
 

 

 University of Groningen

Non-anastomotic biliary strictures after liver transplantation
Hoekstra, Harm

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hoekstra, H. (2010). Non-anastomotic biliary strictures after liver transplantation: clinical and experimental
studies on the pathogenesis and the role of bile salts. [Thesis fully internal (DIV), University of Groningen].
[s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/3f15e814-c33a-454e-bbb7-70b1bd8deeb8


Non-anastomotic biliary strictures after liver transplantation

Clinical and experimental studies on the pathogenesis and the role of bile salts

Harm Hoekstra



This thesis is funded, in part, by the ESOT-Fujisawa Study and Research Grant 2002 
to Harm Hoekstra and grants from the Jan Kornelis de Cock Foundation, University 
Medical Center Groningen, Swiss National Science Foundation, NIH, Gebert Ruf 
Foundation, Dutch Organization for Health Research, and Groningen Graduate School 
for Drug Exploration GUIDE.

The publication of this thesis is supported by the following companies: Novartis Pharma 
BV, Roche Nederland BV, Astellas Pharma BV, Covidien Nederland BV, and Zambon 
Nederland BV.

Hoekstra, H
Non-anastomotic biliary strictures after liver transplantation, 
Clinical and experimental studies on the pathogenesis and the role of bile salts

Thesis, University of Groningen, The Netherlands
ISBN: 978-90-367-4211-5

© Copyright 2010 Harm Hoekstra, The Netherlands
All rights reserved. No part of this book may me reproduced, stored in a retrieval system 
or transmitted in any form or by any means, without prior permission of the author.

Cover: Harm Hoekstra
Lay-out and Printed by: Gildeprint Drukkerijen, Enschede, The Netherlands



Non-anastomotic Biliary Strictures after Liver Transplantation 

Clinical and Experimental Studies on the Pathogenesis and the Role of Bile Salts

Proefschrift

ter verkrijging van het doctoraat in de
Medische Wetenschappen

aan de Rijksuniversiteit Groningen
op gezag van de

Rector Magnificus, dr. F. Zwarts,
in het openbaar te verdedigen op

woensdag 3 maart 2010
om 13:15 uur

door

Harm Hoekstra

geboren op 1 mei 1976
te Leeuwarden



Promotor: Prof. dr. RJ Porte

Beoordelingscommissie: Prof. dr. MJH Slooff 
 Prof. dr. HJ Verkade
 Prof. dr. UHW Beuers



Paranimfen: Drs. Bart J Emmer
 Drs. Roel Hoekstra





Contents

Chapter 1. Rationale and aims of the thesis. 9

Part I. Non-anastomotic biliary strictures after liver transplantation

Chapter 2. Causes and consequences of ischemic-type biliary lesions  17
 after liver transplantation.
 Journal of Hepatobiliary Pancreatic Surgery 2006; 13: 517-524

Chapter 3.  Is Roux-Y choledochojejunostomy an independent risk  35
 factor for non-anastomotic biliary strictures after liver 

transplantation?
Liver Transplantation 2009; 15: 924-930

Chapter 4. Similar liver transplantation survival with selected cardiac  49
 death and brain death donors. 

Submitted for publication

Part II. The role of bile salts in the pathogenesis of hepatobiliary injury after liver 
transplantation.

Chapter 5.  Bile salt toxicity aggravates cold ischemic injury of bile ducts  73
 after liver transplantation in Mdr2+/- mice.
 Hepatology 2006; 43: 1022-1031

Chapter 6.  Dearterialization of the liver causes intrahepatic cholestasis  97
 due to reduced bile transporter expression.

Transplantation 2008; 85: 1159-1166
  
Chapter 7.  Changes in cholangiocyte bile salt transporter regulation in  117
 mouse orthotopic liver transplantation and the role of bile salts.

Submitted for publication



Chapter 8. Changes in cholangiocyte bile salt transporter expression  135
 and bile duct injury after orthotopic liver transplantation. 
 Submitted for publication

Chapter 9.  Summary, discussion and future perspectives. 155

Samenvatting 165

List of abbreviations 173

List of publications 175

List of contributing authors 177

Acknowledgements 183

Curriculum Vitae 



Rationale and aims of 
the thesis

1



10

Rationale and aims of the thesis

Orthotopic liver transplantation (OLT) is an established treatment option for patients 
with end-stage liver disease. Survival following OLT has improved substantially over 
the years. Increasing waiting list mortality due to organ shortage, has led to the use of 
compromised or “extended criteria donors” (1). Donation after cardiac death (DCD) 
is potentially an important source of additional donor organs (2, 3). However, several 
studies have shown a higher incidence of bile duct complications after DCD liver 
transplantation compared to donation after brain death (DBD) liver transplantation (4, 
5). 
Bile duct complications are an important cause of morbidity and graft loss after OLT, 
occurring between 10-30% of the patients (6, 7). Biliary complications comprise 
both leakage and strictures. Isolated strictures at the bile duct anastomosis must be 
distinguished from non-anastomotic biliary strictures (NAS). The latter are considered 
as one of the most troublesome biliary complications and can be found in up to 20% of 
the patients after OLT (8).
NAS may present at multiple locations in the biliary tree and are frequently resistant 
to therapy (9). NAS are identified by radiological imaging studies and defined as any 
stricture, dilatation or irregularity of the intra- or extrahepatic bile ducts of the liver 
graft, either with or without biliary sludge formation. NAS are diagnosed after exclusion 
of hepatic artery thrombosis (HAT) by either Doppler ultrasound or conventional 
angiography. HAT after OLT has been shown to result in ischemic injury of the bile 
duct, due to the fact that the bile ducts completely depend on the arterial circulation 
for their blood supply. Because of the resemblance of intrahepatic biliary strictures 
occurring after HAT, NAS that appear in the absence of occlusion of the hepatic artery 
are also called ischemic-type biliary lesions (ITBL). Although prolonged ischemia time 
has been identified as an independent risk factor for this type of injury, in many patients 
with NAS an apparent risk factor cannot be identified. 

The aim of this thesis is to identify clinical risk factors for NAS, by analyzing donor and 
patient characteristics, as well as surgical variables in relation to postoperative outcome 
after OLT. Furthermore, we have performed clinical studies and experimental studies in 
mice to unravel the role of bile salt toxicity in the pathogenesis of hepatobiliary injury 
after OLT. 
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The thesis is divided in two parts. The first part focuses on the clinical risk factors for 
the development of NAS and in the second part we investigate the role of toxic bile salts 
and bile secretory function in the development of hepatobiliary injury after OLT.

Part i. non-anastomotic biliary strictures after liver 
transplantation
The specific aims of this section are to describe the various risk factors for NAS.
Chapter 2 provides an overview of the literature on the causes and consequences 
of NAS. Here we discuss three types of biliary injury, which have been identified 
as putative mechanisms in the development of NAS: preservation-related injury, 
immunological injury, and injury due to bile salt toxicity. In addition to these three 
putative mechanisms of biliary injury, NAS has also been associated with Roux-Y 
choledochojejunostomy. Roux-Y choledochojejunostomy is frequently used as an 
alternative to a duct-to-duct reconstruction of biliary drainage in OLT and although it 
is a rather secure type of biliary drainage it may facilitate ascending bacterial migration 
and cholangitis, which could lead to the development and progression of NAS. Previous 
studies have suggested that the use of a Roux-Y choledochojejunostomy is associated 
with a higher risk of developing NAS. This technique, however, is preferentially used in 
patients transplanted for primary sclerosing cholangitis (PSC) and PSC itself has also 
been associated with a higher incidence of NAS. The aim of chapter 3 was to determine 
whether Roux-Y choledochojejunostomy is an independent risk factor for NAS in a 
cohort of 486 consecutive adult liver transplantations. 
Transplantation of livers from DCD donors has been associated with lower graft 
survival rates and a higher incidence of bile duct complications (4, 5, 10). In chapter 

4 the results of a multicenter study in The Netherlands on differences in outcome after 
OLT with DBD and DCD liver grafts are described. Clinical risk factors for graft loss 
and NAS were identified in a cohort of 526 adult liver transplantations performed in 
the three Dutch transplant centers.

Part ii. the role of bile salts in the pathogenesis of 
hepatobiliary injury after liver transplantation
Hepatobiliary bile salt transporters play a critical role in maintaining the bile salt 
homeostasis and the cholehepatic circulation (11). Bile salts are absorbed from the 
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sinusoidal blood via basolateral membrane of hepatocytes through the Na+ -dependent 
taurocholate cotransporting polypeptide (NTCP) and secreted into bile via the 
canalicular bile salt export pump (BSEP) located in the canalicular membrane. 
Phospholipids are secreted into bile in human via the concerted action of the canalicular 
multidrug resistance 3 P-glycoprotein (MDR3) and the canalicular bile salts (12). The 
toxic effects of bile salts are prevented at least in part by formation of complexes (mixed 
micelles) with phospholipids. Bile salts are actively reabsorbed from the bile through 
the apical sodium-dependent bile salt transporter (ASBT) at the ductular membrane 
of cholangiocytes. In addition, uptake of bile salts via ASBT is linked with Cl- and 
HCO3- secretion into bile via a ductular anion channel or cystic fibrosis transmembrane 
conductance regulator (CFTR) (13). Bile salts are subsequently excreted by 
cholangiocytes into the peribiliary vascular plexus (PBP) via the basolateral heteromeric 
organic solute transporter (OST), consisting of two half transporters OST-alpha/beta 
(Figure 1).
Bile duct injury after human OLT correlates with the formation of toxic bile early after 
OLT, characterized by a high bile salt/phospholipid ratio (14, 15). Whether bile salt 
toxicity actively contributes to hepatic injury or is an epiphenomenon could not be 
discriminated in these clinical studies. 
In chapter 5 a study is described that was aimed to define the role of endogenous 
bile salt toxicity in the origin of bile duct injury and obtain new insights on the 
pathogenesis of cholestasis after OLT. We developed a mouse model of arterialized 
liver transplantation, using mice heterozygous for the disruption of the Mdr2 gene 
(Mdr2+/-), a homologue of human MDR3. These mice disclose approximately half of 
the normal phospholipid concentration in bile, but in contrast to their homozygous 
(Mdr2-/-) littermates, they do not develop bile duct injury and intrahepatic strictures 
under normal conditions. We hypothesized that the high biliary bile salt/phospholipid 
ratio in Mdr2+/- mice contributes to bile duct injury due to cold storage and subsequent 
reperfusion during OLT. We therefore transplanted livers from either Mdr2+/- mice or 
wild-type mice into wild-type recipients and assessed the degree of hepatobiliary injury, 
as well as changes in bile composition and bile secretory function in these two groups. 
In chapter 6 we report on the results of a study on the involvement of bile secretory 
dysfunction in the pathogenesis of hepatobiliary injury after HAT. We hypothesized 
that biliary injury after HAT is not only a direct result of ischemia, but may also be 
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aggravated by changes in the bile secretory function and subsequent bile salt toxicity. In 
a mouse model, we have studied this hypothesis by comparing changes in hepatocyte 
bile transporter expression, serum markers of cholestasis (serum bile salts and bilirubin), 
as well as hepatic ATP-content in mice with normal arterial blood supply to the liver 
or with either selective disruption of the PBP or with complete dearterialization of the 
liver.
The purpose of the study described in chapter 7 concerns the role of cholangiocyte bile 
salt transporters and the cholehepatic shunt in the pathogenesis of hepatobiliary injury 
after OLT in mice. This study is an extension of the results described in Chapter 5. In 
this study, we assessed changes in gene and protein expression for Asbt and the organic 
solute transporters Ost-alpha/beta after transplantation of wild-type or Mdr2+/- livers to 
wild-type mice in relation to bile composition and biliary injury after OLT.
The aim of the study described in chapter 8 was to examine changes in the expression 
of the cholangiocyte transporters ASBT, OST-alpha, OST-beta, and CFTR during and 
after human OLT. Furthermore, to determine the role of the cholehepatic shunt in 
the development of bile salt induced bile duct injury after OLT, gene expressions were 
correlated with the biliary bile salt secretion and degree of bile duct injury. In 37 adult 
liver transplant recipients, biopsies were taken from the grafted liver at the end of cold 
storage, 3 hours after graft reperfusion and at one week after transplantation. Changes 
in the cholangiocyte transporter expression were assessed using real time RT-PCR and 
immunofluorescence staining. 
Finally, in chapter 9 the results as described in the thesis are summarized and future 
perspectives are discussed.
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figure 1

Schematic overview of hepatobiliary transporters responsible for bile salt secretion and the 

cholehepatic shunt.
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aBstRaCt
Biliary complications are a major source of morbidity, graft loss and even mortality 
after liver transplantation. The most troublesome are the so called ischemic-type biliary 
lesions (ITBL), with an incidence varying between 5-15%.  ITBL is a radiological 
diagnosis, characterized by intrahepatic strictures and dilatations on a cholangiogram in 
the absence of hepatic artery thrombosis (HAT). Several risk factors of ITBL have been 
identified, strongly suggesting a multifactorial origin. Main categories of risk factors 
for ITBL include ischemia related injury, immunological induced injury and cytotoxic 
injury by bile salts. However, in many cases no specific risk factor can be identified. 
Ischemia related injury comprises prolonged ischemic times and disturbance in blood 
flow through the peribiliary vascular plexus (PBP). Immunological injury is assumed as 
risk factor based on the relationship of ITBL with ABO incompatibility, polymorphism 
in genes coding for chemokines, and pre-existing immunologically mediated diseases 
as primary sclerosing cholangitis and autoimmune hepatitis. The clinical presentation 
of patients with ITBL is often not specific, symptoms may include fever, abdominal 
complaints and increased cholestatic liver function tests. Diagnosis is made by imaging 
studies of the bile ducts. Treatment starts with relieving symptoms of cholestasis 
and dilatation by endoscopic retrograde cholangiopancreaticography (ERCP) or 
percutaneous transhepatic cholangiodrainage (PTCD) followed by stenting if possible. 
Eventually up to 50% of the patients with ITBL will require a retransplantation or 
may die. In selected cases, a retransplantation can be avoided or delayed by resection 
of the extra hepatic bile ducts and construction of a Roux-Y choledochojejunostomy. 
More research on the pathogenesis of ITBL is needed before more specific preventive or 
therapeutic strategies can be developed.



19

intRoduCtion
Biliary complications have since long been recognized as a major cause of morbidity 
and graft failure in patients after orthotopic liver transplantation (OLT) (1-3). Bile 
leakage and bile duct strictures are the most common complications. According 
to the localization, strictures can be classified as anastomotic or non-anastomotic. 
Non-anastomotic strictures (NAS) are considered to be the most troublesome 
biliary complication. NAS were first described in OLT associated with hepatic artery 
thrombosis, where the biliary tree becomes ischemic and eventually necrotic, resulting 
in a typical cholangiographic picture of biliary strictures, dilatations and intraductal 
cast formation (4). However, these cholangiographic abnormalities of strictures and 
dilatations can also be seen in patients who do not have an hepatic artery thrombosis (5, 
6), so the term ischemic-type biliary lesions (ITBL) emerged (Figure 1).
The reported incidence of ITBL differs greatly between different series, ranging from 
1-19% (7, 8). Variations in the definitions of ITBL used in different studies as well as 
the reporting of only symptomatic patients can at least partly explain these differences. 
In the majority of series an incidence of 5 to 15% is reported (9-16). 
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Cholangiogram 4 months after orthotopic liver transplantation (OLT). (A) normal bile duct, (B) 

bile duct with ischemic-type biliary lesions (ITBL)
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etiology and risk factors 
The exact pathophysiological mechanism of ITBL is still unknown. However, several 
risk factors of this often cumbersome complication have been identified, strongly 
suggesting a multifactorial origin (Table 1). In general, risk factors of ITBL can be 
divided in three different categories: ischemia related injury to the biliary epithelium, 
immunologically mediated injury and cytotoxic injury induced by bile salts. These 
categories may point towards different etiological mechanisms of ITBL, as will be 
described below. 

table 1   Risk factors for the development of ITBL

Ischemic injury  
  Warm ischemia in the donor 

Prolonged cold ischemia 
Reperfusion injury
Warm ischemia during implantation
Disturbed blood flow in the peribiliary plexus (PBP 

Immunological injury
  ABO incompatibility
  Pre-existing disease with auto immune component

Auto-immune hepatitis
Primary sclerosing cholangitis

  Cytomegalovirus infection
  Chronic rejection 
  Chemokine polymorphism CCR5 delta 32

Bile salt induced injury
  Hydrophilic bile salts are cytoprotective
  Hydrophobic bile salts are cytotoxic   

A. Ischemic injury

The similarities between the radiological abnormalities of ITBL and the bile duct lesions 
seen in the presence of hepatic artery thrombosis strongly suggest an ischemic factor 
in the origin of ITBL. The quest for pathogenic mechanisms, therefore, started with 
factors associated with ischemia. 

A.1. Cold ischemic and reperfusion injury
Multiple studies have indicated that prolonged cold ischemia time (CIT) predisposes 
the graft to the development of ITBL (6, 15, 17-20). Sanchez-Urdazpal et al. reported 
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in 1992 an incidence of ITBL of 2% in livers with a CIT < 11.5h, rising to 35% in 
livers with a CIT between 11.5h and <13h and even up to 52% in grafts with a CIT > 
13h (6). Nowadays many centers therefore try to keep the CIT below 10h. However, 
even with a CIT shorter then 10h, Guichelaar et al. have shown that the duration of 
cold storage is still a risk factor for the development of ITBL (17). The strong positive 
correlation between CIT and ITBL can be explained by either direct ischemic injury 
of the biliary epithelium, increased susceptibility of the biliary epithelium for a second 
factor such as reoxygenation injury, or secondary ischemia of the biliary epithelium due 
to damage to the peribiliary plexus (PBP) (6). 
The hypothesis that reperfusion injury during OLT contributes to bile duct injury is 
supported by data provided by the experimental work of Noack et al. (21). Using cell 
cultures, these investigators have shown that biliary epithelial cells are more susceptible 
to reperfusion/reoxygenation injury than hepatocytes. In an anoxic environment bile 
duct epithelial cells and hepatocytes show equally reduced levels of ATP. However, the 
rate of cell death after reoxygenation was significantly higher in the bile duct epithelial 
cells, compared to hepatocytes. Increased production of reactive oxygen species by 
bile duct epithelial cells as well as a lower intracellular concentration of glutathione 
as antioxidant, may explain this difference (21). Li et al. provided clinical evidence 
for a contributing role of preservation injury. These investigators have shown that 
the incidence of ITBL is significantly increased in livers with increased preservation 
injury, as reflected postoperative peaks in serum aspartate aminotransferase and alanine 
aminotransferase (20). 

A.2. Injury of the peribiliary vascular plexus 
Preservation injury results in increased arterial resistance and may cause circulatory 
disturbances in small capillaries, such as the PBP (20). Since the blood supply to the 
biliary tract is solely dependant on arterial inflow, disturbances in the blood flow 
through the PBP may result in insufficient preservation and subsequent damage of the 
biliary epithelium.
Several studies have indicated that the viscosity of preservation solutions may play a 
role in the development of ITBL (22, 23). The highly viscous University of Wisconsin 
(UW) preservation solution, now routinely used in most centers, might not completely 
flush out the small donor PBP. Microcirculatory disturbances in the PBP may lead 
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to obstruction and subsequently result in insufficient bile duct preservation (23). 
Strengthening the evidence that insufficient perfusion of the PBP might contribute 
to the development of ITBL is provided in a study by Moench et al. (24). These 
investigators have shown that additional flushing of the PBP by controlled arterial 
back-table pressure perfusion is associated with a considerable reduction in ITBL after 
preservation with UW solution (24). Apart from this, a proper harvesting technique of 
the liver and the extra hepatic bile duct is critically important to preserve the viability 
and vasculature of the bile duct. Although, never studied in a clinical trial, it is accepted 
by every surgeon that the extra hepatic bile duct should be left covered with as much 
tissue as possible. Stripping of the bile duct should be avoided in order not to injure the 
microcirculatory blood supply.

A.3. Warm ischemic Injury 
Two periods of warm ischemia can be distinguished during the transplant procedure. 
The first warm ischemia time (WIT), during harvesting and before cold preservation, 
and the second WIT during graft implantation and before complete reperfusion. The 
first WIT is especially a major concern in grafts from donation after cardiac death 
(DCD) donors. Several studies have shown that liver grafts form DCD donors are 
at increased risk of developing ITBL (25-27). Concern exists that harvesting time, 
extending the first WIT, in addition to subsequent CIT and ischemia-reperfusion injury 
may result in damage to the biliary epithelium (25). Despite plausible reasoning, no 
direct clinical evidence has directly linked prolonged harvesting time with ITBL, and 
the literature concerning this item is not conclusive (25-29). 
To reduce the incidence of ITBL, attempts have been made to reduce the second WIT. 
During revascularization of the graft the most common technique is initial reperfusion 
via the portal vein with subsequent reconstruction and reperfusion of the hepatic artery. 
Bile ducts, solely dependant on the hepatic artery for their blood supply, are exposed 
to warm ischemia during reperfusion via the portal vein alone. This situation has been 
hypothesized to increase damage of the biliary epithelium. To overcome this potential 
harmful situation, Sankary et al. have studied the impact of simultaneous versus 
sequential reperfusion of the portal vein and hepatic artery on the incidence of ITBL 
(18). These investigators have observed a significant reduction of ITBL when livers were 
reperfused simultaneously via the  portal vein and hepatic artery (18). However, in a 



23

more recent study, we were not able to demonstrate a favorable effect of simultaneous 
arterial and portal reperfusion on the incidence of ITBL (30). 
In an attempt to reduce the second WIT further, some investigators have introduced 
retrograde perfusion of the liver graft via the inferior vena cava, after completing its 
anastomosis and during construction of the portal vein anastomosis (31). Although 
this technique certainly results in an earlier reperfusion of the graft, the central venous 
blood it is reperfused with has a lower oxygen pressure than the portal or arterial blood. 
In a randomized controlled clinical trial, Heidenhain et al. (32) have recently observed 
a higher incidence of ITBL in livers that were reperfused in a retrograde fashion, 
compared to antegrade reperfusion via the portal vein. The low perfusion pressure 
obtained during retrograde perfusion via the caval anastomosis may be an explanation 
for this. This low venous pressure may result in poor flush out and reperfusion of the 
PBP, causing more ischemic biliary injury (J. Langrehr, personal communication, 
2005). 

B. Immunological injury

Several papers have provided evidence for an immunological component in 
the pathogenesis of ITBL (15, 17, 33). ITBL has been associated with various 
immunologically mediated processes, such as ABO incompatible liver transplantation, 
pre-existing diseases with a presumed autoimmune component primary sclerosing 
cholangitis (PSC) and autoimmune hepatitis, cytomegalovirus (CMV) infection, 
chronic rejection, and finally with genetic polymorphism of chemokines.  
 
B.1. ABO incompatibility 
ABO blood type mismatched liver transplantation has since long been recognized 
to give rise to multiple complications (5, 34). The incidence of ITBL in ABO-
incompatible OLT varies from 20-82% (15). An explanation for this could be the 
fact that the antigens of the blood type system are not only expressed on the vascular 
endothelium, but also on the biliary epithelial cells, making them a target for preformed 
ABO blood group antibodies (5, 15). Because of this high rate of complications 
and reduced graft survival rates, transplantation across the ABO border is nowadays 
discouraged.
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B.2. Association with pre-existing disease
It has been well described in several studies that patients who are transplanted for 
PSC have a higher incidence of ITBL after transplantation (13, 14, 17, 35, 36). 
The association between ITBL and autoimmune hepatitis has only been described 
recently (17). PSC and autoimmune hepatitis share a similar genetic predisposition to 
autoimmunity (17). All together, these findings strengthen the hypothesis that ITBL 
may have an underlying (auto-) immune component.

B.3. Cytomegalovirus
In patients suffering from acquired immunodeficiency syndrome (AIDS), infection 
with CMV has been shown to contribute to biliary problems, like cholangitis (37). 
After OLT, CMV infection has been associated with an increased incidence of 
anastomotic strictures and biliary leaks (38). CMV inclusions have been demonstrated 
histopathologically in the extra-hepatic bile duct specimen in a liver transplant patient 
developing a biliary stricture during CMV infection (38, 39). A clear association 
between CMV and ITBL, however, has never been demonstrated (17). In a recent large 
study of 1714 liver transplant recipients, Heidenhain et al. (40) could not find a higher 
incidence of ITBL in patients who had suffered from CMV infection versus those who 
had not. The role for CMV infection in the pathogenesis of ITBL, therefore, remains 
unclear.
 
B.4. Chronic rejection
Chronic rejection has been implicated as a potential cause of biliary strictures (12, 
41, 42). This effect is thought to be modulated not via direct injury to the biliary 
epithelium, but rather via the arteriopathy accompanying chronic rejection, leading to 
narrowing of the medium-sized arteries. The resulting ischemia of the bile duct wall 
seems to play an important role in the loss  of small bile ducts (15, 43, 44). Although 
chronic rejection has been identified as a risk factor for the development of ITBL in 
several series (15, 20, 41, 45),  this could not always be confirmed by others (13, 46). 
Therefore the role of chronic rejection in the pathogenesis of ITBL remains to be 
elucidated.
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B.5. Chemokines
Chemokines play a key role in the postoperative immunomodulation, especially 
during rejection as well as in post-ischemic injury. Evidence for a role of chemokines 
in the pathogenesis of ITBL after OLT has been provided by a genetic association 
study focusing on CC-chemokine receptor 5 (CCR5). CCR5 is a receptor for CC-
chemokine ligand 3 (macrophage inflammatory protein 1 alpha) and CC-chemokine 
ligand 4 (macrophage inflammatory protein 1 beta), which are over-expressed in 
infiltrating leukocytes (47). Biliary epithelial cells have been shown to produce CC-
chemokines that may bind specifically to CCR5 (48). CCR5D32 polymorphism is 
a nonfunctional mutant allele of CCR5 with an internal deletion of 32 base pairs. A 
study on this polymorphism showed no differences in patient survival, rejection rates, 
re-transplantation rates, and survival in OLT patients with CCR5D32 compared with 
patients with wild-type CCR5 (49). Interestingly however, Moench et al. recently 
found a very strong association between the presence of the CCR5D32 polymorphism 
in recipients and  the development of ITBL after OLT (33). These findings add to the 
existing evidence that immunological factors play a role in the pathogenesis of ITBL. 

C. Bile salt induced injury

Another potential factor in the pathogenesis of bile duct injury after liver 
transplantation is bile salt toxicity. Bile salts have potent detergent properties towards 
cellular membranes of hepatocytes and biliary epithelial cells. Normally, the toxic effects 
of bile salts are prevented by complex (mixed micelle) formation with phospholipids. 
Evidence for a pivotal role of bile salt-mediated hepatotoxicity in the pathogenesis of 
ischemia/reperfusion injury of liver grafts, has gradually emerged during the last decade. 
Using experiments in pigs, Hertl et al. (50) have shown that bile salts can seriously 
amplify preservation injury of the biliary epithelium. When porcine livers are flushed 
at the time of procurement with saline containing hydrophobic bile salts, intrahepatic 
bile ducts are more seriously injured after even short periods of ischemia, compared 
to control livers which are flushed with saline (50-52). Injury of the biliary tree can 
be prevented when an infusion of hydrophilic, instead of hydrophobic, bile salts are 
given to the donor animals prior to liver procurement (50). Moreover, it has been 
demonstrated that morphological characteristics of human common bile ducts alter 
significantly when livers are perfused with UW solution mixed with gallbladder bile, 
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compared to livers which are preserved with normal UW solution (53). Of interest, 
we recently found that microscopic bile duct injury occurring early after human 
liver transplantation correlates with the formation of toxic bile, characterized by a 
high bile salt/phospholipid ratio (54). Whether an increased bile salt/phospholipid 
ratio contributes to hepatic injury or is an epiphenomenon, however, could not be 
identified in this clinical study. Therefore, we recently initiated a study, using a model of 
arterialized liver transplantation in mice that are heterozygous for the disruption of the 
Mdr2 gene encoding for the transporter of phospholipids into the bile. (55). These mice 
disclose approximately half of the normal phospholipid concentration in bile, leading 
to an abnormally high bile salt/phospholipid ratio, but have a normal liver histology 
under normal conditions. When Mdr2+/- livers were transplanted after, a short period of 
cold storage, into wild-type recipients serious biliary injury developed. These findings 
provide evidence that endogenous bile salts act synergistically to ischemia/reperfusion in 
the origin of bile duct injury in vivo. In addition, these data indicate that intrahepatic 
cholestasis and intracellular bile salt retention may be critical mechanisms triggering 
hepatobiliary injury after liver transplantation. Even when the primary insult occurs 
to the bile ducts, hepatocellular injury is an invariable feature of cholestasis, associated 
with accumulation of bile salts in the liver and blood (56).  
Current evidence indicates that bile salt retention is a key early event that contributes 
to hepatocellular and biliary injury after OLT. Until more specific strategies become 
available, great care should be taken to avoid exposure of bile duct epithelium to 
toxic bile salts during the cold storage. Careful retrograde flushing of the bile ducts 
with preservation solution is therefore considered to be critical to remove residual 
bile salts. Furthermore, the extra-hepatic bile duct should not be ligated during 
organ procurement in order to ensure the flush out of bile and bile salts during organ 
procurement and cold storage. 
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Clinical presentation  
The clinical presentation of ITBL is often not specific; symptoms may include 
fever, abdominal complaints and cholestatic liver function tests. In many patients, 
asymptomatic elevation of serum gamma-glutamyltransferase and/or alkaline 
phosphatase (ALP) is the first sign of biliary complications, prompting initiation of 
further examinations, such as cholangiography (16). Most patients with ITBL present 
with symptoms within the first 6 months after OLT (7, 12, 13, 17, 57).

diagnostic work-up
The appropriate diagnostic workup has been discussed in several recent review 
papers (58-60). Direct visualization of the bile ducts by endoscopic retrograde 
cholangiopancreaticography (ERCP), percutaneous transhepatic cholangiodrainage 
(PTCD) or drain-cholangiography remains the gold standard for making the diagnosis 
ITBL (7, 12, 13, 17, 24, 61). Magnetic resonance cholangiopancreaticography (MRCP) 
is becoming increasingly important as a diagnostic test, with high positive and negative 
predictive values (62-64). Cholangiographic imaging can show mucosal irregularities, 
narrowing of the lumen, and ductal dilatations (65). A classification of ITBL has been 
proposed based on the localization of the abnormalities, distinguishing type I (extra-
hepatic lesions), type II (intrahepatic lesions), and type III (intra- and extra-hepatic 
alterations) (66, 67). However, this classification has not been widely accepted and used. 
In all cases of non-anastomotic biliary strictures, patency of the hepatic artery should be 
carefully studied and confirmed before the diagnosis of ITBL can be made.  
The presence of ITBL can be suggested by biliary abnormalities in a liver biopsy, such 
as ductular proliferation and cholestasis (13). However, ITBL remains a macroscopic 
and not a microscopic entity. No studies have been conducted correlating histological 
abnormalities in liver biopsies and the presence of ITBL. 

treatment
More than in any other biliary complication, treatment of ITBL has to be 
individualized. Direct treatment of strictures should be attempted via endoscopic or 
percutaneous dilatations and stenting. With prolonged and intensive endoscopic or 
radiological treatment, over 50% of patients can be treated successfully (7, 12, 17, 20, 
68, 69) some centers even reporting success in over 70% (70). In many other cases, 
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re-transplantation may at least be postponed by using this strategy. Success will depend 
mainly on the severity of strictures and their localization, with extra-hepatic strictures 
responding better to therapy. In patients with successful radiological treatment, liver 
tests may improve, but often remain disturbed (14, 69). Many physicians will provide 
medical treatment with ursodeoxycholic to their patients in order improve bile flow and 
to obtain a more favorable composition of the bile (68, 71, 72). However, the efficacy of 
this strategy in influencing the incidence or outcome of ITBL has never been properly 
evaluated in a randomized controlled clinical trial.
If non-operative techniques are unsuccessful, surgery may be appropriate in selected 
cases. Especially when lesions are predominantly present at the level of the bile duct 
bifurcation, resection of the extrahepatic bile ducts and Roux-Y choledochojejunostomy 
should be considered. Schlitt et al. (73) have reported clinical and biochemical 
improvement in 14 out of 16 patients with hilar ITBL, who were treated by a 
choledochojejunostomy or portoenterostomy. If all other treatment options have failed, 
retransplantation may be the only therapy left. Especially in the presence of secondary 
biliary cirrhosis, recurrent cholangitis, or progressive cholestasis due to extensive 
intrahepatic ITBL, retransplantation is mostly unavoidable.
The presence of ITBL is associated with a marked decrease in graft survival.
Ultimately, up to 50% of patients with ITBL either die or need a retransplantation, 
however mortality rates differ markedly amongst studies (12, 15, 17).

Conclusion
Since the introduction of liver transplantation, biliary drainage has formed the so called 
‘Achilles heel’ of this procedure. Early studies have reported disabling complications 
of the biliary tract in over 30% of the patients (74). Fortunately, much has changed 
during the last decades. Liver transplantation is nowadays a standard treatment for 
patients with end stage liver disease and survival is excellent, with one-year patient 
survival rates of 80 to 90%. Multiple improvements in patient selection, perioperative 
management, as well as changes in surgical technique have contributed to the success of 
OLT today. Unfortunately, despite these important improvements and enormous gain 
in experience, biliary complications can still be regarded as the ‘Achilles heel’. The most 
incomprehensible type of biliary complications is ITBL. Although several risk factors 
for ITBL have been identified in recent years, the direct cause of ITBL can often not be 
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identified in an individual patient. Although it is most likely that the pathogenesis of 
ITBL is multifactorial, several studies have strongly suggested a critical role for ischemic 
injury of the PBP. In addition, studies have provided evidence for the involvement of 
immunological processes, as well as bile salt induced injury of the biliary epithelium. 
Despite the important progress that has been made in the understanding of the 
pathogenesis of ITBL, the actual cause remains unidentified in many patients suffering 
from this troublesome complication after OLT. Therefore, more research will be needed 
in this area to better identify and understand the mechanism of ITBL. Only in this way, 
more specific preventive and therapeutic strategies can developed, which may further 
improve patient and graft survival after OLT  
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aBstRaCt
Background Biliary reconstruction using a Roux-Y choledochojejunostomy has been 
suggested a risk factor for the development of non-anastomotic strictures (NAS) 
of the bile duct after liver transplantation. Roux-Y reconstruction, however, is 
preferentially used in patients transplanted for primary sclerosing cholangitis (PSC) 
and this disease itself is also associated with a higher incidence of NAS. Aim of this 
study was to determine whether Roux-Y reconstruction is really an independent risk 
factor for NAS. Methods A series of 486 consecutive adult liver transplantations were 
studied. Biliary reconstruction in patients transplanted for PSC was either by Roux-Y 
choledochojejunostomy or by duct-tot-duct anastomosis, depending on the quality of 
the recipient’s extrahepatic bile duct. Univariate and multivariate statistical analyses 
were used to identify risk factors for development of NAS. Results The overall incidence 
of NAS was 16.5% (80/486). In univariate analyses the following variables were 
significantly associated with NAS: PSC as the indication for transplantation, type of 
biliary reconstruction (Roux-Y versus duct-to-duct), and postoperative cytomegalovirus 
(CMV) infection. After multivariate logistic regression analysis, PSC as indication for 
transplantation (OR 2.813, 95% CI 1.624 to 4.875; P<0.001) and postoperative CMV 
infection (OR 2.098, 95% CI 1.266 to 3.477; P=0.004) remained as independent risk 
factors for NAS. Biliary reconstruction using a Roux-Y choledochojejunostomy was not 
identified as an independent risk factor for NAS. Conclusion The association between 
Roux-Y choledochojejunostomy and NAS observed in previous studies can be explained 
by the more frequent use of Roux-Y reconstruction in patients with PSC. Roux-Y 
reconstruction itself is not an independent risk factor for NAS.
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intRoduCtion
Non-anastomotic strictures (NAS) of the bile duct are a serious complication after 
orthotopic liver transplantation (OLT) and have been reported in up to 19% of the 
patients (1, 2). Knowledge about the pathogenesis of NAS is slowly emerging from 
clinical and experimental studies. Apart from overt biliary ischemia, i.e. hepatic artery 
thrombosis (HAT), three types of biliary injury have been identified as putative 
mechanisms in the development of NAS: preservation-related injury, immunological 
injury, and injury due to bile salt toxicity (3). In addition to these three types of risk 
factors, clinical studies have suggested that the type of biliary reconstruction is also 
associated with the development of NAS after liver transplantation (4, 5). Biliary 
reconstruction using a Roux-Y choledochojejunostomy has been associated with a 
significantly higher risk of NAS than a duct-to-duct bile duct anastomosis (4, 5). 
Roux-Y choledochojejunostomy results in an open connection between the intrahepatic 
bile ducts and the bowel lumen, which may result in ascending bacterial migration and 
(recurrent) cholangitis. Based on these observations it has been suggested that bacterial 
colonization of the intrahepatic bile ducts and recurrent (subclinical) cholangitis should 
be considered as putative mechanism underlying NAS (6). Biliary reconstructions using 
a Roux-Y choledochojejunostomy, however, are mainly used in patients in whom the 
native extrahepatic bile duct is not suitable for anastomosis with the bile duct of donor 
liver. The main indication for using a Roux-Y loop for biliary reconstruction is primary 
sclerosing cholangitis (PSC). PSC itself, however, has also been identified as a risk factor 
for NAS after liver transplantation and this introduces the possibility of a confounding 
factor (7, 8). When Roux-Y biliary reconstruction is routinely used in all patients 
transplanted for PSC, it is impossible to discriminate the relative contribution of PSC 
and Roux-Y biliary reconstruction as risk factors for NAS. 
In contrast to other centers, Roux-Y choledochojejunostomy is not routinely used 
for biliary reconstruction in patients undergoing liver transplantation for PSC in 
our center (9). In patients with PSC and relatively mild or no manifestations of 
the disease in the extrahepatic bile duct, a duct-to-duct type biliary anastomosis 
(choledochocholedochostomy) is performed, while Roux-Y choledochojejunostomy is 
preserved for patients with stricturing or dysplasia of the native extrahepatic bile duct. 
This decision is based on preoperative imaging studies of the bile ducts (no or only 
minimal strictures in the extrahepatic bile duct), as well as on intraoperative findings, 
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including frozen section histology of a biopsy of the extrahepatic bile duct and easy 
passage of a biliary probe through the extrahepatic bile duct into the duodenum (9). By 
applying a selective use of Roux-Y choledochojejunostomy, we and others have reported 
successful long-term results in patients transplanted for PSC (8-10). The use of both 
Roux-Y choledochojejunostomy and duct-to-duct biliary reconstruction in patients 
undergoing liver transplantation for PSC in our center enables us to discriminate 
PSC from Roux-Y choledochojejunostomy as possible risk factors for NAS after liver 
transplantation. We here report a study in a large cohort of adult liver transplant 
recipients, with the aim to define whether Roux-Y choledochojejunostomy is a risk 
factor for NAS independent from PSC. 

Patients and methods
Patients 
Between May 1992 and June 2006, a total of 681 liver transplantations were performed 
at the University Medical Center Groningen. After exclusion of children (<18 years) 
and patients with NAS caused by HAT, 486 transplant procedures were included in this 
study. Follow-up was until July 1, 2008, which allowed a minimal follow-up time after 
transplantation of 2.1 years. Clinical information was obtained from a prospectively 
collected database. If necessary the original patient notes were reviewed for missing 
information. This study was conducted in compliance with national legislation and the 
guidelines of the ethical committee of our institution.

surgical technique and postoperative management
ABO blood group identical or compatible grafts from donation after brain death 
(DBD) and donation after cardiac death (DCD) donors were used for all patients. 
Organ procurement was performed according to standard techniques, using either 
University of Wisconsin (UW) preservation fluid or histidine-tryptophane-ketoglutarate 
(HTK) solution. On the back-table, bile ducts were thoroughly flushed with 
preservation solution. A standardized technique was used for implantation, as has been 
described previously (11). The cava-sparing piggyback technique was the preferred 
method for graft implantation, although the conventional technique was also used in 
some cases, usually because of a large caudate lobe encircling the inferior vena cava. 
A straight, open tip silicon drain was placed transanastomotically into the bile duct, 
independent from the type of bile duct anastomosis. 
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Until September 2000 infection prophylaxis was performed by selective bowel 
decontamination (colistin 25 mg, tobramycin 20 mg, amphotericin B 100 mg orally) 
with 48 hours perioperative parenteral antibiotics as described earlier (12, 13). 
Since September 2000 only parenteral antibiotic prophylaxis was given for 24 hours 
perioperatively (amoxicillin/clavulanic acid and ciprofloxacin) in all patients.
Doppler ultrasound was performed routinely at postoperative days 1, 3, and 7, and 
later on demand, to rule out vascular or biliary complications or parenchymal lesions. 
Cholangiography via the bile drain was routinely performed between postoperative day 
10-14 and later on demand (i.e. for rising cholestatic parameters or dilatation of bile 
ducts on ultrasound). The drain was clamped when no anastomotic leakage or biliary 
complications were found at cholangiography. The timing of bile drain removal has 
increased during the study period from one to six months after transplantation. When a 
biliary complication was suspected in the absence of a bile drain, the preferred method 
for imaging was ERCP. In case of a choledochojejunostomy, magnetic resonance 
cholangiography (MRC) or percutaneous transhepatic cholangiography (PTC) was used 
demonstrate biliary complications. 
The diagnosis of active cytomegalovirus (CMV) infection was made using the CMV 
pp65-antigenemia assay as described by Van der Bij et al. (14). The antigenemia assay 
was performed at least once weekly for 3 months after transplantation. Simultaneously, 
IgM and IgG CMV antibodies were measured quantitatively by ELISA using late-stage 
CMV-infected fibroblasts as antigens.

definition of nas
NAS were identified by radiological imaging studies, as described previously (5). For the 
purpose of this study, NAS were defined as any stricture, dilatation or irregularity of the 
intra- or extrahepatic bile ducts of the liver graft, either with or without biliary sludge 
formation, after exclusion of hepatic artery thrombosis by either Doppler ultrasound 
or conventional angiography. Imaging studies of the arterial vasculature were repeated 
over time if no other explanation for the NAS was found and to confirm patency of 
the hepatic artery. Isolated strictures at the bile duct anastomosis were, by definition, 
excluded from this analysis and have been described elsewhere (6). 
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Risk factors for nas
A total of 20 potential risk factors for NAS were studied by comparing the group of 
patients with NAS with those who did not develop NAS. Risk factors were grouped as 
donor-related variables (age, gender, gender match, HLA crossmatch, donor/recipient 
CMV match, and type of donor), recipient-related variables (age, gender, indication 
for transplantation, Child-Pugh score, and retransplantation), surgical variables (type 
of graft, type preservation solution, ischemia time, type of bile duct reconstruction) 
and postoperative outcome variables (anastomotic bile duct leakage, serum aspartate 
aminotransferase (AST), length of intensive care unit stay, postoperative CMV 
infection, and acute rejection).

statistical methods
Continuous variables were presented as medians with IQR and categorical variables 
as numbers and percentages. Categorical variables were compared by the Pearson chi-
square test. Comparison of continuous variables was performed by the Mann-Whitney 
U test. All variables tested in the univariate analysis with a P-value < 0.10 were included 
in a multivariate logistic regression analysis in a backward likelihood manner. Data were 
analyzed by SPSS 16.0 software (SPSS, Chicago, IL). All P-values were two-tailed and 
considered statistically significant at a level of less than 0.05.

Results
Patients characteristics
Donor and patient characteristics, surgical variables as well as postoperative outcome are 
summarized in Table 1. Median postoperative follow-up was 5.6 years (IQR 2.2 - 9.8 
years). One- and 5-year patient survival rates (NAS versus non-NAS) were 96.2% versus 
83.3% (P=0.003) and 86.2% versus 75.4% (P=0.023), respectively. Graft survival 
rates at 1- and 5-year were also significantly different between the two groups (91.2% 
versus 78.1%, P=0.006 and 76.2% versus 67.7%, P=0.067, NAS versus non-NAS, 
respectively).
NAS were observed in 80 of the 486 (16.5%) transplanted livers at a median time 
interval of 4.1 months (IQR 1.2 - 24.7 months) after transplantation. Within the 
group of livers that developed NAS, 70 livers were first transplants and 10 livers were 
retransplants.
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Relationship between PsC or Roux-Y 
choledochojejunostomy and nas
In patients who were transplanted for PSC, the incidence of NAS was two-fold higher 
than in patients transplanted for other indications (Table 1). In addition, NAS were 
observed significantly more frequent when a Roux-Y choledochojejunostomy was 
used for biliary reconstruction, compared to patients with a duct-to-duct biliary 
reconstruction. However, when the interaction between the two variables was studied, 
it appeared that patients with PSC who received a duct-to-duct anastomosis had a 
similar high postoperative rate of NAS as patients transplanted for PSC receiving a 
Roux-Y choledochojejunostomy (Table 2). Alternatively, patients who were transplanted 
for another diagnosis than PSC, but still received a Roux-Y choledochojejunostomy, 
had a similar low postoperative rate of NAS as patients without PSC and receiving 
a duct-to-duct anastomosis. Together, these findings suggest that the increased rate 
of NAS in livers with a Roux-Y choledochojejunostomy is not caused by the type of 
bile duct reconstruction itself, but rather related to the more frequent use of Roux-Y 
choledochojejunostomy in patients with PSC. To confirm this observation, we next 
performed a multivariate logistic regression analysis.
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table 1. Comparison of donor, recipient, surgical and postoperative variables in patients with or 

without NAS after liver transplantation

Characteristic NAS (n = 80) non-NAS (n = 406) P-value          

donor Variables

Age (years) 42 (36 – 50) 43 (30 - 52) 0.816

Gender (male/female) 41/38 (51.9/48.1%) 180/196 (47.9/52.1%) 0.515

Gender match (donor/
recipient)

0.682

    male/male 26 (32.9%) 100 (26.6%)

    female/female 19 (24.1%) 105 (27.9%)

    male/female 15 (19.0%) 81 (21.5%)

    female/male 19 (24.1%) 90 (23.9%)

HLA crossmatch (negative/
positive)

73/4 (94.8/5.2%) 360/22 (94.2/5.8%) 0.845

High risk CMV match 
(positive donor/negative 
recipient)

4 (40.0%)  38 (13.3%) 0.017

Type of Donor 0.896

    Deceased Brain-death   
    Death (DBD)

77 (96.2%) 391 (96.5%)

    Donation after Cardiac  
    Death (DCD)

3 (3.8%) 14 (3.5%)

Recipient Variables

Age (years) 49 (38 - 55) 46 (34 - 54) 0.118

Gender (male/female) 46/34 (57.5/42.5%) 209/197 (51.5/48.5%) 0.324

Disease

    PSC 27 (33.8%) 67 (16.5%) <0.001   

    PBC + SBC 11 (13.8%) 41 (10.1%) 0.334

    Postviral Cirrhosis 9 (11.2%) 73 (18.0%) 0.142

    Autoimmunne Hepatitis 8 (10.0%) 37 (9.1%) 0.803

    Alcoholic Cirrhosis 5 (6.2%) 37 (9.1%) 0.405

    Cryptogenic Cirrhosis 6 (7.5%) 46 (11.3%) 0.311

    Other 14 (17.5%) 105 (25.9%) 0.112

Child-Pugh Classification 
(A/B/C)

16/39/24 (20.3/49.4/30.4%) 67/181/153 (16.7/45.1/38.2%) 0.403

Retransplantation 10 (12.5%) 58 (14.3%) 0.524

surgical Variables

Type of Graft 0.324

   Whole 79 (98.8%) 389 (95.8%)

   Reduced 1 (1.2%) 6 (1.5%)

   Reduced Split 0 11 (2.7%)
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Type of Preservation 
Solution

0.195

   Low Viscosity (HTK) 3 (3.8%) 31 (7.8%)

   High Viscosity (UW) 77 (96.2%) 364 (92.2%)

Ischemia Time (minutes)

   Cold Ischemia 561 (441 - 720) 535 (435 - 702) 0.435

   Warm Ischemia 54 (45 - 64) 52 (44 - 63) 0.436

   Revascularization Time 97 (78 - 118) 98 (79 - 116) 0.927

Type of Bile Duct 
Reconstruction

0.012

   Roux-Y 22(27.5%) 63 (15.8%)

   Duct-to-Duct 58 (72.5%) 337 (84.2%)

Postoperative Variables

Anastomotic Bile Leakage 5 (6.2%) 23 (5.7%) 0.837

Serum AST 2 days 
postoperative (U/L)

360 (181 - 778) 346 (166 - 831) 0.953

Length of ICU stay (days) 3 (2 - 7) 4 (2 - 8) 0.244

CMV Infection 47 (58.8%) 164 (42.1%) 0.004

Acute Rejection 28 (35.0%) 153 (37.7%) 0.650

abbreviations: HLA, human leucocyte antigen; CMV, cytomegalovirus; PSC, primary 

sclerosing cholangitis; PBC, primary biliary cirrhosis; SBC, secondary biliary cirrhosis; 

HTK, histidine-tryptophan-ketoglutarate; UW, University of Wisconsin; AST, aspartate 

aminotransferase; ICU, intensive care unit. Continuous variables are presented as median and 

interquartile range, categorical variables as numbers and percentages.

table 2. Relationship between PSC, type of bile duct reconstruction, and NAS

Characteristic NAS (n = 79) Non-NAS (n = 400) P-value

PSC / Reconstruction type 0.716

    Roux –Y 18 (30.0%) 42 (70.0%)

    Duct-to-Duct 9 (26.5%) 25 (73.5%)

non-PSC / Reconstruction type 0.733

    Roux –Y 4 (16.0%) 21 (84.0%)

    Duct-to-Duct 49 (13.6.%) 312 (86.4%)

abbreviations: NAS, non-anastomotic strictures; PSC, primary sclerosing cholangitis.

Data are presented as numbers and percentage.
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uni- and multivariate analysis of risk factors for nas
A univariate comparison of demographic and clinical variables between liver grafts 
with or without NAS is presented in Table 1. The only significantly different variables 
between the two groups were PSC as the indication for transplantation, the type 
of bile duct reconstruction (Roux-Y choledochojejunostomy versus duct-to-duct 
anastomosis), postoperative CMV infection and high risk CMV match (positive donor/
negative recipient). However, the latter was strongly correlated with postoperative 
CMV infection (CMV infection occurred in 67% of the patients with a positive donor/
negative recipient CMV match, compared to 36% in the remaining patients; P<0.001). 
Therefore, based on the biological relevance, only postoperative CMV infection was 
included in a multivariate logistic regression model, together with PSC as indication 
for transplantation and the type of bile duct reconstruction. In addition, we included 
the following variables, which were previously reported in other studies as imported 
risk factors for the development of NAS: type of donor (deceased brain death versus 
donation after cardiac death liver grafts), type of preservation solution (high-viscosity 
UW-solution versus low-viscosity HTK solution) and warm and cold ischemia times (4, 
5, 15). 
After multivariate regression analysis, two variables remained as independent risk factors 
for the development of NAS: PSC (OR 2.813, 95% CI 1.624 to 4.875; P<0.001) 
and postoperative CMV infection (OR 2.098, 95% CI 1.266 to 3.477; P=0.004). In 
accordance with the findings mentioned above, Roux-Y choledochojejunostomy was 
again not identified as an independent risk factor for NAS (Table 3).

table 3. Results of Multivariate Analysis of Risk Factors for NAS

Characteristic P-value odds ratio 95% confidence interval

lower upper

PSC < 0.001 2.803 1.617 4.858

CMV infection 0.004 2.108 1.272 3.495

Preservation solution 0.334 0,545 0.159 1.866

Donor type (DCD versus DBD) 0.295 0.456 0.105 1.982

Warm ischemia 0.664 0.996 0.979 1.014

Bile duct reconstruction type 0.688 0.858 0.406 1.812

Cold ischemia time 0.844 1.000 0.998 1.001

abbreviations: CMV, cytomegalovirus; DBD, deceased brain-death donor; DCD, donation after 

cardiac death; NAS, non-anastomotic strictures; PSC, primary sclerosing cholangitis.
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disCussion
NAS are considered as one of the most troublesome biliary complication after OLT. 
Strictures may present at multiple locations in the biliary tree and are frequently 
resistant to therapy (3, 6). In previous studies, several clinical risk factors for the 
development of NAS have been identified, including Roux-Y choledochojejunostomy. 
Roux-Y choledochojejunostomy results in an open connection between the intrahepatic 
bile ducts and the bowel lumen, which may facilitate ascending bacterial migration 
and (recurrent) cholangitis. It has been suggested that bacterial colonization of the 
intrahepatic bile ducts and recurrent (subclinical) cholangitis may ultimately lead to the 
development and progression of NAS (6). We and others have previously demonstrated 
that the use of a Roux-Y choledochojejunostomy is indeed associated with an increased 
incidence of recurrent cholangitis (6, 10). In the current study, however, we have shown 
that Roux-Y choledochojejunostomy itself is not an independent risk factor for the 
development of NAS. The strong association between Roux-Y choledochojejunostomy 
and NAS observed in the current and in previous studies can be entirely explained by 
the more frequent use of Roux-Y reconstruction in patients with PSC. Although the 
current findings indicate that bacterial migration and ascending cholangitis does not 
play a role in the pathogenesis of NAS, this does not mean that progression of the 
severity of NAS over time is also independent from the type of biliary reconstruction. In 
a previous study we have shown that in patients with NAS in the presence of a Roux-Y 
choledochojejunostomy, the biliary abnormalities and clinical symptoms may be more 
serious and progressive over time than in patients who develop NAS in the presence of a 
duct-to-duct anastomosis (6).
Our data are in accordance with the study performed by Schmitz et al., who found 
an equal distribution of NAS in patients transplanted for PSC using a Roux-Y 
choledochojejunostomy or a duct-to-duct anastomosis (10). This previous study, 
however, included only a small number of patients. A duct-to-duct anastomosis was 
used in only 6 of the 51 patients, compared the use of this type of biliary reconstruction 
in 34 of the 94 patients transplanted for PSC in our series.
We have observed a two-fold higher rate of NAS in patients transplanted for PSC, 
compared to patients who underwent transplantation for another indication. This 
finding is in accordance with previous studies (7, 10). PSC is a chronic hepatobiliary 
disease of unknown aetiology, characterized by diffuse fibrosing inflammation of the 



46

intra- and extrahepatic bile ducts (16). The biliary abnormalities that can be found 
on cholangiography in patients with PSC are very similar to the biliary abnormalities 
in patients with NAS (17). Although, the recognition of recurrent PSC is firmly 
established, there is no consensus on which is the best method to detect it. Graziadei 
et al. have proposed a set of criteria which have been increasingly used as the standard 
tool for diagnosis of recurrent PSC (18, 19). However, cholangiographic features of 
recurrent PSC are not correlated with biochemical indices and underestimate the extent 
of the problem (19). Liver histology may be helpful in making the diagnosis recurrent 
PSC in some patients, but the histological findings often remain not specific (20, 21). 
In the current study we did not perform liver biopsies in all patients who developed 
NAS after liver transplantation and we cannot exclude that recurrent PSC may have 
been accountable for the occurrence of NAS in some of our patients. However, it was 
not our aim to investigate whether or not PSC may recur after liver transplantation
The overall incidence of NAS in our study was 16.5%. Although similar rates have been 
reported in most previous studies about NAS, lower rates have also been reported in 
some series (4, 22, 23). Differences between studies may be explained by differences in 
the definition and diagnostics used, as well as differences in duration of follow-up (24, 
25).
Apart from PSC, postoperative CMV infection was also identified as an independent 
risk factor for NAS in the current study. Based on anecdotal observations, CMV 
infection has been suggested as a possible cause of NAS previously (26, 27). CMV 
inclusions have been identified in a histopathologic specimen of a bile duct stricture 
from a liver transplant patient, suggesting that CMV infection of the bile ducts may 
result in fibrosing and stricturing (26). However, many patients who have had CMV 
infection after liver transplantation do not develop NAS and the exact mechanisms 
through which CMV can cause NAS remain to be established. 
Several studies have shown a higher incidence of NAS after DCD liver transplantation 
compared to DBD liver transplantation (15, 28). Nevertheless, in our series we did not 
find a higher rate of NAS after DCD liver transplantation. The total number of DCD 
liver transplants, however, was only 17 and this number may have been too small to 
find a small difference. Interestingly, the length of warm and cold ischemia times was 
also not identified as risk factors for NAS in the current study. This is in contrast with 
several earlier studies (1, 4, 15). During the last decade it has been our policy to try to 
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keep the ischemia times as short as possible and the cold ischemia time rarely exceeds 
more than 10 hours. This may explain the lack of association between ischemia time 
and NAS in the current series. 
In conclusion, this study indicates that the use of a Roux-Y choledochojejunostomy 
for biliary reconstruction during liver transplantation is not an independent risk factor 
for the development of NAS. The association between Roux-Y choledochojejunostomy 
and NAS that has been observed in previous studies can be explained entirely by the 
more frequent use of Roux-Y reconstruction in patients with PSC. The current findings 
indicate that bacterial migration and (recurrent) ascending cholangitis does not play a 
role in the pathogenesis of NAS after transplantation.
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aBstRaCt 
Background The outcome of orthotopic liver transplantation (OLT) with grafts from 
controlled donors with cardiac death (DCD) usually is inferior to OLT with grafts 
from donors deceased from brain death (DBD). The aim of this study was to compare 
outcomes from OLT with DBD donors versus only controlled DCD donors with 
predefined restrictive acceptance criteria. Design Prospective cohort-study. Methods 
All adult recipients in The Netherlands in 2001-2006 with full size OLT from DCD 
(n=55) and DBD (n=471) donors were included. Kaplan-Meier, log-rank and Cox’s 
regression were used. Results 1- and 3-year patient survival were similar for DCD-OLT 
(84.6% and 80.4%), and DBD-OLT (86.3% and 80.8%) (P=0.763). Graft survival at 
1 and 3 years were not different after DCD-OLT (74.0% and 67.9%) and DBD-OLT 
(80.5% and 74.7%) (P=0.212). Retransplantation rate after DCD-OLT and DBD-
OLT was 18.2% and 10.3%, respectively (P=0.081). The 3-year cumulative hazard of 
non-anastomotic strictures (NAS) was 31.3% after DCD-OLT and 9.7% after DBD-
OLT (P<0.001); retransplantation rate for NAS was 10.9% and 2.5% (P=0.001). Risk 
factors for one-year graft loss after DBD-OLT were transplant center, recipient warm 
ischemia time and donor with severe head trauma. After DCD-OLT these risk factors 
were: transplant center, donor warm and cold-ischemia time. DCD graft was a risk 
factor for NAS. Conclusion OLT using controlled DCD grafts and restrictive acceptance 
criteria can result in patient- and graft survival rates similar to DBD-OLT, despite more 
NAS.
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intRoduCtion
In orthotopic liver transplantation (OLT) increasing waiting list mortality due to organ 
shortage has led to the use of extended criteria donors. It is believed that liver grafts 
from extended criteria donors with, for instance, older age, donation after cardiac death 
(DCD), split or partial grafts and steatosis carry a higher risk of primary non-function 
(PNF) (1-4). DCD is divided in controlled (category III: awaiting cardiac arrest or 
category IV: cardiac arrest after brain-stem death) and uncontrolled (category I: brought 
in dead, category II: unsuccessfully resuscitated, or category V: cardiac arrest in in-
hospital patient) (5). Results of OLT in uncontrolled DCD have been below average. 
Results from controlled DCD, however, are encouraging, although most centers report 
graft survival rates below that from OLT with donation after brain death (DBD) liver 
grafts. This is mostly due to a higher retransplantation rate because of an increase in 
PNF, vascular complications and non-anastomotic biliary strictures (NAS). (6-11). 
Similar patient survival after DCD and DBD-OLT was only reported recently from an 
experienced center (12).
In The Netherlands there has been a widening of the gap between number of donors 
and recipients, resulting in approximately 15% mortality on the waiting list in 2000. 
In 2001 therefore OLT with controlled DCD donor grafts was introduced within a 
national protocol for multi-organ donation. These liver grafts were allocated according 
to the national waiting list and with very strict criteria for graft acceptance. In the 
present study the outcome, risk factors for graft loss and NAS in OLT with DCD and 
DBD liver grafts in The Netherlands between 2001 and 2006 are reported.

mateRial and methods
Patients
All adult recipients in The Netherlands undergoing full size OLT from DCD and DBD 
donors in the period from the 1st of January 2001 until 31st of December 2006 were 
enrolled. Excluded were recipients younger than 18 years of age, OLT with a re-used 
graft (used before as auxiliary graft), OLT after living donation, split OLT and auxiliary 
liver transplantation (13). Follow-up was until 1st of January 2009.
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Protocol for accepting recovered organs from dCd donors
In September 2001 a national protocol was introduced for multi-organ donation of 
organs recovered from DCD donors. Before 2001 no DCD donors were accepted. 
The national protocol was designed for the procurement of kidneys, liver, pancreas and 
lungs from controlled, category III donors. The protocol includes restrictive criteria 
for accepting organs after DCD and exclusion criteria as outlined in Table 1. Also a 
description is included of the surgical procedure to perform a rapid recovery of the 
abdominal and thoracic organs by a midline laparotomy and sternotomy, followed by 
an open cannulation of the distal aorta and pulmonary artery. Decompression of the 
venous system is performed by insertion of a decompression tube into the abdominal 
caval vein or by cutting the caval vein at the level of the right atrium. The isolated 
abdominal organs are perfused with either histidine-tryptophan-ketoglutarate (HTK) 
or with University of Wisconsin (UW) solution, both containing 20.000 international 
units of heparin. Heparin is not administered before the start of the procedure.
When a potential DCD donor is identified and the family of the donor is informed 
about the irreversible fatal condition of the patient, permission to withdraw medical 
support is asked. Upon agreement of the family, a transplantation coordinator is 
contacted. The coordinator gives support and informs the relatives about the DCD 
procedure. The donation procedure starts after informed consent has been obtained. 
First, the period between withdrawal of support and the occurrence of circulatory and 
pulmonary arrest is estimated, using a scoring list developed for this purpose (14). The 
DCD procedure is started only if the potential donor is expected to have a circulatory 
arrest within one hour after cessation of mechanical support. If it is not possible to 
predict the time of circulatory arrest, if the time between circulatory arrest and organ 
perfusion exceeds 30 minutes, or if the criteria from Table 1 were not fulfilled the liver 
was excluded from transplantation. Donor warm ischemia time (WIT) is defined as the 
time between pulmonary and circulatory arrest and start of organ perfusion.
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table 1. Criteria for accepting a DCD donor in the Dutch national protocol

DCD inclusion criteria

Maastricht category * III

Donor warm Ischemia time (minutes) < 30

Age (years) 1-55

Body Mass Index < 28

Hypotensive periods (MAP<50 mm Hg) (minutes) < 15

Ad*) reference 5

allocation
All three Dutch liver transplant centers agreed to allocate livers of DCD donors 
according to the national waiting list. In analogy with marginal DBD livers, centers 
were allowed to refuse a graft, e.g. in case of a recipient with a high Mayo End-Stage 
Liver Disease (MELD) score or a large age difference between donor and recipient, in 
which case the liver was allocated to the next recipient on the waiting list. Factors in 
matching grafts with recipients that especially applied to refusal of DCD grafts were an 
expected long surgical procedure exceeding eight hours of cold ischemia time (CIT), 
logistical reasons leading to an extended CIT and combined organ transplantation. 
Before recipients were listed they were informed about the possibility of receiving a 
liver from a DCD donor. Informed consent was required. Local review boards and the 
Dutch Transplantation Foundation approved the protocol.

transplantation and follow-up
Recipient operation was a standard piggy-back OLT with duct-to-duct biliary 
anastomosis if possible. Immunosuppression was with tacrolimus or cyclosporine, 
prednisolone, basiliximab with or without mofetil mycophenolate. In two of the three 
centers routine cholangiography was performed between 6 and 12 weeks after OLT. 
Additional cholangiography was performed if indicated. Biochemistry, hematology, 
virology, medication levels, abdominal ultrasound and liver biopsies were performed 
according to protocol and as indicated.

outcome
Primary endpoints were graft survival, patient survival and absence of NAS. Graft 
survival was defined as time from first transplant from 2001 on until graft loss, patient 
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death, or last follow-up. Patient survival was defined as time between first transplant 
from 2001 on and patient death or last follow-up. NAS were defined as biliary strictures 
more than 1 cm above the biliary anastomosis requiring endoscopic or radiological 
dilatation and stenting or surgery. Secondary endpoints consisted of PNF (defined as 
non-life-sustaining function of the liver requiring retransplantation or leading to death 
within seven days after OLT in the absence of vascular thrombosis), vascular and biliary 
complications, retransplantation, and aspartate aminotransferase (AST) levels at 1, 3 
and 7 days after OLT.

statistics
SPSS 16.0 for Windows (Chicago, IL, USA) was used for statistical analysis. Fisher’s 
exact test, Chi-square test, and t-test for independent samples were used. Kaplan-Meier 
survival analysis with comparison by log-rank test was performed. Cox regression 
analysis was done to identify risk factors for graft loss and NAS; factors with a P-value 
< 0.10 were entered in multivariate analysis with stepwise forward addition and 
backward removal of factors. We included factors in the analysis that were in the 
literature identified as possible risk factors. Donor risk factors for graft loss and NAS 
considered were age, gender, body mass index and cause of death. Operation variables 
considered were preservation solution, donor WIT, CIT, recipient WIT, total WIT 
(the combination of donor and recipient WIT), total ischemia time (total WIT plus 
CIT) and transplant center. Recipient variables considered were age, gender, indication 
for OLT, previous liver transplant and MELD-score. Cases with missing values were 
excluded from analysis. Analysis of possible confounders was performed. Also, analysis 
of interaction between variables and of variables with time, including time-dependent 
Cox regression analysis, was performed. P-values <0.05 were considered significant. 
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Results
Characteristics of donors, recipients, preservation and 
operation
A total of 526 OLTs were performed, 471 from a DBD and 55 from a DCD donor. 
DCD donors were younger than DBD donors and the cause of death was less 
frequently a cerebrovascular accident (Table 2). According to protocol most DCD livers 
were procured with HTK-solution, while most DBD livers were preserved in UW-
solution. Due to strict selection criteria, 25% of potential DCD donors were excluded 
from donation. By definition, DCD livers had a donor WIT, ranging from 6 to 33 
minutes. CIT, recipient WIT and total ischemia time were all deliberately shorter in 
DCD than in DBD. The ratio of DCD and DBD-OLT did not differ significantly 
between the three centers.

outcome of transplantation
The incidence of PNF, biliary leakage, and vascular complications did not differ 
between DCD and DBD-OLT. AST levels at 24 hours post-transplant was significantly 
higher in DCD than in DBD-OLT, while AST levels at 3 and 7 days did not differ 
between these groups (Table 3). Patient and graft survival did not differ between 
DCD and DBD-OLT (Table 3, Figure 1 & 2). Likewise, if center B was excluded, 
one, two and three year graft survival did not differ between DCD and DBD-OLT 
(83.8%, 75.1%, and 75.1% versus 85.0%, 83.0%, and 80.6%; P=0.406, DCD versus 
DBD, one, two, and three years, respectively). Three-year cumulative hazard for NAS, 
censored for retransplantation or patient death, was higher for DCD-OLT (31.3% ± 
7.7) than for DBD-OLT (9.7% ± 1.5) (P<0.001) (Figure 3). Uncensored incidence of 
NAS as a percentage of patients transplanted was 13/55 (23.6%) in DCD-OLT and 
37/471 (7.9%) in DBD-OLT (P<0.001). Retransplantation for NAS was more frequent 
in DCD than in DBD-OLT (P=0.001) (Table 3).
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Table 3.  Outcome of Liver Transplantation 

 
 
Variable                                            DCD (n=55)               DBD (n=471)            P-value 

 
 
Early graft function                 0.844 
            Immediate function     54 (98.2)  464 (98.5) 

PNF *      1 (1.8)       7 (1.5)    
 
Ischemia-reperfusion damage, mean (SD) 
            AST 24 hours    2423 (3471)  1311 (2154)  0.007 
 AST 3 days      410 (342)   359 (577)  0.692 
 AST 7 days        90 (68)       63 (48)  0.061 
 
Biliary complications 
            Leakage    2 (3.6)         2 (5.5)   0.415 
            NAS     13 (23.6)  37 (7.9)  <0.001 
 
Vascular complications         0.502 
            HAT     4 (7.0)      22 (4.6)  0.438 
            Other     4 (7.0)      16 (3.4)  0.542 
 
Graft survival, percentage (SD) 

One year    74.0 (6.0)  80.4 (1.8)  0.275 
Three years    67.9 (6.5)  74.5 (2.1)  0.212 

 
Patient survival, percentage (SD) 

One year     84.6 (5.0)  86.3 (1.7)  0.704 
Three years    80.4 (5.6)  80.8 (2.0)  0.763 
 

Retransplantation during follow-up  10 (18.2)  49 (10.4)  0.081 
 for NAS    6 (10.9)  12 (2.5)  0.001 
 for vascular complications  3 (5.5)   18 (3.2)  0.261 
 for PNF    1 (1.8)     7 (1.5)   0.200 
 for chronic liver failure     0   12 (2.5)  0.625 

 
Data represent numbers (percentages) for categorical variables or median (SD) for continuous 
variables. Abbreviations: DCD, donation after cardiac death; DBD, donation after brain death; 
PNF, primary non-function; AST, aspartate aminotransferase; NAS, non-anastomotic strictures; 
HAT, hepatic artery thrombosis. * PNF was defined as non-life-sustaining function of the liver 
requiring retransplantation or leading to death within seven days after OLT in the absence of 
HAT. 

Table 2. Characteristics of Donors and Recipients 

Variable                             DCD (n=55)                 DBD (n=471)            P-value 

Donor
Age in years, mean (range)    37 (12-64)          45 (11-72)           <0.001 

Gender              0.087 
            Male (%)                  33 (60)           224 (47)  
            Female (%)              22 (40)                     247 (53) 

Cause of death, percentage                                  <0.001 
            Trauma                  31                             21                               
            Cerebrovascular         40                           70 
            Other               29                             9 

Recipient
Age, years (range)       49 (18-65)              47 (10-70)  0.340 

Gender            0.042 
            Male (%)                             40 (73)                         275 (58) 
            Female (%)                   15 (27)                        196 (42)                           

Indication for transplantation (%)        0.208 
            Post necrotic cirrhosis               24 (44)   219 (46)         
            Primary sclerosing cholangitis    13 (24)   81 (17)             
            Primary biliary cirrhosis                 5 (9)   27 (6)        
            Acute Liver Failure         0               39 (8)     

Metabolic Disease         3 (5)      36 (8)           
Miscellaneous            10 (18)     69 (15)        

Previous transplant          0.203 
Yes (%)                 3 (5)         52 (11)  
No (%)                      52 (95)   419 (89)

MELD-score (range)     17.4 (6-40)  17.9 (6-52)  0.712 

Preservation and Operation 
Preservation solution                   <0.001 
            UW (%)                         13 (24)                   422 (90)  
            HTK (%)                 42 (76)                  49 (10) 

Ischemia times, mean (range) 
   donor WIT           16.5 (6 – 33)                0            <0.001 
   CIT                 456.2 (290-765)      515.3 (60-1090) 0.008 
   recipient WIT    34.6 (18-64)  39.4 (16-161)  0.018 

total WIT       51.9 (27-81)                39.4 (16-161)           <0.001 
   total ischemia time   508.1 (331-846) 553.8 (83-1121) 0.038 

Number of transplants per center        0.063 
  A (%)    20 (36)   102 (22) 
  B (%)    18 (33)   198 (42)  

C (%)    17 (31)   171 (36) 
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            Other               29                             9 

Recipient
Age, years (range)       49 (18-65)              47 (10-70)  0.340 

Gender            0.042 
            Male (%)                             40 (73)                         275 (58) 
            Female (%)                   15 (27)                        196 (42)                           

Indication for transplantation (%)        0.208 
            Post necrotic cirrhosis               24 (44)   219 (46)         
            Primary sclerosing cholangitis    13 (24)   81 (17)             
            Primary biliary cirrhosis                 5 (9)   27 (6)        
            Acute Liver Failure         0               39 (8)     

Metabolic Disease         3 (5)      36 (8)           
Miscellaneous            10 (18)     69 (15)        

Previous transplant          0.203 
Yes (%)                 3 (5)         52 (11)  
No (%)                      52 (95)   419 (89)

MELD-score (range)     17.4 (6-40)  17.9 (6-52)  0.712 

Preservation and Operation 
Preservation solution                   <0.001 
            UW (%)                         13 (24)                   422 (90)  
            HTK (%)                 42 (76)                  49 (10) 

Ischemia times, mean (range) 
   donor WIT           16.5 (6 – 33)                0            <0.001 
   CIT                 456.2 (290-765)      515.3 (60-1090) 0.008 
   recipient WIT    34.6 (18-64)  39.4 (16-161)  0.018 

total WIT       51.9 (27-81)                39.4 (16-161)           <0.001 
   total ischemia time   508.1 (331-846) 553.8 (83-1121) 0.038 

Number of transplants per center        0.063 
  A (%)    20 (36)   102 (22) 
  B (%)    18 (33)   198 (42)  

C (%)    17 (31)   171 (36) 
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table 2. Characteristics of Donors and Recipients

Data represent numbers (percentages) for categorical variables or mean (range) for continuous 

variables. abbreviations: DCD, donation after cardiac death; DBD donation after brain death; 

UW, University of Wisconsin; HTK, histidine-tryptophane-ketoglutarate; WIT, warm ischemia 

time; CIT, cold ischemia time.
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Table 3.  Outcome of Liver Transplantation 

 
 
Variable                                            DCD (n=55)               DBD (n=471)            P-value 

 
 
Early graft function                 0.844 
            Immediate function     54 (98.2)  464 (98.5) 

PNF *      1 (1.8)       7 (1.5)    
 
Ischemia-reperfusion damage, mean (SD) 
            AST 24 hours    2423 (3471)  1311 (2154)  0.007 
 AST 3 days      410 (342)   359 (577)  0.692 
 AST 7 days        90 (68)       63 (48)  0.061 
 
Biliary complications 
            Leakage    2 (3.6)         2 (5.5)   0.415 
            NAS     13 (23.6)  37 (7.9)  <0.001 
 
Vascular complications         0.502 
            HAT     4 (7.0)      22 (4.6)  0.438 
            Other     4 (7.0)      16 (3.4)  0.542 
 
Graft survival, percentage (SD) 

One year    74.0 (6.0)  80.4 (1.8)  0.275 
Three years    67.9 (6.5)  74.5 (2.1)  0.212 

 
Patient survival, percentage (SD) 

One year     84.6 (5.0)  86.3 (1.7)  0.704 
Three years    80.4 (5.6)  80.8 (2.0)  0.763 
 

Retransplantation during follow-up  10 (18.2)  49 (10.4)  0.081 
 for NAS    6 (10.9)  12 (2.5)  0.001 
 for vascular complications  3 (5.5)   18 (3.2)  0.261 
 for PNF    1 (1.8)     7 (1.5)   0.200 
 for chronic liver failure     0   12 (2.5)  0.625 

 
Data represent numbers (percentages) for categorical variables or median (SD) for continuous 
variables. Abbreviations: DCD, donation after cardiac death; DBD, donation after brain death; 
PNF, primary non-function; AST, aspartate aminotransferase; NAS, non-anastomotic strictures; 
HAT, hepatic artery thrombosis. * PNF was defined as non-life-sustaining function of the liver 
requiring retransplantation or leading to death within seven days after OLT in the absence of 
HAT. 
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table 3. Outcome of Liver Transplantation

Data represent numbers (percentages) for categorical variables or median (SD) for continuous 

variables. abbreviations: DCD, donation after cardiac death; DBD, donation after brain death; 

PNF, primary non-function; AST, aspartate aminotransferase; NAS, non-anastomotic strictures; 

HAT, hepatic artery thrombosis. * PNF was defined as non-life-sustaining function of the liver 

requiring retransplantation or leading to death within seven days after OLT in the absence of 

HAT.
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figure 1

Patient survival during the first 3 years after orthotopic liver transplantation (OLT) with livers 

from DCD (donation after cardiac death) and DBD (donation after brain death) donors 

(P=0.763). Continuous line = DBD, dashed line = DCD.
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from DCD (donation after cardiac death) and DBD (donation after brain death) donors 

(P=0.763). Continuous line = DBD, dashed line = DCD. 
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figure 2 

Graft survival during the first 3 years after orthotopic liver transplantation (OLT) with livers from 

DCD (donation after cardiac death) and DBD (donation after brain death) donors (P=0.212). 

Continuous line = DBD, dashed line = DCD.
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Figure 2  

Graft survival during the first 3 years after orthotopic liver transplantation (OLT) with livers 

from DCD (donation after cardiac death) and DBD (donation after brain death) donors 

(P=0.212). Continuous line = DBD, dashed line = DCD. 
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figure 3

Cumulative hazard for non-anastomotic strictures (NAS) after orthotopic liver transplantation 

(OLT) with livers from DCD (donation after cardiac death) and DBD (donation after brain death) 

donors (P<0.001). Continuous line = DBD, dashed line = DCD.

Risk factors for graft loss
Univariate analysis of risk factors in DCD-OLT revealed CIT, recipient WIT, and 
transplant center as possible risk factors for 1-year graft loss. Univariate analysis of 
risk factors in DBD-OLT revealed severe head trauma as cause of donor death, total 
ischemia time and transplant center as possible risk factors for 1-year graft loss. CIT 
and recipient WIT, when entered as continuous instead of categorical variables, were 
associated with a continuously increasing risk with increasing ischemia times and 
therefore entered as continuous variables in the multivariate model. Independent 
risk factors for graft loss within one year are shown in Table 4. If recipients with 
acute liver failure were removed, independent risk factors for one-year graft loss were 
similar. All other factors mentioned did not independently contribute to the risk. No 
confounders or interactions among variables and of variables with time were present. 
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Figure 3 

Cumulative hazard for non-anastomotic strictures (NAS) after orthotopic liver transplantation 

(OLT) with livers from DCD (donation after cardiac death) and DBD (donation after brain 

death) donors (P<0.001). Continuous line = DBD, dashed line = DCD. 
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Retransplantation rate in center B (31/216) was higher than in center C (12/187) 
(P=0.015), but not different from center A (16/123) (P=0.870). In DCD-OLT the total 
ischemia time was higher in center B (512 min) than in centers A and C (506 min) 
(P=0.040). There was only a trend towards a higher CIT in center B (466 min) than in 
centers A and C (451 min) in DBD-OLT (P=0.051). The recipient WIT was shorter in 
center B (34.13 min) than in centers A and C (43.17 min) in DBD-OLT (P=0.018). 
Donor WIT did not differ between the three centers. Recipient-age and gender of 
donor and recipient did not differ between centers. Donor age for DCD and DBD-
OLT combined was lower in center B (43.8 years) than in centers A and C (47.7 years) 
(P=0.047).

Risk factors for non-anastomotic biliary strictures
Univariate analysis of risk factors for NAS in all recipients revealed DCD donor as 
a risk factor, while the other factors analyzed were not significant. For OLT with a 
DBD donor univariate risk factors for NAS were donor age, and primary sclerosing 
cholangitis (PSC) as indication for transplantation. For OLT with a DCD donor no 
other risk factor for NAS was identified in univariate analysis. This remained unchanged 
if recipients with acute liver failure were excluded from the analysis. Following 
multivariate analysis independent risk factors for NAS are shown in Table 5; other 
factors mentioned did not independently contribute to this risk. In the first half year 
after OLT 11/31 cases of NAS were in recipients with PSC, while more than 180 days 
after OLT 6/20 cases of NAS were in recipients with PSC (P=0.767). After exclusion of 
recipients with PSC, independent risk factors for NAS are shown in Table 6. Frequency 
of NAS was higher in centers A 15/124 (12%) and C 22/187 (12%) than in center 
B 14/216 (6.5%) (P=0.04). Despite of this, the retransplantation rate for NAS was 
13/14 in center B, 5/15 in center A, and 0/22 in center C (P<0.001). The independent 
risk factors did not explain the different incidence of NAS and retransplantation rate 
between centers. No confounders or interactions among variables and of variables with 
time were present.
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table 4. Independent Risk Factors for Graft Loss within One Year Identified by Multivariate 

Logistic Regression Analysis

abbreviations: DCD, donation after cardiac death; DBD, donation after brain death; WIT, warm 

ischemia time; CIT, cold ischemia time.
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Table 5.  Independent Risk Factors for Graft Loss within One Year Identified by  
                Multivariate Logistic Regression Analysis 

 
                                                       
Variable for all patients              Odds ratio (95% CI)     P-value                

 
 
Center A     2.277 (1.212-4.276)  0.011 
Center B     3.255 (1.879-5.641)  < 0.001 
CIT      1.001 (1.000-1.002)  0.033 
Recipient WIT     1.017 (1.002-1.032)  0.024 

 
 
 
Variable for DBD                Odds ratio (95% CI)     P-value                

 
 
Center A     2.415 (1.250-4.667)   0.009   
Center B     3.103 (1.761-5.468)  <0.001 
Recipient WIT     1.020 (1.005-1.035)   0.010 
Severe head trauma as cause of donor death 1.683 (1.064-2.662)    0.026 

 
 
 
Variable for DCD                Odds ratio (95% CI)     P-value                

 
 
Center B     8.359 (1.014-68.917)    0.049 
Donor WIT     1.089 (1.003-1.183)    0.041 
CIT      1.006 (1.002-1.011)    0.010 

 
Abbreviations: DCD, donation after cardiac death; DBD, donation after brain death; WIT, warm 
ischemia time; CIT, cold ischemia time. 
 



Center effect
For both DCD and DBD-OLT, graft survival was lower in center B than in centers A 
and C (Figure 4 & 5). This difference in patient survival persisted and increased with 
time after exclusion of patients with acute liver failure and retransplantation, while 
MELD-scores were similar in the centers (Figure 6). In DBD-OLT there was a higher 
30-day mortality in center B 24/216 (11.1%) than in centers A 4/123 (3.3%) and 
C 5/187 (2.7%). Operative mortality in center B was 8/216 (3.7%) versus 0/310 in 
centers A and C combined (P<0.001). In DCD-OLT the intra-operative death was one 
patient (center B) and 30-day mortality was 3/18 in center B versus 1/37 in A and C 
combined (P=0.099).

figure 4

Graft survival per center during the first 3 years after orthotopic liver transplantation (OLT) in 

DBD (donation after brain death). Graft survival in center B was significantly lower than in center 

C (P<0.001) and tended to be lower than in center A (P=0.082), while graft survival in center C 

and center A was similar (P=0.124). Continuous line= center C, dashed line = center A, dotted 

line = center B. 
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Figure 4 

Graft survival per center during the first 3 years after orthotopic liver transplantation (OLT) in 

DBD (donation after brain death). Graft survival in center B was significantly lower than in 

center C (P<0.001) and tended to be lower than in center A (P=0.082), while graft survival in 

center C and center A was similar (P=0.124). Continuous line= center C, dashed line = 

center A, dotted line = center B.  
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figure 5

Graft survival per center during the first 3 years after orthotopic liver transplantation (OLT) 

in DCD (donation after cardiac death). Graft survival in center B was significantly lower than 

in center C (P=0.04), while graft survival in center C and center A was similar (P=0.364). 

Continuous line= center C, dashed line = center A, dotted line = center B. 
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Figure 5 

Graft survival per center during the first 3 years after orthotopic liver transplantation (OLT) in 

DCD (donation after cardiac death). Graft survival in center B was significantly lower than in 

center C (P=0.04), while graft survival in center C and center A was similar (P=0.364). 

Continuous line= center C, dashed line = center A, dotted line = center B.  
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figure 6

Patient survival in all patients per center during the first 3 years after orthotopic liver 

transplantation (OLT) after exclusion of recipients with acute liver failure and after exclusion of 

retransplanted patients; this survival was better in centers A and C than in center B. Continuous 

line= center C, dashed line = center A, dotted line = center B. 
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Figure 6 

Patient survival in all patients per center during the first 3 years after orthotopic liver 

transplantation (OLT) after exclusion of recipients with acute liver failure and after exclusion 

of retransplanted patients; this survival was better in centers A and C than in center B. 

Continuous line= center C, dashed line = center A, dotted line = center B.  
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table 5. Independent Risk Factors for NAS Identified by Multivariate Analysis

None of the risk factors analyzed were significant. abbreviations: DCD, donation after cardiac 

death; DBD, donation after brain death, PSC, primary sclerosing cholangitis; MELD, Mayo End-

Stage Liver Disease.

table 6. Independent Risk Factors for NAS after exclusion of recipients with PSC, identified by 

Multivariate Analysis

None of the risk factors analyzed were significant. abbreviations: DCD, donation after cardiac 

death; DBD, donation after brain death; MELD, Mayo End-Stage Liver Disease.
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Table 7.  Independent Risk Factors for NAS Identified by Multivariate Analysis 
 

                                                       
Variable for all patients            Odds ratio (95% CI)     P-value                

 
DCD graft                        5.575 (2.749-11.307)  <0.001 
PSC in recipient    2.591 (1.398-4.802)    0.002 
Donor age     1.024 (1.001-1.048)    0.041 
 
                                                      
Variables for DBD             Odds ratio (95% CI)     P-value                

 
PSC in recipient    3.638 (1.715-7.716)     0.001 
MELD-score     1.040 (1.004-1.077)     0.027  
 
 
Variables for DCD             Odds ratio (95% CI)     P-value                

 
None of the risk factors analyzed were significant. Abbreviations: DCD, donation after cardiac 
death; DBD, donation after brain death, PSC, primary sclerosing cholangitis; MELD, Mayo End-
Stage Liver Disease. 
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Table 8.  Independent Risk Factors for NAS after exclusion of recipients with PSC,  
     identified by Multivariate Analysis 

 
                                                       
Variable for all patients            Odds ratio (95% CI)     P-value                

 
DCD graft                        8.654 (3.477-21.541)           <0.001 
MELD-score     1.010 (1.010-1.079)  0.011 
Donor age     1.009 (1.009-1.074)  0.012 
 
                                                      
Variables for DBD             Odds ratio (95% CI)     P-value                

 
MELD-score     1.058 (1.019-1.099)  0.003 
Donor age     1.040 (1.003-1.078)  0.036 
 
 
Variables for DCD             Odds ratio (95% CI)     P-value                

 
None of the risk factors analyzed were significant. Abbreviations: DCD, donation after cardiac 
death; DBD, donation after brain death; MELD, Mayo End-Stage Liver Disease. 
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disCussion
In the present study similar patient- and graft survival rates, PNF and hepatic artery 
thrombosis (HAT) rates in DCD and DBD-OLT were found. This is very unusual 
in DCD-OLT and probably the result of a strict protocol with predefined donor 
acceptance criteria, as recently proposed by others (15, 16). Since allocation was 
according to the waiting list and MELD-scores were similar, selection of recipients 
was not different for DCD and DBD-OLT in the Dutch 2001 protocol. Initial 
reports demonstrated that DCD-OLT was feasible, but the incidence of PNF, HAT 
and NAS was increased with lower graft and patient survival (6-11). However, those 
series included uncontrolled DCD donors. New guidelines and a donor risk index 
were formulated; the data from the United Network for Organ Sharing (UNOS) also 
revealed worse graft and patient survival and more PNF after DCD-OLT compared 
to DBD-OLT (17-20). Livers from both controlled and uncontrolled DCD donors 
were included. Favorable DCD donor criteria were donor age 45 years or below, donor 
WIT at or below 15 minutes, and CIT at or below 10 hours; in OLT from DCD 
donors with these criteria graft survival was similar to DBD (21). More recently similar 
patient survival after DCD and DBD-OLT was reported from Pittsburgh, while graft 
survival was lower in DCD, especially within the first year (22). In 2009 Mayo Clinic 
Jacksonville, including only category III DCD donors, reported both similar patient- 
and graft survival in DCD and DBD-OLT (23). However, a matched pairs analysis 
from the UK with similar predicted mortality for DCD and DBD recently still showed 
worse graft and patient survival and more NAS and HAT in DCD-OLT than in DBD-
OLT (24).
In the current cohort a center effect was present. Since this occurred both in DCD 
and DBD it did not affect the comparison of DBD and DBD-OLT survival. A higher 
operative and immediate post-operative mortality in center B explained most of this 
effect. The data indicate that other factors like post-operative medical treatment and 
different ischemia times may also have played a role in the center effect.
Despite a lower incidence of NAS in DBD-OLT, this center had a higher retransplant 
rate, especially for this indication. It is known that retransplantation carries a lower 
patient survival (25). In treating NAS it is therefore important to first use endoscopic or 
radiological dilatation procedures or conversion to a bilioenteric anastomosis if possible. 
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NAS more frequently occured after DCD-OLT compared to DBD-OLT. This was 
similar in other series that had a less strict donor selection (26, 27). Only one group 
reported not only similar graft and patient survival, but also similar complication rates 
including NAS in DCD versus DBD-OLT (28). NAS may be a reflection of more 
severe ischemia/reperfusion damage in DCD as indicated by our finding of higher AST 
values on day 1 than in DBD-OLT. However, ischemia times and AST levels in the 
first week after OLT were not risk factors for development of NAS in our study. Since 
reduced perfusion of the peribiliary plexus may play a role in development of NAS, it 
is commonly accepted to use a low-viscosity solution for rapid perfusion of the DCD 
graft including high pressure perfusion of the biliary arterial plexus. Some centers prefer 
a high-viscosity solution for preservation thereafter. A recent study showed decreased 
graft survival in HTK-preserved livers, especially of DCD livers with CIT above 8 hours 
(29). The current data do not allow analysis on which solution is best. In these data 
donor age and MELD-score contributed to the risk of NAS, while PSC in the recipient 
was a more important risk in DBD grafts. A DCD graft carried such a high risk that 
other risk factors became insignificant. While the UNOS advocates utilizing DCD 
livers in ‘low-risk’ recipients, and the Dutch relationship between MELD-score and 
NAS seems to support this, Pittsburgh reported a larger survival benefit of DCD livers 
for recipients with a MELD-score >30, similar to that in DBD OLT (30).
In this series from The Netherlands one-year graft loss for DBD was determined by 
center, recipient WIT, and severe head trauma. DCD-OLT one-year graft loss was 
determined by center, donor WIT and CIT. Prolonged, severe hypotension in the 
donor postextubation period is a better predictor of subsequent organ function than 
time from extubation to asystole (31). More than 15 minutes of systolic blood pressure 
below 50 mm Hg was an exclusion criterion in our protocol. A longer interval correlates 
with increased rates of diffuse biliary ischemia, graft loss, or death (32). Donor age 
influenced the incidence of NAS in the Dutch cohort, but had no direct impact on graft 
or patient survival. A recent report also found similar graft and recipient survival rates in 
DCD and DBD-OLT, with also a similar incidence of PNF and HAT, but an increased 
risk for the development of NAS in the DCD group (13.7% versus 1%, P=0.001) (33). 
Donor weight >100 kg and total ischemia times at or above 9 hours, in donors older 
than 50 years of age, predicted the development of NAS in the DCD group in that 
study. In the current series these risk factors were avoided by protocol (Table 1) (34). 



In the Scientific Registry of Transplant Recipients (SRTR) DCD donors were younger 
(P<0.001), with fewer deaths secondary to stroke (P<0.001) and higher graft failure 
within 180 days compared to DBD donors, while listing for retransplantation and graft 
failure progressed over 180 days versus 20 days in DBD donors (35). In the SRTR, 
recipients of DCD were older (P<0.001) and had lower MELD-scores (P<0.001) (35). 
In the current study there was no significant difference in graft survival between DCD-
OLT and DBD-OLT. The recently reported series from Pittsburgh analyzed 114 DCD-
OLTs between 1993 and 2007, while the Dutch cohort included patients between 
2001 and 2006. Although donor WIT was limited by their protocol more biliary 
complications were present in DCD-OLT and half of them led to retransplantation, 
while donor WIT > 20 minutes, cold CIT > 8h, donor age > 60 were associated with 
poorer outcomes. All of these factors were avoided by protocol in the current cohort 
from The Netherlands. The present cohort is more homogenous. 
The introduction of DCD-OLT has not led to an increase in number of OLTs 
performed. Since 2001 the number of DBD donations continued to decrease and there 
has been a steady increase in DCD donors (36). Multiple reasons are being suggested 
for this, such as better hospital care for neurological disorders and decreasing numbers 
of fatal traffic accidents (37, 38). Further reduction of ischemia times, increased use of 
non-retransplantation solutions for postoperative problems and optimization of surgical 
and postoperative care may further improve graft survival in both DCD and DBD-
OLT. This includes better preservation and selection of donors.  
The current data indicate that national sharing of livers from selected controlled 
DCD donors may result in long-term graft and patient survival rates similar to those 
after DBD-OLT. This requires a protocol with only controlled (category III) donors, 
restrictive acceptance criteria and national agreement about the procurement technique, 
which allows for allocation according to the national waiting list. Reduction of NAS, 
ischemic damage and retransplantation is important for further improvement.
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aBstRaCt
Background Non-anastomotic strictures (NAS) of the bile duct are a serious type of 
biliary complication after orthotopic liver transplantation (OLT). We aimed to define 
the role of endogenous bile salt toxicity in the pathogenesis of bile duct injury after 
OLT. Methods Livers from wild-type mice and mice heterozygous for disruption of 
Mdr2 gene (Mdr2+/-) were transplanted into wild-type recipient mice. Mdr2+/- mice 
secrete only 50% of the normal amount of phospholipids into their bile, leading to an 
abnormally high bile salt/phospholipid ratio. In contrast to homozygous Mdr2-/- mice, 
the Mdr2+/- mice, however, have normal liver histology and function under normal 
conditions. Two weeks after OLT, bile duct injury and cholestasis were assessed by 
light and electron microscopy, as well as through molecular and biochemical markers. 
Results There were no signs of bile duct injury or intrahepatic cholestasis in liver grafts 
from wild-type donors. Liver grafts from Mdr2+/- donors, however, had enlarged portal 
tracts with cellular damage, ductular proliferation, biliostasis, and a dense inflammatory 
infiltrate after OLT. Parallel to this observation, recipients of Mdr2+/- livers had 
significantly higher serum transaminases, alkaline phosphatase, total bilirubin, and 
bile salt levels, as compared to recipients of wild-type livers. In addition, hepatic bile 
transporter expression was compatible with the biochemical and histological cholestatic 
profile found in Mdr2+/- grafts after OLT. Conclusions This data indicates that toxic bile 
composition, due to a high biliary bile salt/phospholipid ratio, acts synergistically to 
cold ischemia in the pathogenesis of bile duct injury after transplantation. 
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intRoduCtion
Bile duct complications are an important cause of morbidity and graft loss after 
orthotopic liver transplantation (OLT) in humans, occurring between 10% and 30% 
of the patients (1, 2). A common type of biliary complication are non-anastomotic 
strictures (NAS) with dilatation of the intrahepatic bile ducts, found in up to in 20% 
of the patients (3). Prolonged cold ischemia time is an independent risk factor for this 
type of injury (2-6). However, NAS are also observed in absence of long cold ischemia 
or other identifiable risk factors. Experimental studies in pigs suggested that bile salts 
may contribute to hepatic injury during cold ischemia and after liver transplantation 
(7-9). Bile salts have potent detergent properties, and may damage cells by affecting 
the integrity of cellular membranes. In addition, bile salts are cytotoxic via intracellular 
processes, such as mitochondria-mediated toxicity (10). Normally, these toxic effects are 
prevented by neutralization of bile salts by phospholipids and the formation of mixed 
micelles in bile. Phospholipids are secreted into bile in human via the concerted action 
of the multidrug resistance 3 MDR3 P-glycoprotein (gene symbol ABCB4), located in 
the canalicular membrane of hepatocytes, and canalicular bile salts. Mutations in the 
MDR3 gene have been associated with diseases characterized by intrahepatic cholestasis, 
biliary sludge formation and injury, and high serum gamma-glutamyltransferase activity, 
as seen in the progressive familial intrahepatic cholestasis (PFIC) type 3 and intrahepatic 
cholestasis associated to pregnancy (11, 12). Mice homozygous for the disruption of the 
Mdr2 gene (Abcb4), a homologue of human MDR3, completely lack phospholipids in 
their bile and develop progressive bile duct injury and cholestasis early in life (13, 14). 
Based on the development of intrahepatic biliary strictures, these animals have been 
proposed as a model for sclerosing cholangitis (15, 16), and also share many features of 
the NAS observed after OLT. 
Of interest, bile duct injury occurring after human OLT was recently found to correlate 
with the formation of toxic bile early after OLT, characterized by a high bile salt/
phospholipid ratio (17). Whether bile salt toxicity actively contributes to hepatic injury 
or is an epiphenomenon could not be identified in this clinical study. Therefore, we 
designed a study using a model of arterialized OLT in mice that are heterozygous for 
the disruption of Mdr2 gene (Mdr2+/-) to determine the impact of bile contents on 
biliary injury after OLT. These Mdr2+/- mice disclose approximately half of the normal 
phospholipid concentration in bile, but in contrast to their homozygous (Mdr2-/-) 
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littermates, they do not develop biliary injury and intrahepatic strictures under normal 
conditions (13). We hypothesized that the high bile salt/phospholipid ratio in Mdr2+/- 
contributes to bile duct injury related to cold storage and subsequent reperfusion during 
OLT. Livers from wild-type or Mdr2+/- mice were transplanted into wild-type recipients 
after a short period of cold ischemic storage. The type and degree of hepatocellular and 
biliary injury was assessed at 14 days after OLT using established markers of injury. This 
study provides novel insights into the molecular mechanism of bile duct injury after 
OLT. Moreover, evidence is provided for a pivotal role of endogenous bile salts in the 
pathogenesis of bile duct injury.  

mateRials and methods
animals
Mice heterozygous for disruption of the Mdr2 gene (Inbred FVB.129P2-Abcb4tm1Bor) 
were obtained from The Jackson Laboratory (Maine, USA). These animals were bred 
at the animal facility of the University Hospital of Zurich. Male wild-type (Mdr2+/+) 
and heterozygous (Mdr2+/-) littermates (25–30 g) were used in this study. The mice 
were housed in a light- and temperature-controlled facility. Standard laboratory chow 
was available ad libitum. Animals received humane care according to guidelines of 
the University Hospital of Zurich. The study protocol was approved by the Federal 
Veterinary Office of Zurich.

surgical procedures
A murine model of arterialized OLT was used. Donor procedure, back-table preparation 
and recipient procedure were performed as described by Tian et al. (18). In summary: 
after midline laparotomy, all vessels and ligaments to the liver were dissected in the 
donor. In situ perfusion of the liver was performed, using cold (4°C) Ringer’s solution. 
The liver was subsequently freed from its retroperitoneal attachments and removed. The 
graft was stored in cold (4°C) Ringer’s solution for 60 minutes until implantation in 
the recipient. After hepatectomy of the native liver in the recipient, the donor liver was 
implanted in an orthotopic position. Anhepatic time in the recipient was consistently 
kept below 20 minutes. After completing the anastomosis between the suprahepatic 
inferior vena cava of the recipient and donor, the portal vein was reconstructed and the 
liver was reperfused. Arterial recirculation was established by an end-to-side anastomosis 
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between the recipient aorta and an aortic segment attached to the hepatic artery of the 
graft. Antibiotic prophylaxis was provided by a single subcutaneous injection of 5 mg of 
cefazolin.
After 14 days, the animals (n=5 for each group) underwent relaparotomy. The grafted 
liver was dissected free from its surrounding connective tissue and patency of the 
hepatic artery was checked. The bile duct was canulated to drain (20-30 minutes) and 
collect bile, using a polyethylene catheter (inner diameter 0.28 mm, outer diameter 0.61 
mm; SIMS Portex, Kent, UK). Subsequently, blood was collected from the inferior vena 
cava and the liver was rapidly excised and processed for further analysis. In addition, 3 
animals in each group were sacrificed at one day after OLT to collect bile samples for 
analysis of bile salt and phospholipid concentration. All bile and serum samples were 
snap-frozen and stored at -80 oC.
Separate groups of wild-type and heterozygous (Mdr2+/-) mice (n=5 for each group) 
were used to obtain samples of bile, serum and liver tissue for determination of baseline 
values. 

histology and immunohistochemistry
Liver tissues were immersion-fixed in 4% PBS-buffered formalin, embedded in paraffin, 
sectioned, and stained with haematoxylin-eosin, Sirius red or for chloroacetate esterase 
using standard histological techniques. In addition, slides were immunostained for 
CD3 (monoclonal rabbit antibody; Neomarkers, Fremont, CA), CD45R (monoclonal 
rat clone RA3-6B2;BD Biosciences Pharmingen), myeloperoxidase (polyclonal rabbit 
antibody; Neomarkers), cytokeratin (polyclonal rabbit antibody; DakoCytomation) 
and Ki-67 (monoclonal rabbit clone SP6; NeoMarkers) using the Ventana Discovery 
automated staining system with the DAB Map kit (Ventana, Tucson, AZ). All sections 
were counterstained with hematoxylin. Quantification of CD3+ T-lymphocytes, 
CD45R+ B-lymphocytes, myeloperoxidase-positive myeloid cells and cytokeratin-
positive cells was performed in 10 portal tracts with portal veins measuring 50-150 µm 
in diameter. 
Double immunofluorescence labeling for Cytokeratin 18 (Progen Biotechnik GmbH, 
Heidelberg, Germany) and Laminin (E-Y Laboratories, San Mateo, CA) was performed 
using cryosections. Secondary antibodies were FITC and Cy3-labelled antibodies 
(Milan Analytica AG, La Roche, Switzerland). Nuclear DNA was stained by adding 
4-6-Diamidino-2-phenylindole from Sigma Chemicals.
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All histological assessments were performed by a single pathologist who was unaware of 
the genotype of the animals and of the other study data

transmission electron microscopy
Tissues were immersion-fixed in 2.5% buffered glutaraldehyde for 60 minutes, 
buffered in PBS and embedded in Epon in accordance to the guidelines of the Electron 
Microscopy Centre of the University of Zurich and studied in a MC12 Philips electron 
microscope (19).

Biochemical analysis of serum and bile
Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 
phosphatase (ALP), and total bilirubin levels were measured using the Ektachem 
DT60 II System and DTSC II Module (Johnson & Johnson Clinical Diagnostics 
Inc., Rochester, NY). Conjugated bile salts in serum were measured using a 
radioimmunoassay 125I RIA-Kit (MP Biomedicals, Eschwege, Germany).
In bile samples, total bile salt concentration was measured spectrophotometrically 
using 3α-hydroxysteroid dehydrogenase (20). Biliary phospholipid concentration was 
analyzed using a commercially available enzymatic method (Wako Chemicals GmbH, 
Neuss, Germany).

isolation and processing of membrane fractions for 
western blotting
Liver membrane fractions (microsomes) were prepared according to Trauner et al. 
(21), with a minor modification (single 39,000 RPM centrifugation step of gauze 
filtered liver homogenates). Membrane fractions were resuspended and protein 
concentrations were determined with the bicinchoninic acid method (Pierce, Rockford, 
IL) (22). Microsomes (40µg) were separated using a 7.5% SDS polyacrylamide 
gel electrophoresis, and transferred to nitrocellulose. The blots were probed with 
rabbit antisera raised against the sinusoidal bile salt transporter Ntcp (23) and the 
canalicular bile salt export pump Bsep (24) at appropriate dilutions. In addition, 
blots were probed with an anti-beta-actin antibody (Abcam, Cambridge, UK) to 
confirm equal protein loading and the specificity of the changes in transporter protein 
levels. Immune detection was assessed by using the ECL chemiluminescent detection 
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system (Amersham, UK). For comparison of expression levels, autoradiographs were 
scanned with an AlphaImagerTM 1220 gel documentation system (Witec AG, Luzern, 
Switzerland).

expression of mRna determined by Real-time quantitative 
PCR
Total RNA was isolated from frozen mouse liver using TRIzol reagent and reverse 
transcription was performed using random hexamer (Invitrogen life technologies, Basel, 
Switzerland), according to the manufacturer’s instructions. Real-time quantitative 
PCR to quantify mRNA coding for Ntcp, Bsep and Mdr2, was performed on cDNA 
samples as described by Assay-by DesignSM Service, Applied Biosystems (Rotkreuz, 
Switzerland) using ABI Prism 7000 Sequence Detector, SDS software version 1.1 
(Applied Biosystems). Unlabeled PCR primers and TaqMan® MGB probes (FAMTM 
dye labelled) were obtained as singleplex PCR reaction mix from Applied Biosystems 
(Table 1). A probe against ribosomal 18S-RNA was used as internal control (Applied 
Biosystems). 

statistics
Values are expressed as mean ± SD. Data was analyzed using SPSS software version 
11.5 for Windows (SPSS Inc., Chicago, Il). Differences within and between groups 
were compared using a paired and non-paired Mann-Whitney U-test, respectively. All 
P-values were two-tailed and considered as statistically significant at a level of less than 
0.05.

table 1. Sequences of primers and probes used for RT-PCR

Accession #

Ntcp cDNA (Slc10a1) AB003303 Sense 5’-GCC ACA CTA TGT ACC CTA CGT-3’
Antisense 5’-GCC ACA GAG AGG GAG AAA GTG-3’

Probe 5’-CAA GGC AGG CAT GAT C-3’

Bsep cDNA (Abcb11) NM_021022 Sense 5’-GCT GCC AAG GAT GCT AAT GC-3’

Antisense 5’-GCC TCC TCC TTC TCC AAC TAG-3’

Probe 5’-CCT GCC ACA GCA ATT T-3’

Mdr2 cDNA (Abcb4) NM_008830 Sense 5’-CGC TGC GGC CAA CAC-3’

Antisense 5’-CTC GCT GCC TCA AGA TCC A-3’
Probe 5’-TCT CAG CCT GAA CTT C-3’
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Results
is there any histopathological evidence of hepatobiliary 
injury in wild-type and mdr2+/- mice after olt?
As reported previously (13, 25), no histological abnormalities, especially no portal 
tract infl ammation, bile duct injury, ductular proliferation or cholangitis of large 
bile ducts, was observed in livers obtained from Mdr2+/- and wild-type mice prior to 
transplantation (Figures 1A-B). At 14 days after transplantation, no major histological 
abnormalities were found in wild-type livers. However, in contrast with this, Mdr2+/- 
liver grafts revealed signs of small bile duct damage such as irregular confi guration of 
bile ducts, uneven spacing and loss of biliary epithelial cells (Figure 1D). Furthermore, 
the number of bile ducts was increased in Mdr2+/- liver grafts suggesting ductular 
reaction. To quantify ductular reaction, the numb er of cytokeratin-positive cells per 
portal tract was determined using immunohistochemistry (Figure 1E-F). Portal tracts 
in Mdr2+/- liver grafts showed a two-fold increase in the number of cytokeratin-positive 
cells (Figure 1G). Double-immunofl uorescence labeling for laminin and cytokeratin 
18 revealed no basal membrane disruptions of small bile ducts in wild-type or 
Mdr2+/- liver grafts (Figure 1H-I). Portal tracts of Mdr2+/- grafts were also enlarged and 
contained a mixed infl ammatory infi ltrate composed of neutrophils, plasma cells and 
lymphocytes (Figure 1D). To further characterize and quantify portal infl ammation, 
sections were stained with immunohistochemical markers for B lymphocytes (CD45R), 
T lymphocytes (CD3) and myeloid cells (myeloperoxidase, MPO). In comparison to 
wild-type liver grafts 14 days after transplantation and to wild-type and Mdr2+/- grafts 
prior to transplantation, Mdr2+/- grafts showed a signifi cant increase in myeloid, B and 
T cells (Figure 1J). Th ere was no fi brosis or development of fi brous septa in both wild-
type and Mdr2+/- liver grafts (Figure 1K-L). 
Histological analysis of intermediate and large bile ducts revealed purulent cholangitis 
in Mdr2+/- grafts at 14 days after transplantation. Th e periductal stroma of intermediate 
and large bile ducts demonstrated myxoid transformation and infi ltration by 
neutrophils (Figure 2B-D). Neutrophils were also present within the bile duct 
epithelium and duct lumina, indicating cholangitis. Furthermore, the epithelial outline 
of intermediate and large bile ducts in Mdr2+/- was irregular with increased proliferation 
as revealed by Ki-67 staining (Figure 2F).
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figure 1

Histological analysis of wild-type and Mdr2+/- liver grafts before and 14 days after OLT.

(A-B) Normal portal tract morphology in wild-type (A) and Mdr2+/- (B) liver grafts before OLT. 

(H&E). Original magnifi cation: x200.

(C-D) In comparison to wild-type controls (C), infl ammation, signs of bile duct damage and 

ductular reaction in portal tracts of Mdr2+/- liver grafts (D) 14 days after transplantation. 

Arrowheads indicate small bile ducts. Note: bile duct damage presents as uneven spacing 

of biliary epithelial cells, nuclear irregularity and loss of epithelial cells (H&E). Original 

magnifi cation: x200.

(E-F) Ductular reaction revealed by immunohistochemical staining for cytokeratin in Mdr2+/- 

liver grafts (F) in comparison to wild-type controls (E) 14 days after transplantation. Original 

magnifi cation: x200.

(G) Quantifi cation of cytokeratin-positive cells in portal tracts of Mdr2+/- and wild-type liver grafts 

before and 14 days after transplantation, ap ≤ 0.05 compared to WT at the same time point, bp ≤ 

0.05 compared to pre-OLT.

(H-I) Double-immunofl uorescence labeling for cytokeratin 18  and laminin revealed no basal 

membrane disruptions of small bile ducts in wild-type (H) or Mdr2+/- (I) liver grafts. Original 

magnifi cation: x1000.
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(J) Quantifi cation of CD3-, CD45R- and myeloperoxidase-positive cells in portal tracts of Mdr2+/- 

and wild-type liver grafts 14 days after transplantation, ap ≤ 0.05 compared to WT at the same 

time point, bp ≤ 0.05 compared to pre-OLT. 

(K, L) Absence of portal fi brosis in Mdr2+/- (L) in comparison to wild-type (K) liver grafts 14 days 

after transplantation (Sirius red). Original magnifi cation: x200.

figure 2

Cholangitis of large bile ducts in Mdr2+/- liver grafts14 days after OLT. In contrast to wild-type 

controls (A, C, E), intermediate and large bile ducts of Mdr2+/- grafts (B, D, F) display myxoid 

transformation of the periductal stroma (B), infi ltration by neutrophils (arrow heads) as revealed 

by chloroacetate esterase staining (D) and increased proliferation of biliary epithelial cells (Ki-

67 staining) (F) 14 days after transplantation. bd: bile duct. (A, B: H&E). Original magnifi cation: 

x150 (A, B), x300 (C-F).  
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are there differences in ultrastructural cell morphology 
between wild-type and mdr2+/- mice on transmission 
electron microscopy?
To further characterize injury at the cellular level, transmission electron microscopy was 
performed. Similar to light microscopy, there were no differences in ultrastructural cell 
morphology in livers from wild-type or Mdr2+/- mice before transplantation (Figure 3A-
B). 14 days after transplantation, however, striking differences in hepatocyte and bile 
duct epithelial cell injury were observed between the two groups. Hepatocellular and 
bile duct epithelial cell injury in the Mdr2+/- group was characterized by a variation in 
nucleus size, loss of nuclei, destruction of mitochondria, and loss of ribosomes (Figure 
3D-F). In addition, there were signs of loss of microvilli and dilatation of the bile ducts 
and primary bile canaliculi (Figure 3D-F). There were no signs of basal membrane 
destruction or loss of tight junctions.

do the histopathological changes in mdr2+/- grafts correlate 
with biochemical markers of hepatobiliary injury and 
function?
Biochemical analysis included both serum and bile measurements, as indicators for 
liver injury and cholestasis. Before transplantation, there were no significant differences 
in serum transaminases, ALP, bilirubin, and conjugated bile salts between the two 
groups (Table 2). In the wild-type group, no significant changes in these variables were 
observed at 14 days after transplantation. However, in recipients of Mdr2+/- livers, serum 
transaminases, ALP, and conjugated bile salts increased significantly at this time point, 
reflecting cellular injury and cholestasis. Serum total bilirubin was also higher in the 
Mdr2+/- group, but this did not reach statistical significance (Table 2). 
Analysis of bile samples revealed no differences in biliary bile salt concentration 
before transplantation in the two groups. However, as expected, biliary phospholipid 
concentration in Mdr2+/- donors was significantly lower than in wild-type animals, 
resulting in a 1.9-fold higher bile salt/phospholipid ratio (Table 3). Analysis of bile 
collected at one day after transplantation confirmed that the bile salt/phospholipid 
ratio in bile produced by Mdr2+/- liver grafts remained abnormally high (Table 3). In 
accordance with observations in humans (17), an increase in bile salt/phospholipid ratio 
was observed in recipients of wild-type livers, although ratios remained significant lower 
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than in recipients of Mdr2+/- livers. At 14 days after transplantation, biliary bile salt 
and phospholipid concentrations had returned to pre-transplant values in the wild-type 
group. In the Mdr2+/- group, biliary bile salt concentration decreased significantly and 
was 2.4-times lower than the preoperative values, which is compatible with the overall 
phenotype of intrahepatic cholestasis (Table 3).

figure 3

Transmission electron microscopy of bile canaliculi and small bile ducts. Ultrastructural cell 

morphology in livers from wild-type (A) and Mdr2+/- (B) mice before transplantation versus wild-

type (C) and Mdr2+/- (D) mice 14 days after OLT. Note: damaged mitochondria and ribosomes, 

loss of microvilli and canalicular dilation in Mdr2+/- (D) mice. In comparison with wild-type 

(E), bile ducts of Mdr2+/- (F) grafts display cell damage 14 days after OLT. bd: bile duct, m: 

mitochondria; rer: ribosomes; arrowheads point to the microvilli. Original magnification: x8800 

(A-D), x5600 (E-F).
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Figure 3 

Transmission electron microscopy of bile canaliculi and small bile ducts. Ultrastructural cell 

morphology in livers from wild-type (A) and Mdr2+/- (B) mice before transplantation versus 

wild-type (C) and Mdr2+/- (D) mice 14 days after OLT. Note: damaged mitochondria and 

ribosomes, loss of microvilli and canalicular dilation in Mdr2+/- (D) mice. In comparison with 

wild-type (E), bile ducts of Mdr2+/- (F) grafts display cell damage 14 days after OLT. bd: bile 

duct, m: mitochondria; rer: ribosomes; arrowheads point to the microvilli. Original 

magnification: x8800 (A-D), x5600 (E-F). 
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table 2. Serum Transaminases, Alkaline Phosphatase, Bile Salts, and Total Bilirubin 

Transaminases, alkaline phosphatase and bile salt levels were significant higher in Mdr2+/- mice 

14 days after transplantation (OLT), ap ≤ 0.05 compared to WT at the same time point, bp ≤ 0.05 

compared to pre-OLT. WT: wild-type.   

pre-OLT 14 days post-OLT
WT Mdr2+/- WT Mdr2+/-

aspartate aminotranferase (U/L) 121±31 141±42 217±100 806±501a,b

alanine aminotransferase (U/L) 198±78 255±51 231±128 856±458a,b

alkaline phoshatase (U/L) 148±34 126±16 129±87 351±145a,b

conjugated bile salts (umol/L) 0.8±0.4 1.2±0.9 1.7±1.2 43.1±5.1a,b 
total bilirubin (mg/dL) 0.5±0.3 0.8±0.9  0.7±1.1 4.9±4.3 

NOTE. Values are mean ± SD from n = 5 per group

do the histopathological changes in mdr2+/- grafts correlate 
with biochemical markers of hepatobiliary injury and 
function?
Biochemical analysis included both serum and bile measurements, as indicators for 
liver injury and cholestasis. Before transplantation, there were no significant differences 
in serum transaminases, ALP, bilirubin, and conjugated bile salts between the two 
groups (Table 2). In the wild-type group, no significant changes in these variables were 
observed at 14 days after transplantation. However, in recipients of Mdr2+/- livers, serum 
transaminases, ALP, and conjugated bile salts increased significantly at this time point, 
reflecting cellular injury and cholestasis. Serum total bilirubin was also higher in the 
Mdr2+/- group, but this did not reach statistical significance (Table 2). 
Analysis of bile samples revealed no differences in biliary bile salt concentration 
before transplantation in the two groups. However, as expected, biliary phospholipid 
concentration in Mdr2+/- donors was significantly lower than in wild-type animals, 
resulting in a 1.9-fold higher bile salt/phospholipid ratio (Table 3). Analysis of bile 
collected at one day after transplantation confirmed that the bile salt/phospholipid 
ratio in bile produced by Mdr2+/- liver grafts remained abnormally high (Table 3). In 
accordance with observations in humans (17), an increase in bile salt/phospholipid ratio 
was observed in recipients of wild-type livers, although ratios remained significant lower 
than in recipients of Mdr2+/- livers. At 14 days after transplantation, biliary bile salt 
and phospholipid concentrations had returned to pre-transplant values in the wild-type 
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group. In the Mdr2+/- group, biliary bile salt concentration decreased significantly and 
was 2.4-times lower than the preoperative values, which is compatible with the overall 
phenotype of intrahepatic cholestasis (Table 3).

table 3. Biliary Bile Salt and Phospholipid Concentrations

Before and after transplantation of wild-type (WT) and Mdr2+/- livers. Mdr2+/- livers showed a 

significant higher bile salt/phospholipid ratio before and 24 hours after transplantation (OLT), 

which normalized at day 14, due to significant lower bile salt levels, ap ≤ 0.05 compared to WT 

at the same time point, bp ≤ 0.05 compared to pre-OLT

 pre-OLT 1 day post-OLT * 14 days post-OLT
WT Mdr2+/- WT Mdr2+/- WT Mdr2+/-

biliary total bile salts (mmol/L) 67.9±18.0 66.9±14.5 130.2±45.8 76.9±25.7 50.8±10.1 27.8±18.7b

biliary phospholipids (mmol/L) 5.9±1.3 3.2±0.7a 7.6±3.0 3.4±1.7b 5.1±1.4 2.5±1.7a,b

bile salt/phospholipid ratio 11.4±1.1 21.1±0.6a 17.4±1.3b 25.5±8.4a,b 10.7±3.7 10.8±3.3b

NOTE. Values are mean ± SD from n = 5 per group (* n = 3 per group)

is protein expression of hepatic bile transporters 
compatible with the histological and biochemical 
cholestatic profile of mdr2+/- grafts after olt?
To characterize the molecular mechanisms underlying the observed cholestatic 
phenotype and changes in bile composition, we next studied protein expression of 
hepatocellular transporters responsible for sinusoidal uptake (Ntcp) and canalicular 
secretion of bile salts (Bsep) at 14 days after transplantation. There were no major 
differences in the expression of the most important bile salt transporters Bsep and 
Ntcp between livers obtained from wild-type and Mdr2+/- mice before transplantation 
(Figure 4). No significant changes in Bsep and Ntcp protein expression were found after 
transplantation in wild-type livers. However, in Mdr2+/- liver grafts protein levels of both 
Ntcp and Bsep decreased significantly, which was in accordance with the reduction in 
biliary bile salt secretion (Figure 4).
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figure 4

Expression of Ntcp and Bsep. Western blot analysis of Ntcp (top row) and Bsep (middle row) 

from liver extracts (n=3 for each group) before and 14 days after OLT. Changes for Ntcp and 

Bsep were standardized for beta-actin protein (bottom row). No clear differences in protein 

expression of Ntcp (50 kDa) and Bsep (160 kDa) were observed between wild-type (WT) and 

Mdr2+/- mice before OLT. However, Ntcp and Bsep were significantly decreased in Mdr2+/- mice 

at 14 days after transplantation, ap ≤ 0.05 compared to WT at the same time point, bp ≤ 0.05 

compared to pre-OLT.
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figure 5 

Transcript levels of Ntcp, Bsep and Mdr2. mRNA coding for Ntcp, Bsep and Mdr2 were 

quantified by RT-PCR (n=5 for each group) and the number of transcripts normalized to 

the wild-type (WT) levels before OLT. Mdr2 mRNA expression was 2-times lower in Mdr2+/- 

livers before transplantation. 14 days after OLT, however, Ntcp mRNA levels were 1.9-times 

decreased and Bsep 2.3-fold increased in Mdr2+/- liver grafts. A similar increase (1.8-fold) was 

observed for Mdr2 expression levels in Mdr2+/- liver grafts, ap ≤ 0.05 compared to WT at the 

same time point, bp ≤ 0.05 compared to pre-OLT.

does mRna expression of hepatic bile transporters 
correlate with protein expression in cholestatic mdr2+/- 
grafts?
To determine whether changes in bile transporter gene transcription may explain the 
observed changes in protein expression at day 14 post-OLT, we measured mRNA 
expression of the bile salt transporters Ntcp and Bsep. In addition, mRNA expression 
of the phospholipid transporter Mdr2 was studied. mRNA expression in wild-type 
mice, before transplantation, was considered to be 100%. Before transplantation, there 
were no differences in mRNA expression of Ntcp and Bsep between the two groups. As 
expected, Mdr2 mRNA expression before transplantation was 2-times lower in Mdr2+/- 
livers when compared to wild-type livers (Figure 5). After transplantation, however, the 
expression of Ntcp, Bsep, and Mdr2 decreased slightly in recipients of wild-type livers, 
but this did not reach statistical significance. In accordance with the protein expression 
of Ntcp in Mdr2+/- liver grafts, however, a 1.9-fold decrease in Ntcp mRNA expression 
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quantified by RT-PCR (n=5 for each group) and the number of transcripts normalized to the 

wild-type (WT) levels before OLT. Mdr2 mRNA expression was 2-times lower in Mdr2+/- livers 

before transplantation. 14 days after OLT, however, Ntcp mRNA levels were 1.9-times 

decreased and Bsep 2.3-fold increased in Mdr2+/- liver grafts. A similar increase (1.8-fold) 

was observed for Mdr2 expression levels in Mdr2+/- liver grafts, ap ≤ 0.05 compared to WT at 

the same time point, bp ≤ 0.05 compared to pre-OLT. 



90

was found. In this group, expression of Bsep and Mdr2 mRNA increased 2.3 and 1.8-
fold, respectively (Figure 5). 

disCussion
Our aim was to investigate the role of toxic bile salts in the origin of bile duct 
injury after OLT, and to obtain new insights on the pathogenesis of cholestasis after 
transplantation. In a recent clinical study it was suggested that an increased biliary bile 
salt/phospholipid ratio early after OLT, leading to toxic bile composition, may result 
in increased intrahepatic bile duct injury (17). However, formal evidence for a cause-
effect relationship between toxic bile formation and bile duct injury after OLT could 
not be established by this observational study. In fact, it could not be ruled out that 
toxic bile composition and bile duct injury both result from the same underlying factor. 
By using inbred mice that are heterozygous for the phospholipid transporter Mdr2 
(Mdr2+/-) or wild-type, we were able to further unravel the role of bile salt toxicity in the 
pathogenesis of biliary injury after OLT, without the need for immunosuppression to 
avoid acute rejection.  
The principle finding of our study is that we could demonstrate that endogenous bile 
salts act synergistically to ischemia/reperfusion in the origin of bile duct injury in 
vivo, as shown by light and electron microscopy. In addition, our data suggest that 
intrahepatic cholestasis and intracellular bile salt retention may be critical mechanisms 
triggering hepatobiliary injury after OLT. The altered expression of the bile salt and 
phospholipid transporters, as well as the reduced biliary bile salt/phospholipid ratio at 
14 days after transplantation, were compatible with the observed hepatobiliary injury 
and reflect intrahepatic cholestasis and subsequent intracellular bile salt retention.

aggravation of bile duct injury in mdr2+/- liver grafts after 
transplantation
Evidence for a pivotal role of bile salt-mediated hepatotoxicity, in the pathogenesis of 
preservation and reperfusion injury of liver grafts, has gradually emerged during the 
last decade. Hertl et al. have shown that intrahepatic bile ducts of pig livers are injured 
during cold ischemia by hydrophobic bile salts, whereas hydrophilic bile salts (such as 
tauroursodeoxycholate) provide protection (26). Moreover, the infusion of exogenous 
hydrophobic bile salts before liver procurement significantly increases hepatobiliary 
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injury after transplantation (7-9). Injury of the biliary tree can be prevented by infusion 
of hydrophilic bile salts in donor animals prior to liver procurement (25).
Our study provides for the first time direct evidence that endogenous bile salts 
actively contribute to bile duct injury after transplantation. Although the mechanism 
underlying the development of bile duct injury following transplantation is only 
emerging, we propose a pathogenetic pathway as it has been described earlier for other 
biliary diseases by Lazaridis et al. (27). In our hypothesis, the putative initial insult to 
biliary epithelial cells is caused by cold ischemia and subsequent reperfusion. In wild-
type liver grafts the initial response after transplantation is an inflammatory reaction, 
which is normally resolved with no pathology left behind. In Mdr2+/- donor liver 
grafts, however, toxic bile salts aggravate ischemia/reperfusion injury of the bile duct, 
perpetuating the initial inflammatory response. This may lead to chronic inflammation 
of the bile ducts, development of cholestasis and bile duct proliferation, as was observed 
in Mdr2+/- liver grafts after transplantation. Ultimately this may progress to fibrosis and 
intrahepatic strictures like in the homozygous Mdr2-/- mice. Further research in this area 
using experiments with long-term follow-up is indicated to establish such an effect.
Homozygous Mdr2-/- mice have been proposed as a model for sclerosing cholangitis and 
the biliary strictures resemble that of non-anastomotic strictures after transplantation. 
Nevertheless, we did not observe increased paracellular permeability related to disrupted 
tight junctions and basement membranes as described in the Mdr2-/- mice by Fickert et 
al. (16). However, unlike Mdr2-/- livers, liver grafts of Mdr2+/- donors were not exposed 
to such high levels of toxic nonmicellar-bound bile salts after transplantation as they still 
excrete some phospholipids. Moreover, the initially high biliary bile salt/phospholipid 
ratio in Mdr2+/- liver grafts turned normal after 14 days due to cholestasis and reduced 
bile salt excretion. 

how might the changes in hepatocyte transporter 
expression be explained? 
Like in human cholestatic liver diseases, the hepatic protein levels for the bile salt 
transporters Ntcp and Bsep in Mdr2+/- liver grafts were significantly decreased after OLT 
(28). In parallel, the serum conjugated bile salt concentration was high, whereas the 
biliary bile salt concentration was low in Mdr2+/- liver grafts after transplantation. 
The basolateral bile salt transporter Ntcp was down regulated on both mRNA and 
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protein levels in Mdr2+/- liver grafts after transplantation. In general, changes in 
basolateral bile salt transporter (Ntcp) expression have been interpreted largely as 
secondary and adaptive phenomena, in an attempt to protect the hepatocyte from 
bile acid overload under cholestatic conditions (29). Therefore, intracellular bile salt 
retention is likely in these livers. Conversely, Bsep showed a differential expression of 
protein and mRNA levels in Mdr2+/- liver grafts after transplantation, with a 2.3-fold 
up-regulation at the mRNA level, but not at protein level. This discrepancy between 
transcription and translation may be a consequence of intracellular bile salt retention 
in hepatocytes, acting cytotoxic and damaging mitochondria (10). The up-regulation 
of Bsep mRNA is in line with the observations made by Geuken et al., who showed 
an increase of the BSEP/MDR3 mRNA ratio as early as one week after OLT, whereas 
the biliary bile salt/phospholipid ratio was already decreasing at this time point (17). 
Apart from Bsep, we also observed an increase in Mdr2 mRNA levels in Mdr2+/- mice 
after OLT. Up-regulation of canalicular transport systems is known to be an initial 
response of cholestatic hepatocytes. It is presumed to be a mechanism to overcome bile 
salt overload and diminish the extent of liver injury produced by bile salt retention 
(30-32). The induction of Mdr2 gene expression is in line with the function of biliary 
phospholipids to inactivate the detergent action of bile salts (33). However, biliary 
phospholipid concentration was unchanged in Mdr2+/- liver grafts. 

the recovery of bile excretion is a key early event 
determining biliary injury after olt. 
Mdr2+/- liver grafts showed clear signs of intrahepatic cholestasis and intracellular bile 
salt retention. Cholestasis after transplantation may originate from several underlying 
mechanism, including 1) impairment of bile formation; 2) altered bile transporter 
expression/function; 3) altered secretory responses induced by inflammatory mediators; 
and/or, (4) rapid fibro-inflammatory obliteration of bile ducts. In addition, intracellular 
bile salt retention itself may promote further biliary injury, enhancing inflammation, 
cholestasis, and inducing ductular proliferation. Even when the primary insult occurs 
to the bile ducts, hepatocellular injury is an invariable feature of cholestasis, associated 
with accumulation of bile salts in the liver and blood (10). When the concentration of 
bile salts exceeds the binding capacity of the binding protein located in the cytosol of 
the hepatocyte, bile salts induce apoptosis and necrosis by damage to mitochondria. 
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Therapeutic strategies to modify intrahepatic cholestasis and prevent bile duct injury 
after OLT may include the hydrophilic bile salt ursodeoxycholic acid. This is known 
to improve cholestatic disorders. Although the exact mechanisms underlying its 
cyto-protective effect are not fully understood, it may reduce bile salt induced injury 
by replacing the toxic hydrophobic biliary bile salts. In addition, it has been shown 
to stimulate canalicular transport and biliary excretion enhancing bile flow and 
reducing the exposure time of biliary epithelium to toxic bile salts (34). However, its 
choleretic action also increases biliary pressure, which has been shown to aggravate 
bile infarcts and hepatocyte necrosis in the homozygous Mdr2-/- mice (15). Moreover, 
ursodeoxycholic acid also displays a toxic character, affecting mitochondrial activity 
(10). Alternatively, the administration of fibrates, statins or peroxisome proliferators, 
which have all been shown to induce biliary phospholipid secretion by the induction 
of Mdr2, making bile less toxic, might pose a therapeutic approach to prevent bile duct 
complications after OLT (35-37). However, these compounds may induce other hepatic 
injury and have considerable side-effects (38).

In conclusion, our data indicate that toxic bile composition, due to a high biliary bile 
salt/phospholipid ratio, acts synergistically to ischemia/reperfusion injury in the origin 
of bile duct injury after OLT. Bile salts aggravate the cold ischemia/reperfusion injury 
of the bile ducts, initiating an inflammatory cell invasion, cholestasis and bile duct 
proliferation. Current evidence indicates that bile salt retention is a key early event that 
contributes to hepatobiliary injury after OLT.
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aBstRaCt
Background Bile duct injury after hepatic artery thrombosis (HAT) in liver 
transplantation is believed to be caused by ischemia predominantly. We aimed to define 
the involvement of bile secretory dysfunction in the pathogenesis of liver injury after 
HAT. Methods In a murine model, the main hepatic artery, the extrahepatic peribiliary 
plexus or both arterial connections to the liver were interrupted (n=5 for each group). 
After 1, 14 or 28 days, hepatobiliary function was assessed by analysis of bile transporter 
expression, serum bile acids and bilirubin, and hepatic ATP-content. In addition, 
cellular injury was assessed by light microscopy and biochemical markers. Results There 
were no signs of hepatobiliary dysfunction or injury in sham-operated animals or 
in mice with interruption of the hepatic artery or the extrahepatic peribiliary plexus 
alone. However, as early as 24 hours after complete dearterialization, bile transporter 
expression was significantly reduced and intrahepatic cholestasis started to progress the 
following weeks. Histological studies at 28 days after complete dearterialization showed 
severe hepatobiliary injury. Conclusions This study indicates that arterial blood supply is 
critical for normal bile secretion. Bile duct injury after complete arterial deprivation is 
preceded by a loss of bile secretory function and subsequent intrahepatic cholestasis. 
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intRoduCtion
Hepatic artery thrombosis (HAT) after orthotopic liver transplantation (OLT) is a 
devastating complication. HAT, a common complication after liver transplantation, 
occurs in about 3 to 9% of adults and children and is associated with high morbidity 
and mortality (1). Outside the setting of transplantation, HAT appears to have limited 
consequences for the liver. For example in the treatment of multiple hepatic metastases, 
occlusion of the hepatic artery is well tolerated. This can largely be explained by the 
presence and rapid development of arterial collaterals, replacing the occluded artery (2, 
3). In this scenario, perfusion is maintained by portal venous and hepatic arterial input. 
The transplanted liver, however, differs from the native livers in that arterial blood 
supply from accessory arteries and collateralization is completely interrupted during 
hepatectomy. As a consequence of HAT, the transplanted liver is perfused by the portal 
vein alone. 
Arterial blood supply is closely associated with biliary structures before entering the 
sinusoids. Arterial blood is supplied to the bile ducts through a network of arterioles 
and capillaries, called the peribiliary plexus (PBP), coming from the hepatic arteries 
(4). Due to this distribution and its greater oxygen content, complete loss of arterial 
blood supply to the liver is generally followed by severe morbidity, mainly from biliary 
damage. This condition is often referred to as ischemic cholangiopathy. 
Of interest, hepatic artery blood flow seems to be critical for the recovery of bile 
secretory function after OLT (5). Ex vivo completely dearterialized porcine livers 
and perfused by the portal vein alone, showed diminished choleresis carried on 
phospholipids (6). In human, phospholipids are secreted into bile via the concerted 
action of the multidrug resistance 3 MDR3 P-glycoprotein (gene symbol ABCB4), 
located in the canalicular membrane of hepatocytes (7). Recently, we demonstrated 
in mice heterozygous for the disruption of the Mdr2 gene (a homologue of human 
MDR3), that endogenous bile salts act cytotoxic after OLT, due to intrahepatic 
cholestasis and intracellular bile salt retention (8). Intrahepatic cholestasis originates 
from altered bile transporter expression/function and altered secretory responses 
induced by proinflammatory cytokines (9).
This introduces the possibility that the observed hepatobiliary injury can be attributed 
in part to the inability to maintain bile secretion. When the graft looses arterial blood 
supply, metabolic capacity of hepatocytes may be limited. Hepatocellular damage 
may in turn induce pro-inflammatory cytokines TNF-alpha and IL1-beta. However, 
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direct evidence for such cholestatic injury is still lacking. To confirm the critical 
involvement of bile secretory function in the pathogenesis of hepatobiliary injury, 
arterial perfusion by the hepatic artery or extrahepatic PBP alone was compared to 
complete dearterialization of the liver in a mouse model. Hepatobiliary injury and 
hepatocyte transporter expression, responsible for sinusoidal uptake (Ntcp) and 
canalicular secretion of bile salts (Bsep) and phospholipids (Mdr2) were assessed after 
one, fourteen and twenty eight days. In this study, evidence is provided for a pivotal role 
of endogenous bile salts in the pathogenesis of hepatocellular injury after loss of arterial 
blood supply.
 
mateRials and methods
animals
In this study FVB/N mice (25–30 g) were used (n=5 for each group) and obtained 
from Harlan (Zeist, The Netherlands). Mice were housed in a light- and temperature-
controlled facility. Food and water were available ad libitum. Mice were maintained 
on standard laboratory chow (Provimi Kliba AG, Kaiseraugst, Switzerland). Animals 
received human care according to guidelines of the University Hospital of Zurich. The 
Cantonal Veterinary Office of Zurich approved the study protocol.

surgical procedures
A murine model of hepatic arterial deprivation was used. Livers were disconnected from 
the main hepatic artery, the extrahepatic PBP or both. In sham operated animals no 
additional vascular intervention was performed. In summary: after midline laparotomy, 
all oesophageal collateral vessels and ligaments to the liver were dissected. The main 
hepatic artery was ligated using a double suture just above the level of the bifurcation of 
the gastroduodenal and celiac artery. Ligation of the extrahepatic PBP was established 
by transsection of the extrahepatic bile duct. The reconnection of the bile duct was 
subsequently established by using a polyethylene stent (inner diameter 0.28 mm, outer 
diameter 0.61 mm; SIMS Portex, Kent, UK), which was secured with two circular ties. 
After 1, 14 and 28 days respectively, the animals (n=5, for each time point, per group) 
underwent relaparotomy. Blood was collected from the inferior vena cava and the liver 
was rapidly excised and processed for further analysis. All serum samples were snap-
frozen and stored at -80 oC.
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For determination of baseline values, a separate group of mice (n=5) was used to obtain 
samples of serum and liver tissue. 

analysis of serum
Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total 
bilirubin levels were measured using the Ektachem DT60 II System and DTSC II 
Module (Johnson & Johnson Clinical Diagnostics Inc., Rochester, NY). Serum total 
bile salt concentrations were measured spectrophotometrically using 3α-hydroxysteroid 
dehydrogenase (10).

histology and immunohistochemistry
Liver tissues were immersion-fixed in 4% PBS-buffered formalin, embedded in 
paraffin, sectioned, and stained with haematoxylin-eosin and sirius red using standard 
histological techniques. In addition, slides were immunostained for cytokeratin 
(polyclonal rabbit antibody; DakoCytomation) and Ki-67 (monoclonal rabbit clone 
SP6; NeoMarkers) using the Ventana Discovery automated staining system with an 
iView DAB kit (Ventana, Tucson, AZ). All histological assessments were performed by a 
single pathologist who was unaware of other study data.

Real-time quantitative PCR
Total RNA was extracted from 50 mg of liver tissue using TRIzol reagent (Invitrogen, 
Paisley, UK) and 5 µg of RNA was reverse transcribed using ThermoScript RT-PCR 
System (Invitrogen). Quantitative real-time polymerase chain reaction amplification and 
data analysis were performed using an ABI Prism 7000 Sequence Detector System (PE 
Applied Biosystems, Rotkreuz, Switzerland). TaqMan gene expression assay (PE Applied
Biosystems) for Ntcp, Bsep, Mdr2, TNF-alpha (assay ID Mm00443258_m1) and 
IL1-beta (assay ID Mm00434228_m1) were used to quantify mRNA expression 
after normalisation to the house-keeping gene 18S (TaqMan ribosomal RNA control 
reagents, PE Applied Biosystems) (8). The results shown represent percentage induction 
in sham operated animals, and livers that were perfused by either the hepatic artery or 
extrahepatic PBP and complete dearterialized livers, compared to baseline levels.
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membrane isolation and western blotting
Total liver membrane fractions were prepared according to Trauner et al. (11), with 
a minor modification (single 39,000 RPM centrifugation step of gauze filtered liver 
homogenates). Membrane fractions were re-suspended in 300 mM Sucrose, 10 mM 
HEPES at pH 7.5, and snap-frozen in liquid nitrogen. Protein concentrations were 
determined with the bicinchoninic acid method (Pierce, Rockford, IL) (12). Total 
liver membranes (40 µg) were separated using a 7.5% sodium dodecyl sulfate (SDS) 
polyacrylamide gel electrophoresis, and transferred to nitrocellulose. The blots were 
probed with rabbit antisera raised against Ntcp (13) and Bsep (14) at appropriate 
dilutions. Immune detection was assessed by using the ECL chemiluminescent 
detection system (Amersham, UK). For quantitative analysis of expression levels, 
autoradiographs were scanned with an AlphaImagerTM 1220 gel documentation 
system (Witec AG, Luzern, Switzerland).

atP extraction and measurement
Liver samples were immediately frozen in liquid nitrogen until the extraction procedure. 
The frozen tissue was powdered and homogenized in 1 mL of 0.6 N ice-cold HCLO4 
and incubated for 10 minutes. The precipitated proteins were removed by centrifugation 
(10,000 x g for 10 minutes), and 300 µL of supernatant was neutralized by 1 N 
KHCO3. Forty microliters of supernatant were pipetted into the wells of a white non-
phosphorescent microplate, placed in a luminometer (Labsystems Luminoscan 1.2-0), 
and processed by addition of 150 µL of ATP monitoring reagent. ATP concentrations 
were calculated from a calibration curve constructed at the same time by means of 
standard ATP dissolved in the appropriate solution for each experiment.

statistics
Values are expressed as mean ± SD. Data was analyzed using SPSS software version 11.5 
for Windows (SPSS Inc., Chicago, Il). A non-paired Mann-Whitney U-test and analysis 
of variance (ANOVA) were used for the comparison between the groups, respectively. 
Differences were considered statistically significant when P was ≤ 0.05.
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Results
Complete arterial deprivation of the liver in mice.
The arterial anatomy was carefully evaluated in every animal. In none of the animals 
collateral vessels were observed between the gastroduodenal artery and extrahepatic PBP. 
The main hepatic artery normally arises from the celiac artery. Retrospectively during 
harvesting, in rare cases an adjuvant hepatic artery was patent, arising from the main 
hepatic artery or left gastric artery, supplying the right and left hemi-liver, respectively. 
These animals (n=5, 3.5% of all operated animals) were excluded from the experiment. 
Patency of the arterial ligation was checked in all mice that underwent ligation, either 
from the main hepatic artery, extrahepatic PBP or both connections, by transsection of 
the arteries. No animal was found to have an open artery, when this was meant to be.
To exclude the possibility that obstruction of the biliary stent anastomosis contributed 
to the cholestatic changes, all animals that underwent relaparotomy, patency of the 
main bile duct was checked. Ligation of extrahepatic PBP using a stent anastomosis 
was not associated with an increased risk of bile duct occlusion compared with sham-
operated animals. 
There were no technical complications.
 
does hepatic arterial deprivation have an impact on animal 
survival?
All animals that underwent an interruption of the arterial blood flow from either the 
hepatic artery or extrahepatic PBP, and maintained arterial perfusion survived 28 days. 
Two out of five animals that underwent complete dearterialization of the liver, died 
between 21 and 28 days after surgery. 

does hepatic arterial deprivation induce hepatocyte injury 
and cholestasis?
Biochemical analysis included both serum and bile measurements. Serum AST levels 
were used as markers of hepatocyte injury. Serum levels of ALP, total bile salts and 
bilirubin served as markers of cholestasis. There were no significant differences in serum 
AST, ALP, total bilirubin, and bile salts between sham operated animals, and livers that 
were perfused by either the hepatic artery or extrahepatic PBP. However, in animals 
with complete dearterialized livers, serum AST, ALP, total bilirubin and total bile salts 
were increased significantly (Figure 1).
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figure 1

Serum (A) aspartate aminotransferase (AST), (B) alkaline phosphatase, (C) total bilirubin and 

(D) bile salt levels. Data shown are mean +/- SD. There were no significant differences for 

AST, alkaline phosphatase, total bilirubin and bile salts between sham (▲) operated animals 

and livers that were perfused by either the hepatic artery (■) or peribiliary plexus (◆) alone. 

However, in animals with completely dearterialized livers (●) serum AST, alkaline phosphatase, 

total bilirubin and bile salts were increased significantly (*P≤0.025) indicating liver injury and 

cholestasis.

does arterial deprivation lead to liver damage?
Histological analysis of liver parenchyma and large bile ducts was performed after 
sham operation, ligation of the extrahepatic PBP, the hepatic artery, or both. No 
morphological abnormalities were observed in the portal tracts and lobular parenchyma 
after sham operation, ligation of the hepatic artery or extrahepatic PBP at 1, 14 and 
28 days after surgery (fig.2A-D; data not shown). In contrast, ligation of both hepatic 
artery and extrahepatic PBP was associated with portal inflammation and ductular 
reaction at14 and 28 days after surgery (fig.2A,B). Lobular parenchyma was maintained 
in most of these livers, but areas of ischemic necrosis and bile infarcts were present 
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in the liver parenchyma of some of these mice (fig.2C). Ki-67 staining of complete 
dearterialized livers revealed increased hepatocyte proliferation at 14 and 28 days after 
surgery in comparison to livers after sham operation, ligation of the hepatic artery or 
extrahepatic PBP, suggesting increased hepatocyte turnover (fig.2D). After 28 days, large 
bile ducts showed purulent cholangitis in mice with ligation of both hepatic artery and 
extrahepatic PBP (fig.2E). 

does arterial deprivation change expression of key 
hepatocyte transporters? 
To evaluate the molecular mechanisms underlying the observed cholestatic phenotype, 
we measured the expression of hepatocellular transporters responsible for sinusoidal 
uptake (Ntcp) and canalicular secretion of bile salts (Bsep) and phospholipids (Mdr2). 
There were no significant differences in Ntcp, Bsep and Mdr2 mRNA levels between 
sham operated animals, and livers that were perfused by either the hepatic artery or 
extrahepatic PBP alone. However, Ntcp mRNA levels were significantly reduced in 
completely dearterialized livers at all time points. Bsep mRNA levels showed a tendency 
to increase at day 14, however, this did not reach significance, whereas Mdr2 mRNA 
levels were significantly increased at day 14 (Figure 3). In contrast, Ntcp and Bsep 
protein levels were significantly reduced in completely dearterialized livers at all time 
points (Figure 4).  

is reduced bile secretory function associated with atP 
depletion?
To investigate whether a reduced energy state of the hepatic tissue, might be responsible 
for the decrease of (ATP-dependent) hepatocyte transporter synthesis, ATP levels were 
measured in liver tissue at day 1, 14 and 28. There were no significant differences in 
ATP levels between sham operated animals, and livers that were perfused by either the 
hepatic artery or extrahepatic PBP alone at day 1 and 14. Completely dearterialized 
livers, however, had significantly lower ATP levels at 24 hours which were restored after 
14 days (Figure 5). 
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figure 2

Histological analysis of liver parenchyma 28 days after sham operation, ligation of the hepatic 

artery (HA), extrahepatic peribiliary plexus (PBP), or complete dearterialization (HA+PBP). 

(A) Inflammation and ductular reaction in the portal tracts after complete dearterialization (H&E, 

original magnification 200x). (B) Ductular reaction after dearterialization revealed by cytokeratin 

immunostaining (original magnification 200x). (C) Maintained lobular liver parenchyma in all 

experimental groups (original magnification 200x). (D) Increased numbers of Ki-67 positive 

hepatocytes and inflammatory cells after complete dearterialization (original magnification 

200x). (E) Purulent cholangitis of large bile ducts after complete dearterialization (original 

magnification 100x).
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hepatic artery (HA), extrahepatic peribiliary plexus (PBP), or complete dearterialization 

(HA+PBP).  

(A) Inflammation and ductular reaction in the portal tracts after complete dearterialization 

(H&E, original magnification 200x). (B) Ductular reaction after dearterialization revealed by 

cytokeratin immunostaining (original magnification 200x). (C) Maintained lobular liver 

parenchyma in all experimental groups (original magnification 200x). (D) Increased numbers 

of Ki-67 positive hepatocytes and inflammatory cells after complete dearterialization (original 

magnification 200x). (E) Purulent cholangitis of large bile ducts after complete 

dearterialization (original magnification 100x). 
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figure 3 

Transcript levels of (A) Ntcp, (B) Bsep and (C) Mdr2. 

mRNA coding for Ntcp, Bsep and Mdr2 were quantified by RT-PCR (n=5 for each group) and 

the number of transcripts normalized to baseline. Data shown are mean +/- SD. There were no 

significant differences in mRNA levels for Ntcp, Bsep and Mdr2 between sham (▲) operated 

animals and livers that were perfused by either the hepatic artery (■) or peribiliary plexus (◆) 

alone. However, mRNA levels for Ntcp of complete dearterialized livers (●) were significantly 

(*P≤0.036) reduced at all time points. In contrast to Mdr2, which was significantly (*P<0.01) 

increased at day 14, Bsep showed a tendency to increase at day 14, however this did not reach 

significance.
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figure 4

Expression for Ntcp and Bsep.

(A) Western blot analysis of 50 kDa Ntcp (top row) and 160 kDa Bsep (bottom row) from liver 

extracts (n=3 for each group) in control, sham and completely dearterialized (HA+PBP) livers, 

at day 1, 14 and 28. The levels were normalized to control animals and set to 100%. Samples 

shown are representative for 3 individual total liver membrane preparations. (B-C) No clear 

differences in protein expression of Ntcp and Bsep were observed between control and sham 

operated animals. However, in complete dearterialized livers Ntcp and Bsep expression were 

decreased significantly (*P≤0.05). 
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figure 5 

Liver ATP levels.

ATP concentrations from liver extracts (n=3 for each group) in sham and completely 

dearterialized (HA+PBP) livers, at day 1, 14 and 28. ATP levels (nMoles/mg) were significant 

(*P=0.05) reduced in complete dearterialized livers at day 1, which might explain the early 

decline in bile salt transporter translation. ATP levels turned normal at 14 and 28 days.

Can intrahepatic cholestasis maintained by induced 
proinflammatory cytokines?
To study whether intrahepatic cholestasis was associated with the induction of pro-
inflammatory cytokines that may aggravate the injury, TNF-alpha and IL1-beta mRNA 
levels were determined. There were no significant differences in mRNA levels for 
TNF-alpha and IL1-beta between sham operated animals and livers that were perfused 
by either the hepatic artery or peribiliary plexus alone, at all time points. Complete 
dearterialized livers, however, showed significant induction of TNF-alpha and IL1-beta 
mRNA levels reaching significance at 14 and 28 days, respectively (Figure 6).
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figure 6 

Transcript levels of (A) TNF-alpha and (B) IL1-beta. 

mRNA coding for TNF-alpha and IL1-beta were quantified by RT-PCR (n=5 for each group) and 

the number of transcripts normalized to baseline. Data shown are mean +/- SD. There were no 

significant differences in mRNA levels for TNF-alpha and IL1-beta between sham (▲) operated 

animals and livers that were perfused by either the hepatic artery (■) or peribiliary plexus (◆) 

alone. Completely dearterialized livers (●), however, showed significant (*P≤0.025) induction of 

TNF-alpha and IL1-beta mRNA levels after 14 and 28 days, respectively. 
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showed significant (* p ≤ 0.025) induction of TNF-alpha and IL1-beta mRNA levels after 14 and 28 days, respectively.  
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Figure 6  

Transcript levels of (A) TNF-alpha and (B) IL1-beta.  

mRNA coding for TNF-alpha and IL1-beta were quantified by RT-PCR (n=5 for each group) and the number of transcripts normalized to baseline. 

Data shown are mean +/- SD. There were no significant differences in mRNA levels for TNF-alpha and IL1-beta between sham (▲) operated 

animals and livers that were perfused by either the hepatic artery (■) or peribiliary plexus (♦) alone. Completely dearterialized livers (••••), however, 

showed significant (* p ≤ 0.025) induction of TNF-alpha and IL1-beta mRNA levels after 14 and 28 days, respectively.  
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disCussion
Our aim was to investigate the consequences of arterial deprivation in the mouse 
liver. Impaired arterial perfusion induced by ligation of either the hepatic artery or the 
extrahepatic PBP alone did not induce marked histological, biochemical or molecular 
changes in the liver. This suggests that both the hepatic artery and the extrahepatic PBP 
have the capacity to complement for each other. However, complete loss of arterial 
blood supply to the liver resulted in hepatobiliary injury, with two out five animals 
dying between 21 and 28 days after surgery. These results are in contrast to those of 
Beaussier et al., who showed that completely dearterialized rat livers recover from 
ischemia-induced liver damage within six weeks (2), and in contrast to  the situation 
after non-arterialized OLT in rats, in which omission of the hepatic artery is not 
associated with significant negative effects and poor outcome of the procedure (15-
17). However, our results are consistent with the previous observation that arterialized 
mouse OLT is associated with less liver injury and better survival in comparison to OLT 
without rearterialization (18). Taken together, these findings suggest that the mouse 
model, rather than the rat model, resembles more closely the consequences of hepatic 
blood supply after human OLT.  
Complete arterial deprivation in mice may serve as a model to study the pathogenesis 
of graft damage after HAT in human OLT. Wheatley et al. have indicated that hepatic 
arterial blood flow is critical for the recovery of hepatocyte bile secretory function after 
OLT (5). In the absence of bile secretion, bile salts can accumulate and act cytotoxic (8). 
This introduces the possibility that the observed hepatobiliary injury can be attributed, 
in part, to decreased bile secretory function of hepatocytes after the graft looses arterial 
blood supply. However, formal evidence for such cholestatic injury after loss of arterial 
blood supply is lacking. Therefore, we analyzed the effects of complete loss of hepatic 
arterial blood flow on liver histology, serum parameters of cholestasis and the expression 
of hepatocyte transporters. The effects were compared to those after ligation of either 
the hepatic artery or the extrahepatic PBP alone.
Protein expression of the bile salt transporters Ntcp and Bsep was decreased significantly 
in completely dearterialized livers. As a consequence, the serum conjugated bile salt 
levels increased. The basolateral bile salt transporter Ntcp was down-regulated rapidly 
on both mRNA and protein levels in complete dearterialized livers. In general, changes 
in basolateral bile salt transporter (Ntcp) expression have been interpreted largely as 
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secondary and adaptive phenomena, in an attempt to protect the hepatocyte from 
bile acid overload under cholestatic conditions (19). In parallel, Bsep levels were 
also decreased rapidly in complete dearterialized livers. Conversely, Bsep and Mdr2 
transcript levels were 2-fold up-regulated in complete dearterialized livers at day 14. 
Up-regulation of canalicular transport systems is known to be an initial response of 
cholestatic hepatocytes. It is presumed to be a mechanism to overcome bile salt overload 
and diminish the extent of liver injury produced by bile salt retention (20-22). 
Our results suggest that endogenous bile salts may actively contribute to liver injury 
after loss of arterial blood supply of the liver graft after OLT. In our hypothesis, the 
putative insult to the liver is an interaction between ischemic bile duct injury and 
retention of endogenous bile salts. Although the bile duct is affected by ischemia 
predominantly, hepatocellular injury is an invariable feature of cholestasis, associated 
with accumulation of bile salts in the liver and blood (23). As a consequence of 
early limited metabolic capacity of hepatocytes (ATP depletion) bile transporter 
expression and function are reduced. Subsequently, bile salts and other bile compounds 
accumulate, as indicated by increased serum alkaline phosphatase levels, total bilirubin 
and bile salt levels increase and the animals become cholestatic. Bile salt retention in 
the liver causes hepatocellular injury and hepatocyte proliferation, perpetuates the 
initial inflammatory response, leading to chronic portal inflammation and ductular 
proliferation (24, 25). At the same time, increased pro-inflammatory mediators (TNF-
alpha and IL1-beta) maintain the altered secretory responses (9). 
HAT after OLT has been shown to result in ischemic injury of the bile ducts (26, 27).  
We can not exclude that some of the changes observed in the liver parenchyma after 
complete arterial deprivation in mice are due to ischemic damage of large bile ducts. 
Consistent with this notion, we observed purulent cholangitis of large bile ducts 28 days 
after complete arterial deprivation. This inflammation may induce some obstruction of 
large bile ducts with secondary impaired bile flow. This possibility is supported by the 
observation that (prolonged) decreased hepatic Ntcp and Bsep protein levels have also 
been observed in human cholestatic liver diseases (28).
Therapeutic strategies should therefore focus on maintaining choleresis and awaiting 
collateralization. Ursodeoxycholic acid is known to improve cholestatic disorders. It 
has been shown to stimulate canalicular transport and bile secretion (29). However, its 
choleretic action also increases biliary pressure, which has been shown to aggravate bile 
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infarcts and hepatocyte necrosis in the homozygous Mdr2-/- mice (30). Administration 
of fibrates or statins might provide an alternative therapeutic approach to modify 
hepatocellular injury after HAT (31, 32). These lipid lowering drugs have all been 
shown to induce biliary phospholipid secretion by the induction of Mdr2. However, 
fibrates and statins not only induce Mdr2, but also lower Bsep and Ntcp expression and 
potentially lower bile flow (33). Their use is also not without side-effects.
In conclusion, our data indicate that arterial blood flow either by the hepatic artery or 
extrahepatic PBP is mandatory to preserve normal liver architecture and bile secretory 
function. Complete loss of arterial blood supply to the liver results in a decrease in 
hepatobiliary secretory function and subsequent intrahepatic cholestasis. Intrahepatic 
cholestasis induces hepatocellular injury and aggravates ischemic injury in the presence 
of HAT. Therapeutic strategies in patients with HAT after OLT should, therefore, 
not only focus on immediate restoration of the arterial blood supply, but also aim at 
maintaining choleresis and avoiding intrahepatic cholestasis.
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aBstRaCt 
Background Bile salts cycle between cholangiocytes and hepatocytes through a 
cholehepatic shunt pathway. The role of bile salt absorption and excretion through 
cholangiocytes in the development of bile duct injury after orthotopic liver 
transplantation (OLT) is unknown. We therefore analyzed changes in cholangiocyte bile 
salt transporter expression in relation to bile composition and biliary injury in a mouse 
model of OLT. Methods Livers from wild-type mice or mice heterozygous for disruption 
of the multidrug resistance 2 gene (Mdr2+/-) were transplanted into wild-type recipients. 
Mdr2+/- mice have normal liver histology and function under normal conditions, but 
secrete only 50% of the normal amount of phospholipids into their bile, leading to an 
abnormally high bile salt/ phospholipid ratio. This has been associated with excessive 
bile duct injury after OLT. Expression of cholangiocyte bile salt transporters Asbt, Ost-
alpha/beta was assessed by western blotting and RT-PCR. Levels were correlated with 
the biliary bile salt/phospholipid ratio and hepatic expression of TNF-alpha and IL1-
beta mRNA. Results At baseline, Asbt and Ost-beta protein expression were significantly 
increased in Mdr2+/- livers, compared to wild-type livers. Transplantation of wild-type 
livers did not result in significant changes in transporter expression. Transplantation of 
Mdr2+/- livers, however, resulted in down-regulation of mRNA expression for Asbt, Ost-
beta and Ost-alpha after OLT. While levels of Asbt and Ost-alpha mRNA correlated 
significantly with the biliary bile salt/phospholipid ratio, there was a strong negative 
correlation between Ost-alpha/beta mRNA expression and the expression of TNF-
alpha and IL1-beta. Conclusions Asbt expression is regulated in direct proportion to 
the biliary bile salt/phospholipid ratio. Unbalanced reduction of Asbt and Ost-alpha/
beta expression after OLT may result in bile salt retention in cholangiocytes, which may 
result in cytotoxicity and aggravate bile duct injury.
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intRoduCtion
Insight in the role of bile salts in the pathogenesis of bile duct injury following 
orthotopic liver transplantation (OLT) has gradually emerged during the last 
decade. Bile salts have detergent properties towards cell membranes and intracellular 
accumulation may act toxic to cells. Cholangiocytes are constantly exposed to very high 
bile salt concentrations (1, 2). Normally, the toxic effects of bile salts are prevented 
by formation of complexes (mixed micelles) with phospholipids. An increased biliary 
bile salt/phospholipid ratio, e.g. due to reduced secretion of phospholipids, has been 
associated with increased bile salt-induced hepatobiliary injury. For example, mutations 
in the MDR3 gene, leading to a decreased expression of MDR3, the transporter of 
phospholipids into the bile, have been associated with a phenotype of bile duct injury 
and intrahepatic cholestasis (e.g. progressive familial intrahepatic cholestasis (PFIC) type 
3 and intrahepatic cholestasis of  pregnancy) (3, 4). Accumulating evidence indicates 
that bile salt toxicity is also involved in the pathogenesis of bile duct injury after OLT 
(5-8). In a mouse model of arterialized OLT, we have previously shown increased 
hepatobiliary injury after transplantation of livers from donors heterozygous for 
disruption of the Mdr2 gene (Mdr2+/-; the homologue of human MDR3), compared to 
wild-type donor livers (6). These heterozygous Mdr2+/- mice secrete approximately half 
of the normal amount of phospholipids into their bile, resulting in an abnormal high 
biliary bile salt/phospholipid ratio. In contrast to their homozygous littermates which 
completely lack biliary phospholipids, Mdr2+/- mice do not develop bile duct injury 
under normal conditions. However, when livers from Mdr2+/- mice were transplanted 
into wild-type recipients severe biliary injury developed, leading to cholestatic 
phenotype, periportal inflammation and ductular proliferation. These data indicated 
that bile salts aggravate hepatobiliary injury after cold ischemia and subsequent 
reperfusion as occurs in a liver transplant procedure. Also other experimental (7, 9) 
and clinical studies (5, 8) have provided evidence that bile salts are involved in the 
pathogenesis of biliary injury after OLT. 
Bile composition and flow is not only determined by hepatocyte bile transporters, but 
also by transporters located in cholangiocytes. Cholangiocytes express various bile salt 
transporters such as the apical sodium-dependent bile salt transporter (Asbt) and the 
heteromeric organic solute transporter Ost (consisting of the two half transporters 
Ost-alpha and beta), responsible for the uptake and secretion of bile salts, respectively 
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(10). The re-absorption of bile salts from the bile by cholangiocytes and the subsequent 
secretion into the peribiliary arterial circulation, leading them back to the hepatocytes 
for renewed secretion, is also known as the cholehepatic shunt pathway of bile salts (11). 
To date, a comprehensive understanding of the role of cholangiocyte transporters in the 
pathogenesis of bile duct injury after OLT is lacking. Dysregulation of cholangiocyte 
bile transporters after OLT could theoretically contribute to the intracellular 
accumulation of toxic bile salt in cholangiocytes, thereby contributing to biliary injury 
and perpetuating a periportal inflammatory response as has recently been described by 
Wagner et al. (12).
In the current study, we aimed to investigate whether OLT leads to changes in the 
expression of the cholangiocyte transporters involved in the cholehepatic shunt pathway. 
We therefore analyzed gene and protein expression of Asbt and Ostalpha/Ost-beta in 
our previously established mouse OLT model. To determine the impact of biliary bile 
salts and the bile salt/phospholipid ratio on the expression of these transporters, we 
compared livers transplanted from Mdr2+/- mice with livers from wild-type donors. 
To determine whether changes in these cholangiocyte transporters are associated with 
an inflammatory response, we also assessed the hepatic expression for TNF-alpha 
and IL1-beta in the donor livers and correlated this with the expression levels of the 
cholangiocyte transporters.

mateRials and methods
animals and the liver transplant model
A murine model of arterialized OLT was used as described before (6). In summary: 
livers (n=5 for each group)  from inbred male wild-type or Mdr2+/- mice (FVB.129P2-
Abcb4tm1Bor, The Jackson Laboratories, Maine, USA), were transplanted into wild-type 
mice in an orthotopic fashion using both portal venous and with arterial reconstruction, 
as described earlier by Tian et al. (13). After procurement, liver grafts were stored 
in cold (4°C) Ringer’s solution for 60 minutes until implantation in the recipient. 
Anhepatic time in the recipient was consistently kept below 20 minutes. Separate 
groups of wild-type and heterozygous mice (n=5 for each group) were obtained for 
determination of baseline values. Recipient animals were sacrificed 2 weeks after OLT. 
After laparotomy, the bile duct was canulated and bile was collected. Subsequently, 
blood was collected from the inferior vena cava and the liver was rapidly excised and 
processed for further analysis.
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Real-time quantitative PCR
Total RNA was isolated from frozen mouse liver using TRIzol reagent and reverse 
transcription was performed using random hexamer, according to the manufacturer’s 
instructions (Invitrogen life technologies, Basel, Switzerland). TaqMan gene expression 
assays (PE Applied Biosystems) for TNF-alpha (assay ID Mm00443258_m1), IL1-beta 
(assay ID Mm00434228_m1), Asbt (assay ID Mm00488258_m1), Ost-alpha (assay ID 
Mm00521531_m1) and Ost-beta (assay ID Mm00619242_m1) were used to quantify 
mRNA expression after normalization for expression of 18S ribosomal RNA, using the 
ABI Prism 7000 Sequence Detector (Applied Biosystems).

membrane isolation and western blotting
Isolation and processing of membrane fractions for western blotting were performed 
as described before (6). Blots were probed with antibodies against Asbt, Ost-alpha 
and Ost-beta at appropriate dilutions (antibodies were kindly provided by Paul 
Dawson, Wake Forest University School of Medicine, USA) (14). In addition, 
blots were reprobed with an anti-beta-actin antibody (Abcam, Cambridge, UK) to 
confirm equal protein loading. Immune detection was assessed by using the ECL 
chemiluminescent detection system (Amersham, UK). For comparison of expression 
levels, autoradiographs were scanned with the CAMAG TLC scanner II (Camag AG, 
Muttenz, Switzerland).

determination of bile salts and phospholipids
Total biliary bile salt concentrations were measured spectrophotometrically using 
3α-hydroxysteroid dehydrogenase (15). Biliary phospholipid concentration was 
analyzed using a commercially available enzymatic method (Wako Chemicals GmbH, 
Neuss, Germany). 

statistical analysis
Values are expressed as mean ± SD. Data was analyzed using SPSS software version 16.0 
for Windows. Differences within and between groups were compared using the 2-tailed 
independent-Samples T test. For correlation analyses the Pearson test was used. All P- 
values were considered as statistically significant at a level of less than 0.05.
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Results
expression of asbt and ostalpha/beta in donor livers 
before and after olt
Changes in Asbt, Ost-alpha and Ost-beta mRNA expression are presented in Figure 1. 
In wild-type mice, there were no major changes in the mRNA expression of Asbt and 
Ost-alpha at 14 days after transplantation, compared with pretransplant levels. Ost-
beta mRNA levels were about 4-fold lower after transplantation, but this did not reach 
statistical significance due to the large variation in baseline expression levels. In Mdr2+/- 
livers, baseline mRNA levels for Asbt, Ost-alpha and Ost-Beta were higher than in 
wild-type livers, but this not reach statistical significance. After OLT, however, Asbt and 
Ost-beta mRNA levels were significantly decreased compared to pretransplant levels. 
In parallel with the stable mRNA expression levels in wild-type livers after 
transplantation, there were also no significant changes in Asbt, Ost-alpha and Ost-beta 
protein expression. In Mdr2+/- liver grafts, however, protein levels of Asbt and Ost-beta 
were significantly increased before transplantation, compared with levels in wild-type 
livers. After transplantation, protein expression of all three transporters in Mdr2+/- livers 
decreased significantly compared to pretransplant values (Figure 2).

Relationship between transporter expression and biliary 
bile salt/phospholipid ratio
To determine whether the expression of Asbt, Ost-alpha, or Ost-beta is possibly 
influenced by the biliary bile salt concentration, we next correlated mRNA levels for 
these transporters with the biliary bile salt/phospholipid ratio in wild-type and Mdr2+/- 

liver grafts. Asbt and Ost-alpha and mRNA correlated significantly with the biliary bile 
salt/phospholipid ratio (R=0.832 and R=0.616, respectively), whereas Ost-beta mRNA 
showed no relationship with the biliary bile salt/phospholipid ratio (Figure 3).
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figure 1

Relative transcript levels of Asbt, Ost-alpha and Ost-beta. 

mRNA coding for Asbt, Ost-alpha and Ost-beta were quantified by RT-PCR (n=5 for each 

group) in wild-type (WT) and Mdr2+/- livers before (pre-OLT) and two weeks after OLT (post-

OLT). The number of transcripts was normalized to the wild-type baseline levels. Data shown 

are mean +/- SD and presented in a semi-logarithmic way. Before versus after OLT, WT mRNA 

livers expression for Asbt, Ost-alpha and Ost-beta was not significantly different. Baseline 

Mdr2+/- mRNA expression for Asbt, Ost-alpha and Ost-beta showed a tendency to increase, 

however did not reach significance. Likewise protein regulation, expression for Asbt, Ost-beta 

was decreased significantly in Mdr2+/- livers, before versus after OLT. Compared to WT, none 

of the bile salt transporters Mdr2+/- livers after showed significant different expression; aP≤0.05 

compared to WT at the same time point, bP≤0.05 compared to pre-OLT.
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figure 2 

Relative protein expression for Asbt, Ost-alpha en Ost-beta. 

(A) Western blot analysis of Asbt (top row), Ost-alpha (second row) and Ost-beta (bottom 

row) from liver extracts (n=3 for each group) in wild-type (WT) and Mdr2+/- liver grafts before 

(pre-OLT) and two weeks after OLT (post-OLT). Changes in Asbt, Ost-alpha en Ost-beta were 

standardized for beta-actin protein and quantified. 

(B) Protein levels were normalized to the wild-type baseline levels. Data shown are mean 

+/- SD and presented in a semi-logarithmic way. No clear differences in expression for Asbt 

(48 kDa), Ost-alpha (40 kDa) and Ost-beta (24 kDa) were observed in wild-type mice before 

and after OLT. Compared to WT, Mdr2+/- expression for Asbt and Ost-beta before OLT was 

significantly increased. Before versus after OLT, all bile salt transporters of Mdr2+/- livers were 

down-regulated significantly. Compared to pre-OLT, Mdr2+/- Ost-alpha and Ost-beta expression 

after OLT was significantly decreased; aP≤0.05 compared to WT at the same time point, bP≤0.05 

compared to pre-OLT.
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figure 3

Correlation between Asbt and OST-alpha/beta, and the biliary bile salt/phospholipid ratio.

(A) Asbt mRNA expression correlated strongly with the bile/phospholipid ratio (R=0.832, 

P<0.001), whereas (B) Ost-alpha mRNA expression correlated slightly with the bile salt/

phospholipid ratio (R=0.616, P=0.004). (C) mRNA expression for Ost-beta did not correlate with 

the biliary bile salt/phospholipid ratio. 

Relationship between bile transporter and pro-
inflammatory cytokine expression
To study whether changes in the expression of the bile transporters were associated with 
changes in the expression of the pro-inflammatory cytokines, we determined mRNA 
levels for TNF-alpha and IL1-beta in wild-type livers and Mdr2+/- livers. In addition, 
we correlated Asbt and Ost-alpha/beta mRNA levels with the expression levels of these 
pro-inflammatory cytokines. TNF-alpha and IL1-beta mRNA expression levels were 
significantly increased after transplantation, especially in Mdr2+/- livers (Figure 4). There 
was a strong negative correlation between expression of Ost-alpha and Ost-beta and the 
expression of TNF-alpha (R=-0,504 and R=-0.687, respectively). In addition, there was 
a strong negative correlation between Ost-beta expression and IL1-beta expression (R=-
0.554) (Figure 5).
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Correlation between Asbt and OST-alpha/beta, and the biliary bile salt/phospholipid ratio. 

(A) Asbt mRNA expression correlated strongly with the bile/phospholipid ratio (R=0.832, 

P<0.001), whereas (B) Ost-alpha mRNA expression correlated slightly with the bile 

salt/phospholipid ratio (R=0.616, P=0.004). (C) mRNA expression for Ost-beta did not 

correlate with the biliary bile salt/phospholipid ratio.  
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figure 4 

Relative transcript levels of TNF-alpha and IL1-beta. 

mRNA coding for TNF-alpha and IL1-beta were quantified by RT-PCR (n=5 for each group) in 

wild-type (WT) and Mdr2+/- livers before (pre-OLT) and two weeks after OLT (post-OLT). The 

number of transcripts was normalized to wild-type baseline levels. Data shown are mean +/- 

SD and presented in a semi-logarithmic way. In wild-type livers after OLT, mRNA expression 

for both TNF-alpha and IL1-beta was increased significantly. There were no differences in 

baseline TNF-alpha and IL1-beta mRNA expression between Mdr2+/- and wild-type mice. 

mRNA expression for TNF-alpha and IL1-beta in Mdr2+/- livers was significantly increased after 

OLT, compared to both baseline Mdr2+/- and wild-type livers mRNA levels after OLT; aP≤0.05 

compared to WT at the same time point, bP≤0.05 compared to pre-OLT. 
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Figure 4  

Relative transcript levels of TNF-alpha and IL1-beta.  

mRNA coding for TNF-alpha and IL1-beta were quantified by RT-PCR (n=5 for each group) 

in wild-type (WT) and Mdr2+/- livers before (pre-OLT) and two weeks after OLT (post-OLT). 

The number of transcripts was normalized to wild-type baseline levels. Data shown are mean 

+/- SD and presented in a semi-logarithmic way. In wild-type livers after OLT, mRNA 

expression for both TNF-alpha and IL1-beta was increased significantly. There were no 

differences in baseline TNF-alpha and IL1-beta mRNA expression between Mdr2+/- and wild-

type mice. mRNA expression for TNF-alpha and IL1-beta in Mdr2+/- livers was significantly 

increased after OLT, compared to both baseline Mdr2+/- and wild-type livers mRNA levels 

after OLT; ap ≤ 0.05 compared to WT at the same time point, bp ≤ 0.05 compared to pre-OLT.  
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figure 5

Correlation between Asbt and OST-alpha/beta, and TNF-alpha and IL1-beta.

(A) Ost-alpha mRNA expression correlated significantly negative with the bile/phospholipid ratio 

(R=-0.504, P=0.023), whereas (B) Ost-alpha mRNA expression did not correlate with IL1-beta. 

(C-D) Ost-beta mRNA expression correlated significantly negative with the TNF-alpha 

(R=-0.687, P=0.001) and IL1-beta (R=-0.554, P=0.011).
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Correlation between Asbt and OST-alpha/beta, and TNF-alpha and IL1-beta. 

(A) Ost-alpha mRNA expression correlated significantly negative with the bile/phospholipid 

ratio (R=-0.504, P=0.023), whereas (B) Ost-alpha mRNA expression did not correlate with 

IL1-beta. (C-D) Ost-beta mRNA expression correlated significantly negative with the TNF-

alpha (R=-0.687, P=0.001) and IL1-beta (R=-0.554, P=0.011). 
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disCussion
The goal of this study was to determine whether OLT is associated with changes 
in the expression of the cholangiocyte bile salt transporters Asbt and Ost-alpha/
beta and whether expression levels of these transporters correlate with biliary bile 
salt/phospholipid ratio or with the expression of pro-inflammatory cytokines. The 
cholangiocyte bile salt transporters are involved in the cholehepatic shunt pathway, 
characterized by the reabsorption of bile salts from the bile and the subsequent secretion 
into the peribiliary capillary plexus, leading them back to the hepatocytes. Disruption 
of this process may result in the accumulation of toxic bile salts in cholangiocytes 
contributing to cellular injury after OLT.  
Although Mdr2+/- mice display normal histology and function of the liver under 
physiological conditions, we observed an increased expression of Asbt and Ost-beta 
protein at baseline in Mdr2+/- livers, compared to wild-type livers. This strongly 
suggests an increased activation of the cholehepatic shunt in Mdr2+/- mice, which 
likely results from the relatively high biliary bile salt/phospholipid ratio in these mice. 
This is in line with the observed strong correlation between Asbt (and to some extend 
Ost-alpha/beta) mRNA expression and the biliary bile salt / phospholipid ratio after 
transplantation. In our mouse OLT model, we observed a discrepancy between mRNA 
and protein expression levels of Asbt and Ost-beta, suggesting modifications at the 
posttranscriptional level (16). 
A relationship between Asbt expression and bile salts has previously been described 
in rat cholangiocytes (17-19). Asbt expression in rat cholangiocytes is chronically 
regulated in direct proportion to biliary bile salt concentration, thereby maintaining 
the biliary bile salt concentration (17-19). Depletion of biliary bile salts by external 
biliary drainage has shown to result in a marked decrease in cholangiocyte Asbt gene 
and protein expression and reduced transporter activity (20). Infusion of taurocholate 
in bile salt-depleted rats results in a restoration of Asbt gene and protein expression and 
transport activity. Our observations are in line with a bile salt controlled expression of 
Asbt in cholangiocytes.  
Ost-alpha and beta are considered to be important transporters at the basolateral 
membrane of cholangiocytes. Secretion of bile salts through Ost-alpha/-beta is required 
to avoid potentially toxic accumulation of intracellular bile salts (21, 22). Expression 
of the Ost-beta subunit is reported to be regulated by the farnesoid X receptor and 
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was shown to be more sensitive to bile salts than the Ost-alpha subunit (21, 23). Our 
data suggest that after OLT the expression of OST-alpha/beta is not only influenced 
by biliary bile salts, but may also be affected by pro-inflammatory cytokines such as 
TNF-alpha and IL1-beta. The strong negative correlation between this transporter 
and the expression of TNF-alpha and IL1-beta suggests that the pro-inflammatory 
cytokines may result in a reduced expression of Ost-alpha/beta as well. Altogether, 
this results in a differential expression of the uptake transporter Asbt and the secretory 
transporter Ost-alpha/beta, causing a dysbalance in bile salt reabsorption and secretion 
by cholangiocytes. This may subsequently result in accumulation of bile salts in 
cholangiocytes, causing cell damage and aggravation of bile duct injury. 
This study provides new insight into the mechanisms underlying bile duct epithelial 
damage after liver transplantation. Excessive bile duct damage during and after 
transplantation may result in narrowing of bile ducts, also known as non-anastomotic 
strictures (NAS) or ischemic-type biliary lesions (ITBL) (24). Several investigators 
have tried to unravel the pathogenesis of NAS. It has become clear that NAS is most 
likely a type of biliary complication that has various different causes. Both ischemic 
injury, immune-mediated injury, and bile salt-mediated injury of the biliary epithelium 
are considered to be involved in the development of NAS. In a clinical study, we 
recently reported an association between altered bile composition, characterized by a 
high bile salt/phospholipid ratio, and the development of NAS after transplantation 
(8). The mechanisms by which bile salts play a role in the development of bile duct 
injury remain to be determined. It is well known that bile salts have potent detergent 
properties and this may cause disruption of cellular membranes. However, bile salts 
may also have a more intracellular toxic effect (16). The current study suggest that 
an unbalanced expression of Asbt and Ost-alpha/beta may result in the intracellular 
accumulation of bile salts in cholangiocytes, which may play a role in the development 
of bile duct injury after liver transplantation. More clinical studies will be needed to 
study the changes in the expression of the bile salt transporters after liver transplantation 
in humans. 
Although Asbt is only expressed in cholangiocytes, Ost alpha/beta is also expressed 
in hepatocytes. The observed changes in Ost-alpha/beta expression may, therefore, 
have resulted from changes in the expression in hepatocytes as well (25). However, we 
have no reasons to assume that expression of Ost alpha/beta is differently regulated in 
cholangiocytes and hepatocytes.
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In conclusion, the current study indicates that Asbt expression is regulated in direct 
proportion to the biliary bile salt/phospholipid ratio. Although expression of Ost-alpha/
beta normally follows the expression of Asbt, creating an effective cholehepatic shunt 
pathway, this balance may become disturbed after OLT, resulting in the intracellular 
accumulation of toxic bile salt in cholangiocytes. Intracellular accumulation of bile salts 
in cholangiocytes may aggravate biliary injury after OLT. 
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aBstRaCt
Background Biliary bile salts have been shown to contribute to bile duct injury after 
orthotopic liver transplantation (OLT). While cholangiocytes modify bile composition 
by reabsorption of bile salts (cholehepatic shunt) and contribute to bile flow by active 
secretion of sodium and water via cystic fibrosis transmembrane conductance regulator 
(CFTR), there is no formation on the expression of cholangiocyte transporters after 
OLT. We, therefore, examined the expression of cholangiocyte transporters in liver 
grafts and correlated this with the development of bile duct injury. Methods In 37 adult 
liver transplant recipients, biopsies were taken from the grafted liver: at the end of cold 
storage, 3hr after graft reperfusion and at one week after transplantation. Changes in the 
apical sodium-dependent bile salt transporter (ASBT), the organic solute transporters 
(OST-alpha and beta), and CFTR were assessed using real time RT-PCR and 
immunofluorescence staining. Gene expressions were correlated with biliary bile salt 
secretion as well as with the development of bile duct injury, as assessed by histology. 
Results Compared to normal controls, OST-alpha expression was significantly down-
regulated before transplantation and 3hr after graft reperfusion, but levels normalized 
at one week after OLT. OST-beta expression was more than 8-fold up-regulated at the 
time of transplantation and levels increased further during the first postoperative week. 
There were no major changes in the expression of CFTR. Expression of OST-alpha/
beta correlated with changes in biliary bile salt secretion. However, OST-alpha/beta and 
CFTR expression were not correlated with the development of microscopic bile duct 
injury after OLT. Conclusions Liver transplantation is associated with marked differential 
changes in the expression of the bile salt transporters OST-alpha and OST-beta, while 
CFTR expression remains stable. Although changes in OST-alpha/beta correlate 
with biliary bile salt secretion, OST-alpha/beta and CFTR do not correlate with the 
histological degree of bile duct injury, suggesting that the cholehepatic shunt does not 
play a major role in the development of bile salt induced bile duct injury after OLT.
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intRoduCtion
Injury of the biliary system is an important cause of morbidity and mortality after 
orthotopic liver transplantation (OLT). Bile duct injury can be observed in small 
(microscopic) bile ducts as well as in the large (microscopic) bile ducts of the grafted 
liver, and may lead to bile duct strictures or biliary fibrosis. Injury and stricturing of the 
larger bile ducts is usually detected by cholangiography and denoted as non-anastomotic 
strictures (NAS). Insight in the pathogenesis of NAS is still emerging. Various etiologic 
factors have been identified, including preservation-related injury, immunological 
injury, and injury of biliary epithelial cells (cholangiocytes) due to bile salt toxicity (1). 
In both experimental animal studies and clinical studies we and others have previously 
shown that injury of the small, microscopic, bile ducts, as well as the formation 
macroscopic bile duct strictures (NAS) is associated with the secretion of relatively toxic 
bile early after transplantation, characterized by a high bile salt to phospholipid ratio (2-
4). Toxic bile salts may aggravate ischemia/reperfusion injury of the biliary epithelium, 
which may subsequently lead to inflammation and biliary fibrosis or bile duct strictures 
(5).
While hydrophobic bile salts are cytotoxic and may add to bile duct injury, there is 
substantial evidence that some bile salts have opposing effects and, in fact, are potent 
inducers of cholangiocyte proliferation and thus stimulate bile duct repair (6-9). Bile 
salts are actively reabsorbed from the bile by cholangiocytes, a process which is mediated 
by the apical sodium-dependent bile salt transporter (ASBT) at the ductular membrane 
of these cells (10, 11). Bile salts are subsequently excreted by cholangiocytes into the 
peribiliary capillary plexus via the basolateral heteromeric organic solute transporter 
(OST), consisting of two half transporters OST-alpha and OST-beta (12). Increased 
uptake of bile salts via ASBT has been linked with an increased expression of the cystic 
fibrosis transmembrane conductance regulator (CFTR), an anion channel permeable 
to Cl- and HCO3-, in the ductular membrane of cholangiocytes (13, 14). Changes 
in the expression of CFTR may, therefore, be used a marker of bile salt uptake in 
cholangiocytes. 
The roles of ASBT and OST-alpha/beta in bile formation are not yet fully understood, 
but the emerging concept is that they are involved in cholehepatic shunting of bile salts 
(9). The cholehepatic shunt may provide an alternative pathway to eliminate biliary 
bile salt toxicity and prevent further bile duct injury in cholestatic conditions (15). On 
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the other hand, it has been suggested to play a role in the induction of cholangiocyte 
proliferation and bile duct repair mechanisms by stimulating the uptake of bile salts 
by cholangiocytes (6, 7, 16-18). Although changes in the expression of the clinically 
most relevant hepatocellular bile salt transporters during and after OLT have been well 
described (2, 3), there is no information on possible changes in the expression of bile 
salt transporters in cholangiocytes. 
We, therefore, aimed to study the expression of the cholangiocyte transporters ASBT, 
OST-alpha/beta and CFTR during and after OLT and we correlated this with changes 
in bile composition as well as with the development of microscopic bile duct injury. 

Patients and methods
Patients
Thirty-seven adult patients undergoing a liver transplant procedure were included 
in this study. Surgical technique and perioperative management were as previously 
described by our group (19, 20). Clinical variables and laboratory data were 
prospectively collected in a computerized database. Missing data were obtained from the 
medical records where needed. None of the patients received a statin or ursodeoxycholic 
acid during the first week after transplantation.

Collection and analysis of bile samples
Before transplantation, the gallbladder was removed and the bile ducts were flushed 
with preservation fluid on the backtable during preparation for implantation. During 
the transplant procedure an open tip silicon catheter was inserted in the recipient 
common bile duct and placed retrograde through the anastomosis. Via this open biliary 
tube, bile flow was entirely diverted outside the patient into a collection bag that was 
placed below the horizontal bed level (21). Interruption of the enterohepatic circulation 
in the patient was prevented by re-administration of bile via a percutaneous feeding 
jejunostomy catheter. Samples of bile were collected daily in the first postoperative week 
between 8:00 and 9:00 am. Bile samples were frozen and stored at -80°C until further 
processing. Bile samples were analyzed for total bile salt concentration as previously 
described (22). Postoperative secretion of bile salts was defined as concentration 
multiplied by daily bile concentration per kilogram body weight of the donor.
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Collection of liver biopsies
Specimens of liver tissue were obtained during routine diagnostic biopsies of the liver 
grafts. According to our protocol, three consecutive needle biopsies were collected: at 
the end of cold preservation, approximately 3 hours after graft reperfusion, and 1 week 
after transplantation. An aliquot of the biopsy specimen was immediately snap-frozen 
for isolation of total RNA, the remaining material was used for routine histological 
analysis. Pieces of normal liver tissue from hepatic resections for colorectal metastasis 
were collected after obtaining informed consent and served as controls (n=9). All liver 
biopsies were snap-frozen and stored at -80°C until further processing. Tissue and 
data collection and analyses were performed according to the guidelines of the medical 
ethical committee of our institution and the Dutch Federation of Scientific Societies.

assessment of gene expression
Gene expression was assessed by determining mRNA levels in liver biopsies by using 
real-time quantitative PCR. Isolation and reverse transcription of RNA was performed 
as described previously (2). TaqMan gene expression assays (PE Applied Biosystems) for 
OST-alpha (assay ID Hs00380895_m1) and OST-beta (assay ID Hs00418306_m1), 
ASBT (assay ID Hs01001557_m1), CFTR (assay ID Hs00357011_m1) and CK19 
(assay ID Hs00761767_s1) were used to quantify mRNA expression, using the ABI 
Prism ABI PRISM 7900 HT Sequence detector (Applied Biosystems, Foster City, CA, 
USA). A probe against ribosomal 18S-RNA (assay ID Hs99999901_s1) was used as 
internal control.

immunofluorescence staining 
Double immunofluorescence labeling for cytokeratin 19 with (Abcam, Cambridge, 
UK), OST-alpha and OST-beta (both antibodies were kindly provided by Ned Ballatori, 
University of Rochester School of Medicine, USA) and ASBT (kindly provided by 
Paul Dawson, Wake Forest University School of Medicine), was performed using 
cryosections and at appropriate dilutions (12). Secondary antibodies were Fluorescein 
Isothiocyanate and Tetramethylrhodamine-5-isothiocyanate (Alexa Fluor, Invitrogen, 
Breda, The Netherlands). Images were taken with a Leica QMRXA fluorescence 
microscope and Leica Qwin Pro 2003 software.
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assessment of bile duct injury
The degree of bile duct injury was assessed histologically and expressed as the bile duct 
injury severity score (BDISS) (2), The BDISS is a semi-quantitative grading of small 
bile duct injury, based on the following three components: bile duct damage (graded 
as 0=absent, 1=mild, 2=moderate, 3=severe; modified from the Banff criteria for acute 
rejection (23)); ductular proliferation (graded 0–3, using a similar scale as stated above), 
and cholestasis (grade 0–3, using a similar scale as stated above). This resulted in a 
minimal BDISS of zero and a maximum score of nine points. Based on the median 
BDISS (five points), patients were divided into two groups: mild (BDISS<5) and severe 
small bile duct injury (BDISS>5). All histology examinations were performed by one 
experienced pathologist who was unaware of the other study data.

statistical methods
Data was analyzed using SPSS software version 16.0 for Windows. Categorical variables 
were presented as numbers with percentages and compared using Pearson’s chi-square 
test.  Continuous variables were presented as medians with interquartile range (IQR) 
and compared using the Mann-Whitney U test. For correlation analyses the Pearson test 
was used. All P-values were considered as statistically significant at a level of less than 
0.05.

Results
Changes in ost-alpha, ost-beta and asBt mRna 
expression in olt
To determine the effect of cold preservation and ischemia/reperfusion injury on gene 
expression of the cholangiocyte bile salt transporters, we measured mRNA expression 
for OST-alpha, OST-beta and ASBT in the three sequential liver graft biopsies. 
Compared to normal control samples, OST-alpha mRNA expression was significantly 
down-regulated before transplantation and after graft reperfusion, but expression 
levels restored to normal values at one week after OLT (Figure 1A). OST-beta mRNA 
expression was more than 8-fold up-regulated at the end of cold preservation and after 
graft reperfusion, and expression levels increased further during the first week after OLT 
(Figure 1B). We were unable to detect ASBT mRNA transcript levels in any of the in 
liver biopsies. 
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figure 1

Relative transcript levels of OST-alpha and OST-beta in liver transplant biopsies. 

Levels of mRNA coding for OST-alpha (A) and OST-beta (B) were determined by RT-PCR in 

three sequential liver biopsies: at the end of cold preservation (cold) , 3hr after graft reperfusion 

(warm) and at one week after liver transplantation. The numbers of transcripts were normalized 

to control levels and compared using the Mann-Whitney U test. Data shown are medians and 

IQR. * P < 0.05; ** P < 0.01.
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Relative transcript levels of OSTalpha and OSTbeta in liver transplant biopsies.  

Levels of mRNA coding for OSTalpha (A) and OSTbeta (B) were determined by RT-PCR in 

three sequential liver biopsies: at the end of cold preservation (cold) , 3hr after graft 

reperfusion (warm) and at one week after liver transplantation. The numbers of transcripts 

were normalized to control levels and compared using the Mann-Whitney U test. Data shown 

are medians and IQR. * P < 0.05; ** P < 0.01.
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Protein expression and cellular localisation of ost-alpha, 
ost-beta and asBt
To determine whether the observed changes in mRNA expression were paralleled 
by changes in protein expression and to determine the cellular localization of OST-
alpha, OST-beta and ASBT in liver graft biopsies, we performed immunofluorescence 
staining for these bile salt transporters. Co-staining for CK19 was used as a marker 
for cholangiocytes. Overall, the immunofluorescence staining pattern was similar to 
that of mRNA expression for OST-alpha and OST-beta (Figure 2). OST-alpha and 
OST-beta protein expression could be detected in the basolateral membranes of both 
cholangiocytes and hepatocytes. Immunostaining of OST-alpha was reduced at the 
time of transplantation, but recovered during the first postoperative week. OST-beta 
immunostaining was enhanced in all three sequential biopsies. In contrast to the 
undetectable ASBT mRNA transcripts, ASBT was detected by immunostaining in the 
apical membranes of cholangiocytes. 

Changes in CftR mRna expression during and after olt
At the time of transplantation CFTR mRNA expression was similar to that in normal 
control biopsies, but levels were 2-fold higher at one week after OLT (Figure 3A). 
To assess whether the increased levels of CFTR mRNA were a result of bile duct 
proliferation or rather caused by an increased expression for CFTR mRNA per 
cell, CFTR mRNA expression was correlated with CK19 mRNA expression levels. 
Expression of CK19 appeared to be significantly up-regulated at one week after OLT, 
compared to levels in pretransplant biopsies (Figure 3B). When levels of CFTR mRNA 
at one week after OLT were corrected for changes in CK19 mRNA levels, no major 
changes were observed, suggesting that the observed increase in CFTR mRNA was 
caused by ductular proliferation rather than increased expression per cholangiocyte 
(Figure 3C). 
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Figure 3 
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C  

figure 3

Relative transcript levels of CFTR, 

CK19 and CFTR normalized for CK19. 

Levels mRNA coding for CFTR and 

CK19 were quantified by RT-PCR in 

three sequential liver biopsies: at the 

end of cold preservation (cold), 3hr 

after graft reperfusion (warm) and at 

one week after liver transplantation. 

The numbers of transcripts were 

normalized to control levels and 

compared using the Mann-Whitney 

U test. Data shown are medians and 

IQR. ** P < 0.01. (A) Uncorrected 

CFTR mRNA expression levels in the 

three sequential biopsies. (B) mRNA 

expression of the cholangiocyte marker 

CK19 in the three sequential liver 

biopsies. (C) CFTR mRNA expression 

corrected for CK19 mRNA expression. 
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Correlation between ost-alpha/beta and CftR expression 
and bile salt secretion
To determine whether OST-alpha, OST-beta or CFTR gene expression was related to 
the biliary bile salt secretion, we correlated OST-alpha, OST-beta and CFTR mRNA 
levels with biliary bile salt secretion at one week after OLT. OST-alpha/beta mRNA 
levels correlated significantly with the biliary bile salt secretion one week after OLT. 
There was no correlation between CFTR mRNA levels and the biliary bile salt secretion 
one week after OLT (Figure 4).
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figure 4

Correlation between OST-alpha, OST-beta and CFTR, and the biliary bile salt secretion one 

week after OLT. OST-alpha/beta mRNA levels correlated significantly with the biliary bile salt 

secretion one week after OLT. There was no correlation between CFTR mRNA levels and the 

biliary bile salt secretion one week after OLT.

expression of cholangiocyte transporters in relation to the 
degree of bile duct injury
We next examined whether there were differences in OST-alpha, OST-beta or CFTR 
gene expression in liver grafts with mild or moderate/severe small bile duct injury, as 
determined by the BDISS. For this purpose, patients were divided in two groups, based 
on the BDISS at one week after OLT. Mild small bile duct injury (BDISS <5) was 
observed in 15 of the 37 (40.5%) patients whereas 9 (24.3%) patients showed severe 
small bile duct injury (BDISS ≥5). Comparing OST-alpha or OST-beta mRNA levels 
in these two groups did not reveal significant differences. CFTR mRNA expression was 
significantly higher in liver grafts with signs of severe small bile duct injury, compared 
to livers with only mild injury (Figure 5). However, when CFTR mRNA expression 
levels were normalized for CK19 expression these differences disappeared, suggesting 
that the observed association between overall CFTR mRNA expression and the BDISS 
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C 

 
 

Correlation between OSTalpha, OSTbeta and CFTR, and the biliary bile salt secretion one 

week after OLT. OSTalpha/beta mRNA levels correlated significantly with the biliary bile salt 

secretion one week after OLT. There was no correlation between CFTR mRNA levels and 

the biliary bile salt secretion one week after OLT. 
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was caused by an increased number of biliary epithelial cells (ductular proliferation) 
rather than up-regulation of CFTR gene expression per cell.

figure 5

Relative transcript levels of OST-alpha, OST-beta and CFTR at one week after transplantation 

in patients with mild and severe bile duct injury, as detected microscopically by the bile duct 

injury severity score (BDISS). The numbers of transcripts were normalized to control levels and 

compared using the Mann-Whitney U test. Data shown are medians with the IQR. * P < 0.05. 

There were no differences OST-alpha mRNA and OST-beta MRNA levels between patients with 

mild (BDISS <5) and severe bile duct injury (BDISS ≥5). Although uncorrected CFTR mRNA 

levels were significantly higher in patients with signs of severe bile duct injury one week after 

OLT, this difference disappeared when values were corrected for CK19 expression, suggesting 

that the observed association between overall CFTR mRNA expression and the BDISS was 

caused by an increased number of biliary epithelial cells (ductular proliferation) rather than up-

regulation of CFTR gene expression per cell.
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Relative transcript levels of OSTalpha, OSTbeta and CFTR at one week after transplantation 

in patients with mild and severe bile duct injury, as detected microscopically by the bile duct 

injury severity score (BDISS). The numbers of transcripts were normalized to control levels 

and compared using the Mann-Whitney U test. Data shown are medians with the IQR. * P < 

0.05. There were no differences OSTalpha mRNA and OSTbeta MRNA levels between 

patients with mild (BDISS <5) and severe bile duct injury (BDISS ≥5). Although uncorrected 

CFTR mRNA levels were significantly higher in patients with signs of severe bile duct injury 

one week after OLT, this difference disappeared when values were corrected for CK19 

expression, suggesting that the observed association between overall CFTR mRNA 

expression and the BDISS was caused by an increased number of biliary epithelial cells 

(ductular proliferation) rather than up-regulation of CFTR gene expression per cell. 
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disCussion
The aims of this study were to examine changes in the expression of the cholangiocyte 
transporters ASBT, OST-alpha, OST-beta and CFTR during and after OLT and 
correlate these with changes in bile composition as well as with the development of bile 
duct injury. We have observed remarkable changes in the expression of OST-beta and 
OST-alpha during and early after OLT. While OST-beta mRNA expression was 8-fold 
up-regulated in donor livers during and after transplantation, compared to normal 
controls, OST-alpha mRNA expression decreased significantly at 3 hrs after reperfusion, 
but levels restored to normal by the end of the first postoperative week. CFTR mRNA 
expression in liver grafts at the time of transplantation was not different from that 
in controls, but levels increased 2-fold by the end of the first postoperative week. 
This 2-fold increase, however, disappeared when values were normalized for CK19 
expression, suggesting that the observed increase was mainly due to an increase in the 
number of biliary epithelial cells (ductular proliferation) rather than an increased gene 
expression per cell. Despite the changes in the expression of OST-alpha and OST-beta 
correlated with the bile salt secretion, expression for these transporters did not correlate 
with the histological detection of bile duct injury, suggesting that changes in the 
cholehepatic shunt during OLT do not play a major role in the pathogenesis of biliary 
epithelial cell injury in liver transplants. 
Interestingly, we observed a strong differential expression of the two subunits of the 
heteromeric bile salt transporter OST-alpha/beta in liver transplants. While OST-beta 
mRNA expression was up to 8-fold increased, OST-alpha expression was reduced by 
half at 3hr after graft reperfusion. OST-alpha and OST-beta genes are reported to 
be regulated by bile acids via the farnesoid X receptor (FXR) and liver X receptor-
alpha (LXR-alpha) (24-26). Using a model of precision cut human liver slices, Khan 
et al. have recently also described large variations in the regulation of the OST-alpha 
and OST-beta genes (27). Especially ligands for FXR, such as chenodeoxycholic acid 
and lithocholic acid, exerted differential effects on OST-alpha and OST-beta gene 
expression. Others have found evidence that OST-beta regulation is indeed more 
sensitive to bile salts than OST-alpha (28, 29). Induction of OST-beta is thought to be 
anti-cholestatic, by acting as an adaptive bile salt overflow system, thereby increasing 
the hepatocholangiocyte bile salt flux and reducing the accumulation of intracellular 
bile salts (28, 30). In parallel with the observed regulatory effects of bile salts on OST-
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alpha/beta expression in rodent and in vitro models, we found a correlation between 
OST-alpha/beta mRNA expression and biliary bile salt secretion at one week after 
transplantation. Although the large changes in OST-alpha and OST-beta expression 
in liver transplants observed in the current study suggest that these genes may be 
differentially regulated by oxidative stress or inflammatory mediators (either in the 
donor or in the recipient), this concept is not supported by a study performed by 
Wagner et al., who found no evidence for such regulatory mechanisms of OST-alpha/
beta gene expression in a model of common bile duct ligation in mice (31).
Immunofluorescence staining for OST-alpha and beta revealed similar changes in 
protein expression, but also showed that in the human liver these transporters are 
not solely expressed in cholangiocytes, but can also be detected in hepatocytes. These 
findings are in line with data obtained from immunofluorescence staining in cell 
culture experiments performed by Ballatori et al., who showed an equal expression of 
OST-alpha and OST-beta in human cholangiocytes and hepatocytes (12). Therefore, it 
cannot be fully deducted from the current study whether the observed changes in OST-
alpha/beta mRNA expression are a result of changes in the expression in hepatocytes, 
in cholangiocytes, or in both cell types. Determination of changes in gene expression 
within one cell type would require additional sophisticated laboratory techniques, such 
as laser capture microdissection and determination of mRNA levels in one cell type. 
Future experiments should include this method to discriminate between changes in 
gene expression in hepatocytes and cholangiocytes.
Similar to OST-beta, expression of the bile salt transporter ASBT in apical membrane 
of cholangiocytes has been shown to be regulated in direct proportion to biliary bile 
salt concentration (16, 17, 32). Unfortunately, we were unable to detect ASBT mRNA 
transcripts in our liver biopsies. This may be explained by the fact that livers biopsies 
contain mainly bile ductules (< 15 nm) and small intralobular bile ducts (15–100 nm), 
which are lined by small cholangiocytes (33). In contrast to large cholangiocytes lining 
the larger or macroscopic bile ducts, small cholangiocytes do normally not express 
ASBT. Only during bile duct proliferation expression of ASBT has been observed in 
small cholangiocytes (16). Interestingly, we were able to detect ASBT protein expression 
by immunostaining at all three time points, which leaves open the possibility that 
technical factors may explain the lack of ASBT mRNA detection. 



150

In contrast to ASBT transcripts, CFTR was actually expressed in small bile duct, unlike 
reports that CFTR is expressed only in cholangiocytes of larger bile ducts (34). CFTR 
acts in concerted action with ASBT and was significantly induced one week after OLT, 
primarily due to bile duct proliferation. Indirect, this may indicate that the bile salt 
reabsorption is increased after OLT. Bile salt absorption triggers CFTR activation and 
consequently, local salt and water secretion, which may serve to prevent obstruction 
(14). Nevertheless, there was no significant difference in CFTR expression between 
livers with a high versus a low DBISS.
In both experimental animal studies and clinical studies we and others have previously 
shown that injury of the small, microscopic, bile ducts, as well as the formation 
macroscopic NAS is associated with the secretion of relatively toxic bile early after 
transplantation, characterized by a high bile salt/phospholipid ratio (2, 3). While 
changes in bile composition and the subsequent development of biliary injury have 
been associated with changes in biliary transporter proteins in hepatocytes (2, 3), we 
could not find any correlation between changes in OST-alpha/beta or CFTR and bile 
duct injury as measured by the BDISS. These data suggest that the cholehepatic shunt 
or cholangiocyte mediated changes in bile composition do not play a major role in the 
development of bile duct injury after OLT. In conclusion, transplantation of the liver is 
associated with marked differential changes in the expression of the bile salt transporters 
OST-alpha and OST-beta, while CFTR expression remains rather stable. Although 
changes in OST-alpha/beta correlated with the biliary bile salt secretion, these biliary 
bile salt transporters did not correlate with the histological degree of bile duct injury, 
suggesting that the cholehepatic shunt does not play a major role in the development of 
bile salt induced bile duct injury after OLT.
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Chapter 1 provides a short introduction and the outline of this thesis. The aim of 
the thesis was to identify clinical risk factors for non-anastomotic strictures (NAS), 
by analyzing donor and patient characteristics, as well as surgical variables in relation 
to postoperative outcome after orthotopic liver transplantation (OLT). Furthermore, 
we have performed clinical studies and experimental studies in mice to unravel the 
role of bile salt toxicity in the pathogenesis of hepatobiliary injury after OLT. The 
thesis is divided in two parts. The first part focuses on the clinical risk factors for the 
development of NAS and in the second the part we investigate the role of toxic bile salts 
and bile secretory function in the development of hepatobiliary injury after OLT.  

Part i. non-anastomotic biliary strictures after liver 
transplantation
Chapter 2 provides an overview of the literature regarding the causes and consequences 
of NAS, also called ischemic-type biliary lesions (ITBL). The aim of this chapter is to 
describe the pathophysiological mechanisms, clinical presentation and the treatment 
of NAS. NAS is a radiological diagnosis, characterized by intrahepatic strictures and 
dilatations on cholangiography. NAS were first described after liver transplantation in 
association with hepatic artery thrombosis (HAT). In case of early HAT the bile duct 
becomes ischemic; resulting in a typical cholangiographic picture of biliary strictures, 
dilatations and intraductal cast formation. However, these abnormalities can also be 
seen in the absence of HAT, hence the term ischemic-type biliary lesions emerged. In 
this thesis the term NAS was used to describe intrahepatic biliary strictures and dilations 
of the bile duct in patients without HAT. The incidence of NAS varies around 15% in 
different series reported in literature. Various risk factors for NAS have been identified, 
strongly suggesting a multifactorial origin. The main categories include ischemia-related 
injury, immune-mediated injury and toxic injury by bile salts. Nevertheless, in many 
cases no specific risk factor can be identified. The clinical presentation of patients with 
NAS is often not specific. Symptoms may include fever, abdominal complaints and 
increased cholestatic liver function tests. The diagnosis is made by imaging studies of 
the bile ducts. Treatment starts with relieving symptoms of cholestasis and dilation 
of stenosed bile ducts via endoscopic retrograde cholangiopancreaticography (ERCP) 
or percutaneous transhepatic cholangiodrainage (PTCD), if possible followed by 
stenting. Eventually up to 50% of the patients with NAS may require retransplantation 
or may die. In selected cases, retransplantation can be avoided or delayed by surgical 
intervention.
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In the clinical study described in chapter 3 we aimed to determine whether Roux-Y 
choledochojejunostomy is an independent risk factor for NAS after transplantation. A 
total of 486 adult liver transplant recipients, transplanted between May 1992 and June 
2006 with a median postoperative follow-up of 5.6 years, were included in this study. 
One- and 5-year patient survival rates were 85.4 and 77.2%, respectively. Graft survival 
rates at 1- and 5-years were 80.2% and 69.1%, respectively. NAS was observed in 80 
of the 486 (16.5%) transplanted livers at a median time interval of 4.1 months after 
OLT. A total of 18 potential risk factors for NAS were studied by comparing the group 
of patients with NAS with those who did not develop NAS. Risk factors were grouped 
as donor or recipient-related variables, surgical variables and postoperative outcome 
variables. A univariate comparison of these demographic and clinical variables between 
patients with and without NAS indicated primary sclerosing cholangitis (PSC), the 
type of bile duct reconstruction and postoperative cytomegalovirus (CMV) infection as 
risk factors for NAS. In patients who were transplanted for PSC, the incidence of NAS 
was two-fold higher than in patients transplanted for other indications. In addition, 
NAS were observed significantly more frequent when Roux-Y choledochojejunostomy 
was used for biliary reconstruction, compared to patients with a duct-to-duct biliary 
reconstruction. However, after multivariate regression analysis, including variables 
previously reported in literature as important risk factors for the development of NAS, 
Roux-Y choledochojejunostomy was not identified as independent risk factor for NAS. 
Based on the results of this study, it was concluded that the association between Roux-Y 
choledochojejunostomy and NAS that has been observed in previous studies can be 
explained entirely by the more frequent use of Roux-Y reconstruction in patients with 
PSC. Bacterial migration and (recurrent) ascending cholangitis as can be seen more 
frequently in patients with a Roux-Y reconstruction, apparently do not play a role in the 
pathogenesis of NAS after transplantation.
In chapter 4, outcome after transplantation is compared for livers from brain death 
(DBD) or cardiac death (DCD) donors performed in The Netherlands between January 
2001 and December 2006. Of a total of 526 transplant procedures performed in this 
time period, in 55 cases a liver from a DCD donor was used and in 471 cases a liver 
from a DBD donor was used. A national protocol was introduced for multiorgan 
donation (MOD) of organs from controlled DCD donors. All three participating 
Dutch liver transplant centers agreed to allocate livers from DCD donors according 
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to the national waiting list. There were no significant differences in the overall 1- and 
3-year patient survival rates after DCD and DBD liver transplantation (84.6% versus 
80.4%, and 86.3% versus 80.8%, respectively). Overall 1- and 3- year graft survival did 
also not differ between DCD and DBD liver transplantation (74.0% versus 67.9%, and 
80.5% versus 74.7%, respectively), although significant differences in the rate of graft 
loss were observed between centers. NAS was observed significantly more frequently 
after DCD liver transplantation (23.6% versus 7.9%, DCD versus DBD, respectively), 
requiring significantly more retransplantations (10.9% versus 2.5%, DCD versus 
DBD). Risk factors for graft loss and NAS were grouped as donor and recipients related 
variables, surgical, and postoperative outcome variables. Multivariate regression analysis 
revealed transplant center, first warm ischemic and cold ischemic time as independent 
risk factors for 1-year graft survival in DCD liver transplantation. In a multivariate 
regression analysis the following independent risk factors for NAS were identified: 
DCD liver grafts, donor age, and PSC.

Part ii. the role of bile salts in the pathogenesis of 
hepatobiliary injury after liver transplantation
In chapter 5 we investigated the role of endogenous bile salts in the origin of bile duct 
injury after OLT in a mouse model of arterialized liver transplantation. Previously, 
Geuken et al. suggested that an increased biliary bile salt/phospholipid ratio early after 
OLT, leading to toxic bile composition, may result in increased intrahepatic bile duct 
injury (1). However, formal evidence for a cause-effect relationship between toxic bile 
formation and bile duct injury after OLT could not be established by this observational 
clinical study. In fact, it could not be ruled out that toxic bile composition and bile 
duct injury both resulted from the same underlying factor. By comparing outcome after 
transplantation of livers from wild-type mice or mice heterozygous for the disruption of 
the Mdr2 gene (Mdr2+/-), we demonstrated that endogenous bile salts act synergistically 
to ischemia/reperfusion in the origin of bile duct injury. This study provided evidence 
that bile salt toxicity is an important factor that may contribute to hepatobiliary injury 
after OLT.
In chapter 6 the involvement of bile secretory function in the pathogenesis of 
hepatobiliary injury after the occurrence of HAT was investigated. In contrast to the 
liver parenchyma, the bile ducts have a single blood supply that comes entirely from 



160

the hepatic artery. HAT is a well known risk factor for the development of ischemic 
bile duct strictures after OLT. Although ischemic injury of the bile ducts is a key 
mechanism, it was unknown whether changes in bile composition may contribute 
to the development of biliary injury in this situation as well. Previous studies have 
indicated that hepatic arterial blood flow is critical for the recovery of hepatocyte 
bile secretory function after OLT (2). In the absence of bile secretion, bile salts can 
accumulate and act cytotoxic on hepatocytes and cholangiocytes. To study whether 
changes in bile secretion could play a role in the pathogenesis of hepatobiliary injury 
in the event of HAT, we developed a mouse model of impaired arterial perfusion 
of the liver induced by ligation of either the hepatic artery or the peribiliary plexus, 
or a combination of the two. Ligation of either the hepatic artery or the peribiliary 
plexus did not result in marked histological, biochemical or molecular changes. This 
means that the hepatic artery and peribiliary plexus both have the capacity to provide 
sufficient blood supply to the biliary tree in this model. The combination of hepatic 
artery ligation and interruption of the peribiliary plexus (complete loss of arterial 
blood supply to the liver), however, resulted in severe injury of the bile ducts and liver 
parenchyma, with two out of five animals dying after 14 days. As early as 24 hours 
after complete dearterialization, in the absence of hepatobiliary injury, liver ATP-levels 
were significantly decreased, and gene expression for the bile salt transporter Ntcp 
and Bsep decreased and serum conjugated bile salt levels increased, subsequently. 
Pro-inflammatory cytokine release was slowly induced and intrahepatic cholestasis 
progressed in the following weeks. This study demonstrated that the expression of 
hepatobiliary transporters is dysregulated early after complete loss of arterial blood 
supply to the liver, leading to intrahepatic cholestasis and bile salt-mediated injury. 
These data suggest that hepatobiliary injury frequently seen when HAT occurs after 
OLT, may not only be due to a direct ischemic injury, but is also related to bile salt-
mediated injury.
The study described in chapter 7 provides new insights in the role of cholangiocyte 
bile salt transporters in biliary injury after OLT in mice. Cholangiocytes express various 
bile salt transporters such as Asbt and heteromeric Ost-alpha/beta, responsible for the 
uptake and secretion of bile salts, respectively. We analyzed gene and protein expression 
for these transporters in our previously established mouse OLT model. To determine 
the impact of biliary bile salts and the bile salt/phospholipid ratio on the expression 
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of these transporters, we compared livers transplanted from Mdr2+/- mice with livers 
from wild-type donors. Since changes in cholangiocyte transporter expression are 
associated with hepatic pro-inflammatory cytokine release, we also assessed the hepatic 
expression for TNF-alpha and IL1-beta in the donor livers and correlated this with the 
expression levels of the cholangiocyte transporters. Transplantation of Mdr2+/- livers 
resulted in down-regulation of mRNA expression for Asbt, Ost-beta and Ost-alpha 
after OLT. Asbt expression appeared to be regulated in direct proportion to the biliary 
bile salt/phospholipid ratio, whereas Ost-alpha/beta expression correlated negatively 
with the expression for TNF-alpha and IL1-beta. The unbalanced reduction of Asbt 
and Ost-alpha/beta expression after OLT therefore, may result in bile salt retention in 
cholangiocytes, cytotoxicity and aggravate bile duct injury.
In chapter 8 we have examined changes in the expression of cholangiocyte bile 
transporters and the cholehepatic shunt in patients after OLT in humans. Expression 
of ASBT, OST-alpha/beta and CFTR was determined in liver transplant biopsies and 
levels of expression were correlated with biliary bile salt secretion and the development 
of microscopic bile duct injury at one week after transplantation. OST-alpha transcript 
levels were significantly down-regulated at the end of cold storage and immediately 
after graft reperfusion, but levels had restored to normal values at one week after OLT. 
OST-beta mRNA expression was more than 8-fold up-regulated at the end of cold 
preservation and after graft reperfusion and increased further during the first week after 
OLT. Overall the immunofluorescence staining pattern of these two transporters was 
similar. The observed changes in the expression of the bile salt transporters OST-alpha 
and OST-beta correlate with biliary bile salt secretion, but not with the degree of bile 
duct injury. Although increased uptake of bile salts through cholangiocytes has been 
linked with an increased expression for CFTR, we found no major changes in CFTR 
mRNA expression. Altogether, these data suggest that the cholehepatic shunt does not 
play a major role in the development of bile salt induced bile duct injury after OLT.
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Collectively, the studies described in Part II of this thesis indicate that bile salt toxicity 
and intrahepatic cholestasis are key events contributing to hepatobiliary injury after 
OLT. Therapeutic strategies to prevent hepatobiliary injury after OLT therefore 
should focus on options to alter bile composition and to maintain choleresis. Drugs 
that could potentially reduce this type of injury should target at bile composition and 
the affected bile duct epithelium itself, and ideally should also have anti-cholestatic, 
anti-inflammatory and anti-fibrotic properties. Ursodeoxycholic acid (UDCA) is 
known to improve cholestatic disorders and is widely used in the treatment of patients 
with cholestatic liver diseases. Several mechanisms may potentially contribute to the 
beneficial effect of UDCA after human OLT. Under cholestatic conditions, UDCA 
stimulates hepatocyte secretion of bile salts, inhibits bile salt induced hepatocyte (and 
cholangiocyte) apoptosis, protects injured cholangiocytes against the toxic effects of 
endogenous bile salts, and/or stimulates Cl- and HCO3- secretion into bile via CFTR 
(3). In contrast to UDCA, its side chain-shortened homologue nor-UDCA undergoes 
cholehepatic shunting leading to a bicarbonate-rich hypercholeresis. Nor-UDCA has 
anti-inflammatory, anti-proliferative and anti-fibrotic effects, and stimulates bile salt 
detoxification. This drug may be potentially of benefit in patients undergoing OLT and 
may reduce the incidence and severity of biliary injury leading to NAS. Finally, drugs 
that can affect biliary phospholipid and bile salt excretion via nuclear receptors (FXR, 
PPAR-alpha) could theoretically be of benefit as a prophylactic approach to prevent 
bile salt-induced biliary injury after OLT. Time has come to design and initiate clinical 
studies. An attractive fist option to study will be the potential benefits of UDCA or nor-
UDCA in liver transplant recipients. Since NAS is frequently observed after DCD liver 
transplantation, this category of patients could be an attractive focus for future research. 
The efficacy of UDCA or nor-UDCA should ideally be evaluated in a large-scale 
multicenter placebo-controlled randomized trial in DCD liver transplant recipients. 
Initiatives for such a multicenter study have recently been taken.
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samenVatting

Hoofdstuk 1 is een korte introductie en geeft de hoofdlijnen van dit proefschrift weer. 
Het doel van dit proefschrift was het identificeren van de klinische risicofactoren voor 
non-anastomotische galwegstricturen (NAS) na orthotope levertransplantatie (OLT), 
door het analyseren van donor- en patiënt-gerelateerde variabelen en chirurgische 
variabelen in relatie tot de postoperatieve uitkomst. Daarnaast hebben we klinische 
studies uitgevoerd en experimenteel onderzoek bij muizen verricht om de rol van 
galzouttoxiciteit in de pathogenese van hepatobiliaire schade na OLT te ontrafelen. 
Het proefschrift bestaat uit twee delen. Het eerste deel richt zich op de klinische 
risicofactoren die een rol spelen bij het ontstaan van NAS en in het tweede deel zijn 
studies beschreven waarin we de rol van galzouttoxiciteit en galsecretoirefunctie op het 
ontstaan van galwegschade na levertransplantatie hebben bestudeerd. 
 
 
deel i. non-anastomotische galwegstricturen na 
levertransplantatie
Hoofdstuk 2 geeft een overzicht van de literatuur over de oorzaken en gevolgen van de 
NAS, ook wel ischemic type bliary lesions (ITBL) genoemd. Het doel van dit hoofdstuk 
was het beschrijven van de pathofysiologische mechanismen, klinische presentatie 
en de behandeling van de NAS. NAS is een radiologische diagnose, gekenmerkt 
door vernauwingen en dilataties van de intrahepatische galwegen en intraductale 
cast vorming, zoals kan worden vastgesteld met behulp van cholangiografie. NAS 
na levertransplantatie werd voor het eerst beschreven in relatie tot arteria hepatica 
trombose (HAT). In geval van vroege HAT, worden de galwegen ischemisch, 
hetgeen resulteert in het typerende beeld van galwegvernauwingen en dilataties. 
Maar deze afwijkingen kunnen ook worden gezien na OLT zonder HAT, waarnaar 
de term ITBL verwijst. In dit proefschrift wordt echter de term NAS gebruikt om 
de vernauwde en verwijde intrahepatische galwegen in afwezigheid van HAT aan te 
duiden. De incidentie van NAS varieert rond de 15% in verschillende onderzoeken. 
De verschillende risicofactoren die voor NAS werden geïdentificeerd, suggereren een 
sterk multifactoriële oorzaak. De risicofactoren kunnen in drie categorieën worden 
onderscheiden: ischemie-gerelateerde schade, immuun-gemedieerde schade en schade 
door galzouttoxiciteit. Echter, in veel gevallen kan er geen duidelijke risicofactor worden 
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geïdentificeerd. De klinische presentatie van patiënten met NAS is vaak aspecifiek. 
De eerste aanwijzingen voor het optreden van NAS kunnen bestaan uit koorts, 
buikklachten en gestoorde cholestatische leverproeven. De diagnose wordt uiteindelijk 
gesteld op basis van beeldvorming van de galwegen. De behandeling van NAS bestaat 
uit het opheffen van galwegstricturen en cholestase door galwegdilatatie door middel 
van endoscopische retrograde cholangiopancreaticografie (ERCP) of percutane 
transhepatische cholangiodrainage (PTCD), eventueel gevolgd door het plaatsen van 
een stent. Uiteindelijk wordt 50% van de patiënten met een NAS geretransplanteerd of 
komt te overlijden. In bepaalde gevallen kan retransplantatie worden voorkomen door 
een eenvoudigere chirurgische interventie.
Het doel van het klinisch onderzoek, dat beschreven wordt in hoofdstuk 3 was het 
vaststellen of Roux-Y choledochojejunostomie een onafhankelijke risicofactor voor 
NAS na levertransplantatie is. In een groep van 486 volwassen patiënten die een 
levertransplantatie ondergingen tussen mei 1992 en juni 2006, met een mediane 
postoperatieve follow-up van 5,6 jaar, werd de associatie tussen NAS en het gebruik 
van een Roux-Y choledochojejunostomie bestudeerd. De patiëntenoverleving na 
respectievelijk één en vijf jaar na de transplantatie bedroeg 85,4% en 77,2%. Het 
percentage orgaanoverleving bedroeg na één en vijf jaar respectievelijk 80,2% en 69,1%. 
NAS werd vastgesteld in 80 van de 486 (16,5%) getransplanteerde levers met een 
mediane tijdsinterval van 4,1 maanden na OLT. Er werden 18 potentiële risicofactoren 
voor NAS bestudeerd door deze te vergelijken tussen patiënten met NAS en patiënten 
die geen NAS ontwikkelden. Risicofactoren werden gegroepeerd als variabelen 
gerelateerd aan respectievelijk de donor of de ontvanger, chirurgische variabelen 
en variabelen die samenhangen met de postoperatieve uitkomst. Een univariate 
vergelijking van deze demografische en klinische variabelen tussen patiënten met en 
patiënten zonder NAS, liet zien dat primaire scleroserende cholangitis (PSC), het type 
galwegreconstructie en postoperatieve cytomegalovirus (CMV) infectie risicofactoren 
zijn voor het krijgen van NAS. Bij patiënten die getransplanteerd werden voor PSC, 
was de incidentie van NAS twee keer hoger dan bij patiënten getransplanteerd 
vanwege andere indicaties. Daarnaast werd NAS significant vaker gezien bij patiënten 
met een Roux-Y choledochojejunostomie dan bij patiënten met een primaire 
galweganastomose. Echter, na multivariate regressie-analyse, met inbegrip van variabelen 
eerder gemeld in de literatuur als belangrijke risicofactoren voor NAS, kon Roux-Y 
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choledochojejunostomie niet worden geïdentificeerd als onafhankelijke risicofactor 
voor NAS. Op basis van de resultaten van dit onderzoek kon worden geconcludeerd 
dat de associatie tussen Roux-Y choledochojejunostomie en NAS waargenomen in 
eerdere studies, volledig kan worden verklaard door het frequenter gebruik van Roux-Y 
reconstructie bij patiënten die getransplanteerd worden voor PSC. Bacteriële migratie 
en (recidiverende) opstijgende cholangitis, zoals vaker wordt gezien bij patiënten 
met een Roux-Y anastomose, speelt blijkbaar geen rol in de pathogenese van NAS na 
levertransplantatie.
In hoofdstuk 4 worden de resultaten na levertransplantatie vergeleken voor levers 
van afkomstig van hersendode donoren (DBD) en donoren die overleden zijn aan 
een hartdood (cadiac death of DCD donoren). Het betrof een retrospectief onderzoek 
uitgevoerd in Nederland tussen januari 2001 en december 2006. In totaal werden in 
die periode 526 levertransplantaties uitgevoerd, waarvan in 55 gevallen een DCD- en 
in 471 gevallen een DBD-donor lever werd gebruikt. Er werd een nationaal protocol 
voor multiorgaan donatie (MOD) van organen van gecontroleerde DCD donoren 
ingevoerd. Alle drie deelnemende Nederlandse levertransplantatiecentra kwamen 
overeen om DCD-donorlevers toe te wijzen volgens de nationale wachtlijst. Er waren 
geen significante verschillen in de één- en driejaars-overleving van patiënten na 
DCD- of DBD-levertransplantatie (respectievelijk 84,6% versus 80,4% en 86,3% 
versus 80,8%). Over het geheel genomen was de respectievelijke één- en driejaars-
orgaanoverleving eveneens niet verschillend tussen DCD- en DBD-levertransplantatie 
(achtereenvolgens 74.0% versus 67,9% en 80,5% versus 74,7%), hoewel er wel 
grote verschillen in orgaanoverleving tussen centra werden waargenomen. NAS werd 
significant vaker gezien na DCD levertransplantatie (respectievelijk 23,6% versus 7,9%, 
DCD versus DBD) en dit leidde ook tot aanzienlijk meer retransplantaties (10,9% 
in DCD-OLT versus 2,5% in DBD-OLT). Risicofactoren voor orgaanoverleving 
en NAS werden gegroepeerd als donor- en ontvanger-gerelateerde variabelen, 
chirurgische en postoperatieve uitkomstvariabelen. Multivariate regressie-analyse 
toonde aan dat het transplantatiecentrum, de eerste warme ischemietijd en de 
koude ischemietijd onafhankelijke risicofactoren zijn voor éénjaars-orgaanoverleving 
na DCD levertransplantatie. In een multivariate regressie-analyse werden DCD 
levertransplantatie, leeftijd van de donor en PSC als onafhankelijke risicofactoren voor 
NAS geïdentificeerd.
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deel ii. de rol van galzouten in de pathogenese van 
hepatobiliaire schade na levertransplantatie 
In hoofdstuk 5 werd de rol van endogene galzouten op het ontstaan van galgang schade 
na OLT onderzocht in een muismodel van gearterialiseerde levertransplantatie. In een 
eerdere studie van Geuken et al. werd gesuggereerd dat een verhoogde biliaire galzout/
fosfolipide ratio vroeg na OLT tot toxische galsamenstelling leidt en kan resulteren 
in toename van intrahepatische galwegschade (1). Echter, formeel bewijs voor zo’n 
oorzaak-gevolg relatie tussen toxische gal en galwegschade na OLT kon niet worden 
vastgesteld in deze klinische studie. In feite kon niet worden uitgesloten dat toxische 
gal en de galwegschade beide het gevolg zijn van dezelfde onderliggende factor. Door 
de uitkomsten na levertransplantatie van levers van wild-type muizen of muizen 
heterozygoot voor de mutatie van het Mdr2 gen (Mdr2+/-) te vergelijken, konden we 
bestuderen of endogene galzouten en ischemie/reperfusie schade synergistisch werken op 
het ontstaan van de galwegschade. Het onderzoek maakte duidelijk dat galzouttoxiciteit 
een belangrijke factor is die kan bijdragen aan het ontstaan van hepatobiliaire schade na 
OLT. 
In hoofdstuk 6 werd de rol van de galsecretoirefunctie in de pathogenese van 
hepatobiliaire schade na HAT onderzocht. In tegenstelling tot het leverparenchym, is 
de bloedvoorziening van de galwegen enkel arterieel. HAT is een bekende risicofactor 
voor de ontwikkeling van ischemische galwegstricturen na levertransplantatie. Het 
was echter onbekend of veranderingen in galsamenstelling ook kunnen bijdragen aan 
het ontstaan van galwegschade na HAT. Eerdere studies hebben aangetoond dat de 
arteriële bloedverziening van de lever van essentieel belang is voor het herstel van de 
galsecretoirefunctie van hepatocyten na OLT (2). Zonder galsecretie kunnen galzouten 
intracellulair accumuleren en tot beschadiging van hepatocyten en cholangiocyten 
leiden. Om vast te stellen of veranderingen in galsecretie na HAT een rol spelen in 
de pathogenese van hepatobiliaire schade, hebben we een muizen-model ontwikkeld 
waarbij de arteriële perfusie van de lever wordt verminderd of gestopt, door de arteria 
hepatica, de peribiliaire plexus of beide te ligeren. Onderbinden van hetzij de arteria 
hepatica of de peribiliaire plexus resulteerde niet in histologische, biochemische of 
moleculaire veranderingen. Dit betekent dat de arteria hepatica en de peribiliaire plexus 
de capaciteit hebben om voor elkaar te kunnen compenseren. Onderbinden van zowel 
de arteria hepatica als de peribiliaire plexus (dus een volledig verlies van de arteriële 
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bloedvoorziening naar de lever), leidde tot ernstige beschadiging van de galwegen en 
het leverparenchym, hetgeen uiteindelijk resulteerde in de sterfte van twee van de vijf 
muizen in ons diermodel. Binnen 24 uur na volledige de-arterialisatie van de lever, 
waarbij de tekenen van hepatobiliaire schade nog ontbreken, waren lever-ATP en 
genexpressie van de galzouttransporters Ntcp en Bsep al sterk afgenomen en serum 
concentraties van geconjugeerde galzouten reeds toegenomen. Pro-inflammatoire 
cytokines en intrahepatische cholestase namen in de daarop volgende weken toe. Dit 
onderzoek toonde aan dat de expressie van galzouttransporters verstoord is na volledig 
verlies van arteriële bloedvoorziening naar de lever, hetgeen leidt tot intrahepatische 
cholestase en galzout geinduceerde schade. Deze resultaten suggereren dat hepatobiliaire 
schade gezien als gevolg van HAT na OLT niet alleen kan worden toegeschreven aan 
ischemie, maar ook aan galzouttoxiciteit.
Het onderzoek dat beschreven is in hoofdstuk 7 geeft nieuwe inzichten in de rol van 
galzouttransporters in cholanchiocyten op het ontstaan van galwegschade na OLT in 
muizen. In cholangiocyten komen verschillende galzouttransporters tot expressie zoals 
Asbt en de heteromeer Ost-alfa/bèta, verantwoordelijk voor respectievelijk opname 
en uitscheiding van galzouten door de cholangiocyten. Gen- en eiwitexpressie van 
deze transporters werden gemeten in levers van het eerder ontwikkelde OLT model in 
muizen. Voor de bepaling van het effect van biliaire galzouten en de galzout/fosfolipide 
ratio op de expressie van deze transporters, werden getransplanteerde levers van 
Mdr2+/- muizen met levers van wild-type donoren vergeleken. Aangezien veranderingen 
in de expressie van galzouttransporters in cholangiocyten zijn geassocieerd met pro-
inflammatoire cytokines in de lever, werd de expressie van de galzouttransporters 
gecorreleerd met TNF-alfa en IL1-bèta. Transplantatie van Mdr2+/- levers resulteerde 
in een afname van Asbt en Ost-alfa/bèta mRNA expressie. Asbt bleek in directe 
verhouding tot de biliaire galzout/fosfolipide ratio te worden gereguleerd, terwijl Ost-
alfa/bèta negatief correleerde met de expressie voor TNF-alfa en IL1-bèta. De conclusie 
van dit onderzoek is dat onevenredige vermindering van Asbt en Ost-alfa/bèta expressie 
na OLT kan resulteren in intracellulaire accumulatie van galzouten in cholangiocyten, 
toename van cytotoxiciteit en daarmee een toename van galwegschade. 
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In hoofdstuk 8 hebben we de veranderingen in expressie van galtransporters in 
cholangiocyten en cholehepatische shunt in patiënten na OLT onderzocht. De 
mate van expressie van ASBT, OST-alfa/bèta en CFTR werd gemeten in biopsieën 
na levertransplantatie en gecorreleerd met de galzoutsecretie en de ontwikkeling 
van galwegschade een week na de transplantatie. OST-alfa expressie was significant 
afgenomen aan het einde van de koude preservatie en onmiddellijk na reperfusie, 
maar normaliseerde een week na OLT. OST-bèta mRNA expressie was meer dan 
acht maal toegenomen aan het einde van de koude preservatie en na reperfusie 
en nam verder toe in de eerste week na OLT. Over het geheel genomen was het 
immunofluorescentiepatroon van deze twee transporters vergelijkbaar met de 
veranderingen in mRNA expressie. De veranderingen in de mate van expressie van de 
galzouttransporters OST-alfa en OST-bèta correleerden met de biliaire galzoutsecretie, 
maar niet met de mate van galwegschade. Hoewel een verhoogde absorptie van 
galzouten door cholangiocyten in relatie is gebracht met een verhoogde expressie van 
CFTR, vonden wij geen grote veranderingen in CFTR mRNA expressie. Al met al 
lijkt de cholehepatische shunt geen belangrijke rol te spelen in het ontstaan van galzout 
geinduceerde galwegschade na OLT.
  

Uit het onderzoek dat in deel II van dit proefschrift is beschreven, blijkt dat 
galzouttoxiciteit en intrahepatische cholestase belangrijke factoren zijn, die bijdragen 
aan hepatobiliaire schade na OLT. Therapeutische strategieën die bedoeld zijn 
om hepatobiliaire schade na OLT te voorkomen, moeten daarom gericht zijn op 
het veranderen van galcompositie en behoud van cholerese. Medicijnen met anti-
cholestatische, anti-inflammatoire en anti-fibrotische eigenschappen zouden deze schade 
kunnen verminderen door de samenstelling van gal te veranderen en het galwegepitheel 
te beschermen.
Van ursodeoxycholzuur (UDCA) is bekend dat het cholestatische aandoeningen 
verbetert. Daarom wordt het veel gebruikt bij de behandeling van patiënten met 
cholestatische leverziekten. Het gunstige effect van UDCA na OLT kan worden 
verklaard door verschillende mechanismen. UDCA stimuleert galzoutsecretie door 
hepatocyten, remt de apoptose van hepatocyten (en cholangiocyten), beschermt 
beschadigde cholangiocyten tegen de toxische effecten van endogene galzouten en/
of stimuleert de Cl- en HCO3- secretie in de gal door CFTR (3). In tegenstelling 
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tot UDCA, ondergaat nor-UDCA (een korte keten homoloog van UDCA) een 
cholehepatic shunt, hetgeen leidt tot een bicarbonaat rijke hypercholerese. Nor-
UDCA heeft een anti-inflammatoire, anti-proliferatieve en anti-fibrotische werking en 
stimuleert galzout detoxificatie. Dit geneesmiddel kan mogelijk van voordeel zijn bij 
patiënten die een OLT ondergaan en de kans op, alsmede de ernst van galwegschade 
verminderen. 
Ten slotte, geneesmiddelen die de biliaire excretie van galzouten en fosfolipenen 
beinvloeden via de nucleaire receptoren FXR en PPAR-alpha, kunnen theoretisch 
galzout geïnduceerde galwegschade na OLT voorkomen. Er moeten nu klinische 
studies worden opgezet om de potentiële voordelen van UDCA of nor-UDCA bij 
levertransplantatie te bestuderen. Aangezien NAS vaak wordt waargenomen na DCD 
levertransplantatie, is juist deze categorie patiënten een aantrekkelijke doelgroep voor 
toekomstig onderzoek. De werkzaamheid van UDCA of nor-UDCA zou idealiter 
moeten worden getoetst in een grootschalige, placebo-gecontroleerd, gerandomiseerd 
multicenter onderzoek bij patiënten die een DCD levertransplantatie ondergaan. 
Initiatieven voor een dergelijk multicenter onderzoek zijn onlangs genomen.
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list of aBBReViations

ALP  alkaline phosphatase
ALT  serum alanine aminotransferase
ASBT  apical sodium bile salt transporter
AST  aspartate aminotransferase
BDISS  bile duct injury severity score
BSEP  bile salt export pump
CCR5  CC-chemokine receptor 5
CFTR  fibrosis transmembrane conductance regulator
CIT  cold ischemia time
CK19   cytokeratin 19
CMV  cytomegalovirus
DBD  donation after brain death
DCD  donation after cardiac death
ERCP  endoscopic retrograde cholangiopancreaticography
HAT  hepatic artery thrombosis
HTK  histidine-tryptophane-ketoglutarate
ITBL  ischemic-type biliary lesions
Mdr2  multidrug resistance 2
MDR3  multidrug resistance 3
MELD  Mayo End-Stage Liver Disease
NAS  non-anastomotic strictures
NTCP  Na+ -dependent taurocholate cotransporting polypeptide
OLT  orthotopic liver transplantation
OST  organic solute transporter
PBP  peribiliary vascular plexus
PNF  primary non-function
PSC  primary sclerosing cholangitis
PTCD  percutaneous transhepatic cholangiodrainage
SRTR  Scientific Registry of Transplant Recipients
UDCA  ursodeoxycholate acid
UNOS  United Network for Organ Sharing
UW  University of Wisconsin
WIT  warm ischemia time
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