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CHAPTER 1
General Introduction
Causa latet, vis est notissima – the cause is hidden, the result is well known
(Ovidius, Metamorphoses)

General Introduction

PRIMARY SCLEROSING CHOLANGITIS (PSC)
Etiology
Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease characterized
by fibrotic strictures and saccular dilatations of the intra- and extrahepatic bile ducts.1
The etiology of this disease has largely remained an enigma. PSC is considered a complex
genetic disorder implicating that environmental factors trigger disease in a genetically
susceptible individual. Several HLA haplotypes are associated with PSC, pointing at a role
for the adaptive immune system. Altogether, 16 risk genes have so far been reported for
PSC.2 In PSC, immunological injury of the bile duct(ule)s is believed to be the initiating
pathogenic event.3 Subsequently, a second hit is thought to occur by leakage of toxic
bile salts through the injured biliary epithelium into periductular tissue, thereby causing
and perpetuating focal inflammation. Resulting sclerotic destruction and obliteration of
medium and large-sized bile ducts lead to retention of bile, thus enhancing exposure of
the (peri)biliary environment to harmful bile constituents. The disease further progresses
through stages of inflammation and fibrosis to cirrhosis eventually requiring liver
transplantation in most cases. The enigmatic etiology of PSC is reflected by the fact that
no disease-modifying drug is available to date.4

Epidemiology
PSC is more prevalent in men than in women (2:1) and can occur at any age, with
a median age at diagnosis around 40 years. Reported incidence and prevalence numbers
vary remarkably, depending on geographic location and case-finding and ascertainment
strategies.3 In a recent study performed in the Netherlands and comprising the largest
population-based study of PSC to date, an annual incidence of 0.5 per 100,000 inhabitants
and a prevalence of 6.0 per 100,000 inhabitants was reported.5 Up to 80% of patients
with PSC have concurrent inflammatory bowel disease (IBD) with a distinct phenotype.6

Clinical presentation
About half of the PSC patients present with general symptoms like pruritus, fatigue, pain
in the right upper abdomen and episodes of fever or cold chills.7 Laboratory analysis shows
increased serum activity of alkaline phosphatase (AP) and gamma-glutamyl transferase
(γ-GT), with bilirubin elevation in a minority of patients. Increased IgG and circulating
auto-antibodies comprising atypical perinuclear antineutrophil cytoplasmic antibodies
(pANCA), antinuclear antibodies (ANA) and smooth muscle antibodies (SMA) may support
the diagnosis of PSC, but are not disease-specific.8,9 Typical bile duct abnormalities can
be observed upon magnetic resonance cholangiopancreatography (MRCP) or endoscopic
retrograde cholangiopancreatography (ERCP), with a ‘bead-like’ appearance of bile
ducts in the classical manifestation of PSC (Figure 1.1).10 The quality of MRCP is normally
sufficient to visualize bile duct abnormalities, but ERCP may have added diagnostic value
in equivocal cases.11 Liver biopsy has limited value due to a high probability of sampling
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error and non-specific histological findings. However, liver biopsy may aid diagnosis when
there is evidence of small duct PSC or an overlap syndrome with autoimmune hepatitis.
Diagnosis of PSC ultimately depends on exclusion of secondary causes of sclerosing
cholangitis, like chronic biliary infection, ischaemic stricturing or cholelithiasis.

General Introduction

(metabolized) drugs and other xenobiotic compounds. Bile salts are biological detergents
and facilitate the emulsification of dietary lipids and absorption of fat-soluble vitamins in
the intestine. The epithelial cell lining of the bile ducts is protected from the detergent
properties of bile salts by a special composition of the plasma membrane and by formation
of mixed micelles of bile salts with phospholipids.15

Clinical course

10

There is currently no pharmacological therapy of proven benefit in PSC.4 Endoscopic
decompression of dominant biliary strictures (<1.5 mm in diameter in the common bile
duct, or <1 mm in the right and left hepatic duct) improves the clinical picture of pruritus
and recurrent cholangitis, although the optimum method and frequency of dilatation
is unclear.12,13 Meanwhile, PSC patients are at increased risk of developing colorectal
cancer and cholangiocarcinoma.5 The only available cure for PSC is liver transplantation.
The median time from diagnosis of PSC to liver transplantation or PSC-related death is
~21 years in a recent Dutch cohort study.5 One and ten-year overall survival after liver
transplantation are above 90% and 80%, although recurrence of PSC in the transplanted
liver has been reported in up to a third of patients. The etiology of recurrent PSC remains
enigmatic and is believed to have similar features as the primary disease.14
Because bile salts are considered important players in the pathophysiology of PSC,
background on bile salt biology is provided below.

BILE SALT BIOLOGY
Bile formation
Bile formation occurs in the liver and is an osmotic process driven by active transport
of bile salts and other osmolytes across the canalicular membrane, followed by passive
water influx. Active transport operates in biliary secretion of phospholipids, cholesterol,

Bile salts
Bile acids are synthesized in hepatocytes from cholesterol in a process catalyzed by at least
17 different enzymes.16 Bile acids are conjugated with glycine or taurine. Consequently,
conjugated bile acids are largely present in the ionized form at ambient pH, and are
more appropriately referred to as bile salts (as will be done in the rest of this thesis).
This conjugation step takes place in the peroxisomes of hepatocytes prior to secretion in
the canalicular space.
There are two main pathways of bile salt synthesis. The classical pathway starts with
cholesterol hydroxylation by cholesterol-7α-hydroxylase (CYP7A1) and accounts for
about 90% of newly synthesized bile salts in man.17 The alternative pathway is initiated
by hydroxylation of the cholesterol side chain by mitochondrial sterol 27-hydroxylase
(CYP27A1), and this route supplies the remaining 10% of de novo formed bile salts
in humans (Figure 1.2).17 An adequate estimation of the bile salt synthesis rate via
the classical pathway can be made by measuring serum levels of the bile salt intermediate
7α-hydroxy-4-cholesten-3-one (C4).18
In humans, bile salt synthesis leads to formation of two primary bile salts: cholic
acid (CA) and chenodeoxycholic acid (CDCA). The cytotoxicity of bile salts is related to
their detergent properties and depends on their hydrophobicity. The key regulator of
hydrophobic balance of the bile salt pool is sterol 12α-hydroxylase (CYP8B1).19 CYP8B1
directs bile salt synthesis towards CA, which is less hydrophobic than CDCA (Figure 1.2).
Primary bile salts entering the intestinal lumen following a meal, can be metabolized
into secondary species by bacterial conversion. Bile salts escaping resorption in the distal
small intestine, enter the colon where bacterial deconjugation is nearly quantitative.
Subsequent microbial dehydroxylation turns CA into deoxycholic acid (DCA), whereas
CDCA is converted into lithocholic acid (LCA, Figure 1.2). DCA is passively absorbed in
the colon, and forms a qualitative important species of the body’s bile salt pool.

Enterohepatic circulation of bile salts

Figure 1.1. Endoscopic retrograde cholangiogram (ERC) in a patient with PSC. The ERC shows
multifocal stenosis with intervening saccular dilatations affecting both intrahepatic and extrahepatic
bile ducts.

Bile flows via the bile ducts to the gallbladder, where it is stored and concentrated.
The gallbladder releases bile into the small intestine in a meal-stimulated manner. From
all bile salts that enter the intestines, about 95% will be reabsorbed and circulate back
to the liver, whereas the remaining 5% is excreted via the faeces. In the distal ileum,
the apical sodium-dependent bile salt transporter (ASBT) mediates reabsorption of
luminal bile salts.20 Transport of bile salts through the ileal enterocyte is likely facilitated
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transcription of CYP7A1, coding for the rate-limiting enzyme in bile salt synthesis through
the dominant classical route.26,27 In the ileum, FXR activation induces the transcription
of FGF19 (Fgf15 in rodents). FGF19 reaches the liver via the portal circulation, where it
binds to its hepatic receptor composed of FGFR4 and βKlotho. This results in activation of
an intracellular signaling cascade that leads to transcriptional repression of CYP7A1 and
consequently reduced bile salt synthesis (Figure 1.2).28 Studies with mice with intestineand liver-specific disruption of Fxr, demonstrated that hepatic Fxr deficiency has little
impact on bile salt regulation of Cyp7a1 expression.29 Thus, FGF19 mediates the negative
feedback control of bile salt synthesis by bile salts.
12

13
Cholesterol

Primary bile acids (e.g. CDCA)
Hepatocyte

FXR

Figure 1.2. Schematic overview of the classic and alternative bile salt synthesis pathways.
Cholesterol is converted to two primary bile acids in human liver, CA and CDCA. Key enzymes
CYP7A1, CYP8B1, CYP27A1 and CYP7B1 in the pathways are indicated. CYP7A1 initiates the classic
bile acid biosynthetic pathway, whereas CYP27A1 initiates the alternative pathway. In the intestine,
conjugated CA and CDCA are deconjugated and then dehydroxylated by bacteria to the secondary
bile acids DCA and LCA, respectively. Note that C4, a marker of bile salt synthesis, is only formed
via the classic bile salt synthesis pathway. C4, 7α-hydroxy-4-cholesten-3-one; CYP7A1, cholesterol
7α-hydroxylase; CYP7B1, 25-hydroxycholesterol 7α-hydroxylase; CYP8B1, sterol 12α–hydroxylase;
CYP27A1, sterol 27-hydroxylase; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic
acid; LCA, lithocholic acid. Adapted from J. Chiang.17

Bile canalicus
CDCA

at low levels and thus prevent toxicity. At the basolateral cell membrane of the ileocyte,
21

OSTα/β transports bile salts into the mesenteric tributaries of the portal vein.22 Hepatic bile

Bile acid synthesis
Lipogenesis
Gluconeogenesis
Regeneration

CDCA
NTCP

BSEP

FGFR4

Ileal epithelial cell

by intracellular binding proteins, that also serve to maintain “free” intracellular bile salts

CYP7A1

OSTα/β

FGF19

CDCA

FGF19

ASBT
CDCA

CDCA

FXR

salt uptake from the circulation is mediated by the sodium taurocholate cotransporting
polypeptide (NTCP).23 Inside hepatocytes, deconjugated bile salts are reconjugated in
peroxisomes after which the bile salt export pump (BSEP) transports them into bile.

24

This process of secretion and reclamation of bile salts is referred to as the enterohepatic
circulation of bile salts (Figure 1.3).

Bile salt homeostasis
Bile salts control their own synthesis. The farnesoid X receptor (FXR) is a nuclear receptor
that is specifically activated by bile salts, and binds to specific response elements in
the promoter/intronic region of target genes thus controlling their expression. FXR forms
a heterodimer with the retinoic acid receptor (RXRα).25 The expression of FXR is high

in liver and small intestine, tissues both facing high fluxes of bile salts. Bile salt binding
to FXR in the liver leads to induction of SHP, which suppresses LRH1/HNF4α-mediated

Figure 1.3. Schematic overview of the enterohepatic circulation of bile salts and FGF19-(in)dependent
feedback inhibition of bile salt synthesis. Bile salts (exemplified as the primary bile acid CDCA)
are produced in the hepatocyte and secreted via BSEP into the canalicular lumen. Via the biliary
tract, bile salts enter the intestine where they facilitate digestion of dietary lipids. In the terminal
ileum, bile salts are reabsorbed via ASBT. Bile salts there bind and activate the nuclear receptor
FXR, leading to transcription and production of FGF19. This enterokine is secreted into the portal
circulation, from where it reaches the liver and binds to its receptor FGFR4, thereby inducing an
intracellular signalling pathway that eventually causes repression of CYP7A1, the rate-limiting
enzyme in bile salt synthesis. OSTα/β secretes bile salts from the ileocytes into the portal circulation,
from where they are taken up into the liver via NTCP, thus, completing the enterohepatic cycle of
bile salts. ASBT, apical sodium-dependent bile salt transporter; BSEP, bile salt export pump; CDCA,
chenodeoxycholic acid; CYP7A1, cholesterol 7-α-monooxygenase; FGF19, fibroblast growth factor
19; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; NTCP, Na+-taurocholate
cotransporting polypeptide; OST, organic solute transporter. Adapted by permission from Macmillan
Publishers Ltd: Nature Reviews Gastroenterology & Hepatology40, copyright
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Serum FGF19 levels have a diurnal rhythm closely related to periods of feeding, with
peaks occurring 90-120 min after the postprandial elevation of bile salts. This FGF19
peak precedes suppression of bile salt synthesis [30]. A recent study showed that
administration of an engineered FGF19 analog efficiently repressed bile salt synthesis
in human volunteers.31 The entire cascade of FGF19-mediated repression of bile salt
synthesis can thus be considered part of a gut-liver axis of bile salt homeostasis.
Besides regulation of bile salt synthesis, FGF19 signaling in the liver results in inhibition
of gluconeogenesis, stimulation of glycogen synthesis and suppression of lipogenesis.32,33
Moreover, FGF19 has a role in liver regeneration and has anti-inflammatory actions.34,35
Mainly because of its beneficial metabolic effects, FGF19 has gained increasing interest
from the pharmacological community and has emerged as a new lead for the therapy of
metabolic and cholestatic liver disorders.36
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Outline of the thesis

As stated in the introduction, there is no disease-modifying medication available for
PSC. The only widely prescribed drug for this indication is ursodeoxycholic acid (UDCA).
Although UDCA is regarded as the standard treatment of primary biliary cholangitis (PBC),
its routine use in PSC is controversial. In Chapter 3 we review the literature regarding this
controversy and discuss the current position of UDCA in the treatment of PSC.
In an attempt to peep into the ‘black box of hepatology’ as PSC is sometimes referred
to given its enigmatic etiology, the experimental studies described in this thesis aim at
generating a better understanding of PSC from a fundamental perspective.
In the introduction we mentioned that the bile salt homeostatic enterokine FGF19
has the potential to reduce bile salt-induced hepatocellular toxicity in PSC. The aim of
the experiments described in Chapter 4 was therefore to test our hypothesis that FGF19
fails to regulate bile salt synthesis in PSC and fails to protect against bile salt cytotoxicity.
In order to do so, we investigated bile salt-induced intestinal production of FGF19 and
the hepatic response to this enterokine upon an oral challenge with the bile acid CDCA.
In the experiments described in Chapter 5, we explored a new role for FGF19 in
the digestive tract. More precisely, studies were performed to assess FGF19 production
in biliary tissues, FGF19 levels in bile and its signaling potential in bile-exposed tissues.
We postulate that FGF19 can act as a signaling factor in human bile, with its exact role
remaining to be determined.
Apart from regulation of bile salt synthesis, FGF19 has been reported to have antiinflammatory properties. We therefore envisioned an anti-inflammatory action of FGF19 in
the biliary tract, and hypothesized that FGF19 levels in bile of PSC patients are inadequate.
We tested this concept and investigated FGF19 levels in PSC bile and determined FGF19
expression in biliary tissues of PSC patients (Chapter 6). In order to relate our findings
to the inflammatory state, levels of other inflammatory factors in bile (e.g. interleukin 8)
and their expression in the biliary tract were also determined. In Chapter 7, we follow up
on our observation that the PSC gallbladder lacks the capacity to concentrate bile. These
findings could explain the ‘enlarged gallbladder phenotype’ in PSC. To further understand
the concentration defect of the PSC gallbladder, we studied expression of genes involved
in bile concentration in the PSC gallbladder.
In Chapter 8, the results of the studies performed in this thesis are summarized.
In addition, we discuss their relevance with regard to our understanding of PSC and
the development of future therapeutic strategies.
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UDCA in PSC

ABSTRACT
Ursodeoxycholic acid (UDCA) is today regarded as the standard treatment of primary biliary
cirrhosis (PBC), whereas its routine use is controversially discussed in primary sclerosing
cholangitis (PSC) and even abandoned by some experts. A number of controlled studies
have suggested that UDCA treatment in PSC has beneficial effects on serum liver tests,
liver histologic features, estimated survival probability and colon carcinoma risk. Other
studies failed to confirm these beneficial effects at therapeutic doses of 15-20 mg/kg/d
or sporadically even suggested the contrary. Taken together, the available database shows
that UDCA at therapeutic doses (15-20mg/kg/d) improves serum liver tests and surrogate
markers of prognosis, but does not reveal a proven benefit on survival. This may be due
to lack of studies of adequate patient cohort size, follow-up duration and drug dosage
and/or due to limited efficacy. In adult patients with PSC, we recommend against the use
of high dose UDCA (30mg/kg/d) as medical therapy. Evaluation of surrogate markers of
prognosis (such as serum alkaline phosphatase < 1.5 ULN) in PSC is urgently needed to
determine efficacy of biochemical treatment response to UDCA and to novel therapeutic
approaches in PSC, particularly in early stage disease.

INTRODUCTION
Twenty seven years after the first anecdotal reports of beneficial effects of ursodeoxycholic
acid (UDCA) on serum liver tests in patients with primary biliary cirrhosis (PBC) and primary
sclerosing cholangitis (PSC), UDCA is today regarded as the standard treatment of PBC1,2,
whereas its routine use is controversially discussed in PSC1 and even abandoned by some
experts3. The EASL Clinical Practice Guidelines on management of chronic cholestatic liver
diseases stated: “The available database shows that UDCA (15-20 mg/kg/d) improves
serum liver tests and surrogate markers of prognosis, but does not reveal a proven
benefit on survival. The limited database does not yet allow a specific recommendation
for the general use of UDCA in PSC.”1 In contrast, the American Practice Guidelines
concluded, based on the same data: “In adult patients with PSC, we recommend against
the use of UDCA as medical therapy.”2 This striking discrepancy between EASL and
AASLD (Clinical) Practice Guidelines on the treatment of PSC reflects the lack of an expert
consensus regarding this matter. How can UDCA be judged as useful and life saving in
PBC, but by some experts as even potentially harmful in PSC? In this paper, we discuss
the data available today regarding the therapeutic value of UDCA in PSC. The limitations
of the available data, the improvements to be made in future studies with respect to
methodological approaches and the urgent need for surrogate markers of prognosis will
also be addressed.

DISEASE PATHOGENESIS AND PUTATIVE MOLECULAR
MECHANISMS OF ACTION OF UDCA
In PBC, the smallest interlobular and septal bile ductules up to 100 mM diameter are
affected by a florid, non-purulent, destructive cholangitis. Impaired cholangiocyte HCO3secretion due to impaired expression of the Cl-/ HCO3- exchanger AE24-6, possibly based
on upregulated microRNA 506 which directly inhibits translation of the AE2 protein7, has
more recently received increasing attention as a potentially critical pathogenetic factor in
PBC. Among other effects, UDCA stimulates biliary HCO3- secretion by posttranscriptional
mechanisms8 and, thereby, stabilizes a “biliary HCO3- umbrella” 9 (Figure 3.1) which
protects cholangiocytes against bile acid toxicity in vitro10. The biliary HCO3- umbrella
may be dysfunctional in the smallest bile ductules in PBC as outlined above.5,6 Thus,
stimulation of defective HCO3- secretion at the level of the smallest intrahepatic bile
ductules may be a key mechanism of action of UDCA in early stage PBC. In contrast to
PBC, PSC affects not only small intrahepatic bile ductules, but mainly larger intrahepatic
ducts and the extrahepatic biliary tree. Protective endogenous mechanisms against bile
toxicity may differ between smallest bile ductules and larger intra- and extrahepatic bile
ducts which are covered by mucins. The amount of biliary HCO3- secretion stimulated by
UDCA at standard doses may be inadequate to protect the whole biliary tree against bile
toxicity. Thus, more potent stimuli of biliary HCO3- secretion may be needed to effectively
treat PSC and prevent periductular/periductal fibrosis at least at more extended stages.11,12
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arms.15 Confirming previous observations, UDCA treatment resulted in improvement of
serum liver tests. In addition to this, UDCA significantly improved histologic disease stage
and cholangiographic changes in this small cohort of patients. The largest trial thus far
conducted was published in 2005.16 In total, 219 patients were included and randomized
1:1 for UDCA (20mg/kg) or placebo. 198 patients were included in the final survival
analysis. Notably, UDCA treatment only tended to improve serum liver tests. The trial
was underpowered for determination of the effect of UDCA on transplant-free survival.
An a priori analysis had revealed a need of 346 patients to be included. Results showed
a tendency at best towards improved survival without liver transplantation in the UDCA
group compared to placebo (Figure 3.2).
26
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Figure 3.1. The biliary HCO3- umbrella. Dysfunction of any of the elements involved in HCO3 formation might weaken the biliary HCO3 - umbrella and contribute to development of fibrosing/
sclerosing cholangitis. Therapeutic agents such as UDCA or norUDCA which stimulate biliary
HCO3 -secretion may, thereby, stabilize the biliary HCO3 -umbrella. 9 ACh, acetylcholine; AE2, anion
exchanger 2; ATP, adenosine triphosphate; CA, carboanhydrase; CaCl, Ca++-dependent chloride
channel; cAMP, cyclic adenosine monophosphate; CDCA, chenodeoxycholic acid; CFTR, cystic fibrosis
transmembrane conductance regulator; ER, endoplasmic reticulum; InsP3, inositol 1,4,5-triphospate;
M3R, muscarinic 3 receptor; P2Y, purinergic P2Y receptors; SR, secretin receptor; TGR5, G proteincoupled bile acid receptor.

THE UDCA DOSE
At daily doses of 10-20 mg/kg, UDCA significantly improved13-15 or tended to improve16
serum liver tests in comparison to placebo in randomized, placebo-controlled pilot studies
and trials. UDCA was well tolerated and did not show profibrogenic effects similar to
what was reported in early studies in PBC. UDCA treatment in PSC patients was evaluated
in 1992 for the first time in a prospective, randomized, double-blind, placebo-controlled
trial.13 Albeit in a small cohort of 14 patients, UDCA (13-15 mg/kg) treatment significantly
improved serum liver tests and histopathological features, as scored by a multiparametric
test. The first reasonably large study was published in 1997. Here, patients were
randomized to either UDCA (13-15 mg/kg) or placebo (N=51 in both groups) and
followed up for a median of 2.2 years.14 Also this study reported a beneficial effect of
UDCA on serum liver tests including the prognostic marker serum bilirubin. However, no
clinically relevant outcome measures, such as effects on time to liver transplantation or
death were found. This was not surprising as longer follow-up and larger patient cohorts
had been regarded as necessary to possibly unravel an improved survival in the UDCAtreated group. The effects of UDCA at the higher dose of 20 mg/kg were reported in
2001 in a double-blind, randomized, placebo-controlled study, with 13 patients in both

Figure 3.2. Kaplan-Meier analysis of survival without liver transplantation in UDCA- and placebotreated patients. A tendency towards improved survival without liver transplantation was observed
for the UDCA-treated group. 16

The cohort sizes and/or follow-up periods of the available placebo-controlled studies
in PSC performed at doses of 10-20 mg/kg daily precluded clear-cut judgement on effects
of UDCA on long-term prognosis in PSC (as discussed for PBC a decade ago).
Since randomized, placebo-controlled studies are logistically challenging, UDCA
treatment in PSC patients had also been evaluated with alternative study designs. One
example was comparison of observed clinical outcome of a UDCA-treated patient cohort
with predicted clinical outcome as calculated by the natural history Mayo model.17
Likewise, Stiehl and colleagues reported in 1997 on an 8-year prospective cohort of
PSC patients treated with UDCA and, if necessary, by endoscopic opening of major duct
stenoses.18 In this study, UDCA treatment did not stop the progression of bile duct disease
but the actuarial transplant-free survival rate was significantly improved when compared
to predicted survival rate based on the Mayo model (Figure 3.3). This finding suggested
that UDCA treatment in PSC patients results in prolonged survival, provided that dominant
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stenoses of the larger bile ducts were dilated by endoscopic measures once diagnosed.
Findings of Stiehl et al.18 were confirmed by Baluyut et al.19
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Figure 3.4. Differences in estimated probability of survival (death or transplantation) for PSC patients
treated with 10, 20 or 30 mg/kg daily between start and end of a two-year treatment period
as calculated by the Mayo risk score. A statistically significant advantage on survival probability
with high-dose UDCA treatment was observed whereby the 30 mg/kg group tended to have more
advanced disease, thus more potential for biochemical improvement. *p < 0.02, two-tailed t-test. 20
Figure 3.3. Actuarial survival in 65 patients with PSC after treatment with ursodeoxycholic acid and
endoscopic dilation of major duct stenoses and estimated survival (*) of the patients as predicted
by the survival model. The survival difference in favor of UDCA treated patients is significant
with p=0.001. 18

High dose UDCA (30 mg/kg daily) was as effective as standard dose (20 mg/kg daily)
in improving serum liver tests and was well tolerated during two years of treatment in
mainly early stage PSC patients.20 In addition, high dose UDCA in this study had superior
effects on survival probability as calculated by the Mayo model when compared to 10
and 20 mg/kg daily (Figure 3.4). In contrast, high dose UDCA was potentially harmful
in a mixed cohort (>40% cirrhosis, fibrosis) of patients treated for up to 5 years in that
endpoints such as development of varices, or listing for liver transplantation tended to
be higher with high dose UDCA independent of disease stage at begin of treatment
(Figure 3.5).21 The fibrotic obstruction of bile ductules/ducts in PSC may have
contributed to high dose UDCA-induced disease progression and progression of portal
hypertension. Still, the molecular pathogenetic mechanisms causing potentially harmful
effects in patients with PSC treated on a long-term base with high dose UDCA remain

Figure 3.5. Kaplan-Meier showing time to death, transplantation or minimal criteria endpoints.
A statistically significant disadvantage for high-dose UDCA treatment on primary endpoints (death,
transplantation, minimal criteria endpoints) was observed particularly due to a trend to more
frequent development of varices and listing for liver transplantation.21

unclear. Similar potentially profibrotic effects of UDCA have not been observed at lower
doses of 10-20 mg/kg in the past even after adequate follow-up.15

SURROGATE MARKERS OF PROGNOSIS
The long-term course and the low incidence of PBC and PSC make therapeutic studies
with a primary endpoint ‘survival free of liver transplantation’ most difficult. In PBC,
analyses of the predictive value of surrogate markers for treatment response and prognosis

have unravelled in several independent patient cohorts that serum alkaline phosphatase
(AP), AST and bilirubin represent strong prognostic markers.22-26 In 2006, in a cohort
of 192 PBC patients the prognostic value of biochemical response to UDCA treatment
was demonstrated (defined as an AP decrease greater than -40% of baseline of values
or normal levels after 1 year of treatment, also referred to as the Barcelona criteria).
In biochemical responders, a significantly higher survival rate was observed than that
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predicted by the Mayo model22 and similar to that estimated for the control population.
Contrastingly, the survival of patients without biochemical response was lower than
that estimated for their control Spanish population although higher than predicted by
the Mayo model. Two years later, the use of a combination of biochemical markers was
promoted by the Paris group.23 Patients showing AP <3 upper limit of normal (ULN),
AST <2 ULN and bilirubin <1 mg/dL (also referred to as the Paris I criteria) after 1 year
of UDCA treatment had a 10-year transplant-free survival rate of 90%, compared to
51% for those who did not (P<0.001). A large Dutch study showed that bilirubin and
albumin normalisation (Rotterdam criteria) under UDCA treatment are positive predictors
of disease improvement in PBC patients, irrespective of disease stage.24 Most recently,
a combination of AST and AP at <1.5 ULN and normalized bilirubin (Paris II criteria)
was found to be a superior surrogate marker for treatment response in early stage
PBC.26 Thanks to these studies, use of surrogate prognostic markers and criteria as study
endpoints in the evaluation of novel therapeutic approaches in PBC is meanwhile widely
accepted by European and American authorities.
In PSC, comparable analyses on the predictive value of surrogate markers for treatment
response and prognosis were lacking until most recently and are urgently needed in
order to identify those patients who may respond to UDCA and other novel medical
interventions and those who may not.
In this light, two remarkable studies were lately published from which the first link
between AP levels and prognosis in PSC emerges. In the first study, records of newly
diagnosed PSC patients were analysed retrospectively for serum liver tests and clinical
endpoints (cholangiocarcinoma, liver transplantation and death) within 10 years of
diagnosis.27 Normalization of AP was seen in 40% of patients. This subgroup of patients
had longer end point-free survival than the patients with persistent elevation of AP
(Figure 3.6), with similar use of UDCA in both groups. When the same approach was used
for re-analysis of a recent prospective trial21, again a significant relationship was observed
between normalisation of AP and survival in patients receiving UDCA or placebo.
In the second retrospective study on AP and prognosis in PSC patients, 40% of
patients reached improvement of AP level to <1.5 ULN in a median time of 2 years.28 In
line with the findings in the first study, this subgroup with improved AP levels to <1.5
ULN reached less frequently clinical endpoints (liver decompensation, liver transplantation
and liver related death including cholangiocarcinoma), and did not significantly differ
from the subgroup with complete normalisation of AP levels. This observation highlights
the possible role for AP as a simple tool to predict the prognosis for an individual patient.
In addition, AP could turn out to be a valuable prognostic marker for treatment response
to UDCA not only in PBC, but also in PSC. In fact, in UDCA treated patients, the endpointfree survival was significantly improved in the subgroup of patients with a serum AP
<1.5 ULN achieved after a median of 2 years (Figure 3.7). Further studies in independent
cohorts of patients with PSC are needed in order to prove the value of serum AP < 1.5
ULN as a prognostic marker and potential therapeutic target in patients treated with
UDCA or novel therapeutic agents.
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Figure 3.6. Kaplan–Meier analysis of end point-free survival for patients that experienced
normalization of alkaline phosphatase (solid line) and patients with persistently abnormal alkaline
phosphatase (dashed line) demarcated by years (P = 0.02). Patients with normalization of alkaline
phosphatase display better survival.27

Figure 3.7. Kaplan–Meier survival curve showing a significant difference in long-term end
point-free survival (liver decompensation, liver transplantation or liver related death including
cholangiocarcinoma) between UDCA treated patients with improvement of serum alkaline
phosphatase (SAP) to <1.5 ULN and UDCA treated patients without this improvement. Improvement
of SAP to <1.5 ULN was associated with better long-term survival.28
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CONCLUSION
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Prolonged FGF19 rise after CDCA challenge in PSC

ABSTRACT

INTRODUCTION

Baseline serum FGF19 levels were comparable between groups, while fasted bile salt
levels in PSC patients were elevated. Upon CDCA challenge, HC and PBC patients showed
a serum FGF19 peak after 4 hours followed by a decline. PSC patients showed a prolonged
and elevated serum FGF19 response up to 8 hours combined with a sustained serum
elevation of CDCA and other bile salts. In general, C4 levels declined following FGF19
elevation. In PSC patients with less favorable prognosis, baseline C4 levels were drastically
suppressed and did not further decline.

Primary sclerosing cholangitis (PSC) is in its classical form a chronic cholestatic liver disease
characterized by fibrotic strictures and saccular dilatations of the intra- and extrahepatic
bile ducts.1 Destruction and obliteration of medium- and large-sized bile ducts leads
to bile retention, chronic cholestasis and biliary cirrhosis. The initial lesions in PSC are
thought to be the consequence of a disturbed immunological response, with a possible
role for bile or bile salts in perpetuating the disease.2
Bile salt homeostasis in the liver is tightly regulated. Recent studies have indicated that
bile salt synthesis in the liver is controlled by fibroblast growth factor 19 (FGF19) produced
in the terminal ileum.3 FGF19 is produced in ileocytes upon activation of the farnesoid
X receptor (FXR) by bile salts absorbed from the intestinal lumen. Among the various
bile salts, chenodeoxycholic acid (CDCA) is the most potent natural FXR-agonist.4 Upon
release into the portal circulation, FGF19 binds to FGFR4 at the sinusoidal membrane of
hepatocytes. This leads to activation of MAP kinases and transcriptional repression of
CYP7A1, encoding the rate-limiting enzyme in bile salt synthesis. In vivo, this repression
can be followed by measuring serum levels of the bile salt intermediate 7α-hydroxy-4cholesten-3-one (C4).5 By reducing bile salt synthesis, FGF19 has a hepatoprotective effect.
A possible downside of FGF19 is its presumed tumorigenicity.6-8 Prolonged exposure to
high levels of FGF19 could contribute to the enhanced risk for bile duct, gallbladder and
colon cancer in PSC.9-11
The majority of patients with PSC have concomitant inflammatory bowel disease (IBD)
and one may question if in that setting, proper control of bile salt synthesis by the FXR/
FGF19 axis is maintained. The objective of the present study was to evaluate this gut-liver
signaling axis in patients with chronic cholestatic liver disease.

Conclusion

MATERIAL AND METHODS

Following an oral CDCA challenge, PSC patients showed an impaired clearance of
CDCA and a prolonged serum FGF19 response. FXR agonist therapy in PSC could cause
prolonged exposure to elevated levels of FGF19, and we propose careful monitoring for
detrimental side effects in patient studies.

Study subjects, oral CDCA challenge and blood sampling

Background
Bile salts likely contribute to liver injury in patients with primary sclerosing cholangitis
(PSC) and primary biliary cholangitis (PBC). Fibroblast growth factor 19 (FGF19) is a bile
salt-induced enterokine with hepatoprotective potential as it suppresses de novo bile salt
synthesis. Here, we evaluated the bile salt receptor FXR/FGF19 gut-liver axis in PSC and
PBC patients.

Methods
Fasted patients with PSC (n=12) and PBC (n=10), and healthy controls (HC; n=10) were
orally challenged with the natural FXR agonist chenodeoxycholic acid (CDCA15mg/kg).
Blood was sampled hourly until 8 hours afterwards. Serum FGF19 and bile salt excursions
were determined. Serum levels of 7α-hydroxy-4-cholesten-3-one (C4), reflecting bile salt
synthesis, were measured as a biomarker of FGF19 response.

Results

Patients with PSC (n=12) and primary biliary cholangitis (PBC, n=10) were recruited from
the outpatient hepatology clinic at the Academic Medical Center in Amsterdam. Healthy
controls (HC, n=10), matched for gender and age with the PSC patients, were approached
via a written announcement.
The Mayo Risk Score (MRS) for PSC, a prognostic model used to estimate event-free
survival and classified as low (MRS ≤0), intermediate (0<MRS≤ 2) or high (MRS>2) risk,
was calculated.12 For the present study, MRS was re-categorized as low (MRSlow; MRS ≤0,
n=7) and intermediate to high MRS (MRSintermediate-high; MRS >0, n=5).
The Mayo Risk Score (MRS) also has prognostic value for estimating event-free survival
in PBC, and is classified as low (MRS ≤3.5), intermediate (3.5<MRS≤ 3.9) or high (MRS>4)
risk.13 Note that calculation of MRS for PBC employs different parameters, yielding values
that do not allow direct comparison with MRS for PSC.
PBC patients and those PSC patients taking ursodeoxycholic acid (UDCA) were asked
to suspend UDCA use during one week before start of the study. Following overnight
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fasting, all study subjects were orally administered chenodeoxycholic acid (CDCA,
Sigma-Tau Arzneimittel GmbH, Dusseldorf, Germany) at a dose of 15 mg/kg body weight
(total number of ingested 250 mg capsules was rounded downwards), based on a previous
report of succesful pharmacologic activitation of FXR in human subjects.14
Blood samples were obtained from an indwelling cannula placed in a cubital vein at
baseline and at hourly intervals for up to 8 hours after CDCA intake. During this sampling
period, all participants refrained from food but had free access to water.

Blood chemistry
40

Following collection of blood, serum was prepared and stored at –80°C until analysis
of FGF19, total bile salts, and 7α-hydroxy-4-cholesten-3-one (C4) levels at all sampling
points. Alanine aminotransferase (ALT), gamma-glutamyltransferase (GGT) and alkaline
phosphatase (ALP) were determined at baseline, 4 and 8 hours after CDCA intake, using
a Cobas Modular Analyzer (Roche Diagnostics GmbH, Germany).
FGF19 levels were determined by ELISA as previously described.15 Total bile salt (TBS)
levels were determined by an enzymatic cycling assay (Diazyme, Poway, CA). Serum levels
of C4, were determined by LC-MS as described in detail in the Supplemental Data. Serum
bile salt composition was determined in samples collected at baseline and additional time
points of interest as described elsewhere.16

Statistical Analysis
Differences between HC, PSC and PBC patient groups at baseline were evaluated using
(non-)parametric ANOVA and post-hoc tests with Bonferroni-Holm correction for multiple
testing. Repeated measurement ANOVA was used to evaluate the response to CDCA in
the respective study groups. In case of ALT, a non-parametric Friedman test for repeated
measures was performed for each (sub)group. AUC0-8h was calculated as net change
from baseline using the trapezoid method. Statistical analyses were performed using SPSS
version 20, and statistical significance was accepted at P<0.05. Data in graphs are shown
as median and interquartile range unless indicated otherwise, whereas data in tables are
shown as median [range].

Prolonged FGF19 rise after CDCA challenge in PSC

4 temporarily discontinued its use. All PBC patients used UDCA, with a single patient
refraining from discontinuation. The oral administration of CDCA with a median bolus of
1250 mg did not lead to side effects or complications in any of the subjects.

Serum bile salt levels and composition at baseline
Total bile salt (TBS) levels at baseline were higher in the PSC than in the HC and PBC
groups (Table 4.2, Figure 4.1A). In PSC patients, TBS levels at baseline were considerably
higher in the MRSintermediate-high than in the MRSlow subgroup (Table 4.2, Suppl. Figure 4.1A).

Table 4.1. Characteristics of the study subjects at baseline.
PSC
HC
N
Male [n (%)]
Age (years)
[median (range)]
Large duct PSC [n (%)]
Disease duration (years)
[median (range)]
Ulcerative colitis [n (%)]
Crohn’s disease [n (%)]
Ursodeoxycholic acid use
[n (%)]
AST (U/L)

MRSlow

MRS

10
10
12
5 (50)
0 (0)
7 (58)
51 (27-73) 63 (43-78) 48 (30-70)

7
3 (43)
46 (30-70)

5
4 (80)
50 (35-70)

N.A.
N.A.

N.A.
10 (1-35)

12 (100)
11 (4-24)

7 (100)
7 (4-12)

5 (100)
17 (4-24)

0 (0)
0 (0)
N.A.

0 (0)
0 (0)
10 (100)

6 (50)
2 (17)
10 (83)

3 (43)
2 (29)
6 (86)

3 (60)
0 (0)
4 (80)

N.D.

29

53

38

105

(17-68)

(19-135)

(19-55)

(67-135)

107

272

214

366

(42-251)

(84-571)

(84-430)

(232-571)

N.D.

8 (5-17)

11 (5-85)

6 (5-12)

35 (20-85)

N.D.

42 (37-46) 40 (27-45)

43 (39-45)

33 (27-34)

N.A.

4.06
(2.9-5.9)

-0.77

1.99

(-1.3 −
-0.1)

(+1.7 − +2.4)

[median (range)]
(N: <40 U/L)
ALP (U/L)

N.D.

[median (range)]
(N: 40-120 U/L)
Bilirubin total (µmol/L)
[median (range)]

RESULTS

(N: <17 µmol/L)
Albumin (g/L)

Patient groups

[median (range)]

Patient characteristics and liver biochemistry are shown in Table 4.1. In the PSC group,
7 patients had a low MRS (MRSlow), 2 patients had an intermediate MRS and 3 patients
had a high MRS (grouped together as MRSintermediate-high). In the PBC group, 3 patients had
a low MRS, 2 patients had an intermediate MRS and 5 patients had a high MRS. None
of the study subjects had a history of bowel surgery. Of PSC patients, 6 had ulcerative
colitis and 2 had Crohn’s disease, with a single patient per IBD subtype having mild
terminal ileitis at time of the study. UDCA was used by 10 PSC patients (83%), of which
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(N: 35-50 g/L)
Mayo Risk Score
[median (range)]

PBC

All

-0.18
(-1.3 − +2.4)

intermediate-high

Note that calculation of MRS for PBC employs different parameters, yielding values that do not allow direct comparison
with MRS for PSC.
HC, healthy controls; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; MRS, Mayo Risk Score; AST,
aspartate aminotransferase; ALP, alkaline phosphatase; N.A. , not applicable; N.D. , not determined; N: , normal range.

[12.6-53.8] [0.1-52.2]

0.004*
0.005*

Data are shown as median and range [minimum to maximum value]. Statistical significance was accepted at P<0.05 corrected for the number of comparisons made (post-hoc BonferroniHolm correction) and is demarcated by * in the table.
HC, healthy controls; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; MRS, Mayo Risk Score; TBS, total bile salts; FGF19, Fibroblast Growth Factor 19; C4,
7α-hydroxy-4-cholesten-3-one. Baseline TBS, FGF19 and C4 levels in HC were similar to previous reports.15,33

[0.1-0.8]
[6.4-26.6]
(ng/mL)

29.0
3.2

[4.2-52.2]

[0.08-0.33] [0.15-0.65] [0.07-2.20] [0.07-0.46]
17.1
18.6
5.9
10.9
(ng/mL)
C4 t=0

[0.18-2.20]
0.6

0.11

0.048

0.06
0.72
0.20

0.15

0.004*
0.29

<0.001*

<0.001*

[67.4-329.3]
0.58

75.5

[0.1- 6.8]
0.18
(μmol/L)
FGF19 t=0

16.9
2.8
TBS t=0

[6.0-329.3] [6.0-13.8]
0.26
0.24

HC vs
PSCAll
HC vs
PBC
MRSint.-high
All

MRSlow

PSC
PBC

Baseline serum FGF19 levels in both patient groups and controls were comparable
(Fig. 4.1B, Table 4.2). CDCA caused a gradual increase in serum FGF19 levels in all groups
(Ptime <0.001; Fig. 4.1B, Suppl. Fig. 4.1A). The serum FGF19 response to CDCA was
different between groups (Ptime*group = 0.018), with the response in PSC patients deviating
from that in HC (Suppl. Table 4.1). The first half of the FGF19 response curves was similar
in the three groups. During the second half, the FGF19 response showed a persistent
elevation in PSC patients in contrast to a decline in PBC patients and HC (Fig. 4.1B,
Supp. Table 4.2).

HC

FGF19 levels at baseline and serum response after CDCA

Table 4.2. Total bile salts, Fibroblast Growth Factor 19 and C4 baseline values in healthy controls, PBC and PSC patients.
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Oral CDCA administration resulted in elevation of TBS in all groups (Ptime <0.001; Fig 4.1A,
Suppl. Fig 4.1A). The serum bile salt response to CDCA was different between the three
groups (Ptime*group<0.001), with the response in PSC patients deviating from that in HC
and PBC patients (Suppl. Table 4.1). While a transient elevation of TBS was observed in
HC and PBC patients, the response to CDCA in PSC patients showed an enhanced and
prolonged elevation, which was predominantly due to a prolonged response in the PSC
MRSintermediate-high subgroup (Suppl. Fig 4.1, Suppl. Table 4.1).
The time-to-peak (TTPTBS) for TBS was similar in HC and PBC patients, but longer
in PSC patients (Figure 4.1, Suppl. Table 4.2). In 9 out of 12 PSC patients and 2 out of
10 PBC patients, a second peak in the individual serum response curves was observed
between T=5-8 hours (data not shown). These findings are reflected in a higher AUCTBS0-8h
in PSC patients in comparison with HC and PBC patients (Suppl. Table 4.2). AUCTBS0-8h
values were similar in the MRS-based PSC subgroups (Suppl. Table 4.2).
For each of the subjects, serum bile salt pool composition was analyzed at the individual
peak level, and peak TBS level was calculated from the sum of individual bile salt species
(Fig. 4.3A). At the first peak, TBS levels were higher in PSC and PBC patients than in
HC (Fig 4.3D), whereas unconjugated CDCA was higher in PBC patients than in HC
(Fig. 4.3C). Peak mole fraction of conjugated CDCA was highest in PSC (Fig 4.3A).
Moreover, MRSintermediate-high PSC patients had increased conjugated CDCA levels compared
to MRSlow PSC patients (Fig. 4.3B). No differences were found between bile salt levels
or composition at time of the second peak, when comparing PSC with PBC patients or
MRSlow PSC patients with MRSintermediate-high PSC patients (Fig 4.3A, B and D).

P value

Serum bile salt response to CDCA intake

[1.2-26.9]
0.23

Serum bile salt composition at baseline is depicted in Figure 4.2. The mole fraction of
primary conjugated bile salts was higher in PSC than in PBC patients and HC (Fig. 4.2 and
Suppl. Table 4.3). Moreover, the mole fraction of unconjugated UDCA was elevated in
PBC compared to PSC and HC, and elevated in PSC compared to HC (Fig. 4.2 and Suppl.
Table 4.3). Baseline elevation of serum bile salts in PSC was primarily due to increased
levels of primary conjugated bile salts.

MRSlow vs
MRSint.-high

Prolonged FGF19 rise after CDCA challenge in PSC

PSCAll vs
PBC
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Figure 4.1. Serum bile salt, fibroblast growth factor 19 and C4 response curves following CDCA
administration. Serum was sampled hourly until 8 hours after CDCA intake in healthy controls (HC,
green symbols, n=10), and patients with PBC (red symbols, n=10) and PSC (blue symbols, n=12).
Data are expressed as mean values and standard error of the mean. FGF19, Fibroblast Growth
Factor 19; C4, 7α-hydroxy-4-cholesten-3-one; CDCA, chenodeoxycholic acid; PBC, primary biliary
cholangitis; PSC, primary sclerosing cholangitis.

C4 levels at baseline and serum response after CDCA
In PSC patients C4 levels at baseline were decreased (Fig. 4.1C, Table 4.2). This is
attributable to the MRSintermediate-high subgroup where C4 levels reached the lower limit of
quantification (i.e. 0.1 ng/mL). Levels of C4 in the MRSlow subgroup were not different
from those in HC or PBC patients (Supp. Fig. 4.1C, Table 4.2).
The serum C4 response to oral CDCA administration was significant in HC
(P=0.018), in PBC patients (P<0.001) and in the MRSlow subgroup (P=0.006), but not in
the MRSintermediate-high subgroup (P=0.64). HC and PBC patients showed a decrease in C4
levels in the second half of the response curve, following the peak FGF19 levels at 4-5 hours
(Fig. 4.1C, Suppl. Table 4.2). A similar reduction of C4 levels preceded by elevation of
serum FGF19 was noted in the MRSlow subgroup (Suppl. Fig. 4.1C). Serum C4 levels in
the MRSintermediate-high PSC subgroup were already low at baseline, and CDCA ingestion had
no effect (Suppl. Fig. 4.1C).

Figure 4.2. Serum bile salt composition at baseline. Serum bile salt composition was determined
in healthy controls (HC, n=3), PBC (n=10) and PSC (n=12) patients (A). Based on Mayo Risk Score
(B), PSC patients were subcategorized as low risk (n=7, MRSlow) or moderate to high risk (n=5,
MRSintermediate-high). Bile salt composition is represented as (un)conjugated primary, secondary bile salts
and UDCA. Data are expressed as mole fractions. The following symbols denote differences of
statistical significance: ‘a’ and ‘aa’ HC vs PSC P< 0.05 and P<0.005, resp.; ‘b’ and ‘bb’ PSC vs PBC
P<0.05 and P<0.005, resp.; ‘cc’ HC vs PBC P<0.005. HC, healthy controls; PBC, primary biliary
cholangitis; PSC, primary sclerosing cholangitis; UDCA, ursodeoxycholic acid.

DISCUSSION
In this study, we evaluated the gut-liver axis of FGF19-mediated regulation of bile salt
synthesis in PSC and PBC patients by the oral administration of the natural FXR agonist
CDCA. In PBC patients and in healthy controls, serum FGF19 levels peaked 4 hours
after oral CDCA and then declined. In contrast, the serum FGF19 response curve in PSC
patients showed a prolonged response with elevated serum FGF19 levels up to 8 hours
after oral CDCA administration. What could be the mechanism behind this prolonged
FGF19 response in PSC patients?
CDCA is the most potent FXR agonist among the natural bile salts.4 Passive or
carrier-mediated absorption of bile salts in the terminal ileum results in FXR activation
and FGF19 induction. FGF19 circulates from the ileum to the liver where it suppresses
bile salt synthesis.17 While FGF19 is not expressed in normal human hepatocytes, under
cholestatic conditions human liver produces FGF19.18 Whether this occurs in hepatocytes
or cholangiocytes is not clear. A previous report showed a correlation between serum and
liver levels of FGF19 protein and severity of cholestasis in PBC.19 Although the regulation
of FGF19 in the liver is not entirely understood, it is likely that FGF19 synthesis in
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since PSC patients had higher levels of ALP and TBS than PBC patients (Tables 4.1
and 4.2, Figure 4.1A). However, we did not observe a correlation between cholestatic
parameters and FGF19 levels (data not shown). Besides, FGF19 continued to rise until 8
hours after oral administration of CDCA in both MRSlow and cholestatic MRSintermediate-high
PSC patients (Suppl. Fig. 4.1B). To further study the influence of cholestasis on the serum
FGF19 response following an oral CDCA challenge, it could be informative to evaluate
this response in patients with severe cholestasis, e.g. in patients with malignant bile
duct obstruction. We alternatively considered the possibility that the difference in FGF19
response between PSC and PBC patients may be disease-specific, rather than related to
differences in severity of cholestasis. In PSC, intermediate and large bile ducts contain
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numerous strictures. Proximal to these stenoses, the biliary pressure is likely elevated,
leading to the characteristic saccular dilatations. Bile duct damage is different in PBC
where only the small intrahepatic bile duct(ule)s close to the site of hepatocellular secretion
are affected. Albeit difficult to prove, it is possible that in PSC bile salts leak from these
Figure 4.3. Serum bile salt composition and peak levels following CDCA administration. Bile salt
composition was determined in samples from healthy controls (HC, n=3), PBC (n=10) and PSC
(n=12) patients at baseline and at time of peak(s) of total bile salts. Data are expressed as mole
fractions and categorized as (un)conjugated CDCA and other bile salts (panel A). Based on Mayo
Risk Score (panel B), PSC patients were subcategorized as low (n=7, ‘MRSlow’) or intermediate to
high risk (n=5, ‘MRSintermediate-high’). Unconjugated CDCA absolute concentration was measured at first
total bile salt peak (panel C) in the same (sub)groups used for (A) and (B). For the same groups, total
bile salt peak(s) are shown as absolute concentrations (panel D). For peak#2: PBC (n=2), PSCAll (n=9),
PSC MRSlow (n=5) and PSC MRSintermediate-high (n=4). Data in panel C and D are expressed as median and
interquartile range. The following symbols denote differences of statistical significance: ‘a’ and ‘aa’
HC vs PSC P<0.05 and P<0.005, resp.; ‘b’ and ‘bb’ PSC vs PBC P<0.05 and P<0.005, resp.; ‘c’ HC vs
PBC P<0.05; ‘d’ and ‘dd’ MRSlow vs MRSintermediate-high P<0.05 and P<0.005, resp. HC, healthy controls;
PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; CDCA, chenodeoxycholic acid.

injured bile ducts, especially from pre-stenotic segments that may be under increased
biliary pressure. This leakage could be enhanced upon an increase in biliary pressure after
canalicular secretion of administered CDCA. As a result, bile salts recirculating to the liver
via such speculated cholehepatic shunting could cause prolonged hepatic FXR activation
and consequential hepatic FGF19 synthesis. Moreover, FGF19 from bile could leak into
the circulation and directly contribute to elevated serum levels of FGF19 after CDCA
challenge in PSC.20 The latter scenario is less likely as cholestasis and liver injury markers
were not affected by CDCA ingestion (Suppl. Fig. 4.2).
Following a CDCA challenge, a larger fraction of CDCA was conjugated in PSC patients
at peak bile salt level than in PBC patients. This especially occurred in the MRSintermediate-high
PSC subgroup (Figure 4.3 A-B). Also at baseline, PSC patients showed increased primary
conjugated bile salts, which largely accounted for elevated TBS (Fig. 4.2). Since the liver

the cholestatic liver is under control of FXR as it is in the ileum and can hence be induced
by CDCA.
Our study showed a prolonged serum FGF19 response in PSC patients after oral
administration of CDCA. The TBS and FGF19 response curves showed that in all groups,
TBS elevation preceded serum FGF19 elevation. In PSC patients, persistent elevation of
TBS was followed by elevated FGF19 until 8 hours after oral intake of CDCA, suggesting
that the decreased clearance of CDCA and other bile salts in these patients results in
prolonged FGF19 production. While FGF19 during the initial phase of the response curve
most likely derives from the terminal ileum due to FXR activation by luminally absorbed
CDCA, we speculate that FGF19 in the second phase of the response curve may originate
both from the liver and ileum. Prolonged elevation of serum CDCA could stimulate FGF19
production in ileal enterocytes via basolateral diffusion of unconjugated CDCA or via
absorption and stimulation of FXR in hepatocytes or cholangiocytes. The difference in
response between PSC and PBC patients may be related to the degree of cholestasis,

is the only site where bile salt conjugation occurs, conjugated bile salts in serum must
originate from the liver. Therefore, conjugated CDCA in serum either originates from
leaky bile ducts or from reversed basolateral efflux from hepatocytes. In the absence of
a stimulus for gallbladder contraction, intestinal reabsorption following enterohepatic
circulation seems a less likely explanation for serum appearance of conjugated CDCA.
UDCA is a very weak FXR agonist.4 In order to prevent potential interference with
CDCA effects, all participants were requested to discontinue use of UDCA for one week.
Longer discontinuation may have been preferable for our study, but was not justified
from an ethical and medical point of view. UDCA was not discontinued by all subjects.
As a result, unconjugated UDCA remained elevated in PSC and PBC patients (Fig. 4.2).
However, there was no correlation between baseline UDCA levels and FGF19 or C4 levels
(data not shown).
At baseline, PSC patients in the MRSintermediate-high group had very low levels of C4 and
normal levels of FGF19 (Suppl. Fig. 4.1C). This could point to strongly suppressed bile
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salt synthesis via FGF19-independent pathways in progressive stages of the disease.
Strongly suppressed synthesis of (primary) bile salts can be expected to result in a greater
proportion of gut flora-derived secondary bile salts in the circulating pool. Yet, primary
bile salts comprise the main bile salt species in PSC. It will be interesting to learn if
CYP7A1-independent routes of bile salt synthesis, which do not result in formation of
the bile salt intermediate C4, are operating in PSC.
The findings of our study might be relevant for FXR agonist based therapy. A putative
beneficial effect of FXR agonists in PSC patients would be the suppression of bile salt
synthesis via FGF19 induction. Our data suggest that PSC patients with intermediate-high
MRS may not benefit from this therapy, given the fact that bile salt synthesis, at least via
the classical pathway, appears to be already low. However, FXR agonists may still have
beneficial effects on properties of the bile salt pool as well as gut barrier function, exert
anti-inflammatory action in intestine and liver and promote repair of cholestatic injury.21-26
Our finding of prolonged FGF19 elevation in PSC patients following CDCA intake may
have additional implications for FXR agonist-based therapy in this disease. Obeticholic
acid (OCA) is an approximately 100-fold more potent FXR agonist than CDCA and is
under current investigation in a phase 2 trial in PSC patients.27,28 In PBC patients, OCA
at a dose of 10mg was observed to result in a ca. 2-fold elevation of serum FGF19.29
This approximates the effect of CDCA in PBC patients in our current study, as well as
postprandial FGF19 changes in healthy subjects.15,30 Based on our findings, prolonged
elevation of FGF19 may be anticipated in PSC patients using OCA. Prolonged exposure to
elevated FGF19 levels may theoretically increase the risk of PSC patients for developing
cholangiocarcinoma and other malignancies as has been shown in mice.31
There are some limitations of our study. As the physiological stimulus of an oral
fat load did not result in a uniform serum FGF19 response (unpublished results), we
chose oral CDCA to induce intestinal FGF19 release. The orally administered CDCA was
not conjugated and is expected to be taken up in part by the proximal small intestine
(which has little FXR and no FGF19 expression) via passive diffusion.32 Thus, oral CDCA
ingestion does not reflect normal physiology in which conjugated bile salts are delivered
to the terminal ileum by a meal-stimulated gallbladder contraction. In addition, the PBC
patients had lower cholestatic parameters than the PSC patients, and as such may be
a suboptimal control group for cholestatic disease. Moreover, to test our hypothesis of
CDCA-induced hepatic production of FGF19 in PSC, analysis of liver biopsies taken before
and after CDCA would be needed. However, such invasive steps are ethically not allowed.
Taken together, we demonstrate that PSC patients show a prolonged FGF19 response
after an oral dose of CDCA. FXR-agonist therapy in PSC could cause prolonged exposure
to elevated levels of FGF19. Its previously reported hepatoproliferative properties warrant
evaluation of the long-term effects of elevated FGF19 levels in PSC patients.

Prolonged FGF19 rise after CDCA challenge in PSC
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Supp. Figure 4.1. Serum bile salt, fibroblast growth factor 19 and C4 response curves following
CDCA administration. Serum was sampled hourly until 8 hours after CDCA intake in healthy
controls (HC, green symbols, n=10), PBC patients (blue symbols, n=10) and PSC patients with low
or intermediate-high Mayo Risk Score (MRSlow, orange symbols, n=7 and MRSintermediate-high, purple
symbols, n=5, resp.). Data are expressed as mean values and standard error of the mean. FGF19,
Fibroblast Growth Factor 19; C4, 7α-hydroxy-4-cholesten-3-one; CDCA, chenodeoxycholic acid;
PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.

Supp. Figure 4.2. Liver enzyme tests after CDCA intake. Alanine aminotransferase, gamma-GT
and alkaline phosphatase were determined in serum sampled 0, 4 and 8 hours after CDCA intake
in healthy controls (HC, green symbols, n=5), and patients with PBC (blue symbols, n=10) and
PSC (red symbols, n=12). Data are shown as median values and interquartile range. ALT, alanine
aminotransferase; GGT, gamma-GT; ALP, alkaline phosphatase; CDCA, chenodeoxycholic acid; PBC,
primary biliary cholangitis; PSC, primary sclerosing cholangitis; n.s., not significant.

Supp. Table 4.1. Differences in trend of response curves of total bile salts, Fibroblast Growth Factor
19 and C4 in healthy controls, PBC and PSC patients.
P value

TBS curve
FGF19 curve
C4 curve
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HC vs PBC
HC vs PSCAll
PSCAll vs PBC
MRSlow vs MRSInt.-high

0.022*
0.026
1.0
<0.001*
0.004*
0.007*
<0.001*
1.0
0.004*
0.023*
0.77
<0.001*

Repeated measures ANOVA with post-hoc testing was performed. Statistical significance was accepted at P<0.05
corrected for the number of comparisons made (post-hoc Bonferroni-Holm correction) and is demarcated by * in
the table. HC, healthy controls; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; MRS, Mayo Risk
Score; TBS, total bile salts; FGF19, Fibroblast Growth Factor 19; C4, 7α-hydroxy-4-cholesten-3-one.

17.04

[-39.0-53.4]
2.4
[0.0-4.0]
4.5
[3.0-8.0]
3.8
[0.0-8.0]
9.6
[8.3-10.1]
(n=10)
N.A.

(ng·mL-1·h-1)
TTP TBS
(hrs)
TTP FGF19
(hrs)
TTP C4
(hrs)
TBS Peak#1
(μmol/L)
(n=)
TBS Peak#2

335.3

All

(n=2)
0.93
0.47
[0.13-0.79]
0.30
[0.12-0.71]

(n=)
FGF19 t=4
(ng/mL)
FGF19 t=8
(ng/mL)

[0.21-2.10]

0.46

[0.51-1.21]

[23.6-128.6]

(n=10)
76.1

[21.7-83.7]

[0.0-4.0]
40.8

[3.0-7.0]
1.5

[1.0-4.0]
4.5

[-89.5-230.1]
2.5

-40.8

[0.44-4.87]

0.96

[0.13-1.82]

(n=9)
0.51

[5.4-1593.4]

(n=12)
170.2

[9.5-740.2]

[0.0-6.0]
51.9

[4.0-8.0]
2.8

[1.0-8.0]
8.0

[-221.1-54.42]
4.5

[-2.24-14.61]
-1.09

[-33.6-400.5]
[-11.7-2589.0]
1.93 [0.02-6.82] 1.88

87.87

PBC

(μmol/L)

-1

[-0.15-2.83]
1.48
-1

(ng·mL ·h )
AUC C4

(μmol·L-1·h-1) [-24.6-39.1]
AUC FGF19 0.88

AUC TBS

HC

786.1

MRSint.-high

[0.88-4.87]

0.97

[0.13-1.12]

(n=4)
0.55

[5.4-1593.4]

(n=7)
584.5

[5.0-740.2]

[0.0-6.0]
49.9

[7.0-8.0]
3.0

[1.0-6.0]
8.0

[-221.1-54.4]
5.0

-15.6

[0.44-2.52]

0.84

[0.18-1.82]

(n=5)
0.48

[72.9-964.7]

(n=5)
170.2

[22.9-516.1]

[0.0-6.0]
127.7

[4.0-8.0]
3.0

[4.0-8.0]
8.0

[-2.1-4.45]
5.0

[-2.24-1.85]
1.25

[17.5-2589]
[-11.7-2339.0]
3.62 [0.95-14.61] 1.23

173.2

MRSlow

PSC

0.07

0.007*

N.A.

0.011*

0.025

0.753

1.00

0.658

0.028

0.037

HC
vs PBC

PSCAll
vs PBC
0.005*
1.00
0.014*
0.022
<0.001*
0.16
0.39

0.35

0.15
0.004*

HC
vs PSCAll
<0.001*
0.019
0.264
0.015
0.002*
0.32
0.03

N.A.

0.47
<0.001*

P value

0.17

0.57

1.0

0.69

0.93

0.56

0.152

<0.001*

0.042

0.204

MRSlow
vs MRSint.-high

Supp. Table 4.2. Parameters from total bile salts, Fibroblast Growth Factor 19 and C4 curves after chenodeoxycholic acid intake in healthy controls, PBC
and PSC patients.
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[0.28-1.33]
7.0
[0.0-23.6]

(ng/mL)
C4 peak
(ng/mL)

[0.0-77.2]

[0.81-2.52]
2.45

1.24

PBC

[0.0-15.9]

[0.81-4.87]
1.6

1.13

All

[0.0-15.9]

[0.60-2.86]
3.8

0.97

MRSlow

PSC

[0.0-2.1]

[0.90-4.87]
0.4

1.01

MRSint.-high

0.40

0.016*

HC
vs PBC
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PSCAll
vs PBC
0.22
0.79

HC
vs PSCAll
<0.001*
0.12

P value

0.16

0.57

MRSlow
vs MRSint.-high

[0.0-2.6]
0.0
[0.0-0.0]
0.15
[0.0-0.80
(n=10)
0.26
[0.15-0.63]
0.32
[0.00-0.71]
0.00
[0.00-0.17]
0.00
[0.00-0.00]

at t=0
(μmol/L)
UDCA Unconj.
at t=0
(μmol/L)
Prim. Unconj.
at t=0
(mole fract.)
(n=)
Prim. Conj.
at t=0
(mole fract.)
Sec. Unconj.
at t=0
(mole fract.)
Sec. Conj.
at t=0
(mole fract.)
UDCA Unconj.
at t=0
(mole fract.)

0.0

CDCA Unconj.

HC

[0.03-0.26]

0.09

[0.00-0.16]

0.08

[0.00-0.24]

0.07

[0.10-0.51]

0.38

(n=10)

[0.01-0.29]

0.16

[0.03-0.26]

0.087

[0.01-3.1]

0.32

PBC

[0.00-0.33]

0.01

[0.00-0.10]

0.01

[0.00-0.27]

0.01

[0.28-0.92]

0.61

(n=12)

[0.00-0.46]

0.00

[0.0-0.33]

0.005

[0.0-12.9]

0.0

All

[0.00-0.33]

0.00

[0.00-0.10]

0.03

[0.00-0.27]

0.07

[0.28-0.77]

0.56

(n=7)

[0.00-0.46]

0.00

[0.0-0.33]

0.0

[0.0-1.3]

0.0

MRSlow

PSC

[0.00-0.14]

0.01

[0.00-0.02]

0.01

[0.00-0.01]

0.00

[0.48-0.92]

0.72

(n=5)

[0.00-0.08]

0.01

[0.0-014]

0.01

[0.0-12.9]

0.0

MRSint.-high

<0.001*

0.16

0.31

0.82

0.73

<0.001*

0.012*

HC
vs PBC

Supp. Table 4.3. Serum bile salt composition and bile salt levels at baseline and at first and second bile salt peak.

0.024*

0.003*

<0.001* 0.29

0.17

0.024

0.024*

0.012*

0.06

0.005*

0.09

0.84

0.012*

0.93

0.12

0.12

0.93

0.93

0.34

0.005*

0.86

MRSlow
vs MRSint.-high

PSCAll
vs PBC

HC
vs PSCAll

P value

Data are shown as median and range [minimum to maximum value]. Statistical significance was accepted at P<0.05 corrected for the number of comparisons made (post-hoc BonferroniHolm correction) and is demarcated by * in the table. AUC, area under the curve; TTP, time to peak; HC, healthy controls; PBC, primary biliary cholangitis; PSC, primary sclerosing
cholangitis; MRS, Mayo Risk Score; TBS, total bile salts; FGF19, Fibroblast Growth Factor 19; C4, 7α-hydroxy-4-cholesten-3-one.

0.64

FGF19 peak

HC
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[0.03-0.34]
0.57
[0.19-0.95]
0.08
[0.03-0.34]
0.38
[0.20-0.97]
10.3
[10.2-11.3]
0.87
[0.82-0.96]
(n=3)
0.03
[0.03-0.07]

at t=0
(mole fract.)
Prim. Total
at t=0
(mole fract.)
UDCA Total
at t=0
(mole fract.)
Conj. Total
at t=0
(mole fract.)
CDCA Unconj.
at Peak#1
(μmol/L)
CDCA Unconj.
at Peak#1
(mole fract.)
(n=)
CDCA Conj.
at Peak #1

[11.8-12.5]
N.A.

at Peak#1
(μmol/L)
CDCA Unconj.

0.62

[25.0-105.3]

44.5

[0.10-0.45]

0.18

(mole fract.)

at Peak#2

[0.01-0.10]

0.06

(mole fract.)
Other Unconj.

N.A.

[0.12-0.40]

at Peak #2

0.26

11.8

(mole fract.)
Total bile salts

N.A.

[0.04-0.10]

at Peak #1

(n=2)

0.05

(mole fract.)
Total Conj.

[0.01-0.24]

0.05

(n=)
CDCA Conj.

[0.01-0.03]

at Peak #1

(mole fract.)

0.02

(mole fract.)
Other Conj.

[0.0-0.09]

0.02

[0.39-0.84]

[0.0-0.08]

at Peak#1

PBC

[0.07-0.37]

0.13

(n=10)

[0.54-0.89]

0.78

[14.0-61.2]

38.0

[0.37-0.76]

0.68

[0.05-0.79]

0.31

[0.15-0.66]

0.57

[0.00-0.60]

0.24

at Peak# 2

0.08

Other Unconj.

HC

Supp. Table 4.3. (continued)

(mole fract.)

0.08

UDCA Conj.

PBC

[0.00-0.31]

0.002

[0.20-0.79]

0.51

(n=9)

[0.00-0.32]

0.12

[12.4-763.3]

139.2

[0.13-1.00]

0.62

[0.01-0.65]

0.25

[0.0-0.25]

0.03

All

[0.11-0.83]

0.22

(n=12)

[0.0-0.83]

0.36

[0.0-259.7]

26.3

[0.28-1.00]

0.89

[0.00-0.51]

0.27

[0.48-0.92]

0.66

[0.00-0.50]

0.19

All

227.2

[0.68-1.00]

0.80

[0.12-0.65]

0.26

[0.0-0.12]

0.003

MRSint.-high

[0.26-0.63]

0.44

(n=5)

[0.0-0.32]

0.11

[0.0-54.8]

23.6

[0.77-1.00]

0.99

[0.08-0.51]

0.27

[0.48-0.92]

0.72

[0.08-0.50]

0.24

MRSint.-high

[0.00-0.31]

0.002

[0.20-0.58]

0.41

(n=4)

[0.00-0.32]

0.06

[0.00-0.19]

0.002

[0.30-0.79]

0.58

(n=5)

[0.02-0.26]

0.14

[12.4-763.3] [74.6-609.9]

58.1

[0.13-0.78]

0.35

[0.01-0.61]

0.15

[0.0-0.25]

0.06

MRSlow

PSC

[0.11-0.33]

0.14

(n=7)

[0.11-0.83]

0.53

[8.2-259.7]

35.6

[0.28-1.00]

0.77

[0.00-0.37]

0.27

[0.52-0.77]

0.62

[0.00-0.28]

0.13

MRSlow

PSC

N.A.

N.A.

N.A.

0.011*

0.011*

0.09

0.61

HC
vs PBC

0.011*

0.18

0.011*

0.29

0.03

0.50

0.26

HC
vs PBC

0.010*

0.51

0.010*

0.08

0.11

0.015*

PSCAll
vs PBC
1.0

0.025

0.006*

0.048

0.034

0.16

0.23

0.83

0.043

0.009*

0.014*

N.A.

N.A.

N.A.

P value

0.027*

0.001*

HC
vs PSCAll

0.009*

0.014*

0.47

0.58

0.60

0.19

PSCAll
vs PBC

P value
HC
vs PSCAll
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0.80

0.14

0.46

0.17

0.012*

0.37

0.16

MRSlow
vs MRSint.-high

0.007*

0.012*

0.37

0.07

0.68

0.47

0.22

MRSlow
vs MRSint.-high
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0.24
N.A.
N.A.
361.5

[124.6-1048.5]
[12.81605.9]

605.6
361.5

[12.8-1605.9]
[27.3-150.2]

88.8

(μmol/L)

at Peak#2

N.A.
(mole fract.)
Total bile salts

Data are shown as median and range [minimum to maximum value]. Statistical significance was accepted at P<0.05 corrected for the number of comparisons made (post-hoc BonferroniHolm correction) and is demarcated by * in the table. HC, healthy controls; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; MRS, Mayo Risk Score; TBS, total bile
salts; FGF19, Fibroblast Growth Factor 19; C4, 7α-hydroxy-4-cholesten-3-one; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; Unconj., unconjugated; Conj., conjugated;
Prim., primary; Sec., secondary.

1.0

0.62
0.034
[0.55-0.97]
[0.58-1.00]

0.84
0.86

[0.55-1.00]
[0.15-0.50]

0.32
N.A.
(mole fract.)
Total Conj.

at Peak #2

0.86

N.A.

N.A.

0.06
N.A.
N.A.
0.22

[0.16-0.35]
[0.10-0.69]

0.43
0.25

[0.10-0.69]
[0.03-0.11]

0.07
N.A.

at Peak #2

Other Conj.

PSCAll
vs PBC
MRSlow
HC

Supp. Table 4.3. (continued)

PBC

All

PSC

MRSint.-high

HC
vs PBC

HC
vs PSCAll

P value
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SUPPLEMENTAL DATA
Analysis of C4 levels

Materials
LC-MS grade methanol (Biosolve BV, The Netherlands), LC-MS grade ammonium acetate
(Sigma-Aldrich, USA).

Method
One hundred microliters of serum and 2 ng of deuterium labelled internal standard
(7α-hydroxy-4-cholestene-3-one d7, Santa Cruz Biotechnology, USA) in 40 µL of methanol
were mixed and extracted as previously reported.34 Purified sample was dissolved in
50 µL of 75% methanol, 15 µL were injected on HPLC system (Dionex Ultimate 3000,
Dionex Softron GmbH, Germany) equipped with Hypersil GOLD column (150x2.1 mm,
3 µm, Thermo Scientific, USA) and Security Guard column (Phenomenex, USA). Sample
was eluted with methanol:water:ammonium acetate (flow rate 0.3 mL/min) at 40°C.
While ammonium acetate concentration was kept at 0.1% (w/v) at all times, methanol
concentrations (v/v) were as follows: 1.-8. min 82 %-90 %; 8.-10. min 90 %; 10.-12. min
99 %; 12.-17. min 82 %.
Triple quadrupole mass spectrometer (TSQ Quantum Access Max with H-ESI II
probe, Thermo Fisher Scientific, Inc., USA) operating in SRM mode served as detector.
Transitions used for monitoring of C4 and internal standard were: m/z 401.4 → 177.3,
401.4 → 383.6 and 408.4 → 184.3, 408.4 → 390.6, respectively.
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The human gallbladder secretes fibroblast growth
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FGF19 in human biliary tract

ABSTRACT
Background
Fibroblast Growth Factor 19 (FGF19) plays a crucial role in the negative feedback regulation
of bile salt synthesis. In the postprandial state, activation of ileal farnesoid-X receptor
(FXR) by bile salts results in transcriptional induction of FGF19 and elevation of circulating
FGF19 levels. An intestinal-liver axis of FGF19 signaling results in downregulation of bile
salt synthesis. The aim of this study was to explore a broader signaling activity of FGF19
in organs engaged in the enterohepatic circulation of bile salts.

Methods
FGF19 expression and aspects of FGF19 signaling were studied in surgical specimens and
in cell lines of hepatobiliary and intestinal origin.

Results
FGF19 mRNA was found to be abundantly expressed in the human gallbladder and in
the common bile duct, with only minor expression observed in the ileum. Interestingly,
human gallbladder bile contains high levels of FGF19 (21.9±13.3 ng/mL vs. 0.22±0.14
ng/mL in the systemic circulation). Gallbladder explants secrete 500 times more FGF19
than FXR agonist-stimulated ileal explants. Factors required for FGF19 signaling, i.e.
FGFR4 and βKlotho, are expressed in mucosal epithelial cells of the gallbladder and small
intestine. FGF19 was found to activate signaling pathways in cell lines of cholangiocytic,
enteroendocrine and enterocytic origin.

Conclusion
The combined findings raise the intriguing possibility that biliary FGF19 has a signaling
function in the biliary tract that differs from its established signaling function in the portal
circulation. Delineation of the target cells in bile-exposed tissues and the affected
cellular pathways, as well as a possible involvement in biliary tract disorders, require
further studies.

INTRODUCTION
The family of Fibroblast Growth Factors (FGFs) comprises subfamilies of canonical,
intracellular and hormone-like FGFs.1 The latter group contains three secreted FGFs (i.e.
FGF19, FGF21 and FGF23) that are devoid of mitogenic activity but have a metabolic
function.2-4 Unlike their canonical counterparts, the hormone-like FGFs lack a heparinbinding site and therefore have little affinity for the extracellular matrix. This enables their
release into the circulation and allows an endocrine mode of action. Other distinguishing
features of these endocrine FGFs are the requirement of Klotho family members for
signaling via FGF receptors (FGFRs) and the involvement of nuclear receptors in regulating
their expression.
FGF19 mediates the negative feedback regulation of bile salt synthesis by bile salts.5-7
After gallbladder contraction, bile salts enter the small intestinal lumen where they aid in
breakdown and uptake of dietary lipids. Bile salts are efficiently reclaimed by enterocytes
in the terminal ileum, resulting in activation of ileal FXR and concomitant upregulation
of FGF19 gene expression and release of FGF19 into the portal circulation. Binding of
FGF19 to the hepatocytic cell surface receptor FGFR4 activates intracellular pathways
that target the expression of the CYP7A1 gene that encodes the rate-limiting enzyme
in bile salt synthesis.5,8 Postprandial elevation of circulating FGF19, signals the return of
bile salts to the liver and serves to reduce bile salt synthesis.9,10 In addition, FGF19 has
been implicated in terminating the enterohepatic cycling of bile salts in mice by inducing
gallbladder relaxation and re-filling.11
FGF19 and its murine counterpart Fgf15 have a restricted pattern of expression, with
expression in the adult mouse confined to the small intestine (ileum>>jejunum).12-14
FGF19/Fgf15 is not expressed in the healthy adult liver.14,15 However, compensatory
hepatic expression is observed in patients with an interrupted enterohepatic circulation
but this does not occur in bile duct-ligated mice.15 Treatment of a small group of healthy
volunteers with the bile salt sequestrant cholestyramine greatly reduced serum FGF19
levels10, suggesting that the ileum is the main source of circulating FGF19 in health.
However, FGF19 mRNA expression was also observed in a number of fetal human tissues
as well as in adult human gallbladder.13 Quantitative data on FGF19 expression levels in
the respective tissues have not been reported. Nonetheless, the presence of FGF19 mRNA
in human gallbladder is surprising in view of the alleged role of FGF19 in gallbladder
relaxation. In the current study, we sought to determine the relative expression of FGF19
in the human biliary tract and small intestine. Having noted that human bile contains high
levels of FGF19, we further explored a signaling role of biliary FGF19.

MATERIAL AND METHODS
Patient materials
Peroperative bile and tissue specimens were collected from patients undergoing
elective surgery in the abdominal region. Gallbladder bile was collected from patients
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undergoing laparoscopic cholecystectomy for symptomatic gallstone disease (n=5) or
pancreaticoduodenectomy for periampullar malignancies (n=6). The majority of patients
undergoing pancreaticoduodenectomy were non-cholestatic at the time of operation.
In a number of these patients (n=4), hepatic bile was also sampled from the common
hepatic bile duct after removal of the surgical clamp at the time of hepaticojejunostomy.
Gallbladder tissue specimens (n=15) were procured from aforementioned groups of
patients. In addition, common bile duct (n=5) and duodenal tissue (n=3) was obtained
from the patients scheduled for pancreaticoduodenectomy. Terminal ileum specimens
(n=4) were acquired from patients undergoing right hemicolectomy for non-obstructive
colon carcinoma. For reference purposes, previously collected wedge liver biopsies (n=5)
taken from patients undergoing liver resection for benign processes were included
in this study.15 All tissue specimens were judged to be free of gross inflammatory or
malignant processes. Bile specimens and RNAlater-stabilized tissues were stored at -80°C
until further processing. All patients gave informed consent for the use of bile and
surgical specimens.

Experimental procedures
Analysis of gene expression
Total RNA was isolated from liver and mucosal layers of the gallbladder, common bile
duct, duodenum and ileum using RNEasy methodology (Qiagen). cDNA synthesis and
real-time quantitative PCR were performed as previously described.15 Transcript levels
were normalized to the geometrical mean of three housekeeping genes (36B4, GAPDH,
HPRT). Primer sequences are provided in Supplemental Table 1.

Quantification and identity of FGF19 in bile
Biliary FGF19 level was determined by ELISA.15 For reference purposes, FGF19 was also
determined in plasma of twelve healthy volunteers after overnight fasting. For analysis
of the molecular mass of the biliary protein recognized by the ELISA antibodies, 2.0
µg of an anti-human FGF19 antibody (AF969, RnD Systems) was added to 250 µl of
gallbladder bile or recombinant FGF19 solution in a total volume of 5.0 mL of PBS.
Immune complexes were pulled down with ProtG Sepharose (Pharmacia). After washing,
immunoprecipitates were dissolved in SDS-PAGE sample buffer and separated on
a denaturing polyacrylamide gel. Proteins were transferred to nitrocellulose and the filter
was probed with a biotinylated anti-human FGF19 antibody (BAF969, RnD Systems) and
streptavidin-horseradish peroxidase as a secondary detection reagent. Immunoreactive
proteins were visualized by enhanced chemiluminescence.

Ex vivo production of FGF19
Following surgical excision, specimens of the gallbladder, common bile duct and ileum
were collected in DMEM and transferred to the laboratory for further processing within
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30 min. After brief washing in DMEM, mucosal layers were cut into cubical pieces of
roughly 2.0x2.0x2.0 mm. Tissue pieces (n=3 per tissue or per treatment condition) were
transferred to tissue culture plates containing 1.0 mL of pre-warmed DMEM/0.2%BSA
with or without test compounds and incubated for 3 hrs at 37°C in a humidified
atmosphere containing 10% CO2. Next, wet mass of tissue pieces was recorded and
conditioned medium was collected for assay of FGF19 content.

Effect of FXR agonism on gallbladder FGF19 expression
For studying the effect of GW4064 on FGF19 expression in gallbladder, gallbladder
tissue explants comprising both the serosal and mucosal layers, were incubated in
DMEM/0.2%BSA with hourly refreshment of medium. After three hours, the medium
was replaced by medium containing solvent (0.1% DMSO) or 10 µM GW4064, and
the incubation proceeded for a further three hours. Conditions were tested in triplicate,
using gallbladder tissue from patients undergoing laparoscopic cholecystectomy (n=3)
or pancreaticoduodenectomy (n=1). RNA was extracted from explants and analyzed as
described above. Expression levels were normalized to the 36B4 housekeeping gene.
Conditioned media were briefly centrifuged (1 min, 10000g) and supernatants were
stored at -20°C until analysis of FGF19 levels.

Immunohistochemical detection of FGF19 and FGF19 signaling components
Immunohistochemistry was performed on formaldehyde-fixed paraffin-embedded
sections of the human gallbladder (n=5) and small intestine (n=5) with antibodies against
FGF19 (MAB969, RnD Systems), FGFR4 (C-16, Santa Cruz Biotechnology Inc.) and βKlotho
(HPA021136, Sigma-Aldrich Inc.). Archival tissue sections (University Hospitals Leuven,
Leuven, Belgium) were processed, and these were unrelated to the abovementioned
surgical specimens. Paraffin sections were pretreated with EnVision™ FLEX Target Retrieval
Solution, high pH (Dako) for 10 min at 97°C. Endogenous peroxidase activity was blocked
using EnVision™ Peroxidase-Blocking Reagent (Dako) for 5 min. The sections were
incubated with the primary antibodies for 30 min at room temperature and subsequently
incubated for 30 min at room temperature with EnVision™ FLEX/HRP (Dako). Negative
controls consisted of omission of the primary antibody.

FGF19 responsiveness of cultured cells
A number of cell lines representing cell types present in bile-exposed tissues, were tested
for their responsiveness to FGF19. For this purpose, AR42j rat pancreatic acinar cells (a kind
gift of Dr M. de Jong, Erasmus Medical Center, Rotterdam, The Netherlands), H69 human
cholangiocytes (generously provided by Dr. G.J. Gores, Mayo Clinics, Rochester, MN),
HT29 human colonic enterocytes (ATCC #HTB-38), and STC-1 murine enteroendocrine
cells (obtained with kind permission of Dr D. Hanahan, ISREC, Lausanne, Switzerland)
were grown until 80% confluency. After overnight serum-starvation, cells were treated
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with or without 100 ng/mL FGF19 (RnD Systems) for 30 min. FGF19 responsiveness was
assessed by immunoblot analysis of phosphorylated ERK (Cell Signaling Technology) and
by analysis of EGR1 mRNA level.15

Modulation of cholecystokinin release by FGF19
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STC-1 cells grown until 80% confluency were washed twice with Hank’s balanced
salt solution containing 10 mM HEPES, 1.2 mM Ca2+, 1.2 mM Mg2+ and 0.1% BSA
(HHBSS/0.1%BSA). Cells were then incubated for one hour with HHBSS/0.1%BSA with or
without 100 ng FGF19/mL. Cells were put on ice and conditioned media were collected,
briefly centrifuged (5 min, 800g, 4°C), and supernatants were stored at -80°C until analysis
of cholecystokinin (CCK) levels. For this purpose, an enzyme immunoassay for murine
non-sulphated CCK octapeptide (CCK26-33) was employed (Phoenix Pharmaceuticals, Inc.,
Burlingame, CA).
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Statistical analysis
Non-parametric t testing (Mann-Whitney) and ANOVA were used to test for differences
between groups. Statistical significance was accepted at P<0.05. Data are expressed as
means ± SD.

RESULTS
The gallbladder is the main site of FGF19 expression in the enterohepatobiliary system
To extend the initial observation that FGF19 is expressed in the adult human gallbladder13,
we determined the relative expression of FGF19 in entero-hepatobiliary tissues (Figure
5.1A). Using our methodology, quantification of FGF19 mRNA level was found to be reliable
in cDNA samples with threshold cycles (Ct) values <35 (data not shown). FGF19 mRNA was
considered absent in cDNA samples with Ct values >40. FGF19 was found to be expressed
in the small intestine in both duodenum (Ct range: 36-39) and ileum (Ct range: 36-37)
with quantification being hampered by high Ct values. These low levels of expression are
likely a consequence of procuring specimens in a fasted state during surgery. Expression
in the common bile duct and gallbladder was notably higher, with respective median
values 13 and 400-fold higher than in the ileum. In line with earlier findings15, FGF19
was not expressed in healthy liver (data not shown). Immunohistochemistry revealed that
FGF19 is expressed in gallbladder epithelial cells (Figure 5.1B). A cytoplasmic, dot-like
staining pattern reminiscent of secretory vesicles is apparent.

Human gallbladder bile contains high levels of FGF19
To explore the possibility that gallbladder epithelial cells release FGF19 into bile, we
determined FGF19 levels in gallbladder bile. FGF19 levels in gallbladder bile (21.9±13.3
ng/mL, range 4.2-47.4 ng/mL) were considerably higher than either fasted (0.22±0.14

Figure 5.1. FGF19 is highly expressed in the human gallbladder. For analysis of FGF19 transcript
levels (A), RNA was isolated from surgical specimens of the ileum (n=3), duodenum (n=3),
gallbladder (n=15) and common bile duct (n=5). Relative FGF19 expression level was determined
by real-time quantitative PCR. For analysis of FGF19 protein expression (B), gallbladder sections
were stained with a specific anti-FGF19 antibody. A representative immunohistochemical staining
is depicted, showing an apical dot-like staining pattern reminiscent of secretory vesicles. Original
magnification x 1000.

ng/mL, range 0.043-0.48 ng/mL) or postprandial (0.84±0.43 ng/mL, range 0.28-1.60
ng/mL; from reference 9) levels found in the systemic circulation (Figure 5.2A).
Interestingly, analysis of four paired samples of hepatic (7.7±2.1 ng/mL) and gallbladder
bile (28.0±14.9 ng/mL) revealed that hepatic bile also contains high levels of FGF19 in
comparison with circulating levels. FGF19 levels in gallbladder bile were comparable in
patients with symptomatic gallstone disease and periampullar malignancies (22.1±17.3
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vs. 21.8±11.8 ng/mL resp., P=0.92). The presence of FGF19 in hepatic bile is in line
with strong immunohistochemical staining of bile plugs in cholestatic liver sections
(data not shown).
To ascertain that above observations were not due to aberrant performance of
the ELISA, we tested for interference by biliary components and checked the molecular
mass of the biliary protein recognized by the ELISA antibodies. The employed ELISA has
a high sensitivity (linear detection range: 0.02-0.60 ng/mL) requiring at least 20-fold
dilution of bile samples. Spiking of diluted bile samples resulted in full recovery of
added recombinant FGF19, indicating that biliary components did not interfere with
the FGF19 ELISA (data not shown). Furthermore, proteins with similar molecular mass (22
kDa) were immunoprecipitated from gallbladder bile and recombinant FGF19 solutions
by the employed ELISA antibodies (Figure 5.2B). The above findings demonstrate that
the observation of high levels of FGF19 in gallbladder bile is authentic.

The ex vivo production of FGF19 is highest in gallbladder mucosal explants
FGF19 is abundantly expressed in the gallbladder and gallbladder bile contains high levels
of FGF19 protein. In contrast, basal expression of FGF19 in ileum, which is considered to be
the source of FGF19 in the circulation, is quite low. Short-term culture experiments were
conducted to address FGF19 protein production in ileal and gallbladder tissue explants.
FGF19 production was defined as the amount of FGF19 secreted in the medium during
the incubation period. FGF19 production by ileal explants was only measurable when FXR
agonist (100 µM chenodeoxycholate or 10 µM GW4064) was applied to the incubation

A

B

Figure 5.2. Human gallbladder bile contains high levels of FGF19. (A) FGF19 levels were determined
by ELISA in hepatic (n=4) and gallbladder (n=11) bile samples of patients undergoing abdominal
surgery. For reference purposes, circulating FGF19 levels were determined in serum of fasted healthy
volunteers (n=12). (B) The antibodies employed in ELISA specifically immunoprecipitated a protein
of the expected size (22 kDa) from bile samples or solutions of recombinant human FGF19.

medium, and amounted to 0.14-0.16 pg FGF19/mg tissue (Figure 5.3A). This appears in
line with the low level of FGF19 expression in (unstimulated) ileum (Figure 5.1A). FGF19
production by gallbladder explants was markedly higher (75.0±42.0 pg FGF19/mg tissue).
Only a single specimen of common bile duct could be procured for these measurements,
showing intermediate FGF19 production (9.4 pg FGF19/mg tissue). The observed
differences in tissue FGF19 production are roughly proportional to the differences in basal
FGF19 mRNA level.
To address whether FXR regulates FGF19 expression in the gallbladder, gallbladder
explants were treated with the synthetic FXR agonist GW4064. This resulted in induction
of both the prototypical FXR target SHP (2.4 fold, P=0.002) and FGF19 mRNA (2.2 fold,
P=0.001) (Figure 5.3B). However, there was no effect of GW4064 on FGF19 protein
secretion (28.9±16.1 vs. 31.7±23.9 pg FGF19/mg tissue; P=0.62) (Figure 5.3C). Pilot
experiments indicated that GW4064 stimulation of FGF19 protein production required
extended incubation times (data not shown). Note that the presence of a FGF19-deficient
serosal layer in the gallbladder explants used in this particular experiment, accounted for
the somewhat lower values for FGF19 protein secretion in comparison with the values
reported in Figure 5.3A.

FGF19 signaling components are expressed throughout the enterohepatobiliary system
The high level of FGF19 in hepatic and gallbladder bile suggests that FGF19 can activate
signaling cascades in tissues in contact with bile. Entero-hepatobiliary tissues were
analyzed for the presence of mRNAs encoding components required for FGF19 signaling,
i.e. FGFRs and Klotho family members.16-18 The relative tissue expression levels of these
signaling components, and the FGFR profile of the examined tissues are depicted in
Figure 5.4. FGF19 signaling proceeds via FGFR4 and requires βKlotho19, both of which
are most abundantly expressed in the liver, an established FGF19 target organ. Expression
levels of these factors were considerably lower in duodenum, ileum, gallbladder and
common bile duct. FGF19 signaling may also proceed via FGFRs other than the classical
FGF19-receptor (FGFR4).19-21 Although tissue expression levels varied, alternative receptors
(FGFR1, FGFR2, FGFR3) as well as αKlotho could be detected in all examined tissues.

FGFR4 and βKlotho are expressed in gallbladder mucosal cells and
intestinal Goblet cells
Immunohistochemistry was employed to further delineate the site of expression of FGFR4
and βKlotho in gallbladder and small intestine. Intense staining for both FGFR4 and βKlotho
was observed in gallbladder epithelium (Figure 5.5, upper panels) with little or no staining
of submucosal layers. In addition to a strong staining of the apical plasma membrane,
a granular staining pattern resembling ER/Golgi structures was observed for FGFR4, while
βKlotho showed strong cytoplasmic staining. In the small intestine, mucosa cells showed
strong apical plasma membrane staining while goblet cells showed additional staining
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Figure 5.3. The ex vivo secretion of FGF19 is highest in gallbladder explants. (A) Following surgical
extraction, the mucosal layers of human ileum (n=4), gallbladder (n=8) and common bile duct (n=1)
were dissected in small cubical pieces. Tissue explants were incubated for three hours in cell culture
medium. For ileal explants, the effect of an endogenous (CDCA, chenodeoxycholic acid) or synthetic
(GW4064) FXR agonist on FGF19 secretion was tested. FGF19 levels in conditioned medium were
assayed by ELISA and were normalized to explant weight. n.d. on the Y axis denotes non-detectable.
(B and C) Gallbladder explants were incubated in the presence of vehicle or GW4064. Transcript
levels (panel B) and FGF19 protein secretion into the medium (panel C) were determined after three
hours of incubation. GW4064 treatment induces expression of FXR targets SHP (2.4 fold) and FGF19
(2.2 fold). Representative examples of four independent experiments are depicted. GW4064 has no
significant effect on FGF19 protein secretion.

of intracellular components (Figure 5.5, lower panels). βKlotho showed cytoplasmic
reactivity throughout the mucosal epithelial layer. The specificity of the antibodies
employed in Figure 5.1B and Figure 5.5 was confirmed in parallel immunostainings where
the respective first antibodies were omitted (Supplemental Figure 5.1).

Figure 5.4. Components required for FGF19 signaling are expressed throughout the enterohepatobiliary system. Expression of FGF receptors and Klotho family members was determined
in liver (n=5), ileum (n=4), duodenum (n=3), gallbladder (n=15) and common bile duct (n=5).
(A) Tissue mRNA levels are expressed relative to the liver, an established FGF19 target organ.
(B) FGFR profile of the distinct tissues.
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Figure 5.5. Components required for FGF19 signaling are expressed in gallbladder mucosa and in
small intestinal goblet cells. Expression of FGFR4 and βKlotho was studied by immunohistochemistry
in sections of gallbladder (upper panel) and small intestine (lower panel). Representative
immunohistochemical stainings are shown. Original magnification x 400-1000.

FGF19 activates signaling cascades in cholangiocyte and intestinal cell lines
The occurrence of FGFR4 and βKlotho in mucosal cells of bile-exposed tissues implies
that these cells may be responsive to biliary FGF19. To test this idea, cultured cells were
exposed to recombinant FGF19 and read-outs for FGF19 responsiveness were assessed,
i.e. activation of the ERK1/2 pathway and transcriptional induction of EGR1. Treatment
with FGF19 resulted in phosphorylation of ERK1/2 in human H69 cholangiocytes, rat AR42j
pancreatic acinar cells, mouse STC-1 enteroendocrine cells and human HT29 enterocytes
(Figure 5.6A). The FGFR and Klotho mRNA expression profile of these cell lines is depicted
in Supplemental Figure 5.2. Induction of EGR1 mRNA was observed in AR42j and STC-1
cells stimulated with FGF19 (Figure 5.6B). Furthermore, treatment of STC-1 cells with
FGF19 resulted in a modest (1.3 fold; P<0.001) elevation of cholecystokinin (CCK) levels
in conditioned medium (Figure 5.6C).

DISCUSSION
In this study we demonstrate that human bile contains high levels of the endocrine factor
FGF19. To the best of our knowledge, the abundant presence of a signaling factor in bile
is unprecedented. Factors indispensable for FGF19 signaling, i.e. FGFR4 and

βKlotho,

were found to be expressed in mucosal epithelial cells of the gallbladder and the small
intestine. Moreover, FGF19 signaling could be demonstrated in cell lines representing

Figure 5.6. FGF19 activates signaling cascades in cell lines derived from entero-hepatobiliary
tissues. Near-confluent monolayers of the indicated cell lines were incubated for 30 min with
FGF19. FGF19 responsiveness was assessed by immunoblotting for phosphorylated ERK1/2 (A) and
by transcriptional induction of the immediate early gene EGR1 (B). Immunoblots were probed for
phosphorylated ERK1/2 and the loading control tubulin. Depicted in the bottom part of panel A is
the ratio of tubulin-normalized phosphorylated ERK1/2 signal in FGF19- and mock-treated cells in
the respective cell lines. (C). Near-confluent enteroendocrine STC-1 cells were stimulated with
FGF19 for one hour. Cholecystokinin (CCK) levels in conditioned media were determined by ELISA.
FGF19 induced a modest increase (1.3 fold, P<0.001) in CCK release. A representative example of
four independent experiments is depicted.

distinct cell types encountered in bile-exposed tissues. The above findings implicate a role
for biliary FGF19 in regulation of yet unknown processes in the enterohepatobiliary tract.
Despite an early report on FGF19 expression in the adult human gallbladder13, this
finding has thus far not been followed up. Earlier work on FGF19 (or its rodent counterpart
Fgf15) established that FGF19 is an enteric factor that affects hepatic bile salt and lipid
synthesis and -at least in mice- induces gallbladder relaxation.15,11,22 We noted that FGF19
expression in the ileum was dwarfed by expression in the gallbladder and the common
bile duct, a heretofore unknown site of FGF19 expression (Figure 5.1A). In contrast with
the situation in humans, Fgf15 mRNA was virtually undetectable in murine gallbladder
(Ct>>35, data not shown). It is currently unknown what drives FGF19 expression in
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gallbladder mucosa. Analogous to the regulation observed in the ileum, abundant
expression of FXR in gallbladder mucosa (data not shown) suggests that this bile saltactivated transcription factor is involved in regulating FGF19 expression in the gallbladder.
This notion is supported by induction of FGF19 mRNA following treatment of gallbladder
explants with an FXR agonist (Figure 5.3B). Abundant expression of the apical bile salt
transporter ASBT in gallbladder mucosa (Supp. Fig. 5.3) is likely to result in efficient
uptake of bile salts, the main FXR activating ligands. FXR involvement may explain part
of the large difference in FGF19 expression in the ileum and gallbladder. In the fasted
state, the bile salt pool is largely stored in the gallbladder resulting in maximal FXR target
gene expression in the gallbladder. In line with such notion, FGF19 mRNA expression and
protein secretion is barely detectable in unstimulated ileal explants, but is highly inducible
in FXR agonist-stimulated ileal explants (Figure 5.3A).
The circulating levels of FGF19 in control subjects (0.22 ng/mL) are two orders of
magnitude lower than the levels of FGF19 that we have found in human gallbladder bile
(21.9 ng/mL). The likely sources of biliary FGF19 are the gallbladder and the extrahepatic
bile duct, both exhibiting high levels of FGF19 mRNA expression. Taking into account
tissue mass, the gallbladder seems to be the main contributor to the pool of FGF19 in
bile. In the gallbladder, FGF19 protein was present in cytoplasmic granules reminiscent
of secretory vesicles (Figure 5.1B). It is currently unclear if the gallbladder contributes
to the circulating pool of FGF19. The large effect of bile salt sequestrants on serum
FGF19 levels10, however, argues against a major effect of tissues other than the ileum
on circulating FGF19 levels. Analysis of plasma FGF19 levels in patients before and
after cholecystectomy could shed further light on the contribution of the gallbladder to
the pool of FGF19 in the systemic circulation.
Interestingly, FGF19 was also found at considerable levels in hepatic bile (Figure 5.2A).
It should be noted that the collected hepatic bile was not flowing unimpeded, rather
hepatic bile was obtained from the common hepatic bile duct after removal of a clamp
that had been in place for an estimated 1-2 hrs. Although the healthy liver does not
appear to express FGF19 mRNA, the above method of hepatic bile sampling may have
resulted in some degree of local cholestasis with concomitant induction of hepatic FGF19,
a phenomenon that we observed earlier in patients with extrahepatic cholestasis15.
Nonetheless, it can not be excluded that FGF19 is expressed in the intrahepatic biliary
tree under conditions of unobstructed bile flow. Such expression may be limited to larger
biliary ducts that are not typically present in the needle or wedge liver biopsies that were
used to demonstrate the absence of FGF19 mRNA in the healthy liver15. A less likely
explanation for the presence of FGF19 in hepatic bile, would be the transhepatocellular
transport and subsequent concentration of FGF19 derived from the circulation. Irrespective
of the exact origin of FGF19 in hepatic and gallbladder bile, the presence of high levels of
this endocrine factor strongly suggests a functional role of biliary FGF19.
FGF19 signaling proceeds via FGFR4, a ubiquitously expressed protein, and is
dependent on ßKlotho, a protein with a more restricted expression pattern.14 Although
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our immunohistochemical studies focused on identifying cells expressing the high-affinity
FGF19-receptor FGFR4, the high levels of FGF19 in bile may also allow signaling via FGFRs
with lower affinity for FGF19. At the mRNA level, alternative FGFRs were found to be
expressed throughout the enterohepatobiliary system (Figure 5.4). The liver appears to be
the main target for FGF19 action in mice.18 However, in the present study we observed
strong expression of both FGFR4 and ßKlotho in mucosal epithelial cells of the gallbladder
and small intestine (Figure 5.5) suggestive for an extrahepatic action of FGF19. Intriguingly,
a direct effect of FGF19/Fgf15 on gallbladder relaxation and filling has been previously
demonstrated in mice, implying an effect of FGF19 on the smooth muscle layer.11 It is
currently unknown if FGF19 has a similar action on the human gallbladder. While we
could not detect significant expression of Fgf15 mRNA in the murine gallbladder (i.e.
Ct>>35, data not shown), the abundant expression of FGF19 in the human gallbladder
raises questions about a possible action of FGF19 in the dilatation of the gallbladder in
humans. Strict separation of bile and portal blood compartments may allow a relatively
low level of FGF19 in the circulation to act on gallbladder smooth muscle in the presence
of high levels of FGF19 in bile. Further studies are required to shed light on this
issue. Notwithstanding the above, the expression of FGFR4 and ßKlotho in epithelial
cells suggests that biliary FGF19 does have an effect on human gallbladder mucosa.
FGF19 responsiveness could be demonstrated in a number of cell lines representing cell
types encountered in enterohepatobiliary tissues but has thus far not been explored in
relevant tissues.
The following concept is emerging from the present findings. Hepatic bile and
gallbladder bile contain high levels of the signaling factor FGF19. After gallbladder
contraction and relaxation of the sphincter of Oddi, bile rich in FGF19 flows through
the common bile duct towards the duodenum and further downstream. Biliary FGF19
interacts with FGFRs to initiate signaling pathways in ßKlotho-expressing cells lining
this trajectory. Dilution with pancreatic juices and stomach contents and/or intraluminal
proteolytic degradation is expected to limit the action of FGF19 towards the proximal
parts of the small intestine.
What could be the function of FGF19 in bile? Although the cellular processes affected
by FGF19 signaling in the studied cell lines have not been characterized yet, it is tempting
to speculate that biliary FGF19 protects against detrimental effects of biliary bile salts. This
would broaden the protective role of FGF19 observed earlier in the cholestatic liver.15 This
postulated function may be especially relevant in structures exposed to concentrated bile,
e.g. the gallbladder, and may involve FGF19-mediated regulation of mucin expression.
The ERK1/2 pathway activated by FGF19 signaling has been implicated in induction of mucin
expression in the lung and intestines.7,23 The actual involvement of FGFs in regulating
mucin expression in the gallbladder -or other tissues- has not been described thus far.
Through its recently described anti-inflammatory properties, FGF19/FGFR4 signaling may
counteract the pro-inflammatory effects of certain bile salts thus conferring protection
of bile-exposed structures.24 The postulated protective function of biliary FGF19 may be
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less relevant for mice, a species that has a less toxic bile salt pool composition and is
apparently devoid of biliary Fgf15 protein. Apart from a hypothesized protective function,
biliary FGF19 may modulate the secretion of enteroendocrine factors. This line of thought
is supported by the observation of FGF19-stimulated CCK release by enteroendocrine
STC-1 cells (Figure 5.6C) and would require an intraluminal action of FGF19. Such modus
operandi is not unprecedented. Earlier work established that gastric juice-derived leptin
stimulates secretion of CCK by duodenal cells, and may even act way further downstream
by regulating mucin expression in colonic goblet cells.25,26 Stimulation of I-cell CCK release
by biliary FGF19 may be a feed-forward signal to maximize gallbladder emptying and,
hence, minimize bile stasis, a risk factor for the development of gallstones. The latter
is a frequent complication of obesity-related disorders that appear to be accompanied
by -at least in the liver- impaired FGF19 responsiveness.9 It is currently unexplored if
genetic variation in the FGF19 gene is a risk factor for cholelithiasis, cholecystitis or
biliary pancreatitis.
In conclusion, human bile contains high levels of the endocrine factor FGF19.
Components required for FGF19 signaling are expressed in cell types in tissues in contact
with bile. Experiments with cell lines identified as FGF19 responsive, could shed light on
the postulated protective roles of biliary FGF19.
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Supp. Figure 5.1. Negative controls demonstrating the specificity of the antibodies employed
in immunohistochemistry. As antibodies have the propensity to non-specifically stain epithelium,
the specificity of the antibodies employed in Figure 1B and Figure 5 was tested by omitting
the respective first antibodies in parallel immunostainings. Original magnification: βKlotho x 400,
FGFR4 and FGF19 x 1000.
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Supp. Figure 5.3. ASBT is expressed in human gallbladder. Expression of ASBT was determined in
ileum (n=4), duodenum (n=3), liver (n=5), gallbladder (n=15) and common bile duct (n=5). Tissue
mRNA levels are expressed relative to the ileum, an organ with established high ASBT expression.

Supp. Figure 5.2. Expression of FGFRs and Klotho family members in FGF19-responsive cell lines.
Expression of FGFR1..4 and α/βKlotho in the indicated cell lines was determined by RTqPCR.
The expression levels in the left panels were normalized to the mean expression of a series of control
livers (FGF19 target organ) from the appropriate species. Relative mRNA abundance is depicted in
the right panels. n.d. denotes non-detectable.
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TCATCAACGGGTACAAACGA
GTCAGTGGTGGACCTGACCT
AGTTCTGTGGCCATCTGCTT
CATCGATGGGGAACTCACTT
GAAGTTCAAATGCCCTTCCA
AGACTCTTTGGCGTTGGAGA
ATAGAGGGACGGCCAAGAAT
GACACAGTGCTCGACCTTGA
TGCTGATTTTCAGACAGGGA
AGCACCCTTTTGGGCTAGGGT
TGTGCAATTGTGAGGGACAT
CCAGCGAGGCCACACTGCTG
GTGGCTCCCCATACCCCGGT
TGTCCCCGAGGAGCAGATGACC
GCGGGAATGTTGGCATGCGG
GGGGAGCAGCAATGTTGTAT
GATGATGACCCCCACGCCGA
GCTGTGTCGCTGTCCTTACA
GAGATGGCCGCAAGAGGGGC
CCTCACCGAGATTAGGGACA
TCGGCCTTCGCGACTGTCCT
CTTGTGCTTTGCTTTGGACA
AGGGCCACCGCATGGACAAG
CTCTCTCTGGCCCTGTTTTG
TCCCCATGCCGAGCAAGACTCA
AAGGGAGTTGGAAGGCAGAT
GCCTTCGCCACTCAGTCGGG
NM_001002
NM_002046
NM_000194
NM_005117
NM_023110
NM_000141
NM_000142
NM_002011
NM_004795
NM_175737
NM_001964
NM_007475
NM_010206
NM_010207
NM_008010
NM_008011
NM_013823
NM_031180
NM_007913
NM_022402
NM_024146
NM_012712
NM_053429
NM_001109904
NM_031336
XR_086010
NM_012551
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
36B4
GAPDH
HPRT1
FGF19
FGFR1
FGFR2
FGFR3
FGFR4
αKlotho
βKlotho
EGR1
36B4
FGFR1
FGFR2
FGFR3
FGFR4
αKlotho
βKlotho
EGR1
36B4
FGFR1
FGFR2
FGFR3
FGFR4
αKlotho
βKlotho
EGR1

Forward
Refseq
Species
Gene

Supp. Table 5.1. Sequences of the primers used in RTqPCR.

Reverse
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GCCTTGACCTTTTCAGCAAG
TGAGCTTGACAAAGTGGTCG
GTTAAACAACAATCCGCCCA
GCAAATGGTCCCTGGAAGTA
CCAGCTGGTATGTGTGGTTG
GAGGCTGGATCTTTTGGTGA
CCTGGGACACACAGCAATTA
GTATTGGGAGGCAGGAGGTT
TGTCAGTGAGGTTGGCAATG
TGCTGGAGTGAGCAGACAAGGACA
CAGCTCAGCCCTCTTCCTTA
ACACTGGCCACGTTGCGGAC
AGAGGGCACTGCATGCCAGC
ACCAACACGTTTCTGGCAGCCA
TAGGCGTGTCCTGGCCACCT
CAAAACAGGGCCAGAGAGAG
AAAGCCAGACTTGGGAGCTGAGC
GGAGGCGATGTATTCCTTCA
GGGAGCAAGGGCCAGGCATG
ATCGCTCAGGATTTCAATGG
AGCCCTCGCCAAGCGGTTTT
AGCTGCGCGACATTTATTTT
TGGCCACCTGGCGAGTACTGT
TCGCTCCTTTGAGGATGAGT
CCGGACAAAACCTTCCCAGCGT
GGCCAGGAGATTGAGAACTG
ACAGGGCAAGCATACGGGCG
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Elevated IL8 in PSC bile

ABSTRACT
Background
To better understand the pathogenesis of primary sclerosing cholangitis, anti- and proinflammatory factors were studied in bile.

Methods
Ductal bile of PSC patients (n=36) and controls (n=20) was collected by endoscopic
retrograde cholangiography. Gallbladder bile was collected at liver transplantation. Bile
samples were analyzed for cytokines, FGF19 and biliary lipids. Hepatobiliary tissues of PSC
and non-PSC patients (n=8-11 per patient group) were collected at transplantation and
were analyzed for IL8 and FGF19 mRNA expression and IL8 localization. The effect of IL8
on proliferation of primary human cholangiocytes and expression of pro-fibrotic genes
was studied.

Results
In PSC patients, median IL8 in ductal bile was 6.6 ng/mL vs. 0.24 ng/mL in controls.
Median IL8 in gallbladder bile was 7.6 ng/mL in PSC vs. 2.2 and 0.3 ng/mL in two control
groups. IL8 mRNA in PSC gallbladder was increased and bile ducts stained positive for
IL8. In vitro, IL8 induced proliferation of primary human cholangiocytes and increased
the expression of pro-fibrotic genes.

Conclusion
Elevation of IL8 in bile of PSC patients, collected at different stages of disease, indicates an
on-going inflammatory stimulus that drives IL8 production. This challenges the idea that
advanced PSC is a burned-out disease, and calls for reconsideration of anti-inflammatory
therapy in PSC.

INTRODUCTION
Primary sclerosing cholangitis (PSC) is a chronic liver disease in which large and
intermediate intra- and extrahepatic bile ducts are affected eventually leading to liver
cirrhosis.1 Patients with PSC are at increased risk for bile duct, gallbladder and colon
cancer.1 About 70 percent of PSC patients have co-existing inflammatory bowel disease.1,2
The etiology of PSC is poorly understood. Genome-wide association studies suggest
a polygenetic background with a defined, but limited role for autoimmunity.3 In view
of the close association between IBD and PSC, gut-derived inflammatory cells, toxins or
microbial products have been postulated to play a role in the etiology of PSC.1,4,5
In PSC, NFκB signaling in bile duct epithelium is activated secondary to enhanced
expression of Toll-like receptors TLR4 and TLR9.6 This leads to stimulation of cytokine
and chemokine production by bile duct epithelium, which perpetuates inflammation by
attracting inflammatory neutrophils and other immune cells. Bile ducts in PSC may be
victims as well as source of inflammatory agents.6,7
We recently reported high levels of fibroblast growth factor 19 (FGF19) in hepatic and
gallbladder bile of normal subjects, as well as expression of the FGF19 receptor system in
hepatobiliary tissues.8 FGF19 in normal human gallbladder bile is approximately 2 orders
of magnitude higher than in serum. Although the function of FGF19 in bile is unknown,
FGF19 has been reported to have anti-inflammatory properties.9
We postulate that in patients with PSC, there is an unbalanced signaling by pro- and
anti-inflammatory factors. We therefore studied levels and function of pro-inflammatory
cytokines and anti-inflammatory FGF19 in bile of PSC patients.

MATERIAL AND METHODS
Patient materials
Patient materials were obtained from the Norwegian PSC Research Center (Oslo University
Hospital, Oslo, Norway) unless indicated otherwise. Written informed consent for
investigational use of specimens was provided by all patients, and the study was approved
by the committee for medical and health research ethics in South-Eastern Norway.
Gallbladder bile of PSC (n=13) and non-PSC patients (n=11) was collected at the time
of orthotopic liver transplantation and stored at -80°C. The non-PSC group includes
patients with alcoholic cirrhosis (n=4), auto-immune hepatitis (n=4), cryptogenic cirrhosis
(n=1), haemochromatosis (n=1) and acute intermittent porphyria with hepatocellular
carcinoma (n=1). For reference, gallbladder bile from patients undergoing pancreaticoduodenectomy (n=5) or cholecystectomy (n=4) was used8 (Academic Medical Center,
patient details in Supplemental Table 1). Ductal bile was collected from PSC (n=36)
and non-PSC patients (n=20) (Supplemental Table 2) during endoscopic retrograde
cholangiography (ERC). Non-PSC patients included patients with PBC (n=4), autoimmune (n=3) or unclassified (n=1) hepatitis, acute intermittent porphyria (n=1),
cryptogenic cirrhosis (n=1), choledocholithiasis (n=3), unclassified bile duct stenosis (n=1),
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cholangiocarcinoma (n=2), gallbladder cancer (n=1), auto-immune pancreatitis (n=1) or
other liver disease (n=2). Ductal bile samples were placed on ice and stored at -80°C.
Serum samples were available from 25 PSC patients, including a subgroup (n=17)
of aforementioned patients undergoing ERC (Supplemental Table 3). Sera of healthy
volunteers (n=12) recruited at the Academic Medical Center (Amsterdam, The Netherlands)
served as a reference.
Explanted tissues (liver, extrahepatic bile duct and gallbladder) were collected from
PSC and non-PSC patients, and used for immunohistochemistry and transcript analysis as
detailed below.
88

Immunohistochemistry
Specimens of explanted tissues (liver, hilum, extrahepatic bile duct and gallbladder) were
obtained from disease controls (autoimmune hepatitis, n=2; HCC n=1) and patients with
early (n=3) and advanced (n=4) PSC. Consecutive paraffin-embedded tissue sections (5 µm
thickness) were stained for histology (H&E) or for interleukin 8 (IL8, Abcam), CXCR1 (R&D
Systems #MAB330) or CXCR2 (R&D Systems #MAB331). Omission of primary antibodies
served as negative control in immunohistochemical analysis. Slides were evaluated by two
pathologists (MK, TR) blinded to patient information.

Analysis of tissue transcript levels
Explanted tissues (n = 8-11 per patient group) were snap-frozen and stored at -80°C until
further processing. Total RNA was isolated from tissues and cultured gallbladder epithelial
cells using RNEasy (Qiagen). Genomic DNA digestion, cDNA synthesis and real-time
quantitative PCR (Lightcycler® 480, Roche Life Science) were performed as described.8
Transcript levels were normalized to the geometrical mean of two housekeeping (36B4
and GAPDH) or two epithelium-specific (KRT7 and KRT19) genes. All primer sequences
are available upon request.

Normal human cholangiocytes
Primary normal human cholangiocytes (NHC2 cells; non-immortalized) were isolated
and cultured as previously described.10,11 Cells were plated at a density of 1.25·105 per
well in 12-well collagen-coated plates in DMEM/F12-enriched medium. After overnight
attachment, cells were serum-starved and treated with IL8 (50 ng/mL, PeproTech
#200-08) for 48 hrs. Two independent experiments were performed, with 4-6 replicates
per condition. At the end of the incubation period, total RNA was extracted using TRI
Reagent® (Sigma). 500 ng DNAseI-treated total RNA was converted into cDNA using
random hexamers and MMLV reverse transcriptase (Invitrogen). Real-time qPCR analysis
was performed on a 7300 Real Time PCR machine (Applied Biosystems) using SYBR Green
chemistry. GAPDH was used as a reference gene, and relative expression was calculated
using the ddCt method.
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Cell proliferation assays were performed using the CellTraceTM CFSE Cell Proliferation
Kit (Life Technologies). NHC2 cells were labeled with CFSE and seeded at a density of
5·104 per well into 12-well collagen-coated plates. Cells were incubated in DMEM/F12
supplemented with 3% FCS and antibiotics. Following overnight attachment, cells were
serum-starved and treated with IL8 (50 ng/mL). After 48 hours, cells were collected and
CFSE-stained cells were analyzed using a guava® easyCyte flow cytometer (Millipore).
Two independent experiments were performed, with 5 replicates per condition.

Analytical Procedures
IL8 levels in bile samples meeting proteolytic criteria detailed below, and sera were
determined by sandwich ELISA (R&D Systems, #DY-208). The lower limit of quantification
of the assay was 31 pg/mL. IL6 and TNFα levels in serum and ductal bile were quantified
by ELISA (R&D Systems, #DY-206 and #DY-210). Lower limits of quantification were 10 pg/
mL for both analytes. A panel of 27 cyto- and chemokines were measured in gallbladder
bile (dilution: 50-100 fold) using Luminex® technology (Merck Millipore, Milliplex Map
Human Cytokine/Chemokine Panel). Samples of PSC patients (n=6) having the highest,
and non-PSC patients (n=5) having representative biliary IL8 level were analyzed.
Biliary levels of bile salts, phospholipids and cholesterol were determined by enzymatic
methods, while total bilirubin was quantified by HPLC.12 Gallbladder to ductal bile
concentration ratio of bile salts and phospholipids was estimated from the median
concentration of the respective constituent in gallbladder and ductal bile. Bile salt
composition of ductal bile was determined as detailed elsewhere.13 Bile salt hydrophobicity
index of ductal biles was calculated according to Heuman.14
FGF19 levels in ductal and gallbladder bile were determined by sandwich ELISA as
described.8 All bile samples were tested for present proteolytic activity by spiking with
FGF19. Proteolytic contamination was primarily observed in bile obtained during ERCP.
The sample sizes mentioned above refer to samples with at least 75% recovery of spiked
FGF19. Average spike recovery was 102.2±8.7%, with 8 out of 56 ductal bile samples
having a recovery between 75%-95%. The lower limit of quantification of the assay
was 10 pg/mL.

Statistical analysis
Differences between groups were evaluated using non-parametric tests (Mann-Whitney
U or Kruskal-Wallis test). Univariate correlations between variables were studied by
Spearman’s rank test. Data in text and graphs are presented as median [range], unless
indicated otherwise. Statistical significance was accepted at P<0.05. All statistical analyses
were performed using IBM SPSS version 20.
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In ductal bile of PSC patients, collected at ERC, IL8 levels were markedly elevated (6.6
[0.00 – 65.1] ng/mL in PSC vs. 0.24 [0.00 – 51.4] ng/mL in non-PSC) (Fig. 6.1A). In
gallbladder bile of transplanted PSC patients the level of IL8 was also significantly
higher than in transplanted non-PSC patients and non-transplanted controls (7.6 [0.8322.4] ng/ml vs. 2.2 [0.16-5.0] ng/mL and 0.3 [0.03-5.9] ng/mL, respectively). IL1β, IL6
and TNFα were not detected in gallbladder bile by either Luminex profiling or direct
ELISA. Of all factors detected by profiling in bile, IL8 was the most abundant cytokine
(IL8>>VEGF>GRO=IP10=MCP1) (Fig. 6.1D).
IL8 mRNA expression in liver and extrahepatic bile ducts of PSC and non-PSC patients
(tissues obtained at LTx) was similar, while IL8 mRNA in the gallbladder of PSC patients
was increased (Fig. 6.1B). Intrahepatic bile ducts were not available for transcript analysis.
Serum IL8 levels in PSC patients were increased (0.06 [0.01-0.63] ng/ml in PSC vs.
0.01 [0.01-0.17] ng/mL in non-PSC), as were levels of IL6 and TNFα (Fig. 6.1C).
In contrast to IL8, the concentrations of bile salts (BS), phospholipids (PL), cholesterol,
bilirubin and FGF19 were reduced in gallbladder bile of PSC patients (FGF19: 6.0 [0.722.9] ng/mL in PSC vs. 14.6 [4.6-103.4] ng/mL in non-PSC and 17.3 [4.2-47.4] ng/mL in
non-LTx) (Fig. 6.2A, Supplemental Fig. 6.1). In ductal bile of PSC patients, concentrations
of BS, PL and FGF19 were similar to those of non-PSC patients (Fig. 6.2B). Note that
ductal and gallbladder bile samples were obtained from different PSC and control groups
(gallbladder samples were from patients undergoing liver transplantation; ductal bile was
obtained from patients undergoing ERC). There was no significant difference in FGF19
mRNA expression in bile ducts and gallbladders of PSC and non-PSC patients (Fig. 6.2C).
In non-PSC patients, the estimated median gallbladder to ductal bile concentration
ratios for BS and PL were 6.1 and 3.1, respectively (Fig. 6.2D). In PSC patients these ratios
were 1.4 and 1.1, respectively, indicating that in PSC the gallbladder has lost the capacity
to concentrate bile.
The BS : PL ratio was slightly elevated in ductal bile of PSC patients (Fig. 6.2D)
but the hydrophobicity index of the bile salt pool in ductal bile was reduced in PSC
(Supplemental Fig. 6.1). This is likely due to the presence of ursodeoxycholic acid as
a result of treatment (Supplemental Fig. 6.2).
Expression and localization of IL8 in explanted tissues from patients with PSC
and disease controls were studied by immunohistochemistry (Fig. 6.3). In controls,
hepatocytes, ductules and large bile ducts were negative for IL8. In early PSC, there was
a focal patchy expression of IL8 in ductules and large bile ducts. Hepatocytes showed
a weak positive staining, while macrophages were negative for IL8. In advanced PSC with
severe cholestasis, large bile ducts showed a strong patchy staining of IL8 and secretion
of IL8 positive globules. Ductules, hepatocytes and macrophages were positive for IL8.
We next analyzed the expression of IL8 receptors CXCR1 and CXCR2. In all patient
groups, the large bile ducts and hepatocytes showed positive staining for CXCR1. Bile
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Figure 6.1. IL8 in bile and IL8 mRNA expression in hepatobiliary tissues. Gallbladder bile of PSC
(n=13) and non-PSC (n=11) patients was collected at the time of liver transplantation, or during
abdominal surgery (non-LTx group, n=9), and assayed for IL8. Ductal bile of PSC (n=36) and non-PSC
patients (n=20) was collected during ERCP and assayed for IL8 (panel A). IL8 mRNA expression was
evaluated in tissues (n=8-11 per group) obtained at the time of liver transplantation in patients
with or without PSC (panel B). Serum of healthy volunteers (HC, n=12) and PSC patients (n=25)
was assayed for IL8, IL6 and TNFα (panel C). Solid lines in scatter plots depict the median. Data in
bar graphs are presented as median plus IQR. Abbreviations: HC, healthy controls. A panel of 26
additional signaling factors was profiled in gallbladder bile of PSC patients with high biliary IL8 levels
(n=6). Samples of non-PSC patients served as controls (n=5) (panel D). Five cyto- and chemokines
could be detected in gallbladder bile. Note that in terms of mass, IL8 was the most abundant of
factors detected in PSC bile (IL8>>VEGF>GRO=IP10=MCP1).

ductules stained positive for CXCR1 in PSC but were negative in controls (Fig. 6.3).
A weak positive staining for CXCR2 was observed in hepatocytes, ductules and large bile
ducts in PSC. Staining for CXCR2 was negative in liver of disease controls. Extrahepatic
bile ducts and gallbladders of PSC patients and controls stained positive for CXCR1 but
were only weakly positive for CXCR2 (data not shown).
To assess whether IL8 had a direct effect on cholangiocytes, primary human
cholangiocytes (NHC2 cells, non-immortalized) were exposed to IL8 followed by
analysis of cell proliferation and expression of fibrogenic genes. Treatment of primary
human cholangiocytes with IL8 stimulated cell proliferation (Fig. 6.4A) and upregulated
the expression of pro-fibrotic genes αSMA and TGFβ1 (Fig. 6.4B).
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Figure 6.3. IL8 staining of intrahepatic bile duct epithelium. Consecutive sections of liver of controls
(‘normal’, autoimmune hepatitis, n=2; HCC negative for HBV and HCV, n=1) and patients with early
(n=3) and advanced (n=4) PSC were stained for histology (HE), IL8, and IL8-receptors CXCR1 and
CXCR2. Representative images are depicted. Hepatocytes, ductules and large bile ducts are negative
for IL8 in controls, while there is a focal patchy expression of IL8 in ductules and large bile ducts
in early PSC. In advanced PSC, large bile ducts show strong patchy staining of IL8 and secretion of
IL8-positive globules. In all patient groups, the large bile ducts and hepatocytes showed positive
staining for CXCR1. A weak positive staining for CXCR2 was observed in hepatocytes, ductules and
large bile ducts in early and advanced PSC.

Figure 6.2. Biliary constituents and the concentrative function of the gallbladder. Gallbladder bile
was collected at the time of liver transplantation from PSC (n=13) and non-PSC (n=11) patients,
or during abdominal surgery (non-transplanted group, non-LTx, n=9), and assayed for FGF19,
total BS and total PL (panel A). Ductal bile was collected by ERCP from PSC (n=36) and non-PSC
patients (n=20) and assayed for FGF19, total BS and total PL (panel B). FGF19 mRNA expression was
evaluated in the indicated tissues (n=8-11 per group) obtained at the time of liver transplantation
in patients with or without PSC (panel C). FGF19 mRNA expression in the liver is negligible and
could not be reliably quantified. Solid lines in scatter plots depict the median. Data in bar graphs
are presented as median plus IQR. The concentrative capacity of the gallbladder was estimated by
determining the ratio of median concentration of the indicated biliary constituents in gallbladder
and ductal bile (panel D). These ratios were close to 1 in PSC, indicating defective concentration
of gallbladder bile. Note that gallbladder and ductal bile were obtained from different patients.
Abbreviations: n.d., not detected.

DISCUSSION
In this study, we demonstrate increased levels of IL8 in bile of PSC patients. This IL8 likely
originates from bile duct or gallbladder epithelium. IL8 induces proliferation as well as
pro-fibrotic gene expression in primary human cholangiocytes. Moreover, we found that
the gallbladder of PSC patients fails to concentrate bile.

Figure 6.4. Effect of IL8 on proliferation and pro-fibrotic gene expression in primary cholangiocytes.
Primary human cholangiocytes were cultured in the presence of IL8 for 48 hrs and cell proliferation
(panel A) and expression of genes engaged in fibrosis (panel B) were assessed. Data in bar graphs
are depicted as median plus IQR, and are presented as fold change (median expression in untreated
control = 100%). * denotes P<0.05.

In a previous study we demonstrated that FGF19 is abundantly present in human
bile.8 For the present study we postulated that a possible disbalance between proinflammatory (viz. IL8) and anti-inflammatory (viz. FGF19) signals may underly or
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contribute to the pathogenesis of PSC. Although we found a highly increased IL8/FGF19
ratio in bile of PSC patients, this was solely due to an elevated production of IL8 and not
due to a reduced synthesis of FGF19 in either gallbladder or bile ducts. While in controls
the concentration of biliary lipids in gallbladder bile was about 3-6 fold higher than in
ductal bile, in PSC patients this ratio was about 1. The levels of FGF19 and biliary lipids
are all decreased in gallbladder bile of PSC patients pointing towards a concentration
defect of the PSC gallbladder. Despite this concentration defect, gallbladder bile IL8 levels
in PSC were still elevated. Of the detected chemo- and cytokines, IL8 stood out by being
elevated 28-fold. Other pro-inflammatory proteins (e.g. IL1β, IL6, TNFα, TGFα, MIP1α,
MIP1β) were not detected in bile.
IL8 may be more important for PSC than hitherto acknowledged. IL8 is a member of
a family of CXC chemokines.15 These are small (8-10 kDa) heparin-binding proteins with
pro-inflammatory activity. IL8 is a specific ligand for CXCR1 and together with a number
of other chemokines it also binds to CXCR2.16 IL8 can be produced by many cell types
including endothelial cells, immune cells (a.o. neutrophils, macrophages, regulatory T cells)
and epithelial cells (cholangiocytes, gallbladder epithelium).17-19 IL8 is a multifunctional
pro-inflammatory cytokine that attracts neutrophils and regulates neutrophil activity.20
Upon prolonged presence IL8 may induce tissue damage.21 Our study shows that in PSC,
IL8 levels in ductal and gallbladder bile are up to two orders of magnitude higher than
in serum. This suggests that IL8 in bile of PSC patients originates from a local hepatic
source. Our immunohistochemistry data indicate that this source may be the epithelium
of small and large bile ducts. Elevated IL8 expression in bile ducts of PSC patients was
not apparent at the transcriptional level but this may relate to the use of general (i.e.
GAPDH), rather than epithelium-specific, normalization of gene expression. Elevated IL8
mRNA was noted in the gallbladder of PSC patients. The high level of IL8 in bile of PSC
patients suggests ongoing activation of cholangiocytes and gallbladder epithelial cells
even at advanced stages of the disease.
Synthesis of IL8 is stimulated by microbial products and pro-inflammatory cytokines.22
Microbial products like LPS are recognized by Toll-like receptors (TLR) which are expressed
on the surface of many cell types. TLR-expressing cells appear able to produce IL8.23
The majority of patients with PSC have co-existing IBD, and translocation of microbial
products and homing of gut-primed T cells have been implicated in the onset and
progression of PSC (“leaky gut” hypothesis).1,24 Microbial products are detected in bile,
and cholangiocytes are recognized as important players in the immune pathogenesis of
hepatobiliary disorders.24,25 Our results suggest that in PSC patients bile-borne factors
may stimulate IL8 production by biliary and gallbladder epithelium. One scenario is that
gut-derived pathogen-associated molecular patterns (PAMPs) are secreted into bile and
activate TLRs on biliary epithelium to produce IL8. Primary cholangiocytes from patients
with advanced PSC were previously shown to have elevated TLR expression and exhibit
hyper-responsiveness when challenged with endotoxins, resulting in augmented release
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of IL8.6,7 In our patients, there was no correlation between number of ERCs and biliary
IL8 level, making biliary contamination by ERC an unlikely confounder (data not shown).
Alternatively, elevated biliary IL8 may be the consequence of cholangiocellular senescence
in PSC.26 Senescence can be triggered by persistent activation of the TLR/N-Ras axis and
aims to prevent division and neoplastic transformation of injured cells. Pathological
progression of the senescence response can result in a ‘senescence-associated secretory
phenotype’ characterized by hypersecretion of pro-inflammatory mediators (including IL6
and IL8) that may initiate detrimental cellular events.26
What could be the pathological relevance of elevated biliary IL8 in PSC? Apart from
its chemotactic activity, IL8 has been linked to fibrosis and is implicated in cell growth
and tumorigenesis.23,27-29 IL8 stimulates growth of a variety of cell types including
gallbladder epithelium.30 In our experiments, IL8 indeed induced proliferation of
cholangiocytes. In PSC, IL8-stimulated cholangiocyte proliferation may help to repair
bile duct damage but persistent IL8 elevation could contribute to proliferative anomalies
such as cholangiocarcinoma and gallbladder cancer. In addition, we observed that IL8
induces the expression of pro-fibrotic genes αSMA and TGFβ1 in cultured primary human
cholangiocytes. Elevation of IL8 in bile may thus contribute to periductal and periductular
fibrosis, the landmark lesions of PSC.
Our study has a number of limitations. Ductal bile and gallbladder bile was obtained
at ERC and transplantation, respectively. At transplantation, patients usually are in
a more advanced stage of disease than patients in whom ERC is performed. Nevertheless
the differences in IL8 level between PSC and non-PSC patients are evident in both ductal
and in gallbladder bile. This suggests that IL8 in bile of PSC patients is elevated at different
stages of disease. The tissues that were analyzed came from explanted livers and those
patients differed from the patients undergoing ductal bile sampling. This is a disadvantage
due to the retrospective nature of this study and the use of archived material. In addition,
patient numbers are relatively small, as more material was not available. Prospective
sampling will take time but will probably not change the message of our current findings.
In conclusion, we did not find evidence for the involvement of FGF19 in the pathogenesis
of PSC but instead our results provide support for a role of biliary tract-produced IL8. In
this study, we have tried to relate the consequences of increased biliary IL8 to three
pathological hallmarks in PSC, viz. biliary fibrosis and proliferation and an enlarged
gallbladder. Although it is difficult to provide direct evidence for such a relation, our
findings suggest that there is an on-going stimulation of cholangiocytes in PSC even in
a stage as advanced as at the time of transplantation. If these findings can be confirmed,
it may be worth to consider IL8-receptor directed therapy in PSC.
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Supp. Figure 6.2. Bile salt composition in ductal bile in PSC and non-PSC patients. Ductal bile
was collected from PSC (n=36) and non-PSC patients (n=20) undergoing ERCP for diagnostic or
therapeutic purposes, and bile salt composition was determined by HPLC. Unconjugated bile salts
formed a negligible fraction of the ductal bile salt pool. Molar fractions of tauro- (TUDCA) and
glyco-conjugates (GUDCA) of ursodeoxycholic acid were significantly higher in ductal bile of PSC
patients. * denotes P<0.05.

Supp. Table 6.1. Demographics and serum biochemistry of patients undergoing gallbladder bile
sampling during orthotopic liver transplantation.

Supp. Figure 6.1. Analysis of biliary constituents in gallbladder bile, and bile salt composition in
ductal bile of PSC and non-PSC patients. Gallbladder bile was collected at the time of orthotopic
liver transplantation (LTx) from PSC (n=13) and non-PSC (n=11) patients or during abdominal
surgery (non-LTx group, n=9), and assayed for cholesterol and total bilirubin (upper panels). Levels
of these biliary lipids were reduced in gallbladder bile in PSC. Ductal bile was collected from PSC
(n=36) and non-PSC patients (n=20) undergoing ERCP for diagnostic or therapeutic purposes, and
bile salt composition was determined and used to calculate hydrophobicity index (HI), fraction
of glycine-conjugated bile salts, and fraction of primary bile salts (lower panels). Ductal bile of
PSC patients had a reduced hydrophobicity index, a measure for toxicity of the bile salt pool, as
a result of ursodeoxycholic acid medication (see Supplemental Figure 6.2). Fractions of glycoconjugates or primary bile salts were similar in PSC and non-PSC patient groups. Solid lines in scatter
plots depict the median. Data in bar graphs is presented as median plus IQR. Abbreviations: HI,
hydrophobicity index.

Age (yrs)
Gender (M/F)
Alkaline Phosphatase (U/L)
gGT (U/L)
Total Bilirubin (µmol/L)
CRP (mg/dL)
Leukocyte count (109/mL)

PSC

non-PSC

P value

43 [25-70]
8/5
280 [34-1520]
195 [15-1196]
41 [4.0-157]
4.9 [2.6-127]
8.5 [1.6-14.5]

63 [42-78]
7/4
106 [43-255]
112 [36-617]
22 [3.0-347]
17 [0.8-57]
6.1 [1.9-15]

0.02
1.00
0.01
0.11
0.73
0.26
0.54

Data is presented as median [range]. Differences between PSC and non-PSC patient groups were evaluated by MannWhitney U test.
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Supp. Table 6.2. Demographics and serum biochemistry of patients undergoing ductal bile sampling
as part of diagnostic or therapeutic ERCP.
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Age (yrs)
Gender (M/F)
Alkaline Phosphatase (U/L)
Total Bilirubin (µmol/L)
Albumin (g/L)
INR
CRP
Leukocyte count (109/mL)

PSC

non-PSC

P value

44 [25-76]
27/9
222 [70-1520]
20 [4.0-445]
42 [23-50]
1.1 [0.9-1.4]
4.1 [0.6-37]
6.1 [3.5-9.8]

49 [25-85]
9/11
126 [36-679]
11 [6.0-287]
42 [32-50]
1.0 [0.9-1.4]
3.9 [0.6-22]
5.9 [3.3-14.4]

0.45
0.04
0.21
0.04
0.40
0.63
0.37
0.82

Data is presented as median [range]. Differences between PSC and non-PSC patient groups were evaluated by MannWhitney U test.

Supp. Table 6.3. Demographics and serum biochemistry of PSC patients for whom serum was available
for IL8 determination.
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ABSTRACT
Background
Primary sclerosing cholangitis is a chronic inflammatory biliary disorder. The gallbladder of
PSC patients is often enlarged and fails to concentrate bile. We recently demonstrated that
bile of PSC patients contains elevated levels of the inflammatory chemokine IL8. Moreover,
its receptors CXCR1 and CXCR2 are expressed in gallbladder and bile duct epithelium.
In this study, we therefore explored the hypothesis that elevated inflammatory mediators
in bile of PSC patients impact on gallbladder epithelial expression of transporters and
channels involved in bile concentration.

Methods
Gallbladder and bile duct tissue of PSC and non-PSC patients were collected at the time
of liver transplantation, and analyzed for expression of factors engaged in concentration
of bile. Effects of proinflammatory cytokines on expression of such factors were also
studied in primary cultures of human gallbladder epithelial cells.

Results
Gallbladder and bile duct tissue of PSC patients showed increased expression of factors
engaged in diverse aspects of mucus layer biology (e.g. MUC5AC, TFFs 1-3 and CFTR).
CFTR was upregulated upon incubating primary human gallbladder epithelials cells with
a mix of pro-inflammatory cytokines.

Conclusion
The failure of the PSC gallbladder to concentrate bile might be caused by enhanced mucus
layer thickness that impairs water resorption from bile. The underlying transcriptional
changes in gallbladder epithelium are likely the consequence of an inflammatory stimulus,
for which IL8 in bile makes a good candidate.

INTRODUCTION
Primary sclerosing cholangitis (PSC) is a chronic inflammatory biliary disorder resulting in
fibrotic strictures of the intra- and extrahepatic bile ducts.1 Although the clinical picture
is dominated by bile duct disease, gallbladder abnormalities like gallstones, gallbladder
masses and cholecystitis frequently occur in PSC.2,3 In addition, PSC patients have an
enlarged gallbladder phenotype that is of unknown clinical relevance. The median fasting
gallbladder volume in PSC was twice that in healthy controls (e.g. 67 vs 32 mL, resp.)
in two separate cohorts.4,5 In PSC, the residual or post-prandial gallbladder volume is
also enlarged, but the ejection fraction of the gallbladder is unchanged.4,5 An underlying
mechanism for the increased gallbladder volume is lacking, but mechanical obstruction
or gallbladder dysmotility are unlikely causes.4,5
Whereas a normal gallbladder is able to concentrate ductal bile about 10-fold, we
have indications that the PSC gallbladder lacks this concentrative capacity.6,7 This finding
is suggestive for a defect at the level of the PSC gallbladder mucosa. The absorption
function of gallbladder mucosa is mediated by active absorption of NaCl followed by
passive water influx via aquaporins and the paracellular route, whereas its secretory
function mainly consists of secretion of mucin, chloride and bicarbonate.8
We recently observed that bile of PSC patients contains elevated levels of
the inflammatory chemokine IL8. We also found that gallbladder and bile duct epithelium
express IL8 receptors CXCR1 and CXCR2.7 Aquaporins are inflammation-controlled water
channels.9-11 Moreover, inflammatory stimuli regulate expression of genes that code for
factors instrumental for mucus layer formation, such as MUC5AC (a major mucin in
the gallbladder), mucus layer-stabilizing Trefoil factors (TFF1-3) and the chloride channel
CFTR that hydrates the mucus gel layer.12-14 We hypothesized that elevated IL8 in bile of PSC
patients impacts on gallbladder epithelial expression of factors engaged in concentration
of bile, reasoning that such phenomenon may underlie the loss of the concentrative
capacity of the gallbladder in PSC. In this study, we evaluated expression of genes
implicated in concentration of bile, and studied influence of proinflammatory cytokines
on expression of such genes in primary cultures of human gallbladder epithelial cells.

MATERIAL AND METHODS
Gallbladder and bile duct tissue explants
Tissues of PSC and non-PSC patients, explanted at the time of liver transplantation,
were obtained from the Norwegian PSC Research Center (Oslo University Hospital, Oslo,
Norway).7 Written informed consent for investigational use of specimens was provided
by all patients, and this study was approved by the committee for medical and health
research ethics in South-Eastern Norway. The tissues were used for transcript analysis as
detailed below.
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HGBECs were isolated from gallbladders of non-cholestatic patients undergoing
pancreatoduodenectomy (n=3) at the Academic Medical Center Amsterdam, as previously
described.15 All patients gave informed consent for the use of surgical specimens. Cells
were seeded on collagen-coated 12-wells cell culture plates (Corning) and cultured in 1:1
DMEM/Ham’s F12K) medium containing 1 mmol/L Ca2+, 1.2 g/L sodium bicarbonate, 10%
FCS and antibiotics (penicillin/streptomycin) with medium refreshment every second day.
7-10 days after seeding, i.e. 6-8 days after the cell monolayer had reached full confluence,
cells were serum starved for 4 hours, then incubated for 4 hours with a mixture of proinflammatory cytokines (25 ng/mL IL1β, Peprotech #200-01B; 10 ng/mL IL6, RnD Systems
# 206-IL; 25 ng/mL TNFα, Peprotech #300-01A), followed by RNA extraction.

Analysis of tissue transcript levels
Explanted gallbladder or extrahepatic bile duct tissue (PSC: n=13-14, non-PSC: n=9-10)
were snap-frozen and stored at -80°C until further processing. Total RNA was isolated
from tissues and cultured gallbladder epithelial cells using RNEasy (Qiagen). Genomic
DNA digestion, cDNA synthesis and real-time quantitative PCR (Lightcycler® 480,
Roche Life Science) were performed as described.16 Transcript levels were normalized
to the geometrical mean of two general (36B4 and GAPDH) or two epithelium-specific
(KRT7 and KRT19) reference genes. Primer sequences are available upon request.

Statistical analysis
Differences between groups were evaluated using a non-parametric test (Mann-Whitney
U). Data in text and graphs are presented as median [range], unless indicated otherwise.
Non-parametric testing of correlation (Spearman’s ranking test) was used to study
relations between variables. Statistical significance was accepted at P<0.05. All statistical
analyses were performed using Graphpad Prism 6.

RESULTS
Patient characteristics
Patient demographics and levels of relevant factors in serum and bile are expressed in Table
7.1. PSC patients were younger at the time of liver transplantation compared to non-PSC
patients. In line with our previous report, PSC patients had elevated IL8 levels in bile,
whereas the concentrations of biliary constituents like total bile salts and phospholipids
were decreased.7

Gallbladder expression of genes engaged in concentration of bile
In order to explore the mechanisms underlying enlargment and defective concentrative
capacity of the gallbladder in PSC, we first evaluated expression of mucin-encoding
genes in the gallbladder. Expression of MUC2, MUC3A and MUC4 could not be detected

Altered expression of bile concentration genes in PSC gallbladder

Table 7.1. Demographics, serum and biliary levels of relevant factors from patients undergoing
gallbladder bile sampling during orthotopic liver transplantation.

Age (yrs)
Gender (Male %)
CRP in serum (mg/L)
IL8 in bile (ng/mL)
TBS in bile (mmol/L)
PL in bile (mmol/L)

PSC

non-PSC

P value

43 [28-69]
62.5
4.9 [2.6-127]
4.5 [1.1-19]
23 [12-42]
5.0 [1.3-12]

63 [42-78]
60
18 [0.8-48]
2.0 [0.2-5.0]
60 [8.9-199]
12 [2.3-25]

0.03
1.00
0.22
0.01
0.02
0.01

Data is presented as median [range]. Differ/ences between PSC and non-PSC patient groups were evaluated by MannWhitney U test. Abbreviations: CRP, C-reactive protein; IL8, Interleukin 8; TBS, total bile salts; PL, phospholipids.

in gallbladder of PSC and non-PSC patients, in line with a previous study.12 Expression
of MUC1 (P=0.71), MUC3B (P=0.17), MUC5B (P=0.10) and MUC6 (P=0.93) was similar
in PSC and non-PSC patients (Fig. 7.1D). In contrast, MUC5AC mRNA was elevated in
the gallbladder of PSC patients (4.6 fold, P=0.002; Fig. 7.1A).
Expression levels of mucus layer-stabilizing Trefoil factors TFF1 (4.0 fold), TFF2
(18.5 fold) and TFF3 (3.9 fold) were also higher in PSC (P<0.001, P<0.001, P=0.001,
resp.; Fig. 7.1A).
Genes involved in bicarbonate production and secretion were analyzed in gallbladder
epithelium (Fig. 7.1C). In gallbladder epithelium, the CFTR (Cystic fibrosis transmembrane
conductance regulator) gene encodes an anion channel that is responsible for a net
fluid secretion mediated by a chloride/bicarbonate current.17,18 By secreting chloride and
attendant ‘charging’ of the mucus, CFTR is important for hydration of the mucus layer.19
CFTR expression was elevated in gallbladder of PSC patients (1.8 fold, P=0.016; Fig.
7.1A). Gallbladder MUC5AC expression was strongly correlated with the expression of
CFTR and TFF1-3 (P<0.001 for all correlations, Suppl. Fig. 7.1).
Carbonic anhydrases (CA) are important for the production of bicarbonate. In
the biliary tract, mainly membrane-bound CA4, CA9 and CA14 are expressed.20 Anion
channels of the Solute Carrier Family (SLC) 4 and SLC26 are expressed in the biliary tract
where they normally secrete bicarbonate in exchange for chloride.21
The expression of bicarbonate producing Carbonic Anhydrase 4 (CA4; P=0.019) and
CA9 (P=0.04) is decreased, whereas expression of CA14 is unchanged (P=0.72) (Fig.
7.1C). Expression is unaffected of chloride/bicarbonate exchangers Anion Exchanger 2
(AE2 or SLC4A2; P=0.10), SLC4A4 (P=0.46) and SLC26A6 (P=0.34) (Fig. 7.1C).
Human gallbladder epithelium was previously reported to express aquaporins AQP1
and AQP8.22 In our gallbladder samples, the expression level in PSC is unchanged for
AQP1 (P=0.32), whereas AQP8 expression is virtually absent (Fig. 7.1C).
A schematic overview of the studied players involved in the process of bile
concentration is provided in Figure 7.2.
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Figure 7.1. Expression of bile concentration related genes in PSC gallbladder and extrahepatic bile
duct. Tissue explants of gallbladder (A) and extrahepatic bile duct (B) of PSC and non-PSC patients
were analyzed for transcript levels of mucus layer forming MUC5AC, mucus layer stabilizing Trefoil
factors TFF1, 2 and 3 as well as chloride/bicarbonate channel CFTR. Tissue explants of gallbladder
were also analyzed for water channel AQP1 and additional genes involved in bicarbonate
production and secretion (C), as well as for additional mucins (D). Data are expressed as median and
interquartile range and as fold-change from non-PSC controls. * P<0.05; ** P<0.005. CFTR, Cystic
fibrosis transmembrane conductance regulator; TFF, Trefoil factor; MUC, Mucin; AQP, Aquaporin;
CA, Carbonic anhydrase; AE, Anion exchanger; SLC4A4, Solute carrier family 4 member 4.

Bile duct expression of genes engaged in concentration of bile
As in gallbladder tissue, MUC5AC (46.5 fold), TFF1 (3.3 fold), TFF2 (6.4 fold), TFF3 (3.7
fold) and CFTR (2.7 fold) were expressed at higher levels in extrahepatic bile duct tissue of
PSC patients (P=0.002, P=0.007, P=0.01, P=0.002 and P=0.01 resp.; Fig. 7.1B).

Expression levels in primary human gallbladder epithelial cells
incubated with pro-inflammatory cytokine mix
We observed that primary human gallbladder epithelial cells (HGBECs) loose expression
of IL8 receptors CXCR1 and CXCR2 during isolation and culturing. This resulted in trivial
expression of these receptors in cultured cells (data not shown), making them unsuitable
for direct evaluation of the effect of IL8 on expression of bile concentration-related genes.
Instead, we incubated primary HGBECs with a mix of the pro-inflammatory cytokines
IL-1β, IL-6 and TNF-α. As a positive control, we verified induction of IL8 expression in
HGBECs treated with the cytokine mixture. Moreover, this stimulus induced expression

H2O
H2O

K+ Cl‐

HCO3‐

H2O
Na+

Figure 7.2. Gallbladder epithelial cell and relevant genes in relation to concentration of bile.
Concentration of bile is achieved by active NaCl transport, followed by passive water transport
via Aquaporins 1 and 8 as well as via the paracellular route. Na+/K+ ATPase at the basolateral
membrane generates an electrochemical gradient, leading to passive sodium resorption at the apical
membrane. CL- exit is mediated at the basolateral membrane via a KCl cotransporter. NHE3 is an
Na+/H+ exchanger. CFTR is a Cl- channel. AE2, here exemplifying the studied anion exchangers of
the SLC family, exchanges Cl- for bicarbonate (HCO3-). CA4 (and CA14) is membrane-bound and
produces bicarbonate on the luminal side of the apical membrane, whereas CA9 (and CA14) is
located on the basolateral membrane. In the gallbladder of PSC patients, increased expression of
MUC5AC and TFF1-3 probably leads to the formation of an enhanced mucus layer. Furthermore,
elevated expression of CFTR in the gallbladder of PSC patients likely leads to increased Cl- secretion,
which contributes to hydration of the mucus layer. The enhanced mucus layer in the PSC gallbladder
likely impairs water transport over the apical membrane. AQP, aquaporin; MUC, mucin; TFF, trefoil
factor; CFTR, cystic fibrosis transmembrane conductance regulator; AE, anion exchanger; CA,
carbonic anhydrase. Adapted from C. Housset.8

of CFTR (2.1 fold, P=0.01) but had no effect on expression of MUC5AC (P=0.28)
(Figure 7.3). Unfortunately, expression of TFF1-3 was also lost during HGBEC culturing,
thus modulation of TFF expression by cytokines could not be evaluated.

DISCUSSION
In this study, we explored the concept that the enlarged gallbladder phenotype in PSC
is caused by altered expression of gallbladder mucosa genes engaged in concentration
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Figure 7.3. Expression of bile concentration related genes in primary human gallbladder epithelial
cells (HGBECs) upon incubation with a pro-inflammatory cytokine mix. HGBECs were incubated
for 4 hours with a cytokine mix of TNF-α [10ng/mL], IL-1β [25ng/mL] and IL-6 [10ng/mL] followed
by transcript level analysis. TFFs could not be analyzed due to loss of expression upon culture. IL8
served as positive control for inflammatory signaling. Data of 4 cell cultures are expressed as median
and interquartile range and as fold-change from vehicle-treated cells. * P<0.05.

of bile. In gallbladders of PSC patients, the expression of MUC5AC, TFFs 1-3 and CFTR
is elevated.
MUC5AC is instrumental in the formation of the mucus/gel layer on epithelial cells and
its expression is under control of inflammatory stimuli like pathogens and cytokines.23-25
We recently demonstrated that IL8 is increased in PSC bile and gallbladder tissue.
As the IL8 receptors CXCR1 and CXCR2 are present in the mucosal layer of the PSC
gallbladder, IL8 in bile might be a direct signal to gallbladder epithelial cells.7 In fact, IL8
increases MUC5AC transcript and protein levels in lung epithelial cell lines by stabilizing
MUC5AC mRNA.26 It is possible that this also occurs in the gallbladder in PSC, although we
could not find a correlation between gallbladder MUC5AC expression and gallbladder IL8
expression or IL8 level in bile (Supp. Fig. 7.2). TFFs 1-3 stabilize the mucus layer, and CFTR
is responsible for the hydration of the mucus layer.27-30 These genes are also upregulated
by inflammatory stimuli in several epithelia originating from the gastrointestinal and
pulmonary tract, in line with our findings in PSC gallbladder.13,14,31
In PSC gallbladder, we found a decreased expression of bicarbonate producing CA4
and CA9. Previously, CA9 was found to be induced by pro-inflammatory cytokines in
a hepatocellular carcinoma cell line.32 CA4 and CA9 are bound to the apical and basolateral
membrane of gallbladder epithelial cells, resp. CAs participate in the alkalinization of
the luminal contents by generating bicarbonate for apical choride/bicarbonate exchange
and CA4 is known to physically and functionally associate with e.g. anion exchanger 1.20
Whether the altered expression of CA4 and CA9 has a net effect on bicarbonate production
and eventually bicarbonate secretion and whether this impacts on e.g. dilution of bile or
mucus layer hydration, remains unclear.
In extrahepatic bile duct tissue of PSC patients, MUC5AC, TFF1, 2 and 3 and CFTR
were similarly upregulated. Basal expression in bile duct compared to gallbladder was
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lower for MUC5AC, higher for TFF2 and similar for TFF1, 3 and CFTR (Supp. Fig. 7.3).
Like gallbladder epithelial cells, bile duct cholangiocytes in PSC are exposed to high levels
of biliary IL8 and express its receptors CXCR1 and CXCR2.7 Thus, elevated IL8 in bile
of PSC patients could also be a trigger for increased expression of these genes in bile
duct cholangiocytes.
We cultured primary human gallbladder epithelial cells (HGBECs) in order to test
our hypothesis of IL8-induced expression of mucus layer-related genes. Unfortunately,
HGBECs lost expression of IL8 receptors CXCR1 and CXCR2 upon culturing. Therefore,
cells were not incubated with IL8 but with a pro-inflammatory cytokine mix. Under these
conditions, CFTR expression was induced like in PSC gallbladder and bile duct, while
MUC5AC expression did not change. TFFs 1-3 expression could not be evaluated, as
expression of these genes was also lost during culture.
Our findings support the concept of an enhanced mucus layer formation in PSC bile
ducts and gallbladder. Gallbladder epithelial cells concentrate bile by active resorption
of NaCl, followed by passive influx of water through aquaporins and the paracellular
route.33 Aquaporin 1 expression was unaltered. However, it is likely that an enhanced
mucus layer in the PSC gallbladder restrains the resorption of water. Such was previously
shown as rat intestinal mucus greatly retarded water permeability, in direct proportion
to its thickness.34 In addition to enhanced mucus layer formation (MUC5AC) and mucus
layer stabilization (TFFs), the elevated expression of CFTR may promote the hydration of
the mucus gel layer, thereby increasing its thickness. This would contribute to decreased
permeability for water and the decreased concentration of gallbladder bile. Furthermore it
is conceivable that an enhanced mucus layer on bile duct epithelium or a higher viscosity
of bile will further compromise bile flow through stenosing bile ducts.
To the best of our knowledge, this is the first study to report gallbladder mucosa
expression levels with a scope to clarify the lack of concentrative capacity or enlargement
of the PSC gallbladder. A limitation of this study is that only transcript levels were
analyzed, so no protein expression or functional analyses regarding mucosal excretion or
mucus layer formation have been performed. Unfortunately, data on gallbladder volume
are not available for the patients that we obtained gallbladder specimens of.
In conclusion, we have demonstrated an increased expression of genes involved in
mucus layer formation, stabilization and hydration in the gallbladder of PSC patients.
These findings may explain the failure of the PSC gallbladder to concentrate bile, which
we speculate could be fundamental to the expanded gallbladder phenotype in PSC. In
addition, an increased mucus content of bile could contribute to the cholestasis that
characterizes the pathophysiology of PSC.
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SUPPLEMENTAL FIGURES
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Supp. Figure 7.3. Basal expression of bile concentration related genes in gallbladder and
extrahepatic bile duct of non-PSC patients. Tissue explants of gallbladder and extrahepatic bile duct
(B) of non-PSC patients were analyzed for transcript levels of mucus layer forming MUC5AC, mucus
layer stabilizing TFFs 1, 2 and 3 as well as chloride/bicarbonate channel CFTR. Data are expressed
as median and interquartile range and as fold difference from gallbladder. * P<0.05; ** P<0.005.
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Supp. Figure 7.1. Correlation between expression of MUC5AC and related genes in gallbladder
of PSC and non-PSC patients. Tissue explants of gallbladder of PSC and non-PSC patients were
analyzed for transcript levels of MUC5AC, CFTR and TFFs 1-3. Transcript levels are expressed relative
to the geometric mean of epithelium-specific KRT7 and KRT19. Correlation parameters between
variables were calculated for the combined data from both patient groups.

Supp. Figure 7.2. Correlation between expression of MUC5AC and IL8. Tissue explants of
gallbladder of PSC and non-PSC patients were analyzed for transcript levels of MUC5AC and IL8.
Gallbladder bile of PSC and non-PSC patients was analyzed for IL8 protein level. (A) Correlation
between MUC5AC mRNA level in gallbladder tissue and IL8 level in gallbladder bile. (B) Correlation
between expression of MUC5AC and IL8 in gallbladder tissue. Transcript levels are expressed relative
to the geometric mean of epithelium-specific KRT7 and KRT19. Correlation parameters between
variables were calculated for the combined data from both patient groups.

113

CHAPTER 7

Altered expression of bile concentration genes in PSC gallbladder

REFERENCES
1.

Hirschfield GM, Karlsen TH, Lindor KD,
et al. Primary sclerosing cholangitis.
Lancet 2013;382:1587-99.

2.

Brandt DJ, MacCarthy RL, Charboneau
JW, et al. Gallbladder disease in patients
with primary sclerosing cholangitis. Am J
Roentgenol 1988;150:571-74.

3.
114

Said K, Glaumann H, Bergquist A. Gallbladder
disease in patients with primary sclerosing
cholangitis. J Hepatol 2008;48:598-605.

4.

Van de Meeberg PC, Portincasa P,
Wolfhagen FH, et al. Increased gall bladder
volume in primary sclerosing cholangitis.
Gut 1996;39:594-9.

5.

Said K, Edsborg N, Albiin N, et al.
Gallbladder emptying in patients with
primary sclerosing cholangitis. World J
Gastroenterol 2009;15:3498-3503.

6.

Rose RC. Absorptive functions of
the gallbladder. In: Johnson LR ed.
Physiology of the gastrointestinal tract. 2nd
ed. New York. Raven Press 1987; 1455.

7.

Zweers S, Shiryaev A, Komuta M, et al.
Elevated interleukin-8 in bile of patients
with primary sclerosing cholangitis. Liver
Int 2016;36:1370-7.

8.

Housset C, Chrétien Y, Debray D, et al.
Functions of the gallbladder. Compr
Physiol 2016;6:1549-77.

9.

Cher CD, Armugam A, Lachumanan R, et al.
Pulmonary inflammation and edema induced
by phospholipase A2: global gene analysis
and effects on aquaporins and Na+/K+ATPase. J Biol Chem 2003; 278:31352-60.

10. Schmalstieg F, Chow J, Savage C, et al.
Interleukin-8, aquaporin-1, and inducible
nitric oxide synthase in smoke and burn injured
sheep treated with percutaneous carbon
dioxide removal. ASAIO J 2001;47:365-71.
11. Towne J, Harrod K, Krane C, Menon
A. Decreased expression of aquaporin
(AQP)1 and AQP5 in mouse lung after

acute viral infection. Am J Respir Cell Mol
Biol 2000;22:34-44.
12.

Vilkin A, Nudelman I, Morgenstern S, et al.
Galbladder inflammation is associated with
increase in mucin expression and pigmented
stone formation. Dig Dis Sci 2007;52:1613-20.

13. Blanchard C, Durual S, Estienne M, et
al. IL-4 and IL-13 upregulate intestinal
trefoil factor expression: requirement for
STAT6 and de novo protein synthesis. J
Immunol 2004;172:3775-83.
14. Ramachandran S, Karp P, Osterhaus S, et al.
Post-transcriptional regulation of cystic fibrosis
transmembrane conductance regulator
expression and function by microRNAs. Am J
Respir Cell Mol Biol 2013;49:544-51.
15. Miquel J, Moreno M, Amigo L, et al.
Expression and regulation of scavenger
receptor class B type I (SR-BI) in gallbladder
epithelium. Gut 2003;52:1017-24.
16. Zweers S, Booij K, Komuta M, et al.
The human gallbladder secretes fibroblast
growth factor 19 into bile: towards
defining the role of fibroblast growth
factor 19 in the enterobiiary tract.
Hepatology 2012;55:575-83.
17. Chinet T, Fouassier L, Dray-Charier N.
Regulation of electrogenic anion secretion
in normal and cystic fibrosis gallbladder
mucosa. Hepatology 2009;29:5-13.
18. Thim L, Madsen F, Poulsen S. Effect
of trefoil factors on the viscoelastic
properties of mucus gels. Eur J Clin
Invest 2002;32:519-27.
19. Tang L, Fatehi M, Lindsell P. Mechanism of
direct bicarbonate transport by the CFTR
anion channel. J Cyst Fibros 2009;8:115-21.
20. Kivelä A, Kivelä J, Saarnio J, Parkkila S. Carbonic
anhydrases in normal gastrointestinal tract
and gastrointestinal tumours. World J
Gastroenterol 2005;11:155-163.
21. Concepcion A, Lopez M, ArduraFabregat A, Medina J. Role of AE2 for pHi

regulation in biliary epithelial cells. Front
Physiol 2014;4:413.
22. Masyuk A, LaRusso N. Aquaporins
in
the
hepatobiliary
system.
Hepatology 2006;43:S75-S81.
23. Zen Y, Harada K, Sasaki M, et al.
Lipopolysaccharide induces overexpression
of MUC2 and MUC5AC in cultured
biliary epithelial cells: possible key
phenomenon of hepatolithiasis. Am J
Pathol 2002;161:1475-84.
24. Oguma T, Asano K, Tomomatsu K, et
al. Induction of mucin and MUC5AC
expression by the protease activity of
Aspergillus fumigatus in airway epithelial
cells. J Immunol 2001;187:999-1005.
25. Fujisawa T, Velichko S, Thai P, et al.
Regulation of airway MUC5AC expression
by IL-1β and IL-17A; the NF-κB paradigm.
J Immunol 2009;183:6236-43.
26. Bautista M, Chen Y, Ivanova V, et al.
IL-8 regulates mucin gene expression at
the posttranscriptional level in lung epithelial
cells. J Immunol 2009;183:2159-66.
27. Thim L, Madsen F, Poulsen S. Effect
of trefoil factors on the viscoelastic
properties of mucus gels. Eur J Clin
Invest 2002;32:519-27.

28. Albert T, Laubinger W, Müller S, Hanisch F,
Kalinski T, Meyer F, Hoffmann W. Human
intestinal TFF3 forms disulfide-linked
heteromers with the mucus-associated
FCGBP protein and is released by hydrogen
sulfide. J Proteome Res 2010;9:3108-17.
29. Tang L, Fatehi M, Lindsell P. Mechanism of
direct bicarbonate transport by the CFTR
anion channel. J Cyst Fibros 2009;8:115-21.
30.

Chen E, Yang N, Quinton P, Chin W. A new
role for bicarbonate in mucus formation. Am J
Physiol Lung Cell Mol Physiol 2010;299:L542-9.

31. Kjellev S. The trefoil factor family – small
peptides with multiple functionalities. Cell
Mol Life Sci 2009;66:1350-69.
32. Kockar F, Yildrim H, Sagkan R, Hageman C,
Soysal Y, Anacker J, Hamza A, Vordermark
D, Flentje M, Said H. Hypoxia and cytokines
regulate carbonic anhydrase 9 expression
in hepatocellular carcinoma cells in vitro.
World J Clin Oncol 2012;3:82-91.
33. Li L, Zhang H, Ma T, et al. Very high
aquaporin-1 facilitated water permeability in
mouse gallbladder. Am J Physiol Gastrointest
Liver Physiol 2009;269:G816-22.
34. Lukie B. Studies of mucus permeability.
Water transport through intestinal mucus
layers. Mod Probl Paediatr 1976;19:46-53.

115

CHAPTER 8
Summary, discussion and future perspectives:
New insights sprouting from the inflamed biliary tree
To achieve great things, two things are needed: a plan, and not quite enough time
(Leonard Bernstein)
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SUMMARY
Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease characterized
by fibrotic strictures and saccular dilatations of the intra- and extrahepatic bile ducts.
The disease develops via fibrotic stages to cirrhosis, and most patients eventually require
liver transplantation.1 The etiology of this inflammatory biliary tract disease has remained
one of the enigmas in hepatology. The aim of the studies described in this thesis was to
gain a better understanding of the pathogenesis of PSC, starting with an exploration of
the role of FGF19 in PSC.
The General Introduction provides background information on the epidemiology of
PSC, its clinical picture, clinical course and putative etiology. In PSC, immunological injury
of the bile duct(ule)s is believed to be the initiating pathogenic event.2 Subsequently,
bile salts leaking through the injured biliary epithelium into the portal tract, likely
contribute to liver injury. Therefore, background information is also provided on
bile salts, their enterohepatic circulation and bile salt homeostasis. For this purpose,
the bile salt homeostatic hormone FGF19 is introduced, including its hitherto known role
in cholestasis.
The enigmatic etiology of PSC is reflected in the fact that no disease-modifying drug
is available to date.3 The only widely prescribed drug for this indication is the bile acid
ursodeoxycholic acid (UDCA). Although it is today regarded as the standard treatment
of primary biliary cholangitis (PBC), its routine use in PSC is controversial. The Clinical
Practice Guidelines of the European Association for the Study of the Liver (EASL) state
that ‘the limited database does not yet allow a specific recommendation for the general
use of UDCA in PSC’, whereas the guidelines from 2010 from the American Association
for the Study of Liver Diseases (AASLD) advise against its use in PSC altogether.3,4
The recent guideline from the American College of Gastroenterology regarding this
matter has meanwhile become in line with the guideline from the EASL.5 In Chapter 3,
we review the literature regarding this controversy and discuss the current position of
UDCA in the treatment of PSC. We found that a number of controlled studies suggested
that UDCA treatment in PSC has beneficial effects on serum liver tests, liver histologic
features, estimated survival probability, and colon carcinoma risk. Other studies
failed to confirm these beneficial effects at therapeutic doses of 15–20 mg/kg/day or
sporadically even suggested the contrary. Taken together, the available data show that
UDCA at therapeutic doses (15–20 mg/kg/day) improves serum liver tests and surrogate
biomarkers of prognosis, but has no proven benefit on survival. This may be due to lack
of studies of adequate patient cohort size, follow-up duration and drug dosage and/or
due to limited efficacy of UDCA. The use of high-dose UDCA (30 mg/kg/day) in PSC is
not recommended. Evaluation of surrogate markers of prognosis (such as serum alkaline
phosphatase, serum conjugated bilirubin levels, biomarkers of fibrosis, liver histology) in
PSC is needed to determine efficacy of treatment response to UDCA and to study novel
therapeutic approaches in PSC, particularly in early-stage disease. The rest of the studies

119

CHAPTER 8

120

described in this thesis aimed at generating new insights into the etiology of PSC from
a fundamental perspective.
The gut-derived bile salt homeostatic hormone FGF19 has the potential to reduce
bile salt-induced hepatocellular toxicity in PSC. FGF19 is produced in the terminal ileum
upon bile salt-mediated activation of the nuclear receptor FXR. In Chapter 4, we tested
the hypothesis that in PSC, FGF19 fails to regulate bile salt synthesis and to protect
against bile salt cytotoxicity. For that purpose, we evaluated the bile salt receptor FXR/
FGF19 gut-liver axis in patients with PSC and PBC. Controls and patients received an
oral dose of CDCA, after which levels of serum FGF19, bile salts and C4 (a marker of
bile salt synthesis) were measured. As expected, healthy controls showed a serum FGF19
peak after 4 hours followed by a decline. A similar response was seen in PBC patients. In
contrast, PSC patients showed a prolonged and elevated serum FGF19 response between
4 to 8 hours, in combination with a sustained elevation of CDCA and other bile salts.
Remarkably, patients with a higher Mayo Risk Score (MRS) for disease stage had from
the beginning of the experiment very low levels of C4. Taken together, PSC patients show
an impaired clearance of CDCA and a prolonged FGF19 response. The second half of
the FGF19 response might originate from the liver, similar to hepatic FGF19 expression that
was previously observed in other cholestatic disorders.6,7 We anticipate that FXR agonist
therapy leads to prolonged exposure to elevated FGF19 levels. The potent FXR agonist
obeticholic acid (OCA) is currently tested in a Phase 2 trial in PSC patients.8 A downside
of FGF19 is its tumorigenic potential.9 We therefore speculate that prolonged exposure
to elevated FGF19 levels may further increase the risk of PSC patients for developing
cholangiocarcinoma and other malignancies. Moreover, bile salt synthesis suppression
by FXR agonist therapy might not have added value in PSC patients with a higher MRS,
given their very low levels of the bile salt synthesis marker C4. However, it could also be
that bile salt synthesis in PSC occurs more via the alternative pathway in which no C4 is
produced (Figure 1.2, General Introduction).
In Chapter 5, the signaling activity of FGF19 was explored in tissues engaged in
the enterohepatic circulation of bile salts. For this purpose, FGF19 expression and aspects
of FGF19 signaling were studied in surgical specimens and in cell lines of hepatobiliary
and intestinal origin. We found that FGF19 mRNA is abundantly expressed in epithelium
from gallbladder and common bile duct, dwarfing expression levels in the ileum in
the fasted state. In addition, human gallbladder bile contains FGF19 levels that are
two orders of magnitude higher than in serum. FGF19 levels in conditioned medium
of gallbladder explants contains 500 times more FGF19 than conditioned medium of
FXR agonist-stimulated ileal explants. Immunohistochemistry revealed that the receptor
system required for FGF19 signaling, i.e. FGFR4 and βKlotho, are expressed on the apical
side of mucosal cells of the gallbladder and small intestine as well as in intestinal Goblet
cells. FGF19 furthermore induced intracellular signaling in cell lines of cholangiocytic,
enteroendocrine and enterocytic origin. These observations raise the intriguing possibility
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that biliary FGF19 has a signaling function in the biliary tract, which differs from its
established signaling function in the gut-liver axis of regulation of bile salt synthesis.
The role of FGF19 signaling in bile-exposed tissues, as well as its possible involvement in
biliary tract disorders, remains to be elucidated.
Interestingly, in the same period where we found high levels of FGF19 in bile, another
group reported that FGF19 restrains TNFα-induced activation of the pro-inflammatory
NFκB-pathway in a prostate cancer cell line.10 This anti-inflammatory property of FGF19
led us to evaluate the presence of FGF19 and pro-inflammatory factors in bile of PSC
patients (Chapter 6). Ductal bile collected during endoscopic retrograde cholangiography,
and gallbladder bile collected at liver transplantation, were assayed for FGF19, cytokines
and biliary lipids. Hepatobiliary tissues of PSC and non-PSC patients were collected at
transplantation and analyzed for FGF19 and interleukin 8 (IL8) mRNA expression and
IL8 (receptor) localization. Although FGF19 levels were decreased in gallbladder bile
of PSC patients, this was likely due to a generalized lack of concentrative capacity of
the gallbladder in PSC. The latter was concluded from lowering of all major biliary lipids in
gallbladder bile of PSC patients. FGF19 levels in ductal bile of PSC and non-PSC patients
were similar. In ductal and gallbladder bile of PSC patients, IL8 levels were markedly
elevated. Other established pro-inflammatory cytokines IL1β, IL6 and TNFα were not
detected in bile of PSC patients by either Luminex profiling or direct ELISA. Of all factors
detected by profiling in bile, IL8 was by far the most abundant cytokine. IL8 transcript
levels were increased in PSC gallbladder, while bile ductules and large bile ducts of PSC
patients stained positive for IL8. In vitro, IL8 stimulated proliferation of primary human
cholangiocytes and increased the expression of pro-fibrotic genes. Taken together, we
did not find evidence for the involvement of biliary FGF19 in the pathogenesis of PSC.
Elevation of IL8 in bile of PSC patients, collected at different stages of disease, indicates
an ongoing inflammatory stimulus that drives continuous production of IL8 by the biliary
tract. The pathological hallmarks of biliary fibrosis and proliferation appear linked to IL8
signaling. Further studies are needed to investigate the role of IL8 in bile as biomarker for
inflammation of the biliary tract and the potential of IL8 receptor-directed medication in
the treatment of PSC.
Although the clinical picture in PSC is dominated by bile duct disease, the majority
of PSC patients have an enlarged fasting gallbladder volume that is of unknown clinical
relevance.11,12 An explanation for the increased gallbladder volume is currently lacking, but
mechanical obstruction or gallbladder dysmotility are unlikely causes as indicated by MRI
studies.12 Loss of capacity of the gallbladder to concentrate bile in PSC, as we reported
in Chapter 6 thus seems a link to the expanded gallbladder in PSC. In Chapter 7, we
analyzed expression levels of genes involved in concentration of bile in the gallbladder.
In PSC, elevated expression was found of mucus layer-forming MUC5AC, mucus layerstabilizing Trefoil factor (TFF) 1, 2, and 3 and CFTR, a transporter of chloride. A similar
expression profile was found in bile ducts from PSC patients. These upregulated genes
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were previously reported to be regulated by inflammation in gallbladder, intestine or
lung epithelial cells.13-15 We found that CFTR is upregulated by a mix of pro-inflammatory
cytokines in primary human gallbladder epithelial cells. Unfortunately, the effect of IL8
could not be tested due to loss of expression of IL8 receptors upon culturing of these cells.
We speculate that in PSC upregulation of the mentioned genes enhances the mucus layer
that covers gallbladder mucosa, thus hampering water absorption through aquaporins.
This might explain the concentration defect of the PSC gallbladder that we link to
the enlarged gallbladder phenotype, although the mechanism of gallbladder dilatation in
PSC is possibly more complex.
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CONCLUSIONS, DISCUSSION AND FUTURE PERSPECTIVES:
NEW INSIGHTS SPROUTING FROM THE INFLAMED BILIARY TREE
In this thesis we have explored the role of systemic and biliary FGF19 in PSC. This has
resulted in novel observations related to the pathogenesis of PSC.

The most important findings and conclusions of the studies presented
in this thesis are:
1. In PSC, there is no impaired ileal FGF19 production upon an oral CDCA challenge. In
fact, a prolonged systemic FGF19 elevation was observed, which might partially derive
from hepatic production. On basis of our findings we anticipate prolonged exposure
to elevated FGF19 levels upon FXR agonist-therapy. This may present a risk in view of
the tumorigenic potential of FGF19.
2. PSC patients with a medium or high Mayo Risk Score (advanced disease) have very
low levels of C4, a serum marker of bile salt synthesis. This may implicate that bile
salt synthesis is strongly suppressed or that bile salt synthesis occurs via the alternative
pathway. In the former scenario, a beneficial effect through suppression of bile salt
synthesis by FXR agonist therapy might not be achieved in PSC.
3. Human bile contains high levels of FGF19 that is produced by bile duct and gallbladder
epithelium under physiological conditions. All requirements for signaling appear
present in bile-exposed tissues, and cell lines derived from these tissues respond to
FGF19. However, the role of FGF19 in the biliary tract and small intestine remains to
be elucidated.
4. There is no evidence for involvement of biliary FGF19 in the pathogenesis of PSC.
5. Bile of PSC patients contains remarkably elevated levels of IL8, which is produced
by bile duct and gallbladder epithelium. This holds for bile collected during different
stages of disease, suggestive for a continuous inflammatory stimulus. Of all factors
detected by profiling in bile, IL8 was by far the most abundant cytokine. IL8
stimulated proliferation and pro-fibrotic gene expression in cultured primary human
cholangiocytes, which may be a link to the two pathological hallmarks in PSC: biliary
fibrosis and malignant transformation.
6. The gallbladder of PSC patients has lost the capacity to concentrate bile, whereas
genes involved in formation, stabilization and hydration of the mucus layer are
expressed at higher levels in PSC gallbladder mucosa. This might prevent water inflow
through aquaporins, thus hampering gallbladder bile concentration, thereby providing
a potential link to the established expanded gallbladder phenotype in PSC.
These findings may provide hints for the pathogenesis of PSC, but also raise
new questions regarding the role of FGF19 in PSC. Unexpected observations were
made regarding IL8 in bile of PSC patients, and loss of concentrative capacity of
the PSC gallbladder.
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AD 1, 2 AND 4.

AD 3.

Can we exclude a role for FGF19 in the etiology of PSC?

What can be the role for FGF19 in the enterobiliary tract?

Based on our findings, we can exclude that a lack of either systemic (target organ:
liver) or biliary FGF19 (potential target organs: bile ducts, gallbladder, proximal small
intestine) contribute to the pathogenesis of PSC. Alternatively, impaired expression of
factors required for FGF19 signaling, i.e. FGFR4 and βKlotho, could still impair the FGF19
signaling cascade. Theoretically, hampered FGF19 signaling could also be caused by
defective receptor activation or abrogated intracellular signal transduction.

The role of FGF19 in the biliary tract and small intestine has not been defined yet. We have
postulated that FGF19 protects bile-exposed tissues against toxic bile salts. Its reported
anti-inflammatory action would fit such a hypothesis.10 However, we did not find evidence
for a reduction of FGF19 levels in ductal bile nor reduced FGF19 expression in bile duct
epithelium. In gallbladder bile of PSC patients the FGF19 concentration is reduced, but
this is due to a generalized concentration defect of the gallbladder epithelium with
a reduction in concentration of all bile components including bile salts. It is unlikely that
such a reduction of FGF19 concentration would lead to increased bile salt toxicity. It is
not known whether biliary components influence the interaction between FGF19 and its
receptor system. As stated, FGF19 has proliferative properties. In the biliary tract, FGF19
could therefore contribute to bile duct proliferation. Under circumstances of bile duct
damage, like in PSC, induction of cholangiocyte proliferation could help to stimulate
recovery of the biliary epithelial barrier.
Another possibility could be that FGF19 in bile signals to the intestinal epithelium.
In fact, we demonstrated that FGF19 incubation of the entero-endocrine cell line STC-1
induced release of cholecystokinin (Chapter 5). However, in vivo, this will probably not
work due to degradation of FGF19 by proteolytic enzymes in pancreatic juice that,
together with bile released upon gallbladder contraction, enters the intestinal lumen
postprandially. Indeed, in bile sampled from the duodenum of healthy volunteers we
were not able to detect FGF19, also not after spiking with FGF19 (Supp. Fig. 8.1). This
demonstrates proteolytic activity in duodenal bile, which likely derives from pancreatic
juice. We have not analyzed in which state FGF19 is present in bile, e.g. in free form or
incorporated in vesicles/micelles.
The high levels of biliary FGF19 could potentially lead to continuous FGFR4 activation
in bile-exposed tissues. Given e.g. the proliferative effect of FGFR4 activation, such
continuous signaling could be unwanted. It will be interesting to learn whether there are
control mechanisms at work to prevent this scenario.
Finally, retrograde signaling of FGF19 from bile or biliary epithelium to hepatocytes,
e.g. via a similar route as the cholehepatic shunt pathway of bile acids 26, remains a farfetched possibility, although this is difficult to prove.

Is there a role for systemic FGF19 elevation in the treatment of PSC?
A primary role for FGF19 in the pathogenesis of PSC is unlikely, but this does not rule out
a potential role for FGF19 in the treatment of PSC. Although there was no lowering of
FGF19 observed, bile salt-induced liver damage in cholestasis may still be limited and even
recovered by systemic FGF19 elevation.16 The current clinical trial with OCA in PSC may
shed light on this.7 Based on our findings of prolonged FGF19 elevation in PSC patients
upon oral CDCA challenge, we anticipate induction of serum FGF19 following treatment
with OCA, which is an approximately 100-fold more potent FXR agonist than CDCA. In
PBC patients, OCA at a dose of 10 mg was observed to result in a ca. 2-fold elevation
of serum FGF19.17 This approximates the effect of CDCA in PBC patients as described in
Chapter 4, as well as postprandial FGF19 changes in healthy subjects.18,19 Noteworthy,
we observed that PSC patients with a medium or high Mayo Risk Score (later stage
disease) had very low levels of C4, a systemic marker of bile salt synthesis via the classical
pathway. It will be interesting to learn whether this reflects adaptation of the liver against
bile salt-inflicted damage, or a rerouting towards bile salt synthesis via the alternative
pathway (Figure 1.2, General Introduction).20 The latter situation could result in normal
bile salt synthesis rate, but low C4 levels. Thus, C4 has potential to serve as biomarker
of prognosis and to classify patients for inclusion or exclusion in drug therapy trials. If
PSC patients with advanced disease stage indeed have downregulated bile acid synthesis,
the possible therapeutic effect of OCA may be questionable. However, apart from FGF19mediated effects on bile salt homeostasis, FXR agonism has anti-inflammatory effects.21-23
The caveat of the tumorigenic potential of FGF19 has been discussed above. Interestingly,
an engineered form of FGF19, called M70 or NGM282, has recently been developed. This
variant has preserved bile salt synthesis-regulating activity but lacks tumorigenicity.24 This
compound was shown to adequately suppress bile salt synthesis, to reduce liver injury
and resolve sclerosing cholangitis in the Mdr2 knockout mouse model, without inducing
liver tumours.16 Currently, NGM282 is tested in a Phase 2 Trial in patients with PSC (in
combination with UDCA).25 First results of this trial are expected in 2017, and this will
reveal whether this is a step forward in the treatment of PSC that is so urgently needed.

AD 5.
What is the clinical relevance of elevated biliary IL8 levels in PSC?
In our study, we observed that IL8 induces proliferation and expression of pro-fibrotic
genes in cultured normal human cholangiocytes. Both biliary fibrosis as well as proliferative
anomalies of the bile ducts, gallbladder and colon are pathological hallmarks in PSC. This
suggests that IL8 plays a more important role in the pathogenesis of PSC than hitherto
acknowledged. IL8 elevation was found in ductal and gallbladder bile that were sampled
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AD 6.
What can we learn from the loss of concentrative capacity of the PSC
gallbladder and the altered expression of bile concentration-related
genes?
PSC patients have a well-established enlarged gallbladder phenotype that is of unknown
clinical relevance. We think that our findings of loss of concentrative capacity of the PSC
gallbladder and the altered expression of bile concentration-related genes might be
a link to this phenotype. More importantly, also this phenomenon may be a reflection
of continuous IL8 exposure. We observed a negative correlation between levels of IL8
and concentration of biliary lipids in gallbladder bile data of combined PSC patients,
non-PSC patients and non-transplanted groups (Supp. Table 6.4), supporting the idea
that IL8 compromises the process of bile concentration in the gallbladder. Moreover, IL8
has previously been reported to induce MU5AC31, a gene that is also upregulated in PSC
gallbladder and by forming a mucus layer it possibly impairs water resorption through
aquaporins.32 Although it is difficult to provide direct evidence, we speculate that also
this gallbladder abnormality is a reflection of continued exposure of biliary tissues to IL8.
Taken together, the studies described in this thesis shed light on the role of FGF19 in
the etiology of PSC and have brought forward a more likely player in this prospect:
IL8. Further studies are warranted to explore the potential of targeting IL8 signaling as
a treatment in PSC. Although FGF19 is probably not important for pathogenesis in PSC,
this signaling factor may very well prove relevant for therapy in PSC.

SUPPLEMENTAL FIGURE
FGF19 in duodenal bile
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at different stages of disease, indicating that there is an ongoing inflammatory stimulus
that drives IL8 production in the biliary tract. Clinical relevance of IL8 has been underscored
by a recent study.27 In this study, targeted profiling of biliary proteins from PSC patients
and controls revealed several proteins, among which IL8, with altered concentration in
PSC. These proteins were subsequently measured in serum and correlated to prognosis.
It was concluded that stratifying patients according to tertiles of serum IL8, but not to
other biliary proteins, provided excellent discrimination for transplant-free survival. Serum
IL8 was furthermore associated with transplant-free survival independently of age and
disease duration, indicating an important influence on PSC progression. These combined
findings make it tempting to speculate on possible beneficial effects of targeting IL8
signaling in PSC. Inhibition of signaling via IL8 receptors CXCR1 and CXCR2 by reparixin
was previously shown to attenuate inflammation in a number of conditions, among which
neuroinflammation, acute lung injury and ischaemia-reperfusion damage.28-30 In PSC, it
might be challenging to deliver such therapy to the site of injury. One strategy could be
a bile salt-bound IL8 receptor antagonist that becomes part of the enterohepatic cycling
pool. As 95% of bile salts are reabsorbed in the terminal ileum, a stable compound could
undergo an average of 20 cycles before it is lost in faeces.
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Supp. Figure 8.1. Undetectable FGF19 level in stimulated duodenal bile from healthy volunteers.
Healthy volunteers (n=5) underwent a duodenoscopy and received an intravenous bolus of
cholecystokinin (20ng/kg bodyweight, as a dilution with 9g/L saline). Stimulated duodenal bile (200500mL) was then aspirated via the endoscope, from which an aliquot was immediately mixed with
protease inhibitor and put on dry ice, followed by storage in -80 °C until measurement of FGF19
by ELISA as described.33 Before FGF19 determination, blank control samples (N=5) and bile samples
were spiked (4 spikes per bile sample) with FGF19 at an end concentration of 0.1 ng/mL. Data
are expressed as median and interquartile range. Kruskal-Wallis test between ‘blank’, ‘bile’ and
‘bile+spike’ revealed no difference between sample groups (P=0.24).
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voor niet-ingewijden
Fibroblast Groei Factor 19 en Interleukine-8
in Primaire Scleroserende Cholangitis
Nieuwe inzichten ontspruiten aan de ontstoken galboom
Primaire scleroserende cholangitis (PSC) is een chronische cholestatische leverziekte, waar
in Nederland ongeveer 1200 patiënten aan lijden. ‘Primaire’ betekent dat er geen bekende
oorzaak is voor de ziekte, ‘scleroserend’ betekent littekenvormend en ‘cholangitis’
betekent ontsteking van de galwegen. Cholestase is het niet goed af kunnen vloeien
van gal uit de lever. De galwegen vormen een verzamelsysteem (ook wel ‘galboom’; zie
de omslag van dit proefschrift) dat in de lever geproduceerde gal richting de dunne darm
leidt, alwaar gal bijdraagt aan de opname van vet uit de voeding. Bepaalde bestanddelen
uit gal, de zogenaamde galzouten, kunnen behoorlijk toxisch zijn. Een intacte galboom
waardoor de gal zonder obstakels naar de darm kan stromen is daarom cruciaal.
De huidige opvatting over de ontstaanswijze van PSC is dat het afweersysteem zich
keert tegen de eigen galwegen en ze daarbij beschadigt. Zo kan er lekkage optreden
van gal naar het omliggende leverweefsel, leidend tot (toename van) ontsteking
ter plaatse. De daaropvolgende bindweefselvorming en verlittekening veroorzaakt
vernauwingen van de galwegen, waardoor gal nog moeilijker afvloeit en verdere schade
kan ontstaan. De ziekte ontwikkelt zich meestal in jaren via verschillende stadia van
leverschade en –verlittekening (‘fibrose’ en ‘cirrose’) naar een situatie waarin alleen een
levertransplantatie nog een optie is.
Tweederde van de PSC patiënten is man en hoewel de ziekte op iedere leeftijd kan
voorkomen, wordt de diagnose het vaakst gesteld rond het 40ste levensjaar. De meeste
patiënten hebben gelijktijdig een chronische ontstekingsziekte van de dikke darm,
meestal colitis ulcerosa. Regelmatig is ook het laatste gedeelte van de dunne darm (het
‘terminale ileum’) ontstoken, de zogenaamde ‘backwash ileitis’.
Ongeveer de helft van de PSC patienten presenteert zich met algemene klachten zoals
jeuk, vermoeidheid, pijn in de rechter bovenbuik of episodes van koorts of koude rillingen.
Bloedonderzoek laat een verhoogd alkalisch fosfatase (AP) en gamma-glutamyl transferase
(γ-GT) zien. De diagnose wordt bevestigd middels MRI-cholangiopancreatografie (MRCP),
waarmee de typische galwegafwijkingen van vernauwingen afgewisseld met verwijdingen
(het ‘kralensnoerfenomeen’, zie figuur 1.1 in General Introduction voor een impressie,
verkregen middels de endoscopische ‘ERCP’ manier) zichtbaar kunnen worden gemaakt.
Er is voor PSC vooralsnog geen medicamenteuze behandeling met bewezen effectiviteit.
Wanneer bovengenoemde klachten optreden en in de grotere galwegen een vernauwing
wordt geconstateerd, dan kan deze opgerekt worden. Meestal wordt dit endoscopisch
gedaan, waarbij met een endoscoop via de maag en twaalfvingerige darm een catheter
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in de galwegen wordt ingebracht (endoscopische retrograde cholangiopancreatografie,
kortweg ERCP). Het oprekken van de vernauwing middels een ballon of het plaatsen van
een buisje (stent) kan de klachten doen verbeteren. In het eindstadium van de ziekte is
levertransplantatie de enige behandeling. Toch kan ook in de getransplanteerde lever
de ziekte terugkeren.
Het feit dat de oorzaak van PSC onbekend is, wordt weerspiegeld in het ontbreken
van een medicamenteuze behandeling die bewezen effectief is. Het enige medicijn
dat wordt voorgeschreven voor PSC is ursodeoxycholzuur (UDCA), een galzuur dat in
principe juist niet toxisch is en op meerdere manieren de lever kan beschermen. Voor
de (eveneens cholestatische) leverziekte Primaire Biliare Cholangitis (PBC) is het
de standaard behandeling. Wat PSC betreft, zijn er aanwijzingen dat UDCA een positief
effect heeft, maar momenteel is het bewijs hiervoor onvoldoende. In Hoofdstuk 3
behandelen we de literatuur over dit onderwerp en beschrijven we de positie van UDCA bij
de behandeling van PSC. We constateren dat een aantal studies suggereren dat UDCA bij
de behandeling van PSC positieve effecten geeft op leverwaardes in bloedonderzoek, dat
het leverweefsel er gezonder uit gaat zien onder de microscoop (zogenaamd histologisch
onderzoek) en dat het de geschatte overlevingskans en zelfs het darmkankerrisico
verbetert. Andere studies daarentegen kunnen deze resultaten niet bevestigen, of geven
sporadisch zelfs blijk van het tegendeel. Concluderend toont de beschikbare literatuur
dat UDCA in de therapeutische dosis (15-20 mg/kg lichaamsgewicht/dag) verbetering
geeft van onder andere leverwaardes in bloedonderzoek, maar dat het geen bewezen
effect op overleving heeft. Dit kan zijn omdat studies tot nu toe zijn gedaan met te kleine
patiëntgroepen, omdat de behandelde patiënten niet lang genoeg zijn gevolgd, omdat
een suboptimale dosering van UDCA is gebruikt en/of vanwege beperkte werkzaamheid
van UDCA in PSC. Ziektevoorspellende indicatoren (denk daarbij aan leverwaarden of
fibrosemarkers in bloedonderzoek) zijn nodig om de effectiviteit van behandeling van
PSC met UDCA, maar ook van nieuwere behandelingen, te kunnen evalueren, met name
in het vroege stadium van de ziekte.
De rest van de studies die we in dit proefschrift beschrijven, zijn gericht op het
verkrijgen van nieuw inzicht in de ontstaanswijze van PSC vanuit een fundamenteel
wetenschappelijk perspectief.
Om de studie verricht in Hoofdstuk 4 inzichtelijk te maken, moet eerst enige
achtergrond gegeven worden. Zoals vermeld, wordt gal in de lever geproduceerd.
De gal wordt via de galwegen naar de galblaas geleid, alwaar het wordt opgeslagen en
geconcentreerd. Wanneer de galblaas samenknijpt (doorgaans volgend op een maaltijd),
wordt de gal via het laatste stuk galweg naar de dunne darm gestuwd. Eenmaal in
de darm bevorderen de galzouten uit de gal, samen met enzymen in de alvleeskliersappen,
de vertering en de opname van vet uit de voeding. In het laatste stuk van de dunne
darm (‘terminale ileum’) worden 95% van de galzouten weer opgenomen en bereiken
ze via de portale circulatie (bloedbaan) de lever. Hier worden de galzouten uit
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de circulatie opgenomen en opnieuw in de gal uitgescheiden, waarna de cyclus
opnieuw kan beginnen (dit heet ‘enterohepatische kringloop’ van galzouten). Een klein
gedeelte van de galzouten wordt dus niet opgenomen vanuit de darm (en gaat verloren via
de ontlasting), hetgeen wordt gecompenseerd middels nieuwe aanmaak van galzouten.
Omdat galzouten in te hoge concentraties toxisch zijn, kent hun productie een streng
controlemechanisme. Zodra de galzouten worden heropgenomen door cellen in het
terminale ileum, leidt dit via activatie van de farnesoid X receptor (FXR) tot productie van
het hormoon Fibroblast Groei Factor 19 (FGF19), dat net als de galzouten via de portale
circulatie de lever bereikt. FGF19 bindt aan zijn receptor op de levercel en zet daarmee
een signaleringspad in werking, waardoor uiteindelijk de galzoutaanmaak wordt geremd.
Dus hoe meer galzouten in het terminale ileum worden opgenomen, hoe meer FGF19
geproduceerd wordt, welke vervolgens de nieuwe aanmaak van galzouten in de lever
onderdrukt; een klassiek ‘terugkoppelingsmechanisme’. Dit systeem van controle van de
galzoutaanmaak en met name de rol van FGF19 daarin, is extra interessant in het kader
van PSC, waarbij de gal (en dus de galzouten) niet goed uit de lever kunnen afvloeien.
Mocht dit controlesysteem namelijk niet goed blijken te functioneren, dan zou de niet
goed afvloeiende gal ook nog eens teveel galzouten bevatten, dus mogelijk de leverschade
in PSC helpen verklaren. Een dergelijk inzicht zou kunnen leiden tot het ontwikkelen van
nieuwe behandelopties. In Hoofdstuk 4 beschrijven we hoe we dit controlesysteem van
galzoutaanmaak hebben onderzocht. PSC patiënten en twee controlegroepen (gezonde
vrijwilligers en PBC patiënten, de laatste als controlegroep van cholestatische leverziekte)
hebben we een dosis van het galzout CDCA laten innemen, waarna we in bloed
de spiegels van FGF19, galzouten en C4 (een maat voor galzoutaanmaak in de lever)
hebben bepaald. Volgens verwachting zagen we in gezonde vrijwilligers een FGF19
piek op 4 uur na inname van CDCA. Eenzelfde respons werd gezien in PBC patiënten.
In PSC patiënten daarentegen, bleef FGF19 tot 8 uur na inname doorstijgen, terwijl
ook de galzouten verhoogd bleven. De verhoogde galzouten zouden kunnen passen
bij het cholestatische beeld van PSC, waarbij de gal(zouten) uiteindelijk niet goed van
de lever naar de darm kunnen afvloeien. We denken daarom dat in PSC patiënten FGF19
aanvankelijk zoals gebruikelijk in het terminale ileum wordt geproduceerd, maar dat bij het
aanhouden van de hoge galzoutconcentraties in het bloed, er een prikkel is om FGF19 in
de lever te produceren, waardoor het verder doorstijgen van de FGF19 spiegels verklaard
zou kunnen worden. FGF19 productie in de lever werd in het verleden al gevonden bij
andere aandoeningen met een belemmerde galafvloed, zoals in het geval van een tumor
die de galwegen dichtdrukt. Concluderend is er in PSC in ieder geval geen gebrek aan
FGF19 voor het remmen van de galzoutaanmaak. Integendeel, FGF19 in het serum blijkt
verhoogd indien er CDCA wordt toegediend. Omdat er momenteel medicijnen worden
getest in PSC die net als CDCA ook activatie van FXR geven, anticiperen we dat FGF19
spiegels verhoogd zullen zijn in PSC patiënten die behandeld worden met een FXR
activator (FXR agonist). Omdat FGF19 een groeifactor is en in verband is gebracht met
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(lever)tumoren, roepen we op basis van onze bevindingen op tot opmerkzaamheid ten
aanzien van dergelijke bijwerkingen van FXR agonisten in PSC.
In Hoofdstuk 5 is onderzocht of FGF19 naast de hierboven beschreven rol ook een
signaalfunctie heeft in weefsels die betrokken zijn bij de voornoemde enterohepatische
circulatie van galzouten. Daarvoor hebben we de aanwezigheid van FGF19 en de FGF19
receptor bestudeerd in weefsels afkomstig uit lever, galwegen, galblaas en darm. Hoewel
tot dan toe het terminale ileum als het weefsel werd beschouwd waarin de hoogste
FGF19 expressie (lees: productie) aanwezig is, vonden we in deze studie dat de galblaas
en galwegen een aanzienlijk hoger expressieniveau van FGF19 hebben. Daarnaast bleek
gal ca. 100x meer FGF19 te bevatten dan bloed. De binnenbekleding van de weefsels (het
zgn. epitheel) die aan gal worden blootgesteld, zoals galblaas, galwegen en dunne darm,
blijken de FGF19 receptor (samengesteld uit FGFR4 en βKlotho) tot expressie te brengen.
Het lijkt daarom goed mogelijk dat FGF19 uit de gal daadwerkelijk een signaalfunctie
heeft in de betreffende weefsels. Dit hebben we verder aannemelijk gemaakt door aan
te tonen dat FGF19 signaalactivatie bewerkstelligt in gekweekte cellijnen afkomstig van
galwegen, dunne darm en enteroendocriene cellen (darmcellen die hormonen afgeven).
Het interessante van deze bevindingen is dat er een nieuwe rol voor FGF19 lijkt te zijn,
namelijk als signaalmolecuul in de gal, die losstaat van de tot dan toe bekende functie
als darmhormoon dat de galzoutaanmaak in de lever helpt te reguleren. Desalniettemin
moet de daadwerkelijke functie van FGF19 in de gal nog worden opgehelderd.
Vrijwel gelijktijdig met onze bevinding van FGF19 in de gal als potentieel signaalmolecuul,
publiceerde een andere onderzoeksgroep dat FGF19 een ontstekkingsremmend effect
heeft. Dit bracht ons er toe in Hoofdstuk 6 de concentratie te bepalen van FGF19
in de gal van patiënten met PSC, immers een ontstekingsziekte van de galwegen,
alsmede de gehaltes van een uitgebreid panel van cytokines (ontstekingseiwitten) en
andere galcomponenten (zoals galzouten). De gal werd verzameld uit de galweg op
het moment dat patiënten een endoscopische procedure (ERCP) ondergingen, of werd
afgenomen uit de galblaas op het moment van een levertransplantatie. FGF19 is verlaagd
in galblaasgal van PSC patiënten, maar dit geldt ook voor andere galcomponenten zoals
galzouten. In gal opgevangen uit de galweg van PSC patiënten bleek de concentratie
van FGF19 en andere galcomponenten niet verlaagd, dus schrijven we deze bevinding
van verlaagd FGF19 in galblaasgal toe aan het onvermogen van de PSC galblaas om
de gal te concentreren. Er lijkt echter geen gebrek aan het ‘ontstekkingsremmende eiwit’
FGF19 in de gal van PSC-patiënten. Van de cytokines die in gal werden bepaald, bleek
interleukine 8 (IL8) sterk verhoogd te zijn, terwijl andere cytokines niet in gal aanwezig
zijn of niet uitgesproken verhoogd zijn. Verder blijkt dat IL8 meer wordt geproduceerd
door de galblaas en galwegen (verzameld ten tijde van transplantatie) van PSC patiënten
dan van controle patiënten. Om na te gaan waar verhoogde IL8 in gal van PSC patiënten
toe kan leiden, stelden we gekweekte galwegepitheelcellen bloot aan IL8. We vonden
dat IL8 een stimulerend effect heeft op zowel celdeling als de expressie van genen die
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met verbindweefseling samenhangen. Dit is interessant, omdat PSC patiënten zowel
gekenmerkt worden door verlittekening van de ontstoken galwegen (beginnend met
fibrose), alsmede verhoogd risico hebben voor het ontstaan van tumoren van de galwegen
en galblaas (celdeling). Tevens is het interessant om te constateren dat er kennelijk zelfs
ten tijde van levertransplantatie nog een ontstekingsprikkel is in PSC die de productie van
IL8 door de galwegen en galblaas stimuleert. Tot nu toe werd aangenomen dat de lever
in PSC ten tijde van transplantatie een ‘uitgeblust orgaan’ is waarbij ontsteking heeft
plaatsgemaakt voor littekenweefsel. Concluderend lijkt het erop dat IL8 in de gal, galblaas
en galwegen van PSC patiënten niet alleen een uiting is van de ziekte, maar mogelijk ook
een factor die leidt tot ziekteprogressie of complicaties zoals tumoren. Vervolgonderzoek
is nodig om te beoordelen of medicatie gericht op het onderdrukken van IL8 signalering
een positief effect heeft op het ziektebeloop in PSC.
Hoewel in PSC de aangedane galwegen centraal staan, heeft de meerderheid van
de patiënten een vergrote galblaas, waarvan de klinische relevantie onduidelijk is.
Een verklaring voor de vergrote galblaas is er nog niet, hoewel voorgaande studies
een mechanische obstructie of een motiliteitsprobleem (abnormaal samentrekken)
onwaarschijnlijk hebben gemaakt. Het onvermogen van de PSC galblaas om de gal te
concentreren, zoals we in Hoofdstuk 6 hebben beschreven, zou derhalve een link kunnen
zijn met dit fenomeen van de vergrote galblaas. In Hoofdstuk 7 hebben we daarom de
expressieniveaus (activiteit) in de PSC galblaas geanalyseerd van genen die betrokken zijn bij
het concentreren van gal. We vonden verhoogde expressie van een aantal genen die leiden
tot een verdikte en verstevigde laag mucus (slijm) op het galblaasepitheel. Een vergelijkbaar
expressieprofiel vonden we in de galwegen van patiënten met PSC. In het verleden is
aangetoond dat deze opgereguleerde genen onder controle staan van ontstekingsstimuli,
zoals de eerdergenoemde cytokines. In gekweekte galblaasepitheelcellen konden we
opregulatie van één van deze genen onder invloed van cytokines reproduceren. We
speculeren dat in de PSC galblaas de concentratie van gal wordt gehinderd, doordat
een verdikte en verstevigde mucuslaag over de galblaasepitheelcellen een belemmerend
effect heeft op het opnemen van water uit de gal door waterkanaaltjes (aquaporines) in
diezelfde cellen. Op die manier zou het concentratiedefect van de PSC galblaas mogelijk de
galblaasvergroting deels kunnen verklaren, hoewel het mechanisme mogelijk complexer
is. Het onvermogen van de galblaas om de gal te concentreren zou dus een directe
uiting kunnen zijn van blootstelling aan ontstekingsstimuli, zoals IL8 in PSC gal dat zou
kunnen zijn.
Samenvattend hebben de studies in dit proefschrift ons meer inzicht gegeven in
de algemene fysiologie van de galwegen, zoals de ontdekking van een nieuw
signaleringseiwit (FGF19) in gal. Daarnaast hebben de studies in dit proefschrift
geleid tot extra kennis over het ziekteproces in PSC, met zelfs een potentiëel nieuw
aanknopingspunt voor toekomstige therapeutische strategieën: IL8 in de gal(wegen). Het
beter begrijpen van de ontstaanswijze en het ziekteproces van PSC is van levensbelang
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voor het ontwikkelen van nieuwe behandelingen en daarmee het verbeteren van het
toekomstperspectief van vele duizenden PSC patiënten wereldwijd.
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PhD Portfolio

AMC GRADUATE SCHOOL FOR MEDICAL SCIENCES PHD PORTFOLIO

Summary of PhD Training, teaching and parameters of esteem. (continued)

Year

Summary of PhD Training, teaching and parameters of esteem.

Year

Workload
(ECTS)

1. PhD training

144

General courses
Basic Laboratory Safety
Practical Biostatistics
Pubmed Biomedical Sciences
Reference Manager
Scientific Writing in English for publication
Specific courses
Laboratory Animals and Article 9 approved to the Dutch law on
animal experiments
Basic Course in Legislation and Organization for Clinical Researchers
Seminars, Workshops and Masterclasses
Masterclass on Nuclear Receptors with Peter Tontonoz, Ruysch
Awardee, AMC
Weekly department seminars and journal club, Tytgat Institute for Liver
and Intestinal Research
Presentations
“Human bile contains high levels of the endocrine factor FGF19.
Potential role of FGF19 in the entero-hepatobiliary system”
Dutch Experimental Gastroenterology and Hepatology (DEGH)
meeting 2011, Veldhoven (poster)
Digestive Disease Week 2011, American Gastroenterology
Association, Chicago, IL, USA (oral)
Masterclass on Nuclear Receptors, AMC, Amsterdam (oral)

2009
2009
2009
2009
2009

0.4
1.1
0.2
0.2
1.5

2009

3.9

2009

0.9

2011

0.2

20092013

7

2011
2011

0.5

2011

0.5

2011

0.5

“The human gallbladder secretes FGF19 into bile: towards a role for
biliary FGF19 in health and disease”
Dutch Liver Retrait 2011, Dutch Society of Hepatology, Spier,
NL (oral)

2011

“Reduced FGF19 level in bile of PSC patients and decreased FGF19
expression in inflamed gallbladders”
The International Liver Congress 2012, European Association for
the Study of the Liver, Barcelona, Spain (poster)
Dutch Experimental Gastroenterology and Hepatology (DEGH)
meeting 2012, Veldhoven, NL (oral)

2012

2011

0.5

2012

0.5

2012

0.5

“Decreased FGF19 in gallbladder bile of PSC patients is accompanied
by increased IL8 in bile and elevated expression of MUC5AC and CFTR
in the gallbladder”
Falk Symposium 184. XXII International Bile Acid Meeting, Vienna,
Austria (poster)
The Liver Meeting, American Association for the Study of Liver
Diseases, Boston, MA, USA (poster)
European Club for Liver Cell Biology-Meeting, Spier, NL (oral)
Dutch Liver Retrait 2012, Dutch Society of Hepatology, Spier, NL (oral)

2012

2012

0.5

2012

0.5

2012
2012

0.5
0.5

“IL8 is increased in PSC bile and is a proliferative signal to cholangiocytes” 2013
The International Liver Congress 2013, European Association for
2013
the Study of the Liver, Amsterdam, the Netherlands (poster)
Dutch Experimental Gastroenterology and Hepatology (DEGH)
2013
meeting 2013, Veldhoven, NL (oral)
“Enhanced serum response of fibroblast growth factor 19 in patients
with primary sclerosing cholangitis after an oral chenodeoxycholic
acid challenge”
The Liver Meeting, American Association for the Study of Liver
Diseases, San Francisco, CA, USA (poster)
(Inter)national conferences
Annual Dutch Experimental Gastroenterology and Hepatology (DEGH)
meeting, Veldhoven, NL
Annual meeting of PhD students from Amsterdam Centre of
Metabolism/Gastrointestinal and Liver Diseases, Lunteren, NL
Annual Dutch Liver Retrait, Dutch Society of Hepatology, Spier
Digestive Disease Week, American Gastroenterology Association,
Chicago, IL, USA
The International Liver Congress, European Association for the Study
of the Liver, Barcelona, Spain
European Club for Liver Cell Biology-Meeting, Spier
Falk Symposium 184. XXII International Bile Acid Meeting,
Vienna, Austria
The Liver Meeting, American Association for the Study of Liver
Diseases, Boston, MA, USA
The International Liver Congress, European Association for the Study
of the Liver, Amsterdam, the Netherlands
Work visit
Norwegian PSC Research Centre, Clinic for Specialized Medicine and
Surgery, Oslo University Hospital, Oslo, Norway

Workload
(ECTS)

0.5
0.5

2015

2015

0.5

20102013
20102013
2011
2011

0.5

2012

1

2012
2012

0.5
0.5

2012

1

2013

1

2012

1

0.5
0.5
1
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Summary of PhD Training, teaching and parameters of esteem. (continued)

Year

Summary of PhD Training, teaching and parameters of esteem. (continued)
Workload
(ECTS)

2. Teaching
Supervising
Research internship of two medical students: Geoffrey van Ogtrop
(Dutch, 4 months) and Chunyi Leon Chi (Taiwanese, 6 weeks).
Projects involving FGF19 signaling and expression regulation.

Grants
Travel Grant Dutch Society of Hepatology
Young Investigators Full Bursary, The International Liver Congress,
European Association for the Study of the Liver, Barcelona, Spain
Accomodation and Registration Bursary, Falk Symposium 184. XXII
International Bile Acid Meeting, Vienna, Austria
Gastrostart, Dutch Society of Gastroenterology: “Failure of FGF19 to
regulate bile salt synthesis and protect against bile salt
cytotoxicity in Primary Sclerosing Cholangitis“
Young Investigators Bursary for Congres Registration, The International
Liver Congress, European Association for the
Study of the Liver, Amsterdam, the Netherlands
Awards and Prizes
Best Oral Presentation, Annual meeting of PhD students from
Amsterdam Centre of Metabolism/Tytgat Institute for Liver and Intestinal
Research, Lunteren, NL
Best Speed Date Liver Research Idea, Dutch Liver Retreat, Dutch Society
of Hepatology, Spier, NL
Best Poster Presentation, The International Liver Congress, European
Association for the Study of the Liver, Barcelona, Spain
Presidential Poster of Distinction, The Liver Meeting, American
Association for the Study of Liver Diseases, Boston, MA, USA

Workload
(ECTS)

4. Publications
20112012

3. Parameters of esteem
146

Year

2011
2012
2012
2012

2013

2011

2011
2012
2012

1.5

Peer reviewed
The human gallbladder secretes fibroblast growth factor 19 into
bile: towards defining the role of fibroblast growth factor 19 in
the enterobiliary tract. Zweers SJ, Booij KA, Komuta M, Roskams T,
Gouma DJ, Jansen PL, Schaap FG. Hepatology 2012;55:575-83.

2012

Elevated interleukin-8 in bile of patients with primary sclerosing
2016
cholangitis. Zweers SJ, Shiryaev A, Komuta M, Vesterhus M, Hov JR,
Perugorria MJ, de Waart DR, Chang JC, Tol S, te Velde AA, de Jonge WJ,
Banales JM, Roskams T, Beuers U, Karlsen T, Jansen PL, Schaap FG. Liver
Int 2016;36:1370-7.
Prolonged fibroblast growth factor 19 response in patients with
primary sclerosing cholangitis after an oral chenodeoxycholic acid
challenge. Zweers SJ*, de Vries EM*, Lenicek M, Tolenaars D, de Waart
DR, Koelfat KV, Groen AK, Olde Damink SW, Beuers U, Ponsioen C,
Jansen PL, Schaap FG. Hepatol Int 2017;11:132-140.

2017

Novel serum and bile protein markers predict primary sclerosing
2017
cholangitis disease severity and prognosis. Vesterhus M, Holm A, Hov
JR, Nygård S, Schrumpf E, Melum E, Thorbjørnsen LW, Paulsen V, Lundin
K, Dale I, Gilja OH, Zweers SJ, Vatn M, Schaap FG, Jansen PL, Ueland
T, Røsjø H, Moum B, Ponsioen CY, Boberg KM, Färkkilä M, Karlsen TH,
Lund-Johansen F. J Hepatol. 2017; DOI: 10.1016/j.jhep.2017.01.019
Other
Ursodeoxycholic acid in primary sclerosing cholangitis: from
2013
evidence-based treatment to expert opinion. Zweers SJ, Beuers U.
XXII International Bile Acid Meeting- Hepatic and Extrahepatic Targets of
Bile Acid Signaling. Karger AG (Basel, Switzerland) 2012;23:109-115.
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DANKWOORD

het maken van de perfecte figuur of presentatie. Gelukkig bleek inmiddels ook email een

Dit proefschrift is het product van een levensfase waarin ik geen dag om een uitdaging
verlegen hoefde te zitten. De combinatie met de opleiding tot MDL-arts en een jong gezin
maakten de dynamiek compleet. Al met al een periode vol persoonlijke ontwikkeling en
inzichten die ik voor geen goud had willen missen, maar die ik nu met evenveel plezier
afsluit. Als ik naar de reeds gepromoveerden om mij heen kijk, verwacht ik dat ook
ik binnenkort nog op louter romantische wijze aan deze periode zal kunnen refereren.
Vanzelfsprekend had ik dit proefschrift niet kunnen voortbrengen zonder begeleiding,
kritische blik, inspiratie en steun van vele anderen. Graag wil ik dan ook iedereen
bedanken die op enigerlei wijze heeft bijgedragen aan de totstandkoming van dit werk.

uitstekend medium voor je droge humor. Ik ben je dankbaar voor je volharding om, naast
je veeleisende nieuwe functie in Maastricht, de begeleiding van mijn project tot een goed
einde te brengen.
Prof. dr. R.P.J. Oude Elferink, Prof. dr. A.K. Groen, Prof. dr. K.N. Faber, Prof. dr. C. Schramm,
dr. C.Y. Ponsioen, dr. K.J. van Erpecum, members of the thesis defence committee,
thank you very much for critically evaluating the scientific value of the thesis and your
participation in the defence ceremony.
Prof. dr. R.P.J. Oude Elferink, beste Ronald, het Tytgat Instituut was een fantastische

Prof. dr. P.L.M. Jansen, beste Peter, u bent samen met Frank de aanstichter van dit
promotietraject. Het is me een voorrecht dat ik onder uw hoede onderzoek heb mogen
doen. Met FGF19 als één van uw favoriete onderwerpen ontbrak het u tijdens onze
besprekingen nooit aan een aanstekelijke energie en enthousiasme. De manier waarop
u inmiddels als gepensioneerde nog altijd van geen ophouden weet en zelfs spreekt van
de tweede piek in uw carrière, is werkelijk inspirerend. Dat u vanwege de termijn van
uw emeritaat officieel geen promotor meer kunt zijn mag dan wettelijk zo bepaald zijn,
uw bijdrage is er niet anders om geweest. Ik heb veel inzichten aan u te danken. Als
bijzondere herinnering koester ik de avond in Barcelona, waarbij ik als jonge onderzoeker
samen met u en uw vrienden uit het veld aan tafel mocht om uw EASL Recognition
Award te vieren.

omgeving om mijn onderzoeksjaren door te brengen. Mede dankzij jouw bewind daar,
kon ik mijn hart ophalen aan uitstekende faciliteiten, prikkelende besprekingen en een
ambitieuze edoch informele sfeer. Dank ook voor je interesse en enthousiasme wat
betreft mijn project; soms zat je al achter de microscoop voordat ik je om advies had
kunnen vragen. Ondertussen kon je me met je kraakheldere kritiek op mijn onderzoek bij
tijd en wijlen het vuur aan de schenen leggen. Ik vind het een geweldig vooruitzicht dat
je dat laatste tijdens mijn verdediging opnieuw wilt gaan doen.
Dr. C.Y. Ponsioen, beste Cyriel, op jouw interesse voor FXR en FGF19 in het kader van
PSC kon ik altijd rekenen. Academische overpeinzingen werden afgewisseld met even
urgente praatjes over aardse zaken als schaatsmarathons, Tag Heuers of motoren. Je
stimuleerde dat we achtereenvolgens met jouw rekruten Kirsten, Noortje en Liesbeth

Prof. dr. U.H.W. Beuers, beste Ulrich, ik prijs me gelukkig dat jij je als promotor bij ons
project hebt willen voegen. Jij was enthousiast over mijn onderzoek en raakte steeds
meer betrokken. Ik ben je zeer dankbaar voor je bereidheid om jouw onderzoeksbudget
aan te spreken, zodat mijn werk een volledig promotietraject kon worden. Ik heb daarbij
je coaching als heel waardevol ervaren. Je hebt een bewonderenswaardig arbeidsethos
en streeft altijd naar het hoogst haalbare. Het is stimulerend om de kunst van werken op
zowel wetenschappelijk als klinisch topniveau bij jou af te mogen kijken. Gelukkig eindigt
dit alles niet na deze promotie, omdat je natuurlijk ook mijn opleider bent.
Dr. F.G. Schaap, beste Frank, als co-promotor heb jij het meeste werk verzet wat betreft
de begeleiding van mijn traject. Met name in het begin gaf je me dagelijks richting. Ik heb
daarbij veel geleerd van jouw fundamenteel en translationeel wetenschappelijk redeneren,
jouw encyclopedische kennis, in het bijzonder van galzouten (≠ galzuren), aanverwante
signaalpaden en cellijnen, maar ook van de door jou indrukwekkend georganiseerde,
vaak vliegensvlugge experimenten op het lab. Jouw vertrek naar Maastricht heeft in
de tweede (en derde) helft van het traject grotere zelfstandigheid afgedwongen. Vanaf
dat moment kreeg ik op afstand aansturing van experimenten, schrijfvaardigheden en

de raakvlakken van onze onderzoeken benutten op weg naar een gemeenschappelijke
vondst. Uiteindelijk heeft dat met Liesbeth een heel fraai -en voor mijn proefschrift
cruciaal- artikel opgeleverd. Dank voor je vertrouwen!
Prof. dr. T.H. Karlsen, dear Tom, your role in the field, from the Norwegian PSC Research
Centre to the IPSCSG and EASL, is admirable. I am very grateful to you for our inspiring
collaboration, for the patient materials and the means you provided us with to extend
my period on the lab. The resulting IL8 paper(s) have brought us a new component in
the understanding of PSC. I have special memories of the working visit to the Rikshospitalet
in Oslo during which Alexey and I also had the chance to make our poster for the ILC
2012 in Barcelona. Thanks so much for all these opportunities.
Liesbeth, jij bleek een geschenk uit de hemel voor de studie over de effecten van CDCA
in PSC. Toen ik inmiddels elders met mijn vooropleiding begonnen was, zorgde jij met
jouw tomeloze energie en organisatorisch talent dat er evengoed patiënten werden
geïncludeerd in het AMC. In een mum van tijd en schijnbaar moeiteloos kreeg je dat voor
elkaar. Dank voor je enorme bijdrage en positieve vibe gedurende de samenwerking.
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Graag wil ik hier ook de PSC- en PBC-patiënten en gezonde vrijwilligers eervol vermelden
die hebben deelgenomen aan de studie naar de effecten van CDCA. Deze bereidheid van
proefpersonen is een cruciale voorwaarde om tot nieuwe inzichten over een raadselachtige
aandoening als PSC te komen. Dank daarvoor!
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At the Tytgat Institute, I worked together with a big group of fantastic colleagues. First
of all, I would like to thank my roommates for their important role in my daily routine in
the lab:
Farah, toen ik op het lab begon, was jij al in de afrondende fase van je PhD-traject. In het
oog sprongen je dagelijks tot in de puntjes verzorgde bureau en labtafel, maar natuurlijk
ook je dito verschijning. We bleken weinig nodig te hebben voor een geanimeerd gesprek
of het krijgen van de slappe lach. In die relatief korte tijd legden we de basis voor onze
vriendschap, die tegenwoordig ook onze gezinnen aangaat. Met jullie verhuizing naar
Curaçao in het vooruitzicht, hoop ik dat we daar ook weer eens zo’n lol kunnen hebben.
Saša, it was a true experience to have you, Serbian macho man, as my roommate.
Your passion to talk about fast cars, big biceps and (non-)blonde women secured that
there was never a dull moment in our room. It was your trademark to turn back from
lunch break at home with (almost) the smell of burning rubber around you, as you always
pushed the limits of your car, even on a ride of 100 meters to the main building of
the AMC. After you finished your PhD-project, we were left in an empty-looking room
and a deafening silence.
Vassilis, besides my supervisors you were the only other member of the FGF19 group
when I arrived. As a post-doc you automatically mentored some of my first steps on
the lab. In the mean time, I got to know you as Mr. Quadruple Espresso, a great discussion
partner with a strong sense of humor and self-irony, nervously checking your e-mail at
least 50 times a day when you had submitted to a high-ranking journal. Although you
still work as a scientist, your photography nowadays results in most publications. Thanks
to you there will be great photography of my thesis defence day!
Jing, you came shortly after I had started on the lab and I remember well how you
were intrigued by almost everything in your entirely new world. I have enjoyed your
original view on daily life in Amsterdam and the lab, learning some Chinese from you and
not in the last place to complain about our lives and laugh together when experiments
had failed again.
Vincent, het was een goede zet van je om het vrijgekomen plekje bij mij op
de kamer te confisqueren. Ik denk nostalgisch terug aan hoe we elkaar tips gaven voor de
ultiem ogende powerpoint slide, ons door excelfiles vol taaie data heenworstelden met
op de achtergrond ‘Il barbiere di Siviglia’, of jouw congresbezoek in Amerika benutten
voor de jacht op het ultieme klokje. Terug op het lab liep je er vervolgens trots mee rond
en deed je hem voorzichtig af voordat je ging sporten. Beiden bleken we een behoorlijk
lange adem nodig te hebben op weg naar het ‘hora est’. Dit voorjaar ben jij ook aan de
beurt en ik ben vereerd dat ik dan jouw paranimf mag zijn!
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Apart from my roommates, I would like to acknowledge some more colleagues for
being an important part of my period on the lab:
Caro amico Luca, sono felice di averti conosciuto durante gli anni al nostro
laboratorio. Sei un amico e collegha tanto buffo quanto affidabile, spesso con un punto
di vista straordinario. Ho buoni ricordi della nostra ultima serrata insieme ad Amsterdam
e sono contento che ci teniamo il contatto anche da lontano. Sicuramente diventerai un
bravissimo professore.
Andy, ik werkte aan de labtafel naast die van jou. Daardoor dacht ik in het begin
bijna even dat het normaal is voor een PhD-student om de ene high impact paper na
de andere te publiceren, regelmatig uitgenodigd te worden voor presentaties en ook
nog eens studieboeken te schrijven. Je werkte er snoeihard voor, maar tegelijk was je
allerminst een stoffige onderzoeker en bleek je ook zeer de moeite waard buiten het
lab. Bijvoorbeeld wanneer je thuis weer eens (samen met Anita) een culinair experiment
presenteerde aan je vrienden, of wanneer je wijnproeverijen organiseerde met flessen uit
je ooms wijngaard. Daarnaast was het geweldig leuk en eervol om je paranimf te zijn.
Simon, ook jij werkte aan de labtafel naast me en het vergde weinig intellect om
te begrijpen dat Andy en jij niet alleen om jullie Beierse hartelijkheid door Ulrich waren
meegenomen naar Amsterdam. Je goede gevoel voor ironie was een aangename afleiding
tijdens de vele uren waarin we zij aan zij ons monnikenwerk verrichtten.
Lucas, jouw aangeboren enthousiasme voor biologie en wetenschap stonden in
verfrissend contrast met je beperkte roeping voor het praktische labwerk. Toch heb je je
bepaald niet onverdienstelijk door je PhD-project heengeslagen. Het was mooi om samen
overal en nergens de hardloopschoenen onder te binden, lange autoritten naar Spier te
maken en de promotie van Andy voor te bereiden. Jammer om je als collega te verliezen
aan de oogheelkunde, maar wie weet vangen we samen ooit nog eens een Wilson’s!
Remco, immer vrolijke collega en al van verre herkenbaar met hippe haardracht en
markant montuur. Ik heb in het bijzonder goede herinneringen aan de AASLD in Boston,
hoe we al rennend de stad verkenden en hoe we ons prettig gespannen voorbereidden
voor onze bijdrages op de early morning workshop.
Johan, dank voor je gezellige experimentele support tijdens menige ELISAmiddag. Suzanne en Cindy, dank voor jullie hulp bij de biliary casts maar ook voor
alle leuke momenten. Dagmar, dank voor je regelmatig helpende (pipet)hand en
de begeleidende praatjes. Ruth en Maryam, dank voor jullie aangename ondersteuning bij
de slagroomproef. Lysbeth, absoluut hoogtepunt was ons rondje schaatsen op Ankeveen
terwijl het PCR-blok het werk voor ons deed. Ronald, Lea en Kam, wat mooi dat we
iedereen aan het waterfietsen kregen. Shobbit, thanks for the transwell support, there’s
a lot of shit in the gut. Paula, always open to philosophical discussions, preferably late at
night during cell culture work. Alexandra, warm-hearted and forever 25. Patricia, great
proud-to-be-Basque company, hope to visit your restaurant some day. Coen, Piter en
Ingrid, dank voor jullie opbouwende kritiek op de maandagmorgen meetings. Coen, ik
heb genoten van jouw lesje over fractionering van gal, licht euforisch was ik toen ik er
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de elegante eenvoud van inzag. Jurgen, T-shirts maken de man. Theo, even integer als
nuchter en geduldig. Wil, dank voor het verzilveren van het prijzengeld. Rudi, van jouw
toegewijde werk op de HPLC en de verhalen over je marathons kon ik steevast op aan.
Jung-Chin, thanks for the cholangiocyte experiments and your unlimited passion about it.
Francisca en Caroline, jullie waren erg behulpzaam met de IL8-assay. Kirsten en Noortje,
dank voor jullie samples en immer stralende aanwezigheid. Charlotte en Simone, heel fijn
om na jaren samen op het lab nu ook klinisch met jullie te werken.
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Also many thanks to my co-authors that weren’t yet mentioned in the above. Klaske,
Shanna en prof. Gouma, dank voor de humane materialen, het enthousiaste contact en de
discussies vanuit chirurgische hoek. Mina and prof. Roskams, thank you for your excellent
stainings. Alexey, thanks for your extensive efforts for our IL8 project and for the fun
we had in Oslo while making the ILC poster. Mette and Johannes, thank you for your
intellectual contributions to the IL8 paper. María and Jesus, thanks for your impressively
dedicated cholangiocyte work. Anje, dank voor het faciliteren van de Luminex-bepaling.
Wouter (prof. de Jonge), dank voor de facilitaire en intellectuele aanvullingen wat betreft
de IL8 paper. Martin, thank you for your C4 measurements and input to the CDCA paper.
Door de grote groep arts-onderzoekers uit de kliniek (‘uit het hoofdgebouw’) kon ik
in de tussentijd een indruk krijgen van wie mijn toekomstige klinische collega’s zouden
kunnen worden. De gelijkgestemdheid was een verademing en een extra motivatie om
voor de opleiding aangenomen te willen worden. De meesten zijn mijn huidige collegae
aios MDL, waarmee ik ook buiten het ziekenhuis mooie dingen beleef. Exemplarisch
voor de teamspirit vind ik hoe jullie recentelijk zo soepel mijn werk en diensten opvingen
na mijn fietsongeluk. Dank allen, ook voor het af en toe zo prikkelend informeren
of ik eigenlijk nog wel van plan was om mijn promotietraject af te maken. Thomas,
jij bent terecht een rode draad door mijn werkende leven. We begonnen samen met
Renée als euforisch trio op de DDW in Chicago en kregen onze sultanzaakjes voor elkaar
(cc dubbelcheck) onder het motto ‘gewoon omdat het kan’, gevolgd door gouden
tijden bij de interne in het SLAZ, daarna stoempend op de fiets naar Almere. Toen de lol
eigenlijk al niet meer op leek te kunnen, reden we in Auto 1 naar Oostenrijk en terug; met
Frans en Elsemieke bleken we in ideale formatie om alles wat zich daarvoor leende, niet
in de laatste plaats mijn promotietraject, in humoristisch perspectief te plaatsen. Dank
voor je vriendschap! Renée, ons sultanschap werd een traject op zichzelf. Hoewel
de rooftop BBQ het onmiskenbare hoogtepunt was, deden de voor- en napret er
nauwelijks voor onder. Sinds Chicago weet jij de term poepsjiek nog geregeld een nieuwe
dimensie te geven, ook al hebben we maar weinig nodig om het leuk te hebben.
Een speciale noot voor mijn voormalig collega’s uit het SLAZ, met wie ik twee jaar
lang interne geneeskunde mocht bedrijven. Mijn eerste passen in de patiëntenzorg
voelden ‘een tikkeltje onwennig’ na 4 jaar labwerk. Daarbij was er in de regel ‘ruim
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voldoende’ klinisch werk te verzetten. Een schier onmogelijke combi met het schrijven
van dit proefschrift en de verantwoordelijkheden thuis, maar toch kijk ik terug op een
fantastische tijd. Dat heb ik voor een groot deel aan jullie te danken: met veel humor
en lol onderling werd het werk echt samen gedaan. Ernst, vanaf de eerste dag samen
op B4 ontwikkelde zich een hoop, waaronder zeker onze vriendschap, maar godzijdank
ook ons klinisch inzicht. Tessa, veel hilarische momenten samen en de dagelijkse ‘top 3
lievelings’ maakten onze stage op dé afdeling toch tot een vrolijke bedoening. Edmee,
reeds bij de introductiecursus was de frivole toon gezet en kort daarop verbaasde ik
me al niet eens meer dat ik paaseieren stond te zoeken op de nefro. Even waardevol
als geestig is het terugblikken op de onderlinge steun tussen de lamme en de blinde.
Rick, dank voor de geuzennaam Re-Search, die geen verdere toelichting behoeft. Louise,
in hetzelfde proefschriftelijke schuitje en daarom al aan een paar woorden genoeg om
elkaar te begrijpen. Carl, wijze hoeder van zijn schaapjes, een inspirerend opleider met
als belangrijkste wapen de spiegel, die je me dan ook regelmatig voorhield. Dank ook
aan de rest van de aios en stafleden, die het SLAZ maakten tot een warm nest voor een
jonge dokter als ik.
Collega’s (staf) uit Almere, veel dank voor jullie begrip en flexibiliteit rond mijn recente
fietsongeluk en het dichten van het gat in het rooster wat daarmee ontstond. Evengoed
dank voor de leuke rentree nadien.
Desiré, wat begon met een keertje coaching dóór jou, werd kort daarna coaching vóór
jou. Met Touch heb je een prachtig bedrijf en een bijzondere groep trainers en coaches
om je heen. In de afgelopen jaren heb ik het begeleiden van jonge collega’s als een
aangename afwisseling ervaren met de dagelijkse werkzaamheden in het ziekenhuis en
als promovendus. Dank voor je vertrouwen in mij als vreemde eend in de bijt en dank voor
de kansen die je me gegund hebt.
Jos (prof. dr. ir. Spaan) en Maria (dr. ir. Siebes), ik kijk sentimenteel terug op het begin van
mijn wetenschappelijke vorming. Toen ik tegen Jos zei dat ik wel ‘iets met onderzoek’ wilde
doen bij de Medische Fysica, resulteerde dat in een gulle lach (met bewegende schouders)
en een ontvangst met open armen. Ik werd niet gehinderd door enige voorkennis van
coronairstenoses, vloeistofdynamiek of datamanagement, maar Maria begeleidde me
geduldig tot mijn eerste poster, die ik als groentje mocht gaan ophangen in Atlanta
tussen de groten der cardiologie. Hoewel ik uiteindelijk voor een ander vakgebied heb
gekozen, ben ik mede dankzij jullie mijn liefde voor wetenschap en stenoserende ziekte
niet meer kwijtgeraakt.
Mona, dank je voor de begeleiding van mijn traject richting promotie, maar zeker ook
voor alle gezelligheid door de jaren heen. Officieel ben je secretaresse van het Tytgat
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Instituut, maar die titel doet slechts recht aan een deel van je werk. Monique, dank ook
aan jou voor je ondersteuning rondom mijn promotie (en opleiding).
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Luc, Kwok, Romke, Aart, Lies, Marjo en Sanne, fijne vrienden en waardevolle souvenirs van
mijn studietijd. Tegenwoordig verdeeld over verschillende aspecten van de geneeskunde
zijn jullie nog altijd een belangrijk stukje van mijn referentiekader. Goed dat we ondanks
al het werk en de jonge gezinnen het contact warm weten te houden.

diepe dalen van het kwik, zoals tijdens onze eigen, barre ‘Elfsteden-tóch’ in 2012. Op
de faculteit was je voor mij behalve vriend ook ouderejaars en deed jouw bevlogenheid,
al dan niet geïnspireerd door de onderwerpen die we samen op snijzaal onderwezen,
me achtereenvolgens korte momenten geloven dat ik neuroloog, orthopeed, chirurg,
internist en dan weer tropenarts wilde worden. Leverziekten zijn toen niet vaak de revue
gepasseerd, maar het moge duidelijk zijn dat jij je desondanks hebt gekwalificeerd als
mijn paranimf!

Vrienden van NAP, dank voor het goede voorbeeld als het gaat om levensgenieten. Van
surfen met elkaar kwam het de laatste jaren veel te weinig, want zelfs tijdens winderige
avonden en weekends zette ik voor dit onderzoeksproject alle zeilen bij vanaf zolder.
Inmiddels waait iedereen uit, van consultant tot windsurf pro, maar nog altijd smaakt
in geen ander gezelschap een lauw blik Schültenbrau beter. Bob, ruim 15 jaar nadat we
afdropen bij de ballotagecommissie in het Madeliefje, zijn bepaalde omstandigheden
wél, maar wij níet veel veranderd, want ben jij nog steeds een favoriet sportmaatje, draag
je bij aan de inrichting van ‘the man cave’ en denken mijn jongens ondertussen dat je
iedere avond friet eet. Víola, op een mooie oudjaarsavond bij Maaike tipte jij me over dit
promotietraject op het lab waar jij al werkte; een bepalend moment!

Lieve pap en mam, dit proefschrift is evengoed jullie verdienste. Ik kon zorgeloos en blij
opgroeien en leerde dat veel kon en mocht, ‘zolang ik mijn talenten maar goed benutte’.
Dank voor alle mogelijkheden, vertrouwen en steun, inmiddels ook als fantastische opa
en oma voor onze jongens. Pap, alleen jij weet of ‘Stelling 9’ echt waar is.
Jane, mijn lieve grote zus. Vroeger moest je geregeld opkomen voor je kleine broertje,
tegenwoordig komt dat gelukkig niet zo vaak meer voor. Wat fijn dat jij er bent. We
hebben zoveel moois meegemaakt en het is bijzonder om nu onze kuikens met elkaar
te zien scharrelen. Bart, mijn ‘brother from another mother’, je bent op vele fronten
een verrijking voor onze familie en het is een goede wetenschap dat ik op je steun kan
rekenen wanneer de nood aan de man is.

Ewout en Josje, Linda en Serge. Ooit begonnen als ‘vrienden van’, maar die verwijzing is
inmiddels volstrekt achterhaald. Dank voor alle mooie momenten en jullie tolerantie wat
betreft dat ene gespreksonderwerp waar ik de afgelopen jaren nogal eens op terugkwam.

Beste Meint, u weet zelf hoe het is om te promoveren en we spraken er geregeld over.
Daaruit dacht ik ook te begrijpen dat met de jaren de herinneringen soms misschien
een beetje mooier worden. Dank dat ik me een week kon terugtrekken in het heerlijke
Dwarsgracht, waardoor ik ongestoord de laatste teksten voor het proefschrift kon
schrijven. En dank voor de inspiratie die geleid heeft tot ‘Stelling 10’.
Lieve Homme, Aeltke en Eric, Idske en Jeroen, ik heb het ontzettend met
jullie getroffen!

Zelfs in onze eigen straat kon ik rekenen op de nodige support. Buurman Ed, dank voor
het regelmatig stellen van die ene confronterende vraag. Martijn en Bart, dank voor het
lotgenotencontact ‘over de heg’; nu jullie nog!
Mijn paranimfen, Tom en Matthijs!
Tom, ons contact ontsproot achterin de klas bij Latijn en had alle kans om zich te
ontwikkelen tijdens de ellenlange fietstochten naar huis. Die puberale vriendschap is
verworden tot een volwassen, prominente factor in mijn leven, die zich kenmerkt door
oprechte wederzijdse betrokkenheid, structureel meer gespreksstof dan tijd en nog
altijd wonderlijke belevenissen. Zoals je eerder vanzelfsprekend peetoom werd, was het
evengoed een no-brainer dat jij paranimf zou worden. In dezelfde periode mogen we nu
een PhD bemachtigen binnen twee volstrekt verschillende werelden. Ik heb zin in de tijd
die voor ons ligt, of, zoals we vroeger gezegd zouden hebben: benieuwd wat Vrouwe
Fortuna verder voor ons in petto heeft!
Matthijs, terwijl vele wegen leiden naar Rome, vond die van ons er op een faculteitsreis
juist zijn oorsprong. Vanaf daar volgde een vriendschap die mij dierbaar is om onder
andere z’n energie en (sportieve) avonturen. Aan gezonde competitie mag het onder
bepaalde omstandigheden niet ontbreken; meer dan eens fietsten we verbeten achter
elkaar aan de berg op. Hoge pieken van het wielrennen worden afgewisseld met

Lieve Margjen, mijn Marge, dit proefschrift bewijst onomstotelijk de bestendigheid van
onze liefde. Mijn uitdagingen werden soms onverhoopt jouw beproevingen. Weekend na
weekend trok jij er alleen op uit met de jongens, zodat ik in alle rust kon werken. Zonder
jouw steun en geduld zou het nooit gelukt zijn. Ondertussen zagen we reikhalzend uit
naar de periode die nu gaat komen. Wat zijn we schathemeltje rijk met elkaar. La vita
è bella!
Lieve Melle, Mees en Seger. Mijn mierzoete, stuiterdrukke en knalrode kuikens. Nooit
meer hoeven jullie me te vragen of mijn zolderboekje al bijna af is en of ik daarna weer
naar beneden kom. Wat ben ik trots en bevoorrecht om jullie vader te mogen zijn en wat
heb ik zin in alle avonturen die we nog in het verschiet hebben!
Mijn laatste woorden wijd ik aan de mensen die ik onbedoeld verzuimd heb te
noemen. Zeg het me, want het spijt me nu al. Naast een poging tot het verwoorden
van mijn dankbaarheid, fungeert dit hoofdstuk tevens als mijn memoires over deze
bijzondere periode.
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Stellingen/Propositions

STELLINGEN

PROPOSITIONS

1.

Fibroblast Growth Factor 19 (FGF19) is in hoge mate aanwezig in menselijke gal
en kan een ontstekingsremmend signaal zijn voor weefsels die aan gal worden
blootgesteld (dit proefschrift).

1.

Fibroblast Growth Factor 19 (FGF19) is abundantly present in human bile and may be
an anti-inflammatory signal to bile-exposed tissues (this thesis).

2.
2.

Patiënten met primaire scleroserende cholangitis (PSC) tonen een langdurige
verhoging van serum FGF19 na inname van de natuurlijke farnesoid X receptor (FXR)agonist chenodeoxycholzuur, gezien het proliferatief potentieel van FGF19 vergt dit
waakzaamheid bij FXR-agonist behandeling in PSC (dit proefschrift).

Patients with primary sclerosing cholangitis (PSC) have a prolonged elevation of
serum FGF19 after oral challenge with the natural farnesoid X receptor (FXR)-agonist
chenodeoxycholic acid, given the proliferative potential of FGF19 this needs caution
in FXR-agonist treatment in PSC (this thesis).

3.

Interleukin-8 (IL8) likely plays a role in the pathogenesis of PSC (this thesis).

Interleukine-8 (IL8) speelt waarschijnlijk een rol in de pathogenese van PSC
(dit proefschrift).

4.

De verhoogde IL8 concentratie in gal van patiënten met PSC kan een verband hebben
met de drie pathologische kenmerken van deze ziekte, namelijk biliaire fibrose en
proliferatie en een vergrote galblaas (dit proefschrift).

The elevated IL8 levels in bile of patients with PSC may be a link to the three
pathological hallmarks of this disease, namely biliary fibrosis and proliferation and
an enlarged gallbladder (this thesis).

5.

De vergrote galblaas in patiënten met PSC kan mogelijk verklaard worden door het
verlies van het concentrerend vermogen van de galblaas op basis van toegenomen
mucusvorming die waterresorptie kan beperken (dit proefschrift).

The enlarged gallbladder phenotype in patients with PSC may be explained by
the loss of the concentrative capacity of the gallbladder based on enhanced mucus
layer formation that can hamper water resorption (this thesis).

6.

De verhoogde IL8 concentratie in gal van patiënten met PSC op het moment van
levertransplatie wijst op een aanhoudende ontstekingsprikkel en ondermijnt het
concept dat bij een gevorderde ziekte de ontsteking uitgeblust is (dit proefschrift).

Elevated interleukin-8 levels in bile of patients with PSC at the time of liver
transplantation indicate an ongoing inflammatory stimulus and challenge the idea
that the advanced stage is a burned-out disease (this thesis).

7.

Anti-IL8 (receptor) therapy may become important in the treatment of PSC
(this thesis).

Anti-IL8 (receptor) therapie zou belangrijk kunnen worden bij de behandeling van
PSC (dit proefschrift).

8.

Do not fear to be eccentric in opinion, for every opinion now accepted was once
eccentric (Bertrand Russell).

Vrees niet om een excentriek standpunt te verkondigen, aangezien ieder thans
geaccepteerd standpunt ooit excentriek is geweest (Bertrand Russell).

9.

A soccer player that falls shouts for his mom, a cyclist that falls shouts for a new bike
(Gerrie Knetemann).

3.

4.

5.

6.

7.

8.

9.

Een voetballer die valt schreeuwt om zijn moeder, een wielrenner die valt schreeuwt
om een nieuwe fiets (Gerrie Knetemann).

10. A PhD trajectory is like a speed skating marathon: similar pleasures and pains (free
translation from original proposition in Dutch).

10. Een promotietraject is als een Elfstedentocht: veel afzien, klunen en wind tegen,
maar ook samenwerken, steun vanaf de kant en in extase op de Bonkevaart (vrij naar
de stelling van dr. M. Dekker, 1987 te Groningen).

Serge Zweers
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