.g. protection of OL0-1 cells against cytokine- and anti-Fas-induced apoptosis, were 
observed after recombinant MRPl overexpression. Inhibition ofLTC4 synthesis reduced 
anti-Fas-induced apoptosis when MRPl function was blocked, suggesting that LTC4 is 
the pro-apoptotic compound exported by epithelial MRPl during inflammation. These 
data show that MRPl protects intestinal epithelial cells against inflammation-induced 
apoptotic cell death and provides a functional role for MRPl in the inflamed intestinal 
epithelium of IBD patients. 
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INTRODUCTION 

Inflammatory bowel disease (IBO) is characterized by chronic inflammation of the 
gastrointestinal tract and manifests as ulcerative colitis (UC) or Crohn's disease (CD) 
( 1). The pathophysiology of IBO is characterized by a highly activated state of the 
mucosa! immune system and excessive mucosa! damage (2) . In recent years, important 
progress has been made in identifying and characterizing susceptibility genes for IBO 
(3) .  The (putative) functions of the proteins they encode corroborate the notion that 
the primary cause for the development of IBO originates from a dysregulated immune 
response to commensal intestinal bacteria, defects in mucosal barrier function and/or 
bacterial clearance. 
Irrespective of the genetic cause, severe and continuous inflammation causes damage to 
the intestinal epithelium that may strongly affect its absorptive and secretory functions as 
well as its protective role against toxic compounds. Cycoprotection is provided by ATP
binding cassette (ABC) transporters that are specialized in exporting toxic compounds 
of foreign or endogenous origin (4). P-gp/MDRl (ABCBl) ,  well-known for its adverse 
role in protecting cancer cells against anti-cancer drugs (5) ,  is also expressed in the 
healthy intestinal epithelium (6). Absence of Mdrla in transgenic mice results in the 
spontaneous development of colitis (7) .  In line with this observation, specific single 
nucleotide polymorphisms (SNPs) in the ABCBJ gene have been reported to be 
associated with CD (8-10) . Moreover, we recently showed that MORI expression is 
strongly reduced in the inflamed intestine ofIBD patients, which may further aggravate 
the disease (11). 
The multidrug resistance-associated protein 1 (MRPl, encoded by theABCCJ gene) also 
plays a role in inflammatory responses. It transports glutathione and substrates that are 
conjugated to reduced glutathione, glucuronide or sulphate as part of the detoxification 
machinery of ( cancer) cells ( 12 ;  13). The glutathione conjugate leukotriene C 4 (LTC4) has 
been identified as an endogenous, high affinity substrate for MRPl (14; 15). Leukotrienes 
are important lipid mediators of inflammatory responses and have been implicated in 
the pathophysiology of both acute and chronic inflammatory diseases, including IBO 
(14; 16; 17) . The role of Mrp 1 in the inflammatory signalling pathway is evident from 
studies with Mrp 1-1- knockout mice that show a strongly reduced response to arachidonic 
acid-induced inflammatory stimuli as measured by decreased ear oedema and vascular 
permeability (18) .  Relevant for IBO, however, it was shown that intestinal damage was 
significantly aggravated in Mrp 1-1- knock-out mice exposed to dextrane sulfate sodium 
(DSS)-induced colitis (19) .  These animal studies suggest that Mrpl serves a dual role 
during inflammation, both sending out inflammatory signals as well as protecting the 
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intestinal epithelium. The mechanism of the latter and the relevance for IBO patients is 
unknown to date. 
In this study, we show that MRPl expression is increased in the inflamed epithelium 
of patients with IBO, in particular in the intestinal crypts. We demonstrate that MRPl 
protects intestinal epithelial cells against cytokine-induced cell death by exporting pro
apoptotic compounds from the cysteinyl leukotriene biosynthesis pathway. 

MATERIALS AND METHODS 

Patient characteristics 
Intestinal mucosa! biopsy specimens were obtained during endoscopy following informed 
consent from patients with IBD. Diagnosis of IBD was established by endoscopic and 
histopathological examination. The Ethics Committee of the University Hospital 
Groningen approved the protocol (METc 2002/177c). Intestinal biopsies were obtained 
from macroscopically inflamed and non-inflamed mucosa from 35 patients with IBO 
using a standard biopsy forceps. Intestinal specimens were immediately snap-frozen in 
liquid nitrogen for mRNA and protein analysis or liquid nitrogen-cooled isopentane for 
immunohistochemical staining, and stored at -80 °C until further processing. 

lmmunohistochemistry 
lmmunohistochemistry was performed with the mouse monoclonal antibody QCRL-
3 against MRPl on frozen sections according to the protocol described (dilution 1:10, 
Santa Cruz Biotechnology, Heidelberg, Germany) (20). The sections were counterstained 
with hematoxylin. Negative controls consisted of omission of the primary antibody and 
were consistently negative. 

Cell culture 
The human colon carcinoma cell line DLD-1 was cultured as previously described (21). 
DLD-1 cells were treated with anti-Fas (lmmunotech, Marseille, France) or human 
tumor necrosis factor-a (TNF-a., R&D Systems Europe, Abingdon, UK). The LTD4 

receptor antagonist MK571 (3-([[3-(2-[7-chloro-2-quinolinyl]ethenyl)phenyl}-((3-
(dimethylamino-3-oxopropyl)-thio)-methyl]thio) propanoic acid; Alexis Biochemicals, 
Lausen, Switzerland) was used to inhibit MRP function. The 5-lipoxygenase inhibitor 
AA861 (2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-p-benzoquinone; Sigma, 
Zwijndrecht, The Netherlands) was used to inhibit leukotriene synthesis from 
arachidonic acid. 
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siRNA-mediated reduction of MRPJ expression 
DLD-1 cells were seeded in 6 well places at a density of 400.000 cells per well in 
RPMI 1640 with glucamax supplemented with 1 % fecal bovine serum (FBS). After 
4 hours, medium was replaced by serum free medium. DLDl cells were transiently 
cransfecced with siRNA-MRPl duplexes using oligofectamine (lnvicrogen, Breda, The 
Netherlands) according to the manufacturers instructions. SiRNA-MRPl primers were 
obtained from Invicrogen (sense 5'-GGA GUG GAA CCC CUC UCU GdTdT-3' and 
ancisense 5'-CAG AGA GGG GUU CCA CUC CdTdT-3'; kindly provided by Dr. D.J. 
de Groot, University Medical Center Groningen, Groningen, The Netherlands). Control 
cells were created with only oligofectamine. Four hours after cransfeccion, medium was 
supplemented with RPMI-1640 with 30 % FBS to adjust the serum concentration to 
10 %. Subsequently, the cells were cultured in an incubator at 37 °C and 5 % CO2 for 
48 hours. MRPl RNA and protein expression was then analyzed by real time PCR and 
Western bloc analysis. 

MRPJ overexpressing cell line 
DLD-1 cells were seeded in 6-well places at 300.000 cells per well. The cells were 
cransfecced with plasmid pcDNA3.l(-)-MRPl-GFP (22). Transfection was performed 
using the BIO-RAD Transfectin™ Lipid reagent protocol (Bio-Rad laboratories B.V. ,  
Veenendaal, The Netherlands). Transfecced cells were grown co  70 % confluence before 
adding 0.625 mg/ml geneticine to the medium. After three days colonies were selected 
and expanded in medium containing 0.625 mg/ml geneticine. Two clones were further 
purified by fluorescence activated cell sorting (FACS) based on the GFP signal to obtain 
homogenous MRPl-expressing cell lines. 

RNA isolation and quantitative PCR 
Total RNA was isolated as described (23). RNA integrity was confirmed by agarose 
gel electrophoresis and RNA concentration was measured using a Ribogreen RNA 
quantitation kit (Molecular Probes, Leiden, The Netherlands). Complementary DNA 
(cDNA) synthesis was performed on 2.5 µg of total RNA using random primers in a 
final volume of 50 µl (Reverse Transcription System, Promega, Madison, WI, USA). 
For real-time PCR, 4 µl of 20-fold diluted cDNA was used for every PCR reaction in a 
final volume of20 µl, containing 900 nmol/L sense and antisense primers, 200 nmol/L 
fluorogenic probe, 5 mmol/1 MgC12, 0.2 mmol/l deoxynucleoside criphosphace mix, 2 
µl real-time PCR buffer (lOx) , and 0.5 U Hot Goldscar DNA Polymerase (Eurogentec, 
Seraing, Belium). Details about primers and probes are described in Table 1. Real-time 
PCR was performed with an ABI Prism 7700 Sequence Detector version 1.6 software 
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(Perkin Elmer Life Sciences, Foster City, CA, USA). The expression of genes was 
normalized to the endogenous control (18S). 

Western blot 

Total cell lysates of DLD-1 cells were separated by 1 0  % sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS -PAGE) and analyzed by Western blotting. 
Protein concentrations were determined using the Bio-Rad DC Protein Assay system 
(Bio-Rad GmbH) using bovine serum albumin as standard. Rabbit polyclonal 
antibody against human PARP (dilution 1:1000, Cell Signaling Technology, Beverly, 
Massachusetts, USA), mouse monoclonal antibody GAPDH (dilution 1 :5000, 
Calbiochem, Darmstadt, Germany) and rat monoclonal antibody MR Pr I were used 
(dilution 1:500) (24). Horse radish peroxidase-labeled swine anti-rabbit and rabbit anti
mouse IgG were used as secondary antibodies (dilutions 1: 2500; DAKO, Heverlee, 
Belgium). The blots were exposed in a ChemiDoc XRS system (Bio-Rad, Hercules, 
CA). The intensity of the protein bands were quantified using Quantity One software. 

Caspase-3 assay 

Caspase-3 enzyme activity was determined according to the manufacturer's instructions 
using a caspase-3 activity kit with fluorimetric detection (Promega, Leiden, The 
Netherlands). 

Data analysis 

Statistical analyses were performed using SPSS version 12.0 for Windows (SPSS Inc., 
Chicago, USA) . Data obtained from the different groups are expressed as mean values ± 
standard deviation (SD). Different groups were compared using Mann-Whitney U-tests 
and Kruskal-Wallis tests. A p-value of <0.05 was considered as statistically significant. 

RESULTS 

Expression of MRPI in inflamed and uninflamed intestinal tissue 

To study the effect of inflammation on ABC -transporter expression in the intestinal 
epithelium, we analyzed bordering mucosa! biopsies from uninflamed and inflamed 
tissue from patients with IBD. In an initial screening, expression of MRPI -6 and 
MDRI was analyzed in biopsies from 5 IBD patients (UC n=3; CD n=2). MRPI 
mRNA levels were significantly increased in inflamed intestinal mucosa, while MDRI 
expression was down-regulated (Fig. IA), as described earlier (1 I). The mRNA levels 
of MRP2-6 were similar in uninflamed and inflamed intestinal tissue of IBD patients 
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(Fig. IA). Subsequently, biopsies from 15 UC patients and 20 CD patients were analyzed. 
Inducible nitric oxide synthase (iNOS) expression was determined as a measure of 
inflammation in the biopsies (Fig. 1 B). Also in chis larger cohort of IBD patients, 
MRPl expression was significantly increased in inflamed intestinal mucosa in both UC 
and CD (Fig. IC) and MDRl expression was decreased in both IBD subgroups (Fig. 
ID). lmmunohiscochemiscry for MRPl on colonic biopsy material with high grade 
inflammation showed a clear basolaceral staining of intestinal epithelial cells as well as 
MRPl-positive mononuclear cells. Notably, MRPl staining intensity was homogeneous 
in the epithelial cells lining the whole crypt, while the surface epithelium showed 
minimal MRPl-specific staining (Fig. IE). In parallel experiments, the uninflamed 
tissue from these patients remained unstained for MRPl (data not shown). 

Table 1. Sequences of primers and probes used for real-rime detection PCR analysis 
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MORI 

MRPI 

MRP2 

MRP3 

MRP4 

MRP5 

MRP6 
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probe 
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anrisense 
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anrisense 
probe 

sense 
anrisense 
probe 

sense 
anrisense 
probe 

sense 
anrisense 
probe 

sense 
anrisense 
probe 

sense 
anrisense 
probe 

sense 
anrisense 
probe 

5' -CGG CTA CCA CAT CCA AGG A-3' 
5'-CCA AIT ACA GGG CCT CGA AA-3' 
5'FAM-CGC GCA AAT TAC CCA CTC CCG A-TAMRA3' 

5'-GGC TCA AAT CTC GGC AGA ATC-3' 
5'-GGC CAT CCT CAC AGG AGA GTT-3' 
5'FAM-TCC GAC ATC CAG CCG TGC CAC-TAMRA3' 

5'-GGC AAA GAA ATA AAG CGA CTG AA-3' 
5'-GGC TGT TGT CTC CAT AGG CAA T-3' 
5'-FAM CGT GTC CCA GGA GCC CAT CCT GT-TAMRA3' 

5'-CTT CTG GAG GAA TTG GTT GTA TAG AAG-3' 
5'-GGT AGA CCC AGA CAA GGA TGT TAG A-3' 
5'FAM-TCT TTG AGA TGC ITC TGG CTC CCA TCA C-TAMRA3' 

5'-TGC AGC CTC CAT AAC CAT GAG-3' 
5'-CTT CGT CTT CCT TCA GGC TAT TCA-3' 
5'FAM-CAG CTT TCG TCG AAC ACT TAG CCG CA-TAMRA3' 

5'-GCC ATC GAC CTG GAG ACT GA-3' 
5'-GAC CCT GGT GTA GTC CAT GAT AGT G-3' 
5'FAM-CAT CCG CAC CCA GTT TGA TAC CTG CAC-TAMRA3' 

5' -AAG TGA ACA ACC TCC AGT TCC AG-3' 
5'-GGC TCT CCA GAG CAC CAT CT-3' 
5'FAM-CAA ACC GAA GAC TCT GAG AAG GTA CGA ITC CT-TAMRA3' 

5'-TGA AAG CCA TTC CAG ITG-3' 
5'-CGG AAA AGC TCG TCA TGC A-3' 
5'FAM-CTC GCA GCG TGC CCT TGA CAA AG-TAMRA3' 

5'-AGA CAC GGT TGA CGT GGA CAT-3' 
5'-GCT GAC CTC CAG GAG TCC AA-3' 
5'FAM-CCA GAC AAA CTC CGG TCC CTG CTG AT-TAMRA3' 
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Figure 1. Increased MRPI mRNA and protein expression in inAamed intestinal tissue of CD and UC 
patients. Biopsies were taken from uninAamed (normal) and inAamed tissue of CD (n=20) and UC 
(n=15) patients and subsequenrly analyzed for mRNA expression using real time RT-PCR. M ORI 
and MRPl-6 expression was analyzed in 5 patients (UC n=3; CD n=2) (A). mRNA expression of rhe 
inAammation marker iNOS (B), MRPI (C), and MORI (D) were analyzed in all patients. mRNA data 
from uninAamed tissue was set to I and relative mRNA expression levels were normalized to 18S. Dara 
are expressed as means ± SD. * p<0.05 compared with non-inAamed samples. lmmunohisrochemical 
localisation ofMRPI expression in inAamed colonic tissue of a patient with ulcerative colitis (E). MRPl
dependenr staining is indicated by arrowheads. The original magnification is 200x. 

1he effect of MK571-mediated inhibition of MRPs on anti-Fas- and TNF-a-induced 
apoptosis 
Increased MRPI levels may aid to cell protection during gastrointestinal inflammatory 
diseases. Cell damage/death may be induced through receptor-mediated apoptosis in 
response to FasL or TNF-a, as previously shown in the intestinal mucosa ofIBD patients 
(25-27). To study this putative function, we performed in vitro experiments using the 
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human colon epithelial cell line DLD-1. Both human colon biopsies and DLD-1 cells 
show significant expression of MDRl and various MRPs, including MRPl (Fig 2). This 
makes DLD-1 cells a useful model for MRPl inhibition and overexpression studies. 
First, we tested whether chemical inhibition of MRP-function by MK571 affected 
DLD-1 cell survival during exposure to anti-Fas or TNF-a. As reported by others 
(28-31), anti-Fas and TNF-a induce apoptosis in DLD-1 cells in a time-dependent 
manner with caspase-3 activities peaking at 12 and 16 hours for anti-Fas and TNF
a, respectively (Fig. 3A, D). Concurrently, significant amounts of activated (cleaved) 
PARP were detected after 8 hours anti-Fas (Fig. 3B) or 16 hours TNF-a (Fig. 3E) 
treatment. Adding MK571 strongly increased caspase-3 activities in both anti-Fas- and 
TNF-a-treated cells (Fig. 3A, D), which was accompanied by a further increase in the 
amount of cleaved PARP (Fig. 3B, E). The increase of anti-Fas- or TNF-a-induced 
apoptosis was dependent on the concentration of MK571 causing a significant increase 
of anti-Fas- and TNF-a-induced apoptosis at concentrations as low as 6.25 µM (Fig. 
3C, F). MK571 (up to 50 µM tested) itself did not induce caspase-3 activity in DLD-
1 cells. Taken together, these results show that inhibition of MRP function strongly 
sensitizes DLD-1 cells for anti-Fas- or TNF-a-induced apoptosis. 

A 

MDRI 

B 

·- -·-'�-- t
: 
•� �---� �'�-� 

MRPI MRP2 MRP3 MRP4 MRP5 MRP6 MDRI MRPI MRP2 MRP3 MRP4 MRP5 MRP6 
colon biopsies DLD�l cells 

Figure 2. MDRl and MRPI-6 mRNA expression in human colon biopsies and DLD-1 cells. Total RNA 
was isolated from 10 colon biopsies of 5 healthy controls and from DLD-1 cells. Expression of che ABC 
transporters MDRI and MRPl-6 was quantified by real time RT-PCR. Data are expressed as means ± 
SD. 
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Figure 3. Effect of MK-571 on anti-Fas- and TNF-a-induced apoptosis of OLD-I cells. Caspase-3 
activity was determined in total protein extracts of DLD-1 cells that were treated for 4 to 24 hours with 
0.25 µg/ml anti-Fas or 10 ng/ml TNF-a in the absence or presence of 50 µM MK571 (A,D). Activation 
(cleavage) of PARP was assessed by Western blotting. For this we used total protein extracts of DLD-1 
cells treated for 8 hours with anti-Fas or 16 hours with TNF-a with and without MK571 (B,E). OLD
I cells were treated with different concentrations of M K571 in combination with anti-Fas and TNF-a 
(C,F). Data are expressed as means ± SD. 

Inhibition of MRPJ expression by RNA-interference 

MK571 is a non-specific MRP inhibitor and the different MRPs expressed in DLD-
1 cells (Fig. 2B) may contribute to variable extends to cytoprotection. To study the 
function of MRPI in this process, we selectively repressed its expression by RNA-
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interference. DLD-1 cells were transiently transfected with MRPI-specific siRNA 
duplexes and after 48 hours, MRPI mRNA (Fig. 4A) and protein (Fig. 4B, C) levels 
were significantly reduced to approximately 40 % of control cells. Exposure of the 
siRNA-MRPI treated DLD-1 cells to anti-Fas led to significantly increased caspase-3 
levels (2.0-fold, Fig. 4D). These data show that specific inhibition of MRPI sensitizes 
DLD-1 cells to anti-Fas-induced apoptosis and that other MRPs expressed in DLD-1 
cells are not able to fully compensate for the loss of MRPI function. 
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Figure 4. RNAi-induced reduction of MRPI expression and its effect on anti-Fas-induced apoptosis 
of DLD-1 cells. DLD-1 cells were transfected with siRNA duplexes specific for MRPI .  48 hours after 
transfection RNA and protein were isolated and MRPI mRNA and protein expression was determined 
by Q-PCR (A) and Western blotting (B). SiRNA-MRPI treated DLD-1 cells were exposed for 8 hours ro 
anti-Fas and caspase-3 activity was determined in total protein extracts (D); data are expressed as means 
± SD. 
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Figure S. Effect of stable overexpression of MRPI on anti-Fas- or TNF-a-induced apoptosis. DLD-1 
cells were stably transfected with a plasmid producing MRPI-GFP. Total mRNA was isolated from 
2 clones and the native DLD-1 cells. MRPI mRNA levels were quantified by real time RT-PCR (A). 
MRPI protein expression was determined by Western blotting using specific antibodies against MRPI 
(B) and confocal laser scanning microscopy by detecting GFP fluorescence (C). A strong MRPl-specific 
signal was obtained when analyzing 10 µg of total protein from the recombinant clones. Endogenous 
MRPI in DLD-1 cells was only detected when at least 40 µg of total protein extract was analyzed (B). 
The recombinant MRPI-GFP protein was predominantly present on the plasmamembrane (C, left panel 
DLDI -GFP'1 and right panel DLDI-GFPn). Caspase-3 activity (D) and PARP-cleavage (E, F) were 
determined in total protein extracts of cells exposed for 8 or 16 hours to I µg/ml anti-Fas and 10 ng/ml 
TNF-a, respectively. Western blot detection of GAPDH was used as protein loading control. 

Stable overexpression of MRPJ in DLD-1 cells 
Next, we generated DLD-1 cell lines that overexpress MRPl to examine whether 
this would increase the resistance of these cells against anti-Fas- and TNF-a-induced 
apoptosis. DLD-1-derivative cell lines , DLD-MRPl-GFP,, and DLD-MRPI-GFP,2 , 
stably overexpress MRPl tagged at its C-terminus to the Green Fluorescent Protein 
(MRPl-GFP). Previously, it has been shown that this MRPl-GFP hybrid protein 
retains its substrate transport activity (32). DLD-MRPl-GFP#' and DLD-MRPl-
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GFP,2 contained 17-fold and 35-fold increased MRPl mRNA levels, respectively (Fig. 
5A). Western blot analysis revealed a strong MRPl-specific signal at approximately 220 
kDa, the expected size of the hybrid protein consisting of MRPl (190 kDa) and GFP 
(30 kDa) (Fig. 5B). In normal DLD-1 cells, only the endogenous MRPl protein of 
approximately 190 kDa was detected. Fluorescence microscopical analysis to determine 
the subcellular location of the GFP signal revealed a predominant plasma membrane 
staining in the DLD-MRPl-GFP clones (Fig. 5C), which was not detected in the 
native DLD-1 cells (data not shown). Exposure of the MRPl overproducing cell lines 
to anti-Fas or TNF-a resulted in significantly lower caspase-3 activities and PARP
cleavage compared to the native DLD-1 cells (Fig. 5D, E and F). Notably, we observed 
an inverse correlation between the MRPl-GFP expression level and the level of anti
Fas- or TNF-a-induced apoptosis in these cells. These data imply that MRPl is able to 
protect cells from anti-Fas- or TNF-a-induced apoptosis. 
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Figure 6. Inhibition of leukotriene synthesis in MK-571-treated OLD-I cells that are exposed to anti
Fas- or TNF-a-induced apoptosis. Caspase-3 activity was determined in total extracts of DLD-1 cells 
that were exposed for 8 hours to 0.25 µg/ml anti-Fas and were co-treated with 50 µM M K571 (MRP I  
inhibitor) and/or increasing amounts ( 1 ,  5 o r  2 0  µM) o f  AA861 (5-lipoxygenase inhibitor). Data are 
expressed as means ± SD, • p<0.05 (A). Schematic representation of the relationship between MRPI, 
the leukotriene synthesis pathway and apoptosis. An inflammatory stimulus leads to receptor-mediated 
intracellular influx of calcium ions. Subsequently, cytosolic phospholipase A

2 
(cPLA

2
) translocates 

from the cytosol to the nuclear membrane. cPLA2 cleaves arachidonic acid (AA) from the membrane 
phospholipids. Then, AA is convened by 5-lipoxygenase to leukocriene A

4 
(LTA

4
), which is converted to 

LTC
4 

through the sequential action of LTB
4 

hydrolase and LTC
4 

synthase. LTC
4 

is exported by MRPI .  
Inhibition of  5-lipoxygenase leads to the accumulation of  pro-apoptotic AA, but the inhibition of MRPI 
leads to the accumulation of an even more potent pro-apoptotic agent, LTC

4 
(B). 
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Inhibition of cysteinyl leukotriene biosynthesis 
Inflammation induces the conversion of arachidonic acid into cysteinyl leukotrienes. 
LTC4 is a high-affinity substrate for MRPl that is converted to the anti-apoptotic 
LTD4 after cellular export. We studied whether blocking MRP function results in the 
accumulation of a pro-apoptotic compound or, alternatively, prevents the extracellular 
formation of an anti-apoptotic compound. The lipoxygenase inhibitor AA861 was used 
to prevent leukotriene synthesis from arachidonic acid. AA861 alone does not induce 
caspase-3 activity in DLD-1 cells (Fig. 6A). Co-treatment of DLD-1 cells with anti-Fas 
and increasing amounts of AA861, however, results in a dose-dependent increase in 
caspase-3 activity. This is probably due to the accumulation of pro-apoptotic arachidonic 
acid (33;34). Crucial is the observation that the caspase-3 activity in anti--Fas/AA861-
treated cells is significantly lower than that in anti-Fas/MK571-treated cells (Fig. 6A). 
When DLD-1 cells were then co-treated with anti-Fas, MK571 and increasing amounts 
of AA861, a dose-dependent decrease in caspase-3 activity was observed (Fig. 6A). At 
the highest concentration AA861 (20 1-1M), caspase-3 activity in the anti-Fas/MK571/ 
AA861-treated cells was reduced to levels comparable to anti-Fas/AA861-treated DLD-
1 cells (Fig. 6A). These data imply that blocking leukotriene synthesis by AA861 results 
in the accumulation of a pro-apoptotic compound (arachidonic acid) in anti-Fas treated 
DLD-1 cells. However, AA861 prevents the intracellular accumulation of an even 
more potent pro-apoptotic compound in anti-Fas/MK571-treated DLD-1 cells, which 
is a substrate for MRPl (Fig. 6B shows a schematic representation ofLTC4 biosynthesis 
and export and the position and effect of the inhibitors used in this study) . 

DISCUSSION 

In this study, we show that the ABC-transporter MRPl is induced in inflamed intestinal 
epithelial cells of patients with inflammatory bowel disease (IBO). Pharmacological 
inhibition of MRP function increased anti-Fas- and T NF-a-induced apoptosis of 
DLD-1 cells. Specific reduction of MRPl expression by RNA interference sensitizes 
DLD-1 cells for anti-Fas-induced apoptosis. Anti-Fas- and T NF-a-induced apoprosis 
was reduced in DLD-1 cells stably overexpressing MRPl or when the intracellular 
accumulation of its high-affinity substrate, LTC4_ was prevented by inhibition of 5-
lipoxygenase. 
MRPl is best known for its ability to protect tumor cells by stimulating effiux of 
drugs that will otherwise induce apoptosis or necrosis of these cells (35) .  However, 
MRPl is also expressed in normal (non-malignant) tissues such as the colon where 
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it is specifically present in crypt cells that form the proliferative cell compartment 
of the gut (32;36;37). It has been suggested that chis may protect these cells against 
damage induced by xenobiotics (38). We observed chat during intestinal inflammation, 
MRPl levels were significantly induced. Using immunohistochemistry, we detected 
a clear basolateral staining for MRPl of the crypt cells of the inflamed intestine. The 
increase in MRPl expression was not part of a general induction of cytoprotective 
efflux systems, since the expression of another ABC-transporter MORI was decreased 
under these conditions (11). Therefore, MRPl may have a specific role in protecting 
crypt intestinal epithelial cells during inflammation. We provide 4 lines of evidence for 
such a function of MRPl.  Firstly, pharmacological inhibition (by MK571) of MRPs 
strongly increases cycokine- (TNF-a.) and anti-Fas-induced apoptosis in DLD-1 cells. 
Many earlier studies reported that cycokines or anti-Fas induce apoptosis in intestinal 
and ocher cell types/lines (28;29;39;40), but chis is the first time that a protective role 
for an MRP transporter in chis process is described. Apparently, exposure to anti-Fas or 
TNF-a. leads to intracellular processes chat give rise to apoptotic compounds that are 
substrates for MRPs. Ochers have shown chat anti-Fas-induced apoptosis is associated 
with rapid extrusion of reduced glutathione (GSH) ,  which precedes apoptotic cell death 
(41;42). MRPl has been suggested to be the transporter responsible for glucachione 
export under these conditions (43). Blocking MRPl-dependent export of glucachione in 
anti-Fas treated Jurkac cells led to a decrease in apoptosis, the exact opposite of what we 
detected for DLD-1 cells. It is relevant co note chat controversy exist in recent literature 
which transporter(s) are responsible for glucachione export in apoptotic cells. Others 
have suggested chat not MRPs, but rather OATPs in jurkat cells are responsible for 
this effect (44). We further studied the opposite effect of MRP inhibition on anti-Fas
induced apoptosis of T lymphocyte cell lines (Jurkac and MOLT-4) and DLD-1 (Van 
Steenpaal et al. , submitted). We show chat cellular glutathione levels are only marginally 
affected under our experimental conditions and chat glutathione depletion is unlikely 
to be the primary inducting condition for apoptosis in Jurkat and DLD-1 cells. 
Secondly, specific repression of MRPl expression (by RNA interference) sensitizes 
DLD-1 cells for anti-Fas induced apopcosis. The increased level of apoptosis when 
expression of specifically MRPl is reduced shows chat, of the MRPs present in DLD-
1 cells, MRPl plays the predominant role in cytoprotection against anti-Fas-induced 
apoptosis. Thirdly and in line with the previous observation, recombinant overexpression 
of MRPl in DLD-1 cells dose-dependently reduced apoptosis induced by anti-Fas or 
TNF-a.. These data suggest that these compounds induce the intracellular production 
of an apoptotic compound for which MRPl is the most important efflux pump. TNF
a. and anti-Fas are known to induce apoptosis by activation of membrane receptors 
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(TNF-receptor, Fas) (45) . Once activated, these receptors recruit adaptor proteins that 
initiate a signaling pathway, which ultimately leads to activation of effector caspases 
that mediate apoptosis. No obvious substrate is present in this signaling pathway that 
may be exported by MRPl thereby preventing apoptosis. However, T NF-a or anti-Fas 
may also induce apoptosis through the release of arachidonic acid from the membrane 
after activation of Ca2• -dependent cytosolic phospholipases (46) .  Arachidonic 
acid stimulates apoptosis through activation of sphingomyelinase and through its 
downstream metabolites, prostaglandins and leukotrienes. Gastrointestinal epithelial 
cells have been shown to be able to produce these compounds (47). Indeed and as the 
fourth line of evidence, we found that blocking the biosynthesis of leukotrienes leads to 
a reduction in T NF -a- or anti-Fas-induced apoptosis in DLD -1 cells with an inhibited 
MRP function. Since leukotriene C4 (LTC4) is a high affinity substrate of MRPl, we 
suggest chat this is the pro -apoptotic compound during inflammatory conditions (15) . 
MRP4 and MRP6 have also been shown to be able to transport LTC4 with relatively 
high affinity(48;49) and both transporters are expressed in human intestinal tissue and 
DLD-1 cells. However, even a partial reduction of MRPl in DLD-1 cells already leads 
to sensitization of these cells for anti-Fas-induced apoptosis. Apparently, MRP4 and/or 
MRP6 cannot fully compensate for the loss of MRPl expression. 
Collectively, these data show that MRPl has an important role in protecting the 
intestinal epithelium during inflammation. Our data correlate well with observations 
by Nishikawa et al. who observed chat inhibition of LTC4 synthesis is associated with 
decreased intestinal damage induced by trinitrobenzene sulfonic acid-induced colitis 
(50). In addition, Mrpl ·1- mice have been shown to develop more severe colitis after 
administration of dextran sulfate sodium (19;50). A cytoprotective role of MRPl against 
inflammation-induced cell death may not be restricted to intestinal epithelial cells. 
Previously, we found that in livers of patients with severe hepatitis, hepatic progenitor 
cells contain high levels of MRPl (51) . Similar to the intestinal crypt cells, hepatic 
progenitor cells are involved in regeneration of damaged tissue during pathophysiological 
conditions. They need to survive in conditions when they are exposed to cytokines, 
toxic metabolites and xenobiotics. MRPl may be an important component of cellular 
cytoprotection during inflammation. 
In conclusion, our data show a novel function of MRPl , that is protection of intestinal 
epithelial cells against inflammation-induced apoptosis. MRPl expression is increased 
in intestinal epithelial cells, in particular those lining the crypt, that may serve to 
preserve the intestinal regenerative capacity. 
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ABSTRACT 

Background and aims 
Inducible Nitric Oxide Synthase (iNOS) is expressed in intestinal epithelial cells (IECs) 
of patients with active inflammatory bowel disease (IBD) and in IECs of endotoxaemic 
rats. The induction of iNOS in IECs is an element of the NF-KB mediated survival 
pathway. Haem oxygenase 1 (HO-1) is an AP-1 regulated gene that is induced by 
oxidative stress. The enzyme produces carbon monoxide (CO) which may attenuate the 
inflammatory response. The aim of the present study was to investigate the regulation 
and interaction of iNOS and HO-I in response to inflammation and oxidative stress. 

Methods 
Male Wistar rats were treated with the thiol-modifying agent diethylmaleate (DEM) 
to induce oxidative stress and made endotoxaemic by LPS injection. Human colonic 
biopsies and the human colon carcinoma cell line DLD-1 were treated with DEM 
and the lipid peroxidation endproduct 4-hydroxynonenal to induce oxidative stress and 
exposed to cytokine mix (CM) to mimic inflammation. In some experiments, cells were 
incubated with 250-400ppm CO prior to and during stimulation with CM. HO-I and 
iNOS expression was evaluated by RT-PCR , Western blot and immunohistology. NF
KB activation was evaluated by EMSA. 

Results 
LPS induced iNOS but not HO-1 in epithelial cells of the ileum and colon. Oxidative 
stress strongly induced HO-1 in epithelial and inflammatory cells. Combined oxidative 
stress and endotoxaemia decreased iNOS expression but strongly induced HO-1 
expression. Similarly, cytokine mix induced iNOS but not HO-I in colonic biopsies 
and DLD-1 cells. Oxidative stress prevented iNOS induction in a NF-KB dependent 
manner but increased HO-I expression in CM-exposed DLD-1 cells. CO inhibited 
iNOS mRNA induction in CM stimulated DLD-1 cells. 

Conclusion 
We demonstrate an opposite regulation of iNOS and HO-1 in intestinal epithelial 
cells in response to cytokine exposure and oxidative stress. These findings suggest that 
iNOS (NF-KB driven) and HO-I (AP-1 driven) represent mutual exclusive survival 
mechanisms in intestinal epithelial cells. 
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INTRODUCTION 

A monolayer of intestinal epithelial cells (IECs) forms a selective barrier in the 
gastrointestinal tract. During acute or chronic inflammation this barrier is compromised 
due to exposure to reactive oxygen species (ROS) and/or cytokines. A number of non
enzymatic (e.g. glutathione, flavonoids and vitamins A, C and E) as well as enzymatic 
scavengers of ROS (e.g. superoxide dismutases, catalase, and glutathione peroxidase) 
prevent the accumulation of ROS. Unfortunately, these defense mechanisms are not 
always adequate to counteract the toxic effects of ROS, resulting in what is termed 
a state of oxidative stress. The enzyme haem oxygenase-1 (H0-1), which generates 
carbon monoxide (CO), is induced by oxidative stress. H0-1 detoxifies the pro
oxidant haem into CO, Fe and biliverdin (1). The latter is subsequently converted into 
bilirubin, a potent anti-oxidant. In addition, the H0-1 product CO has been reported 
to have anti-inflammatory and anti-apoptotic effects (2). The enzyme inducible nitric 
oxide synthase (iNOS) that generates nitric oxide (NO) is induced by inflammatory 
cytokines. NO has an important role in maintaining mucosa! integrity under normal 
and pathological conditions. In normal conditions, small amounts of NO produced 
by endothelial NOS (eNOS) maintains blood supply to the gastrointestinal mucosa. 
In inflammatory conditions, large amounts (micromolar) of NO are produced by 
iNOS. It has been demonstrated that intestinal epithelial cells express iNOS during 
inflammatory conditions such as celiac disease (3), inflammatory bowel disease (IBO) 
(4-7), diverticulitis (5), and endotoxaemia (8) . The exact role of iNOS-derived NO in 
these conditions is unknown. In endotoxaemia overproduction of NO may contribute 
to epithelial dysfunction. Selective inhibition of iNOS reduced hyperpermeability and 
bacterial translocation in endotoxaemic rats (9). The H0-1 gene is predominantly 
regulated by the oxidative stress responsive transcription factor AP-1, whereas iNOS 
is predominantly regulated by the inflammation-activated transcription factor NF-KB. 
Cross talk in the regulation of these enzymes exists, e.g. NO is a potent inducer ofH0-1 
and CO can decrease NO production (10). In inflammatory conditions, inflammation 
and oxidative stress usually occur together. In the present study we have investigated the 
regulation of H0-1 and iNOS genes and their products in LPS-induced endotoxaemia 
and in cytokine activated human colon carcinoma cells, both in the presence and 
absence of additional oxidative stress. We demonstrate opposite regulation of iNOS and 
H0-1 in inflammation and oxidative stress. These findings suggest that iNOS (NF-KB 
driven) and H0-1 (AP-1 driven) represent mutual exclusive survival mechanisms in 
intestinal epithelial cells. 
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MATERIALS AND METHODS 

In vivo endotoxaemia model 

Specific pathogen-free male Wistar rats (200-250g; purchased from Harlan-CPB, 
Zeise, The Netherlands) were kept at the Central Animal Laboratory of the University 
of Groningen under routine conditions and had free access to drinking water and 
standard chow. The local committee for care and use of laboratory animals approved 
the study. Rats were injected intraperitoneally at t=0 hr with 5 mg/kg endotoxin (LPS: 
E. coli serotype 0127:BS; Sigma Chemical Co, St.Louis, MO) with (n=6) or without 
(n=6) intraperitoneal administration of 4 mmol/kg diethylmaleate (DEM) dissolved 
in ol ive oil (1 : 1  vol/vol; Sigma Chemical Co, St Louis, MO) at t= -0,5 hr and t = 3 hr. 
DEM is an oxidative stress inducing alkylating agent which rapidly depletes reduced 
glutathione(l l ) .  Two additional groups of rats received only PBS (n=6) or DEM (n=6) 
at 4 mmol/kg. Six hours after LPS injection rats were anaesthetized with pentobarbital 
(60 mg/kg, IP) and sacrificed. Blood was collected by cardiac puncture and colon and 
ileum were removed. For routine histology, tissue specimens were fixed by immersion in 
4 % buffered paraformaldehyde and embedded in paraffin. For immunohistochemiscry 
tissue specimens were snap-frozen in isopentane. For Western blotting and RNA 
isolation, tissue specimens were snap frozen in liquid nitrogen and scored at -80 °C. 

Cell culture experiments 

In vitro experiments were performed with fresh biopsy specimens obtained from 
healthy humans and with the human colon carcinoma cell-line DLD-1. Control 
subjects comprises 1 men and 2 women .. women, age 49, 72 and 51.years respectively. 
These patients underwent colonoscopy because of abdominal pain or polyps. Biopsies 
were taken after written informed consent. Biopsies were taken from macro- and 
microscopic normal mucosa from the transverse colon. Biopsies and cells were cultured 
in a humidified incubator at 37 °C in an atmosphere containing 5 % CO2 in RPMI 
1640 medium supplemented with Glutamax, 10 % v/v fetal calf serum (Gibco BRL, 
Breda, the Netherlands) , penicillin (50 U/ml), streptomycin (50 µg/ml) and fungizone 
(5 µg/ml) (Bio Whittaker, Verviers, Belgium). To mimic the pathophysiologic situation 
of inflammation in vitro, DLD-1 cells were stimulated for 6 to 1 2  hours with a cytokine 
mix (CM) composed of 20 ng/ml human interleukin-lf3 (IL-lf3), 1000 U/ml human 
interferon-y (IFN-y) and 10  ng/ml human tumor necrosis factor-a (T NF-a). DEM 
at 1 mmol/L was added 30 min before and 3.5 hr after stimulation with CM. DLD-
1 cells were also exposed to the lipid peroxidation end product 4-hydroxy-nonenal 
(4-HNE). NF-KB activation was blocked using the proteasome inhibitor MG-132 at 
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52 nmol/L added at 30 min before and 3.5 hr after stimulation with CM. In some 
experiments, DLD-1 cells were incubated in the presence of250-400 ppm CO at 37 °C 
in a humidified incubator containing 5% CO2 • 
Immunohistochemistry 
For immunohistochemistry, 4 µm cryostat sections were cut, dried and fixed in acetone 
for 10 min at room temperature. For iNOS detection a rabbit polyclonal antibody 
developed in our laboratory was used (11). For HO-1 detection a monoclonal antibody 
(OSA-111) from Stressgen (Victoria, BC, Canada) was used. Slides were incubated 
with the polyclonal iNOS antibody (1:300) or monoclonal HO-1 antibody (1:500) in 
PBS containing 1% BSA for 60 min at room temperature. Subsequently, endogenous 
peroxidase activity was blocked by incubating for 30 min in PBS containing 0.075% 
H2O2 • For iNOS detection, peroxidase conjugated goat anti-rabbit lg (1:50) and 
peroxidase conjugated rabbit anti-goat lg (1:50) and for HO-1 detection peroxidase 
conjugated rabbit anti-mouse lg (1 :50) and peroxidase conjugated rabbit anti-mouse 
lg (1:50) all from Dako (Glostrup, Denmark) were used as secondary and tertiary 
antibodies. Color was developed using 3-amino-9-ethylcarbazole (10mg/2.5mL 
dimethylformamide in 50 ml 0.1 mol/L acetate buffer pH 5.0) containing 0,03 % 
H2O2 for 10 minutes at room temperature. Counterstaining was performed with 
haematoxylin, and the slides were covered with Kaiser's glycerin-gelatin. 

Western blot analysis 
Ileum and colon samples were homogenized with a Polytron homogenizer (Kinematica 
GmbH, Luzern, Switzerland) in a homogenization buffer containing 20 mmol/L 
Tris HCL (pH 7.2, 4 °C), 0.2 mmol/L phenyl-methylsulfonyl fluoride, 1 mmol/L 
ethylenediaminetetraacetic acid and 1 mmol/Ldithiothreitol. DLD-1 cells were harvested 
in the same homogenization buffer. After centrifugation (30 min, 11,600 g), the protein 
concentration in the supernatant (crude Iysates) was determined with the Bio-Rad protein 
assay (Bio-Rad Laboratories, Hercules, CA) using bovine serum albumin as standard. 
The crude lysates were fractionated on a 10% sodium dodecylsulfate polyacrylamide gel 
and transferred to nitrocellulose (Amersham International pie, Buckinghamshire, UK), 
using a semi-dry blotting system according to manufacturer's instructions (Pharmacia, 
Uppsala, Sweden). Pre-stained molecular weight standards (Bio-Rad) were used as 
marker proteins. For iNOS detection on rat samples a polyclonal antibody was used 
(11) and for detection of iNOS on human samples (DLD-1 cells) , a monoclonal iNOS 
antibody (cat. # N39120, Transduction Laboratories, Lexington, KY, USA) were used. 
For HO-1 detection a polyclonal antibody (SPA-896) from Stressgen (Victoria, BC, 
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Canada) was used. Antibodies were diluted in PBS containing 4 % skim milk powder 
and 0.1 % Tween-20, subsequently incubated with the appropriate peroxidase labeled lg 
(dilution 1: 2000) and finally developed using the ECL Chemiluminiscence detection 
reagents (Amersham). 

RNA isolation and reverse-transcriptase polymerase chain reaction (RT-PCR) 

RNA was isolated from tissue specimens and cell layers using Trizol reagent (Life 
Technologies Ltd) according to manufacturer's instructions. Reverse transcription was 
performed on 5 µg of total RNA using random primers in a final volume of 75 µl 
(Reverse Transcription System, Promega, Madison, WI). Polymerase chain reaction 
(PCR) on cDNA was performed with Taq polymerase (Eurogentec, Seraing, Belgium). 
The primer set for human iNOS was sense: 5' -CTA TGC TGG CTA CCA GAT GC-
3', antisense: 5' -CCA TGA TGG TCA CAT TCT GC-3' and for rat iNOS sense: 
5'-CGA GGA GGC TGC CCT GCA GAC TGG-3'; antisense: 5'-CTG GGA GGA 
GCT GAT GGA GTA GTA-3', resulting in amplified products of 505 bp and 1383 
bp respectively. The primer set for human HO-1 was sense: 5'- ACA TCT ATG TGG 
CCC TGG AG - 3' , antisense: 5'- TGT TGG GGA AGG TGA AGA AG - 3' and 
for rat HO-1 sense: 5'- CAC GCA TAT ACC CGC TAC CT - 3', antisense: 5' - AAG 
GCG GTC TTA GCC TCT TC - 3', resulting in amplified products of 348 bp and 
227 bp respectively. Primers specific for glyceraldehyde-3-phosphate dehydrogenase28 

(GAPDH, sense: 5'-CCA TCA CCA TCT TCC AGG AG -3'; antisense 5'-CCT 
GCT TCA CCA CCT TCT TG-3'), resulting in an amplified product of 576 hp, were 
used as control for the RT-PCR procedure. The tubes were incubated in a GeneAmp 
PCR system 2400 (Perkin-Elmer, Norwalk, CT) at 95°C for 5 minutes to denature 
the primers and cDNA. The cycling program was 95°C for 40 seconds (iNOS) or 30 
seconds (HO -1 and GAPDH), 60°C for 40  seconds (iNOS) or 30 seconds (HO-1 and 
GAPDH), 72°C for 40 seconds (iNOS) or 30 seconds (HO-1 and GAPDH), and for 5 
minutes in the last cycle, and comprised 30 cycles for both iNOS primer sets, 28 cycles 
for the human HO-1 primer set, 26 cycles for the rat HO-1 primer set and 22 cycles for 
the GAPDH primer set. 

Quantitative Real Time PCR 

RNA was isolated from DLD -1 cell layers using Trizol reagent (Life Technologies Ltd) 
according to manufacturer's instructions. Reverse transcription was performed on 2.5 
µg of total RNA using random primers in a final volume of 50 µI (Reverse Transcription 
System, Promega, Madison, WI). 
Four µI of a 20-fold diluted complementary DNA was used for each PCR reaction in 
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a final volume of 20 µl, containing 900 nmol/L each of sense and antisense primers, 
200 nmol/L of fluorogenic probe, 5 mmol/L MgCl2, 0.2 mmol/L deoxynucleoside 
rriphosphate mix, Real-Time buffer (lOx), and 0.5 U Hot Goldstar DNA-polymerase 
(Eurogentec, Seraing, Belgium). The primer set and probe for human iNOS were sense: 
5'- GGC TCA AAT CTC GGC AGA ATC -3'; antisense: 5' -GGC CAT CCT CAC 
AGG AGA GTT -3'; probe: 5' FAM- TCC GACATC CAG CCG TGC CAC-TAMRA 
3'. The primer set and probe for 18S were sense: 5'- CGG CTA CCA CAT CCA AGG 
A -3'; antisense: 5'- CCA ATT ACA GGG CCT CGA AA -3'; probe: 5' FAM- CGC 
GCA AAT TAC CCA CTC CCG A -TAMRA 3'. Real time detection was performed 
on the ABI PRISM 7700 (PE Applied Biosystems) initialised by 10 minutes at 95 °C, 
followed by 40 cycles of 15 seconds at 95 °C and one minute at 60 °C. Each sample was 
analysed in duplicate. 18S mRNA levels were used as an endogenous control. 

Electrophoretic Mobility Shift Assay (EMSA) 
Nuclear extracts of cultured DLD-1 cells were prepared using a final concentration of 
Nonidet P-40 of 0.25 %. EMSA for NF-KB was performed as described previously (12). 
Equal amounts of nuclear extract protein were used for EMSA. As controls, competition 
experiments were performed with excess non-labeled NF-KB probe and excess non
labeled non-NF-KB probe as well as super-shift assays using a specific antibody against 
the NF-KB p65 subunit (Santa Cruz Biotechnology, Santa Cruz, USA). 

Statistical analysis 
All data are expressed as the mean ± SD. Statistical significance was determined by the 
Mann-Whitney U test. P<0.05 was considered statistically significant. 

RESULTS 

Expression of iNOS and HO-I in endotoxaemic rats 
In the normal ileum (Fig. lA) and colon (data not shown) iNOS is only expressed in 
some inflammatory cells scattered throughout the lamina propria (Fig. lA). Treatment 
with DEM did not change this expression pattern (Fig. l B). Six hours after LPS 
administration , rat ileum displayed a diffuse and intense epithelial iNOS expression 
(Fig. lC) whereas rat colon displayed focal epithelial iNOS expression (data not shown). 
Epithelial iNOS expression in the ileum was both in the crypts, along the crypt axis 
and abundant in the villus whereas in the colon the iNOS expression was confined to 
crypt epithelial cells. The expression of iNOS in inflammatory cells was not altered in 
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the endocoxaemic gut. Epithelial iNOS expression was almost completely abolished in 
endocoxaemic rats treated with the oxidative stress inducing agent DEM (Fig. 1 D) , only 
low expression in some crypt cells was left (Fig. 10: arrow). DEM treatment did not 
change iNOS expression in inflammatory cells of endotoxaemic rats. RT-PCR analysis 
supports the immunohistochemistry results (Fig. 2). 

Control DEM LPS LPS + DEM 

Figure 1.  Staining for iNOS (A-D) and HO-I (E-H) in rat ileum. In rats treated with PBS alone iNOS 
(A) and HO-I (E) are expressed in a few inflammatory cells scattered throughout the lamina propria. 
Induction of oxidative stress with diethylmaleate (DEM, 4mmol/kg i.p. 0.5 hr before and 3 hr after PBS 
injection) did not change the iNOS staining paccern (B). In contrast, OEM induced HO-I in epithelial 
cells in the intermediate part of the crypt-villus axis and in inflammatory cells (F, see inset). Six hours 
after LPS injection (5 mg/kg i.p.), rat ileum displayed a diffuse and intense epithel ial iNOS staining along 
the entire crypt-villus axis (C, see inset). In contrast, HO-I was only induced in some small aggregates of 
inflammatory cells (G). Combined treatment with LPS and DEM almost completely (arrow at remnant 
crypt staining) abolished epithel ial iNOS expression (D). In contrast, HO-I was markedly induced in 
epithelial cells along the crypt-villus axis and in inflammatory cells (H). 

In the normal ileum (Fig. 1 E) and colon (data not shown) H 0-1 is only expressed in some 
inflammatory cells scattered throughout the lamina propria (Fig. IE). H0-1 expression 
was strongly induced in both the ileum (Fig. IF) and colon (data not shown) of normal 
non-endotoxaemic rats treated with the oxidative stress-inducing agent DEM. The HO-
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1 expression was present in the epithelial cells in the intermediate part of the crypt-villus 
axis and in inflammatory cells. Six hours after LPS administration, rat ileum displayed 
only focal H0 -1 expression in leukocyte aggregates (Fig. lG). This focal expression of 
H0-1 in leucocytes was not seen in the rat colon (data not shown). No epithelial H0 -1 
expression was seen in the endocoxaemic gut. In endocoxaemic rats treated with DEM, 
the induction of H0-1 expression was even higher then in the non-endotoxaemic 
rats treated with DEM alone. Boch in the ileum (Fig. lH) and colon a strong H0-1 
expression was seen in epithelial cells of the crypts and the intermediate part of the 
crypt-villus axis together with a massive influx of H0 -1 positive inflammatory cells 
in the lamina propria. RT-PCR analysis supports the immunohistochemistry (Fig. 2). 

GAPDH 

H0-1 

iNOS 

CON OEM L PS LPS+DEM _ _ _ _ _ _ .._. _  

- - -- -- --
- --

Figure 2. Reverse transcription-polymerase chain reaction (RT-PCR) analysis of H0-1 and iN0S in 
whole rat ileum tissues samples using GAPDH as a control housekeeping gene. In rats treated with 
PBS alone H0-1 m RNA and iN0S mRNA were undetectable. Induction of oxidative stress with 
dierhylmaleare (DEM, 4mmol/kg i.p. O.S hr before and 3 hr after PBS injection) induced HO-1 mRNA 
bur nor iN0S mRNA. Six hours after LPS injection (5 mg/kg i.p.) H0-1 mRNA was not induced. In 
contrast, iN0S mRNA was markedly induced. Combined treatment with LPS and DEM markedly 
induced H0-1 mRNA and completely abolished the iN0S mRNA induction. 

Regulation ofiNOS and H0-1 in DLD-1 colon carcinoma cells 
Cycokine mix (CM) induced iNOS mRNA and protein expression in DLD-1 cells 
(Fig. 3). CM-induced iNOS expression was abolished by simultaneous treatment 
with the oxidative stress-inducing agent DEM (Fig. 3) . Like DEM, 4-HNE, a l ipid 
peroxidation end product generated during oxidative stress, inhibited cycokine-induced 
iNOS expression (Fig. 3) . Finally, the proceasome inhibitor MG-132, used as an NF-kB 
inhibitor, inhibited iNOS expression (Fig. 3). 
The results obtained with the DLD-1 colon carcinoma cell -line could be reproduced 
in fresh biopsies of the colon obtained from healthy humans (Fig. 4). Furthermore, the 
H0-1 product CO reduced CM induced iNOS mRNA induction significancly (Fig. 5) 
indicating chat the induction of H0 -1 has a negative effect on iNOS induction. 
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A Without CM With CM 

B 

GAPDH 
HO-I 
iNOS 

130 kD 

CON DEM 4HNE MG-132 CM DEM 4HNE MG-132 --- -- - ----------- - - - - - - - - - - -
CM CM+DEM CM+HNE CM+MG-132 

Figure 3. Reverse transcription-polymerase chain reaction (RT-PCR) analysis (A) and Western blot 
analysis (B) ofHO-1 and iNOS of unstimulated and cycokine-stimulaced human DLD-1 colon carcinoma 
cells (duplicate samples). Unstimulated DLD-1 cells showed a low level of HO-1 mRNA but no iNOS 
mRNA. Induction of oxidative stress with diethylmaleate (DEM, 1 mmol/1) or the lipid peroxidacion end
produce 4-hydroxy-nonenal (4-HNE, 100 µmol/L) or treatment with the NF-KB (proteasome) inhibitor 
MG-1 32 (52 nmol/L) induced HO-1 mRNA. In contrast, these agents did not induce iNOS mRNA. 
Treatment with a cycokine mix ( CM: IL-IP 20 ng/ml, TNF-a 10 ng/ml, IFN-y 1 000  U/ml) induced 
iNOS mRNA (A) and protein (B) but did not change the HO-I mRNA expression (A). Combined 
treatment with CM and DEM, 4-HNE or MG-I32 did not change HO-I mRNA induction compared 
ro the unstimulated cells. In contrast, combined treatment with CM and DEM or 4-HNE completely 
prevented the induction of iNOS mRNA (A) and protein (B). Combined treatment with CM and MG-
1 23 reduced iNOS mRNA induction (A) and inhibited iNOS protein production (B). 
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Figure 4. Quantitative Real time PCR analysis of unstimulated and cytokine-stimulated fresh colonic 
biopsies of healthy humans. Unstimulated colonic biopsies from healthy humans contain hardly any 
iNOS mRNA. Treatment with a cytokine mix ( CM: IL- IP  20 ng/ml, TNF-a 10 ng/ml, IFN-y 1000 U/ 
ml) induced iNOS mRNA. DEM decreased the basal expression of iNOS mRNA, combined treatment 
with CM and DEM prevented the induction ofiNOS m RNA. 

The inhibition of iNOS expression by DEM, 4-HNE and MG-132 correlated with 

inhibition of NF-kB activation determined by EMSA (Fig. 6), showing that iNOS 

is an NF-KB regulated gene and indicating that DEM and 4-HNE inhibit iNOS 

expression via inhibition of NF-KB activation. 4-HNE and DEM in the absence of CM 

did not induce iNOS mRNA or protein expression (Fig. 3). H0-1 mRNA was almost 

1 06 



iNOS and HO-I expression in intestinal inflammation 

con CM con+CO CM+CO 

Figure 5. Cytokine-induced iNOS mRNA expression in DLD-1 is inhibited by carbon monoxide. DLD-
1 cells were pre-incubated in the presence or absence of CO for 15  hours. DLD-1 cells were subsequently 
incubated with and without CM (IO ng/µl TNF-a, 10 ng/µl IL-IP, and 10 ng/ml INF-y) in the presence 
or absence of CO for 12 hours. Values represent mean values (n=3) ± S.D. * p<0.05: significantly different 
from control values, # p<0.05: significantly different from incubation without CO. 

not expressed in control and CM-treated DLD-1 cells. H0-1 mRNA expression was 
strongly induced in DLD-1 cells treated with DEM, 4-HNE and MG-132. Induction 
of H0-1 mRNA by DEM,  4-HNE or MG-132 was not changed by the simultaneous 
treatment with CM (Fig. 3A). These results confirm the in vivo data and demonstrate 
that iNOS and H0-1 are oppositely regulated by cytokines and oxidative stress. 

A 

NF-KB ---+ 
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NF-KB ---+ 

CM CM + CM + 
DEM MG-132 

CM + 4-HNE 

B CM CON 

P-65 ---+ 

"----v-------' '---v-----' '----v------" --------..--,--------..--, '-----v------' 
I0nM I00nM IµM SµM IO µM no 
4HNE 4HNE 4HNE 4HNE 4HNE 4HNE 

Figure 6. Electrophoretic Mobility Shift Assay (EMSA) for NF-KB binding activity on nuclear extracts 
of cytokine-stimulated human DLD-1 colon carcinoma cells (duplex samples). Nuclear extracts from 
cyrokine mix (CM, IL-IP 20 ng/ml, TNF-a 10 ng/ml, IFN-y 1000 U/ml) stimulated DLD-1 cells 
showed NF-KB activity (A) and p65 supershift (B). This activity was completely absent in nuclear extracts 
from CM stimulated cells that were exposed to oxidative stress using diethylmaleate (DEM, I mmol/1) 
or the proteasome inhibitor MG-132 (52 nmol/l) (A). Furthermore, the lipid peroxidation end product 
4-hydroxy-nonenal (4-HNE) dose dependently inhibited CM induced NF-KB activation in DLD-1 cells 
(C). Competition with excess non-labelled NF-KB probe completely abolished the specific signal, whereas 
competition with excess non-labelled non-specific probe did not change the specific signal. 
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DISCUSSION 

In chis study we demonstrate chat iNOS is induced in intestinal epithelial cells by 
cytokines both in vivo (endotoxaemia) and in vitro (cytokine mix). In contrast, 
oxidative stress with or without inflammation or cycokines did not induce this enzyme. 
In fact, oxidative stress induced by DEM or 4-HNE abolishes cycokine-induced iNOS 
induction in intestinal epithelial cells. DEM is a non-physiologic electrophilic agent 
that reacts with GSH via the transferase reaction and can modify thiol groups. DEM 
has been proposed as a cherapeutical agent to prevent organ damage in inflammatory 
conditions (13) but its use was restricted by toxicity (14) which could be a consequence 
of its alkylating reactivity and/or its reactivity with cysteine residues leading to loss of 
protein function. It may be able to react with thiol groups in NF-KB thus reducing 
its activity. 4-HNE is an important physiologic lipid peroxidacion derived aldehyde 
generated during oxidative stress. The EMSA data show chat 4-HNE dose dependently 
prevented NF-KB activation in intestinal epithelial cells. Ji et al. (15) demonstrated 
that 4-HNE inhibits IKB kinase activity and subsequent phosphorylation of IKBa, 
whereas Parola et al. have demonstrated in hepatic stellate cells that 4-HNE directly 
interacts with c-Jun amino-terminal kinases (JNKs), leading to the activation of the 
transcription factor AP-I (16) .  Therefore, 4-HNE is probably an important endogenous 
factor chat regulates NF-KB activation during inflammatory conditions associated with 
oxidative stress. 
In contrast, HO-I is not induced in intestinal epithelial cells by either inflammation or 
cycokines. In contrast to iNOS, HO-I is hardly expressed in the ileum and colon ofLPS
treated rats. HO-I is strongly induced by various forms of oxidative stress, including 
superoxide anions, hydrogen peroxide, DEM and the lipid peroxidation end-product 4-
HNE. Indeed, DEM-treatment alone strongly induced HO-I expression in ileum and 
colon whilst the induction of HO-I was maximal in rats treated with a combination 
of DEM and LPS. This is in accordance with HO-I being an oxidative stress inducible 
AP-I regulated gene (17;18) that has only a weak NF-KB binding site (19;20) . 
We demonstrate chat the HO-I product CO directly inhibits iNOS mRNA induction, 
explaining our observed opposite regulation of HO-I and iNOS. This is in agreement 
with Cavicchi et al. who showed chat strong inducers of HO-I like bismuth salts and 
haem, inhibited iNOS induction in intestinal epithelial cells (21). The induction of 
HO-I in intestinal epithelial cells by oxidative stress may serve a protective function. 
HO-I overexpression by gene transfer protects organs against oxidative stress-induced 
injury (22). Inhibition of HO-I with tin mesoporphyrin (SnMP) showed an increased 
damage in experimental colitis (23). The products of the enzyme HO-I can act as anti-
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oxidant (bilirubin) and anti-inflammatory agents (carbon monoxide) . Manipulation of 
the HO-I activity therefore might be of interest as a new treatment option co treat 
inflammatory bowel disease. 
In endocoxaemic rats, we observed a more pronounced iNOS expression in the ileum 
than in the colon. Morin et al. showed chat in the intestine iNOS mRNA is already 
induced I hour after injection of LPS (8). Like our resulcs, they observed a more 
prominent induction of iNOS in the ileum than in the colon and the jejunum. The 
same group showed chat epithelial iNOS expression was more prominent in female and 
older rats, indicating an age and gender dependent responsiveness to LPS (24) . If such a 
massive iNOS induction and NO production in intestinal epithelial cells along the axis 
of the intestinal tract is also present in human endotoxaemia it must have implications 
for intestinal function. Indeed intestinal permeability is increased in human volunteers 
injected with LP$ (25) and in septic patients (26) .  Unno et al. (9) showed chat selective 
inhibition of iNOS reduces intestinal hyperpermeabilicy and bacterial cranslocacion 
in endocoxaemic rats. Several animal and human studies (reviewed by Kilbourn et al. 
(27)) reported both detrimental and beneficial effects on blood pressure and survival 
after (non-selective) NOS inhibition in endotoxaemia. However, selective and local 
inhibition of iNOS in intestinal epithelial cells might improve intestinal dysfunction in 
sepsis and endotoxaemia and could be a potential new treatment option. 
In conclusion, we have demonstrated a switch from an NF-kB-regulated stress response 
to an AP-I -regulated stress response in intestinal inflammation, which is determined 
by the extent of oxidative stress and may be controlled by HO-I-derived carbon 
monoxide. This switch is probably an adaptation to the type of stress. NF-kB regulated 
protective genes include anti-apoptotic genes, e.g. iNOS, which protect against pro
apoptotic inflammatory cytokines like T NF-a. AP-I regulated genes such as HO-I 
and superoxide dismucases are more involved in the protection against various forms 
of oxidative stress. These findings suggest that iNOS (NF-KB driven) and HO-I (AP-I 
driven) represent mutual exclusive survival mechanisms in intestinal epithelial cells. 
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Chapter 5 

ABsTRACT 

Background 

Acute liver rejection after orthotopic liver transplantation (OLT) is commonly associated 
with intrahepatic cholestasis. Cholestasis may be caused by dysregulated bile salt synthesis 
and/or transport or by physical obstruction of bile flow. The aim of the present study 
was to determine the primary cause of cholestasis in acute liver rejection after OLT. 

Methods 

Core-needle liver biopsies were obtained from post-OLT patients with and without 
acute liver rejection. Acute rejection was graded according to the Banff protocol. Serum 
bilirubin, y-glutamyl transpeptidase and alkaline phosphatase levels were determined as 
indicators of  cholestasis . The expression of bile acid and AT P-binding cassette (ABC) 
transporters, nuclear receptors and cytokines were determined using real-time RT-PCR 
and immunohistochemistry. Electron microscopy was used to determine subcellular 
changes. 

Results 

Protein and mRNA levels of the basolateral bile salt import protein NTCP were 
decreased, while expression of OAT P2 and the hepatocanalicular bile salt (BSEP) and 
bilirubin transporter (MRP2) were preserved during rejection-induced cholestasis. 
Immunohistochemical analysis revealed prominent canalicular dilatation and 
disruption of the linear canalicular staining pattern for BSEP and MRP2. Electron 
microscopical analyses revealed intercellular bile leakages, dilated hepatic ductules and 
intracellular accumulation of bile constituents in cholangiocytes as well as dilated, 
cholestatic canaliculi in the parenchyma. MRP3, normally present in cholangiocytes, 
was predominantly detected in hepatocytes after OLT. MORI mRNA levels did not 
change during rejection-induced cholestasis, but a clear increased MORI staining in 
hepatocytes was observed. Expression of IL-I �  and TNF-a and the nuclear receptors 
involved in bile salt regulation FXR, RXR, and SHP was not significantly changed. 

Conclusion 

Acute liver rejection-induced cholestasis is primarily associated with canalicular and 
bile duct(ular) obstruction with preserved hepatocanalicular bile salt and bilirubin 
transport. 
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INTRODUCTION 

The outcome of orthotopic liver transplantation (OLT) have improved substantially 
over the last decades and the one-year patient survival rate for elective transplants is now 
around 90% (1) . Despite the good short-term and acceptable long-term survival after 
OLT, rejection remains an important problem. Overall, 65% of liver transplantation 
recipients develop acute allograft rejection the first year post-OLT and the median time 
to develop an acute rejection episode within the first 6 weeks is 8 days post-OLT (2). 
Acute allograft rejection is defined as, "inflammation of the allograft, elicited by a 
genetic disparity between the donor and recipient, primarily affecting interlobular bile 
ducts and vascular endothelia, including portal and hepatic veins and occasionally the 
hepatic artery and its branches" . Histopathological characteristics for acute rejection 
are: I )  mixed but predominantly mononuclear portal inflammation, containing blastic 
lymphocytes, neutrophils, and frequently eosinophils; 2) bile duct inflammation 
or damage; and 3) subendothelial inflammation of portal veins or terminal hepatic 
venules. In mild acute rejection clinical findings are often absent. However, severe acute 
rejection may present with fever, ascites, and swelling, cyanosis, and tenderness of the 
allograft. Bile often becomes pale in colour and the bile flow is decreased (3). Elevated 
levels of aminotransferases, total bilirubin, alkaline phosphatase (ALP) and y-glutamyl 
transpeptidase (GGT) indicate liver injury (4). 
lntrahepatic cholestasis following OLT commonly occurs and may be caused by acute 
liver rejection (5) . Recent studies in experimental models and clinical cholestatic 
disorders indicate that cholestasis may result from dysregulated bile salt synthesis, bile 
duct obstruction or alterations in the molecular expression of bile salt transporters in the 
liver (6). The hepatic transport system is involved in the uptake and biliary excretion of 
bile salts, organic anions (e.g., bilirubin and its conjugates) , organic cations (e.g . ,  drugs) , 
and lipids (e.g., cholesterol, phospholipids) (7) . Hepatic uptake of bile acids is mediated 
by the basolateral Na•ftaurocholate cotransporting protein (NTCP, SLCl0AI ) and 
organic anion transporting protein 2 (OATP2, SLC1A6) (8) . Canalicular effiux of bile 
salts and organic anions is accomplished by the bile salt export pump (BSEP, ABCBl l )  
and the multidrug resistance-associated protein 2 (MRP2, ABCC2), respectively (9, 10) .  
During cholestasis, alternative transporter proteins are involved to provide an mechanism 
to counteract accumulation of potentially toxic biliary constituents in cholestasis that 
act in conjunction with phase I and II detoxifying pathways. Alternative basolateral bile 
salt export is carried out by MRP3 (ABCC3) and MRP4 (ABCC4) , transporters that are 
hardly present in hepatocytes of healthy liver (11-1 3) .  Adaptive changes in transporter 
expression can occur at a transcriptional level due to the action of nuclear (orphan) 
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receptors (e.g., farnesoid X receptor (FXR), retinoic X receptor (RXR), pregnane X 
receptor (PXR), constitutive androstane receptor (CAR), retinoic acid receptor (RAR), 
and small heterodimer partner (SHP)) (14) . In addition, post-transcriptional regulation 
of bile salt transporters has also been described (15). 
Thus far, there are no data on the mechanisms that are involved in the development of 
cholestasis in patients with acute liver rejection. Cholestasis can be caused by dysregulated 
bile salt synthesis and/or transport or by physical obstruction of bile flow. The aim of the 
present study was to determine the primary cause of cholestasis in acute liver rejection. 

MATERIALS AND METHODS 

Patients characteristics and liver tissue specimens 

Needle liver biopsies from 30 liver transplant patients were retrieved from the 
Department of Pathology, Catholic University Leuven. Twenty-seven liver biopsies were 
taken because there was clinical suspicion of acute cellular rejection due to non-selective 
increases in some or all of the standard liver injury tests. Three biopsies were taken from 
patients who had a liver transplant without evidence of liver disease. These protocol 
biopsies were taken to detect subclinical rejection or relapse of the original disease. The 
study was approved by the ethical committee of the University Hospital of Leuven. 
From each fresh biopsy, one part was snap-frozen in liquid nitrogen-cooled isopentane 
and stored at -80 °C until further use and the remainder of each biopsy was embedded 
in paraffin after fixation in B5. The Banff-criteria were used to diagnose and grade 
cellular rejection on the routine histochemical stainings. Grade 1 rejection was defined 
as rejection infiltrate in a minority of the triads, that is generally mild, and confined 
within the portal spaces. Further, grade 2 rejection was labeled as rejection infiltrate, 
expanding most or all of the triads. In grade 3 rejection, infiltrate is expanding most or 
all of the triads with spillover into periportal areas and moderate to severe perivenular 
inflammation that extends into the hepatic parenchyma and is associated with perivenular 
hepatocyte necrosis (16) . Histopathological evaluation also excluded the presence of 
other liver disease, e.g. recurrent hepatitis C and drug-induced liver disease. Serum 
samples were taken at the day of liver biopsy and analyzed for ALP (<240 U/L), GGT 
(<35 U/L), aspartate transaminase (AST; <32 U/L) , alanine transaminase (ALT; <3 1 
U/L), and total bilirubin (<l mg/dL) activities by routine clinical chemistry testing. 
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Table 1. Sequences of PCR primers and probes used for real-time detection PCR analysis 
cDNA Primers 
GAPDH Sense 5'-GGT GGT CTC CTC TGA CTT CAA CA-3' 

Ancisense 5'-GTG GTC GIT GAG GGC AAT G-3' 
Probe 5'FAM-ACA CCC ACT CCT CCA CCT ITG ACG C-TAMRA3' 

NTCP Sense 5'-TGA TAT CAC TGG TCC TGG ITC TCA-3' 
Antisense 5'-GCA TGT AIT GTG GCC GITTG-3' 
Probe 5'FAM-TCC ITG CAC CAT AGG GAT CGT CCT CA-TAMRA3' 

OATP2 Sense 5'-AAG CCA CTT CTG CIT CTG TGT IT-3' 
Antisense 5'-AATTCT TAG TGA AAG GAC CAG GAA CT-3' 
Probe 5'FAM-CTC AAA AAT AAC ATC ITA CTG AAT CAA TGC AAT GCT GT-TAMRA3' 

BSEP Sense 
Ancisense 
Probe 

MORI Sense 
Ancisense 
Probe 

MDR3 Sense 
Antisense 
Probe 

MRPI Sense 
Ancisense 
Probe 

MRP2 Sense 
Ancisense 
Probe 

MRP3 Sense 
Ancisense 
Probe 

FXR Sense 
Antisense 
Probe 

RXR Sense 
Antisense 
Probe 

SHP Sense 
Antisense 
Probe 

IL-IP Sense 
Antisense 
Probe 

TNF-a Sense 
Antisense 
Probe 

5'-ACA TGC ITG CGA GGA CCT ITA-3' 
5'-GGA GGT TCG TGC ACC AGG TA-3' 
5'FAM-CCA TCC GGC AAC GCT CCA AGT CT-TAMRA3' 
5'-GGC AAA GAA ATA AAG CGA CTG AA-3' 
5'-GGC TGTTGT CTC CAT AGG CAA T-3' 
5'FAM-CGT GTC CCA GGA GCC CAT CCT GT-TAMRA3' 
5'-TCA ATG GCT TTT AAA GCA ATG CTA-3' 
5'-TGC AAT TAA AGC CAA CCT GGT T-3' 
5'FAM-AGA TGC TGC CCA AGT CCA AGG A-TAMRA3' 
5'-CIT CTG GAG GAA ITG GIT GTA TAG AAG-3' 
5'-GGT AGA CCC AGA CAA GGA TGT TAG GA-3' 
5' FAM-TCT ITG AGA TGC ITC TGG CTC CCA TCA C-TAMRA3' 
5'-TGC AGC CTC CAT AAC CAT GAG-3' 
5' -CIT CGT CIT CCT TCA GGC TAT TCA-3' 
5'FAM- CAG CTT TCG TCG AAC ACT TAG CCG CA-TAMRA3' 
5'-GCC ATC GAC CTG GAG ACT GA-3' 
5'-GAC CCT GGT GTA GTC CAT GAT AGT G-3' 
S'FAM-CAT CCG CAC GIT TGA TAC CTG CAC-TAMRA3' 
5'-ACC ACG CTG AGA TGC TGA TG-3' 
5'-CAT CAC TGC ACG TCC CAG AT-3' 
5'FAM-ACG ACC ACA AGT ITA CCC CAC ITC TCT GTG-TAMRA3' 
5'-GCG CTG AGG GAG AAG GTC TAT-3' 
5'-CAG GCG GAG CAA GAG CTT AG-3' 
5'FAM-AGG CCT ACT GCA AGC ACA AGT ACC CAG A-TAMRA3' 
5'-GTC CAG CTA TGT GCA CCT CAT C-3' 
5'-ITC CTG AGG AAG GCC ACT GT-3' 
5'FAM-TCC AAG GCC TCC CGG CAG G-3' 
5'-ACA GAT GAA GTG CTC CIT CCA-3' 
5'-GTC GGA GAT TCG TAG CTG GAT-3' 
5'FAM-CTC TGC CCT CTG GAT GGC GG-TAMRA3' 
5' CCC TGG TAT GAG CCC ATC TAT C-3' 
5'-AAA GTA GAC CTG CCC AGA CTC G-3' 
S'FAM-ATC AAT CGG CCC GAC TAT CTC GAC TTT-TAMRA3' 
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RNA isolation and quantitative PCR 
Total RNA was isolated using the Stratagene Absolutely RNA nanoprep (up to 10 ,000 
cells) or microprep (up to 500,000 cells) kit (Stratagene, La Jolla, CA, USA) according to 
manufacturer's instructions. From 10 µl RNA, cDNA was synthesized using Superscript 
II (lnvitrogen, Breda, The Netherlands) , 40 units/µ! RNase OUT (Invitrogen) , 300 
ng/µl Random Primers (Invitrogen) and 10 mM dNTP mix (Promega, Madison, WA, 
USA) in a final volume of 21 µI. 
One µI complementary DNA was used for each PCR reaction in a final volume of 20 
µl, containing 200 nmol/L of sense and antisense primers, 200 nmol/L of fluorogenic 
probe, 5 mmol/L MgC12, 0.2 mmol/L deoxynucleoside triphosphate mix, Real-Time 
buffer (1 Ox) , and 0.5 U Hot Goldstar DNA-polymerase (Eurogentec Ltd. , Romsey, 
United Kingdom). Sequences of the primers and probes used are listed in Table 1. Real 
time detection was performed on the ABI PRISM 7700 Sequence Detector (Applied 
Biosystems, Foster City, CA, USA) initialised by 10 minutes at 95 °C, followed by 40 
cycles of 15  seconds at 95 °C and one minute at 60 °C. Each sample was analysed in 
duplicate. Finally, the gene of interest was normalized with respect to the endogenous 
control GAPDH. 

Table 2. Baseline characteristics 

Grade rejection 

Mean age, yr (range) 
Sex (male/female) 
Liver disease 

hepatitis C 
alcoholic liver disease 
alfa-1 -antitrypsine def. 
primary sclerosing cholangicis 
primary biliairy cirrhosis 
vanishing bile duce disease 
hepatocellular carcinoma 
Osler-Weber disease 
acute toxicity medication 
cryptogenic 
Budd chiari 

Time post-OLT (days) 
lmmunosuppressive drugs 

prednisolon 
tacrolimus 
cyclosporine 
cellcepc 
azachioprine 

grade 0 
(n=3) 

63 (58-66) 
1/2 

852 (365- 1 825) 

3 

I 
2 

NOTE: Results are expressed as means and ranges. 

1 1 8 

grade 2 grade 2-3 grade 3 
(n=7) (n=5) (n= 1 5) 

64 (57-69) 5 1  (32-67) 52 (25-69) 
710 3/2 12/3 

2 4 
3 4 

2 
1 

84 (9-390) 34 (2 1-51 )  3 14  (6-33 1 5) 

3 3 8 
4 3 9 
I I 6 
2 2 6 
3 2 6 
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Histochemical and immunohistochemical stainings 

Histochemical stainings for diagnostic evaluation were performed on 4 pm-thick sections 
made from the paraffin-embedded material and included hematoxylin and eosin, 
periodic acid-shiff after predigestion with amylase, Sirius Red and Hall's van Gieson. 
lmmunohistochemistry was performed on 5 pm-thick frozen sections that were cut from 
the frozen material. After overnight drying at room temperature, sections were fixed in 
aceton for 10 minutes and washed in phosphate-buffered saline (PBS) , immediately 
before use. The sections were incubated with the primary antibodies for 30 minutes 
at room temperature. The primary antibodies used, their origin and the dilution are 
listed in Table 3 (Monosan, Uden, The Netherlands; Santa Cruz Biotechnology Inc. ,  
Santa Cruz, USA; Progen Biotechnik GmbH, Heidelberg, Germany) . For all the 
monoclonal antibodies, the second and third step consisted of peroxidase-labelled 
rabbit anti-mouse and peroxidase-labelled swine anti-rabbit immunoglobulins (Dako, 
Glostrup, Denmark) . Secondary and tertiary antibodies were diluted (1:50 and 1:100, 
respectively) in PBS (pH 7. 2) containing 10 % normal human serum. For the staining 
of BSEP, the slides were incubated with a rabbit anti-goat peroxidase-labelled secondary 

antibody and subsequently incubated with a goat peroxidase anti peroxidase complex 
(goat PAP complex; Dako) . For the polyclonal antibody against NTCP, the secondary 

step consisted of peroxidase-labelled swine anti-rabbit IgG (dilution 1:100; Dako) , 
followed by peroxidase-labelled rabbit anti-swine IgG (dilution 1: 100; Dako) . All 
incubations were performed for 30 minutes at room temperature and followed by a 
wash in three changes of PBS for 5 minutes. For all stainings, the reaction product was 
developed with the use of 3-amino-9-ethylcarbazol and H202, 0.01 %. The sections 
were counterstained with hematoxylin. Negative controls consisted of omission of the 
primary antibody and were consistently negative. 

Table 3. Primary antibodies used, their origin and dilution 

Transporter species Clone dilution company 

NTCP Rabbit pAb K9 1 :400 * 

OATP2 Mouse mAB mESL 1 :25 Progen Biotechnik 

BSEP Goat pAb 1 :30 Santa Cruz 

MDRI Mouse mAb JSB- 1 1 : 1 0  Monosan 

MDR3 Mouse mAb P3Il-26 1 :50 Monosan 

MRPI Mouse mAb QCRL-3 1 :50 Santa Cruz 

MRP2 Mouse mAb M
2
1-4 1 :50 Monosan 

MRP3 Mouse mAb M,II-9 1 :  1 0  Monosan 

(*) Kindly provided by Dr. Bruno Stieger 
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Electron microscopy 
For electron microscopy, small fragments ofliver biopsies from 3 patients were immediately 
fixed in 2 .5  % glutaraldehyde, 0.1 mol/L phosphate buffer at 4 °C overnight. After 1 hour 
post-fixation in 2 % osmium tetroxide, 0. 1 mol/L phosphate buffer at 4 °C, the samples 
were dehydrated in graded series of alcohol and embedded in epoxy resin. Ultra-thin 
sections 50 to 60 nm were cut, stained with uranyl acetate and lead citrate and examined 
at 50  kV using a Zeiss EM 900 electron microscope (Oberkochen, Germany) . Images 
were recorded digitally with a Jenoptik Progress Cl4 camera system Qena, Germany) 
operated using Image-Pro express software (Media Cybernetics, USA) . 

Statistical evaluation 
Statistical analyses were performed using SPSS version 12.0  for Windows (SPSS Inc. , 
Chicago, USA). Data obtained from the different patients are expressed as mean values ± 
standard deviation (SD) . For statistical analysis the Mann-Whitney U-tests and Kruskal
Wallis test were used. A p-value of < 0.05 was considered statistically significant. 

Rf.sULTS 

Characteristics of patient groups 
This study is based on 30 liver tissue samples that were obtained from liver transplantation 
recipients with and without acute liver rejection post-OLT. Acute cellular rejection was 
confirmed in twenty-seven patients by histological criteria. These patients were divided 
into different groups according to the grade of rejection (7 patients with grade 2 rejection, 
5 patients with grade 2-3 rejection, and 15 patients with grade 3 rejection) . The patients 
characteristics are depicted in Table 2. Three patients did not have any signs of acute 
cellular rejection and were used as control group. There were no significant differences 
in the medication regimen used by the patients in the different groups. 
Serum samples were analysed for liver injury markers (transaminases) and markers for 
cholestasis (ALP, GGT, and bilirubin) and related to the grade of rejection (Fig. 1 ) . High 
grade rejection, grade 2-3 and 3, proved to be associated with significant higher serum 
transaminases and GGT levels. Increased levels for ALP were observed for all groups 
with rejection. Significant elevated serum bilirubin levels were only observed in patients 
with grade 3 acute rejection. 

Bile salt and ABC-tramporter expression in control livers and acute allograft rejection 
Quantitative real-time PCR was performed to determine mRNA expression of transport 
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proteins that are involved in the uptake and excretion of bile salts, organic anions, and 
phospholipids (Fig. 2) Moreover, immunohistochemical stainings were performed to 
examine protein expression and tissue distribution of the transport proteins (Fig. 3) .  
Despite the small size of the liver specimen we were able to investigate mRNA levels of 
the bile salt- and ATP-binding cassette {ABC) transporters in liver tissue from 3 patients 
without signs of liver rejection and 7 patients with grade 3 acute liver rejection. The 
samples of the control group were compared to grade 3 rejection samples, which were 
characterized by a clear cholestatic biochemical phenotype. 
In patients with rejection-induced cholestasis, mRNA (Fig. 2) and protein expression 
(Fig. 3A-D) of the hepatocanalicular bile salt (BSEP) and bilirubin transporter (MRP2) 
was preserved. lmmunohistochemical analysis revealed canalicular dilatation (Fig. 3B, 
arrows) and an irregular and more complex canalicular staining for BSEP and MRP2. 

300 

25-0 

200 

150 

100 

50 

1200 

1000 

800 

600 

400 

200 

: I 
ii 5  

;;; 4 

.5 3 
• 2 

"" I  

* 
* 

?-3 
grade rejection 

·--� 
0 2-3 

grade rejection 

-�·� 
2 l-3 

grade reJection 

* 
500 * 
400 

� 300 

=i 200 

--•-•-100 

2.3 grade rejection 
600 * 
500 

:i' 400 

Ji 
;:: 300 
c., 
c., 200 

100 

2.3 3 

grade rejection 

) 

Figure 1. Biochemical characteristics of patient groups. Increased transaminases, GGT, ALP, and total 
bilirubin levels were observed in high grade rejection. * p<0.05. 
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Subsequently, we analysed the basolateral bile salt transporters and detected a significant 
decrease in mRNA expression of NTCP (-65% ± I6% compared with control 
subjects; Fig. 2; p<0.05) . Furthermore, decreased protein levels were observed with 
immunohistochemical staining for NTCP (Fig. 3£/F) . In addition, high grade rejection 
was also associated with a significant reduction in the mRNA levels of OAT P2 (-85% ± 
8% of normal; Fig 2; p<0.05) . However, protein levels of OAT P2 appeared comparable 
between control and grade 3 rejection samples (Fig. 3G/H) . 

2 

1 ,5 

0,5 

* 
n 

* 
n 

NTCP OATP2 MRP3 BSEP MRP2 MORI MDR3 

D no rejection 
• grade 3 rejection 

Figure 2. Bile salt and ABC-transporter mRNA levels in acute liver rejection. Percutaneous liver samples 
were compared from patients with grade 3 rejection (n=7) and without rejection (n=3). mRNA expression 
was analysed with real time RT-PCR. The genes were normalized with respect ro GAPDH. The mRNA levels 
of the canalicular bile salt transporters BSEP and MRP2 were not significanrly changed. The basolateral bile 
salt transporters NTCP and OATP2 were significantly down-regulated in high grade rejection (p<0.05). 
In addition, M RP3 was not altered on a transcriptional level. No differences were observed for MORI and 
MDR3 compared with controls. Columns represent mean values plus standard deviation. * p<0.05. 

The level of MRP3 mRNA detected in biopsy material was comparable between the 
control and the grade 3 rejection group (Fig. 2) . However, a remarkable shift in cell 
type-specific expression of MRP3 was observed by immunohistochemistry. While 
MRP3 is particular detected in cholangiocytes (Fig. 31 arrows) in transplanted livers 
without rejection, these cells remained largely unstained for MRP3 in grade 3 rejection 
samples. In contrast, significant MRP3-specific staining was detected in the basolateral 
membrane of hepatocytes in these liver samples (Fig. 31/J ) .  
MORI and MOR3 mRNA levels were not significantly different between transplanted 
livers without or with rejection (Fig. 4) . However, a strong increase in canalicular MORI 
staining was detected in transplanted livers with high grade rejection, while MOR3 
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protein levels were unchanged (Fig. 3K-N) . MRPI and MRP4 mRNA expression 
remained undetectable with real-time PCR. Therefore, immunohistochemical stainings 
were not performed for these transport proteins. 

BSEP 

MRP2 

NTCP 

OATP2 

MRP3 

Figure 3. Bile salt and ABC-transporter protein expression in acute liver rejection. (continued) 
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MDRl 

MDR3 

Figure 3. Bile salt and ABC-transporter protein expression in acute liver rejection. lmmunohistochemical 
staining was performed on percutaneous liver biopsies from patients without rejection and with grade 3 
liver rejection. In liver specimen from patients with high grade rejection we observed canalicular dilatation 
(B, arrows) and disruption of the linear canalicular staining for the different canalicular transporter proteins. 
Protein levels for BSEP and MRP2 were nor changed compared with controls (A-O). Reduced basolateral 
staining was observed for NTCP in high grade rejection (E, F). In addition, OATP2 immunosraining was 
unchanged (G, H). In grade 3 rejection, basolareral staining of hepatocyres was found for MRP3, while 
in control livers M RP3 was particular detected in bile ductular cells (arrows). In addition, MRP3 staining 
of bile ducts and ducruli was strongly decreased or negative in high grade rejection (I, J). Canalicular 
MORI protein levels were up-regulated in patients with rejection (K, L), MDR3 protein expression was 
not changed compared with controls (M, N). Original magnification 40x. 

Influence of cytokines and nuclear hormone receptors on bile salt transporter levels in acute 

liver rejection 

Inflammation is an important characteristic of acute liver rejection (17) and pro
inflammatory cytokines are known to modulate the expression of bile salt and ABC
transporter proteins (18). In acute liver rejection in humans and rat models no specific 
pattern of cytokine mRNA transcripts were observed (19-22) . We analysed the expression 
levels of the pro-inflammatory cytokines interleukin- I �  (IL-1 �) and tumor necrosis 
factor-a. (TNF-a.) , since these cytokines have been shown to regulate the level of hepatic 
transport proteins. However, in the liver biopsies studied here, no significant change in 
IL-1 � and TNF-a. levels in patients with grade 3 liver rejection were detected compared 
to controls (Fig. 4A) .  
In addition, we studied the expression of the nuclear hormone receptors FXR, RXR and 
SHP as they play a crucial role in regulating the expression of bile salt transporters (23 ) ,  
(24) . Although a trend of a slight decrease in all of  these 3 nuclear hormone receptors 
was detected in transplanted livers with high grade rejection, this difference did not 
reach statistical difference (Fig 4B) . 
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Figure 4. Cycokines and nuclear hormone receptors in high grade liver rejection. The mRNA expression 
of the pro-inRammarory cyrokines TNF-a and IL- 1 13  and nuclear hormone receptors FXR, RXR and SHP 
were studied with real time RT-PCR in patients with (n=7) and without (n=3) acute liver rejection. IL-
1 13  and TNF-a levels were nor significantly changed (A). mRNA levels of FXR, RXR, and SHP were nor 
different compared with controls (B). 

Obstructive cholestasis in acute high grade liver rejection 
The expression of bile salt transporters during high grade rejection, however, cannot 
explain the development of cholestasis. lmmunohisrochemical staining for the different 
canalicular transport proteins revealed the presence of canalicular dilatation in high 
grade acute rejection. Therefore, we further studied the existence of physical/mechanical 
bile flow obstruction during high grade rejection. We used electron microscopy to study 
whether morphological changes could be identified that may support the presence 
of obstructive cholestasis in liver specimen from patients with high grade rejection. 
Bile ducts and ductules in the portal tract presented with remarkable changes. The 
bile duct epithelial cells showed irregular, short, often swollen apical microvilli and 
the cytoplasm contained membranous, myelin like dense inclusions corresponding 
to biliary components. Furthermore, intercellular bile leakage was observed (Fig. 
5A) . In addition, the lumina of bile ducts contained membranous, myelin like biliary 
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components (Fig. SB) .  In the liver parenchyma, we observed tubular arrangements of 
hepatocytes surrounding dilated irregular lumens with retracted canalicular microvilli 
and thickened pericanalicular ectoplasms (Fig. SC). Collectively, this morphological 
observations support the presence of obstructi ve cholestasis in these livers. 

Figure 5. Electron micrographs of liver biopsies. Cross section of a bile duce. The biliary epithelial cells 
showed irregular apical shore microvilli (mv) and biliary components in their cytoplasm (arrow); inrercellular 
bile leakages became apparent (A; asterisk). Cross section of a bile duce showing biliary components in rhe 
lumen (B; arrow). Tubular arrangements of hepatocytes (H) showing a cholescatic canaliculus (C) with 
amorphous low electron dense biliary constituents in the dilated lumen. The canaliculus is provided with a 
chickened pericanalicular ectoplasm and regular microvilli are lacking (C). Liver parenchyma demonstrating 
hepacocyces (H) and a sinusoid lined by swollen prominent endothelial lining cells (D). 
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Figure 6. Schematic representation of obstructive cholestasis in acute rejection. Inflammation-induced bile 
duct damage and preserved canalicular BSEP and MRP2 expression lead to dilatation of the bile ducts 
and ductules. Down-regulation of NTCP and up-regulation of MRP3 represent adaptive mechanisms 
limiting the accumulation of toxic biliary constituents in hepatocytes. Increased serum bilirubin levels 
result from bile duct damage and subsequent alteration in the functional integrity of right junctions, leading 
to intercellular leakage of bile constituents. In addition, accumulation of biliary component due to absent 
basolateral MRP3 expression in cholangiocytes may aggravate bile duct damage. 

DISCUSSION 

lntrahepatic cholestasis is a common complication after OLT and acute rejection is 
one of the causes (25) . Cholescasis can develop due co mechanical obstruction and/or 
changes in bile sale transport (26).  In the present study, we demonstrate chat patients 
with high grade liver rejection develop cholescasis secondary co the obstruction of 
bile flow. Hepacocanalicular export of bile sales and bilirubin is maintained leading co 
canalicular dilatation. Basolateral bile sale influx is decreased due co down-regulation of 
NTCP, thereby limiting bile-sale-induced hepacocellular injury. In addition, expression 
of basolaceral MRP3 in hepacocyces is increased providing an escape route for renal 
clearance of biliary solutes, including bile sales. 
In experimental models with obstructive cholescasis hepatic Bsep expression is preserved 
(27, 28) , bur zonal variations in the regulation of Bsep have been described (29) . Also 
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Mrp2 levels, the transporter for bilirubin, remain intact in mice with extrahepatic 
cholestasis (30, 31) . This finding seems to be species-dependent, since rat canalicular 
Mrp2 is clearly down-regulated in obstructive cholestasis (32, 33) . In patients with 
primary biliary cirrhosis canalicular expression of BSEP and MRP2 is preserved (34) . In 
our study, we show that expression of BSEP and MRP2 is also intact during rejection
induced cholestasis. This implies that in these patients cholestasis is not a direct effect of a 
reduced capacity to transport bile salts and bilirubin to the bile. We observed prominent 
dilatation of bile canaliculi in liver specimen with high grade liver rejection and these 
lumens contained bile components as detected by morphological analyses. This suggests 
that active transport of bile salts, bilirubin and/or other components to the canaliculi is 
still intact and that cholestasis is a result of an obstructive conditions downstream the 
hepatocanalicular transporters. The sustained expression of BSEP may lead to increased 
intra-biliary pressure, which may cause bile duct dilatation and aggravate liver injury 
by the development of bile infarcts. The high serum bilirubin levels in the patients 
with rejection-associated cholestasis can only be explained by obstruction downstream 
the hepatocanalicular transport step since both the sinusoidal (OAT P2) and canalicular 
(MRP2) bilirubin transporter appear sufficiently expressed. High serum bilirubin levels 
are probably the result from bile duct damage and subsequent intercellular leakage of 
bile constituents as shown by electron microscopy. 
In line with previous studies on chronic cholestasis, we found an increase in basolateral 
hepatocellular MRP3 protein expression in patients with rejection-associated cholestasis. 
The increased MRP3 expression in hepatocytes was not detected in analyzing MRP3 
mRNA in liver biopsies. This is most probably due to a shifi: in cell type-specific expression 
of MRP3 during rejection. In healthy liver and in transplant livers without rejection, 
MRP3 is predominantly detected in cholangiocytes and the liver parenchyma remain 
unstained for this transporter. In rejection-associated cholestasis, the cholangiocytes 
become largely negative for MRP3, while a strong basolateral staining is observed 
in hepatocytes. The absence of MRP3 in cholangiocytes may be the cause of the 
intracellular accumulation of bile components in cholangiocytes although we did not 
analyse the putative role of OSTa:OSTl3 in these cells. Increased expression of MRP3 
may be a cytoprotective mechanism in hepatocytes against the cytotoxic affects of high 
bile salt concentrations. Effective protection of hepatocytes is even more important 
in transplanted livers. The regenerative capacity in these livers is highly dependent 
on hepatocytes, since the number of hepatic progenitor cells is strongly decreased in 
transplanted denervated human livers (35) . Specific immunosuppressive drugs may also 
induce the expression of MRP3 through the activation of the nuclear hormone receptors 
CAR and/or PXR (36, 37) . However, the drugs given to patients in our study are not 
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known to regulate expression ofMRP3. Moreover, no differences were observed in drug 
regimens for patients who developed rejection-associated cholescasis and chose who did 
not. Therefore, it is unlikely chat immunosuppressive drugs will have an important role 
in the regulation of MRP3 in acute liver rejection. 
Rejection-associated cholescasis is also characterized by a strong reduction in NTCP, 
both at the mRNA and protein level. This adaptation is most likely a secondary event in 
obstructive cholestasis co diminish uptake of potentially hepacotoxic bile sales. In vivo 
models demonstrated chat excrahepatic cholescasis results in rapid down-regulation of 
Nccp expression and Nccp-dependenc caurocholace uptake (38) . Furthermore, Gartung 
et al. showed that hepatic retention of biliary constituents is responsible for down
regulation ofNtcp. In addition to bile sales, cytokines are able co decrease transactivation 
of the Nccp gene by inhibiting RXR:RAR and HNFla-binding activity (39-42). Since, 
acute liver rejection is characterised by portal inflammation, we studied the expression 
of the pro-inflammatory cyrokines IL-113 and TNF-a. However, we found no significant 
increase in the mRNA expression ofIL-1 (3 and TNF-a. This is in line with earlier reports 
that showed that similar levels of the inflammatory mediators IL-1 (3 and TNF-a were 
detected in rejecting allografcs compared to allografcs without evidence of rejection (43) . 
Consequencly, the suppression of NTCP expression is not likely due to inflammatory 
signals but likely a result of activation of the FXR/SHP cascade. 
In patients with high grade rejection, mRNA expression of the ocher basolateral 
bile salt/bilirubin transporter OATP2 was significancly decreased. Remarkably, the 
immunohistochemical staining pattern and intensity of OAT P2 was not changed. 
Although the immunohistochemistry cannot be used as quantitative measure for 
OATP2 levels, it is evident that significant amounts of this protein are still present in 
the basolateral membrane during rejection-associated cholestasis. The combination of 
sustained import of bile salts and bilirubin through OATP2 together with sustained 
expression of canalicular BSEP and MRP2, may be the reason for the observed canalicular 
dilatation and bile duct damage. 
Remarkably, we found that immunohistochemial staining of MORI in hepatocytes 
was strongly increased during rejection-associated cholestasis while mRNA levels were 
unchanged. A shift in cell type-specific expression, as observed for MRP3, could not 
account for chis phenomenon as MDRI levels are homogeneously low in normal liver. 
An increase in MORI protein levels has been described before in inflammation-induced 
cholestasis and primary biliary cirrhosis while mRNA levels were not significancly 
changed (44, 45) . The nature of the cellular mechanism controlling MORI protein 
levels remain unknown to date, but chis repetitive observation in various independent 
studies underscores its importance during liver disease. Functionally, increased levels 
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of MORI during these liver pathologies may represent a cytoprotective mechanism 
against cholestasis-associated oxidative stress (46). On the other hand, increased MORI 
expression is a risk factor for transplant rejection, which is likely a result of effective 
MORI -mediated extrusion of immunosuppressive drugs from leukocytes (47-50) . 
Increased knowledge of mechanisms that control MORI protein levels are therefore 
highly relevant for transplantation medicine in general. 
In conclusion, our study shows that cholestasis in acute liver rejection is associated 
with physical obstruction of bile flow characterized by canalicular dilatation and 
accumulation of bile components. Down-regulation of NTCP and up-regulation of 
MRP3 are adaptive mechanisms limiting bile salt-induced hepatocellular injury. The 
disappearance ofMRP3 in cholangiocytes suggests impairment of the metabolic function 
of cholangiocytes under these conditions. Finally, transcription-independent increases 
in MORI protein levels appear to be a common phenomenon during cholestatic liver 
disease, which remains mechanistically unexplained to date. 
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ABSTRACT 

Background 
Orthotopic liver transplantation (OLT) is an effective therapy for end-stage liver 
disease due to hepatitis C virus (HCV) infection. However, recurrent HCV (RHCV) 
infection is a common phenomenon. Patients with RHCV may present with fibrosing 
cholestatic hepatitis (FCH), which strongly increases the risk of graft loss and mortality. 
Cholestasis may develop from dysregulated hepatocellular bile salt transport and/or by 
physical obstruction of bile flow. The aim of the present study was to determine the 
cause of cholestasis in FCH. 

Methods 
Post-OLT, core needle liver biopsies were obtained from 7 RHCV patients with FCH 
and 10 patients with slowly progressive HCV infection without FCH. FCH is defined 
as rapidly progressive cholestasis after OLT in the presence of high HCV viremia and in 
the absence of biliary obstruction with a compatible biopsy. Serum bilirubin, y-glutamyl 
transpeptidase, and alkaline phosphatase levels were used as indicators of cholestasis. 
Morphological changes in the liver parenchyma and bile salt and ATP-binding cassette 
(ABC) transporter expression were investigated using (immuno)histochemistry. 

Results 
The immunochemical staining of the canalicular bile salt export pump (BSEP), organic 
anion transporter (MRP2) and the basolateral transporter NTCP were decreased in 
FCH. A cytoplasmic staining pattern was observed for BSEP in cholestatic areas. 
Hyperbilirubinemia was associated with low levels of MRP2. A strong basolateral 
MRP3 staining was detected in hepatocytes in FCH, while these cells did not express 
MRP3 in slowly progressive HCV. FCH was associated with canalicular dilatation. 

Conclusion 
Cholestasis in FCH is associated with canalicular dilatation and decreased canalicular 
expression of BSEP and MRP2. Cytoplasmic staining for BSEP suggests that post
transcriptional mechanisms play a role in the reduction of BSEP in FCH. HCV in 
patients with FCH may interfere with intracellular targeting of canalicular proteins. 
Up-regulation of MRP3 and down-regulation ofNTCP represent adaptive mechanisms 
limiting bile salt-induced hepatocellular and ductular injury. 
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INTRODUCTION 

Hepatitis C virus (HCV) infection affects 0.7-2% of the general population (1). 
End-stage liver disease due to HCV infection has become the leading indication for 
orthotopic liver transplantation (OLT) worldwide (2 , 3). After OLT, recurrent HCV 
(RHCV) infection is a common phenomenon and one of the leading causes of graft 
loss requiring re-transplantation (4). The majority of patients display an asymptomatic 
clinical course characterized by elevated liver enzymes and features of chronic hepatitis. 
However, fibrosing cholestatic hepatitis (FCH) may develop in conjunction with 
RHCV, which strongly increases the risk of graft loss and mortality (5). 
FCH was first described in liver transplant recipients with recurrent hepatitis B virus 
infection (6), but FCH has also been related to RHCV infection (5). FCH is characterized 
by jaundice and very high serum and intrahepatic HCV RNA, alkaline phosphatase 
and y-glutamyl transferase levels. Histologically, this syndrome is characterized by 
hepatocyte ballooning, intrahepatic cholestasis, pericellular and portal fibrosis, ductal 
proliferation and neurrophil infiltrates (7). FCH often occurs after high levels of 
immunosuppression and is believed to represent an alternative response to recurrent 
HCV infection. The course of FCH is progressive and attempts at antiviral treatment 
are generally met with failure (8-10). 
Cholestatic hepatitis occurring in the setting of RHCV is associated with increased 
levels of T-helper cell subtype 2 (Th2) cytokines in combination with high viral loads. 
The intrahepatic expression of interleukin-IO (IL-10) and IL-4 are increased in patients 
with FCH (11). Cytokines are known to be involved in the regulation of bile salt and 
ATP-binding cassette (ABC) transport proteins, and could therefore lead to cholestasis 
(12-16). On the other hand, cholestasis can also be the consequence of impaired bile 
flow due to bile duct obstruction (16-20). 
Hepatic uptake and biliary excretion of bile salts and organic anions (e.g., bilirubin 
and its conjugates) is mediated by transmembrane substrate transporters (21). The 
Na•-dependent taurocholate cotransporter (NTCP; SLClOAl) and organic anion 
transporting protein 2 (OATP2; SLCIA6) are the main transporters for hepatic 
uptake of bile acids (22). Canalicular export of bile acids is established by the bile salt 
export pump (BSEP; ABCBll) (23). Bilirubin and conjugates of divalent bile acids are 
excreted to the bile by the multidrug resistance-associated protein 2 (MRP2; ABCC2) 
(24). During pathophysiological conditions, additional efflux pumps may be induced 
to counteract the accumulation of potentially toxic biliary constituents in cholestasis. 
MRP3 (ABCC3) is almost absent in healthy hepatocytes, but is strongly up-regulated 
in cholestasis and was shown to transport various (conjugated) bile salts (25). The 
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canalicular membrane also contains a multidrug export pump (MORI , ABCBl)  for 
bulky amphipathic organic cations and a phospholipid Rippase (MDR3, ABCB4) for 
phosphatidylcholine translocation (22, 24, 26) .  
Thus far, little is known about the expression of  hepatic bile salt and ABC transporters 
in patients with viral hepatitis. HCV is known to cause derangements of cholesterol, 
lipid and carbohydrate metabolism, which are co-regulated with bile salt homeostasis 
through the action of the nuclear receptor, Farnesoid X Receptor (FXR) (27, 28). 
Information about alterations of hepatobiliary transporter expression in patients with 
severe RHCV and FCH following liver transplantation is essential to obtain insight 
into the pathogenesis of cholestasis in these patients and reveal targets for therapy. The 
aim of the present study was to determine the cause of cholestasis in livers from patients 
with RHCV-associated FCH. 

MATERIALS AND METHODS 

Patients characteristics and liver tissue specimens 

Needle liver biopsies were obtained from liver transplant patients with RHCV and FCH 
(n=7) and slowly progressing HCV infection without FCH (n=lO). FCH was defined as 
severe cholestasis and compatible histological findings. Other causes of cholestasis were 
excluded by cholangio-nuclear magnetic resonance, histology or endoscopic retrograde 
cholangio-pancreaticography if necessary. The latter group did not have significant 
fibrosis (less than metavir F2) after 5 years post-OLT. Routine liver biopsies were 
taken as part of our local transplant protocol after 1 ,  3 and 5 years or when clinically 
indicated. From each fresh biopsy one part was snap-frozen in liquid nitrogen-cooled 
isopentane and stored at -80 °C until further use and the remainder was embedded 
in paraffin after fixation in B5. The ethical committee of the University Hospital of 
Leuven approved the experimental protocol. 
Serum samples were taken at the day ofliver biopsy and analyzed for alkaline phosphatase 
(ALP; < 240U/L), y-glutamyltranspeptidase (GGT; <35U/L), aspartate trasaminase 
(AST; <32U/L), alanine transaminase (ALT; <31U/L), and total bilirubin (<lmg/dL) 
activities by routine clinical chemistry testing. Further serum samples were analyzed for 
HCV viral load. Quantitative HCV RNA measurement was performed by PCR. 

Histochemical and immunohistochemical stainings 

Histochemical stainings for diagnostic evaluation were performed on 4 rm-thick 
sections made from the paraffin-embedded material and included hematoxylin and 
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eosin, periodic acid-shiff after predigestion with amylase, Sirius Red and Hall 's van 
Gieson. 
lmmunohistochemistry was performed on 5 pm-thick frozen sections that were cut 
from the frozen material. After overnight drying at room temperature, sections were 
fixed in aceton for 10 minutes and subsequently washed in phosphate-buffered saline 
(PBS), immediately before use. The sections were incubated with the primary antibodies 
for 30 minutes at room temperature. The primary antibodies used, their origin and the 
dilution are listed in Table l .  For all the monoclonal antibodies, the second and third 
step for immunohistochemical detection consisted of peroxidase-labelled rabbit anti
mouse and peroxidase-labelled swine anti-rabbit immunoglobulins (Dako, Glostrup, 
Denmark) . Secondary and tertiary antibodies were diluted (1 :50 and 1: 100, respectively) 
in PBS, pH 7. 2 containing 10% normal human serum. For the staining of BSEP, the 
slides were incubated with a rabbit anti-goat peroxidase-labelled secondary antibody 
and subsequently incubated with a goat peroxidase anti-peroxidase complex (goat 
PAP complex; Dako). For the polyclonal antibody against NTCP, the secondary step 
consisted of peroxidase-labelled swine anti-rabbit IgG (dilution 1:100; Dako), followed 
by peroxidase-labelled rabbit anti-swine IgG (dilution 1:100; Dako). All incubations 
were performed for 30 minutes at room temperature and followed by a wash in three 
changes of PBS for 5 minutes. For all stainings, the reaction product was developed 
using 3-amino-9-ethylcarbazol and H202 , 0.01%. The sections were counterstained 
with hematoxylin. Negative controls consisted of omission of the primary antibody and 
were consistently negative. 

Table 1. Primary antibodies used, their origin and dilution 

Transporter species Clone 

NTCP Rabbit pAb K9 
OATP2 Mouse mAB mESL 
BSEP Goat pAb 

MDR3 Mouse mAb P 3Il-26 
MRP2 Mouse mAb M}-4 
MRP3 Mouse mAb M,Il-9 

dilution company 

1 :400 * 

1 :25 Progen Biotechnik 

1 :30 Santa Cruz 

1 :50 Monosan 

1 :50 Monosan 
1 :  1 0  Monosan 

(Monosan, Uden, The Netherlands; Santa Cruz Biotechnology Inc., Santa Cruz, USA; Progen Biotechnik 
GmbH, Heidelberg, Germany; (*) Kindly provided by Dr. Bruno Stieger) 

Statistical evaluation 
Statistical analyses were performed using SPSS version 13.0 for Windows (SPSS Inc., 
Chicago, USA). Data obtained from the different patients are expressed as mean 
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values ± standard deviation (SD). For statistical analysis the Mann-Whitney U-tests 
and Kruskal-Wallis test were used. A p-value of < 0.05 was considered statistically 
significant. 

Table 2. Baseline characteristics 

Groups 

Mean age, yr (range) 
Sex (M/F) 
Time post-OLT (months) 
HCV genotype 

l a  
lb  

2 
3a 
3 
4 
unknown 

HCV load (IU/ml) 
> 5 milion 
< 5 milion 

lmmunosuppressive drugs 
corticosteroids 
tacrolimus 
mycophenolate 
azathio rine 

Slowly progressing hepatitis C 
(N=lO) 

52 (42-64) 
6/4 

2 1 .5 ( 1 1 -59) 

I 
5 

0 
10  

2 
JO  
3 
6 

NOTE: Results are expressed as means and ranges. 

REsULTS 

Characteristics of patients groups 

Cholestatic hepatitis C 
(N=7) 

61 (42-70) 
5/2 

5.2 (0.3- 1 0.S) 

2 
2 

1 
2 

5 
2 

3 
7 
5 

This study is based on post-OLT liver biopsies from patients transplanted for end-stage 
liver disease due to HCV infection (n=17) who developed RHCV with FCH (n=7) 
and were compared to patients with slowly progressing HCV infection in the absence 
of FCH (n=lO). The patient characteristics are depicted in Table 2. Four patients with 
FCH had genotype 1 infection (l a=2, 16=2) and 1 patient genotype 4. From two other 
patients in this group the genotype was not available. The genotype distribution of 
those with s lowly progressing HCV was 1 (n=l) ,  l a  (n=l ), lb  (n=5), 2 (n=l) ,  3 (n=l) 
and 3a (n=l) .  HCV RNA quantification showed that 5 of the 7 patients with FCH 
and none of the patients with slow progressing HCV infection had HCV RNA levels 
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greater than 5 million IU/ml. The mean age at the time of transplantation in the FCH 
group was 61 years (range 42-70) and 52 years (range 42-70) in the group with slowly 
progressing HCV. There was a male predominance in both groups. The mean time 
between liver transplantation and liver biopsy was 5.2 ± 3.0 months for patients with 
FCH and 21.5 ± 16.0 months for patients with slowly progressing HCV. Table 2 lists the 
immunosuppressive regimens used at the time ofliver biopsy. The laboratory parameters 
are summarizes in Table 3. All patients with FCH in this study had cholestatic liver 
injury as defined by increased levels of serum ALP, GGT and total bilirubin. Significant 
higher serum transaminases, GGT , ALP, and bilirubin levels were observed in patients 
with FCH at the time of liver biopsy compared to the patients with slowly progressive 
HCV (p<0.001). 

Table 3. Biochemistry 
Groups Cholestatic hepatitis C Slow progressing hepatitis C p 

(N=7) (N=IO) 

ALT (U/L) 247 ± 1 06 32 ± 1 1  0.00 1 
AST (U/L) 204 ± 68 30 ± 8 0.001 
ALP (U/L) 529 ± 207 209 ± 55 0.001 
GGT (U/L) 855 ± 501  44 ± 37 0.00 1 
Total bilirubin (mg/dL) 5.3 ± 4. 1 0.7 ± 0.4 0.00 1 

NOTE: Results are expressed as means and srdev. 

Bile salt- and ABC-transporter expression in fib rosing cholestatic hepatitis 
Liver biopsies were investigated by immunohistochemistry to study possible alterations 
in protein expression and (sub)cellular distribution of transport proteins that are 
involved in the uptake and excretion of bile salts, organic anions, and phospholipids in 
liver transplantation patients with FCH or slowly progressive HCV. 
Basolateral NTCP immunostaining was markedly reduced in patients with FCH, which 
was completely negative in cholestatic areas (Fig. IA). In contrast, hepatocytes of patients 
with slowly progressing HCV showed a strong diffuse basolateral expression pattern for 
NTCP (Fig IB) comparable to healthy liver (data not shown). lmmunohistochemistry 
did not demonstrate an obvious difference in basolateral expression of OATP2 between 
both groups (Fig. 1 C,D). Canalicular staining for the bile salt export pump BSEP was 
reduced in patients with FCH. In stead, a cytoplasmic localization was observed for 
BSEP in areas with cholestasis (Fig. IH , arrows). Bilirubin deposits were frequently 
detected in hepatocytes in FCH liver biopsies. These hepatocytes stained negative for 
BSEP (Fig. IH, arrowhead). In contrast to BSEP, immunostaining of the canalicular 
organic anion transporter MRP2 was largely preserved at the canalicular membrane. 
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Figure 1. Bile salt and ABC transporter protein expression in RHCV-associated FCH. 
lmmunohistochemical staining was performed on percutaneous liver biopsies from patients with 
slowly progressing hepatitis C (A,C,E,G,I and K) and RHCV with FCH (B,D,F,H,J and L). Decreased 
basolateral staining was observed for NTCP in FCH (B) compared with slowly progressive hepatitis C 
(A). Basolateral OATP2 immunostaining was similar in both patient groups (C, D). A strong basolateral 
staining of hepatocytes was found for MRP3 in FCH (F) , while in the slowly progressive hepatitis C 
group hepatic MRP3 expression was absent (E). Canalicular expression of BSEP was decreased in FCH. 
Cholestatic hepatocytes showed cytoplasmatic staining for BSEP (H, arrows). Heparocytes with bilirubin 
deposits stained negative for BSEP (H, arrowhead). Immunostaining for MRP2 was decreased in areas 
with cholestasis. Heparocytes with bilirubin deposits (arrowhead) stained negative for M RP2 (J). MDR3 
protein expression was decreased in cholestatic patients (K, L). Original magnification 40x. 

Only in areas with cholestasis MRP2 protein levels appeared to be decreased (Fig. 
1 I ,J) and hepatocytes with bilirubin deposits showed no MRP2 protein expression 
(Fig. lJ, arrow). MRP3, not significantly expressed in healthy hepatocytes, remained 
undetectable in hepatocytes of patients with slowly progressive HCV, in line with 
the normal expression of BSEP, NTCP and MRP 2. In contrast, MRP3 protein 
expression was strongly increased in hepatocytes from patients with FCH (Fig. 1 E,F). 
The canalicular expression of MDR3 was decreased with frequent disruption of the 
linear staining pattern (Fig . 1 K,L) . A frequent morphological observation was that 
in immunohistochemical stainings for canalicular proteins clear dilatation of the 
canaliculi was observed with disruption of the linear canalicular staining pattern (Fig. 
2A,B; arrow). 

A B -I. 
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Figure 2. Canalicular dilatation in recurrent hepatitis C with fibrosing cholestatic hepatitis. In l iver 
specimen from patients with FCH canaliculi are dilated and the linear canalicular staining for MDR3 
and MRP2 are disrupted (A,B; arrow). 
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DISCUSSION 

Recurrent HCV (RHCV) after liver transplantation may follow a cholestatic or a 
non-cholestatic course. Cholestasis severely worsens the disease progression of RHCV. 
In this study we show that fibrosing cholestatic hepatitis (FCH) caused by RHCV is 
associated with classical changes in expression of bile salt transporter proteins, but there 
are also histological indications for mechanical obstruction of bile flow. 
Experimental models of cholestasis have shown that endotoxins and cytokines are able 
to reduce bile flow and organic anion secretion (16). FCH is associated with histological 
evidence for inflammation (8). Pathological findings include periportal and periseptal 
inflammatory infiltrate consisting predominantly of neutrophils (5, 29). Therefore, the 
altered expression of bile acid and organic anion transport proteins in liver transplant 
recipients with FCH can be secondary to increased cytokine levels. A reduction in NTCP, 
BSEP and MRP2 expression has been shown in patients with various inflammation
induced cholestatic liver diseases (30). In animals with endocoxin-induced cholescasis it 
was demonstrated chat hepatic uptake of bile salts via Nccp is predominantly suppressed 
through an IL-1[3-dependent decrease in RXR:RAR (15, 31). Reduced canalicular 
secretion of bile acids and organic anions during endotoxemia is caused by a concomitant 
reduction in the canalicular export pumps Bsep and Mrp2 (32-34). IL-1[3 appears co 

be the major regulator of MRP2 expression under pathophysiological conditions of 
endocoxemia (14). Since, in our study MRP2 expression was only reduced in cholestatic 
areas one can assume chat local cycokine excretion could contribute co this expression 
profile. Recurrent cholescacic hepatitis C post-OLT is associated with increased levels 
of the T helper 2 cytokines IL-10 and IL-4 (11). Therefore, both interleukins could be 
involved in the regulation of hepacobiliary transport proteins resulting in cholescasis. 
The influence of IL-4 and IL-10 on the regulatory mechanisms of bile salt and ABC 
transporters are currently unknown and needs further investigation. 
In addition to disturbance of bile acid transport at a cellular level, bile flow obstruction 
has also been described for RHCV with FCH (29). Reduced NTCP protein levels in 
patients with FCH could also result from accumulation of bile acids and subsequent 
activation of FXR and SHP, consistent with the recent findings in bile duct-ligated rats 
(17, 35, 36). In  addition co decreased expression ofbasolaceral NTCP, immunostaining of 
BSEP and MRP2 were also reduced in cholescacic hepatitis. In agreement with our results, 
human biliary obstruction revealed diminished canalicular membrane localization for 
BSEP and MRP2 (37). Also, in patients with chronic obstructive cholestasis caused 
by primary sclerosing cholangitis decreased MRP2 mRNA levels were observed (38). 
Down-regulation of Mrp2 in obstructive cholestasis has been associated with cycokine-
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dependent alterations in RXR:RAR nuclear receptors (39). Decreased MRP2 expression 
prevents biliary excretion of the endogenous substrate bilirubin diglucuronide, bur also 
of many exogenous and potentially toxic Mrp2 substrates which can accumulate in 
the liver. Increased basolateral MRP3 protein levels in FCH may be a compensatory 
mechanism to provide an escape route for the hepatocellular accumulation of toxic 
billiary constituents (25, 40). Decreased MRP2 expression in patients with biliary 
obstruction was also associated with up-regulation of MRP3 (37). 
In contrast to the transcriptional down-regulation of Bsep in rodents, post
transcriptional mechanisms appear to play a more important role in the regulation 
of human transporter genes. In obstructive and inflammation-induced cholestasis in 
human liver, post-transcriptional regulation was observed for BSEP (12 ,  37). The present 
data demonstrates that post-transcriptional regulation of BSEP also may play a role in 
cholestasis associated with FCH. lmmunohistochemical detection of the BSEP protein 
showed decreased canalicular expression accompanied by intracellular localization of 
the protein in cytoplasmatic vesicular structures. One can postulate that hepatitis C 
virus or cytokines can lead to disturbance of intracellular trafficking of BSEP, which 
results in accumulation of BSEP in an endosomal compartment. 
In summary, our study demonstrates that cholestasis in RHCV with FCH is associated 
with dilatation of canaliculi and decreased canalicular expression of BSEP and 
MRP2. Cytoplasmic localisation for BSEP in FCH suggests that post-transcriptional 
mechanisms may play a role in the reduction of the canalicular capacity to transport bile 
sales via BSEP. Up-regulation of MRP3 and down-regulation of NTCP most probably 
represent adaptations that limit bile sale-induced hepatocellular injury. 
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Chapter 7 

GENERAL DISCUSSION 

Our knowledge about the importance of transepithelial transport processes in liver 
and intestine has greatly advanced since the cloning of specialized transmembrane 
transporters for bile acids, organic anions and xenotoxins. Many of the substrates of the 
transporters are also ligands for nuclear receptors chat, in a positive or negative feedback 
mechanism, regulate transcription of the genes encoding the transporters. This discovery 
has given insight in the molecular mechanisms that are involved in the pathophysiology 
of human gastrointestinal and hepatic diseases. Moreover, the nuclear receptors are now 
important drug targets as they can be activated or silenced by synthetic ligands leading 
to drug-directed adaptations in transporter expression. 
The function and regulation of bile acid and AT P-binding cassette (ABC) transporters 
are studied in this thesis. Bile acid transporters are essential for the unidirectional 
transport of bile salts in the enterohepacic circulation. Bile acids need to cross 4 cellular 
membranes co complete the enterohepacic circulation: in hepatocyces 1) the sinusoidal/ 
basolaceral membrane containing the sodium caurocholate cotransporting peptide 
(NTCP) and organic anion transporting peptide 2 (OAT P 2) and 2) the canalicular 
membrane containing the bile salt export pump (BSEP); in enterocytes 3) the apical 
sodium bile salt transporter (ASBT) and 4) the basolateral organic solute cransporter
alpha/beca (Osca/f3). Expression of these transporters is controlled direccly or indirectly 
by the farnesoid X receptor (FXR) chat has been identified as the mammalian bile salt 
sensor (1) . Liver and intestinal diseases are commonly associated with impaired bile 
flow (cholescasis) and inflammation, conditions chat may affect the functional amounts 
of bile acid transporters direccly or through changes in activation or levels of FXR. 
Crucial to our understanding of the role of these transporters during pathophysiological 
conditions is to determine whether adaptation in the expression is the primary cause or 
a result of disease symptoms. 
An important feature of ABC transporters, such as BSEP, is the ability to transport their 
substrates against strong concentration gradients. BSEP is able to transport bile salts 
against a 100-1,000-fold gradient from the hepatocyce to the bile via AT P hydrolysis 
(2). Absence of this transporter leads co accumulation of bile salts in the hepacocyte 
chat will ultimately cause severe liver damage as observed in patients with the inherited 
disorder progressive familial intrahepacic cholestasis type 2 (PFIC-2). Mutations in the 
ABCBJ I gene encoding BSEP are the direct cause of PFIC-2 (3). 
Hepacocyces and enterocyces contain many more ABC transporters. In general, they serve 
a physiological role (like BSEP in bile salt homeostasis), but at the same time transport 
proteins protect the cells from cytotoxic effects of their substrates. P-glycoprotein/ 
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multidrug resistance 1 (P-gp/MDRl; ABCBI) and multidrug resistance-associated 
proteins (MRPs!ABCCs) are ABC transporters especially known for protecting cancer 
cells against a wide variety of cytostatics (4;5). However, these proteins are also expressed 
in many normal human tissues such as the liver, intestine, kidney, lungs, adrenal glands 
and haemopoetic cells (6-8).  Some ABC transporters have highly specialized functions 
in normal physiology, such as MDR3 (Mdr2 in rodents) transporting phospholipids, 
MRP2 the main bilirubin transporter and the cholesterol transporters ABCG5/G8 and 
ABCAl.  Since MORI (two genes/proteins Mdrl a and Mdrlb in rodents) and MRPl 
have such a broad substrate specificity, their role may be strongly dependent on the cell 
type in which it is expressed. 
Of particular interest for our studies is the observation that Mdrl a and Mrpl knock 
out mice show increased sensitivity to develop colitis. Mdrl a-knock out mice develop 
spontaneous colitis around week 12 of age (9). Together with the identification of 
single nucleotide polymorphisms (SNPs) in the ABCBI gene that are associated with 
inflammatory bowel disease (IBO), it was hypothesized that MDRl may perform a 
important function in preventing intestinal inflammation (10-12). Mrpl-deficient mice 
do not develop spontaneous colitis. However, they appear more sensitive to the colitis
inducing agent dextrane sulphate sodium (DSS), indicating that it may serve an adaptive 
role when environmental conditions trigger the development of inflammation (13) .  
Especially for IBO, e.g Crohn's disease (CD) and Ulcerative colitis (UC), environmental 
factors are known to play a crucial role. 
Most available data thus far on transcriptional regulation ofintestinal and hepatobiliary 
transporter genes were obtained by cell culture and/or animal studies. However, there 
is evidence that significant differences exist in the regulatory mechanisms for different 
transport proteins between cell lines, rodents and humans. Therefore, results obtained 
from in vitro and in vivo experiments can not be simply extrapolated to the human 
situation. Only a handful papers have been published about the role of transport 
proteins in human diseases. Therefore, we focussed on the function and regulation of 
transport proteins in gastrointestinal and hepatic diseases. 

The role of MDRI in intestinal inflammation 
In the intestine MORI is highly expressed at the apical side of the epithelium and has an 
important role in maintaining the integrity of the epithelial cell barrier and facilitation 
of transepithelial transport (14). In chapter 2 we demonstrate that MORI expression 
is strongly reduced in inflamed tissue of IBO patients. Reduced MORI expression 
was also observed in inflamed tissue of patients with diverticulitis and collagenous 
colitis, indicating that this is a result from the inflammation and not IBO specific. 
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This is also in line with observations made in experimental colitis in rodents where 
decreased intestinal Mdrla levels were detected (15;16) .  Ochers have reported reduced 
expression of MDRl in uninflamed tissue of UC patients (17). The small patient groups 
tested and the relative small differences in intestinal MDRl expression between healthy 
controls and uninflamed tissue from IBD patients suggests chat differences in MDRl 
expression per se are not causally related to the development of intestinal inflammation. 
A strong reduction in MDRl in inflamed tissue may, however, strongly impair the 
barrier function of the epithelium and thereby accelerate tissue damage. 
The role of MORI in IBD may be specific for UC . Genome wide association studies 
(GWAS) have recently been reported for CD and no (strong) association of SNPs in 
the ABCBl (encoding MDRl) gene were identified (1 8;19). The previously observed 
association of MDRl with UC awaits confirmation in a similar GWAS for UC patients, 
which are currently being performed. 
The next step is to understand the molecular mechanisms involved in regulation of 
MDRI during inflammation. Here, the experimental approach is crucial. First of all, 
tissue-specific differences in inflammation-induced regulation of MDRl are described. 
Where hepatic MDRI is strongly induced during hepatitis, intestinal MDRl is strongly 
reduced during colitis. Consequently, the final effect of cytokines on MORI expression 
depends on tissue-specific transcription factors. Unfortunately, these transcription 
factors appear also not very well conserved in cell lines that are used to delineate the 
molecular mechanism of transcriptional regulation of MDRl . In our study, none of the 
used colon-specific cell lines (DLD-1, Caco-2, HT29) showed a cytokine-dependent 
reduction of MDRl mRNA levels. In fact, others have reported opposite effects on 
cytokine-dependent transcriptional regulation ofMDRl in these colon cancer cell lines 
(20-22). In contrast, a cytokine-dependent decrease of MDRl was readily observed 
when using freshly isolated intestinal biopsies from healthy controls. This shows that 
the generally used cell lines are not suited to study the molecular mechanisms involved 
in inflammation-induced regulation of MDR, which may be related to their carcinoma 
origin. This may be associated with a multidrug resistant phenotype and consequently 
different transcriptional regulation of MDRl. Unfortunately, intestinal biopsies from 
healthy controls are very limited available for in vitro studies of gene regulation. 
Moreover, they can only be maintained "in culture" for very limited time periods (up 
to 8 hours). Finally, biopsies consist of many different cell types. This may be the reason 
why the expected regulation of MDRl by cytokines is observed, however, it strongly 
complicates the detailed analysis of MDRl regulation in only one of these cell types, 
e.g. enterocytes. 
Expression ofMDRl is under control of the pregnaneX receptor (PXR), a nuclear receptor 
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that is activated by a wide variety of ligands including lithocholic acid, rifampicin and 
corticosterone (23) . In patients with UC, an association has been described between 
low mRNA levels of PXR and low MORI levels, further substantiating the possible 
role of MORI in UC (17) . In our study we found that PXR mRNA expression is not 
a proper reflection of the PXR protein level. Together with the fact that the activity of 
PXR is predominantly determined by the presence of its ligands, we must conclude that 
it is still unclear what causes the strong repression of MORI in the inflamed intestine. 
The observation that an interaction between the p65 subunit of NF-kB and the c-Fos 
subunit of AP-I leads to a novel transcriptional unit that exhibits a negative regulatory 
function on the MORI promotor may be a novel lead to investigate with respect to 

intestinal inflammation (24) . 
What may be the role of intestinal MDRI that prevents inflammation? In Mdrla -
/- mice it was shown that barrier dysfunction was accompanied by decreased 
phosphorylation of tight junction proteins and increased bacterial translocation (25). 
In animal models it has been demonstrated that commensal bacterial flora is required 
for the development of spontaneous severe colitis (9). Therefore, a possible mechanism 
is that bacterial products/toxins become sequestrated within epithelial cells, which 
will subsequently initiate an inflammatory response, either by direct toxicity to the 
epithelial cell or indirectly by altering the nature of the antigen presenting capability of 
the epithelial cell. In addition, MORI has been shown to influence T cell and dendritic 
cell migration (26;27). MORI may directly be involved in the immune response in 
IBO by controlling intracellular and extracellular accumulation of key signalling lipids 
that subsequent regulate T cells. Furthermore, there is evidence for an important role 
of MORI in transepithelial transport of cytokines, through which T cell proliferation 
and activation can be influenced (28). 
Since MORI is able to transport a wide variety of xenobiotics, changes in MORI 
function and expression in intestinal inflammatory diseases will also influence the 
efficacy of drugs. In vitro studies showed active transport of glucocorticoids, methotrexate 
and cyclosporine out of MOR-expressing cells (29;30). These observations have been 
supported by clinical studies that showed increased MORI expression in peripheral 
blood lymphocytes in patients with active CD and UC in whom medical therapy 
failed and surgical intervention has been necessary (31). There is increasing evidence 
that inhibition of MORI may have important therapeutic applications in overcoming 
MORI-mediated resistance to immunosuppressant therapy. Potent MORI inhibitors 
significantly decreased MORI-dependent efflux of important immunosuppressants 
from human intestinal epithelial cells and T lymphocytes (32;33). 
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MRPI in human intestinal inflammation 

Like MORI , MRPI is best known for the cellular extrusion of anti-cancer drugs. 
However, nowadays it is clear that MRPI functions as a transporter of a wide range 
of endogenous molecules , including reduced glutathione, glucuronide, and sulphate 
conjugates (4). Some insight in the physiological function of MRPI has been obtained 
by the demonstration that MRPI is also a high-affinity transporter for cysteinyl 
leukotrienes (34). The cysteinyl leukotrienes are potent mediators of inflammation that 
increase vascular permeability and smooth muscle contraction (35). 
In dextran sulfate sodium (OSS)-induced colitis, a model for IBO, Mrpl deficiency was 
associated with increased susceptibility to injury of the intestinal epithelium (13). We 
describe in chapter 3 a role for MRPI in the protection against inflammation-induced 
cell death by preventing intracellular accumulation of LTC4 in intestinal epithelial 
cells. 
The increased expression of MRPI in inflamed intestinal epithelial cells is further of 
interest, because MRPI also plays an important role in the chemotaxis of immune 
cells. MRPI is involved in a cysteinyl leukotriene-dependent T-cell chemotaxis (26). 
Currently it is unknown whether the increase in MRPI has a positive or negative effect on 
inflammation. On the one hand, MRPI can contribute to the development of intestinal 
inflammation by increasing the chemotaxis of peripheral blood T-lymphocytes to the 
gastrointestinal-associated lymphoid tissue. On the other hand, decreased intracellular 
LTC4 levels can result in an increased substrate competition between LTA4 -hydrolase 
and LTC4-synthase, which will eventually result in a decrease of LTB4 • Since LTB4 is a 
potent chemoattractant for polymorphonuclear cells, decreased LTB 4 levels can result 
in a diminished inflammatory response in intestinal inflammation. 
MRPI seems to have a remarkable opposite effect on a-Fas-induced apoptosis in intestinal 
epithelial cells and T-lymphocytes. Whereas we show that MRPI protects intestinal 
epithelial cells against apotosis, MRPI was proposed to sensitize T-lymphocytes for 
apoptosis by exporting glutathione (GSH) from the cell. Contradicting data have been 
reported though. Hammond et al. show that a-Fas stimulates GSH release from Jurkat 
cells which is associated with apoptotic cell death. MK571 and RN Ai blockade of MRPI 
leads to lowering of GSH efflux and thereby reduced apoptosis (36). In contrast, Franco 
et al. , demonstrate that MK571 actually stimulates GSH efflux in a MRPI-independent 
mechanism thereby promoting apoptosis (37). Both groups suggest that experimental 
conditions may be the cause of the opposite results. Therefore, in a follow-up study of 
chapter 3 we exposed DLD-1 and Jurkat cells to a-Fas. In parallel experiments Van 
Steenpaal et al. indeed found that inhibition of MRPI leads to reduction of Jurkat cell 
apoptosis while it strongly increased DLO-1 cell apoptosis. Importantly, a-Fas and/ 
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or MK571 treatment did not significantly change the cellular GSH content nor was 
apoptosis dependent on export of cysteinyl leukotrienes. 
We found that in severe intestinal inflammation in patients with IBD, MRPl was 
specifically up-regulated in crypt epithelial cells that form the proliferative cell 
compartment of the gut. Hepatic progenitor cells in livers of patients with severe 
hepatitis also contain high levels of MRPl (38) . Similar to the intestinal crypt 
cells, hepatic progenitor cells are involved in regeneration of damaged tissue during 
pathophysiological conditions. They need to survive in conditions when they are 
exposed to cytokines, toxic metabolites and xenobiotics. Therefore, MRPl may have an 
important role in maintaining the regenerative capacity of hepatocytes and intestinal 
epithelial cells during inflammation. 
So far, little is known about the regulatory mechanisms involved in the gene expression 
of MRPl in inflammation. There is only one study in which a positive regulatory 
pathway is described for MRPl in intestinal epithelial cells. Administration of IL-IB 
to the coloncarcinoma cell line HT 29 resulted in induction of MRPl mediated by 
nitric oxide-related signaling (39). Up-regulation of MRPl in HT29 cells is probably 
cell line specific, since treatment of other coloncarcinoma cell lines, Caco-2 and DLD-
1, with IL-IB did not result in increased MRPl levels. Inflammatory bowel disease is 
accompanied by oxidative stress. Since the MRPl promotor contains a putative AP-1 
site, the MRPl gene may be activated by oxidative stress in intestinal inflammation 
(40) . 
Selective and controlled modulation of MRPl expression could be used as an adjuvant 
therapy during gastrointestinal and hepatic disease. The possibility to increase MRPl 
levels in cells that experience inflammatory stress is particularly interesting since 
its dichotomal effect in epithelial and lymphocytic cells can both be considered 
"therapeutic". Increased epithelial MRPl would lead to improvement of the epithelial 
barrier, while increased T-lymphocyte MRPl would sensitize these cells for apoptosis. 
Current therapies for IBD are specifically targeted to increase apoptosis of T-cells to 
silence the overactive and uncontrolled immune reaction. However, one has to keep in 
mind that uncontrolled overexpression of MRPl could result in the development of a 
malignancy due to the anti-apoptotic phenotype of the targeted cells. To accomplish 
this, a major step would be the discovery of the regulatory mechanisms involved in 
MRPl expression. 

Bile salt transporters in cholestatic liver disease 
Compared to extensive studies in cholestatic animals, there are only a few studies who 
describe changes of hepatocellular transporter expression in human cholestatic liver 
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diseases (38;41-45). These studies are of high importance because they give insight 
into the pathophysiology of cholestasis in human liver diseases. Unfortunately, such 
studies are limited by the small amount of human liver tissue available for research. 
Moreover, in vitro experiments with liver biopsies are technically difficult. It is of 
utmost importance to interpret results obtained with so-called control liver material 
with care. In most studies, control liver specimens are obtained from non-cancerous 
regions from explanted livers from patients with hepatic tumours (42;46). Metastatic 
liver disease and hepatocellular carcinomas are associated with high cytokine levels 
which are known to affect expression of bile salt transporters (47-50). Furthermore, 
increased numbers of Kupffer cells, intrahepatic monocytes/macrophages and T cells 
have been observed in pericancerous liver tissue. In addition, increased IL-113 levels were 
shown in precancerous tissue compared with control liver tissue (51). 
The small amount of liver material limits the techniques that can be used to study 
transporter expression. Furthermore, transporter expression is not homogenous and 
the obtained biopsy must be representative for the whole liver. Fortunately, molecular 
techniques like transcriptome (quatitative-RT-CRand microarray) and proteome analysis 
are strongly improved during the past decade so that they are readily applicable on liver 
biopsy material as well. Even laser dissection microscopy can be applied to determine 
cell type specific gene expression. In combination with the "classical" histochemical 
and immunohistochemical staining techniques, one can get a lot of information from 
one liver biopsy nowadays. 
The analysis of processes in the human liver is even further developed by using liver 
slices (52). This technology offers the possibility to investigate different experimental 
conditions in a system in which all different liver cell types are present in a small liver 
slice. Although it is still crucial to establish cell type-specific gene regulation using in 
vitro systems using human liver cell lines like HepG2 or primary (human) hepatocytes, 
the liver slices offer the advantage to study experimental conditions in the context 
of the complex interplay between different liver cell types. As for intestinal biopsies, 
the "culture" time is limited, but primary responses can be analyzed. Furthermore, 
a direct comparison can be made between human and rat liver slices using the same 
experimental conditions. 
The basic principles of transcriptional regulation of bile salt transporters by FXR and 
RXR in human and rodents seem largely preserved, though some differences have been 
described. Also the feedback mechanism on bile salt synthesis by FGF-19 (FGF-15 in 
rodents) signalling from the gut to the liver is conserved (53;54). Unfortunately, the 
true relevance of FXR/RXR transcriptional control in healthy subjects and cholestatic 
patients is difficult to establish since this is a complex interplay between mRNA and 
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protein levels of the transcription factors involved, as well as the presence of their ligands, 
bile salts and 9-cis retinoic acid, and inflammation induced pose-transcriptional effects 
on these factors. 
The difference between rodents and humans is the role of pose-transcriptional 
mechanisms involved in the regulation of human bile salt transporters. In LPS-treated 
human liver slices and percutaneous liver biopsies from patients with inflammation
induced icteric cholestasis mRNA levels of BSEP and MRP2 were maintained, but 
post-transcriptional events lead to a decrease in canalicular BSEP and MRP2 (42;52). 
In contrast, Bsep and Mrp2 mRNA levels were clearly decreased in LPS-treated 
rodents which was associated with decreased protein levels of these transporters 
(55;56). In chapter 5 we also show for other hepatic (ABC) transporter genes, MORI 
and MRP3, that post-transcriptional regulation plays an important role in human 
transporter regulation. Future research needs to reveal whether differences exist in post
transcriptional/cranslational mechanisms such as translational efficiency, intracellular 
sorting or targeting, or lysosomal breakdown. 
To date, treatment options for cholescacic diseases are limited. T reacment strategies should 
aim ac stimulation of defective transporter expression and function and should support 
bile acid detoxification and alternative elimination. Understanding che regulation of 
bile acid transport and metabolism under physiological and cholestatic conditions is 
a prerequisite for the development of novel treatment options. Pharmacotherapeutic 
strategies may therefore be aimed ac nuclear receptors, such as FXR and RXRa, and their 
target genes that affect biliary excretory routes, bile acid detoxification systems and renal 
elimination systems. This coordinated stimulation of hepatocellular detoxification and 
elimination ofbiliary constituents may ameliorate cholestatic liver injury. Pharmaceutical 
compounds targeting nuclear receptors have been proposed as promising therapeutical 
approaches. Experiments with synthetic FXR agonises in cholescacic rodent models have 
been promising and resulted in reduced biochemical and histomorphological markers 
of liver injury in some models (57;58). Unfortunately, many clinically relevant chronic 
cholestatic liver diseases have a significant obstructive component. This implies that 
FXR agonises should be tested under strictly controlled conditions, since FXR-induced 
expression BSEP may aggravate liver injury in obstructive cholestasis due to increased 
biliary pressure and subsequent rupturing of cholangioles causing bile infarcts. Also 
activation of CAR and PXR have been shown to ameliorate cholestatic liver injury by 
stimulation of bile acid export pumps and biliary detoxification systems (59;60). Future 
studies are needed to determine the safety of these agents. 
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ENGLISH SUMMARY 

The liver and intestine have an important role in the metabolism of the human body. 
Nutrients are absorbed and digested in the intestine and subsequently taken up by 
the blood and transported to the liver. The l iver is responsible for the metabolism 
of carbohydrates, proteins and hormones and the formation of bile. The hepatocyt 
has highly specialized transport proteins located at the basolateral (sinusoidal) and 
canalicular (apical) membrane for the uptake and excretion of dietary compounds, bile 
constituents and xenotoxins. Members of the AT P binding cassette (ABC) transporter 
family have an important role in transport of these substrates and are able to transport 
these across the cell membrane against a concentration gradient. Recently, it has 
become clear that nuclear receptors (NRs) play an important role in the transcriptional 
regulation of transporter genes. NR are transcription factors that are activated by 
specific ligands. Binding of a ligand leads to conformational changes and recruitment/ 
dissociation of cofactors, which increases the binding affinity to specific DNA sequences 
in promoter elements of a subset of genes. This mechanism may lead to either induction 
or repression of the NR-target gene. Many of the ligands of NRs are substrates for 
ABC-transporters, thereby creating a regulatory loop for maintaining optimal cellular 
levels of these compounds. This discovery has led to an increased understanding of 
the molecular mechanisms that are involved in the development of decreased bile flow 
(cholestasis) . 
Most data on the transcriptional regulation of transport proteins in the l iver and 
intestine are obtained from cell  culture experiments and research performed with 
rodents. There is evidence that major differences may exist in the regulation of transport 
proteins between cell lines, rodents and humans. Consequently, it is crucial to establish 
transporter function and regulation in humans to understand their role in health and 
disease. Therefore, the research described in this thesis aims at defining the role of 
transport proteins in intestinal inflammation and cholestatic liver disease in human 
subjects. 
Chapter I gives an overview about the regulation of transport systems in the liver 
and intestine during inflammatory conditions in experimental model systems. Detailed 
information is given about the influence of cytokines on NRs and transporter genes. 
Further, the current/limited knowledge about transporter expression in human 
gastrointestinal and liver disease is discussed. 
In the first two chapters we focused on the influence of intestinal inflammation on 
the expression of multidrug resistance(-associated) proteins, MDRl and MRPl .  In 
the intestine MDRl is highly expressed at the apical side of the epithelium and has 
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an important role in maintaining the integrity of the epithelial cell barrier. Recent 
studies have shown that MDRl polymorphisms are associated with the development 
oflnflammacory Bowel Disease (IBD), in particular ulcerative colitis. In chapter 2, we 
demonstrate chat the expression of MDRl is decreased in inflamed intestinal mucosa 
from patients with IBD. In addition, we observed that also in other forms of intestinal 
inflammatory disease, diverticulitis and collagenous colitis, MDRl levels were decreased. 
Therefore, we concluded that decreased MDRl levels in intestinal inflammation are 
not specific for IBD, but a result of the inflammatory conditions. The next step was 
to delineate the molecular mechanism involved in the negative regulation of MDRl . 
In our study, none of the used colon-specific cell lines showed a cytokine-dependent 
reduction of MDRl mRNA levels. Only in freshly isolated intestinal biopsies of healthy 
controls, we were able to reproduce a decrease in MDRl expression after incubating 
these biopsies with cytokines. Expression of MDRl is under control of the pregnane 
X receptor (PXR), a NR that is activated by a wide variety of ligands including bile 
salts and drugs. In patients with UC, an association has been described between low 
mRNA levels of PXR and low MDRl levels. In our study we found chat mRNA levels 
of PXR are decreased in inflamed intestinal tissue. However, protein expression of PXR 
was unchanged. Further, the expression of another gene regulated by PXR, CYP3A4, 
was significantly increased in some patients. We concluded chat inflammation leads to 
a decrease in MDRl expression and thereby can compromise the gut barrier function. 
Moreover, the observed down-regulation of MDRl in inflamed human intestinal 
epithelium appears independent of PXR. 
Like MDRl, MRPl is expressed by intestinal epithelial cells, but at the basolaceral 
membrane. MRPl is involved in the transport of toxic substrates out of the cell. Some 
insight in the physiological function of MRPl has been obtained by the demonstration 
chat MRPl is also a high-affinity transporter for cysteinyl leukotrienes, which are 
inflammatory mediators. In chapter 3, we studied the role of MRPl in inflamed 
intestinal tissue from patients with Crohn's disease and ulcerative colitis. MRPl 
expression was increased in the crypt epithelial cells from patients with severe intestinal 
inflammation. The intestinal epithelium is constantly renewed from stem cells residing 
in the crypt. Previously, we found that stem cells in the liver of patients with severe 
hepatitis also contain high levels of MRPl .  Stem cells need to survive in conditions 
when they are exposed to cytokines, toxic metabolites and xenobiotics. Therefore, MRPl 
may have an important role in maintaining the regenerative capacity of hepatocytes 
and intestinal epithelial cells during inflammation. Using a colon-specific cell line, we 
found that overexpression ofMRPl results in a diminished sensitivity for cytokine- and 
anti-Fas-induced cell death, specifically apoptotic cell death. In contrast, inhibition 
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of MRPl function or expression caused an increased sensitivity for apoptosis after 
incubation with cytokines. Inhibition of leukorriene C

4 
synthesis decreased apoprosis 

of DLD-1 cells after incubation with cytokines and anti-Fas during pharmacological 
inhibition of MRPI activity . These data show that MRPl protects intestinal epithelial 
cells against inflammation-induced cell death by preventing intracellular accumulation 
of LTC4 • Increased expression of MRPl is therefore an important adaptation during 
inflammation to maintain the intestinal barrier. 
Intestinal epithelial cells are exposed to reactive oxygen species and cytokines during 
intestinal inflammation. In addition to transport proteins, other protective mechanisms 
exist against oxidative stress- and inflammation-induced cell death. The enzyme 
haem-oxygenase (HO-1) is induced by oxidative stress and catalyses the conversion 
of heme into carbon monoxide (CO), biliverdin, and ferritin. Free iron, catalyzing 
oxidative reactions, is bound by iron regulatory proteins that stimulate synthesis of 
ferritin, thereby preventing iron-dependent oxidative stress. Biliverdin is converted into 
bilirubin, a potent scavenger of reactive oxygen species. Further, the HO-1 product CO 
has been reported to have anti-inflammatory and anti-apoptotic effects. The enzyme 
inducible nitric oxide synthase (iNOS) , which generates nitric oxide (NO) , is induced 
by inflammatory cytokines. NO has an important role in maintaining mucosa! integrity 
under normal and pathological conditions. In chapter 4 we describe the opposite 
regulation ofHO-1 and iNOS during oxidative stress. Human intestinal epithelial cells 
exposed to cytokines showed increased iNOS levels, while HO-1 expression remained 
undetectable. Similar results were observed in intestines of endotoxaemic rats exposed 
to lipopolysaccharide (LPS). Oiethylmaleate (DEM)-induced oxidative stress strongly 
induced HO-1 but not iNOS in intestinal epithelial cells. T he combination of oxidative 
stress and endotoxaemia resulted in strongly induced HO-1 levels, while iNOS levels 
were not increased. Oxidative stress appeared to prevent iNOS induction in a NF- KB 
dependent manner. In addition, exposure of epithelial cells to the HO-1 product CO 
prevents the increase ofiNOS expression when co-treated with cytokines. These findings 
suggest that iNOS and HO-1 represent mutually exclusive survival mechanisms in 
intestinal epithelial cells. 

In the second part of this thesis, we studied the role of bile acid transporters during 
cholestatic liver disease occurring after liver transplantation. Cholestasis may develop 
as a result of different pathological conditions. First, cholestasis can evolve through 
(physical) obstruction of bile duct(ule)s. Alternatively, changes in the expression of bile 
acid transport proteins can result in a decrease in bile acid transport from the hepatocyt 
to the bile ductuli and subsequently lead to cholestasis. In chapter 5, we have focussed 
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on the development of cholestasis in patients who develop acute liver rejection after liver 
transplantation. We studied the expression of bile acid transporters in  core-needle liver 
biopsies. The expression of the bile salt export pump (BSEP) was unchanged during 
acute liver rejection, while the transport protein NTCP, which is responsible for the 
uptake of bile acids, is decreased in hepatocytes. Using immunohistochemistry and 
electron microscopy we detected clear dilation of the bile canaliculi and intercellular 
bile leakage. Nuclear receptor and cytokine expression was not significant changed in 
acute rejection. Cholestasis that develops in association with liver rejection is therefore 
primarily caused by physical obstruction of bile duct(ule)s and not through abnormal 
expression of hepatocanalicular bile salt and bilirubin transport. 
In chapter 6, we studied the involvement of transport proteins in the development of 
fibrosing cholestatic hepatitis (FCH) in patients transplanted for hepatitis C (HCV) 
induced liver failure . Cholestasis in FCH was associated with canalicular dilatation 
and decreased canalicular expression of BSEP and MRP2. Cytoplasmic staining for 
BSEP suggests that post-transcriptional mechanisms play a role in the reduction of 
BSEP in FCH. HCV in patients with FCH may interfere with intracellular targeting of 
canalicular proteins. Up-regulation ofMRP3 and down-regulation ofNTCP represent 
adaptive mechanisms limiting bile salt-induced hepatocellular and ductular i njury. In 
contrast to rejection-induced cholestasis, FCH may therefore develop from changed 
hepatobiliary transporter expression and/or physical obstruction of bile duct(ule)s. 

In summary, our knowledge about the involvement of transport proteins in the 
development of gastrointestinal and liver disease has greatly advanced. This has given 
insight in the molecular mechanisms that are involved in the pathophysiology of 
different diseases, but has also created new therapeutic options. 
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NEDERLANDSE SAMENVATTING 

De lever en de darm zijn organen met een belangrijke rol in de stofwisseling van het 
menselijk lichaam. In de darm warden voedingsstoffen opgenomen en verteerd. De 
verteerde voedingsstoffen warden in het bloed opgenomen en vervolgens naar de lever 
getransporteerd. In de basolaterale membraan van de levercel (= hepatocyt) bevinden zich 
transporteiwitten die verantwoordelijk zijn voor de uitwisseling van stoffen tussen het 
bloed en de lever. In de lever vindt dan de stofwisseling plaats van koolhydraten, vetten, 
eiwitten en hormonen. De lever is verder betrokken bij de vorming van gal en de afbraak 
van schadelijke producten. Gal is essentieel voor de voedselvertering en de uitscheiding 
van afvalscoffen. De uitscheiding van gal en afvalstoffen vanuit de hepatocyt naar de 
galkanaaltjes komt tot stand door transport eiwitten in de canaliculaire membraan. 
Transporteiwitten van de zogenaamde "ATP bindings cassette (ABC) familie" 
vervullen een belangrijke rol in de uitscheiding van galzouten, cholesterol, bilirubine 
en geneesmiddelen. ABC transporteiwitten zijn in staat om de verschillende stoffen 
tegen een concentratiegradient in over een celmembraan te transporteren. Recentelijk is 
aangetoond dat nucleaire receptoren (NR) een belangrijke rol hebben in de transcriptie 
van transporter genen. NR zijn transcriptie factoren die geactiveerd warden door 
specifieke liganden. Binding van een ligand leidt tot een ruimcelijke verandering die 
resulteert in binding of dissociatie van cofactoren, waardoor de bindingsaffiniteit voor 
specifieke DNA sequenties in de promotor van bepaalde genen kan warden beYnvloed. 
Die mechanisme leidt tot inductie of inhibitie van het betreffende gen. Vee! liganden 
kunnen als substraat dienen voor ABC transporters, waardoor er een regelmechanisme 
ontstaat die een optimale intracellulaire concentratie waarborgt van deze liganden. Deze 
ontdekking heeft geleid tot meer inzicht in de moleculaire mechanismen die becrokken 
zijn bij het ontwikkelen van bijvoorbeeld een gestoorde afvloed van galbestanddelen 
(cholestasis). 
Tot op heden komt de meeste kennis omtrent de transcriptionele regulatie van 
transporteiwitten in de darm en lever voort uit proeven met gekweekte cellen en 
dierexperimenten. Er is bewijs dat er mogelijk grate verschillen bestaan in de regulatie 
van verschillende transporteiwitten tussen cellijnen, diermodellen en mensen. Daarom 
is het belangrijk om bij mensen de functie en regulatie van transporteiwitten te 
doorgronden om de rol van deze transporters te begrijpen bij verschillende ziekten. 
We hebben ons daarom in dit proefschrifr gericht op het bestuderen van de functie en 
regulatie van transporteiwitten bij patienten met gastrointestinale en leverziekten. 
In hoofdstuk 1 wordt een overzicht gegeven van de regulatie van transporteiwitten 
tijdens ontstekingprocessen in de darm en lever. Er wordt een gedecailleerd overzicht 
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gegeven van de invloed van onrstekingsmediatoren op de expressie van NRs en 
transporteiwitten. Verder wordt de beperkte kennis omtrent de expressie van 
transporteiwitten in gastrointestinale ziekten en aandoeningen van de lever besproken. 
In de daarop volgende twee hoofdstukken hebben we als eerste de invloed van 
darmontsteking onderzocht op de expressie van de multidrug resistance(-associated) 
proteins, MDRl en MRP l .  Hee is bekend dat MDRl aanwezig is aan de luminale 
zijde van het darmslijmvlies en daardoor een belangrijke rol heefr in het behoud van de 
inregriteit van de epitheliale eel barriere en het transepicheliale transport. Eerdere studies 
hebben een associatie aangetoond tussen MDRl en het ontstaan van de chronische 
darmontsteking colitis ulcerosa. In hoofdstuk 2 tonen we aan dat de expressie van 
MDRl sterk is afgenomen in ontstoken darmweefsel van patienten met de ziekte van 
Crohn en colitis ulcerosa. We vonden echter dat bij patienren met een andere vorm 
van darmontsteking, diverticulitis en collagene colitis, het eiwit voor MDRl ook 
verminderd aanwezig was. Hieruit hebben we geconcludeerd dat een afname in MDRl 
expressie in onrstoken darm niet specifiek is voor chronische ontstekingsziekten van de 
darm (inflammatory bowel disease = IBD). De volgende stap was om het mechanisme 
te doorgronden, dat becrokken is bij de regulatie van MDRl tijdens ontsteking. 
Onderzoek toonde in geen enkele dikke darm-specifieke cellijn een afname in MDRl 
mRNA expressie na behandeling met ontstekingsmediatoren (cytokines) . A lleen in 
direct gei'soleerde darmbiopten van gezonde personen zagen we een afname in MDRl 
expressie na kortdurende incubacie met cytokines. De expressie van MDRl wordt onder 
andere gereguleerd door de pregnane X receptor (PXR); een NR die geactiveerd wordt 
door een grote varieteit aan liganden zoals galzouten en medicamenten. Bij patienten 
met colitis ulcerosa was een associatie beschreven tussen !age PXR mRNA expressie 
en lage MDRl niveaus. In onze studie vonden we ook een verlaagde mRNA expressie 
voor PXR in ontstoken darmweefsel. Daarentegen was de eiwit expressie voor PXR 
onveranderd. Tevens was de expressie van een ander door PXR gereguleerd gen CYP3A4 
tegengesteld gereguleerd aan MDRl . Hieruit concludeerden we dat ontsteking leidt 
tot een afname in MDRl expressie en daardoor mogelijk de barriere functie van de 
darm doet afnemen. Verder observeerden we dat de negatieve regulatie van MDRl in 
ontstoken darmweefsel waarschijnlijk onafhankelijk is van PXR. 
MRPl wordt net als MDRl tot expressie gebracht door het damepitheel. MRPl komt in 
bijna alle cellen van het menselijk lichaam voor en is betrokken bij het transporteren van 
voor deze cellen schadelijke scoffen die voortkomen uit bepaalde voedselcomponenten, 
alcohol en ontstekingsreacties Een eerste verdediging tegen schadelijke stoffen is de 
vorming van verbindingen met onder andere glutathion, glucuronide en sulfaat, die 
door MRPl uit de eel getransporteerd kunnen worden. Uit onderzoek is gebleken dat 
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MRPl ook een rol speelt bij ontsteking, omdat her in staat is om cysteinyl leukotrienen 
(ontstekingsmediatoren) te transporteren. In hoofdstuk 3 hebben we de rol van MRPl 
in ontstoken darmweefsel bij patienten met de ziekte van Crohn en colitis ulcerosa 
onderzocht. We vonden in IBD patienten met ernstige darmontsteking dat MRPl 
specifiek was toegenomen in epitheelcellen in de crypten van de darm. Uit eerder 
onderzoek was gebleken dat stamcellen in de lever tijdens ernstige hepatitis MRPl sterk 
tot expressie brachten. Vergelijkbaar met de crypt cellen in de darm, zijn de stamcellen in 
de lever betrokken bij regeneratie van leverweefsel. Her weefsel moet kunnen overleven 
wanneer deze wordt blootgesteld aan ontstekingsmediatoren, toxische metabolieten en 
geneesmiddelen. Daarom veronderstelden we dat MRPl een belangrijk rol zou kunnen 
spelen in de bescherming van her darmepitheel tegen geprogrammeerde celdood 
(apoptose) tijdens ontsteking. We vonden in een dikke darm-specifieke cellijn DLD-1, 
dat overexpressie van MRPl resulteerde in een verminderde gevoeligheid voor cytokine 
en anti-Fas gei:nduceerde apoptose. Vervolgens hebben we de transcriptie van MRPl 
geblokkeerd en toonde we aan dat een verlaagd MRPl niveau leidde tot een toegenomen 
gevoeligheid voor apoptosis na incubatie met ontstekingsmediatoren. Door remming 
van de synrhese van leukotriene C4 konden we de mate van celdood na incubatie met 
ontstekingsmediatoren verminderen tijdens blokkade van MRPl transport. Hieruit 
concludeerden we dat MRP 1 een belangrijke rol vervult in de bescherming van ontstoken 
darmepitheel tegen apoptose door de uitscheiding van de cysteinyl leukotriene, LTC4• 

Een toename in MRPl expressie is een belangrijke aanpassing tijdens ontsteking voor 
her behoud van de integriteit van de intestinale barriere. 
Tijdens darmontsteking worden epitheelcellen blootgesteld aan zuurstofradicalen en 
cytokines. Naast transporteiwitten bestaan er oak andere beschermingsmechanismen 
in epitheelcellen tegen oxidatieve stress en ontsteking-gemedieerde celdood. Heme 
oxygenase-1 (H0-1) is een belangrijk enzym tegen oxidatieve stress. Daarnaast 
produceert H0-1 koolsrofmonoxide (CO) dat een ontstekingsremmend effect heefr. 
Her induceerbare stikstof-monoxide synthase (iNOS), dat verantwoordelijk is voor 
de productie van stiksrof-monoxide (NO), wordt ge"induceerd door cytokines. NO 
heeft een belangrijke rol in het behoud van de integriteit van de darmslijmvlies tijdens 
ontsteking. In hoofdstuk 4 beschrijven we de tegengestelde regulatie van H0-1 en 
iNOS tijdens oxidacieve stress. In celkweek experimenten met menselijke epitheelcellen 
van de dikke darm die werden blootgesteld aan ontstekingsfactoren en een model 
voor bloedvergiftiging in ratten, vonden we dat iNOS gernduceerd werd maar H0-
1 niet detecteerbaar was. Onder condities van oxidatieve stress, die tot stand kwam 
door gebruik van diethylmaleate (DEM), kwam H0-1 daarentegen we! tot expressie en 
iNOS niet. Bij combinatie van ontstekingsmediatoren en oxidatieve stress was er een 
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sterke afname in iNOS expressie. We vonden dat oxidatieve stress resulteerde in een 
verminderde iNOS productie door remming van de transcriptie factor NF-KB. Verder 
konden we aantonen dat incubatie van epitheel cellen met CO leidde tot een afname 
in iNOS expressie na behandeling met ontstekingsmediatoren. Hieruit concludeerden 
we dat de beschermingsmechanisme tegen ontsteking en oxidatieve stress exclusief 
gereguleerd worden. 

In her tweede dee! van her proefschrift hebben we de rol van galzout transporters 
bestudeerd tijdens cholestatische leverziekcen na levertransplantatie. Er zijn verschillende 
oorzaken voor her ontstaan van een cholestase. In de eerste plaats kan cholestase 
ontstaan door obstructie van de galwegen. Verder kan een verminderd transport 
van galzouten vanuit de hepatocyt naar de kleine galwegen door een verandering 
in de aanwezigheid van galzout transporterende eiwitten leiden tot stapeling van 
galzouten in de hepatocyt. In hoofdstuk 5 hebben we ons gericht op het ontstaan van 
cholestase bij patienten die na levertransplantatie acute afstoting (rejectie) van de lever 
ontwikkelden. Tijdens een episode van acute rejectie is gebleken dat de canaliculaire 
galzout transporter BSEP onveranderd tot expressie kwam, terwijl er een afname was in 
het transporteiwit NTCP dat verantwoordelijk is voor de opname van galzouten door 
de hepatocyt. Met immunohistochemie en electronenmicroscopie werd dilatatie van 
de kleine galkanaaltjes in de lever met intercellulaire gallekkage geobserveerd. NR en 
cytokine expressie was niet significant veranderd in patienten met acute lever rejectie. 
Hieruit hebben we geconcludeerd dat cholestase bij acute rejectie van de lever ontstaat 
door obstructie van de kleine galkanaaltjes en niet door veranderingen in de expressie 
van galzout transporters. 
In hoofdstuk 6 hebben we de betrokkenheid van galzout transporters onderzocht bij 
het ontstaan van cholestatische fibroserende hepatitis C (FCH) bij patienten die waren 
getransplanteerd vanwege met hepatitis C geassocieerd leverfalen. FCH is geassocieerd 
met canaliculaire verwijding en een verminderde expressie in BSEP en MRP2. Een 
cytoplasmatische aankleuring voor BSEP suggereert dat een post-transcriptioneel 
mechanisme betrokken is bij de verlaagde BSEP niveaus. Mogelijk dat het hepatitis 
C virus van invloed is op de intracellulaire targeting van canaliculaire eiwitten. Een 
toename in MRP3 en een afname in NTCP expressie zouden kunnen bijdragen in 
de bescherming van de hepatocyt tegen toxische galzout spiegels. In tegenstelling met 
cholestase bij acute rejectie, lijkt cholestase bij FCH te ontstaan uit een veranderde 
galzout transporter expressie in combinatie met obstructie van de galkanaaltjes. 
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Samenvattend,  de kennis van transporceiwitten betrokken bij het ontstaan van 
gastrointestinale aandoeningen en leverziekten is in de afgelopen jaren sterk 
toegenomen. Oit heeft niet alleen bijgedragen aan meer inzicht in de pathofysiologie 
van verschillende ziektebeelden, maar ook nieuwe mogelijkheden gecreeerd voor 
therapeutische interventie. 
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Ik ben erg dankbaar dat ik in 2001 als arcs de gelegenheid heb gekregen me te bekwamen 
in het doen van basaal wetenschappelijk onderzoek. Deze ervaring heeft en zal ook 
in de toekomst een belangrijke invloed hebben op de manier waarop ik als arts mijn 
werk zal invullen. De afgelopen 5 jaar heb ik met vele mensen samengewerkt om dit 
proefschrift te realiseren. Hierbij wil ik de personen, die hebben bijgedragen aan het tot 
stand komen van dit proefschrift, persoonlijk bedanken. Natuurlijk gaat ook alle dank 
uit naar de patienten die belangeloos darm- en leverbiopten hebben afgestaan voor 
het verkrijgen van meer inzicht in de pathofysiologie van inflammatoir darmlijden en 
cholestatische leverziekten. 
In eerste instantie wil ik mijn promotor prof. dr. P.L.M. Jansen bedanken. Beste Peter, 
na mijn co-schappen heb je me de mogelijkheid gegeven om ervaring op te doen met 
het verrichten van wetenschappelijk onderzoek alvorens te starcen met de opleiding tot 
maag- darm- leverarts. Ondanks het feit dat we in eerste instantie niet in staat bleken 
om invulling te geven aan het MLDS project, zijn we door je vele ideeen er toch in 
geslaagd om een onderzoekslijn te formuleren waarin we de rol van transporteiwitten 
in inflammatoire aandoeningen van de darm en lever hebben kunnen bestuderen. Jij 
bent degene die me enchousiast heeft gemaakt voor cranslationeel onderzoek. Nu ik 
begonnen ben met mijn klinische opleiding, heb ik nog steeds de interesse om mij 
te verdiepen in de moleculaire mechanismen die betrokken zijn bij de verschillende 
gascroenterologische en hepatologische aandoeningen. 
In de tweede plaats wil ik prof. dr. H. Moshage danken voor zijn begeleiding. Beste Han, 
ik heb je bijdrage tijdens ooze discussies alcijd zeer wecen ce waarderen. Je oneindige 
kennis ten aanzien van de basale hepatologie, zijn een waardevolle aanvulling geweest 
voor het tot stand komen van die proefschrift. Verder hebben we alcijd veel kunnen 
lachen om je voorliefde voor slechte horrorfilms. In het begin had je sterke cwijfels 
over mijn aanwezigheid als arcs op het laboratorium. lk hoop dat ik je heb kunnen 
overtuigen dat ook personen met geneeskunde als achtergrond in staat zijn om basaal 
wetenschappelijk onderzoek te doen. 
Verder wil ik mijn dank becuigen aan mijn twee co-promocores te weten dr. K.N. 
Faber en dr. G. Dijkstra. Beste Klaas Nico, ik heb je leren kennen als een erg sociale 
leidinggevende. Je hebe in eerste instantie als basaal wetenschapper veel tijd moecen 
investeren om je te verdiepen in de klinische aspecten van mijn onderzoek, maar je 
bent hierdoor nu een waardevolle schakel geworden tussen de kliniek en het MDL
laboratorium. lk heb grote bewondering voor hec gemak waarmee je experimentele 
struikelblokken weet op ce lossen. lk heb het zeer weten te waarderen dat ik je altijd 
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kon bellen (ook 's avonds), terwijl ik in Zwolle zat. Beste Gerard, ik wil je danken voor 
de bereidschap die je had om mijn onderzoek te komen ondersteunen. Je  enthousiasme 
heeft me altijd gesterkt in het afronden van dit project. Ik hoop dat we in de toekomst 
gezamenlijk klinisch en translationeel onderzoek kunnen voortzetten als ik mijn 
opleiding in het UMCG zal voortzetten. 
Een speciaal woord van dank wil ik richten aan prof. dr. T.A.D. Roskams, dr. L. 
Libbrecht en dr. S. Vander Borght. Beste Tania, Sara en Louis, ik heb het goede 
ontvangst in Leuven altijd zeer weten te waarderen. Door jullie fantastische werk op 
het gebied van immunohistochemie, zijn we in staat gebleken het onderzoek naar een 
hoger niveau te brengen. Daardoor hebben we het basale onderzoek ook in klinisch 
perspectief kunnen zetten. Beste Sara, ik heb onze samenwerking als erg positief 
ervaren en heb grote waardering voor de vele kleuringen die je hebt verricht voor de 
verschillende samenwerkingsprojecten. Louis, ik wil je veel succes wensen met je werk 
als patholoog. 
De leden van de leescommissie prof. dr. J.H. Kleibeuker, prof. dr. H.J. Verkade en prof. 
dr. U.H.W. Beuers wil ik bedanken voor hun snelle en kritische beoordeling van dit 
proefschrift. 
Twee personen aan wie ik veel te danken heb zijn Lisette Bok en Mariska Geuken. 
Jullie zijn mijn steun en toeverlaat geweest op het laboratorium. Daarom is het ook 
vanzelfsprekend dat ik jullie gevraagd heb om paranimpf te worden. Lisette, je hebt mij 
de praktische kanten van bet doen van wetenschappelijk onderzoek geleerd. Zonder jou 
was het niet gelukt om alle darmbiopten te verwerken voor immunohistochemie, real
time PCR en Western blot. Beste Mariska, nadat je Jacqueline en Jenny had geholpen 
om hun proefschrift af te ronden, was bet mijn beurt. Je  was de vliegende keep voor 
mijn project. Je  was er altijd om me te helpen met mijn experimenten. Verder heb ik de 
persoonlijke gesprekken altijd sterk gewaardeerd. 
Daarnaast heb een fantastische tijd gehad op de gedeelde AIO-kamer van de vakgroepen 
MDL en Kindergeneeskunde. Lief en leed werd gedeeld door mijn mede kamerbewoners. 
Ik wil jullie danken dat ik mijn AIO-periode met jullie heb mogen delen. Jacqueline, 
Jenny, Marieke, T ineke, Titia, Jelske, Maaike , Esther en Anniek bedankt. Verder moet 
ik natuurlijk de drie musketiers niet vergeten te weten: Jannes, Martijn en Axel. Ik heb 
erg genoten van de momenten dat we met zijn allen een biertje gingen drinken. Verder 
hebben we ook een leuke tijd gehad tijdens de verschillende congressen. 
Ook wil ik stilstaan bij de andere collega's, die werkzaam waren bij de transportgroep 
van ons laboratorium. Antonella, ik heh ontzettend genoten van de Duitse manier 
waarop je ltaliaans kon koken. Ik heb van je geleerd dat " in der Beschrenkung" van 
ingredienten "sich der Meister zeigt" in de ltaliaanse kookkunst. Ik hoop in de toekomst 
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je nog eens re bezoeken in Edinburgh. Krzyszcof, I hope you will become a professor 
in your home country and have your own beer brewery. Verder wil ik Fiona en Janette 
danken voor de gezelligheid die altijd op her laboratorium was. Ik wil verder de collega's 
van de apoptose groep (Manon, Sandra, Laura, Rebekka en natuurlijk Marcus) danken 
voor de gezellige tijd op her laboratorium. Manon bedankc voor her geduld die je had 
om mij de kunst van her pipetteren re leren. 
Gezien her feit dat her laboratorium wordt gedeeld door de vakgroep MDL en 
Kindergeneeskunde, wil ik ook stilstaan bij de collega's van de naburige vakgroep. In 
eerste instantie wil ik de (ex)AIOs danken voor de goede tijd die we met zijn alien 
hebben gehad. Bedankt Christian, Anja, Robert, Aldo, Janine, Baukje, Jaap. Hierbij wil 
ik ook de andere !eden van de vakgroep Kindergeneeskunde Folkert, Henkjan, Edmond, 
Uwe,Torsten, Fjodor, Renze, Juul, Henk, Vincent, Janny, en Nicolette bedanken voor 
de goede tijd. Henk je bent altijd een eerste klas buurman geweest op her laboratorium. 
Ik zal onze diepzinnige gesprekken en je droge humor missen. 
Erwin Geuken wil ik danken voor de mogelijkheid die ik heh gekregen om in het kader 
van zijn project levercransplantaties re mogen bijwonen. Je bent nu je opleiding tot 
patholoog aan het invullen. Ik hoop dat we in de toekomst gezamenlijk nog eens een 
onderzoeksproject mogen doen. 
Een belangrijk persoon in mijn carriere bij de maag- darm- leverziekten is Rob de Knegt 
geweest. Beste Rob, jij bent degene geweest die me na een keuzeproject "voeding en 
IBD" vroeg om onderzoek te doen naar insuline-like growth factor-I en levercirrhose. 
Hierdoor is mijn keuze uiteindelijk gevallen op de opleiding tot MDL-arts. We zullen 
elkaar nog regelmatig zien op de nationale en internationale congressen. 
Ik wil de arts-assistenten en maatschapsleden van de interne geneeskunde en maag
darm- leverziekten uit het Sophia Ziekenhuis danken voor jullie niet aflatende interesse 
in de vorderingen van mijn proefschrifr. Verder wil ik mijn directe collega's Antoine, 
Conny, Margo, Robert, Juda, Dik, Lex, Maarten en Ed danken voor de goede tijd en 
collegialiteit. Ook wil ik het personeel van de verpleegafdeling Bl, het endoscopiecentrum 
en secretariaat danken voor de goede sfeer bij de vakgroep. 
Speciale dank voor de stafleden van de vakgroep maag- darm- leverziekten en de 
medewerkers van het endoscopiecentrum en voormalige verpleegafdeling D3VA van 
her UMCG voor de prima samenwerking en goede sfeer. Ook wil ik de secretaresses van 
de vakgroep MDL uit het UMCG, Gonny en Petra, danken dat ik alcijd even bij jullie 
langs kon !open om over wat dan ook bij te praten. 
Tjasso en Inge ik wil jullie beiden danken dat we af en toe konden bijpraten over de 
frustratie en problemen, die we tegenkwamen in het research werk. Tjasso, ik kijk ernaar 
uit dat we over anderhalf jaar als tweeling worden herenigd bij de vakgroep MDL. 
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Lieve papa, mama en Sandra, ik heb grote waardering voor jul lie steun, liefde en ruimte 
die jul lie mij hebben geschonken. 
Tenslotte wil i k  natuurlijk Judith en Arnaud bedanken. Lieve Judith, ik wil je danken 
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wel eens moeilijk wanneer het schrijven ten koste ging van de tijd die we samen hadden, 
maar je bent me altijd blijven steunen. Nu is het moment er dan uiteindelijk dat het 
proefschrifr is afgerond. Zoals je altijd zei Judith "Nooit meer een proefschrift". 
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