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GENERAL INTRODUCTION

1 Orthotopic liver transplantation 

Orthotopic liver transplantation (OLT) is the ultimate treatment for patients with

end-stage liver disease. Liver transplantation has a good clinical outcome, with

1-year patient survival rates of 80-90%, and 5- and 10-year patient survival rates

of 60-70% 
(1)

. The transplantation procedure is accompanied by ischemia and

subsequent reperfusion (I/R) of the graft which causes cellular and functional

damage. Gradually the transplanted liver recovers from the I/R-event and resu-

mes its normal function. After OLT, additional cellular damage may originate from

acute rejection. In this thesis, molecular changes in hepatobiliary function as well

as cytoprotective pathways are studied during and after liver transplantation in

humans.      

2 Mechanisms of hepatic injury in liver
transplantation 

2.1 Ischemia / reperfusion injury

Cold ischemic preservation followed by warm reperfusion is an initial insult to

liver grafts during transplantation leading to hepatocellular damage and organ

dysfunction. I/R injury is caused by various mechanisms that lead to cell death.

Cell death is often devided into two different processes, apoptosis ("program-

med" cell death) and necrosis ("accidental" cell death). Both processes will be

discussed in more detail in subsequent paragraphs. 

Cold ischemic preservation of the liver graft is a condition that results in cell

death. Cold ischemia leads to metabolic acidosis due to a shift towards anaero-

bic metabolism and loss of mitochondrial adenosine triphosphate (ATP) produc-

tion 
(2-4)

. ATP levels are decreased by approximately 80% as early as during the

first 12 hours of liver preservation 
(5)

. Hydrolysis of ATP delivers energy for vari-

ous active processes, such as hepatobiliary transport across cell membranes 
(6,7)

.

Intracellular acidosis and ATP depletion are deleterious processes that can indu-

ce the release of lysosomal enzymes and cause proteolysis 
(8,9)

. Acidosis, further-

more, can favor the production of harmful reactive oxygen species (ROS: e.g.,

H2O2, OH
•
, O2

-•
) 

(10)

. The degree of proteolysis positively correlates with the dura-

tion of cold ischemia 
(11)

. Severely increased proteolytic activity has been associ-

ated with poor postoperative hepatic graft function 
(11-13)

. 
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During cold ischemia, most cells remain vital 
(14,15)

, but they are primed for dama-

ge that becomes manifest upon reperfusion of the graft 
(16,17)

. During the re-intro-

duction of oxygenated blood into the graft, metabolism in ischemic hepatic cells

changes from an anaerobic into an aerobic process. During this adaptation

phase, a relative hyperoxygenated condition exists, which leads to oxidative

stress 
(18,19)

. Furthermore, with the recovery of blood flow, inflammatory cells

enter the graft and become activated, resulting in additional injury.

In the liver, I/R activates Kupffer cells. These cells are the resident macrophages

of the liver, and can produce ROS, proinflammatory cytokines (e.g., TNFα, IL-1,

IL-6, PAF, IFN-γ), chemokines, and other mediators that contribute to cell death
(20-22)

. Next to Kupffer cells, experimental evidence postulated that T-lymphocytes

are also activated upon I/R due to the expression of MHC-antigens on sinusoidal

endothelial cells 
(11,23,24)

. Together with activated complement factors (e.g., C5a)
(25)

, Kupffer cells and T-lymphocytes promote the activation and recruitment of

polymorphonuclear leukocytes (PMNs) into the liver shortly after recirculation 
(20)

.

PMN infiltration leads to the production of even more ROS, and induces the

release of additional proteases (e.g., elastase, serine protease, metalloproteina-

ses) causing tissue destruction 
(20)

.

PMN recruitment is assisted by increased sinusoidal endothelial expression of an

array of surface adhesion molecules (e.g., family members of selectins and

CAMs) 
(22)

. Besides PMNs, red blood cells (RBCs) and platelets in the blood adhe-

re to endothelial cells, leading to damage and sinusoidal congestion 
(26,27)

.

Reperfusion after hepatic ischemia also results in enhanced liver tissue concen-

trations and hepatic venous plasma levels of long-acting vasoconstrictive media-

tors such as endothelin-1 (ET-1) 
(28)

. Altogether, these actions contribute to the

pathophysiological heterogeneous closure of many microvessels, which prolongs

ischemia in certain areas of the liver even after reperfusion 
(2)

.     

2.2 Hepatocellular changes in ischemia / reperfusion

Hepatic cytolysis and cholestasis consistently occurs in patients who have under-

gone OLT 
(29)

. As discussed in the previous paragraph, different mechanisms of

I/R injury, like ROS, tissue pH changes, inflammatory responses and microcircu-

latory changes contribute to the occurrence of hepatic cell death 
(2)

.

Sinusoidal endothelial cells, can become rounded during cold ischemia, detach

and slough into the sinusoidal lumen upon recirculation 
(30)

. The number of endo-

thelial cells that release gets higher as the duration of cold ischemic preservati-

on of the liver prolongs 
(31-34)

. Morphological changes in endothelial cells during
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cold preservation result from processes involving the cytoskeleton and extracel-

lular matrix, and appear to be mediated by proteases 
(30)

. 

Cold preservation results in swelling of hepatocytes 
(22,33-36)

, which may be due to

a depressed Na
+

/K
+

-ATPase pump and Na
+

/H
+

exchange 
(37)

. Electron microscopy

studies demonstrated loss of microvilli at the canalicular hepatocyte membrane

during cold ischemia, which was enhanced upon reperfusion of the graft 
(29)

.

Reperfusion of the liver also results in the detachment of cholangiocytes from the

basement membrane. The amount of bile duct epithelial cells in postoperatively

collected  human bile was higher when cold ischemic preservation time was lon-

ger 
(38)

. In an isolated perfused rat liver model system, γ-glutamyltransferase (γ-

GT) levels, a parameter for biliary injury, increased as cold storage time prolon-

ged 
(39)

. PMNs penetrate the biliary ductal basal membrane and probably contri-

bute to bile duct injury 
(38)

. 

In patients, it was found that cold storage less than 10 hours was associated with

a biliary stricture rate of 7% 
(40)

. Cold storage times in excess of 10 to 12 hours

were associated with a biliary stricture rate of about 30% 
(40,41)

. When cold pre-

servation times were extended beyond 13 hours, non-anastomotic biliary strictu-

res were observed in as high as 52% of the recipients 
(41)

.

Isolated rat cholangiocytes have been shown to be more sensitive to reperfusi-

on damage than hepatocytes. This is possibly due to the fact that cholangiocy-

tes produce about 5 times more ROS during reoxygenation, and contain about 7

times lower cellular stores of reduced glutathione (anti-oxidant) than hepatocy-

tes 
(21)

. Evidence exists that the biliary epithelium requires a much longer time to

recover from I/R injury than hepatocytes and sinusoidal endothelial cells 
(16,29,42)

.

While biochemical serum markers of hepatocellular injury, such as aspartate ami-

notransferase (AST) and alanine aminotransferase (ALT), usually rapidly decrea-

se after transplantation, serum γ-GT and alkaline phosphatase (ALP) levels gene-

rally continue to rise, reaching peak values in the second or third postoperative

week 
(16,29)

.

Although ischemia and subsequent reperfusion cause direct injury to the biliary

epithelium, it does not explain the continued rise of γ-GT and ALP levels until

several weeks after OLT. Experimental studies in pigs have suggested that hydro-

phobic bile salts may play a role in the occurrence of bile duct injury during trans-

plantation 
(43)

. These observations were based on the exogenous administration

of bile salts to donor animals or to the preservation solution 
(43)

. Data on the role

of endogenous bile salts in the pathogenesis of bile duct injury after OLT, howe-

ver, are missing.  
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2.3 Acute cellular rejection

The immune rejection is mediated by T-lymphocytes via direct and indirect allo-

responses 
(44-47)

. The alloresponse can be divided into two components: (i) allore-

cognition and (ii) immune effector mechanisms 
(47)

. During allorecognition, major

histocompatibility complex (MHC) antigens are recognized by T cells. T cells

recognize foreign MHC antigens either directly or indirectly. Direct allorecogniti-

on occurs when host T cells recognize intact donor MHC antigens presented on

the surface of donor antigen presenting cells (APCs, e.g. macrophages, dendri-

tic cells). Indirect allorecognition occurs when host T cells recognize donor deri-

ved MHC peptides presented after processing by host APCs 
(48)

. Initiation of T cell

responses to the transplant occurs via the recognition of antigens presented on

donor passenger leukocytes that infiltrate the recipient's lymphoid organs 
(45)

.

Following alloantigen recognition, CD4
+

T cells (T-helper cells) circulate to the

graft and cross the endothelium under the influence of chemotactic cytokines

(e.g., chemokines) and interactions between cell surface molecules (e.g., selec-

tins, integrins, endothelial adhesion molecules) 
(49)

. Infiltrated T cells encounter

their specific MHC antigen and subsequently release a mixture of proinflamma-

tory cytokines (e.g., IFNγ, TNFβ, IL-2, IL-4, IL-5), that will attract effector cells

like monocytes/macrophages and CD8
+

T cells (CTLs) into the graft. Cytokines

like IFNγ are also able to induce MHC expression on endothelial and epithelial

cells of the graft 
(50,51)

. Furthermore CD4
+

T cells interact with B lymphocytes that

subsequently secrete antibodies 
(47,52)

. Altogether, the foreign antigens that are

recognized by the recipient's immune system, lead to a potent immunological

reaction and cause graft injury by inducing apoptosis and necrosis of donor cells
(53,54,55)

.

Although cytotoxic cell infiltrates are frequently found in liver grafts, the presen-

ce of CTLs in the liver does not always lead to clinically overt rejection of the

transplant.  In 59% of the patients a so-called condition of subclinical liver graft

rejection exists during the first two postoperative weeks. In this condition, CTL

infiltration of the graft does not result in deterioration of hepatic function. In sub-

clinically rejected human kidney transplants it has been suggested that hyperex-

pression of the protease inhibitor-9 (PI-9) in the graft may have protected

against pro-apoptotic effects of granzyme B enzymes that are released by CTLs
(56)

. The expression of PI-9 in human liver transplants however, has not been stu-

died before. 
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2.4 Apoptotic and necrotic cell death

Cell death is often divided into two different processes, necrotic and apoptotic

cell death. Necrotic cell death results from metabolic disruption with energy

depletion (loss of ATP). The uncontrolled degradation in necrosis with cellular

swelling and loss of membrane integrity ensues an inflammatory response.

Apoptosis, on the other hand, is an ATP-dependent process that is a tightly con-

trolled (programmed) mechanism. Apoptosis is characterized by profound mor-

phological changes of the cell and, specifically, the nucleus. Typical features of

apoptosis are the sequential occurrence of cell shrinkage, loss of cell-cell con-

tact, membrane blebbing and chromatin condensations. The nuclear DNA of

apoptotic cells is often fragmented into oligonucleosomal-sized units ("ladde-

ring"). Eventually, the apoptotic cell breaks into small membrane-surrounded

fragments (apoptotic bodies) which are cleared by surrounding cells.

In apoptosis, different intracellular pathways are involved. In Figure 1, a sche-

matic overview is given of receptor-mediated, mitochondria-mediated and gran-

zyme B / perforin-mediated pathways. 

In receptor-mediated apoptosis, death factors and death receptors are involved

that are located on the cell membrane. Death receptors in the liver include Fas

(CD95) and tumor necrosis factor-receptor (TNF-R) 
(57)

. Death receptors are

Fas

FasL

TNF-R

TNFα

TRADD

FADD

caspase-8

caspase-3

pro-caspase-8

IAP family

caspase-9

granzyme B

perforin

granzyme B TRAF-2

MAPKK

p38

NIK

IκB

NF-κB

nucleus

APOPTOSIS

NF-κB

cell membrane

Bcl-2 family

i.e. Bid

mitochondrion

RIP

COcytochrome c

PI-9

hypoxia

Figure 1. Schematic overview of receptor-mediated, mitochondria-mediated and granzyme B / perforin-mediated

signal transduction pathways in apoptosis. Induction is represented as an arrow, whereas inhibition is demonstra-

ted using: (⊥). See text for details.
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transmembrane proteins that contain an extracellular ligand-binding N-terminal,

a membrane spanning domain and an intracellular C-terminal that contains the

death domain essential for signalling apoptosis 
(58)

. Binding of Fas by its ligand

(CD95L, FasL) or by anti-Fas antibodies results in receptor oligomerization, lea-

ding to recruitment of the adapter protein, Fas-associated protein with death

domain (FADD) to the death domain of Fas. FADD mediates recruitment of

caspases (cysteine aspartyl-specific proteases, such as caspase-8) that activates

a death signalling cascade. Active caspase-8 is involved in the cleavage and acti-

vation of effector caspase-3. Caspase-3 is regarded as one of the central execu-

tioner molecules and is responsible for cleaving various proteins thereby disa-

bling important cellular, structural and repair processes (Figure 1).

Inflammatory cells, cholangiocytes and Kupffer cells are the main sources of

TNFα. Upon activation of TNF-R by TNFα, recruitment takes place of the adap-

ter protein TNF-R-associated protein with death domain (TRADD). TRADD

recruits signalling proteins like FADD and TNF-associated factor-2 (TRAF-2).

Binding of receptor-interacting protein (RIP) to TRAF-2 initiates the activation of

survival pathways like nuclear factor-kappa B (NF-κB) and mitogen-activated

protein kinases (MAPKs) (Figure 1) 
(58)

.

Since in hepatocytes only a small amount of caspase-8 is formed, a mitochondri-

al amplification loop is essential to induce apoptotic cell death in hepatocytes 
(59)

.

The inner membrane of the mitochondria contains protein complexes of the res-

piratory chain and the ATP synthase 
(58)

. During apoptotic stimuli (i.e. hypoxia),

the permeability of the mitochondrial membrane is disrupted which results in the

release of pro-apoptotic factors (i.e. cytochrome c) from the intermembrane

space into the cytosol. Opening of mitochondrial membranes may be initiated by

several pro-apoptotic Bcl-2 family members. The Bcl-2 family consist of both pro-

(Bax, Bak and Bid) and anti- (Bcl2, Bcl-XL and A1/Bfl-1) apoptotic members that

can interact and regulate mitochondria-controlled apoptosis (Figure 1).

Cells contain several pathways to protect themselves against deleterious stimu-

li. Among such protective molecules, the transcription factor NF-κB has been

demonstrated to play an important role in the prevention of cell death provoked

by inflammatory cytokines such as TNFα, IL-1β and endotoxins (lipopolysaccha-

ride, LPS). The  NF-κB inducing kinase (NIK) is a common mediator in the NF-

κB signalling cascade. Activation of NIK often occurs after its binding to TRAF-2.

As a consequence, an IκB kinase complex (IKK) is activated which is involved in

the phosphorylation and thereby inactivation of NF-κB inhibitors. Upon phospho-

rylation, IκBs are degraded allowing release of NF-κB which exposes a nuclear

localization signal sequence and permits translocation of NF-κB to the nucleus.
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In the nucleus, NF-κB binds to κB binding sites in promoters on target genes

resulting in transcription of anti-apoptotic genes like inducible nitric oxide syn-

thase (iNOS) and inhibitor of apoptosis protein (IAP) family members (Figure 1)
(58)

.

Besides NF-κB, other signalling pathways exist like the p38 mitogen-activated

protein kinase (p38 MAPK) cascade. MAPK activity is regulated through a MAPK

kinase (MAPKK). Activation of TNF-R results in activation of p38 MAPKs through

TRAF sequestering (Figure 1) 
(58)

.

In granzyme B / perforin-mediated apoptosis, granzyme B is delivered into hepa-

tic target cells via transmembrane pores formed by perforin. In the target cell,

granzyme B can initiate apoptosis through different pathways: (i) by direct or

caspase 8-mediated cleavage of caspase 3, or (ii) by activation of the pro-apop-

totic Bcl-2 family member Bid and subsequent induction of mitochondrial collap-

se leading to release of cytochrome c (Figure 1).

In the subsequent paragraphs, two endogenous cytoprotective molecules (heme

oxygenase-1 (HO-1) and protease inhibitor-9 (PI-9) are discussed that may inhi-

bit apoptotic cell death.  

3 Protective mechanisms against
hepatobiliary injury

3.1 The heme oxygenase-1 system

Oxidative stress is an important mechanism of cellular injury during I/R. It is inc-

reasingly recognized that cells respond to oxidative stress by the activation of

various cytoprotective genes and pathways. Heme oxygenase-1 (HO-1) has been

proposed as a graft survival gene 
(60,61)

. The HO-1 gene is encoded on chromoso-

me 22q12 
(62)

. Up-regulation of HO-1 is considered to be one of the most critical

cellular protection mechanisms against oxidative stress 
(63,64)

.

Heme oxygenases are ubiquitous enzymes that catalyzes the oxidative degrada-

tion of heme. The heme protein itself, represents a potentially harmful iron che-

late, which promotes lipid peroxidation and free radical formation 
(65)

. Heme pro-

teins are a major constituent of hemoglobin in red blood cells (RBCs). RBCs

appear to be very susceptible for ROS 
(19)

. In I/R injury, lysated RBCs release free

heme molecules which generate free radicals formation that leads to an exacer-

bation of the oxidative stress process, aggravating cell damage 
(20)

. 

HO-1 catalyzes the rate-limiting step in heme metabolism that leads to the for-

mation of equimolar amounts of free divalent iron (Fe
2+

), biliverdin and carbon
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monoxide (CO) (Figure 2). This oxidation reaction involves a sequence of trans-

formations that consumes three molecules of O2 and seven electrons, provided

by NADPH-cytochrome P-450 reductase 
(66)

:

(i) Fe
2+

, a potent reductor, is bound by iron regulatory proteins that stimulate

synthesis of ferritin, thereby preventing Fe
2+

-dependent oxidative stress 
(66-68)

.

(ii) Biliverdin is converted into bilirubin by the enzyme biliverdin reductase.

Bilirubin may protect transplanted organs by inhibition of complement, lympho-

cyte proliferation, IL-2 production and antibody-dependent and independent cell-

mediated cytotoxicity 
(69)

. Bilirubin may also contribute to graft protection through

inhibition of leukocyte adhesion to endothelial cells by suppression of P-selectin

expression and chemotaxis 
(69)

. Bilirubin and biliverdin both have the ability to

scavenge ROS 
(70-72)

.

(iii) CO has been shown to serve as an endogenous regulator for maintaining

microvascular blood flow of the liver 
(73,74)

, to inhibit platelet aggregation 
(69)

, and

to inhibit apoptosis 
(75)

. Inhibition of apoptosis is mediated via activation of the

p38 MAPK cascade (Figure 1) 
(75)

. 

Three isoforms of heme oxygenase so far have been identified: the inducible HO-

1, also known as heat shock protein-32 (HSP-32), the consecutively expressed

HO-2, and the not fully defined HO-3 
(20)

. 

Animal studies have suggested that exogenous induction of HO-1 before trans-

plantation may confer cytoprotective and immune regulatory functions 
(19,61,76)

,

and could become a novel and powerful strategy to protect (marginal) liver grafts

from I/R injury 
(60,64)

and early acute cellular rejection 
(77)

. Mouse hearts that were

transplanted into immunosuppressed rats upregulate the expression of HO-1

immediately after transplantation and survive indefinitely, whereas HO-1
-/- 

mouse

hearts transplanted under the same immunosuppressive regimen were rejected

within 3-7 days 
(78)

. The mechanism of protection of HO-1 against immune-

mediate injury leading to graft rejection however, remains unclear. 

There is increasing evidence that HO-1 is not exclusively cytoprotective 
(79)

.

Excessive (about 15-fold) overexpression of HO-1 in a hamster fibroblast (HA-1)

cell-line causes oxidative injury due to the accumulation of free divalent iron 
(80)

.

Furthermore, it has been shown in rats that highly increased (about 8- to 9-fold)

HO-1 activity contibutes to endotoxin-induced shock, due to the increased pro-

duction of the potent vasorelaxant  CO 
(81)

. In the literature, it is suggested that

HO-1 may mediate cytoprotection within a narrow window of over-expression 
(82)

. 

There is, however, no information on the role of HO-1 in I/R injury in human liver

transplantation.
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3.2 The protease inhibitor-9 pathway

Acute rejection of the transplanted liver is characterized by infiltration of CD8
+

T-

lymphocytes (CTLs) into the graft which can lead to (i) portal inflammation, (ii)

bile duct inflammation / damage and (iii) subendothelial inflammation of portal

veins or terminal hepatic venules 
(83)

. CTLs induce target cell death by at least

two effector pathways: the granule exocytosis pathway in which the granzyme B

/ perforin molecules collaborate to induce target cell apoptosis and the Fas / FasL

pathway in which the cross linking of Fas by the FasL displayed by CTLs result in

target-cell demise (Figure 1) 
(84)

. 

Granzyme B is delivered into hepatic target cells via transmembrane pores for-

med by perforin. In the target cell, granzyme B can initiate apoptosis through

different pathways: (i) by direct or caspase 8-mediated cleavage of caspase 3,

or (ii) by activation of the pro-apoptotic Bcl-2 family member Bid and subsequent

induction of mitochondrial collapse leading to release of cytochrome c (Figure 1)
(84)

.

The cytosolic serine proteinase inhibitor-9 (PI-9) has been shown to effectively

inhibit granzyme B activity 
(85,86)

. PI-9 has been detected in several cell types

including lymphocytes, dendritic cells, and endothelial cells 
(85,87,88)

. Recently it was

suggested in human kidney transplantation that hyperexpression of PI-9 could

resist a fatal attack of CTLs and provide an explanation for the silence of histo-

logically apparent cytotoxic infiltrates in subclinical rejection of kidney allografts
(56)

. It is unknown whether similar processes occur in liver transplantation.

4 Recovery of hepatobiliary function after 
liver transplantation

4.1 Bile formation

One important function of the liver is the formation of bile. It is the route for the

excretion of a range of compounds such as cholesterol, bilirubin and xenobiotics
(89)

. In addition, the production of bile is necessary to support the dietary lipid

absorption and absorption of fat soluble vitamins (A, D ,E and K) in the intesti-

ne 
(90)

. Secretion of bile (choleresis) is a sensitive and reliable indicator for asses-

sing the viability of the transplanted liver. In adults, approximately 600 to 1200

mL of bile is produced daily 
(91)

. Immediately after OLT however, bile production

is drastically declined due to I/R damage, but it rapidly recovers during the first

postoperative days in viable grafts. In initial poor-functioning (IPF) grafts or in

primary non-functioning (PNF) liver transplants, recovery of bile production is

delayed or absent, respectively 
(3)

.
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After transplantation, liver parenchyma injury steadily diminishes and bile flow

gradually increases. The recovery of the graft however, invariably is accompanied

by the occurrence of transient biliary damage during the first two to three post-

operative weeks. Recovery of bile flow depends mainly on the secretion of bile

salts. Bile salts are potent detergents. Under normal circumstances the cytotoxic

effects of bile salts are antagonized by phospholipids. When the recovery of

phospholipid secretion is not as rapid as that of bile salt secretion, bile could

become more cytotoxic with a relative excess of bile salts. We hypothesized that

this could lead to bile duct injury and explain the occurrence of transient post-

operative bile duct injury.

Bile formation depends on the complementary interactions between two different

polarized cell types: hepatic parenchymal cells (hepatocytes), which account for

about 80% of the liver mass, and bile duct epithelial cells (cholangiocytes),

which form about 2-5% of the liver weight 
(92)

. Bile flow is mainly driven by the

secretion of bile salts against a steep (up to about 1000-fold) concentration gra-

dient, and their counterions (Na
+

, K
+

) into the bile by hepatocytes. This is regar-

ded the bile salt dependent bile flow (BSDF), and accounts for about 60% of bile

flow. The remainder 40% fraction of human bile flow is bile salt independent

(BSIF), and is mediated by secretion processes in both hepatocytes and cholan-

giocytes 
(93,94)

. The BSIF is driven by the canalicular secretion of glutathione disul-

fide and inorganic electrolytes and ductular secretion of inorganic electrolytes

(e.g., Cl- and HCO3
-). The secreted compounds that generate bile flow induce the

movement of water across the apical membranes of both hepatocytes and cho-

• lipid oxidation (+)
• DNA fragmentation (+)

• mitochondrial dysfunction (+)
Free heme molecules

HO-1

Ferritin

Fe2+ • oxidative stress (+)

Bilirubin CO

• complement activation (-)
• leukocyte infiltration (-)

• scavenger of ROS

Biliverdin

iron regulatory proteinsbiliverdin reductase

• prevention of Fe2+-mediated
oxidative stress

• lymphocyte proliferation (-)

• IL-2 production (-)
• leukocyte infiltration (-)

• scavenger of ROS
• antibody (in)dependent cytotoxicity (-)

• vasodilatation (+)
• platelet aggregation (-)

• apoptosis (-)

Figure 2.

Figure 2. Catalytic conversion of free heme molecules into bilirubin, carbon monoxide (CO) and iron by HO-1. ROS,

reactive oxygen species. Stimulation is represented as (+), whereas inhibition is demonstrated as (-).
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Figure 3. Schematic overview of transporter systems in hepatocytes, cholangiocytes and enterocytes. (A) At

the basolateral, i.e., sinusoidal, plasma membrane of hepatocytes, two bile salt (BS) uptake transporters are loca-

ted. The main BS uptake transporter is the Na
+

-dependent taurocholate cotransporting polypeptide NTCP. The Na
+

-

independent transporters organic anion transporting polypeptides OATP-A and OATP-C are, to a lesser extent than

NTCP, involved in the sinusoidal hepatic uptake of BS. The OATPs mainly regulate the transport of a variety of orga-

nic anions (oa). BS transport by NTCP is driven by a coupled Na
+

/K
+

-ATPase pump. Canalicular, i.e. apical, secreti-

on of BS is mediated by ABCB11 (or bile salt export pump, BSEP). ABCC2 (or multidrug resistance-associated pro-

tein type 2, MRP2) is to a much lesser extent than ABCB11 involved in biliary BS secretion. The ABCC2 transporter

mainly regulates the biliary secretion of organic anions (oa). The multidrug resistance-associated protein type 3

(MRP3) may be involved in the basolateral output of BS. Biliary secretion of phospholipids (Pl) is mediated by ABCB4

(or multidrug resistance protein type 3, MDR3). The cystic fibrosis transmembrane regulator CFTR, mediates bilia-

ry Cl- output in cholangiocytes. The apical Na
+

-dependent bile salt transporter (ASBT) facilitates the uptake of BS

in both cholangiocytes and enterocytes. BS efflux from the basolateral membrane of cholangiocytes may involve

OATP-A, MRP3 and a truncated isoform of ASBT (t-ASBT). Via the periductular capillary plexus, BS return to the

liver for re-uptake in hepatocytes, completing the cholehepatic shunt of BS (i). From the basolateral membrane of

enterocytes BS may be excreted by MRP3 and t-ASBT to be delivered back to the liver via the blood circulation,

which is referred to as the enterohepatic loop of BS (ii). (B) Cholesterol is acquired through intestinal absorption

and through synthesis, which mainly occurs in the liver. At the apical membrane of enterocytes, cholesterol (Ch)

and plant sterols (PS, taken in via the diet) are taken up by the Niemann-Pick C1-like protein 1 (NPC1L1). PS can-

not be used by the body and are excreted into the gut lumen by ABCG5/G8. In enterocytes, absorbed Ch is pre-

dominantly packaged into chylomicrons or may be delivered to high density lipoproteins (HDL) by ABCA1 for trans-

port to the liver. The liver takes up Ch from chylomicron remnants, intermediate density lipoproteins (IDL) and low

density lipoproteins (LDL) by receptor-mediated endocytosis by both the LDL-receptor (LDLR) and the LDL-recept-

or related protein (LRP). The scavenger receptor-BI (SR-BI) is responsible for the uptake of Ch from HDL. In the

liver, Ch is either stored, or distributed to peripheral tissues after incorporation into very low density lipoproteins

(VLDL), or may be secreted into bile as free Ch by ABCG5/G8, or secreted into the bile after conversion into BS by

ABCB11. In peripheral tissues ABCA1 delivers Ch to HDL for transport back to the liver, which is referred to as rever-

se cholesterol transport (RCT).
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langiocytes and their tight junctions until restoration of iso-osmolality 
(95-97)

.

Moreover, anions like Cl- and HCO3
-, alkalinisate the bile composition 

(95)

. 

4.2 Bile salts

Primary bile salts are synthesized in the liver from cholesterol by the progressi-

ve modification of the ring structures with hydroxyl (-OH) groups and the oxida-

tion and shortening of the side chain 
(98)

. Conversion of cholesterol into bile salts

is a process requiring a series of enzymatic steps 
(90)

. In humans, approximately

90% of the bile salt synthesis route runs via the microsomal cholesterol 7 alpha-

hydroxylase (CYP7A1) enzyme pathway, which is regulated by the bile salt pool

size (the amount of bile salts in the body) and by the level of dietary cholesterol
(98)

. The alternative bile salt synthesis route is managed by the mitochondrial ste-

rol 27-hydroxylase (S27H) enzyme 
(99)

. 

For basolateral uptake and canalicular secretion of bile salts in hepatocytes, dif-

ferent transporter proteins are involved. The hepatic uptake of bile salts is main-

ly mediated by the Na
+

-dependent taurocholate cotransporting polypeptide

(NTCP, gene symbol SLC10A1). Hepatobiliary secretion of bile salts is predomi-

nantly carried out by the bile salt export pump (BSEP, gene symbol ABCB11).

Both NTCP and BSEP transporters will be discussed later (Figure 3A).

Before bile salts are excreted into the bile, they are conjugated with either tau-

rine (predominantly in rodents) or glycine (predominantly in humans) 
(100)

. The

primary bile salts are cholate (3αOH, 7αOH, 12αOH-trihydroxy bile salt) and che-

nodeoxycholate (αOH, 7αOH-dihydroxy bile salt). In the intestine, the primary

bile salts are converted by bacterial 7α-dehydroxylation into the secondary bile

salts deoxycholate (3αOH, 12αOH-dihydroxy bile salt) and lithocholate (3αOH-

monohydroxy bile salt), respectively. Lithocholate is changed by intestinal bacte-

ria into the tertiary bile salt ursodeoxycholate (3αOH, 7βOH-dihydroxy bile salt)
(90)

.

Bile salts are detergent molecules. Their solubilizing properties depend on the

extent of hydrophobicity. Hydrophobic bile salts are more detergent than hydro-

philic bile salts. Based on a hydrophobicity index, the rank order of decreasing

hydrophobicity capacity is: lithocholate, deoxycholate, chenodeoxycholate, cho-

late and ursodeoxycholate 
(101)

. In man, the bile salt pool has a more hydropho-

bic composition. To prevent bile salt cytotoxicity, the detergent properties of

these molecules are antagonized by phospholipids. Phospholipids together with

bile salts form polymolecular aggregates, known as mixed micelles. Since bile is

predominantly an aqueous environment, it consists of about 80% of water,
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micelles also play an important role in the transportation of lipid constituents

(e.g. cholesterol) in bile. 

4.3 Phospholipids

Phospholipids are the major components of cellular membranes and are promi-

nent components of plasma lipoproteins 
(102)

. Phosphatidylcholine and phosphati-

dylethanolamine are the two most abundant phospholipids present in eukaryotic

cell membranes 
(103)

. In bile, more than 95% of the phospholipids are phosphati-

dylcholine 
(104)

. Phosphatidylcholine is made by two alternate pathways, by the

CDP-choline pathway and by the methylation of phosphatidylethanolamine 
(102)

.

Phospholipids are translocated to the bile by the ABCB4 carrier protein (Figure

3A), which will be discussed in subsequent paragraphs. For phospholipid secre-

tion, it is generally accepted that no bile-salt independent output exists 
(105,106)

.

Also biliary phospholipid and cholesterol excretion have been demonstrated to be

coupled 
(106)

. Phospholipids are a carrier and a solvent of cholesterol in hepatic

bile 
(107)

, and may drive cholesterol output 
(108,109)

. In the bile, phosphatidylcholine

together with bile salts form polymolecular aggregates. An absence of phospha-

tidylcholine in bile leads to the formation of bile with a cytotoxic composition due

to the unantagonized detergent actions of bile salts 
(109)

, which forms the source

of peculiar cholestatic diseases. A disproportionate recovery of bile salt to phos-

pholipid secretion after liver transplantation could perhaps lead to bile duct inju-

ry.

4.4 Cholesterol

Cholesterol serves as a precursor for bile salts and steroid hormones, as was des-

cribed in the preceding paragraph. Furthermore, cholesterol is an essential struc-

tural constituent of cellular and intracellular membranes 
(90)

. Cholesterol metabo-

lism is a complex process and is incompletely understood. Briefly, cholesterol is

acquired through dietary intestinal absorption and through synthesis from ace-

tyl-CoA, which mainly occurs in the liver 
(110)

. Absorbed cholesterol is packaged

into chylomicrons for transport to the liver via the lymph stream (Figure 3B) 
(111)

.

In the liver, cholesterol is either (i) stored, or (ii) distributed to peripheral tissu-

es via the blood stream after incorporation into very low density lipoproteins

(VLDL), or (iii) secreted into bile either as free cholesterol or, after conversion,

as bile salts (Figure 3B) 
(112)

. In peripheral tissues (e.g., macrophages), the ABCA1

transporter delivers cholesterol to high density lipoproteins (HDL) for the trans-

port back to the liver, which is referred to as reverse cholesterol transport (RCT)

(Figure 3B) 
(112)

. Of the cholesterol present in bile, approximately 60-80% is reab-
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sorbed in the intestine, and transported back to the liver, completing the circu-

lation of cholesterol in the body 
(113)

.

For basolateral uptake and apical output of cholesterol in hepatocytes, different

transport mechanisms are involved. The hepatic uptake of cholesterol from chy-

lomicrons and low density lipoproteins (LDL), is performed by receptor-mediated

endocytosis by both the LDL-receptor (LDLR) and the LDL-receptor related pro-

tein (LRP) (Figure 3B) 
(114)

. Selective uptake of cholesterol from HDL particles, is

carried out by the scavenger receptor-BI (SR-BI) (Figure 3B) 
(114)

. For apical out-

put of cholesterol in bile, the ABCG5/ABCG8 half transporters are probably invol-

ved, as will be discussed below.

Disturbances in cholesterol homeostasis can result in increased plasma and bili-

ary cholesterol concentrations. Increases in plasma cholesterol can lead to the

accumulation of cholesterol in macrophages located in the artery wall, causing

atherosclerosis 
(114)

. Excessive cholesterol secretion in bile can result in the preci-

pitation of cholesterol crystals, which can result in the formation of gallstones
(115)

. Little is known about the recovery of hepatobiliary cholesterol secretion after

liver transplantation.    

5 The hepatobiliary transporters

5.1 ATP-binding cassette transporters

The ATP-binding-cassette (ABC) transporters are a family of proteins which

mediate transport of a wide variety of substrates across different cellular mem-

branes 
(114)

. Active ABC transporters consists of a single polypeptide with two ATP-

binding domains and 12 or more membrane spanning helices (full-transporter).

In the ATP-binding domain the highly conserved Walker A and Walker B motifs

are present which are involved in ATP binding and hydrolysis. The energy deri-

ved from the hydrolysis of ATP is used for the transport of various compounds
(116)

. Some ABC-transporters contain two polypeptides each with one ATP-binding

site and 6 membrane spanning helices (half-transporters). These half-transpor-

ters need to dimerize with other half-transporters to be able to transport substra-

tes 
(114)

. To date, 48 ABC transporters have been identified in the human geno-

me. Based on their structure and homology, they are classified in 7 groups

(ABCA-ABCG). The ABC transporters that are studied in this thesis will be discus-

sed in the next paragraphs.
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5.2 The ABCB4 and ABCB11 transporters

The ABCB4 (or multidrug resistance protein type 3, MDR3) and ABCB11 (or bile

salt export pump, BSEP) transport proteins are both located at the canalicular

phospholipid double membranes of hepatocytes (Figure 3A). Either of them are

full-transporters 
(117)

. The genes encoding the ABCB4 and ABCB11 proteins are

located on chromosome 7q21 and 2q24, respectively 
(116)

.

The ABCB4 protein acts as a phospholipid flippase. It translocates phosphatidyl-

choline, the predominant biliary phospholipid, from the inner to the outer leaflet

of the hepatocyte membrane that faces the bile 
(118)

. Biliary phospholipids protect

the canalicular membrane against the detergent action of bile salts. Mutations of

the gene encoding the ABCB4 protein, underlie the disease progressive familial

intrahepatic cholestasis type 3 (PFIC3). In the majority of this disorder, the

ABCB4 protein is not expressed 
(89,119)

. This leads to a lack of phospholipids in the

bile, while biliary bile salt secretion unrelentingly proceeds. In these subjects, the

bile composition is detrimental. Hepatocytes and cholangiocytes are damaged

because the bile salt monomers extract phospholipids from the outer leaflets of

the canalicular cell membranes. 

In patients with the cholestatic syndrome PFIC3, serum gamma-glutamyltrans-

ferase (γ-GT) activity is usually markedly elevated. The liver histology shows

extensive bile duct proliferation, portal and periportal inflammation and fibrosis
(89,92)

. In association with the nature of the ABCB4 gene mutation, patients with

PFIC3 present at different ages, ranging from infancy to adolescence. Finally

they develop liver cirrhosis, and become candidate for liver transplantation. 

Besides PFIC3, other cholestatic syndromes exist in patients with ABCB4 gene

mutations such as intrahepatic cholestasis of pregnancy (ICP) and peculiar forms

of cholesterol gallstone disease 
(107,119,120)

. Women with ICP have a normal pheno-

type, but develop intrahepatic cholestasis during the third trimester of pregnan-

cy. It is suggested that hormones in this trimester cause the heterozygous muta-

tions in the ABCB4 gene to disturb the intracellular trafficking of the synthesized

ABCB4 protein. The protein in this way does not reach the canalicular hepatocy-

te membrane and is therefore unable to perform its function and hence results

in manifest disease 
(89,119,120)

.

Rosmorduc et al.
(121)

reported mutations in different domains of the ABCB4 gene

in adults, that were associated with cholesterol cholelithiasis. They hypothesize

that when residual ABCB4 activity and subsequent biliary phospholipid secretion

into the bile decrease below a critical threshold, ABCB4 gene mutations may lead

to cholesterol gallstone formation. 
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The ABCB11 (BSEP) protein mediates the secretion of bile salts across the cana-

licular hepatocyte membrane into the bile. Also the ABCC2 protein (or multidrug

resistance-associated protein type 2, MRP2), to a lesser extent than ABCB11, is

involved in the output of bile salts. The ABCC2 transporter mainly regulates the

hepatic output of other organic anions such as bilirubin and estrogens (Figure

3A). 

Mutations in the ABCB11 gene are associated with progressive familial intrahe-

patic cholestasis type 2 (PFIC2). This cholestatic disease is characterized by low

biliary bile salt concentrations, elevated serum bile salt concentrations and nor-

mal γ-GT levels 
(122)

. Histologically, the liver shows inflammatory activity with lobu-

lar and portal fibrosis. In early stages bile duct loss occurs. Hepatocellular carci-

noma can develop in later stages. PFIC2 progresses to persistent and progressi-

ve cholestasis requiring liver transplantation during the first decade of life 
(89,119)

. 

Between 95-99% of the excreted bile salts are actively reabsorbed in the distal

ileum of the intestine by the apical Na
+

-dependent bile salt transporter ASBT

(gene symbol SLC10A2) to be delivered back to the liver via the portal blood 
(90)

.

This is referred to as the enterohepatic loop of bile salts (Figure 3A). Basolateral

(sinusoidal) re-uptake of bile salts in hepatocytes is mainly mediated by mem-

bers of the solute carrier (SLC) superfamily. These transporters are not directly

ATP-dependent for their function 
(6)

. Sinusoidal uptake of bile salts is mainly

mediated by the Na
+

-dependent taurocholate cotransporting polypeptide (NTCP,

gene symbol SLC10A1). A coupled Na
+

/K
+

-exchange provides the energy requi-

red for bile salts to traverse across the basolateral hepatocyte phospholipid bilay-

er (Figure 3A). To a lesser extent, the organic anion transporting polypeptides:

OATP-A and OATP-C (solute carrier (SLC) family 21 gene symbols: SLC21A3 and

SLC21A6, respectively) in humans are involved in the sinusoidal uptake of bile

salts. The OATP proteins also regulate the hepatic uptake of endogenous sub-

strates such as estrogens, thyroid hormones and bilirubin (Figure 3A) 
(89,122)

.     

Next to the enterohepatic loop of bile salts, an intrahepatic shunt of bile salts

exists. (Un)conjugated bile salts are extracted from the bile by ASBT, which is

located at the canalicular membrane of intrahepatic cholangiocytes. The efflux of

bile salts into the periductular venous capillary plexus is mediated by a trunca-

ted isoform of ASBT (t-ASBT), and/or the multidrug resistance-associated protein

type 3 (MRP3, gene symbol ABCC3). Also the organic anion transporting poly-

peptide OATP-A may be involved in the efflux of bile salts into the intrahepatic

circulation 
(123-129)

. It is suggested that under pathophysiological conditions such

as extrahepatic cholestasis, the intrahepatic circulation of bile salts reduces bile
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salt synthesis via a negative feedback mechanism, thereby preventing bile salt

cytotoxicity. 

We hypothesized that immediately after liver transplantation, the biliary bile salt

to phospholipid secretion would be disproportionate with a relative excess of bile

salts and could lead to postoperative bile duct injury. These hypothesized diffe-

rences in recovery of bile salt and phospholipid secretion rates may be explained

by a disparity between ABCB4 (MDR3) and ABCB11 (BSEP) activity.   

5.3 The ABCG5 and ABCG8 half-transporters

Animal experiments have shown that the two polypeptides Abcg5 and Abcg8

importantly mediate the biliary secretion of cholesterol 
(130,131)

. ABCG5 and ABCG8

unite to generate a functionally active heterodimeric transport protein 
(130,132)

. The

genes encoding ABCG5 and ABCG8 are highly expressed in cells of the intestine

and liver, and are located on chromosome 2p21 
(133)

. The genes are adjacent loca-

ted in a head-to-head configuration 
(130)

. In enterocytes and hepatocytes, ABCG5

and ABCG8 transport plant sterols (e.g., sitosterol, the major plant sterol) and

animal sterols (e.g., cholesterol, the principal sterol in man) into the gut lumen

and bile 
(134)

. Thereby they decrease sterol absorption 
(135)

. The intestine is a major

barrier to the uptake of plant sterols: less than 5% of dietary plant sterols are

absorbed compared to about 40% of the available cholesterol 
(112)

. Mutations in

either of the two genes encoding these ABC half-transporters are associated with

the disease sitosterolemia 
(130,134)

. In this disorder, intestinal absorption of dietary

plant and animal sterols is strongly increased in addition to a substantially impai-

red biliary output. Patients with sitosterolemia have markedly enhanced plasma

sterol concentrations, that results in the development of xanthomas (depositions

of cholesterol) in tendons and skin and premature atherosclerosis 
(136-138)

.

We examined ABCG5/ABCG8 expression and biliary cholesterol secretion in

patients after OLT to evaluate the presumed dimerization and coordinated regu-

lation of both half-transporters, and to assess control strength of ABCG5/ABCG8

in the process of hepatobiliary cholesterol secretion in the human situation. 
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6 Outline and aim of the thesis

Liver transplantation is associated with I/R and may postoperatively be accom-

panied by acute rejection of the transplant. Both I/R and rejection represent a

continuum of processes that can culminate into graft injury and compromised

hepatobiliary function. 

The aim of the research described in this thesis was to investigate molecular

changes in hepatobiliary function and injury in human OLT. Studies were focused

on the recovery of hepatobiliary function (bile formation) in relationship to cellu-

lar injury. Moreover, two potentially protective genes and pathways in the liver

(HO-1 and PI-9) were studied. 

In chapter 2 we examined ABCG5/ABCG8 expression and biliary cholesterol

secretion in patients after OLT to evaluate the presumed dimerization and coor-

dinated regulation of both half-transporters, and to assess control strength of

ABCG5/ABCG8 in the process of hepatobiliary cholesterol secretion in man. 

In chapter 3 we studied the postoperative recovery of bile flow in relation to

the occurrence of transient bile duct injury in liver transplant subjects. We hypo-

thesized that immediately after transplantation, the recovery of phospholipid

secretion is not as rapid as that of bile salt secretion. The relative excess of bile

salts could lead to bile with a more cytotoxic composition and explain the occur-

rence of biliary injury.

In chapters 4 and 5 we studied the endogenous HO-1 expression in liver trans-

plants. Although HO-1 has been shown to drastically reduce I/R injury in rat liver

grafts, HO-1 probably is not exclusively cytoprotective. Each product generated

by the action of HO-1 (Fe
2+

, CO and bilirubin) is also able to induce injury. We

studied changes in endogenous HO-1 expression levels during liver transplanta-

tion and correlated this with immediate postoperative graft injury and function.

In chapter 6 we investigated endogenous expressions of PI-9 and HO-1 during

the development of early subclinical rejection. While infiltrating granzyme B-posi-

tive T lymphocytes cause hepatic injury during acute cellular rejection, in subcli-

nical rejection the presence of CTLs in the graft does not lead to manifest liver

injury. We hypothesized that during early subclinical rejection the activity of CTLs

is kept silent by actions of PI-9 and HO-1. 

Finally an integrated overview of the results obtained in this research thesis is

provided and discussed in chapter 7. 
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ABSTRACT

The ATP-binding cassette (ABC)-transporters ABCG5 and ABCG8 have been

shown to mediate hepatic and intestinal excretion of cholesterol. In various

(genetically-modified) mouse models, a strong relationship between hepatic

expression levels of Abcg5/Abcg8 and biliary cholesterol content was found. The

aim of our study was to relate hepatic expression levels of ABCG5 and ABCG8 to

biliary excretion of cholesterol in man. From 24 liver transplant patients, bile

samples were collected daily after transplantation over a 2-week period to deter-

mine bile composition. ABCG5, ABCG8, MDR3 and BSEP expression was asses-

sed by real time PCR in liver biopsies collected before and after transplantation.

Hepatic ABCG5, ABCG8 and MDR3 mRNA levels were strongly correlated. After

transplantation, the biliary secretion rate of cholesterol continuously increased,

coinciding with gradual increases in bile salt and phospholipid secretion. In con-

trast, hepatic mRNA levels of ABCG5 and ABCG8 remained unchanged in time.

Surprisingly, no correlation was found between the hepatic expression of ABCG5

and ABCG8 and biliary cholesterol secretion rates, normalized for biliary phos-

pholipid secretion. As expected, biliary phospholipid concentration correlated

well with MDR3 expression. In conclusion, the strong relationship between

ABCG5 and ABCG8 gene expression is consistent with the coordinate regulation

of both genes, and in line with heterodimerization of both proteins into a func-

tional transporter. Our results indicate that, at least during the early phase after

transplantation, hepatic ABCG5/ABCG8 expression is not directly related to bilia-

ry cholesterol secretion in humans. This suggests the existence of alternative

pathways for hepatobiliary cholesterol transport that are not controlled by

ABCG5/ABCG8.  



37CHAPTER 2

H
E

P
A

T
IC

 A
B

C
G

5
/
G

8
 E

X
P

R
E

S
S

IO
N

 D
O

E
S

 N
O

T
 C

O
R

R
E

L
A

T
E

 W
IT

H
 B

IL
IA

R
Y

 C
H

O
L
E

S
T

E
R

O
L
 S

E
C

R
E

T
IO

N

INTRODUCTION

Cholesterol is critical in human metabolism. It serves as a precursor of steroid

hormones and bile salts and as a fundamental structural constituent of (intra)

cellular membranes. The intestine and liver play important roles in the mainte-

nance of cholesterol homeostasis 
(1)

. Cholesterol is acquired through intestinal

absorption from dietary sources and through endogenous synthesis from acetyl-

CoA, which mainly occurs in the liver 
(2)

. In the liver, cholesterol is redistributed

via the circulation after its incorporation into very low density lipoproteins

(VLDL), or secreted into the bile after conversion into bile salts or as free cho-

lesterol 
(2)

. The molecular mechanisms that are involved in the hepatobiliary

secretion of cholesterol have been studied extensively 
(3,4)

. Recently, it was shown

that adenosine triphosphate (ATP)-binding cassette (ABC) transporters, i.e.

ABCG5 and ABCG8, are strongly involved in this process 
(5,6)

. The genes encoding

these proteins are highly expressed in the liver and intestine of mice and man
(7;8)

. Mutations in either of the two genes encoding these ABC transporters under-

lie the autosomal recessive disease sitosterolemia 
(7,9,10)

. Affected subjects show

strongly increased intestinal absorption of dietary plant sterols (e.g., sitosterol)

and of cholesterol, and impaired biliary sterol output. This disorder is characte-

rized by markedly elevated plasma plant sterol concentrations, development of

premature atherosclerosis and depositions of sterols in tendons and skin 
(11-13)

. A

large body of evidence indicates that ABCG5 and ABCG8 are half-transporters

that dimerize to generate a functional protein 
(7,14)

. In a polarized rat hepatoma

cell line, Graf et al. 
(14)

showed that ABCG5 and ABCG8 co-localize at the canali-

cular membrane and presented evidence that both dimerization partners are

required for their trafficking to the apical cell surface. Disruption of both genes,

simultaneously or individually, in mice leads to extremely low biliary cholesterol

concentrations 
(6,15,16)

. Reversely, pharmacological induction of endogenous muri-

ne Abcg5 and Abcg8 
(17,18)

, and overexpression of human ABCG5 and ABCG8 in

transgenic mice 
(5)

, significantly promotes hepatobiliary cholesterol excretion.

Transcription of Abcg5 and Abcg8 is induced upon activation of the nuclear hor-

mone receptor liver X receptor (LXR) 
(18)

. Treatment of wild-type mice with a LXR

agonist increased Abcg5/g8 expression and secretion of cholesterol into bile 
(17,18)

and LXR knock-out mice fail to increase Abcg5/g8 expression in response to cho-

lesterol feeding 
(19)

. Kosters et al. 
(20)

found a strong linear correlation between

hepatic Abcg5 and Abcg8 gene expression levels and biliary cholesterol secreti-

on across a number of (genetically-modified) mouse models with either decrea-

sed or induced biliary cholesterol output rates. In heterozygous (Abcg5
+/-
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/Abcg8
+/-

) mice, biliary cholesterol levels were ~50% of those in wild-type anim-

als 
(6)

. Likewise, biliary cholesterol content was shown to be reduced in Abcg5
+/-

and Abcg8
+/-

only mice 
(6,15,16)

. In mice expressing up to 16 copy numbers of both

genes, a significant positive linear relationship between Abcg5/Abcg8 mRNA

levels and biliary cholesterol concentrations was also observed 
(21)

. Reduced

Abcg5 and Abcg8 expression in livers of streptozotocin-diabetic rats was associ-

ated with reduced biliary cholesterol content 
(22)

. Together, these studies esta-

blished strong relationships between hepatic Abcg5/Abcg8 mRNA levels and bili-

ary cholesterol output in rodents, indicative for a high degree of control exerted

by the transporter pair. 

In the present study, we examined the relationship between hepatic ABCG5 and

ABCG8 expression and biliary cholesterol output in patients after successful

orthotopic liver transplantation (OLT). Surprisingly, our data demonstrate that, in

this specific patient population, there is no direct relationship between

ABCG5/ABCG8 transporter gene expression and biliary cholesterol output. 
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PATIENTS AND METHODS

Patients and tissue specimens

Liver tissue specimens were obtained during routine diagnostic biopsies from 24

grafts. According to the Groningen liver transplant protocol, three consecutive

needle biopsies were collected: at the end of cold preservation, approximately 3

hours after reperfusion and 1 week after transplantation. An aliquot of the bio-

psy specimen was immediately snap-frozen in liquid nitrogen for isolation of total

RNA. The remaining material was used for routine histological analysis. Before

transplantation, the gallbladder was removed from the donor liver. During the

transplantation, after revascularization of the graft, a catheter was inserted in

the common bile duct in accordance with our protocol. 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 
(23)

. Interruption of the enterohepatic circu-

lation in the patient was prevented through readministration of bile in the small

intestine via a percutaneous feeding jejunostomy catheter. Bile samples were

collected daily in the first postoperative week, and were collected three times in

the second week. Bile was collected between 8 and 9 am for measurements of

total bile salt, phospholipid and cholesterol concentration. Bile volume was asses-

sed gravimetrically. Postoperative immunosuppression was based on tacrolimus

or cyclosporin and a rapid taper of steroids. Donor and recipient demographics

and surgical variables are listed in Table 1. Normal liver tissue (n=5) was collec-

ted from resections for tumors. Patients had given written informed consent

before sampling of tissue specimens. All liver biopsies and bile samples were sto-

red at -80°C.

Bile analysis

Bile was analyzed for total bile salt, phospholipid and cholesterol contents. Total

bile salt concentrations were measured spectrofotometrically with 3α-hydroxys-

teroid dehydrogenase 
(24)

. Bile salt composition was analyzed by capillary

gaschromatography as described earlier 
(25)

. The hydrophobicity index of indivi-

dual bile salts was calculated using indices described by Heuman et al. 
(26)

and

using estimated 3:1 glycine/taurine bile salt conjugation ratio. Phospholipid con-

centrations in bile were assayed using a commercially available enzymatic

method (Wako Chemicals GmbH, Neuss, Germany). Biliary cholesterol concen-

trations were determined enzymatically with cholesterol oxidase (Roche

Diagnostics GmbH, Mannheim, Germany). Postoperatively, total bile volume was
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measured daily to calculate bile flow. Bile flow was expressed as daily bile pro-

duction per kg body weight of the donor.

RNA extraction and reverse-transcriptase polymerase chain reaction

Isolation of total RNA was performed using TRIzol (Invitrogen Life Technologies,

Breda, the Netherlands) and quantified using Ribogreen (Molecular Probes, Inc.,

Eugene, OR, USA) according to manufacturer's instructions. Reverse transcripti-

on was performed on 3.36 µg RNA using random primers in a final volume of 75

µl (Reverse Transcription System, Promega, Madison, WI, USA). mRNA levels of

ATP-binding cassette transporter A1 (ABCA1), the multidrug resistance protein 3

(MDR3; gene symbol ABCB4), the bile salt export pump (BSEP; gene symbol

ABCB11), ABCG5, ABCG8 and the scavenger receptor class B type I (SR-BI) were

measured by real-time polymerase chain reaction (PCR) using the ABI PRISM

7700 sequence detector (Applied Biosystems, Foster City, CA, USA). 18S rRNA

expression values were used as reference. Nucleotide sequences of the primers

Table 1. Demographic data of donors and recipients and surgical variables (n=24).

Donor variables

Age (years; mean [range]) 43 (17-66)

Gender (M/F) 7/17

Causes of death (number [%])

Intracerebral bleeding or infarction 12 (50%)

Trauma 6 (25%)

Meningitis 4 (17%)

Other 2 (8%)

Recipient variables

Age (years; mean [range]) 41 (18-60)

Gender (M/F) 12/12

Disease (number [%])

Postnecrotic cirrhosis 15 (63%)

Hepatitis C virus 4

Hepatitis B virus 3

Autoimmune hepatitis 3

Liver cirrhosis n.o.s. 3

Alcoholic liver cirrhosis 2

Biliary cirrhosis 5 (21%)

Primary sclerosing cholangitis 2

Primary biliary cirrhosis 2

Biliary liver cirrhosis 1

Metabolic disorder 2 (8%)

Familial amyloid polyneuropathy 1

M. Wilson 1

Miscellaneous
*

2 (8%)

Surgical variables

Cold Ischemia Time, CIT (minutes; mean ± SEM) 522 (±27)

Warm Ischemia Time, WIT (minutes; mean ± SEM) 45 (±2)

Abbreviations: CIT, time between start cold perfusion in the donor and end of cold preservation of the liver graft;

WIT, time between the end of cold ischemic preservation of the liver and start of reperfusion in the recipient.

*Miscellaneous: M. Budd Chiari (n=1), Polycystic liver (n=1).
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(Invitrogen, Paisley, Scotland) and probes (Eurogentec, Herstal, Belgium) were

designed using Primer Express software (PE Applied Biosystems). Probes were 5'

labeled by a 6-carboxy-fluorescein (FAM) reporter and 3' labeled with a 6-car-

boxy-tetramethyl-rhodamine (TAMRA) quencher, and are listed in Table 2. In

each PCR reaction, duplicate samples of 4 µl cDNA (20x) were used in a final

volume of 20 µl, containing 900 nmol/l sense and antisense primers, 200 nmol/l

probe, 5 mmol/l MgCl2, 0.2 mmol/l dNTP's, 2 µl Real-Time PCR buffer (10x), and

0.5 U Hot Goldstar DNA polymerase (qPCR Core Kit, Eurogentec, Seraing,

Belgium).        

Statistical analysis

Statistics were performed using SPSS Version 12.0 for Windows (SPSS Inc.,

Chicago, IL, USA). All data are expressed as mean values and standard error of

the mean (SEM). Differences were analyzed using the Mann Whitney U-test,

Pearson Correlation-test and Wilcoxon Signed Rank-test where appropriate. P-

values were 2-tailed and statistically significant at a level of < 0.05.  

Alernative GenBank PCR

Gene name Primers and probes accession no. product (bp) Reference

ABCA1 ABC1 sense 5'-CCC AGA GCA AAA AGC GAC TC-3' NM_005502 101

antisense 5'-GGT CAT CAT CAC TTT GGT CCT TG-3'

probe 5' FAM-AGA CTA CTC TGT TTC TCA GAC AAC ACT TGA CCA AGT- TAMRA 3'

ABCB4 MDR3 sense 5'-TCA ATG GCT TTT AAA GCA ATG CTA-3' XM_167466 143 (27)

antisense 5'-TGC AAT TAA AGC CAA CCT GGT T-3'

probe 5' FAM-CAC AGA TGC TGC CCA AGT CCA AGG A- TAMRA 3'

ABCB11 BSEP sense 5'-ACA TGC TTG CGA GGA CCT TTA-3' XM_002644 105 (27)

antisense 5'-GGA GGT TCG TGC ACC AGG TA-3'

probe 5' FAM-CCA TCC GGC AAC GCT CCA AGT CT- TAMRA 3'

ABCG5 White3 sense 5'-TCT CTT GGC CCC CCA CTT A-3' NM_022436 73 (28)

Sterolin1 antisense 5'-CTA TAT TTG GAT TTT GGA CGA TAC CA-3'

probe 5' FAM-TTG GTG AAT TTC TAA CTC TTG TGC T- TAMRA 3'

ABCG8 White4 sense 5'-GAC AGC TTC ACA GCC CAC AA-3' NM_022437 105 (17)

Sterolin2 antisense 5'-GCC TGA AGA TGT CAG AGC GA-3'

probe 5' FAM-CTG GTG CTC ATC TCC CTC CAC CAG- TAMRA 3'

SR-BI Scarb1 sense 5'-GTC GCA GGC ATT GGA CAA AC-3' NM_005505 71

antisense 5'-CCG CTC TCT GCA AAC CAG AG-3'

probe 5' FAM-CGG CAG GAC CAC AGG CTC AAT CTT C- TAMRA 3'

18S sense 5'-CGG CTA CCA CAT CCA AGG A-3' X03205 109 (27)

antisense 5'-CCA ATT ACA GGG CCT CGA AA-3'

probe 5' FAM-CGC GCA AAT TAC CCA CTC CCG A- TAMRA 3'

 
Table 2. Sequences of primers and probes used for real-time PCR analysis
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Figure 1. Recovery of bile flow (A), bile salt (B), phospholipid (C) and cholesterol (D) secretion rates during 14

days after liver transplantation in 24 patients, expressed as mean values ± SEM. *P-values indicate statistical sig-

nificant differences between postoperative days 1 and 7.

RESULTS

Restoration of biliary lipid secretion after successful liver

transplantation

Twenty four patients who received a liver transplant participated in this study.

Bile flow increased progressively during the first postoperative week, reflecting

adequate recovery of hepatobiliary function of the liver after transplantation

(Figure 1A). Biliary bile salt secretion, known to be the main driving force for bile

production, increased curvilinearly (Figure 1B). Concomitantly, the biliary excre-

tion rates of phospholipids and cholesterol significantly increased during the first

postoperative week (Figure 1C and D) and continued to rise during the second

week. 

When output rates of bile salts, phospholipids and cholesterol were plotted

against each other, strong positive correlations were found (Figure 2A-C), as has

been previously reported 
(29)

. When bile salt output approached a zero secretion
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rate, no phosholipid and cholesterol secretion was observed (Figure 2A and B).

Thus, it appears that hepatobiliary lipid secretion proceeds normally under post-

transplantation conditions.

Hepatic ABCG5 and ABCG8 expression does not correlate with biliary

cholesterol secretion in liver transplant recipients

By using real time PCR, transporter mRNA levels were analyzed in control livers

and in liver grafts before transplantation, 3 hours after resuming blood circulati-

on of the transplant and one week after the operation. mRNA copy numbers of

transporter genes were normalized to those of 18S rRNA.

Liver biopsies collected one week after transplantation, were used to compare

ABCG5 and ABCG8 transporter expression levels and biliary cholesterol secreti-

on. At this time point, biliary lipid secretion was analyzed in detail.

Because of the assumption that ABCG5 and ABCG8 are half-transporters that

have to dimerize to generate a functional protein 
(7,14)

, mRNA levels of the two

genes were directly compared. Although ABCG8 mRNA expression levels were

somewhat higher than those of ABCG5, strong positive correlations between
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Figure 2. Relation between bile salt and phospholipid secretion (A), bile salt and cholesterol output (B) and phos-

pholipid and cholesterol secretion (C) on postoperative day 7 after liver transplantation (n=24).
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Figure 4. mRNA levels of BSEP, MDR3 and ABCG5/G8 in normal control livers (n=5), and in liver grafts before OLT,

3 hours after reperfusion and 1 week after OLT (n=24). 18S rRNA was used as reference. mRNA levels were expres-

sed as mean values ± SEM. *P < 0.01, BSEP expression one week after transplantation was significantly increased

compared to control livers and liver grafts before transplantation and after reperfusion.  
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ABCG5 and ABCG8 mRNA levels were found at all three time points, supporting

similar mode of regulation (Figure 3A-C).

The mRNA levels of two other major transporters, the bile salt transporter BSEP

(gene symbol ABCB11) and the phospholipid translocator MDR3 (gene symbol

ABCB4), were also determined, as summarized in Figure 4. Except for minor,

non-significant changes, BSEP, MDR3, ABCG5 and ABCG8 mRNA levels in liver

transplants before operation and after 3 hours of recirculation did not differ from

expression levels in control livers. One week after transplantation, BSEP expres-

sion was significantly increased compared to control livers and liver grafts befo-

re transplantation and after reperfusion (Figure 4). MDR3, ABCG5 and ABCG8

mRNA levels at one week were unchanged compared to control values. mRNA

levels in liver grafts varied between individuals (minimal and maximal mRNA
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reperfusion (B) and 1 week after OLT (C) (n=24).
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levels at one week: 0.28 - 3.43, 0.26 - 2.85 and 0.26 - 4.31 for MDR3, ABCG5

and ABCG8, respectively). Within individual liver grafts, mRNA levels of MDR3,

ABCG5 and ABCG8 did not change very much. Since phospholipids may drive

cholesterol secretion and MDR3 controls phospholipid output 
(30,31)

, relationships

between hepatic expression levels of ABCG5 and ABCG8 to MDR3 were analy-

zed. At all three time points, strong positive correlations between ABCG5/MDR3

and ABCG8/MDR3 expression levels were found (Figure 5A-C).

To segregate effects of phospholipid secretion on cholesterol secretion, the rati-

os of ABCG5 and ABCG8 to MDR3 expression were calculated and were plotted

as a function of the ratio of cholesterol to phospholipid excretion, as previously

shown by Kosters et al 
(20)

. In contrast with the strong positive relationship

between the normalized Abcg5 and Abcg8 values and the normalized biliary cho-

lesterol output in (genetically-modified) mice 
(20)

, we could not find such a relati-

onship in liver transplant patients (Figure 6). Also when biliary cholesterol secre-

tion was not corrected for phospholipid secretion, no relationship between

ABCG5/G8 and absolute biliary cholesterol secretion was observed (r = 0.21, P

= 0,31 and r = 0.05, P = 0.80, for ABCG5 and ABCG8, respectively). As expec-

ted, MDR3 expression correlated well with biliary phospholipid concentration (r

= 0.42, P = 0.03), but not with cholesterol concentration (r = 0.25, P = 0.21) in

the bile.

Figure 6. Phospholipid-independent relation between normalized biliary cholesterol output and hepatic ABCG5 and

ABCG8 mRNA levels one week after liver transplantation (n=24). ABCG5 and ABCG8 expression levels were nor-

malized to MDR3 mRNA levels (ABCG5/MDR3 and ABCG8/MDR3). The normalized ABCG5 and ABCG8 values were

plotted against the normalized biliary cholesterol output (cholesterol/phospholipid ratio) to determine the relation

between hepatic ABCG5 and ABCG8 expression and the biliary cholesterol output corrected for the influence of

phospholipid secretion.
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In search for an explanation for the unexpected lack of correlation between cho-

lesterol output and ABCG5/G8 expression, biliary bile salt composition was ana-

lyzed to allow calculation of the "hydrophobicity index" 
(26)

. Although, in general,

relatively hydrophobic bile salts are more effective in driving biliary cholesterol

secretion, no relationship between the hydrophobicity index and absolute or nor-

malized biliary cholesterol output was found in bile collected one week after OLT

(Figure 7).

In search for possible alternative hepatobiliary cholesterol secretion pathways,

SR-BI and ABCA1 mRNA levels were analyzed 
(32,33)

. Sehayek et al. 
(32) 

have sug-

gested that SR-BI may directly promote the excretion of cholesterol into the bile.

In transgenic mice overexpressing the human ABCA1 gene, biliary cholesterol

excretion was found to be facilitated 
(33)

. Neither SR-BI or ABCA1 expression,

however, showed any relationship with absolute or normalized biliary cholesterol

secretion at one week after liver transplantation (r = -0.19, P = 0,35 and r = -

0.16, P = 0.44, for SR-BI and ABCA1, respectively). Surprisingly, a strong linear

relationship between hepatic SR-BI and ABCA1 expression levels was observed

(r = 0.93, P < 0.0001).  

Hydrophobicity index
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Figure 7. Relation between normalized biliary cholesterol output (cholesterol/phospholipid ratio) and calculated

bile salt hydrophobicity index in 24 patients. The normalized biliary cholesterol secretion was plotted against the

hydrophobicity index to assess the influence of the hydrophilic-hydrophobic balance of bile salts in driving choles-

terol secretion. 
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DISCUSSION

In the present study we followed the recovery of bile formation after successful

human OLT and assessed the relationship between hepatic expression levels of

the ATP-binding cassette (ABC) half-transporters ABCG5/ABCG8 and hepatobili-

ary cholesterol secretion. A vast body of evidence has been generated demon-

strating that, in mice, Abcg5/Abcg8 are of crucial importance in control of bilia-

ry secretion of sterols 
(5,6,34)

. The main finding of this study is that we were not

able to detect a relationship between the normalized hepatic expression of

ABCG5 and ABCG8 and the normalized biliary output of cholesterol in humans

(Figure 5), while such a relationship is obviously present in rodents.

After transplantation, bile flow recovered gradually. Bile flow is mainly driven by

active biliary bile salt secretion 
(29)

. The recovery of bile flow therefore is likely a

consequence of normalization of the circulating bile salt pool. In parallel with the

recovery of bile salt secretion, cholesterol secretion and phospholipid output inc-

reased and were found to be tightly related to each other, as expected 
(29)

. The

observed recovery of bile flow and the relationships between biliary secretion

rates of bile salts, phospholipids and cholesterol in our study were similar to

those previously described by others 
(35,36)

.

Changes in bile formation were not associated with marked alterations in hepa-

tic transporter expression: only mRNA levels of the bile salt transporter BSEP

(gene symbol ABCB11) were slightly, but significantly increased at 1 week after

OLT compared to levels in control livers and liver grafts before transplantation

and 3 hours after reperfusion. The mRNA levels of the phospholipid translocator

MDR3 (gene symbol ABCB4) and ABCG5/G8 remained stable between the diffe-

rent time points. We could clearly demonstrate a strong positive relationship

between ABCG5 and ABCG8 expression levels at the three time points studied

(Figures 3A-C), suggesting a tight coupling between the two transporter genes

in human liver. This relation supports the concept that ABCG5 and ABCG8 are

partners in the generation of a functional transporter 
(14)

. The parallel expression

of ABCG5/G8 also supports the perception that both genes are coordinately

regulated. The nuclear receptors liver receptor homolog-1 (LRH-1) and liver X

receptor (LXR) have α been proposed as major regulatory transcription factors

for ABCG5/G8 
(37,38)

. LRH-1 and LXRα are known to regulate the expression of

many key enzymes in lipid metabolism 
(18,38)

. Using electrophoretic mobility shift

assays (EMSAs), Freeman et al. 
(38)

recently found a LRH-1-specific binding motif

in the ABCG5/G8 intergenic region. By mutating this LRH-1 binding site, a more

than 7-fold reduction in ABCG5/G8 promoter activity was observed 
(38)

. Repa et
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al. 
(37)

showed that ABCG5/G8 are direct target genes of the oxysterol-activated

nuclear receptor LXRα. 

Phospholipids are required for biliary cholesterol secretion. Mice lacking Mdr2

(Abcb4, the murine homologue of MDR3/ABCB4) have low or undetectable cho-

lesterol concentrations in the bile 
(6,30)

. Because of the close coupling between

cholesterol and phospholipid secretion, the ratio of cholesterol to phospholipid

secretion (normalized cholesterol output) provides a functionally relevant reflec-

tion of hepatobiliary cholesterol secretion that allows comparison between indi-

viduals 
(3)

. By comparing mice with either increased or decreased biliary choles-

terol secretion rates, a strong positive relationship was found between the nor-

malized biliary cholesterol output and the normalized Abcg5/g8 expression levels
(20)

. Furthermore, in heterozygous (Abcg5
+/-

/Abcg8
+/-

) mice, it was found that bili-

ary cholesterol levels were about 50% compared to those in wild-type animals
(6)

, which represents the most convincing evidence for a high degree of control

strength of Abcg5/g8 in the process of hepatobiliary cholesterol secretion.

Surprisingly, in the patient population studied, a relationship between hepatic

ABCG5/G8 gene expression levels and biliary cholesterol output was completely

absent. Unfortunately, the amount of tissue available did not allow for quantifi-

cation of ABCG5/G8 protein levels by means of Western blotting 
(39,40)

. Possible

post-transcriptional events leading to modifications in ABCG5/G8 protein expres-

sion can therefore not be excluded. 

Because human bile salts, in general, are more hydrophobic than murine bile

salts and hydrophobic bile salts drive cholesterol output more effectively, the

"hydrophobicity index" was calculated in an attempt to explain the lack of corre-

lation between ABCG5/G8 and biliary cholesterol output 
(26)

. When corrected for

the biliary hydrophobicity index, however, also no relationship could be found.

We speculate that, in humans the actual canalicular transport step may be

mediated by ABCG5/G8, but that this step is not rate-controlling in the overall

process. Alternatively, it may be that in humans alternative, ABCG5/G8-indepen-

dent processes are involved. In mice fed a diosgenin-containing diet, causing a

dramatic ~15-fold increase in biliary cholesterol secretion, Kosters et al.
(20) 

obser-

ved that hepatic Abcg5/g8 expression levels remained unaffected. By determina-

tion of the flux control coefficient (FCC) of murine Abcg8, they could demonstra-

te that the rate control by Abcg8 in mediating biliary cholesterol efflux was limi-

ted 
(41)

. FCC values of Abcg8 in mice varied from 50% at low cholesterol secreti-

on rates and increased to up to approximately 73% at "V
max

" 
(41)

. Yu et al. 
(21) 

sub-

sequently, confirmed that diosgenin feeding in mice increases biliary cholesterol

concentrations without changing hepatic Abcg5/g8 mRNA and protein levels.
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These authors also confirmed that the presence of Abcg5 and Abcg8 is required

for the stimulatory effect of diosgenin 
(21)

, as was shown earlier by Kosters et al.
(41)

who demonstrated an absence of an increase in biliary cholesterol secretion

in diosgenin-treated Abcg8
-/-

mice. The nuclear receptor pregnane X receptor

(PXR) may be the mediator of diosgenin-induced biliary hypersecretion of cho-

lesterol. In rats, the PXR ligand pregnenolone-16α-carbonitrile has been shown

to increase biliary cholesterol secretion 
(42)

. Increases in biliary cholesterol con-

centrations upon diosgenin feeding were markedly attenuated in Pxr
-/-

mice 
(21)

.

Biliary cholesterol secretion therefore might be facilitated by certain PXR target

genes 
(21)

, that may be involved in modulation of the activity of Abcg5/g8 trans-

porters or may constitute an alternative pathway of canalicular cholesterol excre-

tion.

The scavenger receptor class B type I (SR-BI) has been suggested to modulate

cholesterol secretion into bile 
(32)

. SR-BI-deficient mice 
(43,44)

and SR-BI transgenic

mice 
(45)

showed a respectively, reduced and markedly enhanced biliary choleste-

rol secretion. SR-BI is known to play a role in selective high density lipoprotein

(HDL) cholesterol uptake at the basolateral hepatocyte membrane, but Sehayek

et al. 
(32)

hypothesized that SR-BI may also be directly involved in biliary choles-

terol secretion. We, however, did not observe any correlation between SR-BI

mRNA levels and cholesterol secretion into the bile, indicating no rate-controlling

function for SR-BI in hepatobiliary cholesterol flux in humans. Finally, although

hepatobiliary cholesterol secretion has been shown to be facilitated in transge-

nic mice overexpressing human ABCA1 
(33)

, we found no correlation between

hepatic ABCA1 mRNA levels and biliary cholesterol secretion. We did find an

extremely strong correlation between hepatic SR-BI and ABCA1 mRNA levels,

suggesting a coordinate regulation of both genes that are crucial in (hepatic)

HDL metabolism. The nature of this regulation, indicative for a functional link

between selective HDL cholesterol uptake and pre-βHDL formation, is currently

under investigation.

It is of importance to note that, while in Abcg5
-/-

/g8
-/-

mice the biliary cholesterol

levels are extremely low compared to normal wild type mice 
(6)

, the secretion of

cholesterol and other sterols in bile is reduced by only ~50% in patients with

sitosterolemia compared to healthy individuals 
(46)

. The residual biliary sterol

secretion in sitosterolemic patients 
(46)

, and the absence of any relationship

between hepatic ABCG5/G8 expression and biliary cholesterol secretion in our

study, supports the notion that additional transport mechanisms may operate in

parallel to ABCG5 and ABCG8 in mediating canalicular efflux of cholesterol in

humans. 
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ABSTRACT

Biliary strictures are a serious cause of morbidity after liver transplantation. We

have studied the role of altered bile composition as a mechanism of bile duct

injury after human liver transplantation. In 28 liver transplant recipients, bile

samples were collected daily post-transplantation for determination of bile com-

position. Hepatic expression of hepatobiliary transporters was studied before and

after transplantation. Histopathological criteria as well as biliary release of alka-

line phosphatase (ALP) and γ-glutamyltransferase (γ-GT) were used to quantify

bile duct injury. Early after transplantation, bile salt secretion increased more

rapidly than phospholipid secretion, resulting in high biliary bile salt / phospholi-

pid ratios. In parallel with this, mRNA levels of the bile salt transporters NTCP

and BSEP increased significantly after transplantation, whereas phospholipid

translocator MDR3 mRNA levels remained unchanged. Bile duct injury correlated

significantly with bile salt secretion and was associated with a high biliary bile

salt / phospholipid ratio. In conclusion, bile salt secretion after human liver

transplantation recovers more rapidly than phospholipid secretion. This results in

cytotoxic bile formation and correlates with bile duct injury. These findings sug-

gest that endogenous bile salts have a role in the pathogenesis of bile duct inju-

ry after liver transplantation.
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INTRODUCTION

Biliary complications are a major cause of morbidity and graft dysfunction after

orthotopic liver transplantation (OLT) 
(1,2)

. The reported incidence varies from 4-

30%, depending on the definitions and criteria used 
(3)

. Biliary complications after

transplantation include a wide spectrum of functional and anatomical abnorma-

lities, affecting the formation, secretion and/or transportation of bile from the

liver to the gut.  While biochemical serum markers of hepatocellular injury, such

as aspartate aminotransferase (AST) and alanine aminotransferase (ALT), usual-

ly rapidly decrease after transplantation, serum markers of bile duct cell injury

(γ-GT and ALP) generally continue to rise, reaching a peak in the second or third

week 
(3,4)

. Although this has been explained by ischemia-reperfusion injury of the

biliary epithelium, the exact mechanisms of this "delayed" effect remain

unknown 
(3)

. Ischemia and subsequent reperfusion may cause direct injury of bili-

ary epithelium, but it does not explain the continued rise of ALP and γ-GT until

several weeks after transplantation and other mechanisms are likely to be invol-

ved. Experimental studies in pigs have suggested that hydrophobic bile salts play

a role in bile duct injury during liver transplantation, whereas hydrophilic bile

salts are cytoprotective 
(5)

. These observations were based on the exogenous

administration of bile salts to donor animals or preservation solution, but there

is no data on the role of endogenous bile salts and bile composition in the patho-

genesis of cholestasis and bile duct injury after liver transplantation. 

In humans, the majority of bile salts are hydrophobic and unbound bile salts are

cytotoxic due to their potent detergent properties towards cellular membranes of

hepatocytes and biliary epithelium 
(6-8)

. Under normal circumstances, bile salts are

therefore neutralized in the bile by complex formation with phospholipids.

Extensive research in the field of bile physiology during the last decade has gre-

atly enhanced our knowledge of the molecular mechanisms of bile formation and

secretion. Various selective transporter proteins in the sinusoidal and canalicular

membrane of hepatocytes have been identified and were shown to play a role in

the secretion of specific bile components 
(9,10)

. Impairment in the expression or

function of bile transporters may lead to intrahepatic cholestasis, with or without

bile duct injury 
(9-11)

. For example, patients with a deficiency of the phospholipid

translocator MDR3 lack phospholipids in their bile, which leads to damage of bili-

ary epithelium by bile salts. Characteristic clinical features of these patients are

jaundice, recurrent cholangitis and elevated serum γ-GT levels, reflecting the

destruction of cell membranes of the biliary epithelium. 

In OLT, the excretion of bile is strongly reduced during cold ischemic preservati-
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on 
(12)

. Immediately upon reperfusion, the engrafted liver starts to produce bile
(13)

. After successful transplantation, bile formation steadily increases, which is

generally regarded as an early sign of recovery of hepatic function 
(12,13)

. Recovery

of bile flow depends mainly on the secretion of bile salts 
(13,14)

, but it is not clear

how this relates to the secretion of phospholipids. When the recovery of phos-

pholipid secretion is not as rapid as that of bile salt secretion, bile could become

more cytotoxic with a relative excess of bile salts. We hypothesized that this

could lead to bile duct injury and explain the delayed rise in serum ALP and γ-

GT after OLT. 

To elucidate the role of changes in bile composition in the occurrence of bile duct

injury, we have studied bile composition after human OLT and correlated this

with histopathological and biochemical signs of bile duct injury. In addition, the

hepatic expression of the most prominent bile salt uptake (NTCP, Na
+

-dependent

taurocholate cotransporting polypeptide) and secretion (BSEP) systems and of

the phospholipid translocator MDR3 was examined during and after transplanta-

tion. This study provides novel information on the molecular and biochemical

recovery of bile secretion and the role of bile toxicity in the development of cho-

lestasis and bile duct injury after OLT.   
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PATIENTS AND METHODS

Collection of liver biopsies, bile and serum samples 

Three sequential needle biopsies were collected from 28 consecutive liver grafts

according to the Groningen liver transplant protocol: at the end of cold storage,

approximately 3 hours after reperfusion and 1 week postoperatively. Normal liver

tissue obtained during resections for colorectal metastasis in non-cirrhotic

patients without cholestasis served as controls (n=5). Patients gave a written

informed consent for the sampling of these tissue specimens. During transplan-

tation a catheter was inserted in the common bile duct and daily bile production

was completely diverted into a collecting bag 
(15)

. To maintain the enterohepatic

circulation of bile salts, bile was readministered to the patient via a jejunostomy

catheter. Postoperative immunosuppression was based on tacrolimus or cyclo-

sporin and a rapid taper of steroids. Bile production was measured daily to cal-

culate bile flow (bile production / kg body weight of the donor). Total biliary bile

salt concentration was measured spectrophotometrically using 3α-hydroxyste-

roid dehydrogenase 
(16)

. Biliary phospholipid concentration was analyzed using a

commercially available enzymatic method (Wako Chemicals GmbH, Neuss,

Germany). Biliary ALP activity was detected spectrophotometrically using p-nitro-

phenylphosphate (Acros, Geel, Belgium). Biliary γ-GT activity was measured

spectrophotometrically using L-γ-glutamyl-3-carboxy-4-nitroanilide (Sigma-

Aldrich, Zwijndrecht, The Netherlands). Serum samples were analyzed for AST,

ALT, ALP and γ-GT by routine clinical chemistry testing. 

Histopathological grading of bile duct injury

Bile duct injury in biopsies taken at 1 week after transplantation was semiquan-

tified by calculating a bile duct injury severity score (BDISS), based on the follo-

wing three components: bile duct damage (graded as 0 = absent, 1 = mild, 2 =

moderate, 3 = severe; modified from the Banff criteria for acute rejection; defi-

ning) 
(17)

, 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 0 and a maximum score of 9 points. Based on the

median BDISS (5 points), patients were divided into two groups: mild (BDISS <

5; n=19) and severe bile duct injury (BDISS > 5; n=7). Two livers with bile duct

injury associated with grade III acute rejection were omitted from this analysis.

All examinations were performed by one experienced pathologist who was una-

ware of the other study data. 
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RNA isolation and reverse-transcriptase polymerase chain reaction 

Total RNA was isolated from liver biopsies using TRIzol (Invitrogen Life

Technologies, Breda, The Netherlands) and quantified using Ribogreen

(Molecular Probes, Inc., Eugene, OR, USA) according to manufacturer's instruc-

tions. Reverse transcription was performed on 3.36 µg RNA using random pri-

mers in a final volume of 75 µl (Reverse Transcription System, Promega,

Madison, WI, USA). For quantitative real-time detection RT-PCR 
(18,19)

, sense, anti-

sense primers (Invitrogen, Paisley, Scotland)  and fluorogenic probes

(Eurogentec, Herstal, Belgium) were designed for the hepatobiliary transporters

MDR3, NTCP and BSEP, using Primer Express software (PE Applied Biosystems,

Foster City, CA, USA). 18S expression levels were used as endogenous control.

All probes were 5' labeled by a 6-carboxy-fluorescein (FAM) reporter and 3' labe-

led with a 6-carboxy-tetramethyl-rhodamine (TAMRA) quencher (Table 1). 

In each PCR reaction duplicate samples of 4 µl cDNA (20x) were used in a final

volume of 20 µl, containing 900 nmol/l of sense and antisense primers, 200

nmol/l probe, 5 mmol/l MgCl2, 0.2 mmol/l dNTP's, 2 µl Real-Time PCR buffer

(10x), and 0.5 U Hot Goldstar DNA polymerase (qPCR Core Kit, Eurogentec,

Seraing, Belgium). The ABI PRISM 7700 sequence detector (Applied Biosystems,

Foster City, CA, USA) was used for quantitative real-time PCR according to the

manufacturer's instructions.

Immunofluorescence microscopy

Frozen liver sections were stained for NTCP, BSEP and MDR3 using the anti-NTCP

polyclonal antibody (kindly provided by dr. B. Stieger, University Hospital, Zurich,

Switzerland; dilution 1:100), anti-SPGP polyclonal antibody (Kamiya Biomedical

Company, Seattle, WA, USA; dilution 1:100) and the P3II-26 monoclonal anti-

cDNA Primers and probes PCR product (bp)

MDR-3 sense 5'-TCA ATG GCT TTT AAA GCA ATG CTA-3' 143

antisense 5'-TGC AAT TAA AGC CAA CCT GGT T-3'

probe 5' FAM-CAC AGA TGC TGC CCA AGT CCA AGG A-TAMRA 3'

BSEP sense 5'-ACA TGC TTG CGA GGA CCT TTA-3' 105

antisense 5'-GGA GGT TCG TGC ACC AGG TA-3'

probe 5' FAM-CCA TCC GGC AAC GCT CCA AGT CT-TAMRA 3'

NTCP sense 5'-TGA TAT CAC TGG TCC TGG TTC TCA-3' 74

antisense 5'-GCA TGT ATT GTG GCC GTT TG-3'

probe 5' FAM-TCC TTG CAC CAT AGG GAT CGT CCT CA-TAMRA 3'

18S sense 5'-CGG CTA CCA CAT CCA AGG A-3' 109

antisense 5'-CCA ATT ACA GGG CCT CGA AA-3'

probe 5' FAM-CGC GCA AAT TAC CCA CTC CCG A-TAMRA 3'

Table 1. Sequences of primers and probes used for real-time PCR analysis.
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body (kindly provided by dr. G.L. Scheffer, Free University, Amsterdam, The

Netherlands; dilution 1:25), respectively. After washing, sections were subse-

quently incubated with goat anti-rabbit IgG with a red fluorescent label (Alexa

Fluor 568, Molecular Probes, Leiden, The Netherlands) or goat anti-mouse IgG

with a green fluorescent label (Alexa Fluor 488, Molecular Probes). Images were

taken with a Leica DM LB fluorescence microscope (Leica, Wetzlar, Germany).    

Statistics

Statistical analyses were performed using SPSS Version 10.0 for Windows (SPSS

Inc., Chicago, IL, USA). All data are presented as median and interquartile range

(IQR). Groups were compared using Mann-Whitney U-tests, Pearson Correlation-

tests and Wilcoxon Signed Ranks-tests were appropriate. Total course of varia-

bles during the first week was compared by calculating the area under the curve

(AUC, using the trapezium rule). All P values were 2-tailed and statistically signi-

ficant at a level of < 0.05.

A B

Figure 1. Panel A, representative example of histology of a liver biopsy at one week after transplantation with a

low bile duct injury severity score (Masson Trichrome staining). Panel B, representative example of histology of a

liver biopsy at one week after transplantation with a high bile duct injury severity score (Masson Trichrome stai-

ning). Arrows indicate bile ducts. See Patients and Methods section for description of the scoring scale.
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Figure 2. Recovery of bile flow (panel A), bile salt (BS) secretion (panel B), phospholipid (PL) secretion (panel C),

and bile salt / phospholipid (BS / PL) ratio (panel D) in the first two weeks after human liver transplantation (n=28).
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RESULTS

Restoration of bile flow after liver transplantation is mainly bile salt

driven 

During the first two weeks after transplantation bile flow increased about 9.0-

fold, reflecting recovery of liver graft function (Figure 2A). In parallel with bile

flow, biliary bile salt secretion increased 13.4-fold (Figure 2B). The secretion rate

of bile salts displayed a linear correlation with bile flow (r = 0.66, P < 0.001;

Figure 3). Biliary phospholipid secretion recovered slower than bile salt output,

resulting in a 1.9-fold higher bile salt / phospholipid ratio immediately after trans-

plantation, compared to the end of the second postoperative week (Figure 2 C

and D). Bile with a relatively high bile salt / phospholipid ratio is potentially dele-

terious for the bile duct system due to the inadequate neutralization of the deter-

gent and cytotoxic effects of bile salts by phospholipids. We therefore studied

whether the increased bile salt secretion and bile flow correlated with biochemi-

cal and histological signs of biliary damage.

Figure 3. Relationship between biliary bile salt secretion and bile flow in the first two weeks after liver transplan-

tation, based on the measurments for each day in all patients (n=28).

Recovery of bile flow coincides with the occurrence of bile duct injury

In contrast with a rapid normalization of serum AST and ALT levels, reflecting

recovery of hepatocellular injury, serum ALP and γ-GT levels strongly increased

during the first days after transplantation (Figure 4). Immediately after trans-

plantation, serum ALP and γ-GT levels were within normal ranges, but levels pro-

gressively increased, reaching peak values on day 9 and 10, respectively.

Increases in serum ALP and γ-GT levels emerged independently from the occur-

rence of rejection, biliary complications (e.g., bile duct stenosis) or the type of

immunosuppression (data not shown).
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Figure 4. Peak levels of serum AST (A) and ALT (B) (hepatocellular injury), occur immediately after liver transplan-

tation, whereas peak levels of ALP (C) and γ-GT (D) (bile duct injury) were found on postoperative day 9 and 10,

respectively (n=28).

In parallel with serum ALP and γ-GT levels, biliary release of ALP and γ-GT in-

creased and this correlated strongly with the secretion rate of bile salts (r = 0.67

and r = 0.66, respectively, P < 0.001; Figure 5). Under normal circumstances,

ALP and γ-GT are anchored to the canalicular cell surface, but may be released

due to the detergent effect of bile salts. This finding suggests that the recovery

of biliary bile salt secretion not only generates bile flow, but also induces bile

duct injury as reflected by the release of ALP and γ-GT.
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Livers with severe bile duct injury have a high biliary bile salt / phospholipid ratio

To confirm the putative relationship between cytotoxic bile formation and bile

duct injury, we compared composition of bile produced by livers with low BDISS

and high BDISS. The bile salt / phospholipid ratio during the first week after OLT

was significantly higher in the group with a high BDISS, compared the group with

a low score (Figure 6). There were no differences in length of cold ischemia time

or type of immunosuppression used in the two groups (data not shown).
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Figure 5. Relationship between bile salt secretion and biliary release of ALP (A), and γ-GT (B), based on the mea-

surments for each day in all patients (n=28).
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Figure 6. Bilairy bile salt to phospholipid (BS/PL) ratio during the first week after transplantation in livers with a

low (open bars; n=19) and a high bile duct injury severity score (closed bars; n=7) on histological examination of

the biopsy taken 1 week after transplantation. All biopsies were scored by one pathologist using a scoring system

as described in the Patients and Methods section. AUC, area under the curve.

After transplantation, NTCP and BSEP mRNA levels increased, while

MDR3 mRNA levels remain unchanged

There were no significant differences in the expression of NTCP, BSEP and MDR3

mRNA levels in donor livers before transplantation and 3 hours after recirculati-

on compared to normal livers (Figure 7). At one week after transplantation,

however, the transport systems involved in hepatic uptake and biliary secretion

of bile salts (NTCP and BSEP) showed a 2.6- and 1.6-fold increase, respectively

(Figure 7A and 7B). In contrast with this, mRNA levels of the phospholipid trans-

locator MDR3 did not change after transplantation (Figure 7C). The increase in

BSEP mRNA expression in combination with unchanged MDR3 mRNA levels,

resulted in a BSEP / MDR3 mRNA ratio at one week after transplantation, which

was 1.9-times higher than before transplantation or in normal control livers (P <

0.01, Figure 7D). 

Immunofluorescence microscopy for hepatobiliary transporters

Immunofluorescence microscopy showed a normal distribution pattern of NTCP,

BSEP and MDR3 in the donor livers before transplantation (Figure 8, upper row).

This distribution was similar to that in control livers (data not shown). The dis-

tribution pattern at one week after transplantation was comparable to that befo-

re transplantation and in control livers (Figure 8, lower row). 
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Figure 7. Relative NTCP (A), BSEP (B), MDR3 mRNA levels (C) and ratios of BSEP / MDR3 mRNA levels (D) in

human liver grafts (n=28) and normal control livers (n=5). Genes of interest were standardized for 18S rRNA.

mRNA levels in control livers were set to 1.0.
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Figure 8. NTCP, BSEP and MDR3 immunofluorescence stainings in liver biopsies from liver grafts collected before

transplantation and 1 week after transplantation.
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DISCUSSION

In this study we have investigated changes in bile formation and alterations in

hepatobiliary transporter expression after successful human OLT and correlated

these with biochemical and histopathological signs of bile duct injury. In contrast

with the early recovery of hepatocellular injury, as reflected by a rapid decrease

of serum transaminases, biochemical signs of bile duct injury became more pro-

minent during the first two weeks after transplantation. Serum levels of ALP and

γ-GT activity increased after transplantation, reaching peak levels at postopera-

tive days 9 and 10, respectively, regardless the occurrence of graft rejection or

the type of immunosuppression used. These findings are in line with previous

observations and suggest that hepatocellular damage due to ischemia-reperfusi-

on subsides rapidly, whereas injury of the biliary epithelial cells persists for a lon-

ger period of time 
(4,20)

. The exact mechanisms of this delayed effect, however,

are not fully understood 
(4)

. The novel finding in our study is that we observed

significantly higher biliary bile salt / phospolipid ratios during the first week after

OLT in livers with histological evidence of severe bile duct injury, compared to

livers with mild injury. Moreover, we found a significant correlation between the

early increase of bile salt secretion and biliary injury, as reflected by the release

of ALP and γ-GT in the bile. Under normal circumstances, ALP and γ-GT are

bound to the canalicular membranes of hepatocytes and the apical cell surface

of cholangiocytes. Increased release of these enzymes occurs under pathologic

conditions when cell membranes are injured 
(21,22)

. Serum levels of ALP and γ-GT

are not only influenced by release, but also by clearance from the circulation and,

therefore, may not always represent actual injury. By measuring ALP and γ-GT

concentration in bile samples, we were able to study the daily release of these

enzymes, reflecting actual cell injury over time. 

Bile salts are known to be potentially cytotoxic, due to their potent detergent

properties, causing cellular membrane injury 
(6,7)

. Under normal circumstances,

the detrimental effects of bile salts are largely antagonized by phospholipids in

the bile 
(10)

. Our data, however, showed that, in contrast with a rapid increase of

bile salt secretion, the biliary secretion of phospholipids recovers more slowly,

leading to an abnormal high bile salt / phospholipid ratio early after transplanta-

tion. This provides support for the hypothesis that early changes in bile compo-

sition, leading to more toxic bile, contribute to the relatively late injury of the bili-

ary tree after transplantation. Previous experiments in pigs have provided evi-

dence that bile salts can seriously amplify preservation injury of the biliary epi-

thelium 
(5)

. When porcine livers are flushed at the time of procurement with sali-
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ne containing hydrophobic bile salts, intrahepatic bile ducts are more seriously

injured after even short periods of ischemia, compared to control livers flushed

with saline 
(5,23)

. Injury of the biliary tree can be prevented by infusion of hydro-

philic bile salts in donor animals prior to liver procurement 
(5)

. Moreover, it has

been demonstrated that morphology of human common bile ducts alters signifi-

cantly when livers are perfused with UW solution mixed with gallbladder bile,

compared to livers which are preserved with normal UW solution 
(24)

.

In parallel with the observed changes in bile composition, we observed a dispa-

rity in the gene expression of the bile salt transporter BSEP and the phospholi-

pid translocator MDR3 at one week after OLT. At this time point, the ratio

between BSEP and MDR3 mRNA was significantly higher than before transplan-

tation or in control livers. The increased BSEP / MDR3 mRNA ratio was mainly

caused by an induction of BSEP gene expression along with unchanged MDR3

mRNA expression during the first week after transplantation. Whereas the BSEP

/ MDR3 mRNA ratio was increased at one week after transplantation, the ratio

between bile salts and phospholipids in the bile was already decreasing at this

time point. Unfortunately, we were not able to obtain biopsies on postoperative

day 1 through 6. Therefore, we do not know whether, in parallel with the biliary

bile salt / phospholipid ratio, the BSEP / MDR3 mRNA ratio may have been even

higher during the first days postoperatively. In accordance with the stable MDR3

mRNA levels, MDR3 immunostaining remained preserved during the first week

after transplantation. There were also no major changes in the immunostaining

patterns of BSEP and NTCP after transplantation, despite increasing mRNA

levels. Obviously, quantification of protein mass on the basis of immunofluores-

cence is cumbersome and somewhat increased BSEP and NTCP protein levels,

including subapical localization under the canalicular membrane may have been

present 
(25)

. The amount of tissue available did not allow for more accurate quan-

tification by appropriate procedures, such as Western blotting 
(26)

.

Our observations are in line with recent studies that have identified a link

between the MDR3 gene and various cholestatic syndromes, such as progressi-

ve familial intrahepatic cholestasis type 3, intrahepatic cholestasis of pregnancy

and peculiar forms of gallstone disease in adults 
(27-29)

. These syndromes share

defects in the MDR3 gene, which lead to absence or very low levels of phospho-

lipids in the bile 
(30)

. The lack of phospholipids allows bile salts to extract phos-

pholipids from the outer leaflet of the canalicular membranes, resulting in cell

damage 
(10,31)

. This is reflected by elevated serum γ-GT concentrations, which is a

common clinical features of these syndromes 
(9,28)

. Similar to this, it has been

demonstrated that mice, in whom the mdr2 gene (homologue of MDR3 in
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rodents) has been disrupted by homogenous recombination 
(8)

, have increased

release of ALP in the bile 
(31)

. These mice are devoid of biliary phospholipids and

they develop biliary strictures and fibrosis, which closely resemble the clinical

syndrome of intrahepatic bile duct strictures after OLT 
(32)

. 

Several other factors have been shown to contribute to bile duct cell injury after

OLT, including long cold and warm ischemia times 
(33-35)

, influx of inflammatory

cells 
(34)

, inadequate washout and perfusion of the peribiliary capillary plexus 
(36)

and degradation of biliary glutathion 
(37)

. Altogether, current evidence indicates

that the pathogenesis of bile duct injury after liver transplantation is complex and

multifactorial. The current study provides evidence that endogenous bile salts

can amplify preservation injury of the biliary epithelium in human liver transplan-

tation. We speculate that the slow recovery of biliary epithelium from cold stora-

ge and the low levels of anti-oxidants in these cells could make them more vul-

nerable to the relative excess of cytotoxic bile salts in bile formed early after

transplantation.

In conclusion, we have shown that bile produced early after human liver trans-

plantation has an altered composition due to a rapid increase in the secretion of

bile salts and a more slow recovery of phospholipid secretion. This results in the

formation of cytotoxic bile with a relative high bile salt / phospholipid ratio. The

disproportional and rapid increase of bile salt secretion is associated with histop-

athological and biochemical signs bile duct injury. These findings suggest that

endogenous bile salts may have a role in the development of intrahepatic bile

duct damage and amplify the preservation injury.
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ABSTRACT

Upregulation of heme oxygenase-1 (HO-1) has been proposed as an adaptive

mechanism protecting against ischemia/reperfusion (I/R) injury. We investigated

HO-1 expression in 38 human liver transplants and correlated this with I/R inju-

ry and graft function. Before transplantation, median HO-1 mRNA levels were

3.4-fold higher (range 0.7-9.3) than in normal controls. Based on the median

value, livers were divided into two groups: low and high HO-1 expression. These

groups had similar donor characteristics, donor serum transaminases, cold ische-

mia time, HSP-70 expression, and distribution of HO-1 promoter polymorphism.

After reperfusion, HO-1 expression increased significantly further in the initial

low HO-1 expression group, but not in the high HO-1 group. Postoperatively,

serum transaminases were significantly lower and bile salt secretion was higher

in the initial low HO-1 group, compared to levels in the initial high HO-1 expres-

sion group. Immunofluorescence staining identified Kupffer cells as the main

localization of HO-1. In conclusion, human livers with initial low HO-1 expres-

sion (< 3.4 times controls) are able to induce HO-1 further during reperfusion

and this is associated with less injury and better function than initial high HO-1

expression (> 3.4 times controls). These data suggest that an increase in HO-1

during transplantation is more protective than a high HO-1 expression before

transplantation.
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INTRODUCTION

Orthotopic liver transplantation (OLT) is an effective treatment for end-stage liver

diseases 
(1)

. However, ischemia and subsequent reperfusion of the liver remain a

major cause of graft injury, causing liver dysfunction and even failure after trans-

plantation 
(2)

. This is particularly true for livers from older donors and steatotic

livers, which have a higher susceptibility to ischemia/reperfusion (I/R) injury 
(3,4)

.

During organ procurement and transplantation, the liver is exposed to oxidative

stress. Besides the ischemia during cold storage, hypoxia may occur before or

during procurement due to hypotension or cardiac arrest in the donor. After graft

reperfusion, several cascades are triggered leading to the formation of reactive

oxygen species (ROS), which are well-known sources of oxidative stress.

Methods to protect liver grafts against I/R injury have considerable clinical con-

sequences and are therefore of great interest. 

It is increasingly recognized that cells respond to stressful events, such as ische-

mia, hypoxia and ROS, by the activation of various cytoprotective genes and

pathways. Heme oxygenase-1 (HO-1) has recently been proposed as a graft sur-

vival gene 
(5,6)

. Up-regulation of HO-1 is considered to be one of the most critical

cellular protection mechanisms 
(7,8)

. It is rapidly induced under various conditions

of oxidative stress, including hypoxia, hyperoxia and ROS 
(9)

. HO-1 catalyzes the

rate-limiting step in the oxidative detoxification of excess heme, by cleaving the

α-methene bridge into equimolar amounts of free iron, biliverdin and carbon

monoxide (CO) 
(9)

. Free iron, catalyzing oxidative reactions, is bound by iron

regulatory proteins that stimulate synthesis of ferritin, thereby preventing iron-

dependent oxidative stress 
(10,11)

. Biliverdin is subsequently converted into biliru-

bin and both have the ability to scavenge ROS 
(12-15)

. CO has been shown to serve

as an endogenous regulator for maintaining microvascular blood flow of the liver
(16,17)

. 

Two- to three-fold induction of HO-1 by pharmacologic agents or genetic engi-

neering has been shown to reduce I/R injury in rat liver grafts after extended

cold ischemia time 
(6)

. Moreover, steatotic livers from genetically obese Zucker

rats are markedly protected against I/R injury after exogenous upregulation of

HO-1 
(5)

. Based on these observations, exogenous induction of HO-1 prior to

transplantation has been proposed as a potentially powerful therapeutic option

to protect liver grafts against I/R injury 
(5,6)

. Molecules such as HO-1, however,

are probably not exclusively cytoprotective and each of the products generated

by the action of heme oxygenase (Fe
2+

, bilirubin and CO) can cause injury under

certain circumstances 
(18)

. Indeed, several experimental studies have shown that
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excessive overexpression of HO-1 is directly related with increased injury 
(19-21)

.

Recently, also a (GT)
n
dinucleotide repeat polymorphism that modulates the level

of HO-1 inducibility was identified in the promotor region of the human HO-1

gene. Short GT repeats (<25) are associated with highly significant upregulati-

on of HO-1 in response to inflammatory stimuli 
(22,23)

. Therefore, it is critically

important to understand the endogenous changes in HO-1 expression under cli-

nical conditions, such as transplantation, before the exogenous induction of HO-

1 can be safely attempted as a possible therapeutic or prophylactic measure to

reduce I/R injury. 

We have therefore studied the changes in endogenous HO-1 expression in

human liver grafts before and after transplantation and correlated these with bio-

chemical markers of graft injury and hepatobiliary function. This study provides

important new information on the role of endogenous HO-1 expression during

human liver transplantation
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PATIENTS AND METHODS

Patient and donor data

Thirty-eight patients undergoing OLT were included. All patients received livers

from brain death, multi-organ donors. In the control group (n=5), biopsies were

collected in patients undergoing partial hepatectomy for metastatic tumors.

Tissue and data collection was performed according to the guidelines of the

medical ethical committee of our institution and the Dutch Federation of

Scientific Societies.

Collection of liver biopsies and bile samples from recipients

Three sequential needle biopsies were taken from each liver graft: at the end of

cold storage, 3 hours after reperfusion and 1 week after transplantation. Biopsies

were immediately divided: one part was snap-frozen in liquid nitrogen for RNA

and protein isolation and one part was frozen in isopentane at -80°C for histolo-

gy studies. During transplantation a bile drain was routinely placed into the com-

mon bile duct, allowing collection of bile 
(24)

. To avoid interruption of the entero-

hepatic circulation bile was daily readministered via a jejunostomy catheter. After

the transplantation, bile samples were collected daily between 8 and 9 am. Liver

and bile specimens were stored at -80°C. 

RNA isolation and reverse-transcriptase polymerase chain reaction 

Total RNA was isolated from liver biopsies using TRIzol (Invitrogen Life

Technologies, Breda, the Netherlands) and quantified using Ribogreen (Molecular

Probes, Inc., Eugene, OR). Reverse transcription was performed on 3.36 µg RNA

using random primers in a final volume of 75 µl (Reverse Transcription System,

Promega, Madison, WI). For quantitative real-time detection RT-PCR 
(25,26)

, sense

and antisense primers (Invitrogen, Paisley, Scotland) and fluorogenic probes

(Eurogentec, Herstal, Belgium) for HO-1, HSP-70 and 18S were designed using

Primer Express software (PE Applied Biosystems, Foster City, CA). For HO-1, the

primers and probe used were 5'-GACTGCGTTCCTGCTCAACAT-3' (sense), 5'-

GCTCTGGTCCTTGGTGTCATG-3' (antisense), and 5'-TCAGCAGCTCCTGCAA-

CTCCTCAAAGAG-3' (probe), generating a 75 base pair PCR product. For heat

shock protein-70 (HSP-70), used as a molecular stress marker, the following pri-

mers and probe were used: 5'-TCTTCTCGCGGATCCAGTCT-3' (sense), 5'-

GGTTCCCTGCTCTCTGTCG-3' (antisense), and 5'-CCGTTTCCAGCCCCCAATCT-

CAG-3' (probe), generating a 70 base pair PCR product. For 18S, the primers and

probe used were 5'-CGGCTACCACATCCAAGG-3' (sense), 5'-CCAATTA-
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CAGGGCCTCGAAA-3' (antisense), and 5'-CGCGCAAATTACCCACTCCCGA-3'

(probe), generating a 109-base pair PCR fragment. The ABI PRISM 7700

(Applied Biosystems, Foster City, CA) was used for PCR.

Protein isolation and western blot analysis

Frozen liver tissue was homogenized in buffer containing protease inhibitors.

Protein concentrations were measured using a standard Lowry assay. Fifteen µg

of protein was fractioned on a 5% SDS-PAGE gel and transferred to PVDF mem-

branes (Pall Life Sciences, Ann Arbor, MI). The membranes were blocked with

1% SKIM milk (Fluka BioChemica, Buchs, Switzerland) and labeled with the anti

HO-1 polyclonal antibody (dilution, 1:5000, StressGen, Victoria, British Columbia,

Canada). After washing in PBS/0.05% Tween-20 (Sigma, Malden, The

Netherlands), blots were incubated with a horseradish peroxidase-labled goat

anti-rabbit IgG (dilution, 1:2000, DAKO, Glostrup, Denmark). Finally membranes

Table 1. Comparison of donor, recipient and surgical variables in initial low HO-1 expression group and initial high HO-1 expression group.

Low HO-1 Expression High HO-1 Expression

(n=19) (n=19)

Donor variables

Age (years; median [IQR]) 39 (25-60) 48 (41-58)

Gender (M/F) 7/12 8/11

ICU stay (days; median [IQR]) 2.5 (0.8-4.5) 1.2 (0.3-3.2)

Duration of liver procurement (minutes; median [IQR]) 150 (51-177) 150 (67-195)

Hypotension (no. of donors)
a

7/19 11/19

Cardiac arrest (no. of donors)
b

2/19 3/19

Dopamine (no. of donors)
c

8/19 11/19

Bloodtransfusion (no. of donors)
c

5/19 7/19

Temperature (
o
C; median [IQR]) 36.1 (36.0-36.8) 36.5 (36.1-37.0)

Diuresis last hour (ml; median [IQR]) 220 (113-300) 200 (130-320)

Bloodpressure (mmHg; median [IQR]) 120/60 (110/60-124/73) 120/67 (110/65-137/78)

pO2 (kPa; median [IQR]) 16.5 (13.1-21.8) 13.6 (11.8-20.1)

FiO2 (%; median [IQR]) 40 (36-47) 40 (40-57)

AST (U.L
-1

; median [IQR]) 27 (15-93) 42 (19-67)

ALT (U.L
-1

; median [IQR]) 24 (18-61) 25 (14-45)

γ−GT (U.L
-1

; median [IQR]) 20 (15-29) 20 (13-63)

Total Bilirubin (U.L
-1

; median [IQR]) 4.0 (1.3-10.0) 10.0 (5.0-16.5)

Hemoglobin (mmol.L
-1

; median [IQR]) 7.6 (6.3-8.9) 7.0 (5.8-8.9)

Recipient and Surgical variables

Age (years; median [IQR]) 45 (28-58) 47 (35-54)

Gender (M/F) 9/10 13/6

ICU stay (days; median [IQR]) 3 (2-6) 2 (2-7)

Acute rejection of the graft (no. of recipients)
d

11/19 4/19

1
st

Warm Ischemia Time, WIT (minutes; median [IQR])
e

43 (36-57) 42 (28-49)

Cold Ischemia Time, CIT (minutes; median [IQR]) 465 (415-567) 574 (457-620)

2
nd

WIT (minutes; median [IQR])
f

43 (37-47) 48 (43-56)

a) Donors who suffered at least one episode of hypotension or b) cardiac arrest within 24 hrs prior to procurement of the liver.

c) Number of donors who were administered dopamine or blood within 24 hrs before donor hepatectomy.

d) Number of recipients who suffered from rejection of the graft within the first week after transplantation.

e) 1
st

WIT: time between start cold perfusion in the donor and procurement of the liver graft.

f) 2
nd

WIT: time between the end of cold ischemic preservation of the liver and start of reperfusion in the recipient.

There were no statistical significant differences for any variables between the two groups (Mann Whitney U-test or Pearson Chi-Square-test)
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Table 2. Distribution of HO-1 genotype in livers with initial low or high HO-1 mRNA expression.

Initial HO-1 mRNA expression

Genotype
a

Low High

Short allele (SS or SL) 8 (42%) 8 (44%)

Long allele (LL) 11 (58%) 10 (56%) P -value = 1

19 (100%) 18
b

(100%)

a) Short allele (S) status defined as < 25 (GT) repeats in the HO-1 promoter region;

Long allele (L) status defined as > 25 (GT) repeats in the HO-1 promoter region.

b) Genomic DNA for gene sequencing was not available in one donor.

were developed with ECL (Amersham, Chalfont St Giles, UK). Five separate cases

were examined in each group.

HO-1 genotype assessment

Genomic DNA was isolated from donor splenocytes using a commercial kit

(Gentra Systems, Minneapolis, MN). PCR and genotyping procedures were simi-

lar as described by de Jong et al. 
(27)

. The 5'-flanking region of the HO-1 gene

containing the poly (GT)
n

repeat was amplified by PCR using as forward primer

5'-CAGCTTTCTGGAACCTTCTGG-3', carrying a 6-FAM flourescent label (Sigma,

Malden, the Netherlands), and as reversed primer 5'-GAAACAAAGTCTGGCCA-

TAGGAC-3'. Sequence analysis of the amplification products of individuals homo-

zygous for the 222 and 229 basepairs alleles showed correspondence with GT

numbers 26 and 29, respectively (results not shown). We divided allelic repeats

into two subclasses using a classification as previously described in transfection

studies 
(28)

. Short repeats, with less than 25 GT repeats (amplicons of 220 base-

pairs and less), were designated as allele class S (short), and long repeats with

25 or more GT repeats as allele class L (long). Recipients of class S allele liver

transplants (homozygous S/S and heterozygous S/L) were compared with reci-

pients of non-class S allele transplants (L/L).

Immunofluorescence microscopy

Frozen liver sections were stained for HO-1 and the Kupffer cell marker CD68,

using an anti-HO-1 polyclonal antibody (dilution, 1:100, StressGen) and an anti-

human CD68 monoclonal antibody KP-1 (dilution, 1:2000, DAKO). After washing,

sections were subsequently incubated with a goat anti-rabbit IgG with a red fluo-

rescent label (Alexa Fluor 568, Molecular Probes, Leiden, the Netherlands), and

with a goat anti-mouse IgG with a green fluorescent label (Alexa Fluor 488,

Molecular Probes). Double-positive cells were identified as those stained yellow.
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Table 3. Morphometrical analysis of cell type specific expression of HO-1 in human liver transplants with low or high HO-1 expression and control livers.

Control Initial Low HO-1 Expression Initial High HO-1 Expression

Before OLT After Reperfusion Before OLT After Reperfusion

Single immunostaining

HO-1(+) (no. of cells; median [IQR])
a

20 [17-23] 31 [27-47]
e

27 [17-36]
e

40 [37-44]
e,f

37 [27-44]
e

CD68(+) (no. of cells; median [IQR])
b

37 [35-43] 31 [25-40] 30 [23-36] 42 [40-44]
f

36 [33-43]
g

Double immunostaining

HO-1(+) Kupffer cells (no. of cells; median [IQR])
c

20 [17-23] 28 [23-35] 23 [13-30] 40 [37-43]
f

35 [30-43]
g

% HO-1(+) Kupffer cells (%; median [IQR])
d

50 [45-63] 88 [78-99]
e

100 [40-100]
e

95 [93-100]
e

100 [88-100]
e

a) Number of HO-1 and b) CD68 positive cells.

c) Number and d) percentage of HO-1 positive Kupffer cells.

Analyses based on observations in five different high power fields within one liver biopsy at 400X

e) P < 0.02, compared with the control group

f) P < 0.03, compared with the values before OLT of the initial low expression group

g) P < 0.01, compared with the values after reperfusion of the initial low expression group

Percentages of HO-1-positive Kupffer cells were calculated by dividing the num-

ber of cells stained yellow by the number of cells stained green 
(29)

. Five different

high power fields (X400) were analyzed in an individual liver sample, and five

separate cases were examined in each group. Images were taken with a Leica

DM LB fluorescence microscope (Leica, Wetzlar, Germany).    

Total bile salt secretion and serum biochemistry

Postoperatively, bile flow was expressed as daily bile production in mL per kg

body weight of the donor. Total bile salt concentration was measured spectro-

photometrically with 3α-hydroxysteroid dehydrogenase 
(30)

. Serum samples were

analyzed for aspartate- and alanine aminotransferase (AST and ALT) and

gamma-glutamyltransferase (γ-GT), by routine clinical chemistry testing. 

Statistics

Statistical analyses were performed using SPSS Version 11.5 for Windows (SPSS

Inc., Chicago, IL). All data are reported as median and interquartile ranges

(IQR). Groups were compared with the Mann-Whitney U-tests, Wilcoxon Signed

Ranks-tests, Pearson X
2
-tests and the Fisher's Exact Test where appropriate.

Postoperative biochemical variables were compared using the daily values, but

also the total course during the first week was compared by calculating the area

under the curve (AUC), using the trapezium rule. All P values were 2-tailed and

considered as statistically significant at levels < 0.05.
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RESULTS

Effects of OLT on HO-1 gene and protein expression

Before transplantation, the median HO-1 mRNA level was 3.4-times higher in

donor livers than in normal control livers (P = 0.001; Figure 1), suggesting that

HO-1 is already induced in brain-death donors or during organ procurement. At

3 hours after reperfusion, there was no significant overall change in HO-1

expression. One week after transplantation, HO-1 gene expression decreased by

38% compared to the values after reperfusion (P = 0.002; Figure 1). However,

HO-1 expression remained strongly elevated during the first postoperative week

compared to normal control livers (Figure 1). 
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A wide variation in HO-1 gene expression was detected in liver biopsies that were

collected before transplantation, ranging from 0.7- to 9.3-times the levels in nor-

mal control livers. To be able to identify donor variables that are associated with

HO-1 induction, and to study the possible impact of HO-1 on I/R injury and graft

viability after transplantation, we decided to divide liver grafts into two groups

based on the level of HO-1 expression before transplantation. A low HO-1

expression group (n=19) was formed by livers with an initial HO-1 mRNA level

Figure 1. HO-1 mRNA levels in human liver grafts (n=38) and normal control livers (n=5). HO-1 mRNA levels were

standardized for 18S rRNA. HO-1 expression in control livers was set to 1.0. Values represent medians and inter-

quartile ranges.
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below the median value (< 3.4-times control levels) and a high HO-1 expressi-

on group (n=19) was formed by livers with an initial HO-1 gene expression

above the median value (> 3.4-times control levels). Median HO-1 expression in

the low and high expression group was 2.0- and 5.0-times higher than in control

livers (Figure 2A). Interestingly, HO-1 mRNA levels increased significantly by

43% after reperfusion in the initial low expression group, whereas HO-1 expres-

sion decreased by 23% after reperfusion in the inital high expression group

(Figure 2A). In both groups, HO-1 gene expression remained significantly eleva-

ted during the first postoperative week, compared to controls (data not shown). 

Changes in HO-1 protein concentrations, as detected by Western blot analysis,

were similar to the changes in HO-1 mRNA expression. HO-1 protein concentra-

tion was low in normal control livers, compared to the donor livers. After reper-

fusion, HO-1 protein expression increased further in the initial low HO-1 expres-

sion group, but not in the initial high HO-1 group (Figure 2B). 

Comparison of donor data for livers with low and high HO-1

expression 

A large number of donor characteristics and laboratory values were investigated

in an attempt to explain the differences in HO-1 gene expression before trans-

plantation. Several events that are known to induce HO-1 expression in animal

models, such as  hypotension, cardiac arrest, blood transfusions and ischemia,

may also occur in brain-death donors or during organ procurement. In addition

to this, some drugs (i.e. dopamine) have been shown to induce HO-1 expressi-

on 
(31)

. We have compared all these donor-related events and variables in the two

groups, but were unable to find statistically significant differences (Table 1).

There were also no significant differences in the time between start of in situ cold

perfusion in the donor and actual hepatectomy (1
st

"relatively" warm ischemia)

or in the duration of cold storage (Table 1). Interestingly, there were also no dif-

ferences in donor serum markers of liver injury (AST, ALT and γ-GT) or liver func-

tion (bilirubin) between the two groups (Table 1). Moreover, there was no signi-

ficant difference in pretransplant mRNA expression of the stress protein HSP-70

in the low and high HO-1 group (1.18 [IQR 0.30 - 3.76] versus 0.57 [IQR 0.22 -

2.27]; P = 0.44). These data suggest that differences in HO-1 expression in liver

grafts before transplantation cannot simply be explained by a higher number of

compromised donors in the high HO-1 expression group. 
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Figure 2. (A) Course of HO-1 mRNA levels in human liver grafts with low or high HO-1 expression before trans-

plantation; initial low HO-1 expression group (n=19) and initial high HO-1 expression group (n=19), respectively.

HO-1 mRNA was standardized for 18S rRNA. HO-1 mRNA levels in normal control livers was set to 1.0. Values

represent medians and interquartile ranges. (B) Western blot analysis of HO-1 protein expression in the initial low

and high HO-1groups.  
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The effect of HO-1 donor genotype

To examine whether the differences in initial HO-1 expression could be explained

by the the number of (GT)
n

repeats in the HO-1 promotor region, HO-1 donor

genotypes were analyzed. Allele class S/S was present in 8% of the donors, 35%

of the donors were heterozygous for class S alleles (S/L), and 57% of the donors

were non-carriers of the class S allele (L/L). Distribution of the numbers of (GT)
n

repeats was not different for donor livers in the initial low and high HO-1 expres-

sion group (Figure 3). There were also no significant differences in the distribu-

tion of class S allele donor livers (S/S and S/L) and non-class S donor livers (L/L)

in the two groups (Table 2). 

Post-transplant outcome in relation to HO-1 expression

To examine whether the magnitude of HO-1 induction was associated with diffe-

rences in outcome after transplantation, laboratory values and recipient charac-

teristics were analyzed. Posttransplant serum levels of AST and ALT were used

as well-accepted markers of I/R injury. Although there were no differences in

serum AST levels in the donors, we found a significant positive correlation

between serum AST levels in the recipient on postoperative day 1 and HO-1

expression in the donor liver before transplantation (Figure 4). When comparing

the two groups, serum AST levels on postoperative days 1 through 3 were sig-

nificantly higher in recipients of livers with high HO-1 expression (Figure 5A).
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Figure 3. Allele frequencies of the HO-1 (GT)n repeat promoter polymorphism in liver grafts with initial low or high

HO-1 mRNA levels.
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Also serum ALT levels were significantly higher on postoperative day 1 in reci-

pients of livers with high HO-1 expression (Figure 5B). Hepatobiliary function, as

reflected by biliary bile salt secretion, was significantly worse in the group with

high HO-1 expression, compared to the group with low expression (Figure 5C).

When groups were categorized based on the ability of increasing HO-1 expres-

sion during reperfusion of the liver graft, serum AST levels in the induction group

(n=15) were significantly lower on postoperative days 2 and 3 than in the HO-1

reduction group (n=23). Serum ALT levels and biliary bile salt secretion however,

did nof differ between the groups in the latter classification (data not shown).

These findings indicate that liver grafts with an initial high (> 3.4-fold) HO-1

expression before transplantation exhibited more I/R injury and have poorer

hepatobiliary function after transplantation than grafts with an initial low (< 3.4-

fold) HO-1 expression, despite the fact that there were no differences in bioche-

mical or molecular markers of graft injury in the donor before organ procure-

ment.

Figure 4. Correlation between hepatic HO-1 mRNA levels before transplantation and serum AST levels on postope-

rative day 1 (POD1) in all liver transplant recipients (n=38).
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Figure 5
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Figure 5. Serum AST (A) and ALT (B) levels and biliary bile salt secretion (C) in the first week after OLT in the ini-

tial low and high HO-1 expression groups. Values represent medians and interquartile ranges. The asterisks indi-

cate significant differences between the groups (P < 0.05). Total course during the first week was calculated as the

area under the curve (AUC), using the trapezium rule.
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Immunofluorescence microscopy

Specific immunostaining showed that HO-1 was predominantly localized in irre-

gular and star-shaped cells. These characteristics suggested that HO-1 protein is

mainly expressed in Kupffer cells, which was confirmed by double-color immu-

nofluorescence labeling, using the anti-HO-1 and anti-human CD68 MoAb KP-1,

a marker of Kupffer cells. As shown in Figure 6, the distribution of anti-HO-1

positive (red) cells overlapped with that of KP-1-positive (green) cells, resulting

in a yellow staining. In control livers, a considerable proportion of Kupffer cells

did not express HO-1-associated immunoreactivity and displayed mainly a green

staining (Figure 6A). In contrast with this, almost all Kupffer cells in liver grafts

demonstrated positive staining for HO-1 (Figure 6B-E). Indeed, morphometrical

analysis showed significantly higher percentages of HO-1-positive Kupffer cells in

liver grafts before transplantation, compared to normal control livers (low and

high HO-1 expression group 88% and 95%, respectively, compared to 50% in

normal control livers, P < 0.02 for both groups; Table 3). After reperfusion, HO-

1 expression in Kupffer cells increased further, resulting in a positive staining of

all Kupffer cells in both groups (Table 3). 

Although, after reperfusion, all Kupffer cells in both groups stained positive for

HO-1, the red staining (HO-1) per cell was far more intense in the group with

high HO-1 expression than in the low expression group (Figure 6C and E). This

indicates that not only the percentage of Kupffer cells expressing HO-1 is increa-

sed in liver grafts, but that also the HO-1 protein expression per Kupffer cell is

enhanced, where the latter seems to discriminate the group with high HO-1

expression from the livers with low HO-1 expression. This is in line with the hig-

her HO-1 mRNA and protein levels after reperfusion in the group with high HO-

1 expression, compared to the low expression group.
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C. Initial low HO-1 expression: after reperfusion

E. Initial high HO-1 expression: after reperfusion

A. Normal control liver

B. Initial low HO-1 expression: before OLT

D. Initial high HO-1 expression: before OLT

Figure 6: Immunofluorescence double staining

of liver biopsies. Sections are stained for HO-1

(red) and the Kupffer cell marker CD68 (green).
Co-localization of these two colors can be

recognized by the yellow color. (A) Normal

control liver. (B) Pre-transplant biopsy of a liver

with low initial HO-1 mRNA expression.

(C) Post-reperfusion (3 h.) biopsy of a liver with
low initial HO-1 mRNA expression. (D) Pre-

transplant biopsy of a liver with high initial HO-1

mRNA expression. (E) Post-reperfusion biopsy

(3 h.) of a liver with high initial HO-1 mRNA
expression.

Figure 6. Immunofluorescence double stainingof liver

biopsies. Sections are stained for HO-1(red) and the

Kupffer cell marker CD68 (green). Co-localization of

these two colors can be recognized by the yellow color.

(A) Normal control liver. (B) Pre-transplant biopsy of a

liver with low initial HO-1 mRNA expression. (C) Post-

reperfusion (3 h.) biopsy of a liver with low initial HO-1

mRNA expression. (D) Pre-transplant biopsy of a liver

with high initial HO-1mRNA expression. (E) Post-reper-

fusion biopsy (3 h.) of a liver with high initial HO-1

mRNA expression.
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DISCUSSION

We have investigated HO-1 expression in human liver allografts during transplan-

tation and correlated this with clinical signs of graft injury and hepatobiliary func-

tion. There are three novel findings in this study. First, we have shown that, com-

pared to normal control livers, HO-1 gene and protein expression in human liver

grafts from brain-death donors is induced already prior to transplantation. After

reperfusion, HO-1  expression increased further in livers with relatively low ini-

tial HO-1 expression (< 3.4 times controls), but not in livers with initial high HO-

1 expression (> 3.4 times controls). Second, allografts with initial high expressi-

on of HO-1 demonstrated significantly more I/R injury and had worse hepatobi-

liary function than grafts with a low upregulation of HO-1. Finally, we were able

to identify Kupffer cells as the main site of HO-1 protein expression in human

liver grafts. While about 50% of the Kupffer cells in normal control liver expres-

sed HO-1, positive staining for HO-1 was found in 100% of the Kupffer cells of

transplanted livers. These findings provide important new information on the

endogenous regulation of HO-1 during human liver transplantation. 

There is accumulating evidence that the HO-1 system has important vasoregu-

latory properties and actively maintains hepatic microperfusion and tissue oxy-

genation via the production of CO 
(16)

. In addition to this, the HO-1 system has

been shown to have anti-oxidant, anti-inflammatory, anti-apoptotic and platelet

aggregation-inhibiting properties and, therefore, it has been proposed a graft

survival gene. Animal studies have suggested that exogenous induction of HO-1

before transplantation may confer cytoprotective and immune regulatory functi-

ons 
(6,32-34)

and could become a novel and potentially powerful strategy to protect

(marginal) liver grafts from I/R injury 
(5,8)

. Induction of HO-1 can be obtained by

a variety of methods, such as administration of HO-1 inducers (i.e. cobalt proto-

porphyrin) or adenoviral HO-1 genetransfer 
(5,8)

. These methods generally lead to

a 2 to 3-fold upregulation of HO-1 activity 
(5)

. There is increasing evidence that

overexpression of HO-1 higher than this is not exclusively cytoprotective 
(19, 21)

. In

fibroblast cell cultures, low induction of HO-1 (less than 5-fold) was shown to be

cytoprotective against hyperoxia, but excessive HO-1 activation resulted in the

accumulation of free divalent iron and increased oxidative injury 
(19)

. Moreover, it

has been shown that highly increased (about eight- to nine-fold) activity of HO-

1 contributes to endotoxin-induced shock in rats, due to the increased producti-

on of CO, a potent vasorelaxant 
(21)

. Therefore, it is of paramount importance that

the endogenous changes in HO-1 expression during transplantation, as well as
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the therapeutic window of protection, are well defined before clinical application

of HO-1 inducing protocols are attempted.

All donor livers in our study were obtained from brain-death multi-organ donors.

The increased HO-1 mRNA and protein expression observed in these livers befo-

re transplantation suggests that HO-1 is induced in brain-death donors. This

observation is in line with studies in kidney allografts from brain-death donors 
(35)

.

We have tried to identify variables which could have contributed to the increa-

sed expression of HO-1 in the donor livers before transplantation. Several factors

have been shown to induce HO-1 gene expression in vivo, including hypotensi-

on 
(36)

, hypoxia 
(37-39)

, hyperoxia 
(9,40)

, blood transfusions 
(41,42)

, and inotropic drugs

like dopamine 
(31)

. All of these factors may also occur in postmortem organ

donors. Comparison of these known inducers of HO-1 gene expression, as well

as several other donor and procurement related variables, however, did not show

any statistically significant differences between the two groups. Variations in ini-

tial HO-1 expression could also not be explained by differences in the distributi-

on of the (GT)
n
repeat polymorphism of the HO-1 promotor. The functionally rele-

vant short allele status (<25 repeats) was not found more frequently in livers

with initial low HO-1 expression. Further studies will be necessary to elucidate

the mechanisms of endogenous HO-1 induction in organs from brain death

donors.

Although we did not find differences in biochemical (liver enzymes) or molecular

(HSP-70) markers of liver injury before transplantation between the liver grafts

with low or high HO-1 expression, we did observe a significant correlation

between postoperative serum AST in the recipients and initial HO-1 expression.

In parallel with this, serum AST levels were significantly higher and biliary bile

salt output significantly lower after transplantation in recipients of livers with

high HO-1 expression, compared to grafts with low HO-1 expression. Liberation

of divalent iron is one of the effects resulting from increased HO-1 activity 
(9)

. Iron

is a mediator of the generation of ROS and it has been shown to play an impor-

tant role in I/R injury 
(43,44)

. We, therefore, speculate that exaggerated HO-1 acti-

vity in liver grafts may cause increased injury due to the liberation of iron, resul-

ting in a pro-oxidant condition and higher susceptibility to I/R injury. The appa-

rent paradox of one molecule or pathway causing both cytoprotection and cyto-

toxicicty has also been found in other systems, like the nitric oxide system (45).

More studies will be needed to clarify this issue.

Interestingly, a significant further increase in HO-1 expression was found after

reperfusion of livers with an initially low expression, whereas a small, but signi-

ficant decrease in HO-1 expression was observed in livers with initially high HO-
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1 expression. This data could imply that HO-1 mRNA expression cannot be furt-

her upregulated upon reperfusion when levels are already high to start with,

whereas further upregulation can occur in livers with moderately elevated HO-1

expression before reperfusion. Although we observed a better postoperative out-

come in the initial low HO-1 expression group, it remains indefinite whether it is

the initial low HO-1 expression or the ability to increase HO-1 expression upon

reperfusion that confers cytoprotection.

We identified Kupffer cells as the main site of HO-1 expression in human livers.

Makino et al. 
(29)

have recently reported similar findings in human cirrhotic livers.

These studies in human liver are in contrast with data from rat livers, where con-

siderable expression of HO-1 has also been found in hepatocytes 
(46)

. While in our

study about 50% of the Kupffer cells in the control livers expressed HO-1, this

was more than 80% in the liver grafts before transplantation and even 100%

after transplantation. These findings suggest that a subpopulation of Kupffer

cells, which does not express HO-1 under normal circumstances may induce HO-

1 expression. It has been suggested that Kupffer cells may serve as sensor cells

detecting local hemodynamic changes and mechanical forces in sinusoids 
(29,47)

.

By increasing HO-1 activity and the generation of the vasorelaxing gaseous CO,

Kupffer cells are able to maintain microvascular blood flow in the liver 
(29)

. On the

other hand, it is well-known that Kuppfer cells play a critical role in the pathoge-

nesis of I/R injury of the cold preserved liver through the production of ROS and

cytokines, like tumor necrosis factor-α
(48,49)

. Our data suggests that high overex-

pression of HO-1 in Kupffer cells prior to transplantation contributes to the dele-

terious effects of these cells in I/R injury. 

Although there is a large body of evidence suggesting that exogenous up-regu-

lation of HO-1 in transplant models in animals confers cytoprotective effects 
(5,32-

34)

, our findings caution against an uncontrolled application of non-cell specific

methods to induce HO-1 expression in human organ donors. Exogenous inducti-

on of HO-1 in postmortem organ donors could further increase an already ele-

vated HO-1 expression, resulting in potentially detrimental effects instead of

cytoprotection. The main difference between our study in patients undergoing

liver transplantation and studies in animal models of liver transplantation is that

in the clinical situation liver grafts are usually obtained from brain death organ

donors, whereas healthy animals are used as donors in experimental models.

Moreover, cellular localization of HO-1 expression in human liver transplantation

is predominantly restricted to the Kupffer cells, whereas in stress-exposed rat

livers, HO-1 is also upregulated in hepatocytes 
(46)

. 
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Our data suggest a dual role for HO-1 in human liver transplants, with either

cytoportection or increased cytotoxicity, depending on the initial level of overex-

pression. New pharmacological interventions should probably not focus on the

induction of HO-1 prior to transplantation, but rather aim for induction during

transplantation.
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INTRODUCTION

In a clinical study, recently published in the American Journal of Transplantation

(Am. J. Transplant. 2005; 5: 1875-1885), we have shown that the level of heme

oxygenase-1 (HO-1) expression in human livers before orthotopic liver transplan-

tation (OLT) is associated with outcome after transplantation 
(1)

. Liver grafts with

an initial low HO-1 mRNA expression (defined as <3.4 times controls) suffered

significantly less ischemia/reperfusion injury and had better hepatobiliary functi-

on after transplantation than grafts with an initial high HO-1 expression (>3.4

times controls). In this previous study, we have attempted to identify risk factors

that could explain the observed variation in HO-1 expression among different

grafts. A large number of donor characteristics and procurement-related varia-

bles were compared between the two groups. Unfortunately, we were unable to

identify any variable that could discriminate the low HO-1 expression group from

the high expression group. Moreover, there were no differences in the expressi-

on of the stress protein heat shock protein 70 (HSP 70), indicating that the

observed differences were also not likely explained by the presence of more

compromised or pre-injured livers in the group with high HO-1 expression. In our

previous study we have also explored the possibility that the variation in initial

HO-1 expression could be explained by a well described repeat polymorphism in

the promoter region of the HO-1 gene. This repeat polymorphism is characteri-

zed by different lengths of (GT)n dinucleotide repeat and was previously shown

to be associated with outcome after kidney transplantation 
(2,3)

. Although a short

(GT)n repeat (<25) has been suggested to result in enhanced inducibility of the

HO-1 gene, we did not find a higher number of short alleles in the initial high

HO-1 mRNA group, leaving the question what discriminates liver grafts with low

HO-1 expression from those with high HO-1 expression unanswered.

Recently, Ono et al. 
(4,5)

have described another polymorphism of the HO-1 pro-

moter, which was shown to have an effect on gene transcription rate. This vari-

ation is characterized by a single nucleotide polymorphism (SNP), A(-413)T. By

using a luciferase reporter assay in in vitro studies, these investigators have

shown that A(-413)-alleles result in a 6-fold higher HO-1 promoter activity, com-

pared to T(-413)-alleles. Although this SNP was suggested to be dominant over

the (GT)n polymorphism, it has been much less studied in patient populations. 

We, therefore, analyzed the A(-413)T SNP in the promoter region of the HO-1

gene in our donor liver samples. A/A-alleles were present in 36% of the donors,

50% of the donors were heterozygous (A/T) and 14% of the donors were non-

carriers of the A(-413)-allele (T/T) (Table 1). In contrast to the (GT)n repeat poly-
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morphism, we found a significant difference in the distribution of livers with at

least one A(-413)-allele (A/A and A/T) and livers without an A(-413)-allele (T/T)

in the groups with low or high HO-1 expression. None of the liver grafts that did

not carry an A(-413)-allele (T/T group) exhibited a high HO-1 mRNA expression.

Apparently, the A(-413)T SNP is the only variable that discriminates livers with

initial high HO-1 mRNA expression from the ones with low HO-1 expression. 

Other investigators have shown HO-1 to be upregulated in kidneys from brain-

dead donors 
(6,7)

. Although the exact mechanisms underlying this increased HO-

1 expression are yet unidentified, our data suggest that the degree of upregula-

tion in donor livers may be affected by the A(-413)T SNP, but not by the (GT)n

polymorphism. The different impact of the two types of HO-1 polymorphism

could possibly be explained by different binding sites of transcription factors res-

ponsible for the upregulation of HO-1 under the condition of brain-death. 

Based on these interesting new findings, we conclude that the large variation in

HO-1 expression in livers from an otherwise indiscernible group of brain-dead

donors is, at least partly, explained by the A(-413)T SNP in the HO-1 gene. The

T/T variant of the A(-413)T SNP in the HO-1 promoter is significantly associated

with a low induction of HO-1. These results are the first to show an association

between the HO-1 A(-413)T SNP and levels of HO-1 mRNA in human tissue.

More large scale, clinical studies, with adequate statistical power, will be needed

to define the impact of this HO-1 polymorphism on clinical outcome after OLT. 

 

 

 

Table 1. Distribution of HO-1 genotype in the livers with initial low or high HO-1 mRNA levels. 

Initial HO-1 expression 

  
Genotype    

(GT)n repeat 

Short allele (SS or SL)   8 (50%)   8 (50%) 
Long allele (LL) 11 (52%) 10 (48%) 1,000 

A(-413)T SNP 

A-carriers (A/A or A/T) 14 (44%) 18 (56%) 
Non-A carriers (T/T)   5 (100%)   0 (0%) 0,046 

*) Genomic DNA for SNP analysis was not available in one donor. 

Low High

(n=19) (n=18)* P value
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ABSTRACT

Granzyme B-positive T lymphocytes infiltrate liver grafts during acute cellular
rejection and cause hepatic injury. The granzyme B-inhibitor protease inhibitor-
9 (PI-9) and the stress-responsive molecule hemeoxygenase-1 (HO-1) are
known for their immune modulating and cytoprotective properties. We investiga-
ted the expression of granzyme B, perforin, PI-9 and HO-1 in liver transplant bio-
psies from patients with acute rejection (n=14), subclinical rejection, showing a
mononuclear cell infiltrate without biochemical and clinical signs of rejection
(n=8), or no acute rejection (n=12). Levels of gene expression were assessed
by real-time PCR in liver biopsies collected at 3 hours and 1 week after trans-
plantation. We found a strong linear correlation between perforin and granzyme
B mRNA levels, supporting a close coupling between these genes. Levels of gran-
zyme B mRNA were significantly increased in both livers with acute cellular rejec-
tion and in livers with subclinical rejection (6.2 and 3.6-times, respectively), indi-
cating an equal potential of cytotoxic infiltrates to damage the graft. In contrast
to liver grafts with acute rejection, livers with subclinical rejection exhibited a sig-
nificantly increased PI-9 expression (3.9-fold) early after transplantation. In addi-
tion, HO-1 expression was significantly increased in livers with subclinical rejec-
tion and acute cellular rejection (1.9 and 3.1-times, respectively). In conclusi-
on, these data suggest that high expression of PI-9 early after transplantation
may protect livers against acute rejection, in spite of cytotoxic cell infiltration.
Given the described cytoprotective effects of HO-1, the enhanced HO-1 expres-
sion in livers with acute rejection may have reduced graft injury.   
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INTRODUCTION

Acute rejection of liver transplants is characterized by infiltration of cytotoxic T
lymphocytes (CTLs) into the graft. Upon recognition and conjugation with target
cells, CTLs release their granule contents into the intercellular space. Via endo-
cytosis, granule cytotoxins enter target cells, and are subsequently released in
the cytoplasm trough perforin-induced rupture of endocytic vesicles 

(1)
. The pre-

dominant granule effector molecule is the serine proteinase granzyme B.
Granzyme B rapidly induces target cell DNA fragmentation and apoptosis, which
is executed by unique cysteine proteases (caspases) 

(2,3)
. Increased activity of

granzyme B has been found during acute cellular rejection episodes of as well as
kidney, heart, lung and liver transplants 

(4-13)
. Although mononuclear cells are fre-

quently found in liver biopsies, the presence of such cytotoxic infiltrates in the
liver, does not always lead to clinically overt rejection of the graft. The inciden-
ce of a liver biopsy proven mononuclear cell infiltration of the graft without dete-
riorating hepatic function, a so-called condition of subclinical rejection, has been
found in 59% of the patients during the first two weeks after orthotopic liver
transplantation (OLT) 

(14)
. Subclinical rejection has also been described after kid-

ney transplantation 
(15)

. In search for a molecular explanation for this apparent
resistance of the graft against the deleterious actions of cytotoxic lymphocytes,
Rowshani et al. 

(15)
recently found that human kidney transplants with subclinical

rejection exhibit a hyperexpression of the protease inhibitor-9 (PI-9) in the tubu-
lar epithelial cells. The cytosolic serpin PI-9 is an effective inhibitor of granzyme
B-mediated cytotoxicity 

(16,17)
. Cells that are transfected with PI-9, are protected

against granzyme B-provoked apoptosis 
(16,17)

. In PI-9 presenting malignant lym-
phomas, PI-9 is considered to protect the tumor against elimination by CTLs 

(18,19)
.

PI-9 is also produced in cells at immune-privileged sites of the body like the pla-
centa, testis, ovary and the eye, and presumably prevents against unwanted
cytotoxicity provoked by activated granzyme-expressing cells 

(20,21)
. Although the

liver is also considered an immune-privileged organ, the expression of PI-9 has
not been studied in liver transplants before.
In addition to PI-9, heme oxygenase-1 (HO-1) has been shown to have anti-
apoptotic and immune modulating cytoprotective properties that may contribute
to the protection of transplanted organs during episodes of acute rejection 

(22-33)
.

HO-1 is a microsomal rate-limiting enzyme that catalyzes the conversion of heme
into carbon monoxide (CO), biliverdin, and ferritin from released free divalent
iron (Fe

2+
) 

(34,35)
. The potent protective properties of HO-1 are ascribed to the

break-down of the pro-oxidant heme molecule, and favorable effects of all three
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catalytic by-products of HO-1 
(31,36-41)

. HO-1 overexpression by means of adenovi-
rus-based HO-1 gene transfer in a rat allogeneic OLT model system, prevented
apoptosis and prolonged liver graft survival via the downstream CO signalling
pathway 

(33)
. Although HO-1 has been investigated during acute rejection episo-

des in human kidney, lung and heart transplantation 
(42-45)

, HO-1 expression pro-
files during episodes of acute cellular rejection and subclinical rejection of human
liver transplants are lacking. 
To elucidate the potential role of PI-9 and HO-1 in the protection against acute
cellular rejection of human liver grafts, we studied the expression of these mole-
cules in biopsies from liver transplants with either no signs of rejection, subclini-
cal rejection or acute rejection.



109CHAPTER 6

P
I-9

 A
N

D
 H

O
-1

: P
O

TEN
TIA

L R
EG

U
LA

TO
R

Y
 M

EC
H

A
N

ISM
S P

R
O

TEC
TIN

G
 A

G
A

IN
ST A

C
U

TE R
EJEC

TIO
N

PATIENTS AND METHODS

Patients and tissue specimens
From 34 liver grafts, biopsies were collected at two different time points accor-
ding to the Groningen liver transplant protocol: immediately after transplantati-
on (approximately 3 hours after reperfusion) and 1 week after transplantation.
Needle biopsies were used for routine diagnostic histological analysis. An aliquot
of the liver tissue was instantly snap-frozen in liquid nitrogen and subsequently
stored at -80°C.
Postoperative immunosuppressive treatment in all patients was based on a rapid
taper of steroids in combination with either tacrolimus or cyclosporine (with
either azathioprine or mycophenolate mofetil). The diagnosis acute cellular rejec-
tion was based on histological findings in liver biopsies according to Banff crite-
ria 

(46)
. Subclinical rejection was defined as the presence of histopathological cha-

racteristics of graft rejection without biochemical evidence of liver graft rejection
(47-49)

. No changes in immunosuppressive treatment protocols were made in
patients with subclinical liver graft rejection. All patients with acute cellular rejec-
tion were treated with either an increased dose of calcineurin inhibitor or bolu-
ses of 1 gram methylprednisolone for 3 days. 
Control liver tissue (n=5) was collected from resections for tumors in non-cirrho-
tic livers. Patients had given written informed consent before sampling of tissue
specimens. 

RNA extraction and reverse-transcriptase polymerase chain reaction
RNA was isolated by using TRIzol (Invitrogen Life Technologies, Breda, the
Netherlands) and quantified with Ribogreen (Molecular Probes, Inc., Eugene, OR,
USA). Reverse transcription was performed on 3.36 μg RNA using random pri-
mers in a final volume of 75 μl (Reverse Transcription System, Promega,
Madison, WI, USA). cDNA levels of granzyme B, heme oxygenase-1 (HO-1), per-
forin and protease inhibitor-9 (PI-9), were measured by real-time polymerase
chain reaction (PCR) using the ABI PRISM 7700 sequence detector (Applied
Biosystems, Foster City, CA, USA). 18S rRNA was used as reference. Nucleotide
sequences of primers (Invitrogen, Paisley, Scotland) and probes (Eurogentec,
Herstal, Belgium) were designed using Primer Express software (PE Applied
Biosystems). Probes were 5' labeled by a 6-carboxy-fluorescein (FAM) reporter
and 3' labeled with a 6-carboxy-tetramethyl-rhodamine (TAMRA) quencher.
Primers and probes are listed in Table 1 

(50,51)
. 
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Serum biochemistry
Serum samples were analyzed for aspartate- and alanine aminotransferase (AST
and ALT) and gamma-glutamyltransferase (γ-GT), by routine clinical chemistry
testing.

Statistical analysis
Data are expressed as median values and interquartile ranges (IQR). Statistical
differences between groups were determined in SPSS Version 12.0 (SPSS Inc.,
Chicago, IL, USA) using Mann Whitney U-test, Pearson Correlation-test, Pearson
X

2
-test and Wilcoxon Signed Rank-test where appropriate. P values were 2-tailed

and statistically significant at a level of < 0.05.  

Table 1. Sequences of primers and probes used for real-time PCR analysis.

Alternative PCR GenBank

Gene name Primers and probes product (bp) accession no. Reference

Granzyme B granzyme2 sense 5'-GAG CCG ACC CAG CAG TTT ATC-3' 106 NM_004131

antisense 5'-GCC TTT CTC TCC AGC TGC AGT-3'

probe 5' FAM-CCC ATC CCC CAT CCA GCC TAT AAT CC-TAMRA 3'

HO-1 HSP32 sense 5'-GAC TGC GTT CCT GCT CAA CAT-3' 75 NM_002133 (50)

HMOX1 antisense 5'-GCT CTG GTC CTT GGT GTC ATG-3'

probe 5' FAM-TCA GCA GCT CCT GCA ACT CCT CAA AGA G-TAMRA 3'

Perforin perforin1 sense 5'-TCC TAA GCC CAC CAG CAA TG-3' 89 NM_005041

antisense 5'-TGG TCC TGG TGG GTC TTC TG-3'

probe 5' FAM-TCT GTG GCC GGC TCA CAC TCA CAG-TAMRA 3'

PI-9 SERPINB9 sense 5'-GGC AGG TTC TCA TCG CCA TA-3' 135 NM_004155

antisense 5'-GGA ATC TGC CCT CAT CTT TGC-3'

probe 5' FAM-CTC TTC CTG TGT CCC CAG ATC CCC ACT-TAMRA 3'

18S sense 5'-CGG CTA CCA CAT CCA AGG A-3' 109 X03205 (51)

antisense 5'-CCA ATT ACA GGG CCT CGA AA-3'

probe 5' FAM-CGC GCA AAT TAC CCA CTC CCG A-TAMRA 3'
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RESULTS

Patient demographics
Characteristics of donors, recipients, and surgical data are listed in Table 2. Acute
cellular rejection of the transplanted liver was found in 14 patients. Twelve grafts
showed no evidence of acute rejection. In 8 patients subclinical rejection of the
liver graft was diagnosed. Patients with acute cellular rejection demonstrated sig-
nificantly higher levels of serum γ-GT than patients with subclinical liver graft
rejection or stable transplant function at one week after transplantation (Table
2). Also serum ALT levels at 1 week were significantly higher during acute cellu-

Table 2. Comparison of donor, recipient and surgical variables in groups of liver grafts without rejection, subclinical rejection and acute rejection.

No rejection Subclinical rejection Acute rejection

(n = 12) (n = 8) (n = 14)

Donor variables

Age (years; median [IQR]) 41 (21-60) 41 (36-48) 48 (37-61)

Gender (Male/Female) 2/10 6/2* 3/11

Causes of death (number [%])

Intracerebral bleeding or infarction 6 6 7

Trauma 4 1 2

Meningitis 2 1 3

Other 0 0 2

AST (U/L; median [IQR])
a

21 (17-125) 27 (22-147) 42 (20-87)

ALT (U/L; median [IQR])
b

19 (11-52) 20 (14-59) 28 (19-42)

γ-GT (U/L; median [IQR])
c

15 (8-22) 55 (20-126 21 (15-58)

Total bilirubin (U/L; median [IQR]) 6.0 (0.4-12.0) 18.5 (7.6-43.8) 7.9 (5.0-15.5)

Recipient variables

Age (years; median [IQR]) 50 (43-57) 36 (28-54) 36 (27-48)

Gender (Male/Female) 8/4 5/3 5/9

Disease (number [%])

Postnecrotic cirrhosis 7 (58%) 3 (38%) 10 (71%)

hepatitis C virus 1 0 4

hepatitis B virus 2 1 0

autoimmune hepatitis 1 2 2

liver cirrhosis n.o.s. 3 0 2

alcoholic liver cirrhosis 0 0 2

Biliary cirrhosis 4 (33%) 4 (50%) 2 (14%)

primary sclerosing cholangitis 2 2 2

primary biliary cirrhosis 1 2 0

biliary liver cirrhosis 1 0 0

Metabolic disorder 0 1 (13%) 1 (7%)

familial amyloid polyneuropathy 0 1 0

M. Wilson 0 0 1

Miscellaneous
d

1 (8%) 0 1 (7%)

Serum biochemistry

AST, postoperative day 1, POD 1 (U/L; median [IQR]) 764 (324-1089) 857 (571-4098) 507 (269-817)

ALT, POD 1 (U/L; median [IQR]) 593 (316-941) 953 (653-5184) 525 (238-767)

γ-GT, POD 1 (U/L; median [IQR]) 51 (28-58) 53 (40-105) 61 (30-88)

AST at 1 week (U/L; median [IQR]) 55 (34-134) 122 (78-145) 199 (55-219)

ALT at 1 week (U/L; median [IQR]) 64 (39-124) 31 (26-73) 76** (43-101)

γ-GT at 1 week (U/L; median [IQR]) 105 (64-223) 107 (83-200) 268*** (181-432)

Postoperative immunosuppressive treatment

cyclosporine-based 3 (25%) 4 (50%) 5 (36%)

tacrolimus-based 9 (75%) 4 (50%) 9 (64%)

Surgical variables

Cold Ischemia Time (minutes; median [IQR]) 448 (415-543) 485 (415-617) 595 (454-668)

Warm Ischemia Time (minutes; median [IQR]) 45 (39-53) 50 (39-56) 45 (39-50)

a) AST: aspartate aminotransferase.

b) ALT: alanine aminotransferase.

c) γ−GT: gamma glutamyltransferase.

d) Miscellaneous: M. Budd Chiari (n=1), Polycystic liver (n=1).

*P < 0.05, compared to the distribution of donor gender in the group of liver grafts without rejection and acute rejection.

**P < 0.05, compared to the serum ALT levels in the group of liver grafts with subclinical rejection.

***P < 0.05, compared to the serum γ-GT levels in the group of liver grafts without rejection and subclinical rejection.
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lar rejection than in subclinical rejection (Table 2). Serum parameters of hepato-
biliary injury did not differ between patients without rejection and subclinical liver
graft rejection. These findings suggest that the cytotoxic cell infiltration of the
liver graft is kept silent in subclinical rejection. 
Donor variables, including biochemical parameters of liver injury and liver func-
tion, were similar for the three groups, except for donor gender distribution.
There were also no differences in cold ischemia and warm ischemia times or
ischemia/reperfusion injury, as expressed by serum AST, ALT and γ-GT on post-
operative day 1 (Table 2). 
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Figure 1. Relative granzyme B mRNA levels in control livers (n=5) and liver transplants (n=34) at 3 hours and 1
week after transplantation. Based on findings in 1 week liver biopsies and serum biochemistry, livers were catego-
rized into grafts without rejection (panel A, n=12), subclinical rejection (panel B, n=8) and acute rejection (panel
C, n=14). Granzyme B mRNA levels were standardized for 18S rRNA. Granzyme B mRNA levels in control livers were
set to 1.0. Values represent medians and interquartile ranges. *P < 0.02, compared to the levels at 3 hours after
OLT. †P < 0.03, compared to normal controls.
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Expression of perforin and granzyme B in liver grafts
Compared to normal controls, expression levels of granzyme B mRNA were
strongly increased in both liver grafts with subclinical and clinical acute cellular
rejection (about 3.6 and 6.2-times, respectively, Figure 1B and C). This indicates
that the potential of infiltrating cytotoxic cells to damage the graft is equally pre-
sent during early subclinical and clinical rejection. Levels of perforin expression
were substantially increased (about 2.3-fold) in liver grafts with acute cellular
rejection (Figure 2C). Because of the supposition that perforin and granzyme B
collaborate to induce target cell demise, we directly compared mRNA levels of
both genes. A strong positive linear correlation between perforin and granzyme 

Figure 2. Relative perforin mRNA levels in control livers (n=5) and liver transplants (n=34) at 3 hours and 1 week
after transplantation. Based on findings in 1 week liver biopsies and serum biochemistry, livers were categorized
into grafts without rejection (panel A, n=12), subclinical rejection (panel B, n=8) and acute rejection (panel C,
n=14). Perforin mRNA levels were standardized for 18S rRNA. Perforin mRNA levels in control livers were set to
1.0. Values represent medians and interquartile ranges. *P < 0.05, compared to levels at 3 hours after OLT. †P <
0.03, compared to levels in normal controls. 
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B mRNA levels was found at 1 week after OLT (Figure 3). This relationship sug-
gests a close coupling between perforin and granzyme B, and supports a similar
mode of regulation.

Increased expression of PI-9 during transplantation may protect liver
grafts against early acute rejection
Early after transplantation, the expression of the granzyme B inhibitor PI-9 was
significantly increased (about 3.9-fold) in grafts which subsequently developed
subclinical rejection, but not in grafts which developed clinically overt acute
rejection (Figure 4). In all liver grafts, PI-9 expression decreased later after
transplantation, approaching control values at one week postoperatively (Figure
4). These data suggest that liver grafts with hyperexpression of PI-9 very early
after transplantation are better protected against the detrimental effects of graft
infiltrating cytotoxic T-cells, leading to subclinical rejection of otherwise rejected
liver grafts.
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Figure 3. Relation between Perforin and Granzyme B mRNA levels in liver grafts 1 week after OLT (n=34).
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HO-1 expression remains strongly enhanced during early acute rejec-
tion
Early after transplantation, HO-1 mRNA levels in liver grafts which developed no
rejection, subclinical rejection or acute rejection were 2.5, 4.7 and 3.5-times hig-
her compared to control values, respectively (Figures 5A-C). At one week after
transplantation, HO-1 expression had significantly decreased in liver grafts wit-
hout rejection or with subclinical rejection (by 32% and 59%, respectively;
Figure 5A and B).  Although HO-1 expression levels at one week after transplan-
tation in liver grafts without rejection did not differ significantly from values in
normal controls, levels remained slightly (about 1.9-fold) elevated in livers with
subclinical rejection. In contrast with this, levels of HO-1 expression in livers with
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Figure 4. Relative PI-9 mRNA levels in control livers (n=5) and liver transplants (n=34) at 3 hours and 1 week
after transplantation. Based on findings in 1 week liver biopsies and serum biochemistry, livers were categorized
into grafts without rejection (panel A, n=12), subclinical rejection (panel B, n=8) and acute rejection (panel C,
n=14). PI-9 mRNA levels were standardized for 18S rRNA. PI-9 mRNA levels in control livers were set to 1.0. Values
represent medians and interquartile ranges. *P < 0.05, compared to levels at 3 hours after OLT. †P < 0.05, com-
pared to levels in normal controls.
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acute cellular rejection did not decrease and continued to be strongly elevated
at one week after transplantation (Figure 5C). 
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Figure 5. Relative HO-1 mRNA levels in control livers (n=5) and liver transplants (n=34) at 3 hours and 1 week
after transplantation. Based on findings in 1 week liver biopsies and serum biochemistry, livers were categorized
into grafts without rejection (panel A, n=12), subclinical rejection (panel B, n=8) and acute rejection (panel C,
n=14). HO-1 mRNA levels were standardized for 18S rRNA. HO-1 mRNA levels in control livers were set to 1.0.
Values represent medians and interquartile ranges. *P <0.05, compared to levels in control livers. †P < 0.006, com-
pared to levels in control livers. ‡P < 0.05, compared to levels at 3 hours after transplantation.
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DISCUSSION

We have investigated the cytoprotective molecules PI-9 and HO-1 in early
(sub)clinical acute rejection of human liver grafts. The main finding of our study
is that in subclinically rejected liver grafts, PI-9 expression was strongly increa-
sed early after transplantation. We speculate that initial high levels of PI-9 may
have protected the graft against the subsequent development of acute cellular
rejection. Furthermore we found that HO-1 expression levels were substantially
increased in both subclinical and rejected liver grafts.
Early acute cellular rejection is a cell-mediated immune response consisting,
among others, of cytotoxicity mediated by granzyme B-positive T lymphocytes
(CTLs). Granzyme B closely collaborates with perforin to destruct target cells 

(52)
.

Perforin is essential for membrane lysis of target cells so that granzyme B is able
to enter these cells and provoke DNA fragmentation and apoptosis 

(2,53-55)
. We

could clearly demonstrate a strong positive correlation between perforin and
granzyme B expression levels. This relationship supports the concept of a tight
coupling between the two molecules in human livers, and supports the supposi-
tion that perforin and granzyme B are partners in the generation of target cell
demise. The parallel expression of perforin and granzyme B also propose that
both genes are coordinately regulated. Regulation of perforin and granzyme B
may be controlled by the transcription factor Eomesodermin (Eomes) 

(56)
.

Several studies have demonstrated that high levels of granzyme B in liver grafts
are indicative for acute cellular rejection 

(7,57)
. The presence of cytotoxic cell infil-

trates in the liver, however, does not always lead to overt rejection. Patients with
subclinical graft rejection have a stable liver function despite hepatotoxic cell
infiltration. We found significantly increased levels of granzyme B expression in
liver grafts from both patients with subclinical rejection and acute rejection. This
suggests that the potential of cytotoxic T-cell infiltrates to damage the graft in
subclinical rejection and acute rejection is comparable. An explanation for the
difference in outcome may be that during the development of subclinical rejec-
tion, deleterious effects of cytotoxic infiltrates are kept silent by the action of pro-
tective molecules, while in rejecting livers detrimental CTL activity remains unan-
tagonized. The initial expression levels of the granzyme B inhibitor PI-9 were sig-
nificantly increased during the transplantation of liver grafts which subsequently
developed subclinical rejection. We speculate that the initial hyperexpression of
PI-9 during OLT may act as a regulatory mechanism, protecting liver grafts
against the development of early acute cellular rejection. Rowshani et al. 

(15)

recently observed increased PI-9 expression levels in human kidney transplants
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with subclinical rejection, and these authors also suggested that high expressi-
on of PI-9 could have served to protect renal allografts from early acute rejecti-
on. PI-9 is a cytosolic serpin which mediates cytoprotection via several anti-
apoptotic and anti-inflammatory actions. Next to inhibition of pro-apoptotic gran-
zyme B activity, PI-9 has also been shown to effectively inhibit several caspases
like caspase 1 (interleukin (IL)-1β-converting enzyme), resulting in a reduced
production of the pro-inflammatory cytokine IL-1β

(58,59)
. In insulin-producing β-

cells, retrovirally transduced PI-9 has been shown to provide significant protec-
tion against cytokine-induced apoptosis 

(60)
. In endothelial cells, PI-9 has been

demonstrated to protect against elastase-mediated degradation during neutro-
phil extravasation 

(61)
.

When comparing clinical variables between the groups with acute rejection or
subclinical rejection, we could not find an explanation for the initial high upregu-
lation of PI-9 in some liver grafts. Others have recently shown that TNFα is a
potent inducer of PI-9 mRNA expression in a human hepatoma cell-line 

(62)
. We,

therefore, postulate that the increased PI-9 activity may have been caused by
ischemia/reperfusion induced TNFα activity. Further studies will be necessary to
elucidate the mechanisms of endogenous PI-9 induction in human liver grafts.
Next to PI-9, HO-1 has been proposed to protect organ transplants against the
damaging effects of acute cellular rejection. Several studies in rodents have
shown that adenoviral HO-1 gene transfer 

(33)
, or administration of CO, a by-pro-

duct of HO-1 activity, improves graft survival via anti-inflammotory and anti-
apoptotic effects 

(26,31,32)
. HO-1 expression is induced after various stressful stimu-

li and is considered one of the most sensitive indicators of cellular oxidative
stress both in vivo and in vitro 

(33,34)
. The observed strong upregulation of HO-1

in all three categories of liver grafts during OLT is likely due to the
ischemia/reperfusion related oxidative stress 

(50)
. After transplantation, HO-1

expression levels remained substantially increased in both livers with subclinical
rejection and livers with overt acute cellular rejection. Our findings are in line
with studies performed in patients after lung, kidney or heart transplants, in
whom also increased HO-1 expression has been found during acute rejection epi-
sodes 

(45,63,64)
. 

In conclusion, we have shown that hyperexpression of PI-9 early after transplan-
tation is associated with the occurrence of subclinical rejection and that HO-1
expression is enhanced during both subclinical and overt acute rejection of liver
grafts. These findings suggest that PI-9 and HO-1 have a regulatory role in the
pathophysiology of early (sub)clinical acute liver graft rejection. We postulate
that hyperexpression of PI-9 early after transplantation may serve as a mecha-
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nism protecting against the detrimental effects of graft infiltrating cytotoxic cells
during acute rejection.       
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INTRODUCTION

The liver plays an important role in the metabolism of carbohydrates, fats and

several proteins. It is the main producer of plasma proteins such as albumin and

coagulation factors 
(1)

. Next to uptake and synthesis, the liver excretes a range

of compounds like bile salts, phospholipids, cholesterol, bilirubin and xenobiotics,

via bile 
(2)

. Bile formation is an important function of the liver. Bile functions as

an escape route of excess, waste and toxic compounds and is necessary for effi-

cient digestion and absorption of fats and fat-soluble vitamins in the intestine 
(3,4)

.

Bile flow mainly depends on the active secretion of bile salts into bile canaliculi

by the hepatocytes 
(5-7)

. Bile salts are synthesized in hepatocytes from choleste-

rol 
(8,9)

. The secretion of bile salts and cholesterol into bile is under normal cir-

cumstances accompanied by the excretion of phospholipids 
(10,11)

. Together, bile

salts, phospolipids and cholesterol form mixed micelles in bile. Bile salts are

potent detergents that keep hydrophobic compounds, such as cholesterol in

solution and aid in their secretion or absorption 
(12)

. The detergent properties of

bile salts in turn, are neutralized by phospholipids 
(13)

. Secretion of bile salts and

phospholipids into bile is an active process, mediated by the ATP binding casset-

te (ABC)-transporter proteins BSEP (bile salt export pump) and MDR3 (multidrug

resistance protein type 3), respectively. These transporters are located in the

canalicular hepatocyte membrane that faces the bile 
(14-17)

. Several animal expe-

riments have suggested that the ABC half-transporters Abcg5 and Abcg8 are res-

ponsible for the biliary secretion of cholesterol 
(18-21)

. Cholesterol fulfills an essen-

tial role in the body. It is the precursor of steroid hormones and bile salts, and

forms an important constituent of (intra) cellular membranes. Cholesterol is

obtained through dietary intake and endogenous synthesis, the latter being the

major source in humans 
(22)

. A well balanced cholesterol homeostasis is essenti-

al. High plasma cholesterol concentrations, especially in the Low-Density-

Lipoprotein (LDL) fraction (the so-called "bad cholesterol"), are associated with

an increased risk for the development of atherosclerosis and may eventually lead

to ischemic vascular disease. The removal of excess cholesterol from the body is

performed by a complex network of tightly regulated pathways. For the biliary

excretion of cholesterol, hepatic Abcg5/Abcg8 transporters are believed to be

important mediators.       

Several viruses, autoimmune diseases, drugs and inherited intrahepatic cholesta-

tic syndromes can affect normal liver physiology and cause hepatic failure and

disease. Patients with end-stage liver disease may ultimately require an orthoto-

pic liver transplantation (OLT). OLT is associated with ischemia/reperfusion (I/R)



127CHAPTER 7

S
U

M
M

A
R

IZ
IN

G
D

IS
C

U
S

S
IO

N

which represents a continuum of harmful processes that may culminate into

compromised donor liver function. It is increasingly recognized that cells respond

to I/R by activation of various cytoprotective pathways such as the hemoxyge-

nase-1 (HO-1) system. HO-1 has been proposed as a graft survival gene 
(23-26)

,

and is suggested to exert four major protective properties: (i) antioxidant func-

tion, (ii) maintenance of microcirculation, (iii) modulatory function upon the cell

cycle, and (iiii) anti-inflammatory function 
(27)

. HO-1 forms the rate-limiting step

in the enzymatic conversion of heme into CO, Fe
2+

and bilirubin 
(28)

. Protective

properties of HO-1 are thought to result from the elimination of heme, and the

function of its downstream biologically active mediators 
(29,30)

. Although the down-

stream molecules have cytoprotective properties, at high concentrations all of

them are cytotoxic 
(31-34)

. 

Liver transplantation may postoperatively be accompanied by acute cellular

rejection of the graft. Acute cellular rejection is characterized by the infiltration

of granzyme B-positive cytotoxic T lymphocytes (CTLs) into the transplanted liver

that cause inflammation with subsistent hepatobiliary damage 
(35)

. CTLs can indu-

ce injury via the granule exocytosis route in which the perforin/granzyme-B

molecules collaborate to induce target cell apoptosis (programmed cell death).

In this pathway, perforin creates transmembrane pores through which granzy-

me-B can enter the target cell, and cause target cell demise 
(36)

. Activity of gran-

zyme-B can be blocked by the endogenous protease inhibitor-9 (PI-9) 
(37,38)

. It is

suggested that an overexpression of PI-9 in the graft could resist a fatal attrac-

tion of CTLs, and provide an explanation for the phenomenon of subclinical rejec-

tion in human kidney transplantation 
(39)

.

In chapter 1 an overview is given of the current knowledge of several ABC

transporters that play an important role in the recovery of normal liver physiolo-

gy after transplantation, and of the cytoprotective molecules HO-1 and PI-9

which may protect the graft against the detrimental effects of I/R and for graft

infiltrating CTLs during the development of early acute rejection.  

In humans, alternative pathways of hepatobiliary cholesterol secre-

tion exist that are not controlled by ABCG5/ABCG8

The molecular mechanisms that are involved in biliary cholesterol secretion have

been studied extensively 
(40,41)

. Nowadays, it is assumed that Abcg5 and Abcg8

are critically involved in this process 
(42,43)

. Animal experiments have shown that

Abcg5 and Abcg8 are coordinately regulated and dimerize into a functional trans-

porter 
(44-49)

. Strong relationships between hepatic Abcg5/Abcg8 mRNA levels and

biliary cholesterol secretion rates in (genetically-modified) mice, have indicated
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a high degree of control exerted by this transporter pair 
(50-55)

. In the study des-

cribed in chapter 2 we have examined the relationship between hepatic

ABCG5/ABCG8 expression and biliary cholesterol secretion in OLT patients to

assess the role of these transporters in biliary cholesterol secretion in the human

situation. Postoperatively, bile samples were collected daily during the first two

postoperative weeks to determine bile composition. ABCG5 and ABCG8 gene

expression was assessed by real time PCR in liver biopsies that were collected

during and one week after transplantation. Hepatic ABCG5 and ABCG8 mRNA

levels were strongly correlated, supporting the concept of a coordinated regula-

tion of both genes and heterodimerization of both proteins into a functional

transporter. After transplantation, biliary cholesterol secretion continuously inc-

reased. Hepatic mRNA levels of ABCG5 and ABCG8 however, remained unaffec-

ted in time. Surprisingly, we could not find a correlation between hepatic expres-

sion of ABCG5/ABCG8 and biliary cholesterol secretion rates. On basis of these

findings we suggested that, although the biliary secretion of cholesterol may be

mediated by ABCG5/ABCG8, this step does not seam to be rate-controlling in the

overall process. Moreover, it may very well be that alternative, ABCG5/ABCG8-

independent processes are involved. Recent studies in mice showed that choles-

terol secretion in bile might be facilitated by PXR target genes 
(56,57)

. PXR target

genes may be involved in the modulation of the activity of ABCG5/G8 transpor-

ters or could constitute an alternative cholesterol secretion pathway. In this res-

pect it is important to note that, while in Abcg5
-/-

/Abcg8
-/-

mice the biliary choles-

terol levels are extremely low compared to wild type mice 
(58)

, the secretion of

cholesterol and other sterols in bile is reduced by only ~50% in patients with

sitosterolemia compared to healthy individuals 
(59)

. This residual biliary sterol

secretion in sitosterolemic patients 
(60)

, and the absence of a relationship between

hepatic ABCG5/G8 expression and biliary cholesterol secretion in OLT patients,

supports the concept of the presence of additional cholesterol transport mecha-

nisms that may operate in parallel to ABCG5 and ABCG8.

Rapid recovery of bile salt secretion after liver transplantation induces

bile duct injury

After OLT, graft function gradually recovers as is reflected by an increase of bile

formation during the first two postoperative weeks 
(61-63)

. Although hepatocellular

injury rapidly diminishes after the operation, serum γ-glutamyltransferase (γ-GT)

and alkaline phosphatase (ALP) levels, reflecting biliary injury, typically continue

to increase through the second postoperative week and then progressively decli-

ne 
(64,65)

. Based on the pathophysiology of the disease Progressive Familial



Intrahepatic Cholestasis type 3 (PFIC3), as well as that of Mdr2
-/-

(homologue of

MDR3) knockout mice, we hypothesized that changes in bile composition early

after OLT, could be involved in the origin of bile duct injury 
(66-68)

. Histological and

biochemical evidence of bile duct injury was studied in a group of 28 liver trans-

plant patients in relation to MDR3 and BSEP expression and bile composition.

The findings of this study are explicated in detail in chapter 3. We found that,

immediately after transplantation, bile salt secretion increased more rapidly than

phospholipid secretion, resulting in high BS/PL ratios early postoperative. In

parallel with this, mRNA levels of BSEP increased significantly after transplanta-

tion, whereas MDR3 mRNA levels remained unchanged. The release of γ-GT and

ALP enzymes into bile, which was used as a biochemical measure of actual cel-

lular injury over time, strongly related to biliary bile salt secretion rates. On his-

tological examinations, intrahepatic bile duct damage, ductular proliferation and

cholestasis were seen more often in association with high biliary BS/PL ratios.

This study demonstrated that endogenous bile salts may play a role in the patho-

genesis of early intrahepatic bile duct injury which invariably occurs during the

first 2 to 3 weeks after liver transplantation. We therefore speculated that an

enhanced canalicular transport of bile salts in proportion to phospholipids into

bile could possibly also explain some of the incomprehensive forms of biliary lesi-

ons occurring at more prolonged intervals after OLT. 

Hemoxygenase-1 expression before liver transplantation correlates

with graft injury and function early after transplantation

In chapters 4 and 5 we studied the role of endogenous HO-1 expression in

human liver transplants in relation to early postoperative graft injury and functi-

on. Hepatic HO-1 expression was measured (i) at the end of cold ischemic pre-

servation of the liver (before transplantation), (ii) 3 hours after onset of reperfu-

sion of the graft and (iii) at one week after OLT. Before transplantation, median

HO-1 mRNA levels were 3.4-times higher (range: 0.7-9.3-fold) than in normal

control livers. To be able to identify donor variables that are associated with HO-

1 induction, and to study the possible impact of HO-1 on I/R injury and graft via-

bility after transplantation, we divided liver grafts into two groups based on the

median upregulation of HO-1 before transplantation (i.e. lower or higher than a

3.4-fold upregulation compared to controls). Several donor variables and labora-

tory values were analyzed in an attempt to explain the wide variation in HO-1

expression levels before OLT. Differences in HO-1 expression, could not simply

be explained by a larger number of compromised donors in the group with high

HO-1 expression. Moreover, factors that point out major hemodynamic alterati-

129
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ons in the donor and several surgical variables, were similarly distributed among

the two donor groups. The variation in initial HO-1 expression also could not be

explained by a well described (GT)n dinucleotide repeat length polymorphism in

the promoter region of the HO-1 gene. However, in an additional study we have

later shown that another polymorphism of the HO-1 promoter, the A(-413)T sin-

gle nucleotide polymorphism (SNP), is the only factor that may discriminate livers

with initial high HO-1 mRNA levels from livers with initial low HO-1 expression

levels (chapter 5). Others have recently suggested that HO-1 is upregulated as

a consequence of brain death 
(69,70)

. Brain death is a known stress factor able to

induce an inflammatory response in various target organs via yet incompletely

understood mechanisms 
(71)

. Whether increased HO-1 expression is a direct result

of brain death, or a secondary event in response to the inflammation evoked by

brain death, is also unknown 
(72,73)

. In our study, all donor livers were obtained

from brain death, multi-organ donors. Although the exact mechanisms of HO-1

induction are yet undefined, we suggest that the degree of HO-1 upregulation in

donor livers may be affected by the A(-413)T SNP polymorphism of the HO-1

promoter. 

Although there was no relationship between HO-1 expression and serum aspar-

tate aminotransferase (AST) levels in donors, we found strong positive correlati-

ons between serum AST levels on postoperative day 1 and HO-1 expression

levels before OLT in recipients. Surprisingly, liver grafts with an initial high (>3.4-

fold) HO-1 expression before transplantation exhibited more I/R injury and

showed poorer hepatobiliary function after transplantation than grafts with an

initial low (<3.4-fold) HO-1 expression. Although downstream mediators of HO-

1 have protective properties, at high concentrations each of them are detrimen-

tal 
(74-78)

. We therefore assume that the exaggerated HO-1 activity in the initial

high HO-1 expression group before transplantation increased hepatic injury

through detrimental effects of downstream HO-1 "effector" molecules, resulting

in a higher susceptibility to I/R injury.

Interestingly, we found that, in the initial low HO-1 expression group, HO-1

mRNA levels significantly increased after reperfusion of the graft, while in the ini-

tial high HO-1 expression group, HO-1 mRNA levels significantly decreased after

recirculation. To study possible effects of HO-1 induction upon reperfusion, we

also categorized groups based on the ability to increase HO-1 expression during

reperfusion of the liver graft. In this analysis, serum AST levels immediately after

OLT were significantly lower in the group with HO-1 induction compared to livers

without upregulation of HO-1 upon reperfusion. This suggests that the ability to

induce HO-1 expression at the time of graft reperfusion may still confer protec-
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tion. Further research will be necessary to determine what is more important: a

low expression of HO-1 before OLT, or the ability to induce HO-1 at the time of

graft reperfusion. 

Using immunofluorescence microscopy, we could identify Kupffer cells as the pre-

dominant HO-1 expressing cells. Through morphometrical analysis, we observed

that all Kupffer cells were recruited to express HO-1 after reperfusion of the

graft. It has been suggested that Kupffer cells may serve as sensor cells detec-

ting local hemodynamic changes in sinusoids, which invariably occurs in OLT. By

means of increasing HO-1 activity Kupffer cells can produce the vasorelaxing CO,

and maintain microvascular blood flow in the liver 
(79-81)

. Despite these properties,

it is well known that Kupffer cells play a critical role in the pathogenesis of I/R

injury through the production of reactive oxygen species (ROS) and cytokines
(82,83)

. Our finding that high HO-1 expression before OLT is associated with increa-

sed hepatic injury after OLT could, therefore, possibly be explained by a preex-

isting activation of Kupffer cells.

Although there is a large body of evidence obtained from transplant experiments

in animals suggesting that exogenously upregulated HO-1 confers protection

against I/R injury 
(84-86)

, our findings caution against an uncontrolled exogenous

upregulation of HO-1 in human donors as a measure to reduce I/R injury. We

assume that an exogenous induction of HO-1 in post-mortem organ donors will

further increase an already elevated HO-1 expression, leading to more cell dama-

ge instead of less. Pharmaceutic interventions should, therefore, rather be aimed

at induction of HO-1 during transplantation, and not at upregulation of HO-1

prior to transplantation.   

Hyperexpression of PI-9 during transplantation may protect liver

grafts against early acute cellular rejection

In chapter 6 we have studied the expression of the cytoprotective molecules PI-

9 and HO-1 in the development of early subclinical rejection of the graft.

Although graft infiltrating granzyme B-positive CTLs induce hepatic injury during

early acute cellular rejection, in early subclinical rejected livers such cytotoxic cell

infiltrates do not cause overt graft rejection. Patients with early subclinical rejec-

ted livers do not show clinical and biochemical signs of rejection-associated graft

injury. Apparently during the development of subclinical rejection the activity of

graft infiltrating CTLs is kept silent. Based on the known potent immune-modu-

lating properties of either the granzyme B-inhibitor PI-9 and the stress-responsi-

ve molecule HO-1, we hypothesized that both molecules play a role in the pro-

tection of early subclinical rejected liver grafts 
(87-93)

. Expression of perforin, gran-
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zyme B, PI-9 and HO-1 was assessed by real-time PCR in liver biopsies that were

collected during and 1 week after transplantation. The diagnosis acute rejection

was based on histological findings in liver samples according to Banff criteria 
(94)

.

Patients with subclinical rejection of the liver demonstrated histopathological

characteristics of graft rejection without biochemical or clinical evidence of liver

graft rejection. No changes in immunosuppresive treatment protocols were made

in patients with early subclinical liver graft rejection. All patients with early acute

rejection were treated with either an increased dose of calcineurin inhibitor or

boluses of 1 gram methylprednisilone for 3 days. 

Perforin and granzyme B expression levels demonstrated a strong positive linear

correlation, supporting a close coupling between the pore-forming perforin and

the pro-apoptotic granzyme B and suggesting a similar mode of regulation.

Granzyme B mRNA levels were significantly increased in both early clinical and

subclinical rejected liver grafts (6.2 and 3.6-times, respectively), indicating an

equal potential of cytotoxic T cell infiltrates to damage the graft. Interestingly,

we observed that in liver grafts developing early subclinical rejection, PI-9

expression levels were strongly increased (about 3.9-times) during the trans-

plantation operation. We speculate that these initial high expression levels of PI-

9 during OLT may have protected liver grafts against the deleterious activities of

granzyme B-positive cytotoxic cell infiltrates during the first postoperative week.

This may mean that initial hyperexpression of PI-9 could be a mechanism that

leads to early subclinical rejection of otherwise early rejected liver grafts. In early

subclinical and clinical acute rejection, HO-1 expression levels were substantial-

ly increased (1.9 and 3.1-times, respectively). Whether the induced HO-1

expression in both early subclinical and rejected liver grafts has been protective

is unclear. Given the described cytoprotective properties of HO-1 at relative low

induced expression levels 
(95)

, the enhanced HO-1 expression in both early sub-

clinical and rejected liver grafts may have limited graft injury.   
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CONCLUSIONS AND PERSPECTIVES

During the past 10 to 15 years, our understanding of hepatic molecular biology

has progressed importantly. Because of rapid developments in this field, we

nowadays better understand the pathophysiological events occurring in liver

transplantation. In the research studies that formed the basis of this thesis, we

focussed on the recovery of hepatobiliary function as well as the role of potenti-

al endogenous protective genes and pathways in human liver transplants. The

discovery of endogenous cytoprotective molecules like the HO-1 and PI-9 sys-

tem, are of great importance. Knowledge of such proteins may be useful for the

generation of future prevention or therapeutic interventions to counteract I/R

injury or acute rejection after OLT. The research described in this thesis focuses

on such postulated novel targets genes, and may provide a basis for pharmaco-

logical intervention studies. One postulated novel target in reducing I/R injury is

the HO-1 system. Many animal experiments have advocated HO-1 induction prior

to transplantation as an important measure to decrease I/R injury. In the clinical

situation, however, we found that HO-1 is already upregulated before OLT.

Surprisingly, high HO-1 expression was associated with even worse postoperati-

ve outcome. In our opinion, upregulation of HO-1 prior to transplantation could

therefore even enhance detrimental effects of I/R instead of conferring cytopro-

tection. Since less hepatic injury was found when HO-1 increased during trans-

plantation, we believe that beneficial effects may be achieved when HO-1 is

pharmacologically induced during the transplantation procedure. Considering our

observations, we caution against an uncontrolled use of HO-1 promotors. Further

investigations on the HO-1 system in transplantation will be needed before phar-

maceutical interventions are applicable in clinical situations.

A new target gene in the prevention of the development of early acute cellular

rejection may be the cytosolic serpin PI-9. Several studies in rodents and cell-

lines have shown the effective inhibitory actions of PI-9 in granzyme B-positive

T cell mediated cytotoxicity. The initial hyperexpression of PI-9, which we have

observed in subclinically rejecting liver grafts suggest that PI-9 could offer a pro-

tective route against the development of early acute cellular rejection. Further

investigations on the PI-9 system will be needed to unravel its role in transplan-

tation.     

After transplantation, we found that the recuperation of bile salt secretion, an

important liver function, paradoxically amplifies biliary I/R injury. Although bile

salt secretion generates bile flow, we suggest that it also provokes bile duct inju-

ry. We have shown that postoperative recovery of bile salt secretion occurred fas-
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ter than phospholipid secretion. The presence of unantagonized endogenous bile

salts in bile presumably leads to the formation of bile with a detrimental compo-

sition and is responsible for additional biliary damage. Differences between phos-

pholipid and bile salt secretion rates are likely due to delayed postoperative reco-

very of MDR3 activity compared to BSEP transporter function. Based on our fin-

dings, we hypothesize that endogenous bile salts could also play a role in the

pathogenesis of non-anastomotic biliary strictures (NAS), which comprise a col-

lection of clinical complications, characterized by intrahepatic bile duct strictures

and dilatations, with or without cast formation, occurring at more prolonged

intervals after OLT. Future research should focus on transporter expression and

bile composition in patients suffering from NAS. 

Next to bile salts and phospholipids, cholesterol is an important bile constituent.

In the last decade, research has focussed on canalicular transmembrane trans-

port of cholesterol. Several animal studies have suggested that Abcg5 and Abcg8

are in tight control of the biliary cholesterol secretion. Although we observed a

strong correlation between the expression of ABCG5 and ABCG8 in humans, we

could not find a direct relation between ABCG5/ABCG8 expression and hepatobi-

liary cholesterol secretion after OLT. Our findings suggest that in humans diffe-

rent or perhaps parallel mechanisms of hepatobiliary cholesterol secretion may

be operational which are not controlled by ABCG5/ABCG8. Clearly, hepatic cho-

lesterol secretion routes in man remains indefinite. More research therefore is

needed to define alternative molecular pathways of biliary cholesterol secretion

in man.   

In conclusion, studies on the molecular changes in hepatobiliary function and

injury after OLT have provided us important new insights in the pathophysiolo-

gical processes associated with liver transplantation. Better understanding of

these processes not only enables us to identify novel preventive and therapeutic

strategies to improve liver graft function after OLT, but also provides important

knowledge that can be extrapolated beyond the field of transplantation. In this

respect it remains important to realize that pathophysiological processes in

humans may differ substantially from that in rodents, as shown in two of the stu-

dies described in this thesis. Patient oriented research therefore remains the ulti-

mate proof of concepts and disease mechanisms relevant for advancing modern

health care. 
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INLEIDING

De lever vervult een belangrijke rol in de stofwisseling van het lichaam. De lever

betsaat uit diverse celtypen die elk hun eigen functie hebben. De hepatocyten

zijn het meest frequent voorkomende celtype in de lever. Ongeveer 80% van de

cellen in de lever zijn hepatocyten. Hepatocyten zijn gepolariseerde cellen. Dit

wil zeggen dat een deel van de hepatocytenmembraan grenst aan een bloedvat

(sinusoidale of basolaterale membraan) en het andere deel van de hepatocyten-

membraan grenst aan de galwegen (apicale of canaliculaire membraan). De

hepatocyten vervullen een aantal belangrijke functies waaronder (i) de stofwis-

seling van koolhydraten, vetten, eiwitten en hormonen en (ii) de vorming van

gal. Galsynthese is noodzakelijk voor een efficiënte vertering en absorptie van

vetten en in vet oplosbare vitaminen (vitaminen A, D, E en K) in de darm. Verder

komen er via de gal diverse lichaamsvreemde producten (onder andere medicij-

nen) en lichaamseigen afvalstoffen (waaronder bilirubine) in de darm terecht

zodat deze overbodige stoffen uit het lichaam kunnen worden verwijderd. 

De galstroom komt hoofdzakelijk tot stand door de uitscheiding van galzouten

door de hepatocyten in de galwegen. Dit wordt ook wel de hepatobiliaire gal-

zoutsecretie genoemd. Galzouten worden in de hepatocyten gevormd uit choles-

terol. Galzouten hebben detergerende eigenschappen. Ze veroorzaken schade

aan de membranen van cellen die grenzen aan de galwegen. Deze schadelijke

effecten van galzouten worden geneutraliseerd door fosfolipiden die in de gal

aanwezig zijn. Onder normale omstandigheden gaat de secretie van galzouten in

de gal gepaard met de uitscheiding van fosfolipiden en cholesterol. In de gal vor-

men de galzouten, fosfolipiden en cholesterol aggregaten met elkaar; de zoge-

naamde gemengde micellen. Deze gemengde micellen maken het transport van

vettige substanties mogelijk in het hoofdzakelijk waterige gal milieu. De hepato-

biliaire secretie van galzouten en fosfolipiden is een actief proces. Dit wil zeggen

dat de uitscheiding van galzouten en fosfolipiden in de gal energie kost. Deze

actieve secretie processen worden uitgevoerd door eiwitten die gelokaliseerd zijn

in de canaliculaire hepatocytenmembraan en behoren tot de familie van de ade-

nosine triphosphate (ATP) binding cassette (ABC) transport eiwitten. De galzout-

secretie vindt plaats door de bile salt export pump (BSEP) en de uitscheiding van

fosfolipiden wordt verricht door het multidrug resistance protein type 3 (MDR3)

eiwit. Dierexperimentele onderzoeken hebben gesuggereerd dat de transportei-

witten ABCG5 en ABCG8 verantwoordelijk zouden zijn voor de uitscheiding van

cholesterol in de gal. Of dit ook bij de mens zo is, is echter nog onduidelijk.

Cholesterol vormt een belangrijk bestanddeel van de membranen van alle
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lichaamscellen, en vormt daarnaast een bron voor de vorming van galzoutmole-

culen en steroidhormonen. Cholesterol wordt verkregen middels het dieet en het

wordt gesynthetiseerd door met name de lever. Een juiste cholesterol homeos-

tase in het lichaam is essentieel voor de gezondheid. De in de westerse wereld

veelvuldig voorkomende hypercholesterolemie berust op een te hoge plasma

concentratie cholesterol in de low density lipoprotein (LDL) fractie (het zoge-

naamde "slechte cholesterol"), en is geassocieerd met de ontwikkeling van athe-

rosclerose dat kan leiden tot hart- en vaatziekten. 

Verschillende virussen (bijvoorbeeld het hepatitis B of C virus), autoimmuun ziek-

ten (bijvoorbeeld autoimmuun hepatitis), medicijnen, drugs en erfelijke syndro-

men (bijvoorbeeld progressieve familiaire intrahepatische cholestase) kunnen

het normale functioneren van de lever belemmeren en ziekte veroorzaken met

uiteindelijk leverfalen. Patiënten met eindstadium leverfalen kunnen uiteindelijk

een levertransplantatie nodig hebben. De operatie procedure gaat gepaard met

een periode van ischemie en vervolgens recirculatie van de donor lever. Tijdens

de ischemische periode is de donorlever verstoken van bloedcirculatie waardoor

er onder andere geen zuurstof meer in de lever komt en de lever beschadigd

raakt. Na deze periode vindt er recirculatie (reperfusie) van bloed in de lever

plaats. Gedurende de ischemische periode heeft de lever zijn stofwisseling aan-

gepast van een zuurstofrijke naar een zuurstofarme stofwisseling. Met het her-

starten van de circulatie wordt de stofwisseling in de lever weer veranderd in een

zuurstofrijke stofwisseling. Direct na reperfusie moet de stofwisseling in de lever

nog herstellen, waardoor er kortdurend een relatieve overvloed aan zuurstof in

de lever is, wat leidt tot de vorming van vrije zuurstofradicalen die schadelijk zijn.

Cellen kunnen zichzelf beschermen tegen schade veroorzaakt door ischemie en

reperfusie (I/R) door activatie van het hemoxygenase-1 (HO-1) systeem. HO-1

is een enzym dat het schadelijke molecuul haem afbreekt. Het haemmolecuul is

een bestanddeel van onder andere hemoglobine. Haem bevat een ijzer molecuul

dat zorgt voor de vorming van vrije radicalen die schadelijk zijn. Bij de afbraak

van haem komen de effector moleculen: (i) koolstofmonooxide (CO), (ii) biliru-

bine en (iii) divalent ijzer vrij. Vrij ijzer wordt weggevangen door het eiwit ferri-

tine waardoor de schadelijke effecten van het vrije divalente ijzer molecuul wor-

den voorkomen. CO zorgt onder andere voor vaatverwijding zodat er een bete-

re bloedcirculatie is in de lever. Bilirubine heeft onder andere ontstekingsrem-

mende effecten en neutraliseert de gevormde vrije zuurstofradicalen.

Samengevat, worden de beschermende effecten van het HO-1 eiwit veroorzaakt

door de afbraak van het haemmolecuul en de gunstige effecten van de gevorm-

de CO en bilirubine moleculen. Hoewel men in diverse experimentele onderzoe-
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ken heeft kunnen laten zien dat de HO-1 effector moleculen beschermende

eigenschappen bezitten, is het bekend dat te hoge concentraties van de voor-

noemde HO-1 effector moleculen schadelijk zijn. Klaarblijkelijk is er een marge

waarbinnen HO-1 beschermende effecten heeft en daarbuiten niet of in minde-

re mate.  

Na de operatie kan er acute cellulaire afstoting plaatsvinden van de getransplan-

teerde lever. Acute cellulaire afstoting wordt gekenmerkt door infiltratie van de

lever met cytotoxische T lymfocyten (CTLs) die vervolgens voor ontsteking en

schade aan de lever en de galwegen zorgen. CTLs kunnen schade veroorzaken

door de moleculen perforine en granzyme-B uit te scheiden. Perforine perforeert

de cellen van de lever zodat granzyme-B de cel kan binnendringen en voor cel-

dood kan zorgen. De effecten van granzyme-B kunnen worden geblokkeerd door

het eiwit protease inhibitor-9 (PI-9). Aangetoond is dat een verhoogde activiteit

van PI-9 in getransplanteerde nieren de schadelijke effecten van infiltrerende

CTLs kan verminderen, wat leidt tot een veel minder uitgesproken vorm van

acute cellulaire afstoting.  

In hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis van de ver-

schillende ABC transporteiwitten die een belangrijke rol spelen bij het herstel van

het functioneren van de lever na transplantatie, en van de beschermende eigen-

schappen van HO-1 en PI-9 tegen de schadelijke effecten van respectievelijk

ischemie / reperfusie en acute cellulaire afstoting. 

Bij de mens zijn er alternatieve routes voor de uitscheiding van choles-

terol in de gal die niet gecontroleerd worden door ABCG5 en ABCG8

Er wordt veel onderzoek gedaan naar de moleculaire mechanismen waarmee

cholesterol door het lichaam wordt uitgescheiden. Uit diverse experimenten met

muizen blijkt dat Abcg5 en Abcg8 een belangrijke rol spelen bij dit proces.

Patiënten met de erfelijke ziekte "sitosterolemie" hebben mutaties in één of

beide genen waardoor er een toegenomen absorptie is van cholesterol in de

darm en een verstoorde uitscheiding van cholesterol in de gal. De ziekte gaat

vergezeld met sterk verhoogde plasma cholesterol concentraties, de ontwikke-

ling van atherosclerose op reeds jonge leeftijd en het neerslaan van cholesterol

in pezen en de huid. Abcg5 en Abcg8 vormen gezamenlijk een functioneel trans-

porteiwit dat gelokaliseerd is in de canaliculaire hepatocytenmembraan. In mui-

zen worden sterke lineaire correlaties gevonden tussen de expressie van Abcg5

en Abcg8 genen en de hepatobiliaire secretie van cholesterol. Deze relatie sug-

gereert dat Abcg5/Abcg8 de hepatobiliaire cholesterol secretie in sterke mate

controleert. In hoofdstuk 2 hebben wij de relatie tussen ABCG5/ABCG8 en de



hepatobiliaire cholesterol secretie bij patiënten onderzocht die een levertrans-

plantatie ondergingen. We vonden een sterke relatie tussen de expressie van de

ABCG5 en ABCG8 genen. Dit suggereert dat er een gecoördineerde regulatie is

van beide genen en ondersteunt de gedachte dat ABCG5 en ABCG8 gezamenlijk

een functioneel transporteiwit vormen. Vervolgens analyseerden we de uitschei-

ding van galzouten, fosfolipiden en cholesterol na levertransplantatie. We von-

den dat er een geleidelijk herstel was van de hepatobiliaire secretie van galzou-

ten, fosfolipiden en cholesterol. De secretie van deze drie lipiden in de gal is sterk

met elkaar verweven. De secretie van galzouten stimuleert de fosfolipiden uit-

scheiding in de gal, en de fosfolipiden uitscheiding stimuleert de uitscheiding van

cholesterol in de gal. Bij een zeer geringe galzoutsecretie vonden we dat zowel

de concentraties aan fosfolipiden en cholesterol in de gal bij de patiënten zeer

laag waren. Onze bevindingen tonen aan dat de hepatobiliaire lipidensecretie bij

patiënten na levertransplantatie normaal verloopt. Hoewel de biliaire cholesterol-

secretie na de operatie geleidelijk aan toenam, nam de expressie van ABCG5 en

ABCG8 niet toe. Wij vonden geen correlatie tussen ABCG5/ABCG8 en de hepato-

biliaire cholesterolsecretie in onze patiëntenpopulatie in tegenstelling tot de

bevindingen bij de muis. De verschillen die er zijn tussen de beide species wor-

den gesteund door het gegeven dat er bij (genetisch gemodificeerde) muizen

waarbij het Abcg5/Abcg8 ontbreekt er geen hepatobiliaire cholesterolsecretie is,

terwijl er bij patiënten met sitosterolemie een tot ongeveer 50% gereduceerde

hepatobiliaire cholesterolsecretie is. De residuale hepatobiliaire cholesterolsecre-

tie bij patiënten met sitosterolemie en de afwezigheid van een correlatie tussen

ABCG5/ABCG8 en de hepatobiliaire cholesterolsecretie in onze humane studie

laten zien dat ABCG5/ABCG8 de hepatobiliaire cholesteroluitscheiding bij de

mens niet volledig controleert. Wij speculeren dat er mogelijk alternatieve,

ABCG5/ABCG8-onafhankelijke routes zijn die zorgen voor de hepatobiliaire cho-

lesterolsecretie in de mens die vooralsnog niet bekend zijn. 

Het snelle herstel van de galzoutsecretie in de gal na lever transplan-

tatie leidt tot het ontstaan van galwegschade

Na levertransplantatie treedt er herstel op van de diverse leverfuncties. Herstel

van lever functie wordt gekenmerkt door een geleidelijke toename van de gal-

productie. Hoewel de hepatocytenschade snel afneemt na levertransplantatie,

ontstaat er doorgaans galwegschade gedurende de eerste twee tot drie weken

na de operatie die daarna weer verdwijnt. Laatstgenoemde wordt gekenmerkt

door een toename van serum concentraties van γ-glutamyltransferase (γ-GT) en

alkalische phosphatase (ALP) welke meestal hun hoogste waarden bereiken
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gedurende de tweede postoperatieve week om daarna weer te gaan dalen. Onze

hypothese was dat er direct na levertransplantatie een verandering van galsa-

menstelling is opgetreden met een wanverhouding tussen galzouten en fosfoli-

piden in de gal met als gevolg het ontstaan van galwegschade. Bij kinderen met

de erfelijke ziekte "Progressive Familial Intrahepatic Cholestasis" type 3 (PFIC3)

is er een afgenomen fosfolipidenuitscheiding in de gal terwijl de galzoutsecretie

normaal is. Het gevolg is dat door de detergerende effecten van galzouten de

membranen van cellen die grenzen aan de galwegen worden beschadigd. De

resultaten van dit onderzoek worden uiteen gezet in hoofdstuk 3. Direct na de

levertransplantatie vonden we dat de galzoutsecretie zich sneller herstelde dan

de fosfolipidenuitscheiding wat resulteerde in initieel sterk verhoogde

galzouten/fosfolipiden ratio's in de gal. Parallel hieraan werd na de operatie ook

BSEP significant hoger tot expressie gebracht vergeleken met intra-operatieve

BSEP expressie, terwijl de expressie van MDR3 onveranderd bleef na de opera-

tie. Histologisch onderzoek liet zien dat een hoge galzouten/fosfolipiden ratio in

de gal geassocieerd was met galwegschade. Het verlies van membraan gebon-

den γ-GT en ALP enzymen in de gal correleerde sterk met de hepatobiliaire uit-

scheiding van galzouten. De resultaten van deze studie laten zien dat het post-

operatieve herstel van hepatobiliaire galzoutsecretie gepaard gaat met het ont-

staan van galwegschade, welke in de regel gezien wordt gedurende de eerste

twee tot drie weken na levertransplantatie. We speculeren dat een toegenomen

hepatobiliaire galzoutsecretie in verhouding tot fosfolipidensecretie een mogelij-

ke bron zou kunnen zijn voor het ontstaan van tot nu toe onbegrepen vormen

van galwegschade die op een later tijdstip na levertransplantatie kunnen optre-

den. 

De hoogte van de hemoxygenase-1 expressie voor de levertransplan-

tatie correleert met de hoeveelheid leverschade en functie direct na de

transplantatie

In de hoofdstukken 4 en 5 wordt de HO-1 expressie in humane levers bestu-

deerd en gecorreleerd aan de hoeveelheid schade en functie van de lever direct

na de transplantatie. HO-1 expressie werd op drie tijdstippen gemeten: (i) vòòr

de operatie (aan het einde van de ischemie), (ii) ongeveer 3 uren na reperfusie

van de donorlever en (iii) 1 week na de transplantatie. Als controle groep, dien-

de een populatie van patiënten die geen levertransplantatie ondergingen. Deze

laatste groep van patiënten had een normale HO-1 expressie.
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Vòòr de operatie was de mediane HO-1 expressie reeds 3,4-keer hoger dan in

de controle groep (spreiding 0,7 tot 9,3-keer verhoogd). Om oorzaken te kunnen

vinden voor de grote spreiding in de toegenomen HO-1 expressie, werd de

getransplanteerde patiëntenpopulatie ingedeeld in twee groepen: (A) groep van

patiënten met een HO-1 expressie die minder dan 3,4-keer was toegenomen, en

(B) een groep van patiënten met een HO-1 expressie die meer dan 3,4-keer was

toegenomen. De donoren in groep A verkeerden niet in een slechtere conditie.

In beide groepen waren de klinische condities en behandelingen van de donoren

vergelijkbaar. Wij vonden dat de verschillen in toegenomen HO-1 expressie tus-

sen de beide groepen geassocieerd waren met een A(-413)T single nucleotide

polymorfisme (SNP). Het HO-1 gen met een A(-413)-allel wordt sneller afgele-

zen, wat resulteerd in een gemakkelijkere induceerbaarheid dan het HO-1 gen

met een T(-413)-allel. Donorlevers met een meer dan 3,4-keer toegenomen HO-

1 expressie waren vaker drager van een A(-413)-allel dan donorlevers met een

minder dan 3,4-keer toegenomen HO-1 expressie. 

Hoewel er in de literatuur gesuggereerd wordt dat een toegenomen HO-1

expressie beschermt tegen I/R-schade, vonden wij dat levers met een meer dan

3,4-keer toegenomen HO-1 expressie voor de transplantatie juist meer I/R-scha-

de vertoonden. Er was meer hepatocytenschade (toegenomen serum concentra-

tie van aspartaat aminotransferase (AST) en alanine aminotransferase (ALT)) en

een lagere galzoutsecretie dan bij levers die een minder dan 3,4-keer toegeno-

men HO-1 expressie hadden voor de operatie. Omdat de HO-1 effector molecu-

len: CO, bilirubine en ijzer in hoge concentraties schadelijk zijn, concluderen wij

dat de initieel hoge expressie van het HO-1 in groep B wel eens te hoog zou kun-

nen zijn geweest waardoor er meer I/R-schade is ontstaan. 

Opmerkelijk was dat in levers met een minder dan 3,4-keer toegenomen HO-1

expressie voor de operatie de HO-1 expressie na reperfusie sterk toenam, terwijl

in levers met een initieel meer dan 3,4-keer toegenomen HO-1 expressie de HO-

1 expressie na recirculatie sterk daalde. Laatstgenoemde suggereert dat bij een

reeds hoge HO-1 expressie voor de operatie, de HO-1 expressie niet meer ver-

der kan stijgen tijdens de reperfusiefase. Op basis van voornoemde bevindingen

deelden we de levers in naar hun vermogen om de expressie van HO-1 te ver-

hogen tijdens recirculatie. We vonden dat in de groep van levers die het vermo-

gen hadden om het HO-1 te induceren, de serum AST waarden direct na de ope-

ratie veel lager waren dan bij de patiënten waarbij de HO-1 expressie in de lever

niet toenam. Dit suggereert dat levers die tijdens reperfusie het HO-1 kunnen

induceren beter beschermd zijn tegen I/R-schade dan donorlevers die dit niet

kunnen. 
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Ondanks een betere postoperatieve uitkomst in de patiëntengroep met levers die

voor de operatie een minder dan 3,4-keer toegenomen expressie hadden van

HO-1, is het niet duidelijk of het nu een initieel mild toegenomen HO-1 expres-

sie is of het vermogen tot HO-1 toename tijdens reperfusie wat zorgt voor

bescherming van cellen. 

Hoewel er in diverse dierexperimentele onderzoeken is aangetoond dat het indu-

ceren van HO-1 voor transplantatie beschermd tegen I/R-schade, waarschuwen

onze bevindingen tegen een ongecontroleerde inductie van HO-1 bij patiënten

voor levertransplantatie met als doel om de hoeveelheid I/R-schade te beperken.

Wij veronderstellen dat een farmacologische vermeerdering van HO-1 voor de

transplantatie leidt tot een verdere stijging van de reeds toegenomen HO-1

expressie met als gevolg meer celschade in plaats van minder. Farmacologische

interventies zouden meer gericht moeten zijn op het induceren van de HO-1

expressie tijdens reperfusie en niet zozeer op het ophogen van HO-1 vòòr trans-

plantatie. 

Een hoge expressie van PI-9 tijdens levertransplantatie zou kunnen

beschermen tegen het ontstaan van vroege acute cellulaire afstoting

In hoofdstuk 6 hebben we de expressie van de beschermende moleculen pro-

tease inhibitor-9 (PI-9) en hemoxygenase-1 (HO-1) bestudeerd tijdens de ont-

wikkeling van vroeg (in de eerste postoperatieve week) optredende subklinische

afstoting van de donorlever. Acute cellulaire afstoting wordt onder andere geken-

merkt door infiltratie van de lever met cytotoxische T lymfocyten (CTLs) die ver-

volgens ontsteking en schade aan de lever en galwegen veroorzaken, wat leidt

tot toenemende afwijkingen bij laboratrium onderzoek. Er is dus dikwijls een kli-

nische presentatie bij acute cellulaire afstoting. Bij subklinische afstoting van de

lever is er geen klinische presentatie ondanks dat CTLs de lever infiltreren.

Patiënten met acute cellulaire afstoting van de lever dienen te worden behandeld

met extra medicijnen die zorgen voor meer immuunsuppressie (o.a. afname van

CTL vorming en functie), terwijl bij patiënten met subklinische afstoting van de

lever geen behandeling nodig is. 

Bovenstaande suggereert dat de potentieel schadelijke eigenschappen van CTLs

tijdens subklinische rejectie van de lever worden onderdrukt. Wij speculeren dat

er bij subklinische afstoting een toegenomen expressie is van de beschermende

/ immuunmodulerende moleculen PI-9 en HO-1. PI-9 blokkeert op een effectie-

ve wijze de schadelijke effecten van granzyme-B.

CTLs maken onder andere gebruik van de eiwitten perforine en granzyme-B om

cellen in de donorlever te beschadigen. Perforine en granzyme-B werken samen
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om dit te kunnen bewerkstelligen. Perforine maakt de membranen van de lever-

cellen kapot zodat granzyme-B ze kan binnendringen en voor celdood kan zor-

gen. In getransplanteerde levers waarin geen vroege afstoting werd aangetrof-

fen, was de hoeveelheid granzyme-B niet verhoogd. In zowel levers met acute

cellulaire afstoting als subklinische afstoting was het granzyme-B in sterke mate

aanwezig. Dit suggereert dat de CTLs in beide laatstgenoemde groepen van

getransplanteerde levers in gelijke mate proberen om celschade te veroorzaken.

Opmerkelijk was dat er een toegenomen expressie van PI-9 was tijdens de trans-

plantatie operatie in de levers die gedurende de eerste postoperatieve week sub-

klinische afstoting ontwikkelden. In levers waarin geen afstoting of acute cellu-

laire afstoting ontstond, was het PI-9 tijdens de operatiefase niet verhoogd. Dit

wijst er op dat de hoge expressie van PI-9 tijdens de operatie beschermend heeft

gewerkt tegen de schadelijke invloeden van CTLs die gedurende de eerste post-

operatieve week de levers infiltreerden. Dit kan betekenen dat PI-9 zorgt voor

het ontstaan van subklinische rejectie in levers waarin anders klinisch evidente

acute cellulaire rejectie zou zijn ontstaan. 

In levertransplantaten met zowel subklinische afstoting als acute cellulaire afsto-

ting bleek het HO-1 verhoogd tot expressie te komen (respectievelijk 1,9 en 3,1-

keer verhoogd). In de donorlevers die niet werden afgestoten was de expressie

van het HO-1 normaal. Gezien de celbeschermende effecten van een milde toe-

genomen HO-1 expressie,  speculeren wij dat de verhoogde HO-1 expressie tij-

dens subklinische en acute cellulaire afstoting van de lever heeft geleid tot een

beperking van de hoeveelheid celschade.

Conclusies en mogelijkheden voor verder onderzoek

Gedurende de laatste 10 tot 15 jaren is de kennis van diverse moleculair biolo-

gische processen die zich in de lever afspelen enorm toegenomen. Mede dank-

zij deze progressie begrijpen we de (patho-)fysiologische gebeurtenissen die in

de getransplanteerde lever plaatsvinden steeds beter. In de onderzoeken die in

dit proefschrift staan beschreven, hebben we ons gericht op het herstel van

leverfunctie en de rol van celbeschermende genen tijdens levertransplantatie bij

patiënten. De ontdekking van celbeschermende moleculen zoals het HO-1 en PI-

9 zijn erg belangrijk. Door meer kennis te vergaren over de functie en rol van

deze moleculen kunnen ze in de toekomst mogelijk worden gebruikt om het ont-

staan van leverschade ten gevolge van I/R of acute cellulaire rejectie te beper-

ken. Het onderzoek in dit proefschrift richt zich tot de moleculen HO-1 en PI-9,

en kan een basis vormen voor farmacologische interventie studies. Een molecuul

dat de hoeveelheid I/R-schade tijdens levertransplantatie zou kunnen reduceren
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is het HO-1 eiwit. In diverse dierexperimentele onderzoeken wordt er gepropa-

geerd om voorafgaand aan de transplantatieprocedure de HO-1 expressie op te

hogen zodat de hoeveelheid I/R-schade verminderd. In de klinische situatie von-

den wij dat de HO-1 expressie in de lever reeds was toegenomen vòòr de trans-

plantatie en dat deze toegenomen HO-1 expressie zelfs was geassocieerd met

meer I/R-schade. Gezien onze bevindingen denken wij daarom dat het farmaco-

logisch ophogen van de HO-1 expressie voor de transplantatie zelfs kan zorgen

voor meer leverschade in plaats van minder. Omdat er minder I/R-schade was in

levers waarbij de HO-1 expressie tijdens de transplantatie toenam, denken wij

dat beschermende effecten van HO-1 bewerkstelligd kunnen worden wanneer de

HO-1 expressie tijdens de operatie wordt opgehoogd. Gezien onze bevindingen

is er voorzichtigheid geboden bij het ongecontroleerd ophogen van de HO-1

expressie. Er dient eerst meer onderzoek gedaan te worden voordat er farmaco-

logisch geïntervenieerd kan worden in klinische situaties.

Een potentieel eiwit dat een rol zou kunnen spelen bij de preventie van vroege

acute cellulaire afstoting is PI-9. Uit diverse dierexperimentele onderzoeken en

onderzoeken waarbij er gebruik is gemaakt van cellijnen blijkt dat PI-9 op een

effectieve wijze de schadelijke effecten van granzyme-B blokkeerd. Wij denken

dat in een aantal van de door ons bestudeerde patiënten de toegenomen PI-9

expressie tijdens levertransplantatie heeft geleid tot een subklinische afstoting

van de lever in plaats van een vroege acute cellulaire afstoting. Er dient meer

onderzoek plaats te vinden om de rol van PI-9 in getransplanteerde levers te ont-

rafelen. 

Na de levertransplantatie vonden wij dat het herstel van de galzoutuitscheiding

in de gal paradoxaal resulteerde in een toename van de door I/R veroorzaakte

galwegschade. Hoewel de galzoutuitscheiding voor het herstel van de galstroom

zorgt, denken wij dat het ook kan bijdragen aan toegenomen schade van de gal-

wegen gedurende de eerste 2 tot 3 weken na de operatie. We hebben laten zien

dat het postoperatieve herstel van de galzoutuitscheiding gepaard gaat met het

achterblijven van de fosfolipidenuitscheiding in de gal. De galzouten die niet door

fosfolipiden geantagoneerd worden resulteren in een galsamenstelling met een

meer schadelijke compositie, wat zorgt voor additionele galwegschade. De ver-

schillen tussen de fosfolipiden- en galzoutuitscheiding kunnen mogelijk verklaard

worden door een trager postoperatief herstel van MDR3 activiteit vergeleken met

de BSEP transportfunctie. Gezien onze bevindingen, speculeren we dat de gal-

zouten in de gal ook een mogelijke rol kunnen spelen in de pathogenese van gal-

wegstricturen welke pas later na levertransplantatie ontstaan en een vooralsnog

onduidelijke oorzaak hebben (NAS, non-anastomotic biliary strictures).
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Toekomstig onderzoek zou zich moeten richten op het analyseren van de trans-

porter expressie en galsamenstelling bij patiënten met NAS.    

Naast galzouten en fosfolipiden vormt cholesterol een belangrijk bestanddeel van

de gal. Er wordt veel onderzoek gedaan naar het transport van cholesterol door

de canaliculaire hepatocytenmembraan. In diverse onderzoeken met muizen

wordt gesuggereerd dat Abcg5 en Abcg8 een sterke mate van controle uitoefe-

nen op het proces van cholesteroluitscheiding. Hoewel wij een sterke correlatie

tussen de humane varianten ABCG5 en ABCG8 in de lever aantroffen, vonden we

geen directe relatie tussen ABCG5/ABCG8 expressie en de uitscheiding van cho-

lesterol in de gal na levertransplantatie. Onze bevindingen suggereren dat er bij

de mens ook andere routes zijn waarlangs het cholesterol door de lever in de gal

wordt getransporteerd welke niet gecontroleerd worden door ABCG5/ABCG8. Er

is meer onderzoek nodig om deze alternatieve routes van cholesteroluitscheiding

door de lever in de gal bij de mens te definiëren. 

Tot besluit kunnen we stellen dat onderzoek naar de moleculaire veranderingen

in het functioneren van de lever na transplantatie en het ontstaan van leverscha-

de belangrijke nieuwe gezichtspunten hebben opgeleverd in de pathofysiologi-

sche processen die geassocieerd zijn met levertransplantatie. Kennis van deze

processen leidt niet alleen tot het identificeren van nieuwe preventieve en the-

rapeutische strategieën om het functioneren van de getransplanteerde lever te

verbeteren, maar levert ook belangrijke informatie op dat buiten de grenzen van

orgaantransplantatie reikt. Zoals uit een tweetal onderzoeken in dit proefschrift

blijkt, kunnen pathofysiologische processen bij de mens substantieel verschillen

van die in het proefdier. Patiënten georiënteerd onderzoek vormen uiteindelijk

het ultieme bewijs van concepten en ziektemechanismen die relevant zijn voor

de vooruitgang in de moderne gezondheidszorg.    
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LIST OF ABBREVIATIONS

ABC adenosine triphosphate-binding cassette

ALP alkaline phosphatase

ALT alanine aminotransferase

AST aspartate aminotransferase

ATP adenosine triphosphate

Bcl2 family pro-apoptotic members, like: Bax, Bak, Bid;

anti-apoptotic members, like: Bcl-2, Bcl-XL, A1/Bfl-1

BS bile salt

BSEP bile salt export pump

BSDF bile salt dependent bile flow

BSIF bile salt independent bile flow

caspases cysteine aspartyl-specific proteases

CH cholesterol

CO carbon monoxide

CYP7A1 cholesterol 7 alpha hydroxylase

DNA deoxyribonucleicacids

EMSA electrophoretic mobility shift assay

FADD Fas-associated protein with death domain

γ-GT gamma-glutamyltransferase

HDL high density lipoprotein

HO-1 heme oxygenase-1

HSP-70 heat shock protein-70

IAP family inhibitor of apoptosis protein family

ICP intrahepatic cholestasis of pregnancy

iNOS inducible nitric oxide synthase

I/R ischemia / reperfusion

LDL low density lipoprotein

LPS lipopolysaccharide

LRH-1 liver receptor homolog-1

LXRα liver X receptor-alpha

MDR3 multidrug resistance P-glycoprotein 3

NAS non-anastomotic biliary strictures

NF-κB nuclear factor-kappa B

NIK NF-kappa B inducing kinase



NTCP Na
+

taurocholate cotransporting polypeptide

OLT orthotopic liver transplantation

p38 MAPK p38 mitogen-activated protein kinase

PFIC progressive familial intrahepatic cholestasis

PI-9 protease inhibitor-9

PMN polymorphonuclear leucocytes

PL phospholipid

RIP receptor-interacting protein

RNA ribonucleicacids

ROS reactive oxygen species

RT-PCR reverse transcription-polymerase chain reaction

S27H sterol 27-hydroxylase

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gelectrophoresis

SNP single nucleotide polymorphism

TNFα tumor necrosis factor-alpha

TNF-R tumor necrosis factor-receptor

TRADD TNF-R-associated death domain protein

TRAF TNF-R-associated factor

VLDL very low density lipoprotein
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Vier jaren van het verrichten van promotie onderzoek zitten er inmiddels op. Ik

heb dit project met ontzettend veel plezier gedaan en de tijd is me dan ook

omgevlogen. Het eerste jaar van het onderzoek kan ik me nog erg goed herin-

neren. Ik, als dokter, was niet bepaald handig op het laboratorium. Daarnaast

werd er ook nog eens gestart met een compleet nieuw project op het Chirurgisch

Onderzoekslaboratorium. Dat het werk nu af is heb ik dan ook aan vele mensen

te danken die me de fijne kneepjes van bijvoorbeeld het analytische werk heb-

ben bijgebracht of op een andere wijze hebben bijgedragen tot de realisatie van

dit proefschrift. 

Allereerst wil ik mijn begeleider dr. R.J. Porte en promotor prof. dr. M.J.H. Slooff

bedanken. Omdat wij het meest intensief met elkaar hebben samengewerkt wil

ik me eerst tot jou richten, Robert. Allereerst wil ik je zeggen dat ik geluk heb

gehad je te hebben ontmoet tijdens mijn co-schappen. Jouw enthousiasme voor

het wetenschappelijke onderzoek is dusdanig aanstekelijk geweest dat ik naar

Amerika ben vertrokken om daar aan een wetenschappelijk project mee te wer-

ken en vervolgens besloten heb om aan dit promotie onderzoek te gaan begin-

nen. Veel dingen heb ik van je geleerd waaronder het schrijven van artikelen en

het plaatsen van de onderzoeksresultaten in een brede context. Ik heb altijd op

je kunnen rekenen. Je nam altijd de tijd om met mij de resultaten te bespreken

en om richting te geven aan een project wanneer ik het overzicht kwijt was. Ook

wil ik je bedanken voor het vertrouwen dat je mij hebt geschonken gedurende

de laatste jaren. Zorg goed voor de kippen (of zijn het toch hanen?).

Maarten Slooff wil ik ook bedanken voor de stimulans om mooi wetenschappe-

lijk onderzoek te bedrijven. De Hepatobiliaire Chirurgie & Levertransplantatie is

onlosmakelijk verbonden met het verrichten van onderzoek. Verder wil ik je

bedanken voor het snel en kritisch corrigeren van de artikelen. Dankzij jouw

commentaar en suggesties konden de stukken vaak toch nog net even iets mooi-

er worden. Daarnaast wil ik je ontzettend bedanken voor je tijd, energie en het

vertrouwen die je ook naast het proefschrift in mij hebt gehad. Ik kijk terug op

een zeer goede en motiverende omgeving bij de "leverchirurgie".

Prof. dr. F. Kuipers wil ik bedanken voor zijn enthousiaste en wel zeer snelle hulp

bij de realisatie van onder andere het humane cholesterol artikel. Folkert, ik wil

je bedanken voor je geleverde kennis en hulp waarop we altijd konden rekenen.

Daarnaast wil ik je bedanken dat je zitting hebt willen nemen in de beoordelings-

commissie van dit proefschrift.  

Hiernaast wil ik ook de overige leden van de leescommissie, prof. dr. P.A. Clavien

en prof. dr. P.M. Kluin, bedanken voor het aandachtig bestuderen van het manu-

script. Professor Clavien, I really enjoyed my stay at your Laboratory of Liver
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Transplantation and Hepatobiliary Surgery at Duke University Medical Center in

Durham, USA. Philip, je bent een zeer enthousiaste en motiverende opleider. Ik

heb het zeer naar mijn zin bij de afdeling Pathologie. 

Dr. Paul M.J.G. Peeters en dr. Koert P. de Jong wil ik hartelijk bedanken voor hun

medewerking aan het onderzoek. Mede dankzij jullie is er een fantastische ver-

zameling van leverbiopten en galmonstsers tot stand gekomen waarmee we

mooi en klinisch relevant onderzoek hebben kunnen verrichten. 

Dr. Peter Olinga wil ik bedanken voor de mogelijkheden die je me hebt gegeven

om te werken met het ratten slice-model. Helaas is er geen publicatie meer uit

ontstaan. Ik heb jouw enthousiasme en gastvrijheid om een poosje onderzoek

op het laboratorium voor Farmacokinetiek en Drug Delivery te mogen doen erg

op prijs gesteld.

Prof. dr. Han Moshage en dr. Klaas Nico Faber wil ik hartelijk bedanken voor hun

stimulerende en verhelderende discussies. Tevens wil ik jullie bedanken voor de

mogelijkheden die jullie me hebben gegeven om gebruik te mogen maken van

de faciliteiten op het laboratorium voor Maag-, Darm- en Leverziekten.

Een welgemeend dankjewel is ook op zijn plaats voor Dorien Visser en Mariska

Geuken. Dorien, ik was erg blij toen ik hoorde dat er een subsidie was binnen-

gehaald waarop we je konden aanstellen. Zonder jouw hulp was ik waarschijn-

lijk nu nog druk bezig geweest met pipetteren. Ik hoop dat je me de immuno-

fluorescentie kleuringen op mdr2 en bsep in lever slices weer een beetje hebt

kunnen vergeven… Mariska, het is toch wel erg handig wanneer je een zus hebt

die analist is en veel weet van moleculair biologische analytische technieken. Je

was mijn vraagbaak wanneer ik weer eens iets wilde weten over het maken van

primers, probes, RT-PCR of iets dergelijks. 

Uiteraard wil ik mijn kamergenoten: Mijntje Nijboer, Nils 't Hart, Martijn de Groot,

Hugo Maathuis, Lyan Koudstaal en, last but not least, Carlijn Buis bedanken.

Tegen Martijn de Groot kan ik bevestigen dat het inderdaad een lekker gevoel

geeft dat "de zaak" nu is afgerond. De anderen wil ik nog veel succes wensen

met de afronding van hun onderzoek. Dit gaat vast en zeker lukken!! Hugo, suc-

ces met de varkens (experimenten) en blijf vooral doorpompen! Nils, we zien

elkaar weer bij de afdeling Pathologie. Lyan, heel veel plezier in het onderzoek

en succes met je project. Carlijn, bedankt voor je gezelligheid op de AIO kamer.

Ik zal de door jou zelf gemaakte thee met een lekker stuk chocolade daarbij

zeker missen. Heel veel succes toegewenst met de voortzetting van het ITBL

project (en de vele andere onderzoekslijnen die daar ondertussen bijgekomen

zijn) en met je opleiding tot chirurg straks!

Op deze plaats wil ik ook de andere mede labbewoners van de afgelopen jaren
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bedanken. Henri Leuvenink, Theo Schuurs en Jacco Zwaagstra wens ik alle lof

toe voor de tot stand koming van het "nieuwe" Chirurgisch Onderzoekslabora-

torium. Het nieuwe lab ziet er prima uit! Janneke Wiersema-Buist, Petra Ottens

en Antony van Dijk wil ik bedanken voor de respectievelijk immunohistochemi-

sche kleuringen, HO-1 western blotting en alkalische fosfatase bepalingen die

jullie gedaan hebben. Hans Blokzijl wil ik bedanken voor het meehelpen verza-

melen van de weefsels en de hulp bij het PCR-en. Hans, ik wens je nog veel suc-

ces toe met jouw proefschrift en veel plezier met je opleiding tot gastroentero-

loog. Schelto Kruijff, ik vond het erg leuk om je te begeleiden bij je wetenschap-

pelijke stage. Ik hoop dat je een leuke tijd hebt gehad op het lab.

Alle stafleden en arts-assistenten van de afdeling Pathologie wil ik bedanken voor

de prettige werksfeer waarin ik ben terecht gekomen.

Martijn Medendorp en David Cobben wil ik hartelijk danken voor hun vriend-

schap. Heren, ik vind het ontzettend leuk dat jullie vandaag mijn paranimf willen

zijn. 

Graag wil ik de ouders van Jolanda bedanken. Bedankt voor jullie interesse in

mijn werk en leven. Ik hecht erg veel waarde aan de laatste zomermaanden die

we zo intens met elkaar hebben beleefd en koester de vele herinneringen. Ik ben

er zeker van dat "schoonma" ergens een mooi plekje heeft gekregen vanwaar ze

vol trots de verdediging van dit proefschrift kan volgen. 

Lieve pap en mam, bedankt voor jullie onaflatende steun en stimulatie die ik

gekregen heb in de talloze dingen die ik heb gedaan en de mogelijkheid die jul-

lie me hebben gegeven om te gaan studeren. Mede dankzij jullie heb ik het kun-

nen brengen tot waar ik nu sta. 

Uiteindelijk wil ik dan mijn oogappel bedanken: Jolanda. Gelukkig weet je wat

het betekent om te promoveren. Eindelijk ben ik dan ook eens zover (een wel-

verdiende tweede plaats). Bedankt voor je geduld. Ik kijk er naar uit dat we

straks op een heerlijk zonnig terras ergens in Zuid-Afrika zullen zitten na te

genieten van de promotie. Lieverd, ik hou ontzettend veel van je.

Erwin Groningen, januari 2006
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