
 

 

 University of Groningen

The role of vitamin A in bile acid synthesis and transport and the relevance for cholestatic
liver disease
Hoeke, Martijn Oscar

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

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

Publication date:
2013

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hoeke, M. O. (2013). The role of vitamin A in bile acid synthesis and transport and the relevance for
cholestatic liver disease. s.n.

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

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

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

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

Download date: 26-05-2023

https://research.rug.nl/en/publications/5c3550c6-2741-4a82-8ee1-b24ca98b607b


The role of vitamin A in
bile acid synthesis and transport

and the relevance for
cholestatic liver disease

Martijn Oscar Hoeke



The research described in this thesis was funded by the Dutch Digestive Founda-
tion (MLDS) (MWO 03 – 38).

The printing of this thesis was financially supported by the following organizations:

Maag Lever Darm Stichting (MLDS)

Nederlandse Vereniging voor Hepatologie (NVH)

Groningen University Institute for Drug Exploration 
(GUIDE)

Life Sciences & Technology 
(Van Hall Larenstein &  
Noordelijke Hogeschool Leeuwarden)

Their contribution is gratefully acknowledged!

© copyright 2013 M.O. Hoeke
All rights reserved. No part of this book may be reproduced or transmitted in any 
form or by any means without written permission of the author and the publisher 
holding the copyright of the published articles.

ISBN:  978-90-367-6496-4 (printed)
 978-90-367-6495-7 (digital)
Cover:  Carrot liver photopgraph by M.O. Hoeke, design by R.J. Hoeke
Lay-out by: M.O. Hoeke
Printed by:  Ipskamp Drukkers, Enschede, The Netherlands



RIJKSUNIVERSITEIT GRONINGEN

The role of vitamin A
in bile acid synthesis and transport 

and the relevance for cholestatic liver disease

Proefschrift

ter verkrijging van het doctoraat in de 
Medische Wetenschappen

aan de Rijksuniversiteit Groningen
op gezag van de

Rector Magnificus, dr. E. Sterken,
in het openbaar te verdedigen op

maandag 28 oktober 2013
om 16.15 uur

door

Martijn Oscar Hoeke

geboren op 18 juni 1977
te Tilburg



Promotores: Prof. dr. K.N. Faber

 Prof. dr. A.J. Moshage

Beoordelingscommissie: Prof. dr. M.H. Hofker

 Prof. dr. C. Housset

 Prof. dr. H.J. Verkade



Voor mijn ouders

Voor Elona & Jurre



Paranimfen: Janette Heegsma

 Rens Jurian Hoeke



Table of contents

Chapter 1: The Interrelationship Between Bile Acid and Vitamin A  
Homeostasis

Aim and outline of this thesis

9

43

Chapter 2: Low Retinol Levels Differentially Modulate Bile Salt-Induced 
Expression of Human and Mouse Hepatic Bile Salt Transpor-
ters
Hepatology. 2009 Jan;49:151-159

63

Chapter 3: Human FXR Regulates SHP Expression Through Direct Bin-
ding to an LRH-1 Binding Site, Independent of an IR-1 and 
LRH-1
Submitted

83

Chapter 4: Vitamin A Deficiency Causes Mild Cholestasis in Rats
In preparation

105

Chapter 5: Vitamin A Deficiency Severely Aggravates Obstructive 
Cholestasis Which Is Effectively Treated by Acute Vitamin 
A Supplementation
In preparation

119

Chapter 6: General Discussion 143

Summary/Samenvatting 159
Dankwoord 167
Curriculum Vitae & List of Publications 173





Chapter 1

The Interrelationship Between 
Bile Acid and Vitamin A 

Homeostasis

Martijn O. Hoeke and Klaas Nico Faber

Department of Gastroenterology and Hepatology, University Medical Center Groningen,
Groningen, University of Groningen, The Netherlands



Chapter 1

10

Abstract

This thesis explores the regulatory interaction between vitamin A and bile salts. 
Bile salt homeostasis is of crucial importance to maintain vitamin A homeostasis. 
Bile salts are the emulsifying components of bile that are required for the effective 
absorption of the fat-soluble vitamin A in the intestine, most of which is stored 
in stellate cells in the liver. Dysregulation of bile salt homeostasis, for instance 
in patients with cholestasis, causes vitamin A malabsorption. At the same time 
cholestatic liver disease promotes the release of vitamin A from hepatic stellate 
cells, promoting depletion of vitamin A from the body. A functional relationship 
in the opposite direction, in which vitamin A influences bile salt homeostasis, 
has only recently emerged. Complex regulatory pathways ensure that bile salt 
homeostasis is maintained. These processes involve bile acid sensors, which are 
ligand-activated transcription factors. This way, bile salts regulate their own syn-
thesis and transport at the transcriptional level. These bile acid sensors need to 
physically interact with a vitamin A sensor in order to regulate transcription. In 
this thesis, we show that vitamin A is required to maintain bile salt homeostasis 
and protects the liver during obstructive cholestasis. This chapter introduces the 
reader to the origin and function of bile salts and vitamin A and the signalling 
pathways they control.

1. The enterohepatic circulation of bile acids
The liver is the largest solid organ of the human body and well-known for its regene-
rative capacity. The liver consists of various cell types, including hepatocytes, stellate 
cells, cholangiocytes, endothelial cells, Kupffer cells (hepatic macrophages), and oval 
or progenitor cells, each with their specific role in the function of the liver. Hepato-
cytes (the hepatic parenchymal cells) make up 80% of the liver mass and fulfil most 
of the primary functions of the liver. Hepatocytes are arranged in plates that form a 
physical barrier between the blood in the sinusoid and the bile in the canaliculus. 
Approximately 80% of the hepatic blood supply enters via the portal vein and is rich 
in nutrients originating from the intestine. Oxygen-rich blood enters via the hepatic 
artery, mixes with the portal blood and flows along the hepatic sinusoids and exits 
via the central vein. The sinusoids (Figure 1.1) are lined with a sheet of endothelial 
cells, that allows for the exchange of small molecules between blood and hepatocytes. 
Kupffer cells are integrated into the sheet of endothelial cells. Stellate cells reside in 
the space of Disse, the plasma-filled space between hepatocyte and sinusoid. Stellate 
cells (Ito cells, fat-storing or vitamin A-storing cells) are myofibroblast-like cells that 
contain large cytoplasmic lipid droplets. Cholangiocytes are the bile duct epithelial 
cells and form approximately 3% of the liver mass (1).
In broad terms, the physiological functions of the liver can be described as, 
synthesis, storage, metabolism, catabolism and excretion. Proteins synthe-
sized by the liver include serum proteins such as albumin, different coagu-
lation factors (such as fibrinogen) and the retinol binding protein 4 (RBP4). 
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Cholesterol and triglycerides are synthesized by the liver. Moreover, it is the main 
storage site of glucose (in the form of glycogen), iron and vitamin A. Another im-
portant function of the liver is detoxification. Endogenous waste products (such as 
bilirubin) and exogenous harmful compounds (drugs and toxins) are metabolized by 
the liver. This makes them less toxic and increases water solubility, which enhances 
clearance of these compounds. The liver is also the largest gland of the human body, 
amongst others synthesizing and excreting the hormone insulin-like growth factor 1 
(IGF-1) and producing bile. Bile aids in the digestion and absorption of nutrients and 
is the main route for the excretion of waste products via the intestine. Major com-
ponents of bile are bile salts, phospholipids, cholesterol, bilirubin, alkaline hydrogen 
carbonate ions (HCO3

-) and water. Bile salts are the components of the bile that give 
it its fat-emulsifying properties. Bile salts are synthesized by hepatocytes using chole-
sterol as substrate. The liver secretes bile via the bile ducts and the gallbladder into 
the intestinal lumen (duodenum). Here, bile fulfils its function in the digestion and 
absorption of fats and fat-soluble dietary compounds. In the terminal ileum, bile salts 
are reabsorbed and transported back to the liver via the portal vein. This shuttling 
of bile salts between liver and intestine is called the enterohepatic circulation of bile 
salts and is a very efficient process as per cycle only 5% of the bile salts are lost in the 
feces. De novo synthesis of bile salts in the liver compensates for this loss and main-
tains a balanced amount of bile salts in the enterohepatic cycle.

Figure 1.1. Structure of the liver sinusoid
The liver possesses a dual blood supply. Nutrient-rich blood coming from the portal vein and oxygen-rich 
blood coming from the hepatic artery merge upon entering the sinusoid. The sinusoids are lined with en-
dothelial cells and Kupffer cells. The plasma-filled space of Disse separates the endothelial cells from the 
hepatocytes. Bile produced by the hepatocytes is excreted into the bile canaliculi that empty into the bile 
ductule, which is formed by cholangiocytes. Vitamin A-storing stellate cells reside within the space of Disse.
Reprinted from Frevert (2004) (361).
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1.1. Bile Acid/Salt Biosynthesis
Bile acid synthesis produces two main types of primary bile acids: cholic acid (CA) 
and chenodeoxycholic acid (CDCA). These are conjugated to either glycine or tauri-
ne, yielding the bile salts taurocholic acid (TCA), glycocholic acid (GCA), tauroche-
nodeoxycholic acid (TCDCA) and glycochenodeoxycholic acid (GCDCA). Bile salts 
that are not absorbed at the terminal ileum move to the colon where resident bac-
teria may convert them to secondary bile acids, such as lithocholic acid (LCA) and 
deoxycholic acid (DCA). A significant fraction of these secondary bile acid are also 
absorbed into the circulation. DCA accumulates in the bile acid pool, LCA to a much 
lesser extend as it is sulfated and subsequently excreted into bile (reviewed in (3)).
The term bile “acid” refers to the protonated (-COOH) form, while bile “salt” refers 
to the deprotonated or ionized (-COO-) form. Bile acids conjugated to glycine or tau-
rine are largely deprotonated at the physiological pH, and should thus be regarded as 
bile salts. The ionized conjugated bile salt is more hydrophilic when compared to the 
unconjugated bile acid. Conjugated bile acids are therefore more efficient in emul-
sifying fats than their unconjugated counterparts.
Cholesterol is oxidized to bile acids through a cascade of enzymatic conversions in-
volving at least 13 different enzymes (see for a review (4)). Although the first steps of 
the conversion from cholesterol to bile acids may take place at extra-hepatic locati-
ons, the production of the end products, e.g. bile salts, is restricted to the hepatocy-
tes in the liver. Two enzymes, cholesterol 7-alpha-hydroxylase (CYP7A1) and sterol 
12-alpha-hydrolase (CYP8B1) are of particular relevance. CYP7A1 is considered the 
rate-limiting enzyme in bile acid synthesis (5), while CYP8B1 converts CDCA to CA 
and thus determines the relative hydrophobicity of the bile acid pool (6). The final 
step in bile acid synthesis is the conjugation of taurine or glycine and is exclusively 
performed by the peroxisomal enzyme bile acid coenzyme A: amino acid N-acyl-
transferase (BAAT) (7). Bile acid synthesis is increased following feeding and glucose 
and insulin are important factors that induce CYP7A1 gene expression (8, 9).

1.2. Transporter Proteins Involved in (Bile Formation and) Bile Salt Transport 
Once conjugated, membrane translocation of bile salts requires active transport by 
membrane-imbedded transporters. These transporters reside in the membranes of 
polarized hepatocytes, cholangiocytes and enterocytes and keep the bile salts in the 
enterohepatic circulation. The transporter proteins involved in the enterohepatic cir-
culation have been the subject of multiple reviews (10-13). A schematic overview 
of the enterohepatic circulation of bile salts and the transporter proteins involved is 
depicted in Figure 1.2.

1.2.A. Hepatic Bile Salt Transport Mechanisms

Hepatic Basolateral Transport/Bile Salt Import
Bile salts returning from the intestine via the blood circulation are absorbed into the 
hepatocyte by the sodium/taurocholate co-transporting polypeptide (NTCP) (15, 16) 
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and at least three members of the organic anion transporting polypeptide (OATP) 
family (17). A recent study showed that also unconjugated bile acids are subject to 
active transport via OATP1B2 rather than entering the cell by passive diffusion (18).
NTCP (SLC10A1) belongs to the SLC10 family, which comprises transport proteins 
that transport organic salts in a sodium-dependent manner. The human NTCP pro-
tein consists of 349 amino acids with a molecular mass of 56 kDa. In the liver, NTCP 
is expressed exclusively at the basolateral membrane of the hepatocyte and prefe-
rentially transports taurine conjugated bile acids. (15, 19, 20). However, also various 
other physiological bile salts and the steroid conjugate estrone 3-sulfate are substrates 
of NTCP (21). Expression of NTCP in pancreatic acinar cells has also been reported 
(22).
The superfamily of OATPs comprises a family of transporters with a broad spectrum 
of substrates. The substrate specificity of OATPs is reviewed in detail by König et 
al. (23). While most of the OATP proteins are expressed in multiple tissues, OAT-
P1B1 (OATP2/OATP-C/SLCO1B1/SLC21A6) and OATP1B3 (OATP8/SLCO1B3/
SLC21A8) are predominantly if not exclusively expressed in liver at the basolateral 
membrane of hepatocytes. OATP1B1 consists of 691 amino acids with a molecular 
mass of 84 kDa. OATP1B3 consists of 702 amino acids and represents a glycoprotein 
with a molecular mass of 120 kDa. Both of these OATPs were shown to transport tau-
ro- and glyco-conjugated CA (10, 23-25). OATP1A2 (OATP-A/SLCO1A2) is mainly 
expressed in brain and liver. It has a molecular mass of 85 kDa and consists of 670 
amino acids. The rodent ortholog is OATP1A1, which has 12 putative transmem-
brane spanning domains. OATP1A2 is localized to the basolateral membrane of the 
hepatocyte and is reported to transport both conjugated and unconjugated CDCA 
and CA (10, 26, 27).

Hepatic Intracellular Transport of Bile Acids
The cytosolic liver fatty-acid-binding protein (L-FABP) is involved in fatty acid me-
tabolism and transport. Moreover, L-FABP was found to bind bile acids in a 1:2 ratio 
and to be excreted into bile (28, 29). Although bile acid metabolism is altered in 
L-fabp-/- mice, the physiological role of L-FABP in bile acid trafficking remains to be 
determined (30).
Part of the bile salt pool that enters the liver is deconjugated by intestinal flora when 
passing through the intestine. Before excretion into bile, de novo and recycled bile 
acids need to be (re-)conjugated. The enzyme responsible for bile acid conjugation 
(BAAT) resides solely in peroxisomes, which suggests the existence of intracellular 
bile acid/salt transporters. Although no intracellular transporter has been identified 
to date, recent data from our laboratory strongly supports the existence of such bile 
salt transporters in the peroxisomal membrane (4, 7, 31).
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Figure 1.2. Transport mechanisms involved in the enterohepatic circulation of bile salts and forma-
tion of bile
The enterohepatic circulation of bile salts (BSs) requires dedicated transporter proteins on both sides 
of polarized hepatocytes, cholangiocytes and enterocytes. Bile salts returning from the intestine via the 
blood circulation are absorbed into the hepatocyte by the sodium/taurocholate co-transporting po-
lypeptide (NTCP) and at least three members of the organic anion transporting polypeptide (OATP) 
family. Conjugated monovalent BSs are excreted from the hepatocyte via the canalicular bile salt ex-
port pump (BSEP). Bivalent BSs, together with organic anions (OA-), are excreted via the canalicu-
lar multidrug resistance-associated protein 2 (MRP2). The ABC half-transporters ABCG5/G8 secrete 
cholesterol into bile. The multidrug resistance protein 3 (MDR3) and the familial intrahepatic chole-
stasis type 1 (FIC1) protein excrete phosphatidylcholine (PC) and phosphatidylserine (PS), respecti-
vely, which form mixed micelles in bile together with cholesterol and BS-. Organic cations (OC+) are 
excreted by the efflux pump for xenobiotic compounds (MDR1). Cholangiocytes and enterocytes use 
similar transport mechanisms for BS- shuttling. At the apical membrane, BS- are taken up by the ileal 
bile salt transporter (ASBT). Cellular transport of BS- in the enterocyte is facilitated by the ileal bile 
acid binding protein (IBABP). Excretion of BS- is primarily performed by the organic solute trans-
porter dimer (OSTα/β). Besides excreting OA-, the multidrug resistance-associated protein 3 (MRP3) 
provides an alternative route for the elimination of BS-. Both OSTα/β and MRP3 are also expressed at 
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the basolateral membrane of hepatocytes, in particular in pathological conditions. Here they provide 
an alternative route for the elimination of BS- and other OA-. MDR1 is also present in the cholangio-
cytes and enterocytes at the apical membrane, while MRP2 is also expressed in ileum. BS- excreted by 
the enterocytes/cholangiocytes return to the liver via the blood, closing the enterohepatic circulation.
Inspired by Trauner et al. ( 2003) (11) and Zollner et al. (2006) (276).

Hepatic Canalicular Bile Salt Export
Conjugated recycled and de novo synthesized bile salts are excreted into bile by the 
bile salt export pump (BSEP/ABCB11). The 160 kDa BSEP-protein is exclusively ex-
pressed at the canilicular membrane of hepatocytes and belongs to the B subfamily 
of ATP-binding cassette (ABC) transporters. A total of 48 ABC type transporters 
have been identified in the human genome. BSEP contains 12 membrane spanning 
domains and two intracellular loops that contain nucleotide/ATP binding motifs, 
which is the typical build-up of an ABC transporter. Mutations in the BSEP gene are 
associated with progressive familial intrahepatic cholestasis type 2 (PFIC2), which is 
characterized by severe and progressive liver disease. In addition, mutations in BSEP 
may cause benign recurrent intrahepatic cholestasis (BRIC) that is characterized by 
intermittent attacks of cholestasis without permanent liver damage (32-37).
The multidrug resistance-associated protein 2 (MRP2/ABCC2) transports a variety 
of organic anions at the canalicular membrane into bile, including conjugated biliru-
bin (38). MRP2 belongs to the C subfamily of ABC transporters (MRPs), of which ten 
members (MRP1 to 9 and pseudo gene ABCC13) have been identified (39). Besides 
the liver, MRP2 is expressed in the intestine (duodenum) and kidney (40). MRP2 
is capable of transporting bivalent glucuronidated and sulfated bile salts, and was 
recently also shown to transport tauroursodeoxycholate (41). The role of MRP2 in 
maintaining bile salt homeostasis may differ between species. Mutations in MRP2 
lead to Dubin-Johnson syndrome in humans (42), a benign form of jaundice (43, 44), 
transport of bile salts into bile is not disturbed in these patients. However, Groningen 
yellow (GR/TR-) rats, which lack a functional MRP2 protein, display an impaired bile 
flow (45).

Additional Hepatic Canalicular Transporter Proteins That Contribute to Bile For-
mation 
The multidrug resistance protein 3 (MDR3/ABCB4; the rodent ortholog is MDR2) 
and the ABCG5/ABCG8 dimer transport phospholipids and cholesterol, respective-
ly, from the inner to the outer leaflet of the canalicular membrane. Bile salts excreted 
into the canaliculus interact with the outer leaflet of the hepatocyte’s apical membra-
ne and extract cholesterol and phospholipids thereby forming mixed micelles (46).
Like BSEP, MDR3 belongs to the B subfamily of the ABC transporter family and sha-
res the 12 membrane spanning domain structure. Defects in the MDR3 gene cause 
progressive familial intrahepatic cholestasis type 3 (PFIC3). In this disease, phosp-
holipid transfer to bile is disturbed. Lack of phospholipids hampers the formation of 
the mixed micelles, increasing the concentration of pure micelles in bile, resulting in 
damage to the bile duct epithelium and cholestasis (47, 48).
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Another member of the B subfamily of ABC transporters is ATP8B1, it encodes FIC1, 
named after the associated disease familial intrahepatic cholestasis type 1 that is cau-
sed by mutation in the ATP8B1 gene (reviewed in (49)). The FIC1 protein acts as a 
flippase for phosphatidylserine. Although FIC1 does not transport bile salts, mutati-
ons in the ATP8B1 gene cause cholestasis. The proposed mechanism for this obser-
vation is that in the absence of functional FIC1 protein the membrane gets depleted 
of lipids (including cholesterol) in the process of bile formation. Lack of cholesterol 
in the membrane limits the function of BSEP resulting in intracellular bile salt accu-
mulation (49).
ABCG5 and ABCG8 are members of the G subfamily of the ABC-transporters. They 
are so-called half-transporters that form a heterodimer to become a functional chole-
sterol transporter. ABCG5/G8 is localised to the apical membrane of hepatocytes, 
and cholangiocytes and enterocyte (50, 51). Defects in either the murine Abcg5 or 
Abcg8 gene are associated with decreased excretion of cholesterol in bile and an in-
creased absorption of cholesterol in the intestine (52).
The multidrug resistance-1 P-glycoprotein (MDR1/ABCB1) is an efflux pump for 
xenobiotic compounds and has a broad substrate specificity. It is associated with the 
resistance of tumor cells against chemotherapeutic drugs. MDR1 is expressed at the 
canalicular membrane of hepatocytes and the apical side of the bile ductural and 
intestinal epithelium (53). Apart from metabolites of LCA, bile salts do not seem to 
be substrates for MDR1 and malfunctioning of MDR1 does not result in cholestatic 
liver disease (54). However, accumulation of certain drugs and substrates for MDR1 
may inhibit the function of BSEP (12, 55). Unlike human PFIC2 patients, Bsep-/- mice 
do not suffer from severe cholestasis and have substantial bile salt secretion (56). In-
terestingly these mice have increased MDR1A expression while expression of MDR2, 
MRP2, and MRP3 (the latter will be discussed later) was only slightly increased (57). 
This suggests that MDR1A in mice might be involved in bile salt transport in the 
absence of BSEP.

1.2.B. Bile Ductular and Intestinal Bile Transport Mechanisms
After hepatobiliary secretion, bile salts travel through the bile ducts and are stored 
in the gallbladder. Triggered by food ingestion, the gallbladder contracts and bile is 
released into the duodenum where bile salts fulfil their function in the digestion and 
absorption of fat-soluble nutrients. At the terminal ileum, they are efficiently reab-
sorbed to the circulation and returned to the liver via the portal tract. The bile duc-
tular and distal ileum epithelial cells, cholangiocytes and enterocytes, contain highly 
similar bile salt transport mechanisms (Figure 1.2).

Apical Sodium-dependent Bile Salt Import
The apical sodium-dependent bile salt transporting protein (ASBT/SLC10A2) was 
initially identified as the intestinal analogue of NTCP, belonging to the same SLC10 
family of sodium-dependent organic ion transporters. Subsequently, ASBT was also 
shown to facilitate bile salt absorption at the apical domain of rat cholangiocytes. 



The Interrelationship Between Bile Acid and Vitamin A Homeostasis

17

The membrane topology and transport characteristics are similar to NTCP. The 
ASBT glycoprotein consists of 348 amino acids and has a molecular mass of 48 kDa 
(12, 19, 58-60). Mutation in the SLC10A2 gene have been associated with primary 
bile salt malabsorption and patients suffer from diarrhea and fat malabsorption (61).

Intracellular Bile Salt Transport
The intestinal bile acid binding protein (IBABP/FABP6) is expressed in enterocytes 
and cholangiocytes. IBABP represents a protein of 128 amino acids with a mole-
cular mass of 14-15 kDa. IBABP is proposed to be the most important protein for 
transcellular bile salt movement in enterocytes. However, its physiological function 
remains elusive, as the absence of IBABP, as observed in Fxr-/- mice, does not affect 
the turnover rate and cycling time of the cholate pool (62). Recent data obtained 
with Fabp6-/-mice show that IBABP is not prerequisite for ileal bile acid absorption 
but that it does contribute to efficient shuttling of bile acids through the enterocyte 
(63). Additionally, binding of bile salts by IBABP has also been suggested to prevent 
intracellular toxicity (12, 64, 65).

Basolateral Bile Salt Efflux Mechanisms
The identity of the transporter that facilitates the efflux of bile salts from ileal enter-
ocytes across the basolateral membrane to the circulation has long been unclear. Ini-
tially, it was proposed that this activity was performed by a truncated form of ASBT 
(t-ASBT) that is a product of alternatively splicing of the corresponding transcript. 
T-ASBT was shown to be capable of transporting TCA in vitro and to be expressed at 
the basolateral membrane. T-ASBT was identified in ileum, kidney, and bile ductural 
epithelial cells but not in hepatocytes (12, 66). A second transporter that was propo-
sed to export bile salts from enterocytes was the multidrug resistance-associated pro-
tein 3 (MRP3/ABCC3). MRP3 is expressed in various tissues of the gastrointestinal 
tract, including liver and ileum, where it was shown to be expressed at the basolateral 
membrane of cholangiocytes and enterocytes, respectively. MRP3 was shown to be 
capable of transporting various endogenous bile salts. However, mice lacking Mrp3 
do not show altered bile salt physiology. This is in line with the observation that 
MRP3 expression is rather low in human liver under healthy conditions (39, 67-71).
With the identification in 2005 of the organic solute transporter alpha/beta (OSTα/β) 
as the main functional basolateral bile salt transporter in the mouse ileum, the mis-
sing link in bile salt circulation was identified (72, 73). OSTα/β consists of an α- and 
a β-subunit that together form a functional transporter at the basolateral membrane. 
OSTα/β was initially identified as an organic solute and steroid transporter in the 
marine vertebrate little skate (74). OSTα is a 340 amino acid protein, and is predicted 
to contain seven transmembrane domains. The β-subunit is a much smaller protein 
of 128 amino acids predicted to have a single transmembrane domain (75). The hu-
man/rodent homologs were found to export various endogenous bile salts. OSTα/β 
is predominantly expressed at the basolateral membrane of intestinal epithelium and 
cholangiocytes in liver, with less but detectable amounts also in renal proximal tubu-
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lar cells in kidney and hepatocytes in the liver (76). Interaction between the α- and 
β-subunits is essential for protein stability and efficient trafficking through the Golgi 
apparatus to the plasma membrane. Ostα-/- mice have normal Ostβ mRNA levels, but 
the OSTβ protein is absent (77). Emerging evidence suggests a pleiotropic function 
of OSTα/β that is not limited to bile salt transport (78). Bile salts that are excreted to 
the circulation by the enterocytes are transported back to the liver, closing the circle 
of the enterohepatic circulation.

1.3. The Adaptive Response to Bile Salt Accumulation
Bile salt homeostasis is maintained by coordinated regulation of bile salt synthesis 
and transport. When bile acid concentrations increase, for instance when mice are 
fed a bile salt-containing diet, expression of both Cyp7a1 and Cyp8b1 is reduced, 
which represses bile acid synthesis. At the same time expression of Ntcp is lowered 
and Bsep expression is increased (79). In obstructive cholestasis, as in patients with 
primary biliary cirrhosis (PBC) and in bile duct-ligated rodents, hepatic expression of 
OSTα, OSTβ, MRP3 and multidrug resistance-associated protein 4 (MRP4/ABCC4) 
is increased (80-83). Intestinal expression of ASBT mRNA is lowered by elevated bile 
salt levels (84). The fact that Mrp4-/- mice have an impaired cytoprotective response 
in obstructive cholestasis exemplifies that these adaptive responses are crucial to pre-
vent excessive liver damage when bile salt flow from the liver is impaired (83). Alt-
hough MRP3 was shown to transport (secondary) bile salts in vitro, bile duct-ligated 
Mrp3-/- mice do not suffer more liver damage than wild type mice (69). In this case 
MRP4 may be sufficient to prevent excessive liver damage. These mechanisms protect 
the hepatocyte and enterocyte from cytotoxic accumulation of bile acids. Regulation 
of these adaptive mechanisms will be discussed later.

2. Vitamins, essential micronutrients
In 1916, vitamin A was one of the first vitamins that was discovered (85). Historical-
ly, the word “vitamine” was used to describe a growth factor that is present in food 
and that is essential for life. The combination of the words “vital” and “amine” yiel-
ded “vitamine”. As it became apparent that there were multiple vitamins, McCollum 
divided them into two classes: “fat-soluble factor A” and “water-soluble factor B”. 
Following the discovery that not all of these micronutrients shared the amine-group 
in their molecular structure, Drummond changed the name to “vitamin”, dropping 
the final “e”. He renamed McCollum’s compounds into vitamin A and vitamin B and 
new members of these series of factors were named vitamin C, vitamin D etc. (85, 
86). Water-soluble vitamins are readily expelled from the body, hence, regular (daily) 
intake is required. In contrast, fat-soluble vitamins are stored in the liver and adipose 
tissues. Stable levels of these vitamins can therefore be maintained for a longer time 
period. The downside of this is that excessive intake of the fat-soluble vitamins A, D, 
E and K poses a greater risk of vitamin intoxication than vitamins B and C. The up-
take of fat-soluble vitamins requires the presence of bile salts in the intestinal lumen. 
Cholestatic liver diseases, such as PBC, primary sclerosing cholangitis (PSC), bilary 
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atresia and gallstone disease, which dysregulate the flow of bile to the intestine, may 
lead to malabsorption of fat-soluble vitamins and associated clinical symptoms of 
hypovitaminosis.
The primary focus of this thesis is the fat-soluble vitamin A, but also the other fat-so-
luble vitamins will be briefly discussed.

2.1. Vitamin A
In 1930, Moore proved that the yellow plant pigment beta-carotene is converted to 
colourless retinol in the mammalian body (87). In 1931, Karrer deduced the mole-
cular structure of retinol and beta-carotene (85, 86) (Figure 1.3A-B). Nowadays, the 
term vitamin A is used as the generic descriptor for retinoids exhibiting the biologi-
cal activity of retinol. Retinoids are a class of compounds consisting of four isoprene 
(2-methyl-1,3-butadiene) units joined in a head-to-tail manner. (86).
Vitamin A-derivatives fulfil numerous important functions in the mammalian body, 
including roles in vision, maintenance of epithelial surfaces, immune competen-
ce, reproduction and embryonic growth and development (88). Dietary sources of 
vitamin A are provitamin A carotenoids (mainly β-carotene, from plant sources), 
preformed vitamin A (retinyl esters from animal sources) and precursors of retinol 
(88). The recommended daily intake of vitamin A is approximately 700 and 900 µg 
for adult women and men, respectively. Dietary intake of solely β-carotene may be 
inadequate to maintain normal levels of vitamin A, retinyl esters should therefore be 
considered an essential component of a healthy diet (89). Approximately 80% of the 
total body pool of vitamin A is stored in the liver as retinyl esters (90).
Some of vitamin A’s numerous biological functions are related to its antioxidant 
properties. Especially carotenoids, such as lycopene and β-carotene, are potent an-
tioxidants (91, 92), but also retinol, retinyl esters and retinoic acid (RA) have been 
shown to prevent lipid peroxidation in vitro (93, 94). Another well-known function 
of vitamin A is its role in the visual cycle by photoisomerization. Rhodopsin, the vi-
sual pigment of the rod photoreceptor cell, contains 11-cis retinal as its light-sensitive 
cofactor. Light activation is achieved by 11-cis to all-trans isomerisation, followed by 
the release of all-trans retinaldehyde (95). 
However, most of the biological functions of vitamin A involve the activation of li-
gand-dependent transcription factors. This hormonal function of vitamin A gained 
tremendous scientific interest with the discovery of two vitamin A receptors that are 
members of the nuclear receptor superfamily (96). All-trans retinoic acid (atRA) and 
9-cis retinoic acid (9cRA) (Figure 1.3C-D) are the two biologically active isomers 
of RA that regulate gene transcription via the retinoic acid receptor (RAR) and the 
retinoid X receptor (RXR). These nuclear receptors will be discussed in section 4.
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Figure 1.3. Fat soluble vitamins A, D, E and K
Beta- (β-) carotene (A) is the primary source of vitamin A in plant-derived foods, which can be clea-
ved into two molecules of retinol (B). Retinol and its esters are the main transport and storage forms 
of vitamin A. The 2 predominant biologically active forms of vitamin A are all-trans and 9-cis retinoic 
acid (C and D). The biologically active compound of vitamin D is calcitriol (1,25-dihydroxycholecalci-
ferol or 1,25-dihydroxyvitamin D3) (E). Alpha- (α-) tocopherol (F) is the most abundant form of vita-
min E in nature, it also has the highest biological activity. Phylloquinones (G) are the primary dietary 
source of vitamin K, while menaquinones (H) are produced by bacteria in the gastro-intestinal tract.

2.2. Vitamin D, Important Micronutrient But Not Really a Vitamin
Vitamin D was discovered as an essential nutrient to prevent rickets, e.g. softening of 
bones leading to skeletal deformations in children and an increased risk of fractures 
later in life. Vitamin D deficiency can result in osteoporosis (decreased bone mine-
ral density) in adults, causing osteomalacia (softening of bone), muscle weakness 
and increased risk of fractures (97). Vitamin D is required for optimal absorption 
of dietary calcium and phosphate and plays an essential role in calcium homeostasis 
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and bone metabolism. UV-light irradiation of the skin was found to prevent rickets 
as this stimulates formation of vitamin D3 in the skin. The ability to produce suffi-
cient amounts of vitamin D3 with adequate sunlight exposure indicates that vitamin 
D is actually not a vitamin (98). The name “vitamin D” refers to a group of steroids 
that exhibit the biological activity of cholecalciferol. The two physiologically rele-
vant forms are vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol). Very few 
foods contain significant amounts of vitamin D. D2 is plant derived and is present 
in mushrooms that are exposed to UV-light. The animal-derived D3 is present in, 
amongst others, fish oil, egg yolk and liver. (97, 99).
In the liver, vitamin D3 is metabolized to 25-hydroxycholecalciferol (calcidiol, 25-
(OH)D), which is subsequently metabolized by the kidney into the biologically ac-
tive steroid hormone 1,25-dihydroxyvitamin D [1,25(OH)2D] (Figure 1.3E) (97). 
Vitamin D is stored in adipose tissues as calcidiol. Hypovitaminosis D may develop 
through a combination of inadequate vitamin D intake and insufficient exposure to 
sun light in otherwise healthy people (97, 100). In addition, vitamin D deficiency 
may develop as a result of multiple disease conditions, including impaired synthesis 
in the skin, impaired intestinal absorption as well as acquired and heritable disorders 
of vitamin D metabolism and responsiveness.

2.3. Vitamin E, Solely Antioxidant or More
In 1922, vitamin E was first described as an essential nutrient for reproduction in 
rats. Vitamin E is the generic description for α-, β-, γ-, and δ- tocopherols and the 
corresponding four tocotrienols. Alpha-tocopherol is the most abundant form in na-
ture, which has the highest biological activity and reverses symptoms of vitamin E 
deficiency in humans (Figure 1.3F) (101-103). Nuts, seeds, and vegetable oils are 
among the richest sources of alpha-tocopherol and significant amounts are present in 
green leafy vegetables. Tocopherol is a potent antioxidant that prevents lipid peroxi-
dation of polyunsaturated fatty acids in cellular membranes. In addition to its anti-
oxidant activities, vitamin E is reported to be involved in cell signalling, immunity, 
gene expression and metabolic processes (104). However, others believe that all vi-
tamin E actions arise from its antioxidant protection of polyunsaturated fatty acids 
in the plasma membrane, and that vitamin E is nothing more than an antioxidant 
(105). The liver plays a central role in α-tocopherol homeostasis. Vitamin E travels 
the body as a component of lipoproteins that are taken up (chylomicrons, low den-
sity lipoprotein (LDL) and high density lipoprotein (HDL)) and excreted (very low 
density lipoprotein (VLDL)) by the liver. One third of the body content of vitamin E 
is stored in the liver, mainly in hepatocytes (106).

2.4. Vitamin K
Vitamin K refers to a group of chemically similar compounds called naphthoqui-
nones. The naturally occurring forms of vitamin K are K1- (phylloquinone) and the 
K2-compounds (menaquinones) that contain unsaturated side chains of varying 
length (Figure 1.3G-H). Phytonadione is found in plants and is the primary 
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dietary source of vitamin K for humans. Menaquinones are produced by bacteria in 
the gastrointestinal tract and contribute to the intake of vitamin K (107-109).
Vitamin K is required for normal blood clotting. In fact, the name vitamin K is derived 
from “Koagulations-Vitamin” in German and Scandinavian languages (110). It acts 
as a cofactor for γ-glutamyl carboxylase. This enzyme is responsible for post-transla-
tional modification of specific glutamate residues in proteins to γ-carboxyglutamate. 
The majority of γ-carboxylated proteins function in blood coagulation, while others 
play a role in calcium homeostasis and normal bone metabolism (111, 112).
Green vegetables, such as Brussels sprouts, spinach, cauliflower and broccoli, as well 
as certain vegetable oils, including soybean oil, rapeseed oil and olive oil, are rich die-
tary sources of vitamin K. Animal-derived foods contain limited amounts of vitamin 
K (109).
Vitamin K deficiency occurs when intake is inadequate or when the intestinal flora 
is altered. Clinical symptoms of vitamin K deficiency include clotting disorders (e.g. 
vitamin K deficiency bleeding (VKDB)) and increased risk of bone fractures. Toxicity 
of excess vitamin K has not been reported (108, 113).

2.5. Liver Disease and Occurrence of Fat-soluble Vitamin Deficiency
Fat-soluble vitamin deficiency is observed in patients suffering from liver diseases of 
various etiologies. A recent study reported deficiencies of vitamin A (29%), vitamin 
D (71%), vitamin E (6%) and up to 68% showed signs of subclinical vitamin K defici-
ency, in a group of 31 patients suffering from cholestatic liver disease (114). Similarly, 
a prevalence of fat-soluble vitamin A, D, E and K deficiency is reported to be 33.5%, 
13.2%, 1.9% and 7.8%, respectively, in a group of over 150 PBC patients (115). In PSC 
patients a prevalence of vitamin A, D and E deficiency was found of respectively 40%, 
14% and 2%. In pre-transplant patients prevalence was increased to 82%, 57% and 
43%, respectively (116, 117). A recent study by De Paula et al. reports 60% of patients 
(35 out of 58) suffering from liver cirrhosis have lowered plasma retinol levels, 23 of 
these patients were diagnosed as vitamin A deficient (VAD) (118). More than half 
(54.3% out of n = 140) of patients suffering from hepatitis C virus-related chronic 
liver disease were VAD (119). The vast majority (85%) of patients (n = 147) with 
alcoholic liver cirrhosis have a compromised vitamin D status, 37% of these patients 
were vitamin D deficient (VDD). In the same study, 47% of PBC patients (n = 58), 
had lowered vitamin D serum levels, 18% of these patients were VDD (120). Sokol et 
al. reported that 17% of PBC patients (7 out of 42) suffered from vitamin E deficien-
cy. In multiple studies, patients suffering from PBC, biliary atresia and autoimmune 
hepatitis presented lower serum levels of vitamins A, D, E and K when compared to 
controls, without reaching deficiency (120-123). The prevalence of fat-soluble vita-
min deficiencies varies between studies because of differences in disease etiology, 
group size, patient age and the definition of “deficiency”. Collectively, these studies 
identify vitamin A deficiency as the most frequent deficiency of all fat-soluble vita-
mins in (cholestatic) liver diseases.
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2.6. Supplementation of Fat-soluble Vitamins and Liver Disease
Guidelines for supplementation of fat-soluble vitamins to patients suffering from li-
ver disease differ per country. In literature, fat-soluble vitamin supplementation is 
recommended in patients suffering from cholestatic liver disease, especially in ne-
onates and infants, as stores of fat-soluble vitamins are low at birth (124, 125). Vita-
min A supplementation is recommended as a single 50.000 IU dose every 15 days for 
adults and every month for children. However, no clear guidelines exist for vitamin A 
supplementation for patients with liver disease in The Netherlands. Administration 
of vitamin E, 100-200-400 IU/day, is recommended for all patients with cholestasis 
and neurological symptoms of unknown etiology. Vitamin K malabsorption is ra-
pidly corrected by subcutaneous administering of vitamin K, 10 mg/day for 3 days, 
followed by long-term oral supplements of vitamin K, 5-10 mg/day or 10 mg/month 
subcutaneously (126, 127).
When fat-soluble vitamin supplements are given attention should be paid to the rou-
te of administering fat-soluble vitamin supplements. Oral supplementation of fat-so-
luble vitamins to (obstructive) cholestatic patients may not be as efficient as subcuta-
neous supplementation, since fat absorption is disturbed in these patients because of 
limited bile flow to the intestine.

3. Vitamin A metabolism

3.1. Ileal Vitamin A Absorption Requires Bile Salts
Various forms of -precursors of- vitamin A are entering the digestive tract depending 
on the composition of the diet. Plant carotenoids are thought to be absorbed into the 
intestinal epithelium by passive diffusion after being incorporated into micelles that 
mainly consist of bile salts and dietary fats. However, recent studies in Caco-2 mo-
nolayers suggest a facilitated uptake mechanism of carotenoids that involves scaven-
ger receptor class B member 1 (SR-BI) (128, 129). Retinyl esters are first converted to 
retinol within the intestinal lumen, followed by uptake in the enterocyte (87). Unes-
terified retinol enters the cell by diffusion, but the efflux of retinol may be partially 
facilitated by the ABC transporter ABCA1 (128). The pancreatic triglyceride lipase 
(PTL) and the intestinal brush border membrane enzyme phospholipase B are res-
ponsible for the hydrolysis of retinyl esters. The enzymatic activity of PTL depends on 
the presence of bile. Lipases, such as PTL, act on a water-lipid interface and bile aids 
in the formation of such interfaces. The emulsifying properties of bile salts stabilize 
the interface and bile phospholipids are part of the interface (130). Administration 
of bile salt sequestering agents to humans lowers the total carotenoid levels in serum 
(131), while administration of the bile salt TCA enhanced vitamin A absorption in 
rats (132), further underscoring the role of bile salts in vitamin A absorption.

3.2. Vitamin A Transport
Beta-carotene can be converted to retinoids inside the enterocyte (87). Symmetric 
cleavage of one molecule β-carotene by beta-carotene 15,15’-monooxygenase 1 
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(BCMO1) yields two molecules of retinal (133). Alternatively, via a series of asym-
metric cleavages one molecule of β-carotene can be converted to one molecule of 
retinal. Subsequently, retinal is reduced in a reversible process to retinol. Several en-
zymes are capable of catalysing this conversion, including members of the short- and 
medium-chain alcohol dehydrogenase/reductase superfamily that will be discussed 
later. The intestinal reductase activity, however, remains to be identified (134).
Free retinol is bound by the cellular retinol-binding protein type II (CRBP-II/RBP2). 
Most of the retinol absorbed by the enterocyte is re-esterified to saturated long-chain 
fatty acids, mainly palmitic acid. Binding of retinol to CRBP-II facilitates the esteri-
fication of retinol by lecithin:retinol acyl tranferase (LRAT). Uncleaved carotenoids 
and newly-synthesized retinyl esters, but not the ingested retinyl esters, are incorpo-
rated into chylomicrons (CMs) and secreted into lymph (128, 135, 136).
Chylomicrons are very heterogeneously-sized particles that consist of a core of trigly-
cerides and cholesterol esters and a monolayer of phospholipids, cholesterol and pro-
teins. CMs are excreted by the enterocyte in the postprandial state after fat ingestion. 
CM excretion is impaired in the absence of bile salts (137). Two clinical manifesta-
tions of impaired CM assembly are abetalipoproteinemia and CM retention disease. 
Patients suffer from neurologic disorders and visual impairment. In a mouse model 
for CM retention disease it was observed that the absorption of fat, vitamin A and E 
was severely impaired and the mice showed significantly reduced growth rates (135), 
underscoring the importance of CM in the efficient absorption of fat and fat-soluble 
vitamins, such as vitamin A.
Although most retinoids leave the enterocyte as retinyl esters, also a considerable 
amount of free retinol is released into the portal circulation (130).

3.3 Vitamin A Storage and Distribution
Chylomicrons distribute nutrients to the various tissues and the chylomicron rem-
nants are subsequently cleared by the hepatocyte. Most of the retinyl esters are still 
present in these remnants. Within the hepatocyte, retinyl esters are again hydrolysed 
to retinol. The trafficking of vitamin A throughout the body is depicted in Figure 1.4.
Free hepatic retinol is now either used directly for distribution to tissues or stored 
in the liver. For distribution throughout the organism, retinol associates with RBP4, 
followed by secretion into the blood circulation. Approximately 95 % of plasma reti-
nol-RBP4 is complexed with transthyretin (TTR) in a 1:1 ratio. This interaction re-
duces glomerular filtration of retinol (88, 138). Extrahepatic tissues take up retinol by 
means of the RBP4-receptor “Stimulated by Retinoic Acid gene 6 homolog” (STRA6). 
The retinol-RBP4-TTR complex dissociates at the receptor and free retinol is taken 
up by the cell. Free RBP4 in the circulation is catabolized in the kidney tubules.
The second direction is transport of retinol to, and storage in, the hepatic stellate cell. 
Here, free retinol is esterified with long chain fatty acids, again predominantly palmi-
tate, for storage in cytosolic lipid droplets. Retinol esters make up 30-50% of the lipid 
content of the lipid droplets in stellate cells (90).
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Figure 1.4. Major pathways for retinoid transport throughout the body
Prior to absorption, dietary retinyl esters (RE) are hydrolysed to retinol (ROH) in the intestinal lu-
men, while carotenoids are absorbed and converted intracellularly to retinol by the enterocyte. In 
the enterocyte, retinol reacts with fatty acids to form retinyl esters, which are incorporated into chy-
lomicrons (CM). Via the intestinal lymph chylomicrons reach the general circulation. Chylomicron 
remnants (CMR), which still contain most of the retinyl esters, are formed within the blood capilla-
ries. These are cleared by the liver parenchymal cells and to some extend by extrahepatic tissues. In 
the hepatocytes, retinyl esters are hydrolysed to retinol, which then binds to cellular retinol binding 
protein 1 (CRBP1/RBP1). The retinol-RBP1 complex is secreted and transported into hepatic stellate 
cells. Retinol entering the stellate cell is either stored in lipid droplets as retinol palmitate or bound 
by plasma retinol-binding protein 4 (RBP4) and secreted into blood. In the bloodstream most reti-
nol-RBP4 is reversibly complexed with transthyretin (TTR). Uncomplexed retinol is taken up by cells 
via a receptor mediated mechanism. Free RBP4 in the circulation is catabolized in the kidney tubules.
Based on Senoo (2004) (85) and Blomhoff et al. (2006) (83).

Although the mechanism for retinol storage in, and mobilization from, stellate cells 
has not been fully elucidated, the factor shuttling retinol between different liver cell 
types is the cellular retinol-binding protein (CRBP-I/RBP1). The involvement and 
recycling of RBP4 (139) has been ruled out, since mice lacking Rbp4 accumulate 
excess of vitamin A in the liver. While still able to store vitamin A, these mice were 
unable to mobilise it to plasma. Moreover, extrahepatic expression of RBP4 does not 
restore vitamin A mobilisation in these animals, indicating that circulating RBP4 is 
not re-used by the liver. STRA6 is not expressed in the liver, ruling out a role of this 
receptor in hepatic storage of retinoids (140, 141).
Under vitamin A sufficient conditions, most of the retinyl esters absorbed from the 
chylomicron remnants are transferred as retinol to the stellate cells, where over 80% 
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of the body supply of vitamin A is stored (88). Smaller amounts are also stored in 
lipid droplets in the hepatocytes and in stellate cells residing in extrahepatic organs 
and tissues, such as kidneys, digestive tract, adrenal gland, lung, testis, uterus, bone 
marrow and thymus (90, 142-144). Extrahepatic storage sites of retinyl esters may 
provide a local supply of vitamin A to tissues with a high demand, such as the retina. 
The importance of extrahepatic vitamin A pools is demonstrated by the observation 
that storage of retinyl esters in retinal pigment epithelial cells is prerequisite for nor-
mal visual function (144). The stores of vitamin A are sufficient to maintain a steady 
physiological concentration of 1-2 µM retinol in plasma, despite strong fluctuation in 
daily intake of vitamin A (144).

3.4. Vitamin A Metabolism
The three main circulating metabolites of vitamin A in the body differ in their oxi-
dation state: the hydroxyl/alcohol form (retinol), the aldehyde form (retinal) and the 
carboxylic form (retinoic acid, RA) (96) (Figure 1.5). As described above, vitamin A 
is distributed throughout the body as retinol. It is generally believed that conversion 
of retinol into the biologically active retinal and retinoic acid occurs locally (88, 145). 
Retinol is converted into retinoic acid in a two-step process (reviewed in (145, 146)).
Three enzyme families are capable of catalysing the first step in which retinol is re-
versibly converted into retinal: the cytosolic medium-chain alcohol dehydrogenases 
(ADH), the (membrane-associated) short chain dehydrogenases (SDR) and the cy-
tochrome P450s (CYPs) (88, 147-149). In the second step, retinal is converted into 
RA in an irreversible reaction. Multiple enzymes contain the retinaldehyde dehydro-
genase (RALDH) activity. Best characterized are the mouse and human RALDH1, 
RALDH2 and RALDH3 that have been shown to be involved in RA synthesis in vivo 
(145). Of these three enzymes, only RALDH1 prefers cis-retinaldehyde over all-trans 
retinal with the highest activity towards 9-cis retinal (150). Also various enzymes 
belonging to the human cytochrome P-450 family have been shown to be capable 
of metabolizing retinals to retinoic acids. These include CYP1A1, CYP1A2 and CY-
P3A4, of which CYP1A2 shows the highest activity for 9-cis retinal (151).
The expression levels of the metabolic enzymes involved in RA synthesis may affect 
the ratio between atRA and the cis-RAs, since these enzymes differ in their substrate 
specificity. In vivo isomerization between atRA and 9cRA has been described and 
may contribute in fine-tuning individual retinoic acid levels (152).
Although produced locally, RA may act everywhere in the organism. The circulation 
contains low levels of atRA (0.2 to 0.7 % of plasma retinol). The plasma atRA contri-
butes to variable extend to the tissue pool of RA, depending on the tissue/organ. In 
liver and brain, the retinoic acid pool originates primarily from the circulation rather 
than from local synthesis (153). RA concentrations in tissue are very low, on average 
3-15 µg per kilogram (88). Therefore, its contribution to dietary intake of vitamin 
A is negligible. Still, it has been shown that animals grow normally on retinoic acid 
as the sole source of vitamin A-derivatives indicating that RA is the main bioactive 
derivative of vitamin A (142).
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Figure 1.5. Retinol is converted into retinoic acid in a two-step process
The three main pools of vitamin A in the body differ in their oxidation state: the hydroxyl/alcohol 
form (retinol), the aldehyde form (retinal) and the carboxylic form (retinoic acid). Vitamin A is dis-
tributed throughout the body as (RBP4 bound-) retinol. Conversion of retinol into retinoic acid is 
believed to occur locally within the target cell. In a two-step process, retinol is first reversibly con-
verted into retinal by members of the cytosolic medium-chain alcohol dehydrogenases (ADH), 
the (membrane- associated) short chain dehydrogenases (SDR) families and various cytochrome 
P450 enzymes (CYPs). In the second step retinal is irreversibly converted into retinoic acid by re-
tinaldehyde dehydrogenases (RALDHs). Retinoic acid regulates gene transcription via the re-
tinoic acid and retinoid X receptor. Degradation of retinoic acid is facilitated by various CYPs. 
Beta-carotene is converted to retinal by beta-carotene 15,15’-monooxygenase 1 (BCMO1) and 
subsequently converted to retinol and stored as retinylesters in the liver. AKP = aldo-keto reduc-
tase (AKR) superfamily; LRAT = lecithin:retinol acyl transferase; REH = retinyl ester hydrolase
Based on Pares et al. (2008) (143).

Total RA levels are regulated by an interplay between RA synthesizing and cataboli-
sing enzymes. Retinoic acid is metabolized in a two-step process. In the first step, pha-
se I enzymes of the CYP450 superfamily catabolise the different isomers of RA. One 
of these enzymes is retinoic acid-inactivating cytochrome P450 (P450RAI/CYP26). 
This metabolizes atRA, but does not appreciably metabolize cis-RA isomers (9-cis 
and 13-cis). AtRA induces expression of CYP26, thereby controlling its own catabo-
lism (154, 155). While numerous CYP enzymes have been identified that catabolize 
atRA and/or 13-cis RA, only a few 9cRA-metabolising enzymes have been identified. 
Of the CYPs that are dominantly expressed in the adult human liver, CYP2C9, -2C8 
and -3A4 are the major ones involved in 9-cis RA metabolism. The efficiency of these 
CYPs to metabolize 9cRA is higher than that for atRA, which may explain why the 
concentrations of 9cRA in vivo are low. In the second step, phase II enzymes facili-
tate the conjugation of phase I metabolites. All trans-RA and its phase I metabolites 
4-oxo-RA, 5,6-epoxy-RA, and 4-OH-RA were found to be glucuronidated by the 
human glucuronyl transferase UGT2B7 (147, 156).

4. Nuclear receptors/metabolic sensors in control of bile salt 
homeostasis
In the past decade, bile salts have been shown to be key signalling molecules in va-
rious biological pathways, in addition to their long-known fat-emulsifying actions. 
With the discovery of the bile acid-activated Farnesoid X Receptor (FXR) and its 
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transcriptional regulation of specific target genes, it has become clear how bile acids 
control their own synthesis and transport. FXR belongs to the superfamily of nuclear 
receptors (NRs). Many metabolic processes, including glucose, lipid and cholesterol/
bile acid metabolism are regulated by NRs. These are ligand-activated transcription 
factors. Ligands to these NRs are often small lipophilic molecules including hormo-
nes, metabolites and food-derived compounds.

4.1 Nuclear Receptor Superfamily
At present, 49 members of the nuclear receptor (NR) superfamily have been iden-
tified (reviewed by Francis et al. (157)). The superfamily of NRs is divided into se-
ven subfamilies (NR0 to NR6) based on sequence homology. The nomenclature of 
nuclear receptors has been standardized per subfamily (reviewed by Germain et al. 
(158)). An in depth overview of the seven subclasses and their members is beyond 
the scope of this review (see review by Aranda et al. (159)). The relevant subfamilies 
for this thesis will be briefly discussed. Members of the NR1 thyroid hormone recep-
tor-like subfamily include the thyroid hormone receptor (TR), retinoic acid receptor 
(RAR), peroxisome proliferator-activated receptor (PPAR), constitutive androstane 
receptor (CAR), liver X receptor (LXR), vitamin D receptor (VDR), pregnane X re-
ceptor (PXR) and FXR. The NR2 subfamily, or retinoid X receptor-like nuclear re-
ceptors, include hepatocyte nuclear factor-4 (HNF-4) and retinoid X receptor-alpha 
(RXRα). In general, members of the NR1 subfamily need to form a heterodimer with 
RXRα to become transcriptionally active (160, 161). In several cases, NRs were iden-
tified before their ligands were known. These receptors were therefore designated 
“orphan receptors”. As their natural and synthetic ligands became known, some of 
these orphan receptors have been “adopted” (162). Two nuclear receptors that re-
main orphan to date are the liver receptor homolog-1 (LRH-1) belonging to the NR5 
subfamily of steroidogenic factor-like receptors and the small heterodimer partner 
(SHP), belonging to the NR0 family of miscellaneous NRs.
NRs have a modular structure consisting of multiple functional domains. A typical 
nuclear receptor consists of a variable N-terminal region (region A/B), a conserved 
DNA-binding domain (DBD) (region C), a linker (region D), and a conserved E re-
gion that contains the ligand binding domain (LBD). Some receptors contain also a 
C-terminal region (F) with unknown function. Isotypes (alpha, beta, gamma) origi-
nate from homologous genes and isoforms (alpha 1, alpha 2) of nuclear receptors are 
generated via alternative translation initiation sites and/or alternative mRNA spli-
cing. The ligand-independent transcriptional activation domain (AF-1) is contained 
within the A/B region, and the ligand-dependent transactivation domain (AF-2) is 
located within the C-terminal portion of the LBD (159).
Nuclear receptors regulate gene transcription by binding to specific DNA sequences, 
so-called hormone responsive elements (HREs), in the promoter region of specific 
genes. NR/RXRα heterodimers bind to a variety of tandem repeats of the hexamers 
AGGTCA or AGTTCA typically spaced by 1 or more base pairs (163, 164). The 
orientation of these hexamers, or so-called half-sites, may vary giving rise to a direct 
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repeat (DR) (AGGTCAnAGGTCA), a palindromic everted repeat (ER) (TGACCT-
nAGGTCA) or a palindromic inverted repeat (IR) (AGGTCAnTGACCT) (Figure 
1.6). It should be noted that these HREs are consensus sequences and that the actual 
genomic HREs may slightly differ from the consensus.
Gene regulation by NRs is, however, far more complex than just receptor binding to 
a responsive element in a promoter. Competition between agonists and antagonists, 
RXRα availability, heterodimerization efficiency, cofactor recruitment and NR pro-
tein modification, together determine the ultimate transcriptional efficiency (165).

DR AGGTCAnAGGTCA

ER TGACCTnAGGTCA

IR AGGTCAnTGACCT

NR RXRα

HRE

co-repressors

co-activators

transcription

Figure 1.6. NR1 class nuclear receptors 
interact as a dimer with RXRα with hor-
mone response element
RXRα is the obligate heterodimer partner 
of most members of the NR1 thyroid hor-
mone receptor like subfamily, including the 
thyroid hormone receptor (TR), retinoic 
acid receptor (RAR), peroxisome prolifera-
tor-activated receptor (PPAR), constitutive 
androstane receptor (CAR), liver X receptor 
(LXR) pregnane X receptor (PXR), farnes-
oid X receptor (FXR) and vitamin D re-
ceptor (VDR). The NR/RXRα heterodimer 
interacts with so called hormone responsive 
elements (HREs), in the promoter region of 
certain genes. These HREs typically consists 
of tandem repeat of the hexamers AGGT-
CA or AGTTCA spaced by 1 or more bases, 
giving rise to a direct repeat (DR), a palind-
romic everted repeat (ER) or a palindromic 
inverted repeat (IR).
Based on Baranowski. (2008) (362).

4.2. Vitamin A Receptors
RXR and RAR, both activated by vitamin A metabolites, were among the first nuclear 
receptors that were characterized.

4.2.A. Retinoid X Receptor
The retinoid X receptor (RXR) was identified by Mangelsdorf et al. in 1990 (167). 
Three isotypes of RXR exist, -alpha (RXRα/NR2B1), -beta (RXRβ/NR2B2) and -gam-
ma (RXRγ/NR2B3). For each isotype two isoforms have been identified: RXRα (α1 
and α2), RXRβ (β1 and β2), and RXRγ (γ1 and γ2) (168). RXRα is highly expressed 
in liver and to a lesser extend in lung, muscle, kidney and spleen. RXRγ is expressed 
in spleen, adrenal gland, heart, intestine and kidney. RXRβ is rather ubiquitously 
expressed, but relatively low in liver and intestine (169).
The natural ligand of RXR is the vitamin A-derivative 9cRA (169-173). Physiological 
levels of 9cRA have proven difficult to detect in mammalian tissue (153, 174-176), 
but have been reported (177, 178). This has triggered some scepticism to whether 
9cRA is the main endogenous ligand of RXR (179). Other ligands that have been 
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shown to modulate RXR activity include poly unsaturated fatty acids (PUFAs), such 
as docosahexaenoic acid, arachidonic acid and oleic acid (180, 181). Even though 
9cRA may not be the only endogenous ligand for RXR, various studies showed that 
vitamin A signalling (or lack of vitamin A signalling) via RXR affects expression 
of NR/RXR target genes, supporting that vitamin A-derivatives are physiological li-
gands for RXR (Chapters 2 and 3 of this thesis).
Homodimeric RXR interacts with DR-1 sequences (182). More importantly though, 
RXR is the obligate heterodimer partner of most nuclear receptors belonging to the 
NR1 subfamily. As such, RXR is a key factor in a multitude of metabolic processes, 
including bile salt homeostasis.

4.2.B. Retinoic Acid Receptor 
As for RXR, also three isotypes of the retinoic acid receptor (RAR) exist, -alpha 
(RARα/NR1B1), -beta (RARβ/NR1B2) and -gamma (RARγ/NR1B3) (183). Each 
isotype has several isoforms, of which the expression has been extensively studied in 
mouse embryonic development. RARα is ubiquitously expressed, while RARβ and 
RARγ show a more tissue- and cell type-specific distribution. RARβ is present in 
the liver capsule as well as in the epithelium and outer mesenchyme of the intestine. 
RARγ is largely absent from the gastrointestinal tract, with the exception of the squa-
mous epithelium of the stomach (184).
RAR forms heterodimers with RXR (185). RAR/RXR typically interacts with retinoic 
acid response elements (RAREs) consisting of a direct repeat of AGGTCA inters-
paced by 5 nucleotides (DR-5) (186). The main natural ligand of RAR is atRA. RARs 
also bind 9cRA, but with lower affinity than atRA (187, 188). Target genes of RAR are 
numerous and include genes involved in vitamin A metabolism, such as RBP4 and 
RBP2 (189, 190).
RAR/RXR target genes involved in bile acid homeostasis include Ntcp (191, 192) 
and ASBT (84). Also rat Cyp7a1 is reported to be an RAR/RXR target gene (193). 
Furthermore, RAR/RXR represses MRP3 transcription (194).

4.3. Bile Acid Receptors
Three members of the nuclear receptor family have been identified as bile acid sen-
sors. FXR is regarded the primary bile acid receptor, regulating transcription of key 
genes involved in bile acid synthesis and transport. The other two bile acid sensing 
NRs are PXR and VDR. These are mainly involved in the adaptive response to pre-
vent bile acid hepatoxicity. In addition, CAR is also activated by increased levels of 
bile salts. Although CAR is not a bile acid sensor by itself, bile salts and bilirubin 
induces nuclear translocation of CAR, thereby indirectly activating this NR. Like 
PXR and VDR, CAR is involved in the detoxification of bile salts. These receptors 
are extensively reviewed by Moore et al. 2006 (195). An additional bile acid receptor 
is the G protein-coupled receptor TGR5. Unlike the intracellular NRs, TGR5 is a 
cell surface receptor, responding to extracellular bile acids (196, 197). TGR5 signal-
ling is involved in energy expenditure (198) and does not seem to play a role in bile 
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acid synthesis. Therefore, functions of TGR5 will be not discussed in this chapter. 
An overview of bile acid receptor-mediated gene expression of genes involved in bile 
salt synthesis, transport and metabolism is depicted in Figure 1.7.

BSEP

OSTα/β MDR3

MRP2OATP1B3

UGT2B4

SULT2A1

CYP3A4

IBABP

MDR1

FXR
BA

PXR
BA

MRP3
VDR

BA

BACS

BAAT
CAR

UGT1A1

BA synthesis

BA transport BA detoxification

Bile formation

Figure 1.7. Bile sensors promote bile acid transport and detoxification
Bile acid-activated nuclear receptors promote transport, conjugation and detoxification of bile salts. 
While FXR primarily dictates the cellular efflux of bile salt, PXR and VDR mainly regulate the detoxi-
fication of bile salts. Dotted lines represent VDR/PXR signalling in general, meaning not restricted to 
bile salt-induced signalling.

4.3.A. Farnesoid X Receptor Is the Mammalian Bile Salt Sensor
The farnesoid X receptor (FXR/NR1H4) was originally identified in 1995 as a reti-
noid receptor-interacting protein (RIP14, (199)) and found to be activated by far-
nesol (200), retinoic acid and TTNPB (4-[E-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramet-
hyl-2-naphthalenyl)-1-propenyl] benzoic acid) (201). FXR was named after its first 
identified ligand, although a direct interaction with any of the above compounds was 
never established.
A few years later, it was established that bile acids are highly potent physiological ac-
tivators of FXR. The strongest activating bile acid is CDCA (202-204). With the dis-
covery of its endogenous ligands FXR was renamed bile acid receptor (BAR) (202), 
but the name FXR is still commonly used today. Other endogenous ligands of FXR 
include androsterone (205), PUFAs (206) and oxysterol 22(R)-hydroxycholesterol 
(207). Synthetic ligands include GW4064 (208) and 6-Ethyl-CDCA (6-ECDCA) 
(209). Plant-derived guggulsterone can function as an FXR agonist (210), but also as 
an FXR antagonist (211).
FXR is profoundly expressed in tissues that are exposed to bile salts, such as liver and 
intestine, but also in kidney and adrenal glands (200, 212). Four isoforms of FXR have 
been identified in rodents and humans, designated Fxrα1, Fxrα2, Fxrβ1, and Fxrβ2 
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(213). To complicate matters, a homolog of NR1H4 was identified, NR1H5, which 
was named FXRβ. FXRβ encodes a functional receptor for lanosterol in rodents and 
other mammals but is a pseudogene in humans (214, 215). The conserved FXRα (ge-
nerally termed FXR/NR1H4) gene encodes four protein products. Because of diffe-
rential translation initiation sites, FXRα3 (formerly “Fxrβ1”) and FXRα4 (former-
ly “Fxrβ2”) differ at their N-terminus. As a result of differential transcript splicing, 
FXRα1 (“Fxrα1”) and FXRα3 contain a four amino acid-insert in the hinge region 
that is not present in FXRα2 (“Fxrα2”) and FXRα4 (195). The FXR isoforms are dif-
ferentially expressed. In adult humans, FXRα1/2 mRNA is predominant in liver and 
adrenal gland. Expression of FXRα3/4 mRNA is most abundant in colon, duodenum, 
and kidney. FXRα3/4 mRNA levels are generally lower than that of FXRα1/2 (213).
For most transcriptional targets, FXR needs to form a heterodimer with RXRα to 
be transcriptionally active (201). The typical FXR responsive element (FXRE) is an 
inverted repeat spaced by one base pair (IR-1), with the consensus sequence AG-
GTCAnTGACCT (200). FXREs have been identified in the promoter regions of 
genes involved in bile acid homeostasis, including BSEP (216, 217), OSTα/β (218, 
219), IBABP (204, 220), BAAT/BAT (221), bile acid-CoA synthetase (BACS) (221), 
OATP1B3 (222), SHP (223-225) and within the second intron of fibroblast growth 
factor 19 (FGF19) in humans (226) and its rodent ortholog Fgf15 (227). Alterna-
tive FXR binding sequences were detected in the promoter elements of MRP2 (an 
everted repeat spaced by 8 base pairs; ER-8) (228), sulfotransferase 2A1 (SULT2A1/
STD) (an inverted repeat without spacing; IR-0) (229), UDP glucuronosyltransfera-
se 2B4 (UGT2B4) and the insulin-responsive glucose transporter 4 (GLUT4) (both 
a hexamer half-site) (230, 231). In the latter two, FXR induces transcription in the 
absence of RXRα. FXR-mediated transcriptional suppression has been described for 
apolipoprotein A-I (Apo-AI) and C-III (Apo-CIII) (232, 233). An overview of FXR 
target genes is given in Table 1.1.
FXR appears to be a multipurpose nuclear receptor (234), as it regulates expression 
of numerous target genes beyond bile acid synthesis and transport. Target genes of 
FXR are involved in processes such as blood clotting (fibrinogen (FBG) (235, 236) 
and complement factor 3 (C3) (227)), inflammation/adhesion (kininogen (KNG) 
(237) and intercellular adhesion molecule 1 (ICAM-1/CD54) (238)) and lipid and 
cholesterol homeostasis (fatty acid synthase (FAS) (239), phospholipid transfer pro-
tein (PLTP) (240) and apolipoprotein C-II (Apo-CII) (241)). Furthermore, FXR has 
been associated with liver regeneration and regrowth, (242) with glucose metabolism 
(reviewed in (243, 244)) and differentiation of bone marrow stromal cells into oste-
oblasts (245).
Studies with Fxr-/- mice revealed the central role of FXR in bile salt homeostasis. Wild 
type mice tolerate CA-feeding by reducing bile acid synthesis (Cyp7a1) and hepatic 
bile salt import (Ntcp), while simultaneously increasing bile salt excretion via BSEP. 
This regulation is strongly impaired in Fxr-/- mice that maintain bile acid synthesis 
and import upon CA-feeding with consistently low Bsep levels. As a consequence, 
CA-fed Fxr-/- mice develop significant bile acid-induced liver damage (79).
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Table 1.1. Bile salt sensor FXR is a multipurpose transcription factor

Direct target gene of FXR FXRE Reference
Transport of bile acids and 
other bile components

BSEP/ABCB11
IBABP

MDR3/ABCB4
MRP2/ABCB2

OATP1B3/OATP8
OSTα and OSTβ

IR-1
IR-1
IR-1
ER-8
IR-1
IR-1

(216, 217)
(204, 220

(246)
(228)
(222) 

(218, 219)

Bile acid metabolism BAAT
BACS

CYP3A4
CYP8B1

SULT2A1 (STD)
UGT2B4
UGT2B7

IR-1
IR-1

IR-1/DR-3, ER-8
IR-1
IR-0

Half-site
negFXRE

(221)
(221)
(247)
(248)
(229)
(230)
(249)

Negative feedback on bile 
acid transport/synthesis

FGF19/Fgf15
SHP

IR-1
IR-1

(226, 227)
(223-225)

Lipid/cholesterol metabo-
lism

Apo-CII
Apo-CIII
Apo-A1

FAS
INSIG-2

PLTP
SR-BI

IR-1
negFXRE (DR-1)

negFXRE
IR-1
IR-1
IR-1
DR-8

(250)
(233)
(232)
(239)
(251)
(240)
(252)

Blood clotting/
inflammation/adhesion

C3
Fibrinogen (FBG)

ICAM-1/CD54
Kininogen (KNG)

IR-1
ND
IR-1
IR-1

(227)
(235)
(238)
(237)

Miscellaneous ALAS1
alphaA-crystallin (CRYAA)

ASCT2
AT2R

DDAH1
eNOS

Fetuin-B
GLUT4
NAGS

NaS-1/Slc13a1
OAT2
PXR

Syndecan-1
VPAC-1

IR-1
IR-1
IR-1
IR-2
IR-1
IR-2
IR-1

Half-site
ER-8
IR-1

negFXRE (DR-1)
IR-1
DR-1
IR-1

(253)
(254)
(255)
(256)
(257)
(258)
(259)
(231)
(260)
(261)
(262)
(263)
(264)
(265)

The farnesoid X receptor (FXR)  is the primary mammalian bile acid receptor. By interacting with FXR, 
bile salts promote their own transport (e.g. bile salt export pump (BSEP)) and metabolism/clearan-
ce (cytochrome P450 3A4 (CYP3A4)). Via a negative feedback loop which involves the FXR target 
genes SHP and FGF19, bile acids suppress the synthesis of de novo bile acids. However, FXR signal-
ling is not limited to bile salt synthesis and transport. FXR target genes are also involved in proces-
ses such as blood clotting (fibrinogen (FBG) and complement factor 3 (C3)), inflammation/adhesion 
(kininogen (KNG) and intercellular adhesion molecule 1 (ICAM-1/CD54)) and lipid and cholesterol 
homeostasis (fatty acid synthase (FAS), phospholipid transfer protein (PLTP) and apolipoprotein 
C-II (Apo-C2)) and glucose metabolism (insulin-responsive glucose transporter type 4 (GLUT4)).
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4.3.B. Pregnane X Receptor
The pregnane X receptor (PXR/NR1I2), also called the steroid and xenobiotic recep-
tor (SXR), is highly expressed in liver and intestine. PXR is activated by xenobiotic 
compounds, steroids and bile acids, including LCA, CDCA and DCA (266-271).
The PXR/RXRα heterodimer binds to so-called xenobiotic response elements (XREs) 
present in the promoter region of genes encoding drug metabolizing enzymes and 
drug transport proteins. These XREs consist of specific repeats of AG(G/T)TCA orien-
ted as either a direct repeat spaced by three to five nucleotides (DR-3, DR-4 or DR-5) 
or as an everted repeat spaced by six or eight nucleotides (ER- 6 and ER-8) (272).
PXR is a master regulator of drugs and xenobiotics metabolism (273) and is involved 
in the protective response to bile salt hepatoxicity (270). PXR/RXRα induces tran-
scription of CYP3A4/Cyp3a11 (267) and SULT2A1 (274) that respectively catalyse 
hydroxylation and sulfoconjugation of compounds such as drugs, xenobiotics and 
bile salts. Hydroxylation and sulfoconjugation makes these compounds more hydrop-
hilic (polar, water-soluble), less toxic and more amenable for urinary excretion (82).
Some of the membrane-embedded transport proteins that excrete these detoxified 
compounds are regulated by PXR and also transport (metabolites of) bile salts, in-
cluding MRP3 (275), MRP2 (228) and MDR1 (273, 276). Expression of the orga-
nic anion transporter OATP1B1, which imports bile salts, is also regulated by PXR 
(272). LCA-activated PXR was shown to induce expression of murine Cyp3a11 and  
Atp1a4 (269).
Besides bile salt transport, PXR activity influences bile acid synthesis. Studies with 
Pxr-/- mice showed that PXR represses Cyp7a1 expression (269), which include both 
SHP- and FGF15-dependent mechanisms. The human SHP promoter contains a 
PXR/RXR binding site and LCA-activated PXR was shown to induce FGF19 pro-
moter activity (277). Both SHP and FGF19 (278, 279) repress CYP7A1 expression 
(discussed in section 5.3). To make matters more complex, PXR expression itself is 
regulated by FXR (263). This may further potentiate the role of PXR to bile acid 
signalling. Thus, bile acid signalling through PXR likely contributes to the adaptive 
response to prevent bile acid toxicity.

4.3.C. Vitamin D Receptor
In addition to its main natural ligand 1,25-dihydroxy vitamin D3 (1,25-(OH)2D3), the 
vitamin D receptor (VDR; NR1I1) is also activated to the same extend by LCA and 
3-keto-LCA (280, 281). VDR regulates calcium homeostasis and bone metabolism 
(reviewed by St-Arnaud (282)). The VDR/RXR heterodimer binds to vitamin D res-
ponse elements (VDREs). The typical VDRE consists of a direct hexameric (GGTC-
CA, AGGTCA, or GGGTGA) repeat spaced by 3 nucleotides (DR-3), although the 
number of spacing nucleotides may vary (283). Less frequent, everted repeats have 
also been found to act as VDREs (reviewed in (284)).
With regard to bile acid metabolism, LCA-activated VDR was shown to induce ex-
pression of CYP3A4 (280, 281, 285), MDR1 (286) and MRP3 (287), while Cyp7a1 
expression is repressed by LCA-activated VDR (286). In addition, VDR signalling 
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induces SULT2A1 (288, 289) expression and was reported to inhibit the CDCA-de-
pendent transcription of the FXR target genes SHP, IBABP and BSEP (290). VDR 
thus actively participates in the detoxification and clearance of bile acids, fine-tunes 
expression of FXR target genes and inhibits bile acid biosynthesis.

4.3.D. Constitutive Androstane Receptor
The constitutive androstane receptor (CAR; NR1I3) is highly expressed in liver and, 
as the name suggests, is a constitutive active receptor (291, 292). Transcriptional acti-
vity of CAR has different modes of action (review by Tzameli et al. (293)). Although 
CAR does not require a ligand to become transcriptionally active (294), ligands have 
been identified that modulate its constitutive activity. CAR plays a role in bilirubin 
clearance as is apparent from studies with Car-/- mice challenged with a single dose 
of bilirubin. Bilirubin itself was shown to activate CAR. However, bilirubin does not 
seem to be a direct agonist of CAR (295), but rather promotes its nuclear translocati-
on. In a similar fashion certain bile acids are able to indirectly activate CAR by indu-
cing nuclear translocation (296). The CAR/RXR heterodimer interacts with RAREs 
(291). CAR protects against bile acid toxicity in CA-fed Fxr and Pxr double knockout 
mice. Pretreatment with CAR activators resulted in decreased bile acid and biliru-
bin serum levels, through upregulation of hepatic genes involved in bile acid and/or 
bilirubin metabolism and excretion (297). Similar results were obtained comparing 
LCA-fed Car-/- and WT mice (298). Target genes of CAR involved in bile acid detoxi-
fication and clearance include cytosolic sulfotransferases (SULTs) (299), 3’-phospho-
adenosine 5’-phosphosulfate synthetase 2 (Pappss2) (299), Cyp3a11 (300), Mrp3 and 
Mrp4 (reviewed in (14)).

4.3.E. Additional Nuclear Receptors Involved in Bile Acid Metabolism
Two orphan NRs have a prominent role in the transcriptional regulation of bile acid 
homeostasis. The liver receptor homolog-1 (LRH-1) induces transcription of various 
genes involved in bile acid transport and synthesis, while the small heterodimer part-
ner (SHP) is involved in a negative feedback loop, counteracting the activity of LRH-
1 and various other NR/RXR heterodimers. The interplay between LRH-1 and SHP is 
one of the main mechanisms that fine-tunes bile salt synthesis and transport.

LRH-1 induces bile salt synthesis and transport
The liver receptor homolog-1 (LRH-1/NR5A2), also known as fetoprotein tran-
scription factor (FTF), is expressed in liver, intestine, pancreas, ovary and adrenal 
glands (301-303). It has also been named CYP7A promoter-binding factor, as it is 
well-known as a positive regulator of expression of hepatic Cyp7A1 (301). Unlike 
most NRs, LRH-1 does not form a heterodimer with RXR, but instead binds DNA as 
a monomer to an extended nuclear receptor half-site YCAAGGYCR (where Y is any 
pyrimidine and R is any purine) (302, 304).
No endogenous (or synthetic) ligand has been identified to date that is associated 
with the constitutive activity of LRH-1. Although in silico modelling studies pre-
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dict that phospholipids may directly bind to LRH-1 (reviewed by Forman (305)), 
the biological relevance of this putative interaction remains elusive. Murine LRH-1 
was shown to exist as a stable monomer in the absence of a ligand, suggesting that it 
might not need a ligand at all to be transcriptionally active (306).
LRH-1 responsive elements (LRE) have been identified in the promoter regions of 
Cyp7a1, Cyp8b1, ASBT, MRP3, BSEP, OSTα/OSTβ, ABCG5/ABCG8 and SHP (84, 
301, 307-313). LRH-1 facilitates the LXRα-mediated expression of rodent Cyp7A1 
(225, 314) and Fas (315) in vitro. Hepatic Lrh-1-/- mice showed that Cyp8b1, but not 
Cyp7a1 transcription critically depends on LRH-1 in vivo (316, 317). Also murine 
hepatic and intestinal Shp transcription depends largely on LRH-1 (316, 317).
Transactivation by LRH-1 seems to be required for maximal induction of FXR target 
genes in response to bile salts, as was shown for BSEP (311) and MRP3. For the latter, 
two adjacent LREs were identified within its promoter. Mutating either of these res-
ponsive elements resulted in loss of CDCA-induced MRP3 promoter activity (318). 
Additionally, a recent study demonstrated that LRH-1 recruits FXR to the promoter 
of genes involved in lipid metabolism (319).
Bile acid-induced transcription of LRH-1/Lrh-1 is observed in human hepatic and 
intestinal cell lines and in rat liver (224, 310, 318, 320). However, involvement of 
FXR in LRH-1 expression has not been established. Interestingly, bile acid-regulated 
expression of LRH-1 was not observed in mice (225). Taken together, current know-
ledge establishes LRH-1 as a general positive regulator of bile acid and cholesterol 
homeostasis and in some species bile salts may increase LRH-1 expression.

Small Heterodimer Partner Is a Repressor of Bile Salt Homeostasis
The small heterodimer partner (SHP/NR0B2) is an atypical member of the NR-fa-
mily, as it lacks a DNA-binding domain and a natural ligand has not been identified 
to date. However, recent evidence suggests that SHP activity can be modulated in 
a ligand-dependent fashion, albeit by synthetic compounds (e.g. 4-[3-(1-adamanty-
l)-4-hydroxyphenyl]-3-chlorocinnamic acid (3-Cl-AHPC)) (321). SHP is expressed 
in liver, small intestine, adrenal gland and spleen (322). SHP is a general negative 
transcription factor of signalling pathways involving nuclear receptors and plays an 
important role in the negative feedback on bile salt synthesis and transport. However, 
functions of SHP extend far beyond bile salt homeostasis, including control of viral 
replication (323), tumor suppression (324), sexual maturation (325), obesity and 
(type 2) diabetes (326, 327).
Transcription of SHP/Shp is induced by FXR (223-225) and LXRα (in humans) (328). 
As a consequence, Shp transcription is low in Fxr-/- mice and CA-feeding does not 
alter Shp transcription in these animals (79). SHP represses gene transcription by di-
rectly interacting with other NRs, cofactors or chromatin-modifying enzymes (322, 
329). An important SHP-target involved in positive regulation of bile acid synthesis 
and transport is LRH-1. The role of SHP in the negative feedback of bile salt homeo-
stasis will be discussed in section 5.
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Liver X Receptor
Two isoforms of the liver X receptor (LXR) are described; LXRα (NR1H3) and LXRβ 
(NR1H2) (330). LXRα is profoundly expressed in liver, intestine, kidney, adipose tis-
sue and spleen (330, 331), while LXRβ is ubiquitously expressed (332). The typical 
LXR/RXR responsive element (LXRE) is a hexanucleotide sequence (AGGTCA) se-
parated by four nucleotides (DR-4) (330, 331). LXRs are activated by cholesterol-de-
rivatives and intermediates of cholesterol metabolism, including the oxysterols 
22(R)-hydroxycholesterol, and 24(S)-hydroxycholesterol, but also 6-α-hydroxy bile 
acids (333-336). LXR signalling controls cholesterol, fatty acid and carbohydrate 
metabolism (reviewed in (337, 338)). Lxrα-/- mice suffer from impaired cholesterol 
and bile acid metabolism (339), indicating the interconnected regulation of bile acid, 
cholesterol, and lipid metabolism (162, 302, 340). Target genes of LXR that are in-
volved in bile acid and cholesterol metabolism include Cyp7a1 (334, 339), ABCG5 
and ABCG8 (341), SHP (328) and LRH-1 (342). Notably, expression of rodent, but 
not human CYP7A1, is regulated via LXR (328). LXR and FXR share, or compete 
for, responsive elements in the promoter regions of hIBABP and mOstα/β (343, 344). 
FXR signalling has been suggested to affect cholesterol transport via ABCG5 and 
ABCG8 (345). CA feeding of mice resulted in increased expression of hepatic Lxrα, 
but FXR does not seem to control Lxr expression directly (346). LXR signalling thus 
influences bile acid synthesis and co-regulates transcription of certain FXR-target 
genes involved in bile salt transport.

4.4. Permissive Versus Nonpermissive Functioning of RXR/9cRA Within the  
NR/RXR-Heterodimer
In NR/RXR heterodimers, 2 different ligands play a role in modulating the transcrip-
tional activity of the protein complex. The presence of 9cRA as the RXR ligand may 
have different effects on the NR/RXR activity depending on the specific NR and/
or target gene studied and have been subclassified as permissive and nonpermissive 
NR/RXR complexes (159, 347). In permissive NR/RXR heterodimers, RXR is both 
a structural and functional component allowing for 9cRA signalling through such a 
NR/RXR heterodimer. Ligands of RXR and its NR partner can independently and 
synergistically activate gene transcription. This has been described for PPARs (348, 
349), LXR (330) and also FXR (220, 240).
In nonpermissive NHR/RXR heterodimers RXR is merely a structural component of 
the heterodimer required for DNA-binding, but not necessarily acting as a receptor. 
Moreover, 9cRA may even repress expression of the target genes (347). RXR is non-
permissive in heterodimers with RAR (350), TR (351) and VDR (352, 353). However, 
a given NR/RXR combination is not strictly permissive or nonpermissive, as this also 
depends on the specific target gene. For instance, RXR is a permissive partner to TR 
in prolactin gene regulation (354). While RXR/CAR heterodimers seem to be neither 
strictly permissive nor nonpermissive, as the contribution of RXR/9cRA depends on 
the experimental approach. Tzameli et al. therefore argue that classifying a particular 
NR/RXR complex as either permissive or nonpermissive is an oversimplification (355).
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The RXR/FXR heterodimer has been described as permissive, based on the regula-
tion of IBABP and PLTP (220, 240). We and others have shown that RXRα acts as a 
nonpermissive partner to FXR in the regulation of human and mouse BSEP (Chapter 
2, Kassam et al. (356)).
 
5. Feedback regulation on bile salt synthesis and transport
Increased levels of circulating bile salts repress de novo synthesis of bile acids, he-
patic and intestinal bile salt uptake and promote bile salt export, detoxification and 
clearance. Both FXR-dependent and -independent mechanisms have been identified 
in this process. A schematic overview of this feedback regulation on synthesis and 
transport is depicted in Figures 1.8 and 1.9.

5.1. The FXR-SHP(-LRH-1) Cascade
Bile acid-activated FXR/RXRα enhances the expression of SHP (223, 224), which 
in turn represses the expression of hepatic CYP7A1 (223, 224), CYP8B1 (357), Ntcp 
(191) and ileal ASBT (84, 358), thereby reducing biosynthesis and cellular import of 
bile salts.
Many genes that are transcriptionally repressed by SHP are LRH-1 target genes. In-
teraction of SHP with LRH-1 prevents LRH-1-dependent gene transcription. SHP 
interacts with the AF-2 domain of LRH-1 and competes with co-activators for bin-
ding to this domain. Once bound to its target receptor and recruited to DNA, the in-
herent repression function of SHP further contributes to the overall inhibitory effect 
(359, 360).
SHP also represses the LRH-1-enhanced LXRα-dependent transcription of rodent 
Cyp7a1 (223, 225). Cyp7a1 and Cyp8b1 levels are only slightly elevated in Shp-/- mice 
compared to WT animals (346, 361-363) under normal conditions. However, the-
se animals are more susceptible to bile duct-ligation-induced cholestasis, as Cyp7a1 
(and Cyp8b1) transcription is not efficiently repressed in the absence of SHP (363). 
Transcriptional regulation of rodent Cyp7a1 differs from human CYP7A1 as the 
LXRE is not conserved in the human CYP7A1 promoter (364, 365). Activated LXRα 
represses CYP7A1 transcription in primary human hepatocytes (328). Moreover, hu-
man CYP7A1 is repressed by bile acids and this mechanism may still include SHP, 
as CYP7A1 is repressed by SHP in primary human hepatocytes (328) as well. Thus, 
SHP is of key importance in the adaptive response to increasing hepatic bile acid 
concentrations.
Expression of hepatic and ileal bile salt import proteins is also repressed in response 
to rising bile salt concentrations. Expression of rat Ntcp is regulated by hepatocy-
te nuclear factor 1 (HNF1) (366, 367), hepatocyte nuclear factor 4 alpha (HNF4α) 
(368) and RAR/RXR (192). SHP represses transcription of rat Ntcp by interfering 
with RAR/RXR-dependent transcription (191) and by lowering the HNF4α-depen-
dent transcription of Hnf1α (369). Not much is known about the bile acid-dependent 
repression mechanism on human NTCP expression.
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Figure 1.8. Bile salts transport and synthesis is regulated by bile salts themselves
The farnesoid X receptor (FXR) is the primary mammalian bile acid receptor. FXR acts as a heterodimer 
with the retinoid X receptor (RXR). By interacting with FXR, bile salts promote their own transport (e.g. 
bile salt export pump (BSEP)) and organic solute transporter α/β (OSTα/β)). Via a negative feedback 
loop that involves the FXR target genes small heterodimer partner (SHP) and fibroblast growth factor 
(FGF19), bile salts suppress the de novo synthesis of bile acids. Both SHP and FGF19 inhibit expression 
of cholesterol 7-alpha-hydroxylase (CYP7A1). SHP inhibits transcription by interfering with binding of 
the transcription factor liver receptor homolog-1 (LRH-1) to its responsive element within the promoter 
region of CYP7A1, while ileal expressed FGF19 interacts with the hepatic fibroblast growth factor re-
ceptor 4 (FGFR4). This leads in a multi-step signalling pathway to phosphorylation of c-Jun N-terminal 
kinase (JNK), which in turn inhibits CYP7A1 expression. Hepatic and ileal uptake of bile salts by the 
sodium/taurocholate co-transporting polypeptide (NTCP) and ileal bile salt transporter (ASBT), res-
pectively, is repressed by SHP. Both NTCP and ASBT are RAR/RXRα target genes. SHP interferes with 
the RAR/RXRα-dependent transcription of these genes. Notably, the human liver also expresses FGF19, 
while expression of the rodent ortholog fibroblast growth factor 15 (FGF15) seems limited to the ileum.

Human and mouse, but not rat ASBT expression is repressed by bile acids. This spe-
cies difference is explained by the absence of an LRE in the rat Asbt promoter. Mo-
reover, LRH-1 seems not to be expressed in rat ileal epithelial cells (84, 309). ASBT 
expression in Fxr-/- mice is unresponsive to bile acid feeding (309). Both LRH-1 and 
RAR/RXR responsive elements have been identified in the human ASBT promoter 
region. Mutating either of these two sequences was found to reduce ASBT promoter 
activity, but only the RARE appeared to be required for bile acid-dependent inhibiti-
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on of ABST expression (84). Expression of both human NTCP and ASBT is strongly 
increased by the nuclear receptor glucocorticoid receptor (GR/NR3C1). ASBT/NTCP 
activation by GR can be inhibited by SHP (370, 371).
Inhibition of BSEP, OST α/β and MRP3 expression via LRH-1 and SHP does not seem 
to contribute to the cytoprotective mechanisms activated by increasing intracellular 
bile acid levels, as it prevents the clearance of bile acids.

5.2. Questioning the Role of LRH-1 In Negative Feedback Regulation
Interestingly, studies with liver- and intestine-specific Lrh-1 deficient mice showed 
that LRH-1 is not required for the negative feedback regulation of bile acid synthe-
sis, irrespective of its established role in bile acid homeostasis (316, 317). Cyp7a1 
and Cyp8b1 transcription is higher in Lrh-1+/- heterozygote mice than in WT mice, 
which is accompanied by an increased bile salt concentration in bile. Overexpression 
of LRH-1 in mice repressed both Cyp7a1 and Cyp8b1 transcription, suggesting that 
LRH-1 might also act as a repressor of bile acid biosynthesis (372). Shp-/- mice have 
slightly elevated Cyp7a1, Cyp8b1 and Bsep mRNA levels (346, 361). The increase in 
Bsep is probably the result of the increased bile acid pool size in these animals (346). 
However, lack of SHP may also increase Bsep expression by lack of inhibition of LRH-
1, like observed for Cyp7a1 and Cyp8b1 (311). Together, these studies indicate that 
both the basal levels of the constitutive active LRH-1 and its interaction with SHP 
determine its effect on bile acid homeostasis.

5.3. Redundant Pathways of Bile Acid Synthesis Repression
In contrast to what would be expected from the feedback control mechanisms des-
cribed above, Cyp7a1 expression is strongly increased in bile duct-ligated rodents, 
despite high concentrations of bile salts in the liver and blood. Feeding these bile 
duct-ligated mice the FXR ligand GW4064 decreased hepatic Cyp7a1 expression 
(279). Also CA feeding of Shp-/- mice repressed Cyp7a1 and Cyp8b1 transcription 
(361, 362). These finding stipulate the existence of FXR-SHP-independent feedback 
mechanisms to repress bile acid biosynthesis.
 
5.3.A. FXR - FGF19 - JNK Mediated Repression of CYP7A1 Expression
An alternative mode of CYP7A1 repression is provided by FGF19 (Fgf15 in rodents) 
(226). Bile acids from the intestinal lumen activate ileal FXR/RXRα and increase ex-
pression of Fgf15. Ileal FGF15 is released in the blood and signals to the liver via the 
hepatic fibroblast growth factor receptor 4 (FGFR4), which leads to phosphorylati-
on of JNK (226, 279). Activated JNK represses CYP7A1 expression (226, 346, 373). 
Consequently, both Fgf15-/- and Fgfr4-/- mice display higher Cyp7a1 mRNA expres-
sion than WT mice and an inability to repress Cyp7a1 in response to feeding of FXR 
ligands. Asbt-/- mice have lower Fgf15 transcription and higher Cyp7a1 and Cyp8b1 
transcription levels than WT mice (374), indicating that reabsorbed bile acids in the 
ileum determine the rate of de novo bile acid biosynthesis.
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Figure 1.9. Bile  acid sensors engage in negative feedback on bile acid biosynthesis and cellular 
import
Bile salt-activated FXR suppresses bile acid synthesis (CYP7A1) via SHP and FGF19. Inhibiti-
on of CYP7A1 via FGF19 involves the phosphorylation of JNK. SHP also limits cellular uptake 
of bile salts by inhibiting NTCP and ASBT expression. In addition to FXR signalling, bile acid sig-
nalling via PXR and VDR also contribute to the negative feedback regulation on bile acid syn-
thesis. PXR signalling promotes expression of FGF19 and SHP. Furthermore, interaction bet-
ween the ligand-activated PXR and SHP proteins enhances inhibition of CYP7A1 (dotted line). 
Moreover, PXR is an FXR-target gene itself. Bile acid signalling via VDR inhibits CYP7A1 by com-
peting with other transcription factors at the CYP7A1 promoter. FXR-independent CYP7A1 re-
pression mechanisms may converge the FXR-dependent mechanism on JNK phosphorylation.

Additionally, FGF15/FGF19 was recently shown to inhibit ASBT expression (375), 
expending FXR-FGF15/FGF19 signalling to bile acid transport. Thus, the FXR-SHP 
and the FXR-FGF19 signalling cascades are both involved in feedback mechanisms 
that control bile salt synthesis and transport.

5.3.B. SHP and FGF19 Pathways Overlap
SHP-independent mechanisms of CYP7A1 repression seem to dominate over SHP 
dependent mechanisms, as Cyp7a1 repression prevails in the absence of Shp (362), 
but not in the absence of Fgf15 (279). However, SHP does not seem to be fully dis-
pensable in the negative feedback loop of bile acid biosynthesis. Activation of either 
FXR or RXR by feeding mice synthetic ligands GW4064 or LG100268, respectively, 
was found to repress Cyp7A1 transcription, but this was dependent on SHP (346, 
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361). However, CA-feeding reduced Cyp7a1 (and Cyp8b1) mRNA levels in Shp-/- 
mice, but this seems to depend on hepatoxicity rather than on FXR signalling (361). 
Moreover, the FGF15- and SHP-dependent repression of Cyp7a1 overlap, since SHP 
significantly enhances the FGF15 mediated repression of Cyp7a1 mRNA (279).

5.3.C. FXR Independent Repression
The negative feedback loop on bile acid biosynthesis also includes FXR-indepen-
dent mechanisms. LCA-activated PXR (269) or VDR (376) represses Cyp7a1 gene 
expression. This mode of repression may involve FGF19/FGF15, as it has been shown 
that the FGF19 promoter is activated by LCA-activated PXR in intestinal cells (277). 
Alternatively, LCA-activated PXR is suggested to bind to the bile acid response ele-
ment (BARE)-I in the CYP7A1 promoter and inhibits CYP7A1 transcription by both 
SHP-dependent and -independent pathways. PXR strongly interacts which SHP in a 
ligand-dependent manner (377).
FXR-SHP-independent bile acid-induced expression of inflammatory cytokines (e.g., 
tumor necrosis factor alpha (TNFα) and interleukin beta (IL-1β)) by Kupffer cells 
may mediate CYP7A1 repression as well (378, 379). Ito and co-workers reported that 
mice lacking the membrane protein beta-klotho (KLB) have increased Cyp7a1 and 
Cyp8b1 mRNA expression, while bile acid-dependent repression of these genes was 
still largely intact. Recently, KLB has been shown to modulate FGF19/FGF15 signal-
ling via FGFR4 (380, 381). This links the observation that KLB inhibits ASBT expres-
sion, to the repression of ABST by FGF19/FGF15 (375).

5.3.D. FXR Dependent and Independent Repression of CYP7A1 Converges at JNK
Bile acid signalling via FGF15/19, TNFα, IL-1β and protein kinase C (PKC) (377, 
382) all activate JNK. Activated JNK in turn activates jun proto-oncogene (JUN), 
which inhibits the HNF4α-dependent transcription of CYP7A1 (383), and induces 
Shp expression (373). Additionally, phosphorylation of FXR by PKC promotes its 
transcriptional activity (384). This way, signalling via both FXR dependent and in-
dependent pathways may converge and amplify each other in the effort to repress 
CYP7A1 expression.
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6. Aim and outline of this thesis
Vitamin A and bile acid homeostasis are interrelated at various levels. Bile salts are 
required for hydrolysis of retinyl esters in the intestinal lumen and the absorption of 
vitamin A into the intestinal epithelium. Consequently, patients suffering from ob-
structive cholestasis suffer from malabsorption of vitamin A. Synthesis of bile acids 
takes place in the liver, which also serves as the primary site of vitamin A storage 
in the mammalian body. Liver disease may progress to liver fibrosis and affect the 
hepatic stellate cells that contain the vitamin A in intracellular lipid droplets. Du-
ring fibrosis, stellate cells become activated and differentiate to proliferative and con-
tractile myofibroblasts that overproduce extracellular matrix proteins leading to the 
characteristic scar tissue formation. In this process they lose their retinoid content. 
Thus cholestasis effectively promotes depletion of vitamin A from the organism by 
emptying the stores and preventing uptake.
Bile acids and vitamin A-derivatives like 9-cis retinoic acid (9cRA) co-regulate bile 
acid synthesis in the liver and transport between the liver and intestine. They act 
mainly by activating transcription factors of the nuclear receptor family, in particular 
the farnesoid X receptor (FXR) and the retinoid X receptor-alpha (RXRα). FXR is 
activated by bile acids and RXRα by 9cRA and they act together as a heterodimer in 
regulating expression of genes involved in bile acid synthesis and transport.
The role of bile acid-activated FXR in regulating bile acid homeostasis has been well 
established. However, the role of its heterodimer partner RXR remains largely illusi-
ve. As many chronic liver diseases may develop to vitamin A deficiency, the putative 
role of vitamin A in bile salt homeostasis is therefore highly relevant.
In this thesis, we aim to determine the role of vitamin A in the FXR/RXRα-mediated 
regulation of bile acid homeostasis both in vitro and in vivo models.
In chapter 2, we performed in vitro and in vivo experiments to analyse the effect of 
vitamin A on the bile acid-induced expression of the transporter that is responsible 
for secretion of bile salts from the liver, the bile salt export pump (BSEP).
In chapter 3, we analysed the effect of vitamin A on the bile acid-induced expressi-
on of the small heterodimer partner (SHP), which is a transcriptional repressor of 
several genes in bile acid synthesis and transport. Even though expression of both 
BSEP and SHP is induced by FXR, we observed opposite effects of 9cRA on their 
expression, repressing BSEP and super-inducing SHP. Chapter 2 and 3 include a 
detailed analysis of the molecular mechanisms that cause this opposite effect of 9cRA 
on BSEP and SHP expression.
Given the fact that vitamin A-derivatives indeed directly affect expression of genes 
involved in bile salt biosynthesis and transport, we analysed in chapter 4 whether 
vitamin A deficiency in laboratory animals leads to changes in bile salt homeostasis.
Finally, in chapter 5 we analysed whether the combination of vitamin A deficiency 
and obstructive cholestasis in laboratory animals leads to uncontrolled bile salt regu-
lation and putatively to aggravation of liver damage.
In chapter 6 an integrated discussion of all our data is presented.
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Abstract

The farnesoid X receptor/retinoid X receptor-alpha (FXR/RXRα) complex regu-
lates bile salt homeostasis, in part by modulating transcription of the bile salt ex-
port pump (BSEP/ABCB11) and small heterodimer partner (SHP/NR0B2). FXR 
is activated by bile salts, RXRα by the vitamin A derivative 9-cis retinoic acid 
(9cRA). Cholestasis is associated with vitamin A malabsorption. Therefore, we 
evaluated the role of vitamin A/9cRA in the expression of human and mouse bile 
salt export pump (hBSEP/mBsep), small heterodimer partner (hSHP/mShp), and 
mouse sodium-dependent taurocholate co-transporting polypeptide (mNtcp). 
HBSEP and hSHP transcription were analyzed in FXR/RXRα-transfected HepG2 
cells exposed to chenodeoxycholic acid (CDCA) and/or 9cRA. BSEP promoter 
activity was determined by luciferase reporter assays, DNA-binding of FXR and 
RXRα by pull-down assays. Serum bile salt levels and hepatic expression of Bsep/
BSEP, Shp, and Ntcp were determined in vitamin A–deficient (VAD)/cholic acid 
(CA)-fed C57BL/6J mice. Results indicated that 9cRA strongly repressed the CD-
CA-induced BSEP transcription in HepG2 cells, whereas it super-induced SHP 
transcription; 9cRA reduced DNA-binding of FXR and RXRα. The 9cRA repres-
sed the CDCA-induced BSEP promoter activity irrespective of the exact sequence 
of the FXR-binding site. In vivo, highest Bsep messenger RNA (mRNA), and pro-
tein expression was observed in CA-fed VAD mice. Shp transcription was highest 
in CA-fed vitamin A–sufficient mice. Ntcp protein expression was strongly redu-
ced in CA-fed VAD mice, whereas mRNA levels were normal. CA-fed control and 
VAD mice had similarly increased serum bile salt levels. Conclusion: We showed 
that 9cRA has opposite effects on bile salt–activated transcription of FXR/RXRα 
target genes. Vitamin A deficiency in CA-fed mice leads to high BSEP expression. 
Clearance of serum bile salts may, however, be limited because of post-transcrip-
tional reduction of NTCP. The molecular effects of vitamin A supplementation 
during cholestasis need further analysis to predict a therapeutic effect.

Introduction

Vitamin A and its metabolites retinaldehyde and retinoic acids fulfill important 
physiological functions at all stages of life, such as during embryogenesis, growth, 
and differentiation of tissues and reproduction (1,2). Mammals cannot synthesize 
vitamin A, and therefore it must be obtained from carotenoids and retinyl esters pre-
sent in the diet. The liver is the main storage site of vitamin A in mammals. Approxi-
mately 80% of the whole body content of retinols resides as retinyl palmitate in lipid 
droplets in the cytoplasm of hepatic stellate cells (3). Retinyl palmitate is the precurs-
or for biologically active compounds such as retinoic acid, all-trans retinoic acid, and 
9-cis retinoic acid (9cRA).
Vitamin A is a fat-soluble vitamin, and efficient absorption in the intestine is de-
pendent on the presence of micellar bile salts. Bile salts are synthesized in the liver 
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and efficiently maintained in an enterohepatic circulation because of the action of 
membrane-embedded bile salt transporter proteins in hepatocytes and enterocytes 
(4). Bile salt biosynthesis and transport are tightly controlled processes in which the 
bile salt–activated nuclear receptor farnesoid X receptor (FXR/NR1H4 [nuclear re-
ceptor subfamiliy 1, group H, member 4]) plays a key role (5). FXR acts as a hetero-
dimer with the retinoic X receptor-alpha (RXRα/NR2B1 [nuclear receptor subfamily 
2, group B, member 1]), the ligand of which is 9cRA. FXR/RXRα binds to a speci-
fic DNA-sequence, the FXR response element (FXRE), which is most commonly an 
inverted repeat with 1 nucleotide spacing (IR-1) (6). Key targets that are positively 
regulated by FXR/RXRα in the liver are the genes encoding the bile salt export pump 
(BSEP/ABCB11 [ATP-binding cassette, sub-family B, member 11]) (7, 8) and the 
orphan nuclear receptor small heterodimer partner (SHP/NR0B2 [nuclear receptor 
subfamily 0, group B, member 2]) (9, 10). BSEP transports bile salts from the liver to 
the bile. SHP represses expression of the basolateral sodium-dependent taurocholate 
co-transporting polypeptide (NTCP/SLC10A1) in conjunction with other mechanis-
ms that repress expression of this transporter (11, 12). In addition, SHP also represses 
expression of cholesterol 7-hydroxylase (CYP7A1) (9, 10), the rate-limiting enzyme 
in bile salt biosynthesis.
Cholestatic liver disease is associated with malabsorption of fat-soluble vitamins, 
including vitamin A, caused by low intestinal bile salt concentrations (13-15). Mo-
reover, in these disorders hepatic stellate cells become activated, transdifferentiate 
into (myo)fibroblasts, and lose their retinoid content (3). So far, most studies repor-
ting on FXR/RXRα-dependent regulation of target genes have been focused on the 
ligands for FXR, either natural or synthetic. The role of 9cRA-activated RXR has not 
been studied in detail. One study reported that ligand-activation of RXR inhibits the 
FXR-induced transcription of human BSEP (16). However, the combined action of 
the natural ligands for FXR and RXRα on transcriptional regulation of BSEP has not 
been reported.
The aim of this study was to determine the interaction of chenodeoxycholic acid 
(CDCA) and 9cRA on FXR/RXRα-regulated transcription of human BSEP and SHP. 
In addition, we analyzed the in vivo effects of vitamin A deficiency in mice fed a cho-
lic acid–supplemented diet.

Material and methods

Animals
Pregnant (2 weeks post coitum) C57BL/6J mice were obtained from Harlan (Horst, 
The Netherlands) and were housed in a temperature-controlled environment with 
alternating 12-hour light and dark cycles. Food and water were available ad libitum.

Experimental Design
Male mice (offspring) were made vitamin A deficient essentially as described (17). 
Briefly: Dams (+ offspring) were divided into two groups; one placed for 13 weeks on 
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a vitamin A–deficient diet (VAD; no. 4148.10, Hope Farms, Woerden, The Nether-
lands) and the other on a control diet (ref. no. 4068.02, Hope Farms), containing 
18,000 international units vitamin A/kg. Subsequently, both groups were divided into 
two subgroups, one continued on the original diet (VAD; n = 6 or control diet; n = 6), 
and the other continued on the original diet supplemented with 0.5% (wt/wt) cholic 
acid (VAD+CA; n = 7 or control diet + CA; n = 7). One week later, the mice were 
sacrificed. The livers were removed and processed for (1) plasma membrane isola-
tion, (2) RNA isolation, and (3) immunofluorescent microscopy. The experimental 
protocol was approved by the Ethical Committee on Animal Testing of the University 
of Groningen.

Cell Culture and Transfection
The human hepatoma cell line HepG2.rNtcp (18) and derivatives were cultured as de-
scribed earlier, (8) with the exception that lipid-stripped serum (Biosera, East Sussex, 
UK) was used instead of normal serum. HepG2.rNtcp cells were transiently transfec-
ted with (combinations of) plasmids as described previously. (8) Twenty-four hours 
after transfection, medium was refreshed and supplemented with 100 µmol/L CDCA 
and/or 9cRA in various concentrations, as described in the text. Cells were harvested 
after 24 hours for determination of luciferase activity and total RNA isolation.

Cell Viability Assay
HepG2.rNtcp cells were exposed to various concentrations of CDCA  (0-500µmol/L) 
with or without 1 µmol/L 9cRA for 24 hours. The cell viability was determined by 
measuring adenosine triphosphate levels with the Cell Titer Glow assay (Promega, 
Madison, WI).

Plasmids
The plasmids pSG5-hRXRα (overexpression of RXRα), pGL3-1649 (previously na-
med GL3- 1779 = luciferase reporter vector containing the -1649 to +25 bp BSEP/
ABCB11 promoter fragment) pCMV5 and pGEM-5 (control and carrier plasmids) 
have been described previously. (8)  Six nucleotide changes were introduced in the 
FXRE of pGL3-1649 by site-directed mutagenesis (see Supporting Table 2.S1 for 
primers used), yielding pBSEP-FXRESHP, containing the FXRE sequence of human 
SHP (Fig. 2B). Modified sequences were confirmed by sequence analysis. The human 
FXR expression plasmid (19) was provided by Prof. B. Staels, Lille, France.

RNA Isolation and Quantitative Polymerase Chain Reaction
Total RNA isolation and quantitative real-time detection reverse transcription poly-
merase chain reaction (RT-qPCR) analysis of BSEP/Bsep, SHP/Shp, Ntcp, and Rxrα 
messenger RNA (mRNA) levels were described before (8, 20). Details about primer 
and probe sequences are shown in Supporting Table 2.S2.



Low Retinol Levels Differentially Modulate Hepatic Bile Salt Transporters

67

Biochemical and Analytical Procedures
Liver retinol concentrations (21) and total serum bile salt concentrations (22) were 
determined as described. The BSEP promoter activity was measured using the luci-
ferase reporter assay kit (8) according to the supplier’s protocol (Promega, Madison, 
WI). Nuclei were isolated from FXR/RXRα-transfected HepG2.Ntcp cells according 
to Shoemaker et al. (23) and analyzed by western blotting (24) for RXRα and P84 
(nuclear marker). Total plasma membranes were isolated from three or four poo-
led mouse livers using sucrose-gradient ultracentrifugation as described (25). Equal 
protein fractions of liver plasma membrane proteins were analyzed by western blot 
analysis for BSEP, NTCP, and Na+K+-adenosine triphosphatase (ATPase) (loading 
control). Antibodies used in this study: anti-Na+K+-ATPase (gift from Dr. W. Peters, 
Radboud University Medical Center, Nijmegen, The Netherlands), anti-FXR (PP-
A9033A-00; Perseus, Japan); anti- RXRα (D-20; sc-553; Santa Cruz Biotechnology, 
Santa Cruz, USA); anti-BSEP (K12; (25)) and anti-P84 (ab487; Abcam, Cambridge, 
UK). Protein concentrations were determined using the Bio-Rad Protein Assay sys-
tem (Bio-Rad GmbH, Munich, Germany) using bovine serum albumin as a standard.

FXR/RXRα Pull-Down Assay
A biotin-labeled, FXRE-containing DNA probe and streptavidin-coated beads were 
used to precipitate FXR/RXRα as described (26), with the following modifications:  
Two  53-bp  oligo’s (Supporting Table 2.S1) were annealed, creating a double-stran-
ded, biotin-labeled 53-bp DNA fragment from the BSEP promoter containing the 
FXRE. The biotin-labeled probe was coupled to streptavidin-coated beads. A cleared 
protein lysate was prepared of HepG2.rNtcp cells. FXRE beads were incubated for 
4 hours with soluble HepG2.rNtcp proteins (equivalent of 2 × 106 cells) in the pres- 
ence or absence of CDCA (100 µmol/L) and/or 9cRA (1 µmol/L). FXRE beads with 
bound proteins were washed three times with ice-cold phosphate-buffered saline 
containing 1 mmol/L ethylenediaminetetra-acetic acid, and 1 mmol/L dithiothreitol. 
Precipitated proteins were solubilized in sodium dodecyl sulfate polyacrylamide gel 
electrophoresis sample buffer and subjected to western blotting for the detection of 
FXR and RXRα.

Confocal Laser Scanning Microscopy
For microscopical analyses, 4-µm sections were cut from frozen mouse liver tissue. 
After drying, the liver sections were fixed in acetone and stained for BSEP expression 
using K12, with the corresponding secondary antibody Alexa fluor 488 (Alexis Bio-
chemicals, Lausen, Switzerland). Images were taken with a confocal scanning laser 
microscope (TCS 4D; Leica, Heidelberg, Germany) equipped with an argon/krypton 
laser and coupled to a Leitz DM IRB (Leica, Heidelberg, Germany) inverted micro-
scope.

Statistical Analysis
Data are presented as mean ± standard deviation (SD). Differences between the 
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in vitro quantitative polymerase chain reaction groups or animal groups were de-
termined in SPSS by Kruskal-Wallis followed by pairwise comparison of groups by 
Mann-Whitney U with p < 0.05.

Results

9-cis Retinoic Acid Differentially Modulates CDCA-Induced Transcription of 
Human BSEP and SHP
The mRNA levels of human BSEP and SHP were analyzed in FXR/RXRα-transfected 
HepG2.rNtcp cells cultured in the presence or absence of CDCA (100 μmol/L) and/
or 9cRA. CDCA alone resulted in a significant (4.9-fold) increase in BSEP mRNA 
levels (Figure 2.1A). The CDCA-induced BSEP transcription was, however, strongly 
attenuated when also 1 μmol/L 9cRA was added to the culture medium (58% compa-
red with CDCA-treated cells). This inhibitory effect was dose-dependent, and 9cRA 
did not increase BSEP transcription above the CDCA-induced level at any 9cRA con-
centration tested (down to 1 pmol/L; data not shown). In contrast, transcription of 
SHP was maximally induced in the presence of both ligands (Figure 2.1B). A simi-
lar ligand-dependent expression profile was detected in untransfected HepG2.rNtcp 
cells, and maximal effects were detected with 100 μM CDCA, although the same 
pattern of regulation was observed at lower concentrations of CDCA (Supporting 
Figure 2.S1).The nuclear RXRα protein levels appeared slightly but significantly de-
creased after 9cRA treatment (Figure 2.1C), as reported by others (27). However, 
9cRA did not significantly decrease nuclear RXRα levels in CDCA-treated HepG2.
rNtcp cells. HepG2.rNtcp cells showed normal viability under our experimental con-
ditions (Figure 2.1D). A reduction in cell viability was only detected at concentrati-
ons above 100 mol/L CDCA. Therefore, our data show that, in addition to synthetic 
ligands (16), natural ligands of RXRα repress FXR/CDCA-induced transcription of 
BSEP. Moreover, SHP transcription is regulated in an opposite fashion under identi-
cal experimental conditions. 

Table 2.1. Effect of VAD and the CA-diet on General Animal Characteristics

Control
n = 6

Control + CA
n = 7

VAD
n = 6

VAD + CA
n = 7

Body weight (g) 26.9 ± 1.1 25.8 ± 1.6 22.9 ± 2.8* 24.6 ± 3.6†
Liver weight (g) 1.0 ± 0.2 1.2 ± 0.1 1.0 ± 0.2 1.0 ± 0.2
Liver to body ratio (%) 3.7 ± 0.6 4.5 ± 0.3 4.4 ± 0.5 4.2 ± 0.8
Liver retinol (µmol/g) 93.6 ± 33.8 135.9 ± 34.2 n.d. n.d.

Data are presented as mean ± SD.
*Significantly different from control group.
†Significantly different from VAD group.
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Figure 2.1. Opposite effect of 9cRA on FXR/RXR/CDCA-induced expression of human BSEP and 
SHP
(A,B) FXR/RXRα-transfected HepG2.rNtcp cells were exposed to combinations of vehicle, 100 μmol/L 
CDCA, and 1 μmol/L 9cRA. BSEP (A) and SHP (B) mRNA levels were determined by quantitative 
RT-PCR and normalized to 18S (n = 5). CDCA-treated condition was set to 100%. (asignificantly diffe-
rent from transfected -/-; bsignificantly different from transfected -/9cRA; csignificantly different from 
transfected CDCA/-; dsignificantly different from transfected CDCA/9cRA) (C) FXR/RXRα-transfected 
HepG2.rNtcp cells were exposed to 0 or 100 μmol/L CDCA with or without 1 μmol/L 9cRA followed by 
isolation of nuclei. RXRα and P84 (nuclear marker) were detected by western blotting, and the RXRα 
signals from four independent experiments were quantified relative to P84. (D) HepG2 cell viability af-
ter 24 hours’ exposure to increasing concentrations of CDCA in the absence or presence of 1 μmol 9cRA. 
Reduced cellular adenosine triphosphate levels were only observed in HepG2 cells exposed to CDCA
concentrations above 100 μmol. Data are presented as mean ± SD. *P < 0.05.
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Figure 2.2. 9cRA inhibits CDCA-induced 
BSEP promoter activity, independent of the 
specific IR-1 sequence
(A) HepG2.rNtcp cells were transfected with 
pGL3-1649 and hRXRα and/or hFXR expres-
sion plasmids as indicated. Twenty-four hours 
after treatment with 100 μmol/L CDCA and va-
rious concentrations of 9cRA (μmol/L), cellular 
luciferase activities were determined. Values 
are presented as mean ± SD of n = 3. (B) The 
FXRE in the BSEP promoter was replaced by 
the FXRE from the SHP promoter. Nucleotide 
variations compared with the consensus IR-1 

are shown in bold; mutations in the BSEP FXRE are underlined. (C) The pBSEP-WT (pGL3-1649) and 
pBSEP-FXRESHP were co-transfected with hFXR and hRXR into HepG2.rNtcp cells. Twenty-four hours 
after treatment with combinations of vehicle, 100 μmol/L CDCA, and 1 μmol/L 9cRA, cells were harve-
sted and luciferase activities were determined. Values are presented as mean ± SD; n = 3.

9cRA Reduces the CDCA-Induced BSEP Promoter Activity by Inhibiting Bin-
ding of FXR/RXRα to the FXRE
To assess whether 9cRA acts directly on FXR/RXRα-regulated BSEP transcription, 
we performed BSEP promoter activity studies. HepG2.rNtcp cells were transfected 
with hFXR and hRXRα expression plasmids and pGL3-1649 containing the BSEP 
promoter sequence with an FXRE present at position 63 to 51. CDCA (100 μmol/L) 
induced BSEP promoter activity 11-fold in these cells. 9cRA reduced the CDCA-in-
duced luciferase activity in a dose-dependent manner (63% at 1 μmol/L 9cRA; Fi-
gure 2.2A), similar to the effect of 9cRA on the endogenous BSEP mRNA levels. To 
establish the molecular mechanism involved, we performed FXR/RXRα pulldown 
assays using a biotin-labeled 53-bp DNA fragment from the human BSEP promo-
ter containing the FXRE (Figure 2.3). CDCA and/or 9cRA were added to protein 
extracts of HepG2.rNtcp cells, followed by precipitation by the biotin-labeled FXRE 
beads and western blot analysis for FXR and RXRα. CDCA clearly induced binding 
of both FXR and RXRα to the FXRE beads, whereas 9cRA strongly reduced binding 
of RXRα (80%) and FXR (30% to 40%). Similar results were obtained by electrop-
horetic mobility shift assays (Supporting Figure 2.S2).These results are in line with 
earlier observations that 9cRA inhibits binding of in vitro translated FXR/RXRα to 
the BSEP-FXRE after co-stimulation with the synthetic
FXR ligand GW4064 (16). We next evaluated whether the opposite effect of 9cRA on 
FXR/CDCAinduced expression of BSEP and SHP is attributable to the specific nu-
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cleotide sequence of the FXREs in the promoter elements of the corresponding genes. 
The FXRE in the BSEP promoter was changed to the one present in the SHP promo-
ter (Figure 2.2B; pBSEP-FXRESHP contains six mismatches compared with the BSEP 
promoter). As shown in Figure 2.2C, 9cRA also reduced the CDCA-induced activity 
of the pBSEP-FXRESHP mutant promoter, similar to the wild-type BSEP promoter.

Figure 2.3. RXRα acts as a nonpermissive 
partner of FXR at the BSEP FXRE
A 53-bp biotinylated DNA probe containing 
the BSEP FXRE was incubated in vitro with a 
total protein extract of HepG2.rNtcp cells in 
the presence or absence of 9cRA and/or CDCA. 
Streptavidin-coated agarose beads were used to 
precipitate the DNA probe with associated pro-
teins. Antibodies against FXR and RXRα were 
used in western blot analysis, and the signals 
were quantified as a measure for ligand-depen-

dent binding/release to the BSEP FXRE. CDCA induced binding of FXR and RXRα to the FXRE (both 
set at 100%), and 9cRA reduced binding of both nuclear receptors under basal and CDCA-induced 
conditions.

Vitamin A Deficiency Increases Cholic Acid–Induced Bsep Expression in Mouse 
Liver.
Next, we analyzed whether vitamin A plays a role in regulation of hepatic Bsep and 
Shp expression in mice. From our in vitro data, we hypothesized that Bsep expression 
is high when vitamin A levels are low. Therefore, we generated vitamin A–deficient 
(VAD) mice and fed them a cholic acid (CA)–supplemented diet. Retinol levels were 
undetectable in the livers of VAD mice, whereas these were readily detectable in mice 
on control diets (Table 2.1). CA treatment itself did not significantly affect hepatic 
vitamin A levels. CA feeding of VAD mice resulted in a strong induction of hepatic 
Bsep mRNA levels (3.2-fold increased compared with control; p = 0.002), whereas 
only a 1.7-fold increase was observed in mice on control diets (p = 0.001; Figure 
2.4A). Importantly, Bsep mRNA levels were similar in VAD and control mice that 
did not receive CA. In contrast, Shp mRNA levels were highest in CA-fed ontrol mice 
(2.2-fold increase compared with control without CA feeding; p = 0.022) (Figure 
2.4B). CA feeding of mice has been reported to lead to FXR-dependent downregula-
tion of Ntcp (28). Indeed, we found that the Ntcp mRNA levels were strongly reduced 
in CA-fed control mice (67%, p = 0.022 versus control) (Figure 2.4C). Remarkably,
CA feeding had no effect on Ntcp mRNA levels in VAD mice, which were comparable 
to control mice. Rxrα gene transcription was similar in all four groups. Only a slight 
and significant increase of Rxrα mRNA level was detected in the VAD+CA group 
(1.5-fold increase compared with control, p = 0.009, Figure 2.4D). Bsep protein levels 
in purified liver plasma membranes were comparable in control and VAD mice (Fi-
gure 2.5A). CA feeding of control mice did not lead to a significant increase in Bsep 
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protein levels. In contrast, Bsep protein levels were markedly increased (2.5-fold) in 
VAD+CA mice. Immunofluorescent microscopical analyses of liver sections showed 
a normal canalicular staining for BSEP for mice from all four groups, indicating that 
neither the VAD diet nor CA feeding gave rise to abnormal BSEP sorting in hepato-
cytes (Figure 2.5B-E).

Figure 2.4. Effect of CA feeding on hepatic mRNA levels of selected genes in control and VAD mice 
Total RNA was isolated from livers of mice either fed the control diet (black bars) or VAD diet (white 
bars), with (+) or without (-) CA supplementation. Relative Bsep (A), Shp (B), Ntcp (C), and Rxrα (D) 
mRNA levels were analyzed by quantitative RT-PCR and normalized to 18S. Data are presented as mean  
± SD of individual mice per group. (aSignificantly different from control group; bsignificantly different 
from control+CA group; csignificantly different from VAD group; dsignificantly different from VAD+ 
CA group)

Bile Salt Clearance Is Not Increased in CA-fed VAD Mice
To determine the consequences of the altered bile salt transporter expression in VAD 
mice, we analyzed the serum bile salt concentration in the four animal groups (Fi-
gure 2.6). As expected, the serum bile salt concentration was increased in CA-fed 
control mice compared with the control animals (29.5 ± 4.4 μmol/L versus 55.8 ± 
17.7 μmol/L, p = 0.006). A VAD diet per se did not lead to elevated serum bile salt 
levels. However, levels in CA-fed VAD mice were significantly increased compared 
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with those in VAD mice (30.2 ± 8.5 versus 107.7 ± 93.1, p = 0.002). No significant 
difference was observed between the CA-fed control and VAD groups. To find an 
explanation for the elevated serum bile salt levels in the CA-fed VAD mice, we de-
termined the protein levels of NTCP in total hepatic membranes. In sharp contrast 
to what was expected from the mRNA levels (Figure 2.4C), Ntcp protein levels were 
strongly reduced (77%) in the CA-fed VAD mice (Figure 2.7). This may strongly 
limit the hepatic bile salt uptake from the serum.

Figure 2.5. Bsep protein expression is increased by CA feeding in VAD mice, but not in control mice 
(A) Total plasma membranes were isolated from three or four pooled livers from control or VAD mice 
receiving a diet supplemented with (+) or without (-) CA. Equal amounts of two independent mem-
brane isolations were analyzed by western blotting for BSEP and Na+K+-ATPase protein expression. 
Western blot signals were scanned and quantified by Quantity One software. BSEP levels are expressed 
relative to the Na+K+-ATPase . BSEP levels of control mice were set to 1. Values are presented as mean 
± SD. (B-E) Liver sections from control mice (B), CA-fed control mice (C), VAD mice (D), and CA-fed 
VAD mice (E) were stained for BSEP, and its subcellular location was determined by confocal laser 
scanning microscopy.
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Discussion

In this study, we show that vitamin A and its derivative 9cRA exert both transcripti-
onal and post-transcriptional effects on the expression of hepatic proteins involved 
in bile salt homeostasis. Because cholestatic liver disease is associated with vitamin 
A deficiency (13-15), it is crucial to understand the molecular mechanisms involved. 
This may lead to novel treatment strategies aimed at optimizing transporter function 
in the liver.
The FXR/RXRα heterodimer is the key transcriptional factor that controls bile salt 
homeostasis. Activation of FXR/RXRα by bile salts is well documented. The role of 
ligand-activated RXRα in regulation of FXR/RXRα target genes has not been syste-
matically studied. RXRα is a dimerization partner for many nuclear receptors. Ligand 
(9cRA)-activated RXRα is called a permissive partner when it super-induces expres-
sion of target genes in combination with another ligand-activated nuclear receptor. It 
also may be inert or even repress expression of such genes and is then called a non-
permissive partner. As a nonpermissive partner for the vitamin D receptor (VDR), 
it has been shown that 9cRA destabilizes the DNA-bound RXRα/VDR heterodimer 
(29) Previously, RXRα has been shown to act as a permissive partner for FXR in the 
regulation of IBABP and PLTP (30, 31). Our study shows that 9cRA represses FXR/
RXRα/bile salt–induced expression of BSEP. Conversely, it super-induces bile salt–
induced transcription of human SHP in vitro and mouse Shp in vivo. 9cRA inhibits 
CDCA-induced transcription of BSEP also when its FXRE is mutated to the FXRE 
found in the SHP promoter. Our FXR/RXRα pull-down assay with the biotin-labeled 
FXRE DNA element together with electrophoretic mobility shift assays performed by 
us and others (16) show that 9cRA inhibits binding of the FXR/RXRα heterodimer 
to its IR-1 target sequence in the BSEP promoter. This suggest that at the IR-1 site, 
RXRα acts as a nonpermissive partner for FXR and that in case of co-stimulation by 
liganded FXR and RXRα additional binding sites or cofactors are involved.
It is important to note that in the presence of 9cRA, CDCA does induce FXR/
RXRα-dependent expression of human BSEP. Under these conditions, the promoter 
activity was induced 4.1-fold. Similar findings have been reported by others as well 
(7).

Figure 2.6. Plasma bile salt levels in control 
and VAD mice, with or without CA feeding
Bile salt concentrations were determined in 
control mice (black bars) and VAD mice (white 
bars), with (+) or without (-) CA in their diet. 
Data are presented as mean ± SD of indivi-
dual mice per group. (aSignificantly different 
from control group; bsignificantly different 
from control+CA group; csignificantly different 
from VAD group; dsignificantly different from 
VAD+CA group)
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Figure 2.7. Ntcp protein levels are strongly reduced in CA-fed VAD mice
Total plasma membranes were isolated from three or four pooled livers from control or VAD mice re-
ceiving a diet supplemented with (+) or without (-) CA. Equal amounts of two independent membrane 
isolations were analyzed by western blotting for NTCP and Na+K+-ATPase protein expression. Western 
blot signals were scanned and quantified by Quantity One software. NTCP levels are expressed relative 
to the Na+K+-ATPase. NTCP levels of control mice were set to 1. Values are presented as mean ± SD.

However, the induction was found to be much more pronounced in the absence of 
9cRA, where the promoter activity was induced 11-fold. A crucial factor to detect this 
difference is the use of lipid-stripped serum in the in vitro experiments. Normal se-
rum appears to contain sufficient retinols to repress the CDCA-dependent induction.
From our in vitro data, we hypothesized that the physiological levels of vitamin A 
may actually limit bile salt–induced expression of Bsep in mice with a normal vita-
min A status. In line with this, Wolters et al. (32) reported only minor effects on Bsep 
expression after taurocholic acid feeding of wild-type mice. Therefore, we generated 
vitamin A–deficient mice that were subsequently fed a CA-supplemented diet. In-
deed, vitamin A deficiency strongly increased CA-induced Bsep mRNA and protein 
expression in mice. In line with the in vitro data, Shp transcription was highest in 
the control mice fed CA. Transcriptional down-regulation of Ntcp during cholestatic 
conditions in rodents is routinely observed (28, 33-35). Remarkably, Ntcp mRNA 
levels were not reduced by CA feeding of VAD mice. These data suggest that the 
livers of VAD+CA mice have an increased capacity to transport bile salts from the 
serum to the bile. It was therefore surprising to find that the serum bile salt concen-
trations were higher in these mice. The only explanation we can offer at this moment 
is that VAD mice contain significantly reduced Ntcp protein levels. Apparently, the 
combination of VAD and cholestasis induces a posttranscriptional reduction of the 
Ntcp protein level. Reduced NTCP protein levels with sustained mRNA levels have 
also been described in patients with progressive familial intrahepatic cholestasis (36). 
This may be a consequence of reduced retinoid levels or signaling causing a posttran-
scriptional reduction of NTCP. Selective protein synthesis and/or turnover have not 
yet been studied under vitamin A-deficient conditions, so we cannot speculate on the 
mechanisms that may cause this phenomenon.
Liver disease, in particular chronic cholestatic liver disease, is associated with vitamin 
A deficiency (13-15). However, vitamin A supplementation in liver disease is contro-
versial (37). The complex regulation of hepatic bile salt transporters as described in 
this study may be the first step to elucidate this phenomenon. In chronic cholestatic 
liver disease, the increased intrahepatocellular bile salt concentration, in combina-
tion with a decreased vitamin A concentration, presents the optimal condition for 
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BSEP induction. At the same time, NTCP expression is reduced by a post-transcrip-
tional mechanism. This may be viewed as a cytoprotective adaptation of the hepato-
cyte, leading to decreased bile salt uptake and increased bile salt secretion capacity. 
In these patients, supplementation with vitamin A may even aggravate liver damage 
because it would reduce BSEP and increase NTCP levels. However, in case of ex-
trahepatic bile duct obstruction, persistent or elevated BSEP activity may contribute 
to increased intraluminal pressure in the intrahepatic cholangioles. This may result 
in bile infarcts and cause considerable damage to the liver parenchyma (38). Urso-
deoxycholic acid therapy may be harmful for these patients, because it further incre-
ases biliary pressure. Reducing BSEP expression through vitamin A supplementation 
may decrease liver damage in this case. Support for this hypothesis was provided by 
De Freitas et al. (39), who showed that vitamin A supplementation in combination 
with biliary obstruction results in a significant reduction of liver fibrosis in rats.
In conclusion, we show that vitamin A plays an important but complex role in bile 
salt homeostasis. A detailed analysis of the transcriptional and posttranslational me-
chanisms involved may help to better predict the therapeutic effect of vitamin A sup-
plementation in patients with chronic liver disease.
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Supplementary Figure 2.S1. Opposite effect of 9cRA on CDCA-induced expression of endogenous 
human BSEP and SHP
HepG2.rNtcp cells (not transfected) were exposed to combinations of vehicle, different concentrations 
of CDCA and 1 μmol/L 9cRA. BSEP (A and B) and SHP (C and D) mRNA levels were determined by 
quantitative RT-PCR and normalized to 18S. Transcription of both BSEP and SHP is maximally induced 
in the presence of 100µM CDCA. 9cRA inhibits the CDCA-induced transcription of BSEP at all CDCA 
concentrations tested (A). In contrast, 9cRA super-induced transcription of SHP at all CDCA-concen-
trations tested (B). A representative experiment is shown in A and C, measured in triplo. Untreated con-
dition was set to 1. Data (B and D) presented as means ± sd, n = 3. CDCA-treated condition was set to 
100%. (asignificantly different from transfected -/-; bsignificantly different from transfected -/9cRA; csig-
nificantly different from transfected CDCA/-; dsignificantly different from transfected CDCA/9cRA).
We have shown earlier the increase of absolute BSEP levels in FXR/RXRα-transfected and CDCA-sti-
mulated HepG2.rNtcp cells versus CDCA-stimulated untransfected cells (Plass et al. 2002). A simi-
lar ligand-dependent expression profile for BSEP and SHP is observed in untransfected and FXR/
RXRα-transfected HepG2.rNtcp cells (Figure 2.1).
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Supplementary Figure 2.S2. FXR/RXRα binding to the BSEP-FXRE oligonucleotide is lost upon 
9cRA treatment
HepG2.rNtcp cells were incubated with vehicle (lanes 1 and 2), with 100 µmol/L CDCA (lanes 3 and 4), 
or with 100 µmol/L CDCA and 1 μmol/L 9cRA (lanes 5 and 6). Nuclear extracts were obtained and an 
electromobility shift assay was performed using a radioactively-labeled double stranded nucleotide con-
taining the FXRE from the BSEP promoter. A clear protein-DNA complex is observed when the labeled 
oligonucleotide was incubated with nuclear extracts from untreated and CDCA-treated HepG2.rNtcp 
cells, whereas this protein-DNA complex was completely absent when also 9cRA was added.
Material and Methods: Isolation of nuclear extracts from HepG2.rNtcp cells and the protocol for the 
electrophoretic mobility shift assay (EMSA) were performed according to (23). The DNA-probe was end 
labeled with [α-32P]dATP (Amersham, Buckinghamshire, UK) using Klenow polymerase (Promega, 
Madison, USA) and contained the IR-1 sequence (underlined) from the BSEP promoter: 5’-GATCCCT-
TAGGGACATTGATCCTTAGG-3’.

Supplementary Table 2.S1. Oligo’s for site-directed mutagenesis of the FXRE in the BSEP promoter 
and biotin-labeled BSEP-FXRE probe

Oligo Sequence

Fwd BSEP FXRESHP 5'-GCTGCCCTTAGAGTTAATGACCTTTAGGCAAATAGATAATGTTCT-3' 

Rev BSEP FXRESHP 5'-CTATTTGCCTAAAGGTCATTAACTCTAAGGGCAGCCCAAGCACAGT-3' 

Fwd BSEP probe biotin- 5’-TGTCACTGAACTGTGCTTGGGCTGCCCTTAGGGACATTGATCCTTAGGCAAAT-3’

Rev BSEP probe 5’-ATTTGCCTAAGGATCAATGTCCCTAAGGGCAGCCCAAGCACAGTTCAGTGACA-3”

The FXRE in the BSEP promoter was replaced by the FXRE of the SHP promoter using the indicated 
primers by full vector amplification. The FXRE region is depicted in italics. The nucleotides that are 
different between the BSEP- and SHP-FXRE are underlined. Two 53-bp oligo’s were annealed creating 
a double stranded, biotin-labeled 53-bp DNA fragment from the BSEP promoter containing the FXRE 
(underlined).
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Supplementary Table 2.S2. QPCR primer-probe sets used in this study

Gene Oligo sequences
h/m18S Fwd:

Rev:
Probe:

5’-cgg cta cca cat cca agg a-3’
5'-cca att aca ggg cct cga aa-3'
5'-cgc gca aat tac cca ctc ccg a-3'

hBSEP (ABCB11) Fwd:
Rev:
Probe:

5-’aca tgc ttg cga gga cct tta-3’
5'-gga ggt tcg tgc acc agg ta-3'
5'-cca tcc ggc aac gct cca agt ct-3'

hSHP (NR0B2) Fwd:
Rev:
Probe:

5’-gtc cag cta tgt gca cct cat c-3’
5’-ttc ctg agg aag gcc act gt-3’
5’- tcc aag gcc tcc cgg cag g-3’

mBsep(Abcb11) Fwd:
Rev:
Probe:

5-’ ctg cca agg atg cta atg ca-3’
5'-cga tgg cta ccc ttt gct tct-3'
5'-tgc cac agc aat ttg aca ccc tag ttg g-3'

mShp (Nr0b2) Fwd:
Rev:
Probe:

5’- acc tgc aac agg agg ctc act-3’
5’-tgg aag cca tga gga gga ttc-3’
5’-tcc tgg agc cct ggt acc cag cta gc-3’

mNtcp (Slc10a1) Fwd:
Rev:
Probe:

5-’ atg acc acc tgc tcc agc tt-3’
5-’gcc ttt gta ggg cac ctt gt-3’
5’-cct tgg gca tga tgc ctc tcc tc-3’

mRXRα (Nr2b1) Fwd:
Rev:
Probe:

5’-ggc aaa cat ggg gct gaa c-3’
5’-gct tgt ctg ctg ctt gac aga t-3’
5’-cca gct cac caa atg acc ctg tta cca ac-3’

Probes were 5‘-FAM/3‘-TAMRA labeled.
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Abstract

FXR/RXRα is the master transcriptional regulator of bile salt synthesis and trans-
port in liver and intestine. FXR is activated by bile acids, RXRα by the vitamin A–
derivative 9-cis retinoic acid (9cRA). Remarkably, 9cRA inhibits binding of FXR/
RXRα to its response element, an inverted repeat-1 (IR-1). Still, most FXR/RXRα 
target genes are maximally expressed in the presence of both ligands, including 
the small heterodimer partner (SHP). Here, we revisited the FXR/RXRα-media-
ted regulation of human SHP.
A 579-bp hSHP promoter element was analyzed to locate FXR/CDCA- and RXRα/
9cRA-responsive elements. hSHP promoter constructs were analyzed in FXR/
RXRα-transfected DLD-1, HEK293 and HepG2 cells exposed to CDCA, GW4064 
(synthetic FXR ligand) and/or 9cRA. FXR-DNA interactions were analyzed by in 
vitro pull down assays. 
hSHP promoter elements lacking the previously identified IR-1 (-291/-279) lar-
gely maintained their activation by FXR/CDCA, but were unresponsive to 9cRA. 
FXR-mediated activation of the hSHP promoter was primarily dependent on the 
-122/-69 region. Pull down assays revealed a direct binding of FXR to the -122/-69 
sequence, which was abrogated by site-specific mutations in a binding site for the 
liver receptor homolog-1 (LRH-1) at -78/-70. These mutations strongly impai-
red the FXR/CDCA-mediated activation, even in the context of a hSHP promoter 
containing the IR-1. LRH-1 did not increase FXR/RXRα-mediated activation of 
hSHP promoter activity. 
FXR/CDCA-activated expression of SHP is primarily mediated through direct 
binding to an LRH-1 binding site, which is not modulated by LRH-1 and unres-
ponsive to 9cRA. 9cRA-induced expression of SHP requires the IR-1 that overlaps 
with a DR-2 and DR-4. This establishes for the first time a co-stimulatory, but 
independent, action of FXR and RXRα agonists.

Introduction

The farnesoid X receptor (FXR/NR1H4) and the liver receptor homolog-1 (LRH-1/
NR5A2) are central factors in the control of bile salt homeostasis. In the liver, LRH-1 
regulates expression of cholesterol 7-alpha-hydroxylase (CYP7A1), the rate-limiting 
enzyme in bile salt synthesis, as well as the bile salt export pump (BSEP/ABCB11) 
the major hepatobiliary bile salt exporter (1, 2). FXR typically acts together with the 
retinoid X receptor-alpha (RXRα/NR2B1) and upon activation by bile salts induces 
the expression of BSEP (3, 4) and the small heterodimer partner (SHP/NR0B2) (5-7). 
SHP, in turn, binds to LRH-1 and thereby inhibits the expression of CYP7A1 (6). In 
a similar way, SHP may bind the RXRα/retinoic acid receptor (RAR) heterodimer 
and thereby also repress expression of the hepatic bile salt importer Na+-taurochola-
te cotransporting polypeptide (NTCP/SLC10A1) (8). SHP-dependent repression of 
bile salt synthesis acts in parallel with fibroblast growth factor 19 (FGF19)-mediated 
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repression, which may originate either from FXR-induced expression in the intestine 
(in rodents) (9) or the liver (particular in humans) (10).
Both LRH-1 and FXR belong to the superfamily of nuclear receptors. FXR/RXRα 
binds to an inverted repeat sequence spaced by 1 nucleotide (IR-1) conforming to the 
consensus G/AGGTCAnTGACCT (11). Acting as a monomer, the conserved DNA 
binding site of LRH-1 is currently defined as (c/tCAAGGc/tCg/a) (12, 13). In re-
cent mouse whole-genome chromatin-immunoprecipitation (ChIP) experiments a 
remarkable enrichment of LRH-1-type binding sites was detected in DNA sequences 
precipitated with antibodies against FXR. FXR and LRH-1 were found to synergisti-
cally induce transcription of mouse Shp (14). In line with these observations, functi-
onal LRH-1 binding sites have been identified in several genes that are also controlled 
by FXR/RXRα, including BSEP (2), SHP (6), organic solute transporter alpha/beta 
(OSTα/β) (15) and fatty acid synthase (FAS) (16, 17).
FXR/RXRα-mediated transcriptional control is primarily regulated by their ligands, 
bile acids (in particular chenodeoxycholic acid (CDCA)) and 9-cis retinoic acid 
(9cRA), respectively. Earlier, we and others have shown that these ligands have oppo-
site effects on binding of FXR/RXRα to the IR-1 and the resulting transcriptional ac-
tivity of the human BSEP promoter (18, 19). FXR ligands (both CDCA and GW4064) 
strongly increase FXR/RXRα-mediated expression of BSEP, while co-administration 
of 9cRA effectively represses this effect. 9cRA strongly reduced the binding of FXR/
RXRα to the IR-1 sequences as they are present in the human BSEP and SHP promo-
ters. In contrast to the effect on BSEP expression, however, CDCA and 9cRA syner-
gistically activate SHP transcription, in both in vivo and in vitro experiments (19). 
This suggests that the mechanisms by which these ligands control FXR/RXRα-medi-
ated regulation of BSEP and SHP may be fundamentally different, while they are both 
considered to be “typical” FXR/RXRα target genes. Opposite effects of RXRα ligands 
on CDCA-induced expression of FXR/RXRα target genes have been described by 
others also (18, 20), but the differential mechanisms remain elusive so far.
Over the last decade it has become evident that the function of FXR and SHP is not 
restricted to bile acid synthesis, but that these factors also play a role in liver regenera-
tion, viral replication, tumor suppression, fibrogenesis, glucose and lipid metabolism 
(21, 22). It is therefore highly relevant to understand the molecular mechanisms that 
determine the ligand-selective regulation of FXR/RXRα target genes, in particular 
that of SHP.

Material and methods

Cell Lines and Culture Conditions
HepG2.rNtcp and DLD-1 cells were cultured in Dulbecco’s modified Eagle medium 
(DMEM) or RPMI 1640, respectively, supplemented with lipid-stripped serum (Bio-
sera, East Sussex, UK) as described previously (19, 23). HEK293 cells were cultured 
like HepG2 cells. Culture conditions for mRNA and luciferase reporter assays were 
described before (19). Cells were exposed to 100 µmol/L CDCA (Calbiochem-Nova-
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biochem, San Diego, CA, USA) or 1 µmol/L GW4064 (Tocris, Ellisville, USA) and/
or 1 µmol/L 9cRA (Sigma Aldrich, St. Louis, MO), as described in the text. A DLD-1 
cell line over-expressing hFXR (DLD-1.hFXR) was generated by stable transfection 
of pcDNA3-hFXR in DLD-1. 

Transfection
HepG2.rNtcp and HEK293 cells were transfected as described previously (4). DLD-
1 cells were transfected using Transfectine (Biorad, Hercules, CA) at a ratio of 3 µl 
Transfectine per µg DNA as recommended by the manufacturer. Expression plas-
mids of hFXR (pcDNA3-hFXR) and hRXRα (pSG5-hRXR) were used at 200 ng and 
100 ng, respectively, and luciferase reporter plasmids (pGL3-basic derivatives) at 1 µg 
per 9.6 cm2 well. If needed, total amount of DNA was adjusted with pCMV5 plasmid 
to 1.3 µg per well.

Plasmids
The 579-bp (-569/+10) hSHP promoter construct in pGL3 basic was a kind gift from 
Dr. S.M. Houten (Academic Hospital Amsterdam, The Netherlands). pcDNA5-mL-
rh-1 was a kind gift from Dr. J. Hageman (University Medical Center Groningen, The 
Netherlands) (24). The plasmids pcDNA3-hFXR, pSG5-hRXR, pCMV5 and details 
about their use have been described (4, 19).

Site-Directed Mutagenesis
5’-truncated mutants of the hSHP promoter were made by PCR from the pGL3 
hSHP -569/+10. pGL3 SHP -569/+10 FXRE KO (6) was generated via site-directed 
mutagenesis by full vector amplification. Deletion mutants lacking intra promoter 
regions, FXRE nonsense mutants and half-site nonsense mutants were generated by 
amplifying the two individual promoter fragments flanking the region to be muta-
ted or deleted. Subsequently, these two fragments were fused by overlap PCR. PCR 
products were KpnI/BglII-ligated into pGL3 basic (Promega, Madison, USA). Oligo’s 
(Invitrogen, Paisley, UK) used to generate these SHP promoter mutants are shown in 
Supplementary Table 3.S1. Endotoxin-free plasmids were isolated (Macherey-Na-
gel, Düren, Germany) from E. coli Top10 cells (Invitrogen, Paisley, UK). All promoter 
constructs were sequenced (BaseClear; Leiden; The Netherlands) to assure that the 
correct mutations were introduced.

mRNA Isolation and QPCR
mRNA was isolated from DLD-1, HepG2.rNtcp and HEK293 cells. RT-qPCR was 
performed as was described before (25). Sequences of the primer/probe sets are 
shown in Supplementary Table 3.S2.

Luciferase Reporter Assays
Cells were lysed in 500 µl passive lysis buffer (Promega, Madison, USA). After cen-
trifugation, 20 µl of the supernatant was used to determine luciferase activity in a 
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MPL1 Microplate Luminometer (Berthold Detection Systems). Using 50 µl luciferase 
substrate (Promega, Madison, USA), delay time set to 2.05 seconds and measuring 
time set to 10 seconds.

FXR Pull-Down Assay 
An FXR pull down assay was performed as described before (19) on a nuclear extract 
of DLD-1 cells that stably expressed hFXR (DLD-1.hFXR), treated for 24 hours with 
CDCA. 68-bp biotin-labeled DNA probes containing the “wild type” -122/-69 (GG-
GGCAATGTCTGTGTGTTTTTTTCAATGAACATGACTTCTGGAGTCAAGGT-
TGTTGGGCCATTCCCC; the putative LRH-1 binding site is indicated in italic) 
and “mutated” -122/-69 (GGGGCAATGTCTGTGTGTTTTTTTCAATGAACATG-
ACTTCTGGAGTCATTAATTTTGGGCCATTCCCC; the mutated positions within 
the putative LRH-1 binding site are underlined) region were used to precipitate FXR. 
Biotin-labeled DNA probes containing a fragment of the BSEP promoter including 
the IR-1 (TGTCACTGAACTGTGCTTGGGCTGCCCTTAGGGACATTGATCCT-
TAGGCAAAT; the IR-1 is indicated in italic) or a fragment of the LacI promoter 
(GTAGTGGCGAAATTGTGAGCGCTCACAATTCGTTTGGCCG) were used as 
positive and negative controls, respectively. Nuclear extracts were pre-incubated (1h 
at 4°C) with 3-fold excess of unlabeled “wild type” -122/-54, “mutated” -122/-54, 
BSEP-IR-1 (CCCTTAGGGACATTGATCCTTAGG; the IR-1 is indicated in italic) or 
LacI DNA probes in competition experiments. FXR binding was analyzed by wes-
tern blotting, using anti-FXR (PP-A9033A-00; Perseus, Japan), exposed in a Chemi-
Doc XRS system and quantified using the Quantity One software package (Bio-Rad, 
GmbH, Munich, Germany).

Statistical Analysis
Data are presented as mean ± SD. Differences between conditions were determined in 
SPSS by Kruskal-Wallis followed by pair-wise comparison of groups by Mann-Whit-
ney U with p≤0.05.

Results

The IR-1 at -291/-279 Is Largely Dispensable For FXR-dependent Induction of the 
Human SHP Promoter
The RXRα ligand 9cRA lowers BSEP expression by inhibiting FXR/RXRα binding to 
the IR-1 (18, 19), while transcription of other FXR/RXRα target genes (SHP, OSTβ, 
ileal bile acid binding protein (IBABP), FGF19; see Supplementary Figure 3.S1) is 
super-induced. Here, we performed a detailed analysis of the human SHP promoter 
to obtain insight in the molecular mechanisms by which bile acids and 9cRA syner-
gistically induce transcription of FXR/RXRα target genes. The -569/+10 SHP promo-
ter element described earlier (6) showed the same pattern of regulation by CDCA and 
9cRA as observed for genomic SHP (Figure 3.1 and Supplementary Figure 3.S1).  
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IR-1 DEL -303 CTGGTACAGCCT.............TGTTTA -272

Human SHP promoter variants

Figure 3.1. The IR-1 at -291/-279 is required for 9cRA-, but not for CDCA-mediated induction of 
the human SHP promoter
DLD-1 cells were transfected with hFXR and hRXRα expression plasmids and various hSHP promoter 
constructs as indicated. Cells were treated with or without 100 µmol/L CDCA and/or 1 µmol/L 9cRA. 
The synergistic effect of the FXR ligand (CDCA) and RXRα ligand (9cRA) on SHP promoter activity de-
pends on the previously identified IR-1 located at -291/-279. Mutation or deletion of this IR-1 sequence 
did not abolish SHP promoter activation by FXR/CDCA. Luciferase activity was measured to determine 
the SHP promoter activity. Data are presented as mean ± SD; n≥3. CDCA treated conditions are set to 
100. P≤0.05 for *) in a pairwise comparison by Mann-Whitney U test.

CDCA treatment resulted in a 12-fold increase of the SHP promoter activity and 
this was super-induced by 9cRA (+45% to 17-fold induction compared to untrea-
ted cells). An FXRE/IR-1 was previously identified at position -291/-279 in the SHP 
promoter (5-7). As expected, a 5’-truncated SHP promoter element up to position 
-303 (-303/+10) retained the CDCA-induction (9.8-fold) and 9cRA super-induction 
(+43% to 14-fold) characteristics. Further 5’ shortening of the SHP promoter ele-
ment to -278/+10 (deleting the IR-1) led to the loss of 9cRA super-induction. Re-
markably, the CDCA-induction of the -278/+10 SHP promoter element remained 
intact (8.1-fold; Figure 3.1). Disrupting the IR-1 sequence in the -303/+10 promoter 
element (by an IR-1 knock out mutation (KO) (6), replacement by a nonsense se-
quence (NS) or full deletion (DEL)) led to the absence of 9cRA super-induction, 
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but maintained the CDCA-induction (Figure 3.1), even in the context of the larger 
-569/+10 SHP promoter element (Supplementary Figure 3.S2). These data indicate 
that the 9cRA-mediated activation of the human SHP promoter depends on the IR-1 
sequence at position 291/-279. However, this sequence is (largely) dispensable for the 
CDCA-induced activity. This latter finding was highly surprising and prompted us to 
study this in further detail.

CDCA-induced Activation of the -278/+10 SHP Promoter Elements Depends on 
FXR
The CDCA-induced activation of the -278/+10 SHP promoter element was compa-
rable to the -303/+10 SHP element (8.1-fold vs. 9.8-fold, respectively) and was fully 
dependent on the presence of FXR (Figure 3.2). The FXR/CDCA-induction was lost 
when the SHP promoter was reduced to a minimal element of -69/+10. This indicates 
that the -278/-69 region in the human SHP promoter contains a yet unidentified se-
quence that is essential for FXR/CDCA-dependent regulation.
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Figure 3.2. FXR is required for CDCA-induced activation of the -278/+10 SHP promoter
DLD-1 cells were transfected with hFXR and hRXRα expression plasmids and various hSHP promoter 
constructs as indicated. Cells were treated with or without 100 µmol/L CDCA. Luciferase activity was 
measured to determine the SHP promoter activity. Data are presented as means ± SD; n≥3. P≤0.05 for 
*) in a pairwise comparison by Mann-Whitney U test.

The Novel FXR/CDCA-responsive Element Is Located in the -122/-69 Region of 
the SHP Promoter
Two fragments (-203/-122 or -122/-69) were deleted from the -303/+10 and the 
-278/+10 SHP promoter elements to delineate the region involved in the regulation 
by FXR/RXRα/CDCA (Figure 3.3A). Deletion of the -122/-69 fragment from the 
-278/+10 SHP promoter element made it unresponsive to FXR/RXRα/CDCA, while 
deletion of the -203/-122 did not reduce the FXR/RXRα/CDCA-activation. Impor-
tantly, the -122/-69 deletion also strongly reduced the FXR/RXRα/CDCA-activation 
of the IR-1-containing -303/+10 SHP promoter element (Figure 3.3B). Similar re-
sults were obtained when FXR/RXRα-transfected cells were treated with the synthe-
tic FXR ligand GW4064 instead of CDCA (Figure 3.3C). 
The FXR/RXRα/CDCA- and FXR/RXRα/GW4064-induced regulation of the SHP 
promoter fragments was most pronounced in intestinal DLD-1 cells, but was also 
observed in hepatic HepG2.rNtcp and renal HEK293 cells (Figure 3.4).
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Figure 3.3. An FXR/RXRα/CDCA-responsive element is located in the -122/-69 region of the SHP 
promoter
A) shows an overview of the different constructs used to localize the FXR-responsive element in the 
-278/-69 region of the SHP promoter. Relevant binding sites for other NRs are included. (B, C) DLD-1 
cells were transfected with the indicated hSHP promoter constructs and expression plasmids for hFXR 
and hRXRα. Cells were treated with or without 100 μmol/L CDCA (B) or 1 μmol/L GW4064 (C). Luci-
ferase activity was measured to determine SHP promoter activity. Data are presented as means of ± SD; 
n≥3. Significant differences are indicated when compared to aCDCA/GW4064-treated -569/+10; bCD-
CA/GW4064-treated -303/+10; cCDCA/GW4064-treated -278/+10. P≤0.05 in a pairwise comparison 
by Mann-Whitney U test.

B C

A

These data indicate that the -122/-69 sequence is crucial for FXR-dependent regulati-
on of the SHP promoter. The previously identified IR-1 at position -291/-279 contri-
butes only to a minor extend to the FXR-dependent regulation of SHP.
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Figure 3.4. The -122/-69 region is required for optimal FXR-ligand-mediated induction of the SHP 
promoter in DLD-1, HEK293 and HepG2 cells
The colon carcinoma (DLD-1), human embryonic kidney (HEK293) and hepatoma (HepG2.rNtcp) 
cell lines were transfected with the indicated hSHP promoter constructs and expression plasmids for 
hFXR and hRXRα. Cells were treated with or without 100 μmol/L CDCA (A) or 1 μmol/L GW4064 
(B). Luciferase activity was measured to determine SHP promoter activity. Data are presented as mean 
of ± SD; n≥3. Promoter activity in CDCA/GW4064-treated condition is significantly different from the 
-278/+10 construct in aDLD-1, bHEK293 or cHepG2.rNtcp cells. P≥0.05 in a pairwise comparison by 
Mann-Whitney U test.

An LRH-1 Site Is Required for the FXR-Dependent Induction of Human SHP
The -122/-69 region from the SHP promoter was screened for putative nuclear recep-
tor binding sites. An IR-1-like sequence is detected at -118/-106 (AtGTCtgTGtgtT) 
with 7 out of 12 IR-1 consensus nucleotides. Alternatively, FXR-regulation may act 
through a previously identified DR-1/PPARγ binding site at position -90/-78 (26) 
as it also contains the core TGACCT sequence. In addition, this region contains a 
binding site for LRH-1 (TCAAGGTTG at -79/-71). Site-directed mutations were in-
troduced in these 3 regions. While mutations in the IR-1-like and DR-1 sites only 
slightly reduced FXR-mediated induction of SHP promoter activity, it was almost 
completely abrogated when the LRH-1 site was mutated (Figure 3.5). 
Previously, it was suggested that FXR and LRH-1 may synergistically induce expres-
sion of murine Shp (14). While the human SHP promoter activity was dose-depen-
dently induced by co-expression of mLRH-1, confirming the presence of a functional 
LRH-1 site, it did not enhance the FXR/CDCA-induced activity of the SHP promoter 
(Figure 3.6). In fact, at high doses, LRH-1 rather represses FXR/CDCA-activation of 
the -303/+10 hSHP promoter element. Similar results were obtained for the -569/+10 
hSHP promoter (Supplementary Figure 3.S3). In addition, CDCA treatment of 
FXR/RXRα-transfected DLD-1 cells did not induce LRH-1 expression (Supplemen-
tary Figure 3.S4). Collectively, these data indicate that the FXR-mediated induction 
of human SHP is independent of LRH-1, but requires the LRH-1 binding site.
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Sequence -122\-69

WT -122 GGCAATGTCTGTGTGTTTTTTTCAATGAACATGACTTCTGGAGTCAAGGTTGT -69

ATGTCTnTGTGTT (-118/-106)

TGACTTnTGGAGT (-90/-78) 

LRH-1 site (-79/-71) TCAAGGTTG

mut-118/-114 -122 GGCATTTATTGTGTGTTTTTTTCAATGAACATGACTTCTGGAGTCAAGGTTGT -69

mut-110/-107 -122 GGCAATGTCTGTTAAATTTTTTCAATGAACATGACTTCTGGAGTCAAGGTTGT -69

mut-90/-86 -122 GGCAATGTCTGTGTGTTTTTTTCAATGAACAATTAATCTGGAGTCAAGGTTGT -69

mut-83/-82 -122 GGCAATGTCTGTGTGTTTTTTTCAATGAACATGACTTCCAGAGTCAAGGTTGT -69

mut-75/-70 -122 GGCAATGTCTGTGTGTTTTTTTCAATGAACATGACTTCTGGAGTCATTAATTT -69
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Figure 3.5. The LRH-1 site is required for FXR-induced expression of SHP
(A) shows the location of IR-1-like half sites and an LRH-1 site in the -122/-69 region of the hSHP 
promoter. The latter was previously identified in the murine Shp promoter (34) and conserved in rat 
and human (see Supplementary Figure 3.S5). All 4 IR-1-like sites and the LRH-1 site were mutated 
and analyzed for the effect on FXR/CDCA-mediated induction of the -278/+10 hSHP promoter (B) 
mutating one of the IR-1 half-sites did not or only partially reduce FXR/CDCA-dependent activati-
on of the -278/+10 hSHP promoter fragment, whereas mutations in the LRH-1 site strongly reduced 
the response of the -278/+10 hSHP promoter fragment to FXR/CDCA-stimulation. *) significantly 
different from CDCA treated -278/+10 WT (C) in the context of the -569/-10 hSHP promoter frag-
ment the LRH-1 site is the dominant FXR/CDCA response element (over the previously identified 
IR-1). DLD-1 cells were transfected with hFXR and hRXRα expression plasmids and various hSHP 
promoter constructs as indicated. Cells were treated with or without 100 µmol/L CDCA. Luciferase 
activity was measured to determine the SHP promoter activity. asignificantly different from CDCA 
treated -569/+10 WT. bsignificantly different from CDCA treated -569/+10 IR-1 KO. Data presen-
ted as means ± SD; n≥3. P≤0.05 for *), a and b in a pairwise comparison by Mann-Whitney U test.
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Figure 3.6. No synergy between FXR and 
LRH-1 in human SHP regulation
LRH-1 dose-dependently induced activation of 
the -303/+10 hSHP promoter fragment, confir-
ming the presence of a functional LRH-1 res-
ponsive element. In the presence of FXR a simi-
lar dose response curve is observed. However, 
in the presence of CDCA, FXR and LRH-1 do 
not synergistically activate the SHP promoter. 
LRH-1 rather limits the FXR/CDCA-depen-
dent activation at a higher dose. DLD-1 cells 
were transfected with hFXR and hRXRα ex-
pression plasmids, the -303/+10 hSHP promo-
ter construct and/or increasing amounts of an 
mLRH-1 expression plasmid as indicated. Cells 

were treated with or without 100 µmol/L CDCA. Luciferase activity was measured to determine the 
SHP promoter activity. asignificantly different from 0 ng mLrh-1 vehicle, between vehicle treated condi-
tions. bsignificantly different from 0 ng mLrh-1 FXR/RXR, between FXR/RXR treated conditions. Data 
presented as mean ± SD; n≥3. P≤0.05 for a and b in a pairwise comparison by Mann-Whitney U test.

FXR Physically Binds to the LRH-1 Site in the -122/-69 Region of the Human SHP 
promoter
Next, we analyzed whether FXR binds directly to the -122/-69 region in the human 
SHP promoter by applying an FXR-pull down assay (19) using a biotin-labeled 68-bp 
DNA fragment containing the -122/-69 region of the SHP promoter. This SHP pro-
moter fragment efficiently precipitated FXR from nuclear extracts of CDCA-treated 
DLD-1 cells that stably overexpress hFXR (DLD-1.hFXR), similar as the positive con-
trol (BSEP-IR-1) did (Figure 3.7A). Binding of FXR was abrogated when the LRH-1 
site was mutated in the -122/-69 element. Moreover, the mutated sequence did not 
compete for FXR binding, while the wild type -122/-69 SHP promoter fragment did 
(Figure 3.7A and B). Taken together, these data show that FXR-mediated expression 
of human SHP is largely controlled via direct binding of FXR to a newly-identified 
DNA sequence that includes an LRH-1 binding site at position -79/-71.

Discussion

In this study, we show that FXR regulates human SHP expression primarily via di-
rect binding to an LRH-1 site and not the previously identified IR-1. No synergism 
was detected between FXR and LRH-1 in regulation of human SHP. In contrast, the 
IR-1 sequence was required for 9cRA-induced expression of SHP. This is the first in-
depth analysis of the co-stimulatory transcriptional regulation by the ligands of FXR 
and RXRα, CDCA and 9cRA. This mechanism is fundamentally different from FXR/
RXRα-mediated regulation of BSEP that acts through an IR-1 (4).
Sequencing of DNA fragments that bind FXR in the mouse genome has recently 
revealed that indeed the IR-1 is the most prominent binding site of this transcription



Chapter 3

94

IR-1 LacI SHP-122/-69 EB

competitor -- -- -- IR-1 LacI --

FXR

Pull down probe

160 54 100 41 140 30Quantification

EB LacI
SHP-122/-69

Pull down probe

competitor -- -- -- --
FXR

IR-1 Mut WT WT WT

-- WT Mut

8.0 35 271 20 100 72Quantification 124

A

B

Figure 3.7. FXR binds to the LRH-1 responsive element in the hSHP promoter
FXR was precipitated from nuclear extracts of hFXR-overexpressing DLD-1 cells using a DNA probe 
containing the SHP -122/-69 region (“wild type”(WT) or “mutated”(mut)), the IR-1 from the hBSEP pro-
moter (positive control), the LacI binding site (negative control) or empty beads (EB, negative control). 
A) DNA probes of SHP -122/-69 and BSEP-IR-1 bind FXR. Competition experiments were performed 
with 3-fold excess hBSEP-IR-1 or LacI lacking a biotin label. B) the SHP -122/-69 region with a mutated 
LRH-1 site failed to precipitate or compete for FXR binding. Competition experiments were perfor-
med with 3-fold excess wild type SHP -122/-69, mutated SHP -122/-69 or LacI lacking a biotin label.

 
factor (14, 27, 28). Notably, the IR-1 in the mouse, rat and human SHP promoters 
deviate from the experimentally established IR-1 consensus at least at one crucial 
position (GAGTTAaTGACCT, where the underlined T in the SHP IR-1 is a G or 
C in the consensus IR-1). The second most enriched FXR-binding sequence in the 
genome-wide chromatin immunoprecipitation experiments appeared to confirm to 
an LRH-1 binding site that is in close proximity to the IR-1. Co-transfection experi-
ments revealed a synergistic effect of FXR/RXR and LRH-1 on the activity of the Shp 
promoter (14).
Our data show that 1) FXR-mediated expression of human SHP is largely indepen-
dent of the IR-1, 2) LRH-1 does not enhance FXR/RXRα-induced SHP promoter ac-
tivity, 3) FXR is precipitated with a DNA fragment containing the LRH-1 site, which 
is abrogated when this site is mutated; 4) FXR-mediated induction of a SHP promo-
ter lacking an IR-1 is similar in cells without endogenous LRH-1 (HEK293) and in 
cells that contain intermediate (DLD-1) or high levels of LRH-1 (HepG2.rNtcp). This 
suggest that FXR-mediated regulation does not depend on the presence of LRH-1, 
which is in line with the observation that GW4064-induced Shp mRNA expression 
in mouse liver was hardly affected by the absence of Lrh-1 (29).
Most surprising was the fact that the IR-1 was extraneous for FXR-mediated inducti-
on of the hSHP promoter, but required a downstream sequence that harbors an LRH-
1 binding site. The minimal LRH-1 binding site was, however, not sufficient to bind 
significant amounts of FXR in pull-down assays (data not shown), suggesting that 
sequences flanking the LRH-1 binding site are required for efficient FXR binding. 



FXR Regulates SHP Expression Through LRE, Independent of an IR-1 and LRH-1

95

This is corroborated by the observation that mutations in the -122/-69 region outside 
the LRH-1 consensus sequence also reduced the FXR-induced SHP promoter acti-
vity, though this was less pronounced than the mutations in the LRH-1 site. Taken 
together, we conclude that the LRH-1 site in the human SHP promoter is most im-
portant site for FXR-mediated expression. Importantly, this novel FXR binding site 
is fully conserved in the human, mouse and rat SHP/Shp promoters (Supplementary 
Figure 3.S5). 
Another remarkable finding was that the previously identified IR-1 was actually re-
quired for 9cRA-induced expression of SHP. Previously, it has been shown that the 
IR-1 overlaps with an LXRα/RXRα DR-4 response element at -284/-269 (30). The 
synthetic ligand RXRα was shown to be a potent activator of LXR/RXRα-induced 
transcriptional activity, even more so than the LXRα ligand T0901317. Thus, it is very 
well possible that 9cRA induces SHP expression through LXR/RXRα. In addition, the 
IR-1 also contains a putative DR-2 sequence (Supplementary Figure 3.S6). RXRα 
homodimers and RXRα/RAR heterodimers have been shown to bind DR-2 elements 
(31). SHP promoter activity was indeed induced by 9cRA-activated RXRα, which was 
not affected by co-transfection with RAR (data not shown). So, alternatively, 9cRA 
may act via RXRα homodimers by binding the DR-2 in the -291/-279 region in the 
SHP promoter.
At present it is unknown how common this alternative pathway of FXR-mediated 
transcription through LRH-1(-like) sequences is. The FXR/CDCA-induced activity 
via the LRH-1 site is insensitive to 9cRA. Together with the fact that the “IR-1” is 
required for the 9cRA-mediated induction of SHP this provides the first molecu-
lar mechanism explaining how these ligands (9cRA and CDCA) lead to maximum 
induction of transcription, albeit via two independent sites. Maximum expression 
after exposure to both ligands was also observed for OSTβ, IBABP, FGF19 and others 
observed this for phospholipid transfer protein (PLTP) (32) and sulfotransferase 2A1 
(SULT2A1/STD) (33). In contrast, OSTα showed a BSEP-like pattern (9cRA blocks 
CDCA-induced expression). Since 9cRA was found to reduce binding of FXR/RXRα 
to the IR-1 sequence (as present in the human BSEP and SHP promoter), the IR-1 
containing promoters of OSTβ, IBABP and FGF19 need to harbor compensatory me-
chanism that ultimately lead to maximal transcription with both ligands. 
Our data contrast to those previously reported by Lu et al. (5) and Goodwin et al. (6), 
who reported that the IR-1 is essential for FXR-induced expression of human SHP. 
We followed the same experimental approach as these studies. Most of our data was 
generated using DLD-1 cells, in which we observed the most robust FXR-mediated 
induction of the SHP promoter. Still, we show that the IR-1 was also dispensable for 
FXR-mediated induction of the SHP promoter in HEK293 and HepG2 cells, which 
were used in the earlier studies. A putative explanation for these, seemingly opposite, 
observations may be that both the IR-1 and the LRH-1 site can bind FXR and acti-
vate SHP expression, but that their relative contribution may depend on the cellular 
and/or nuclear levels of FXR, RXRα and their ligands. These factors may vary bet-
ween cell types, passage numbers and the experimental conditions in these 3 studies.  
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The RXRα ligand (9cRA) may reduce the binding of the FXR/RXRα heterodimer to 
the IR-1 sequence and stimulate LXR/RXRα or RXRα homodimer binding in the 
-291/-269 region. In contrast, 9cRA does not affect the FXR-mediated regulation of 
SHP via the -122/-69 element. Physiologically, this maintains SHP-mediated regulati-
on of bile salt synthesis (CYP7A) and bile salt import (NTCP, ASBT) independent of 
the vitamin A/9cRA levels. In line with this, bile salt-mediated induction of Shp was 
maintained in vitamin A-deficient mice (19).
In conclusion, our study reveals for the first time a molecular mechanism of FXR-ac-
tivated transcription that is not inhibited by the RXRα ligand 9cRA, which is the 
most frequent mode of regulation observed for FXR-target genes. Surprisingly, this is 
mediated through a non-IR-1 FXR response element that shows typical characteris-
tics of an LRH-1 DNA binding consensus.
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Supplementary Table 3.S1 Oligo’s used to create mutant constructs of the hSHP -569/+10 promoter
Primer Purpose Sequence

Outer primers in pGL3 basic

Fwd Amplify complete insert CTAGCAAAATAGGCTGTCCC (RVprimer3)

Rev Amplify complete insert CCGAGTGTAGTAAACATTCC

Site directed mutagenesis by full vector amplification

Fwd FXRE KO GTACAGCCTGAAATAATGTACTTGTTTATCCACTTGAGTCA

Rev FXRE KO GATAAACAAGTACATTATTTCAGGCTGTACCAGGGCACC

Truncation (primers contain KpnI site)

Fwd Truncate to -303 CCTTGGTACCCTGGTACAGCCTGAGTTAAT

Fwd Truncate to -278 AGTTAAGGTACCTGTTTATCCACTTGAGTCAT

Fwd Truncate to -122 TCCTGGTACCGGCAATGTCTGTGTGTTTTT

Fwd Truncate to -69 TCAAGGTACCTGGGCCATTCCCCCCGTTCC

Overlap PCR primers

Fwd nonsense FXRE ACAGCCTAGAGAGAGAGAGATGTTTATCCACTTGAGTCAT

Rev nonsense FXRE ATAAACATCTCTCTCTCTCTAGGCTGTACCAGGGCACCAA

Fwd deleted FXRE TTGGTGCCCTGGTACAGCCTTGTTTATCCACTTGAGTCAT

Rev deleted FXRE ATGACTCAAGTGGATAAACAAGGCTGTACCAGGGCACCAA

Fwd deleted -203/-122 CTGTGCCCTGCACCGGCCACGGCAATGTCTGTGTGTTTTT

Rev deleted -203/-122 AAAAACACACAGACATTGCCGTGGCCGGTGCAGGGCACAG

Fwd deleted -122/-69 TCCCCACCATTCCTGCCAGGTGGGCCATTCCCCCCGTTCC

Rev deleted -122/-69 GGAACGGGGGGAATGGCCCACCTGGCAGGAATGGTGGGGA

Fwd mut-118/-114 CACCATTCCTGCCAGGGGCATTTATTGTGTGTTTTTTTCAATGAAC 

Rev mut-118/-114 GTTCATTGAAAAAAACACACAATAAATGCCCCTGGCAGGAATGGTG

Fwd mut-110/-107 CCTGCCAGGGGCAATGTCTGTTAAATTTTTTCAATGAACATGACTT 

Rev mut-110/-107 AAGTCATGTTCATTGAAAAAATTTAACAGACATTGCCCCTGGCAGG

Fwd mut-90/-86 TGTGTTTTTTTCAATGAACAATTAATCTGGAGTCAAGGTTGTTGGG 

Rev mut-90/-86 CCCAACAACCTTGACTCCAGATTAATTGTTCATTGAAAAAAACACA

Fwd mut-83/-82 TTTTCAATGAACATGACTTCCAGAGTCAAGGTTGTTGGGCCATTCC 

Rev mut-83/-82 GGAATGGCCCAACAACCTTGACTCTGGAAGTCATGTTCATTGAAAA

Fwd mut-75/-70 GAACATGACTTCTGGAGTCATTAATTTTGGGCCATTCCCCCCGTTC

Rev mut-75/-70 GAACGGGGGGAATGGCCCAAAATTAATGACTCCAGAAGTCATGTTC
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Supplementary Table 3.S2. Taqman primer-probe sets used for RT-qPCR

Gene Oligo sequences
18S Fwd: 

Rev:
probe: 

5’-cgg cta cca cat cca agg a-3’
5'-cca att aca ggg cct cga aa-3'
5'-cgc gca aat tac cca ctc ccg a-3'

BSEP/ABCB11 Fwd: 
Rev:
probe:  

5-’aca tgc ttg cga gga cct tta-3’
5'-gga ggt tcg tgc acc agg ta-3'
5'-cca tcc ggc aac gct cca agt ct-3'

FGF19 Fwd: 
Rev:
probe:  

5’-tgc aat ccc gat aag aaa tgc-3’
5’-cag cct tat ata gta gcg cct tac g-3’
5’-ctt ggg cac cta ccc gt-3’

IBABP Fwd: 
Rev:
probe: 

5’-aag gcc cgc aac ttc aag at-3’
5’-gga gta gtg ctg gga cca agt g-3’
5’-cca tcc tgc tgc acc tcc gtg a-3’

LRH-1/ NR5A2 Fwd: 
Rev:
probe:  

5’-acg gac tta cac cta ttg tgt ctc aa-3’
5’-agg tga gga gcc cat aat ggt ac-3’
5’-cac ggg aca aag ctc ttc cag atc ttc a-3’

OST alpha Fwd: 
Rev:
probe:  

5’-ggt gag cag aac atg gga gc-3’
5’-atg gag ggc tgt agg gca gt-3’
5’-aaa ttt gct ctg ttc cag gtt ctc ctc atc c-3’

OST beta Fwd: 
Rev:
probe:  

5’-cag gag ctg ctg gaa gag at-3’
5’-gac cat gct tat aat gac cac ca-3’
5’-cgt gtg gaa gat gca tct ccc tgg aat cat tc-3’

SHP/NR0B2 Fwd: 
Rev:
probe:  

5’-gtc cag cta tgt gca cct cat c-3’
5’-ttc ctg agg aag gcc act gt-3’
5’-tcc aag gcc tcc cgg cag g-3’

Probes were FAM TAMRA labeled.
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Supplementary Figure 3.S1. Gene- and cell type-specific regulation of FXR/RXRα target genes by 
9cRA
HepG2.rNtcp (A) and DLD-1 (B) cells were transfected with expression plasmids for hFXR and hRXRα 
and treated with or without 100 µmol/L CDCA and/or 1 µmol/L 9cRA. mRNA levels of FXR target 
genes were determined by RT-qPCR. Data are corrected for 18S and displayed as means ± SD; n≥3. 
CDCA treated conditions are set to 100. Significant differences (p≤0.05) are indicated when compared 
to auntreated condition, b9cRA-treated condition, cCDCA-treated condition or dCDCA/9cRA-treated 
condition in a pair-wise comparison by Mann-Whitney U test.

FXRE sequence

wild type CAGCCTGAGTTAATGACCTTGTTTA

“knock out” CAGCCTGAAATAATGTACTTGTTTA

nonsense CAGCCTAGAGAGAGAGAGATGTTTA

deleted CAGCCT.............TGTTTA
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Supplementary Figure 3.S2. Inactivation of the IR-1 at position -291/-279 does not abolish FXR/
CDCA-mediated induction of the -569/+10 hSHP promoter
DLD-1 cells were transfected with hFXR and hRXRα expression plasmids and the -569/+10 SHP pro-
moter constructs. Cells were treated with or without 100 µmol/L CDCA. Luciferase activity was measu-
red to determine the SHP promoter activity. Data presented as mean ± SD; n≥3. P≤0.05 for *) in a pair 
wise comparison by Mann-Whitney U test.
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Supplementary Figure 3.S3. No synergy between FXR and LRH-1 in human SHP regulation
LRH-1 dose dependently induced activation of the -569/+10 hSHP promoter fragment, confirming the 
presence of a functional LRH-1 responsive element. In the presence of FXR a similar dose response cur-
ve is observed. However, in the presence of CDCA, FXR and LRH-1 do not synergistically activate the 
SHP promoter. LRH-1 rather limits the FXR/CDCA-dependent activation at a higher dose. DLD-1 cells 
were transfected with hFXR and hRXRα expression plasmids, the -569/+10 SHP promoter construct 
and/or increasing amounts of the mLRH-1 expression plasmid as indicated. Cells were treated with or 
without 100 µmol/L CDCA. Luciferase activity was measured to determine the SHP promoter activity. 
Data presented as mean ± SD.
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Supplementary Figure 3.S4. FXR does not induce LRH-1 ex-
pression in DLD-1 cells
DLD-1 cells were transfected with expression plasmids for 
hFXR and hRXRα and treated with or without 100 µmol/L 
CDCA. mRNA levels of LRH-1 were determined by RT-qPCR. 
Data are corrected for 18S and displayed as mean ± SD; n≥3.
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mouse  -337 CTGGTACAGCCTGGGTTAATGACCCTGTTTATGCACTTGAGTCATCCGATAAAGGGCATC -278
rat    -328 CTGGTACAGCCTGGGTTAATAACCCTGTTTATACACTTGAGTCATCCGATAAAGGGCATC -269
human  -303 CTGGTACAGCCTGAGTTAATGACCTTGTTTATCCACTTGAGTCATCTGATAAGGGGCAGC -244

************* ****** *** ******* ************* ***** ***** *
mouse  -277 CAGGCAGTGGGCAGGTGGCCCTGTGCCCTGCAATGGCCACTTCATTGACTAAAGTGATAG -218
rat    -268 CAGGCAGTGGGCAGGTGGCCCTGTGCCCTGCAATGGCCACTTCATTGACTAAAGCGATAG -209
human  -243 TGAGTGAGCGGCAGGTGGCCCTGTGCCCTGCACCGGCCACTTCATTGACTGAGGTGATAT -184

*     ***********************  **************** * * **** 
mouse  -217 CAAGGCCACGTGGAGCTTCCAGTGCCCC-TCCCCCACCACTTCCCCATCAGTCCTGCCAG -159
rat    -208 CAAGGCCACGTGGAGCTTCCAGTGCCCC-TCCCCCACCACTTCTCCACCAGTCCTGCCAG -150
human  -183 CAGTGCCACGTGGGGTTCCCAATGCCCCCTCCCCCACCACTTCCCCACCATTCCTGCCAG -124

**  ********* * * *** ****** ************** *** ** *********
mouse  -158 GGTCAGCGTGTATGCATTGTGTGTGTGTATGGTTTTTTTTTTTTTTTTCCTTTCAATGAA -99
rat    -149 GGTCAGCGTGTATGCATTGTGTGTGTGTGTATGGTTTTTTTTTTTTTT---TTCAATGAA -93
human  -123 GG-----------GCAATGTCTGTGTGT----------------TTTT---TTCAATGAA -94

**           *** *** *******                ****   *********
mouse   -98 CATGACTTCTGGAGTCAAGGTTGTTTGGCCAGTCCCCT--TCCCGCCCATCAAGGATATA -41
rat     -92 CATGACTTCTGGAGTCAAGGTTGTTTGGCCAGTCCCCC--TCCCGCCCATCAAGGATATA -35
human   -93 CATGACTTCTGGAGTCAAGGTTGTTGGGCCATTCCCCCCGTTCCACTCACTGGGAATATA -34

************************* ***** *****   * ** * **    * *****
mouse   -40 AATAGCACTCACAGTAGAGAGAGAGAGAGAGAGGGCCAGATAG +3
rat     -34 AATAGCACTCC--GTAGAGAGGGCCACAGAG----CCAGGAAG +3
human   -33 AATAGCACCCA---CAGCGCAGAACACAGAG----CCAGAGAG.+3

******** *     ** *      * ****    ****  **

Supplementary Figure 3.S5. Comparison of human, mouse and rat SHP promoter sequences
The IR-1 (italic+bold) is not fully conserved, whereas the LRH-1 binding site (underlined) is fully con-
served in the mouse, rat and human SHP promoter. The -122/-69 region is depicted in bold.

GTACAGCCTGAGTTAATGACCTTGTTTATCCACTTGAGTCA

IR-1

DR-2

-260-300

DR-4

Supplementary Figure 3.S6. The 9cRA responsive element accommodates an IR-1, an DR-4 and a 
putative DR-2
The IR-1 (-291/-279) overlaps with a previously identified DR-4 (Goodwin et al., 2003; binds LXRα/
RXRα) and a putative DR-2 (binds RXRα/RXRα and RXRα/RAR).
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Abstract

Vitamin A is a fat-soluble vitamin that mammals acquire from the diet. Bile acids 
aid in intestinal absorption of vitamin A, which is stored in hepatic stellate cells in 
the liver that control vitamin A homeostasis. Bile acids and vitamin A-derived re-
tinoic acids are important signaling molecules that activate the nuclear receptors 
farnesoid X receptor (FXR) and retinoid X receptor-alpha (RXRα), respectively. 
FXR regulates transcription of genes involved in bile acid synthesis and transport 
and does so in a heterodimer with RXRα. Recent data reveal that RXRα ligands 
strongly affect FXR-regulation in a target gene specific manner. Since hypovita-
minosis A may develop in chronic liver and intestinal diseases, we determined the 
direct effect of VAD on bile salt synthesis and transport.
Rats were fed a control (vitamin A sufficient; VAS) or vitamin A deficient (VAD) 
diet for 17 weeks. Bile acid levels were determined in plasma, liver and bile. Ex-
pression of genes and proteins involved in bile acid synthesis and transport in the 
liver and terminal ileum was analyzed by RT-qPCR and western blotting, respec-
tively.
Serum retinol levels remained normal during 12 weeks of VAD diet, after which 
they sharply dropped. After 17 weeks of VAD diet, serum and hepatic retinol le-
vels were decreased 85% and 99%, respectively, compared to control animals. Vi-
tamin A deficiency increased serum bile acid concentrations by 3.0- fold (to 49 
μM in VAD) compared to control animals, while biliary and hepatic bile acid con-
centrations were unchanged. VAD did not affect the expression of rate-limiting 
factors in bile salt synthesis (Cyp7A1) and transport (Ntcp and Bsep) in the liver. 
Also hepatic Ntcp protein levels were comparable between VAD and VAS livers. 
Expression of ileal Ostα (exports bile salts to the circulation) and Fgf15 (signals to 
the liver to repress Cyp7A1) was significantly increased. In addition, VAD did not 
change hepatic and ileal Shp (suppresses Cyp7a1) expression. 
These data show that vitamin A deficiency causes mild cholestasis in rats. Incre-
ased Fgf15 expression in the ileum of VAD rats, combined with unchanged Shp 
levels, is ineffective in repressing hepatic Cyp7A1, the rate-limiting enzyme in 
bile salt synthesis. The primary cause of bile acid accumulation in the blood re-
mains unclear, but increased intestinal absorption via OSTα may contribute to 
the cholestatic phenotype.

Introduction

Vitamin A is a vital micronutrient to mammals and plays important roles in embryo-
genesis, growth and differentiation of tissues and fertility (1, 2). It is needed for sight, 
immune-competence (3) and has therapeutic potential for various forms of cancers 
(4). Since mammals cannot produce vitamin A themselves it needs to be taken up 
via the diet as pro vitamin A (mainly beta-carotene) or preformed vitamin A (retinyl 
esters) (2). Vitamin A is a fat-soluble vitamin and its efficient absorption in the ile-



Vitamin A Deficiency Causes Mild Cholestasis in Rats

107

um requires the action of bile salts (5). Bile salts are synthesized in the liver and are 
secreted to the bile where they form mixed micelles with phospholipids that are the 
carriers for fat-soluble compounds in the digestive tract to facilitate their absorption, 
digestion and/or secretion. Bile salts are effectively absorbed at the terminal ileum 
and transported back to the liver. The small portion of bile acids that is lost in the 
feces is compensated by de novo synthesis in the liver.
Following intestinal absorption, vitamin A is transported via lymph and blood circu-
lation as retinyl esters packed in chylomicrons. Most of the vitamin A is transported 
to and stored in the liver, which plays a central role in maintaining vitamin A homeo-
stasis. Under normal, vitamin A sufficient, conditions most of the vitamin A resides 
in hepatic stellate cells, where it is stored in intracellular lipid droplets. The stellate 
cells contain up to 80% of the body reserves of vitamin A and maintain constant le-
vels of retinols in the blood (6).
Vitamin A fulfils its function primarily through metabolites like retinoic acids that 
modulate the activity of transcription factors, the so-called retinoic acid receptors 
(RARs) and retinoid X receptors (RXRs). RARs are typically activated by all-trans 
retinoic acids and RXRs by 9-cis retinoic acids (9cRA), though there is redundancy 
in the spectrum of ligands that activate these nuclear receptors (7-11). RXRs, in par-
ticular retinoid X receptor alpha (RXRα/NR2B1), is a crucial factor in many metabo-
lic pathways as it is an obligatory partner for several other ligand-activated nuclear 
receptors. The farnesoid X receptor (FXR/NR1H4) is such a transcription factor that 
requires heterodimerisation with RXRα for regulation of most of its target genes. 
FXR is the mammalian bile acid receptor (12), which controls expression of genes 
that are involved in bile acid synthesis and transport. Its most potent endogenous 
ligand is chenodeoxycholic acid (CDCA) (12-14). Activated FXR induces expression 
of transporters that export bile salts from the hepatic and ileal epithelial cells, the 
bile salt export pump (BSEP/ABCB11) (15) and organic solute transporter complex 
alpha-beta (OSTα/β) (16, 17), respectively. At the same time, FXR represses bile salt 
synthesis and import via several indirect feedback mechanisms through the actions 
of the small heterodimer partner (SHP/NR0B2) and the fibroblast growth factor 19 
(FGF19) (FGF15 is the rodent ortholog) (18, 19). Both SHP (19-21) and FGF19/Fgf15 
(18, 22) are FXR target genes. SHP represses the expression of cholesterol 7-alpha 
hydroxylase (CYP7A1), which is the rate-limiting step in hepatic bile salt synthesis 
(20), as well as the hepatic and ileal bile acid importers, sodium/taurocholate trans-
porting polypeptide (NTCP/SLC10A1) (23) and apical sodium-dependent bile acid 
transporter (ASBT/SLC10A2) (24, 25), respectively. FGF19/FGF15 is expressed in 
the ileum and released into the circulation. It binds to the FGF receptor 4 (FGFR4) on 
hepatocytes and via JNK phosphorylation represses Cyp7a1 expression (18, 26-28).
Besides FXR, two other nuclear receptors can be activated by bile acids, the vitamin 
D receptor (VDR/NR1I1) (29, 30) and pregnane X receptor (PXR/NR1I2) (31) and 
suppress CYP7A1 expression (31, 32). Also PXR and VDR need to form a hetero-
dimer with RXRα to be transcriptionally active (33, 34). Vitamin A signalling may 
therefore affect several mechanisms that control bile salt synthesis and transport. In-
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deed, we showed that the RXRα-ligand 9cRA significantly affects the regulation of 
FXR-target genes. Remarkably, 9cRA strongly represses FXR-induced expression of 
BSEP by reducing the binding of the FXR/RXRα complex to the FXR/RXRα binding 
site in the BSEP promoter (35, 36). Opposite effects were observed for SHP and led to 
the identification of novel and independent sites in the SHP promoter that are requi-
red for 9cRA- and FXR/CDCA-induced expression (36). Thus, the vitamin A status 
may directly affect bile acid homeostasis, which may become particularly important 
in diseases that are associated with vitamin A deficiency, including chronic liver and 
intestinal diseases (37-39).
To determine whether hypovitaminosis A has direct effects on bile salt metabolism, 
we analyzed the bile salt concentration in blood, liver and bile, as well as transcript 
and proteins levels of hepatic and ileal factors involved in bile salt synthesis and 
transport in vitamin A deficient rats.

Material and methods

Animals
All animal experiments were approved by the ethics committee for animal testing 
of the University of Groningen, The Netherlands. Weaning male Wistar rats (35-50 
grams) (Harlan, Horst, The Netherlands) were fed either a vitamin A deficient diet 
TD.86143 (Harlan Teklad, Madison, USA) (n = 22) or a control diet TD.91280 (Har-
lan Teklad, Madison, USA) (n = 18), same formula as VAD diet, but supplemented 
with 20,000 U/kg vitamin A, for 17 weeks. Animals were housed in a temperatu-
re-controlled environment with alternating 12 hours light and dark cycles. Food and 
water were available ad libitum.

Biochemical Procedures
Plasma and liver retinol concentrations (40) and total bile salt concentrations (41, 
42) were determined in blood plasma, bile and liver tissue as described. mRNA was 
isolated from liver tissue and terminal ileum using the Nucleospin II RNA kit (Ma-
cherey-Nagel, Düren, Germany) according to the manufacturer’s recommendati-
ons. RT-qPCR was performed as described before (43). Primer-probe sets used are 
displayed in Table S4.1. NTCP expression in liver homogenates was determined by 
western blot using the K4 antibody (kind gift from Dr. B. Stieger, Zurich, Switzerland 
(44)).

Statistical Analysis
Data are presented as mean ± SD or as a box plot with medians represented by the 
horizontal lines with the 75th percentiles at the top and the 25th percentiles at the bot-
tom of the boxes. Ranges are represented as whiskers. Differences between the animal 
groups were determined with SPSS 17.0 by Mann-Whitney U with p<0.05.
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Results

Vitamin A Depletion by Diet Does Not Affect Animal Growth
To establish vitamin A deficiency, young male Wistar rats (5 weeks old) were put on a 
diet lacking vitamin A and body weight (Figure 4.1A). Plasma retinol levels (Figure 
4.1B) were determined regularly (once every 1-2 weeks). The plasma retinol levels re-
mained constant at approximately 0.16 mg/L during the first 12 weeks of the vitamin 
A deficient (VAD) diet, similar to animals receiving the vitamin A-containing control 
diet (e.g. 20,000 IU/kg; vitamin A-sufficient; VAS). After 12 weeks of VAD diet, the 
plasma retinol levels sharply decreased and animals were sacrificed at week 17 when 
plasma levels had decreased to 0.012 ± 0.006 mg/L (Figure 4.1C), while no difference 
in body weight between the VAS and VAD group was observed yet (Figure 4.1A). 
Liver retinol levels had dropped 99% in VAD rats compared to livers from VAS rats 
(0.12 ± 0.24 mg/g versus 10.53 ± 3.93 mg/g, respectively) (Figure 4.1D).
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Figure 4.1. Animal characteristics rats fed a VAS or VAD diet
Rats were fed either a vitamin A deficient (VAD) diet or a vitamin A sufficient (VAS) diet for 17 
weeks. The increase in bodyweight over the period of 17 weeks  (A) was not different between ani-
mals fed a control (VAS; n=18) or VAD (n = 22) diet. Plasma retinol levels of animals on a VAD 
diet were stable and similar to those on a VAS diet up to 12 weeks, after which they sharply declin-
ed in the VAD group (B). At termination at 17 weeks, plasma retinol levels (C) were 85% reduced in 
VAD rats (n=4) compared to VAS rats (n=4), while hepatic retinol levels (D) were 99% reduced in 
the VAD rats. Data displayed as mean ± SD. *) significant difference between VAS and VAD, p<0.05.
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Vitamin A Deficiency Increases Plasma Bile Acid Concentrations
VAD did not cause an increase of liver damage markers (AST, ALT, ALP, yGT; data 
not shown) in blood. Remarkably, the bile acid concentration in blood was 3.0-fold 
increased in VAD animals compared to VAS controls (49 ± 32 mmol/L versus 16 ± 
6.5 mmol/L; p = 0.043, respectively) (Figure 4.2A). A trend towards increased bile 
acid concentrations in bile of VAD rats was also detected, though this did not reach 
statistical significance (VAS: 23.0 ± 9.9 mmol/L versus VAD: 34.4 ± 5.3 mmol/L; p = 
0.077) (Figure 4.2B). In contrast, the bile acid concentrations in the liver were not 
different between VAD and VAS animals (Figure 4.2C). 
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Figure 4.2. Blood (A), biliary (B) and hepatic (C) bile acid concentration in control (VAS) and VAD 
rats
Vitamin A depleted rats displayed a 199% increase in plasma bile acid concentration (VAD (n = 22) 
versus VAS (n = 18)) at 16 weeks of VAD diet (A). Bile acid concentration in bile (VAS (n = 4) versus 
VAD (n = 3)) and liver (VAS n=4 versus VAD livers (n = 4)) were not different. Data displayed as mean 
± SD. *) significant difference between VAS and VAD, p<0.05.

Vitamin A Deficiency Does Not Majorly Affect Bile Acid Transporter mRNA Ex-
pression
Next, we analyzed whether the VAD-increased serum bile acid concentrations were 
accompanied by transcriptional changes in genes encoding proteins involved in bile 
acid transport in the liver (Figure 4.3A) and intestine (Figure 4.3B). Despite the in-
creased concentrations of bile salts in plasma, transcription levels of hepatic Bsep and 
Ntcp and ileal Asbt and Ostβ were not significantly affected by vitamin A deficiency. 
Only Ostα and intestinal bile acid binding protein (Ibabp) mRNA levels were 1.6-fold 
and 1.7-fold increased on average, respectively, in VAD animals, compared to VAS 
animals. These data show that vitamin A deficiency per se does not significantly affect 
transcription of genes involved in bile salt transport.



Vitamin A Deficiency Causes Mild Cholestasis in Rats

111

VAS VAD
0.0

0.5

1.0

1.5
Bsep

R
el

at
iv

e
B

se
p

ex
pr

es
si

on
(m

R
N

A
 v

er
su

s
36

B
4)

VAS VAD
0.0

0.5

1.0

1.5
Ntcp

R
el

at
iv

e
Nt

cp
 e

xp
re

ss
io

n
(m

R
N

A
 v

er
su

s
36

B
4)

VAS VAD
0

1

2

3

4 Ostα

*

R
el

at
iv

e
O

st
α

ex
pr

es
si

on
(m

R
N

A
 v

er
su

s
36

B
4)

VAS VAD
0

5

10

15 Ostβ

R
el

at
iv

e
O

st
β

 e
xp

re
ss

io
n

(m
R

N
A

 v
er

su
s

36
B

4)

VAS VAD
0

1

2

3

4

5
Asbt

R
el

at
iv

e
A

sb
te

xp
re

ss
io

n
(m

R
N

A
 v

er
su

s
36

B
4)

VAS VAD
0

2

4

6
Ibabp

*

R
el

at
iv

e
Ib

ab
p

ex
pr

es
si

on
(m

R
N

A
 v

er
su

s
36

B
4)

A B

Figure 4.3. Vitamin A deficiency does not affect bile acid transporter mRNA expression
RT-qPCR analysis of hepatic (A) and ileal (B) bile acid transporter expression in control (VAS) and VAD 
rats. Only the transcription of Ostα and Ibabp was increased in VAD compared to VAS rats. Data was 
corrected for 36B4 and is presented as a box plot with medians represented by the horizontal lines with 
the 75th percentiles at the top and the 25th percentiles at the bottom of the boxes. Ranges are represented 
as whiskers. *) significant difference between VAS and VAD, p<0.05.

Ntcp Protein Expression Was Not Affected by Vitamin A Deficiency
Previously, we reported that cholate-fed VAD mice display reduced Ntcp protein le-
vels in the liver despite an increase in Ntcp mRNA expression (Chapter 2). There-
fore, we next studied the possibility of a VAD-dependent decrease in Ntcp protein 
expression in rats. Western blot analysis of total liver extracts revealed that NTCP 
levels were not reduced in VAD rats compared to VAS control rats (Figure 4.4). In 
addition, no difference in protein levels of hepatic BSEP, ileal OSTβ and ASBT was 
detected (data not shown).

8,2 cm single column

17 cm-double column

8,2 cm single column

Figure 4.4
Ntcp expression not decreased is VAD animals.

Figuren gebaseerd op 8 dieren, VAS-sham-vehicle (n=4) versus VAD-sham-vehicle (n=4)

rNa,K-ATPase a

rNTCP

VAS VAD

0.9 ± 0.2 1.0 ± 0.1

Figure 4.4. Ntcp protein expression is not affected by vitamin A deficiency
Equal amounts of protein from total liver homogenates from control (VAS) and VAD rats were analyzed 
for NTCP levels by western blotting. Similar levels of NTCP were detected in livers of VAS (n = 4) and 
VAD (n = 4) animals. NTCP expression was quantified using Image Lab by Bio-Rad and corrected for 
expression of the Na+, K+ ATPase alpha subunit. Data presented as mean ± SD.
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Sustained Bile Salt Synthesis, Despite Increased Fgf15 Expression in Vitamin A 
Deficient Condition
Transcript levels of Cyp7A1, the rate-limiting enzyme in bile acid synthesis, were  
highly variable in the VAD rats. Though a trend was observed of increased Cyp7A1 le-
vels in the livers of VAD rats, this did not reach statistical significance (Figure 4.5A). 
Moreover, Cyp7A1 levels in the individual VAD rats did not correlate with the bile 
acid concentrations in blood. Shp levels were not significantly changed (Figure 4.5B 
and E). In contrast, Fgf15 transcript levels in the ileum were significantly increased 
in the VAD rats (Figure 4.5D), while the expression of the corresponding receptor 
in the liver, Fgfr4, was unchanged (Figure 4.5C). These data reveal that VAD does 
not cause major transcriptional effects on bile acid biosynthesis and that it makes bile 
acid biosynthesis unresponsive to Fgf15 mediated repression.
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Figure 4.5. Increase in ileal Fgf15 expression fails to repress bile acid synthesis
RT-qPCR analysis of hepatic (A-C) and ileal (D-E) factors controlling bile acid synthesis in control 
(VAS) and VAD rats. Expression of the rate-limiting enzyme in bile acid synthesis (Cyp7a1; A), as well 
as Shp (B, in liver; E, in ileum) and the FGF receptor 4 (Fgfr4) (C) was not significantly changed. mRNA 
expression of ileal Fgf15 was increased 3.9-fold (D) in VAD rats compared to VAS rats. Data was cor-
rected for 36B4 and is presented as a box plot with medians represented by the horizontal lines with the 
75th percentiles at the top and the 25th percentiles at the bottom of the boxes. Ranges are represented as 
whiskers. *) significant difference between VAS and VAD, p<0.05.

 
Discussion

In this study, we show that vitamin A deficiency in rats leads to mild cholestasis, 
without affecting bile acid concentrations in liver and bile. Remarkably, VAD did 
not cause major changes in transcript levels of the rate-limiting enzyme in bile acid 
synthesis nor in the transcript and protein levels of hepatic and ileal bile acid trans-
porters. Ileal expression of Fgf15 is significantly induced, but appears ineffective in 
repressing bile salt synthesis in the liver.
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Previously, we and others have shown that vitamin A-derived 9cRA is an important 
co-regulator of FXR/RXRα-mediated transcription of BSEP and SHP. 9cRA strongly 
represses FXR/CDCA-induced expression of BSEP by preventing the binding of the 
FXR/RXR heterodimer to the hBSEP promoter element (35, 36). In contrast, 9cRA 
induces SHP expression in a mechanism that is independent of the FXR/CDCA-mo-
dulated SHP expression. These observations suggest that the vitamin A status may be 
important to maintain normal bile salt homeostasis. Indeed, we found that rats that 
just reached vitamin A deficiency have significantly increased bile acid concentrati-
ons in blood, while these concentrations are normal in liver and bile. However, the 
increased bile acid concentrations in blood were not accompanied by changed ex-
pression in bile acid transporters nor the rate-limiting enzyme in bile salt synthesis.
The increased bile acid concentrations in blood, with normal hepatic and biliary bile 
acid concentrations, imply that import into hepatocytes is compromised and export 
is maintained. However, the transcript and protein levels of the predominant bile 
salt importer, NTCP, are not changed in the livers of VAD rats. Moreover, the FXR 
regulatory system seems insensitive to increased bile salt concentrations as compen-
satory mechanisms are not activated, e.g. Bsep and Shp expression are not induced 
and Cyp7A1 expression is not repressed. A similar phenomenon is observed in bile 
duct-ligated rats, where Cyp7A1 expression is induced under cholestatic conditions. 
This led to the identification of a second repressive mechanism acting on Cyp7A1, e.g 
Fgf15. Bile acids induce expression of FGF15 in the ileum, which signals to the liver 
to repress Cyp7A1 (28). This CYP7A1 repressive pathway is blocked in bile duct-li-
gated rats, where intestinal bile acid concentrations are extremely low with strongly 
reduced FGF15 expression as a result. Remarkably, ileal Fgf15 expression is induced 
in VAD rats, but does not lead to repression of Cyp7A1 expression. 
In line with the induced ileal Fgf15 expression in VAD rats, also expression of Ostα 
and Ibabp is induced in the gut, indicating increased bile acid signaling in the ileal 
epithelium. Increased expression of these genes under VAD conditions suggests that 
there is an increased bile acid flow through the enterocyte and elevated Ostα may 
contribute to the increased serum bile acid levels. However, OSTα requires OSTβ to 
become a functional bile acid transporters at the basolateral membrane of enterocy-
tes and the expression of Ostβ is not changed in VAD, but may be present in excess 
over OSTα so that the bile acid export capacity in enterocytes is primarily controlled 
by regulating OSTα levels. In contrast to human ASBT, rat Asbt is not reported to be 
a target gene of RAR. In addition, human and mouse, but not rat Asbt expression is 
negatively regulated by bile acids (25, 45). Concurrently, we detected no change in 
ileal ASBT expression in VAD rats.
Both McClintick et al. and Kang et al. studied the genome-wide transcriptional ef-
fects of VAD in rodent livers in rats and mice, respectively. Changes in transcript 
levels of genes encoding bile acid transporters were not reported. A minor 1.4-fold 
decrease was detected for Fxr, but this had no effect on downstream targets, further 
confirming that not so much the absolute level of FXR is important, but rather its bile 
salt-activated state (46, 47).
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The reason why VAD rats develop mild cholestasis therefore requires further investi-
gation. A change in bile acid profile or level of glycine/taurine-conjugation may cause 
a less efficient uptake via NTCP, which may not be fully compensated by other bile 
acid transporters at the basolateral membrane, like OATPs. Such a change in profile 
would, however, also results in poor export from the hepatocyte by BSEP, which does 
not seem to be the case given the normal bile salt concentrations in liver and bile in 
VAD rats. Alternatively, VAD may lead to circulating metabolites that inhibit the 
transport activity of NTCP. While several drugs have been found to inhibit the trans-
port activity of NTCP, no endogenous compounds have so far been demonstrated to 
be able to do so (48-50).
Cyp7a1 is a known target gene of RAR and transcript levels are increased by retinoic 
acid (51). However, VAD did not strongly affect Cyp7a1 expression and if any, it was 
increased rather than decreased. Moreover, bile acid concentrations in blood were 
elevated in VAD rat. This happens under conditions were the ileal mechanism to 
repress bile acid synthesis (Fgf15) is activated (Figure 4.5). A similar observation 
was made in VAD mice (36). Though serum bile acids levels were not significantly 
increased in VAD mice, they do seem to suffer from an impaired negative feedback 
regulation on bile acid synthesis. Cholic acid (CA)-feeding elevated plasma bile acids 
in VAD mice, but not in VAS animals, while Cyp7a1 and Shp mRNA expression re-
mained unaffected (Figure 2.6). Thus, sufficient vitamin A seems to be required for 
effective repression of bile salt synthesis. Physiologically, this make sense. Bile acids 
are required for effective absorption of vitamin A in the intestine. If vitamin A levels 
are insufficient, increased bile acid production and secretion may help to maximize 
absorption of this important vitamin in the intestine. However, increasing bile salt 
production and secretion may aggravate liver disease especially in obstructive chole-
stasis. Further research is required to determine the potential therapeutic effect of vi-
tamin A supplementation in cholestatic liver disease under conditions where vitamin 
A levels are severely decreased.
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Supplementary data

Table S4.1. Taqman primer-probe sets used for RT-qPCR

Gene Oligo sequences
Asbt/Scl10a2
(NM_017222)

Fwd:
Rev:
Probe:

5'-ACCACTTGCTCCACACTGCTT-3'
5'-CGTTCCTGAGTCAACCCACAT-3'
5'-CTTGGAATGATGCCCCTTTGCCTCT-3'

Bsep/Abcb11
(NM_031760)

Fwd:
Rev:
Probe:

5'-CCAAGCTGCCAAGGATGCTA-3'
5'-CCTTCTCCAACAAGGGTGTCA-3'
5'-CATTATGGCCCTGCCGCAGCA-3'

Cyp7a1
(NM_012942.1)

Fwd:
Rev:
Probe:

5'-CAGGGAGATGCTCTGTGTTCA-3'
5'-AGGCATACATCCCTTCCGTGA-3'
5'-TGCAAAACCTCCAATCTGTCATGAGACCTCC-3'

Fgf15
(NM_130753)

Fwd:
Rev:
Probe:

5'-GCCATCAAGGACGTCAGCA-3'
5'-CTTCCTCCGAGTAGCGAATCAG-3'
5'-CGCTCATGCAGAGGTACCGCACG-3'

Fgfr4 
(BC100260.1)

Fwd:
Rev:
Probe:

5'-TCGTTATCAACGGCAGCAGTT-3'
5'-TTGATGTCTGTTGTCTTCAGGACTT-3'
5'-CGGCGCTGATGGTTTCCCCTACGTA -3'

Ntcp/Slc10a1
(M77479)

Fwd:
Rev:
Probe:

5'-ATGACCACCTGCTCCAGCTT-3'
5'-GCCTTTGTAGGGCACCTTGT-3'
5'-CCTTGGGCATGATGCCACTCCTC-3'

Ostα
(NM_145932.3)

Fwd:
Rev:
Probe:

5'-AGTTTGCTCTGTTCCAGGTGCTT-3'
5'-TGTTAGCCAAGATGGAGAAAATGG-3'
5'-CATCCTGACCGCCCTGCAGCC-3'

Ostβ
(XM_238546.3)

Fwd:
Rev:
Probe:

5'-CCCAGATCCAGGCCCAGA-3'
5'-CGGCACTGGCTGCAGC-3'
5'-AGGATCAGGAGCATGGACCACAGTGC -3'

Shp/Nr0b2
(NM_057133)

Fwd:
Rev:
Probe:

5'-ACCTGCAACAGGAGGCTCACT-3'
5'-TGGAAGCCATGAGGAGGATTC-3'
5'-TCCTGGAGCCCTGGTACCCAGCTAGC-3'

36B4
(NM_022402)

Fwd:
Rev:
Probe:

5'-GCTTCATTGTGGGAGCAGACA-3'
5'-CATGGTGTTCTTGCCCATCAG-3'
5'-TCCAAGCAGATGCAGCAGATCCGC-3'

Sequences of primer/probe sets used for studying gene transcription. Probes were FAM/TAMRA-labe-
led.
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Abstract

Cholestasis is accompanied by malabsorption of fat-soluble vitamins, including 
vitamin A. Moreover, the stellate cells in the liver lose their vitamin A stores upon 
cholestatic liver injury and start producing excessive amounts of extracellular 
matrix leading to liver fibrosis. As a consequence, chronic cholestasis is associa-
ted with hypovitaminosis A. Vitamin A is an antioxidant and its derivatives are 
crucial signaling molecules for the retinoid X receptor alpha (RXRα) that regu-
lates bile salt homeostasis in conjunction with the farnesoid X receptor (FXR). 
Supplementing cholestatic patients with vitamin A is, however, a controversial 
issue.
We studied the effect of vitamin A deficiency and retinyl palmitate (RP) therapy 
in an animal model of cholestasis. Rats were made vitamin A deficient (VAD) 
by omitting vitamin A from their diet for 16 weeks, followed by ligation of the 
common bile duct (BDL) or a sham operation. 7 Days later the animals were sa-
crificed. During the final 7 days, half of the animals received daily IP injections 
with RP.
BDL induced a dramatic weight loss in VAD rats (-15 to -20% in 7 days, compa-
red to -5% in vitamin A sufficient (VAS)-BDL rats) and serum hepatic damage 
markers (AST/ALT) were approximately 10-fold increased compared to BDL rats 
receiving an VAS diet. Markers for oxidative stress (Ho-1), inflammation (iNos), 
fibrosis (α-Sma and Col1a1) were strongly increased. Large regions of necrotic 
hepatocytes were observed in VAD-BDL rats together with strong proliferation 
of bile ductular cells. Importantly, all these liver disease markers were efficient-
ly reversed by RP supplementation to the level observed in VAS-BDL rats. Only 
minor changes in hepatic transcriptional regulation of bile salt homeostasis were 
detected.
We conclude that vitamin A deficiency dramatically aggravates liver damage cau-
sed by obstructive cholestasis, but is efficiently prevented by vitamin A supple-
mentation. These data warrant a detailed analysis of the hepatoprotective effect 
of vitamin A in patients with chronic cholestasis.

Introduction

Vitamin A is an important nutrient during all stages of mammalian life and is essenti-
al in embryogenesis, differentiation of tissues and fertility. Moreover, it is required for 
eyesight, immune competence and has anti-inflammatory properties. Most of its ac-
tions are performed through activation of the nuclear receptors retinoic acid receptor 
(RAR) and retinoid X receptor (RXR) that are ligand-activated transcription factors 
responding to vitamin A-derivatives, including all-trans and 9-cis retinoic acid (1, 2). 
In addition, vitamin A may act as an antioxidant (3, 4). Mammals cannot synthesize 
vitamin A themselves, so they need to obtain it from their diet, either as pro-vita-
min A carotenoids from fruits or vegetables or as retinyl esters from animal sources. 
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Vitamin A is a fat-soluble vitamin and its efficient absorption in the intestine depends 
on the action of bile salts (5, 6). Bile salts are synthesized in the hepatocytes in the 
liver and secreted via the common bile duct and the gallbladder into the duodenum. 
They form mixed-micelles with phospholipids and those act as carriers for a great va-
riety of fat-soluble compounds in the small intestine. This allows efficient absorption, 
as for the fat-soluble vitamins A, D E and K, as well as the effective excretion of waste 
products from the body, including cholesterol and toxins. At the terminal ileum, bile 
salts are effectively absorbed and via the circulation transported back to the liver to 
be reused. This enterohepatic circulation of bile salts is highly efficient. Per cycle only 
approximately 5% escapes intestinal reabsorption and is excreted through the feces. 
De novo synthesis of bile salts in the liver compensates for the fecal loss of bile salts. 
(7). Most of the vitamin A that is absorbed in the intestine is also transported to the 
liver and stored in lipid droplets in hepatic stellate cells. Over 80% of the total vitamin 
A pool in the healthy body is present in these liver cells (8).
Many liver diseases, both acute and chronic, affect the production and/or secretion 
of bile salts resulting in cholestasis, e.g. accumulation of bile salts in blood and li-
ver caused by an impaired bile flow. This leads to malabsorption of fat-soluble com-
pounds in the intestine, including the vitamins A, D, E and K. Liver injury, at the 
same time, leads to the activation, proliferation and differentiation of stellate cells 
that overproduce extracellular matrix proteins, like collagens and fibronectins, giving 
rise to fibrosis. The hepatic stellate cells lose their vitamin A content in this transdif-
ferentiation process (8). As a result, chronic liver diseases are associated with vitamin 
A deficiency/hypovitaminosis A, as described for biliary atresia (9), primary biliary 
cirrhosis (PBC) (10) and cholelithiasis (gallstone disease) (11). Vitamin A supple-
mentation in the treatment of these patients remains a controversial issue though 
(12). Vitamin A supplementation has been shown to reduce cholestasis and liver fi-
brosis in experimental animal models of liver disease including bile duct ligation and 
chronic CCl4 administration (13-18). On the other hand, vitamin A overdosing can 
also cause jaundice (19), cholestasis (20, 21) and fibrosis (22). Previously, we found 
that vitamin A (-derivatives) also affect bile salt synthesis and transport directly. They 
act via RXRα (NR2B1), which is the obligatory heterodimer partner of the farnesoid 
X receptor (FXR/NR1H4) (23), the mammalian bile salt sensor (24-26). FXR/RXRα 
regulates (directly or indirectly) transcription of key genes involved in bile salt syn-
thesis and transport, including cholesterol 7-alpha-hydroxylase (CYP7A1) and the 
bile salt export pump (BSEP/ABCB11). Both genes are maximally expressed in the 
absence of 9-cis retinoic acid (27, 28). Moreover, we found that vitamin A deficiency 
alone leads to mild cholestasis in rats, most likely due to post-translational mechanis-
ms. Thus, hypovitaminosis A effects bile homeostasis and may directly or indirectly 
affect the course of liver disease in obstructive cholestasis.
Here, we studied the effect of vitamin A deficiency on liver injury in an animal model 
for obstructive cholestasis. In addition, we determined the acute effect of vitamin A 
supplementation on putative excessive liver damage in vitamin A deficient rats with 
obstructive cholestasis.
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Material and methods

Animals
All animal experiments were approved by the ethics committee for animal testing 
of the University of Groningen, The Netherlands. Weaning male Wistar rats (35-50 
grams) (Harlan, Horst, The Netherlands) were fed either a vitamin A deficient (VAD) 
diet TD.86143 (Harlan Teklad, Madison, USA) (n=22) or a vitamin A sufficient (VAS) 
diet TD.91280 (Harlan Teklad, Madison, USA) (n=18). The VAS diet was identical to 
the VAD diet, but supplemented with 20,000 U/kg vitamin A. Animals were housed 
in a temperature-controlled environment with alternating 12 hours light and dark cy-
cles. Food and water were available ad libitum. Blood samples were taken at different 
time points during the diet phase to monitor the plasma retinol levels.
Experimental design: After 16 weeks on the VAD/VAS diet, animals were bile duct-li-
gated (BDL) (VAD n=14; VAS n=10) or were given a sham treatment (VAD n=8; VAS 
n=8). After surgery animals continued on the same diet as before. Starting from the 
day of surgery, rats were IP injected daily with 50 U/g body weight retinyl palmitate 
(RP) (Sigma Aldrich, St. Louis, USA) diluted in corn oil (Sigma Aldrich, St. Lou-
is MO, USA), or vehicle. RP or vehicle was given to VAD-BDL (n=7), VAD-sham 
(n=4), VAS-BDL (n=5) and VAS-sham (n=4) animals. Rats were sacrificed 7 days 
after BDL or sham surgery.

Biochemical Procedures
Retinol (29) and total bile salt concentrations (30, 31) were determined in blood 
plasma and liver tissue as described. Concentrations of hepatic and bile ductular en-
zymes aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosp-
hatase (AP) and gamma-glutamyl transferase (γGT) levels were determined in blood 
plasma.
mRNA was isolated from hepatic, ileal and renal tissue using the Nucleospin II RNA 
kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s recommen-
dations. RT-qPCR was performed as described before (32). Taqman primer-probe 
sets used are displayed in Table 5.1.
Protein expression was determined by western blot analysis, expression was quanti-
fied using the Quantity One software package (Biorad, Hercules CA, USA). BSEP and 
HO-1 were detected using K12 (anti-BSEP; (33)) and OSA-111 (anti-HO-1; Stress-
gen, Victoria BC, Canada) respectively followed by goat anti-rabbit immunoglobu-
lins/HRP (P0448, Dako, Glostrup, Denmark). α-SMA and GAPDH were detected 
using A-2547 (anti-α-Sma; Sigma Aldrich, St. Louis MO, USA) and 6C5 (anti-GAP-
DH, CB1001, Calbiochem, Darmstadt, Germany), respectively, followed by rabbit 
anti-mouse immunoglobulins/HRP, (P0260, Dako Glostrup, Denmark). Sodium 
potassium ATPase was detected using anti-Na+K+-ATPase (kind gift from Dr. W. Pe-
ters, St. Radboud University Medical Center, Nijmegen, The Netherlands) followed 
by rabbit anti-goat immunoglobulins/HRP (P0160, Dako).
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Immunohistochemistry on liver slides was performed as described before using K12 
(α-BSEP) followed by Alexa Fluor 488, goat anti-rabbit IgG (H+L) (A11008, Invitro-
gen, Paisley, United Kingdom) and M7249 (α-Ki67; Dako) followed by goat anti-rab-
bit immunoglobulins/biotinylated, (E0432, Dako) followed by peroxidase-conjuga-
ted streptavidin (P0397, Dako) (27).

Table 5.1. TaqMan primer-probe sets used for RT-qPCR

Gene Oligo sequences
α-Sma
(NM_031004)

Fwd:
Rev:
Probe:

5'-GCCAGTCGCCATCAGGAAC-3'
5'-CACACCAGAGCTGTGCTGTCTT-3'
5'-CTTCACACATAGCTGGAGCAGCTTCTCGA-3'

Bsep
(NM_031760)

Fwd:
Rev:
Probe:

5'-CCAAGCTGCCAAGGATGCTA-3'
5'-CCTTCTCCAACAAGGGTGTCA-3'
5'-CATTATGGCCCTGCCGCAGCA-3'

Krt19
(NM_199498.1)

Fwd:
Rev:
Probe:

5'-GAGGACTTGCGCGACAAGA-3'
5'-GCGGGCATTGTCGATCTG-3'
5'-CGCCACCATTGAGAACTCCAAGATAGCCT-3'

Col1a1
(NM_007742)

Fwd:
Rev:
Probe:

5'-TGGTGAACGTGGTGTACAAGGT-3'
5'-CAGTATCACCCTTGGCACCAT-3'
5'-TCCTGCTGGTCCCCGAGGAAACA-3'

Cyp7a1
(NM_012942.1)

Fwd:
Rev:
Probe:

5'-CAGGGAGATGCTCTGTGTTCA-3'
5'-AGGCATACATCCCTTCCGTGA-3'
5'-TGCAAAACCTCCAATCTGTCATGAGACCTCC-3'

Ho-1
(NM_012580)

Fwd:
Rev:
Probe:

5'-CACAGGGTGACAGAAGAGGCTAA-3'
5'-CTGGTCTTTGTGTTCCTCTGTCAG-3'
5'-CAGCTCCTCAAACAGCTCAATGTTGAGC-3'

iNos
(NM_012611.2)

Fwd:
Rev:
Probe:

5'-GTGCTAATGCGGAAGGTCATG-3'
5'-CGACTTTCCTGTCTCAGTAGCAAA-3'
5'-CCCGCGTCAGAGCCACAGTCCT-3'

18S
(M11188.1)

Fwd:
Rev:
Probe:

5'-CGGCTACCACATCCAAGGA-3'
5'-CCAATTACAGGGCCTCGAAA-3'
5'-CGCGCAAATTACCCACTCCCGA-3'

Probes used for RT-qPCR were FAM TAMRA labeled. 

Statistical Analysis
Relative mRNA levels were corrected for 18S and presented as a box plot with me-
dians represented by the horizontal lines with the 75th percentiles at the top and the 
25th percentiles at the bottom of the boxes. Ranges are represented as whiskers. Other 
data are presented as mean ± SD. Differences between the animal groups were deter-
mined with SPSS 17.0 (IBM, Armonk NY, USA) by Kruskal-Wallis followed by pair 
wise comparison of groups by Mann-Whitney U with p<0.05.
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Results

Vitamin A Depletion by Diet Does Not Affect Animal Growth
To establish vitamin A deficiency, weaning male Wistar rats were fed a diet lacking 
this vitamin. No significant differences were detected in bodyweight of the animals 
receiving a control diet containing standard amounts (20,000 IU/kg) of vitamin A 
(VAS; vitamin A sufficient) (n=18) or a vitamin A deficient (VAD) (n=22) diet after 
16 weeks on these diets (Figure 5.1A). After 16 weeks VAD diet, the plasma retinol 
levels had dropped 77% to 0.025 ± 0.012 mg/ml (Figure 5.1B).
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Figure 5.1. VAD diet did not affect the growth of the animals
Weaning male Wistar rats were fed either a vitamin A sufficient (VAS) (n=18) or deficient 
(VAD) (n=22) diet A). No significant differences were detected in bodyweight of the ani-
mals receiving a VAS or VAD diet over the whole period of 16 weeks. B) After 16 weeks (pri-
or to BDL/sham surgery) VAD diet, the plasma retinol levels dropped in to on average 
23%. Data displayed as mean ± SD. *) significant difference between VAS and VAD, p<0.05.

Vitamin A Deficiency Aggravates the Obstructive Cholestatic Phenotype
After 16 weeks on diet, all animals underwent surgery, either a ligation of the com-
mon bile duct (BDL) or a sham operation, and were subdivided into 4 groups; VAS-
sham, VAS-BDL, VAD-sham and VAD-BDL (Figure 5.2). The VAS-sham, VAD-
sham and VAS-BDL animals lost approximately 5% body weight in the first 2 days 
following surgery, after which it stabilized until sacrifice at day 7 (Figure 5.2A). In 
contrast, VAD-BDL rats continued to lose weight almost linearly during the whole 7 
day period post-surgery. On average they had lost approximately 70 grams (= 13%) 
bodyweight at time of sacrifice. Upon retrieval of the livers, clear macroscopic liver 
damage, e.g. yellow spots at the surface (Figure 5.2C), was observed in livers of the 
VAD-BDL animals, whereas this was not evident in livers from VAS-BDL (Figure 
5.2B) and the sham operated animal (not shown). Moreover, bile accumulation was 
observed immediately before the site of ligation dilating the common bile duct and 
containing over 1 ml of bile. No such “bile sacs” were formed in VAS-BDL rats, or 
were merely the size of a pin-head from which only minor amounts of bile was re-
trieved (data not shown).
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Figure 5.2. Vitamin A deficiency dramatically aggravates obstructive cholestatic disease course
Vitamin A sufficient (VAS) and deficient (VAD) rats were bile duct ligated (BDL) or sham treated and 
sacrificed 7 days after surgery. A) VAD-BDL animals dramatically lost weight, while animals in the VAS-
BDL group had weights similar to sham treated animals on either diet. Data displayed as percentage of 
weight prior to BDL (day 0), mean ± SD. VAD-BDL animals showed clear macroscopic liver damage (C) 
compared to livers of VAS-BDL animals (B). Vitamin A deficiency strongly increased serum levels of he-
patic and ductural damage markers aspartate transaminase (AST) (D), alanine transaminase (ALT) (E), 
alkaline phosphatase (AP) (F) and gamma-glutamyl transferase (γGT) (G) as a consequence of bile duct 
ligation. Data displayed as a box plot with medians represented by the horizontal lines with the 75th per-
centiles at the top and the 25th percentiles at the bottom of the boxes. Ranges are represented as whiskers. 
Significant difference between groups, p<0.05, asignificantly different from VAS-sham; bsignificantly dif-
ferent from VAS-BDL; csignificantly different from VAD-sham; dsignificantly different from VAD-BDL.
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As documented before (34), 7 days BDL in control (VAS) rats leads to slightly incre-
ased AST levels compared to sham-operated VAS rats (Figure 5.2D; 259 ± 71 versus 
124 ± 158 U/L). A significant increase was also detected for serum AP levels (Figure 
5.2F, 0.7 ± 0.6 versus 52 ± 32 U/L for VAS-sham and VAS-BDL, respectively). No 
significant increase was detected in serum ALT and γGT levels after 7 days BDL in 
VAS animals (Figure 5.2E and G). VAD alone did not lead to an increase in any of 
these markers in the serum of sham operated rats. In sharp contrast, serum levels of 
AST, ALT and γGT were strongly elevated and respectively 12.2-, 7.7- and 183-fold 
higher in VAD-BDL rats compared to VAS-BDL rats (Figure 5.2D, E and G). While 
clearly increased in VAD-BDL animals, AP serum levels were not significantly higher 
compared to the VAS-BDL group (Figure 5.2F). Remarkably, BDL led to a further 
reduction of serum retinol levels both in VAS (from 0.289 ± 0.014 U/L to 0.141 ± 
0.054 U/L) and VAD (from 0.043 ± 0.022 U/L to 0.006 ± 0.007 U/L) rats compared 
to their respective control rats (Table 5.2). In contrast, retinol levels in the livers of 
VAS-BDL rats were significantly increased (10.53 ± 3.93 mg/ml versus 16.98 ± 7.44 
in mg/ml VAS-sham and VAS-BDL, respectively). Hepatic retinol levels were low in 
VAD-sham rats and remained unchanged after BDL, suggesting the absence of alter-
native retinol stores. Collectively, these data show that vitamin A deficiency severely 
aggravates liver damage in obstructive cholestasis in rats.

Vitamin A Therapy Prevents Liver Injury in Vitamin A Deficient Cholestatic Rats
In order to determine whether acute supplementation of vitamin A may prevent ex-
cessive liver damage, VAD-BDL rats received daily IP injections with retinyl palmi-
tate (RP; 50 U/g bodyweight) on all days following surgery. Half of the animals from 
the other 3 groups (VAS-sham, VAS-BDL and VAD-sham) also received RP-therapy 
for control analyses. RP supplementation increased serum retinol concentrations in 
VAD-BDL rats to levels comparable to VAS-BDL rats (Table 5.2; 0.145 ± 0.046 mg/
ml versus 0.141 ± 0.054 mg/ml, respectively). Moreover, RP supplementation incre-
ased the hepatic retinol levels both in the VAS-BDL and the VAD-BDL group, indica-
ting BDL-induced hepatic recruitment of retinol(s). RP supplementation significant-
ly suppressed the excessive weight loss of the VAD-BDL animals, which stabilized at 
approximately -7% three days after BDL until sacrifice at day 7 (Figure 5.3A). Ma-
croscopically, the livers from VAD-BDL-RP animals were comparably to VAS-BDL 
rats (compare Figure 5.3C and Figure 5.2B), lacking the yellow spots at the surface 
as observed for the VAD-BDL animals (Figure 5.2C and included again in 5.3B for 
comparison). Accordingly, serum levels of hepatocyte and bile duct damage markers 
AST, ALT, AP and γGT were drastically reduced in VAD-BDL after RP supplementa-
tion (Figure 5.3D-G). However, RP supplementation did not prevent the formation 
of the “bile sac” in the VAD-BDL rats at the site of the ligation (data not shown). An 
overview of physical and biochemical animal parameters of rats from all 8 treatment 
groups is given in Table 5.2.
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Table 5.2. A
nim

al characteristics after BD
L and vitam

in A
 therapy

G
roup

Param
eter

VA
S-sham

-
vehicle

VA
S-sham

-
R

P
VA

S-BD
L-

vehicle
VA

S-BD
L-

R
P

VA
D

-sham
-

vehicle
VA

D
-sham

-
R

P
VA

D
-BD

L-
vehicle

VA
D

-BD
L-

R
P

N
=

4
4

5
5

4
4

7
7

Body w
eight 

day 0 (g)
514 ± 39

533 ± 61
538 ± 37

525 ± 40
517 ± 37

483 ± 43
524 ± 55

514 ± 40

Body w
eight 

day 7 (g)
491 ± 36

510 ± 58
503 ± 30

493 ± 53
492 ± 36

469 ± 51
455 ± 53

474 ± 43

Plasm
a 

retinol 
day 7 (m

g/L)
0.289 ± 0.014

b, c, d, e, f, g, h
0.224 ± 0.053

a, d, e, g
0.141 ± 0.054

a, e, g
0.116 ± 0.031

a, b, e, f, g
0.043 ± 0.022

a, b, c, d, f, g, h
0.183 ± 0.034

a, d, e, g
0.006 ± 0.007

a, b, c, d, e, f, h
0.145 ± 0.046

a, e, g

Liver retinol
day 7 (m

g/g)
10.53 ± 3.93

c, d, e, f, g
10.74 ± 3.58

d, e, f, g
16.98 ± 7.44
a, e, f, g, h

24.55 ± 12.25
a, b, e, f, g, h

0.12 ± 0.24
a, b, c, d, f, h

3.69 ± 1.60
a, b, c, d, e, g

0.08 ± 0.21
a, b, c, d, f, h

7.54 ± 5.17
c, d, e, g

Plasm
a bile salt 

day 7 (µm
ol/L)

23 ± 14
c, d, g, h

9.2 ± 4.3
c, d, e, g, h

1187 ± 357
a, b, e, f

1029 ± 322
a, b, e, f

39 ± 14
b, c, d, g, h

24 ± 16
c, d, g, h

1206 ± 268
a, b, e, f

970 ± 387
a, b, e, f

Liver bile salt day 
7 (µm

ol/g)
1.18 ± 0.11

c, d, g, h
1.13 ± 0.11

c, d, g, h
2.01 ± 0.30

a, b, e, f
2.05 ± 0.31

a, b, e, f
1.09 ± 0.18

c, d, g
1.16 ± 0.38

c, d, g
2.69 ± 1.39

a, b, e, f
1.85 ± 0.73

A
ST (U

/L)
124 ± 58

c, g
129 ± 57
c, d, g, h

259 ± 71
a, b, f, g

273 ± 97
b, f, g

163 ± 67
f, g

75 ± 17
c, d, e, g, h

3161 ± 2358
a, b, c, d, e, f, h

350 ± 190
b, f, g

A
LT (U

/L)
46 ± 22

g
50 ± 25

g
82 ± 19

f, g
91 ± 58

f, g
87 ± 43

f, g
32 ± 6,5

c, d, e, g, h
630 ± 595

a, b, c, d, e, f, h
92 ± 61

f, g

A
P (U

/L)
0.67 ± 0.58

c, g
0.50 ± 0.58

c, g
52 ± 32

a, b, d, e, f
7.2 ± 12

c, g
0.25 ± 0.50

c, g, h
n.d

c, g, h
94 ± 57

a, b, d, e, f, h
22 ± 20
e, f, g

γG
T (U

/L)
n.d.
g, h

0.25 ± 0.50
g, h

1.3 ± 1.3
e, f, g, h

4.0 ± 3.9
e, f, g, h

n.d.
c, d, g, h

n.d.
c, d, g, h

229 ± 148
a, b, c, d, e, f, h

24 ± 21
a, b, c, d, e, f, g

A
nim

al characteristics of rats fed a VA
D

 diet, that w
ere bile duct ligated and received vitam

in A
 therapy, including corresponding controls. D

ata displayed as 
m

ean ± SD
. asignificantly different from

 VA
S-sham

-vehicle; bsignificantly different from
 VA

S-sham
-RP; csignificantly different from

 VA
S-BD

L-vehicle; dsigni-
ficantly different from

 VA
S-BD

L-RP; esignificantly different from
 VA

D
-sham

-vehicle; fsignificantly different from
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Figure 5.3. Vitamin A therapy rescued VAD BDL animals from dramatic weight loss and a severe 
cholestatic phenotype 
Vitamin A deficient, bile duct ligated (VAD-BDL) or sham treated (VAD-sham) rats received either 
retinyl palmitate (RP) or vehicle (-) IP on all days following surgery and were sacrificed 7 days af-
ter surgery. Vitamin A therapy prevented excessive weight loss of VAD BDL animals. Data display-
ed as percentage of weight prior to BDL (day 0), means ± SD (A). Vitamin A therapy prevented ma-
croscopic liver damage as observed in VAD-BDL-vehicle treated rats (B). Livers of VAD-BDL rats 
receiving vitamin A therapy (C) resembled the livers of VAS-BDL rats (compare to Figure 5.2B). 
Hepatocyte and bile duct damage markers AST (D), ALT (E), AP (F) and γGT (G) were drastical-
ly reduced in VAD-BDL after RP supplementation. Data displayed as a box plot with medians re-
presented by the horizontal lines with the 75th percentiles at the top and the 25th percentiles at the 
bottom of the boxes. Ranges are represented as whiskers. Significant difference between groups, 
p<0.05, asignificantly different from VAD-sham-vehicle; bsignificantly different from VAD-sham-
RP; csignificantly different from VAD-BDL-vehicle; dsignificantly different from VAD-BDL-RP.
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Hematoxylin and eosin (H&E) stainings confirmed the macroscopic damage in the 
livers of VAD-BDL rats (Figure 5.4). Large necrotic areas were readily detectable in 
the livers of VAD-BDL rats (Figure 5.4D). Such necrotic regions were only rarely 
observed and much smaller in VAS-BDL liver (Figure 5.4C), while they were absent 
in sham operated VAS and VAD rats (Figure 5.4A and B).

A

B

C

D

VAS-sham

VAD-sham

VAS-BDL

VAD-BDL
Figure 5.4. Vitamin A deficiency gives rise to necrotic regions in livers of bile duct ligated rats
Hematoxylin and eosin (H&E) stainings were performed to visualize liver damage. Lar-
ge areas of the liver, both on the surface and inside the liver were necrotic in VAD-BDL 
rats (D). Such necrotic regions were infrequent and much smaller in VAS-BDL liver (C), 
while they were absent in sham operated VAS and VAD rats (A and B).
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In addition, VAD-BDL livers were characterized by a much more pronounced bile 
duct proliferation compared to VAS-BDL livers (Figure 5.5 A-D). This was also evi-
dent from the significant increase in cytokeratin 19 (Krt19) (Figure 5E), a marker of 
cholangiocytes, which was 33-fold increased in VAD-BDL and only 12-fold incre-
ased in VAS-BDL, both compared to VAS-sham livers. RP supplementation strongly 
suppressed the bile duct proliferation in VAD-BDL rats, which was accompanied by 
a significant reduction in Krt19 mRNA levels in VAD-BDL rats to 20-fold increased 
compared to VAS-sham (Figure 5.5). RP supplementation did not change Krt19 ex-
pression nor bile duct proliferation (data not shown) in VAS-BDL rats.
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Figure 5.5. Vitamin A deficiency aggravates 
BDL-induced bile duct proliferation and is rever-
sed by vitamin A therapy.
A-D) Immunohistochemical staining for Ki67 on 
livers from a control rat (A), a VAS-BDL rat (B) a 
VAD-BDL rat (C) and a VAD-BDL rat treated with 
retinyl palmitate (D). BDL leads to bile duct proli-
feration in VAS rats as shown by Ki67 positive bile 
duct epithelial cells (B). The area of Ki67-positive 
bile duct cells is strongly increased in VAD-BDL rats 
(C). Retinyl palmitate treatment strongly reduces 
bile duct proliferation and the number of Ki67 posi-

tive bile duct epithelial cells in VAD-BDL rats (D). Insets show enlarged areas with bile duct proliferati-
on. E) Quantitative RT-qPCR analysis of the cholangiocyte marker Krt19. Hepatic Krt19 expression was 
significantly higher after 7 days BDL in VAD rats compared to VAS rats. Vitamin A therapy (RP) reduced 
Krt19 levels in VAD-BDL rats, but not in VAS-BDL rats. mRNA data was corrected for 18S and presented 
as a box plot with medians represented by the horizontal lines with the 75th percentiles at the top and the 
25th percentiles at the bottom of the boxes. Ranges are represented as whiskers. Significant difference be-
tween groups, p<0.05, asignificantly different from VAS-sham-vehicle; bsignificantly different from VAS-
BDL-vehicle; csignificantly different from VAD-BDL-vehicle; dsignificantly different from VAD-BDL-RP.
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Retinyl Palmitate Does Not Change Cyp7a1 and Bsep Expression in VAS-BDL 
and VAD-BDL Rats
FXR/RXRα-mediated expression of mouse/human Bsep/BSEP is highest in the 
absence of RXR-ligands (27, 35). Moreover, VAD rats display increased bile acid 
concentrations in blood compared to control rats (Chapter 4). Thus, we next 
analyzed whether the excessive liver damage in VAD-BDL rats may be caused 
by high Bsep and Cyp7a1 expression resulting in bile accumulation in bile ducts. 
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Figure 5.6. BSEP expression does 
not correlate with increased Cy-
p7a1 expression as a result of 
VAD and VAD-BDL.
Cyp7a1 mRNA expression is in-
creased after 7 days of BDL in 
both VAS and VAD rats (A). This 
increase in bile salt synthesis in 
BDL animals in not matched by in-
creased expression of Bsep mRNA 
(B). Increased levels of Bsep pro-
tein in liver homogenates (C) and 
liver tissue (D) was also not observed in VAD and VAD-BDL animals. The sodium/potassium-(Na+K+) 
pump was used as a loading control in western blot analyses. mRNA data was corrected for 18S and 
presented as a box plot with medians represented by the horizontal lines with the 75th percentiles at 
the top and the 25th percentiles at the bottom of the boxes. Ranges are represented as whiskers. Signi-
ficant difference between groups, p<0.05, asignificantly different from VAS-sham-vehicle; bsignificant-
ly different from VAS-sham-RP; csignificantly different from VAS-BDL-vehicle; dsignificantly different 
from VAS-BDL-RP; esignificantly different from VAD-sham-vehicle; fsignificantly different from VAD-
sham-RP; gsignificantly different from VAD-BDL-vehicle; hsignificantly different from VAD-BDL-RP.
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In line with earlier studies we found that Cyp7a1 (12.7-fold) and Bsep (1.9-fold) ex-
pression were increased by BDL in VAS rats (Figure 5.6A and B and Table 5.3). 
Cyp7a1 expression is induced to the same extend in VAD-BDL rats (10.1 ± 3.7-fold 
compared to VAS-sham) and in VAS-BDL (12.7 ± 2.4-fold compared to VAS-sham) 
rats. Moreover, Bsep expression is not increased by VAD in BDL rats and effectively 
55% lower compared to VAS-BDL rats. Whereas RP supplementation dramatically 
reduced liver damage in VAD-BDL rats, it did not change expression of Cyp7a1 or 
Bsep. To rule out possible post-transcriptional regulation or high local expression 
of Bsep in functional liver tissue in VAD-BDL rats, we also analyzed Bsep protein 
expression by western blotting and immunohistochemistry. These analyses revealed 
no general or local increase in BSEP expression in VAD-BDL livers (Figure 5.6 C 
and D).

Serum (1.187 ± 0.357 mmol/L) and liver (2.01 ± 0.30 μmol/g) bile salt concentrati-
ons were increased in VAS-BDL, but not significantly different in VAD-BDL animals 
(1.206 ± 0.268 mmol/L and 2.69 ± 1.39 μmol/g, respectively (Figure 5.7 and Table 
5.2). While RP supplementation seems to lower the bile salt concentrations in VAD-
BDL a bit, no significant difference with vehicle-treated VAD-BDL rats was detected. 
Taken together, (de)regulation of bile salt synthesis and transport in VAD-BDL could 
not explain the excessive liver damage in VAD-BDL rats, nor the therapeutic effect of 
RP supplementation.

8 7 6 5 4 3 2 1
0

500

1000

1500

2000

* * **

- RP - RP - RP - RP 
Sham BDL Sham BDL 

VAS VAD 
 

Pl
as

m
a 

bi
le

 a
ci

ds
 ( µ

m
ol

/L
)

8 7 6 5 4 3 2 1
0

1

2

3

4

5

* *

*

- RP - RP - RP - RP 
Sham BDL Sham BDL 

VAS VAD 
 

B
ile

 a
ci

d 
( µ

m
ol

/g
 li

ve
r)

A B

Figure 5.7. Vitamin A does not change serum and liver bile salt concentrations of BDL rats
Bile salt concentrations in serum (A) and liver tissue (B) of sham- or BDL-treated VAS and VAD animals. 
BDL increased serum and hepatic bile acid concentrations to a similar level in VAS and VAD rats. Moreover, 
vitamin A supplementation (RP) did not significantly change serum and hepatic bile salts concentrations 
in VAD-BDL animals. Data presented as mean ± SD. *) indicates significant difference from the respec-
tive control; p < 0.05. †) indicates significant difference between RP and vehicle treated animals; p < 0.05.
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Figure 5.8. Vitamin A therapy lowers oxidative stress, inflammation and fibrosis markers in VAD 
obstructive cholestatic rats
mRNA levels of markers of oxidative stress hemeoxygenase-1 (Ho-1) (A), inflammation induci-
ble nitric oxide synthase (iNos) (B) and fibrosis alpha-smooth muscle actin (α-Sma) (C) and Colla-
gen type I (Col1a1) (D) were all increased in livers of VAD-BDL animals. Transcription of all the-
se markers was normalized to levels observed in VAS-BDL-treated animals by RP supplementation. 
Vitamin A therapy prevented the elevated expression of HO-1 and α-SMA in VAD animals as a re-
sult of BDL (E and F). Protein expression was determined for all animals individually and correc-
ted for GAPDH. Western blots shown are representative figures. Data is presented as mean ± SD.
mRNA data was corrected for 18S and presented as a box plot with medians represented by the horizon-
tal lines with the 75th percentiles at the top and the 25th percentiles at the bottom of the boxes. Ranges 
are represented as whiskers. Significant difference between groups, p<0.05, asignificantly different from 
VAS-sham-vehicle; bsignificantly different from VAS-sham-RP; csignificantly different from VAS-BDL-
vehicle; dsignificantly different from VAS-BDL-RP; esignificantly different from VAD-sham-vehicle; fsig-
nificantly different from VAD-sham-RP; gsignificantly different from VAD-BDL-vehicle; hsignificantly 
different from VAD-BDL-RP.

Vitamin A Therapy Reduces, Necrosis, Oxidative Stress, Inflammation and Fi-
brosis
Besides a putative role in regulating bile salt homeostasis, vitamin A(-derivatives) 
may also act as anti-oxidant, immune regulator and inhibitor of inflammation. In 
the liver specifically, vitamin A may control the development of fibrosis as activation 
of hepatic stellate cells is associated with loss of their retinol stores (13). Bile duct 
ligation in VAS rats increased the transcription of heme oxygenase-1 (Ho-1; oxida-
tive stress marker), inducible nitric oxide synthase (iNos; inflammation marker), alp-
ha-smooth muscle actin and collagen type I (α-Sma and Col1a1; fibrosis markers) by 
5.5-, 8.0-, 2.9- and 12-fold, respectively, compared to sham operated VAS rats (Figure 
5.8 and Table 5.3). VAD alone did not increase iNos, α-Sma and Col1a1 mRNA ex-
pression and only slightly induced Ho-1 (3.5-fold). However, all these markers were 
strongly increased in VAD-BDL rats (Ho-1, iNos, α-Sma and Col1a1 to 21-, 167-, 33- 
and 81–fold, respectively, compared to VAS animals); an increase of respectively 275, 
1982, 1049 and 563 % compared to VAS-BDL. RP supplementation prevented the 
increase of all these markers in VAD animals as a result of BDL and the transcript le-
vels of these four genes were similar or close to levels observed in VAS-BDL animals 
(Figure 5.8 A-D). Western blot analyses confirmed the strong increase in HO-1 and 
α-SMA protein expression in the livers of VAD-BDL rats and their repression upon 
RP supplementation (Figure 5.8 E and F).

Discussion

In this study, we show that vitamin A deficiency severely aggravates li-
ver damage in rats with obstructive cholestasis, progressing to a life-threa-
tening condition after 7 days. Hepatocyte necrosis, bile duct proliferation, 
inflammation, oxidative stress and activation of hepatic stellate cells are dra-
matically increased when vitamin A is absent in obstructive cholestasis, but 
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are all strongly repressed when these rats are treated with retinyl palmitate. 
Vitamin A is therefore essential to prevent excessive liver damage in obstructive 
cholestatic liver disease.
Vitamin A deficiency is a frequent condition in patients with chronic liver disease 
(10, 36-41). Disturbed bile salt homeostasis impairs intestinal absorption of fat-so-
luble vitamins and liver injury promotes the depletion of the vitamin A stores from 
hepatic stellate cells. Especially new-borns with obstructive cholestasis, as in biliary 
atresia, are at high risk for vitamin A deficiency as they have limited supplies of vi-
tamin A immediately after birth. However, vitamin A deficiency is not restricted to 
chronic cholestatic liver diseases. Also inflammatory bowel disease (IBD), diabetes, 
obesity and alcoholic liver diseases are associated with vitamin A deficiency (42-49). 
Furthermore, treatment with various drugs may lower the hepatic vitamin A content 
(50). Establishment of vitamin A deficiency as an independent factor that causes liver 
damage is therefore relevant for a large and variable patient group.
Vitamin A supplementation has been shown before to have beneficial effects in mo-
dels of chronic liver disease, including long term (5-6 weeks) BDL and CCl4 admi-
nistration (13-18). The combination of all-trans retinoic acid and ursodeoxycholic 
acid (UDCA), a synthetic bile acid used to treat cholestasis in humans, proved more 
successful in reducing liver fibrosis and necrosis as a result of BDL than UDCA al-
one (51). Until now, these studies were performed with vitamin A sufficient animals 
and did not reveal the dramatic effects we detected in VAD rats. We did not observe 
significant therapeutic effects of RP supplementation in VAS rats after 7 days BDL 
with respect to liver damage markers AST, ALT, γGT and serum bile salts. In fact, 
we detected a significant increase in the inflammation marker iNos in RP-treated 
VAS-BDL rats, whereas oxidative stress and stellate cell activation were not altered. 
The therapeutic effects detected in other studies are therefore likely to occur at later 
stages of liver disease. This is in line with our observation that liver retinol levels are 
actually increased after 7 days BDL, while serum levels are decreased. This suggests 
that vitamin A is recruited to the liver at the initial stages of bile obstruction and that 
only after progression of the disease hepatic VAD develops due to chronic intestinal 
malabsorption and hepatic stellate cell activation.
Vitamin A deficiency and vitamin A therapy did not alter bile salt levels in liver or 
serum, nor the regulation of hepatic bile salt synthesis and transport at day 7 after bile 
duct ligation. This is in contrast to our earlier observations in vitro and in mice that 
FXR-mediated expression of BSEP is maximal in the presence of FXR- and absence 
of RXRα ligands (Chapter 2, (27)). Moreover, we found earlier that VAD rats develop 
mild cholestasis (Chapter 4). Both in VAS and VAD animals RP supplementation 
seems to lower bile salt concentrations in serum, although this decrease did not reach 
statistical significance (Table 5.2).
We expected that excessive liver damage would arise from increased bile salt accu-
mulation in liver bile ducts leading to bile infarcts. Much of the observed phenotype 
actually resembles effects of maintained or increased canalicular bile salt transport. 
In particular the excessive bile duct proliferation and bile duct damage, as indica-
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ted by high γGT levels, suggest increased bile toxicity in the liver. Even though no 
increased BSEP levels were detected at day 7, it is possible that BSEP-mediated se-
cretion earlier after the start of bile duct ligation is higher in the VAD animals and 
is the primary cause of excessive liver damage. When secondary inflammation and 
oxidative stress develop, BSEP expression may become suppressed as described for 
inflammation models of the liver (52, 53). The combination of VAD and BDL leads 
to the strong accumulation of bile in front of the ligation, suggesting increased bile 
flow in these animals. Remarkably, this increased bile flow was not suppressed by RP 
supplementation, while bile duct proliferation and γGT were strongly decreased. This 
indicates that RP reduces the levels of (a) toxic compound(s) in bile without reducing 
bile flow.
In contrast to genes involved in bile salt homeostasis, expression of biomarkers for 
oxidative stress (Ho-1), inflammation (iNos) and fibrosis (α-Sma and Col1a1) were 
strongly increased in VAD-BDL rats and strongly suppressed when these animals 
received RP supplementation. The transcription profiles of these biomarkers follow 
the occurrence of hepatic and ductular enzymes in blood plasma. Both BDL and 
VAD have independently been associated with increased oxidative stress, inflamma-
tion and fibrosis (54-58). In our study, we did not observe induction of iNos, α-Sma 
and Col1a1 and only a minor induction of Ho-1 mRNA in VAD rats. The absence of 
clear changes in these markers in VAD rats may be because the rats in this study were 
just depleted from vitamin A, whereas in other studies they may have been suffering 
from vitamin A deficiency for prolonged periods. Our data indicate that vitamin A 
deficiency per se is not inducing hepatic stellate cell activation and thus does not 
immediately lead to fibrosis. 
However, in combination with bile obstruction, stellate cells become superactivated. 
Rather than causing fibrosis in such a short time period, this may render the stellate 
cells highly contractile because of the strong induction of α-SMA expression. As the-
se highly extended cells completely surround the sinusoids, cell contraction may lead 
to reduced blood flow through the liver. As this may lead to reduced oxygenation of 
the liver, it could contribute to the observed oxidative stress. Normal levels of vita-
min A are required for integrity of epithelial barriers in various tissues and vitamin 
A supplementation has been reported to be beneficial in various disorders where 
inflammation is involved (57).
RP supplementation (vitamin A therapy) prevented the formations of necrotic regi-
ons and the strong increase in Ho-1, iNos, α-Sma and Col1a1 transcription/expres-
sion in VAD-BDL animals and thus has acute therapeutic effect to slow down the 
process of liver injury by obstructive cholestasis in VAD rats. Vitamin A may directly 
repress the activation of stellate cells (59) and/or by its anti-oxidant function, reduce 
oxidative stress in the liver. Moreover, vitamin A may inhibit the influx of macrop-
hages and strongly reduce inflammation (60). Most likely, the strong repression of 
liver damage by RP supplementation in VAD-BDL rats is a combination of several 
or all of these processes that may occur at specific time points after the start of the 
obstruction.
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Independent of the exact mechanisms involved, this study reveals the importance of 
vitamin A in preventing excessive liver damage in chronic liver diseases. Until now, 
this vitamin is regarded as an important vitamin to monitor in liver diseases, but not 
as a factor that may actually contribute to liver damage when vitamin A stores are 
limited.
Contributing to the controversy surrounding vitamin A therapy is the lack of reliable 
non-invasive biomarkers to assess vitamin A status. As is evident from multiple stu-
dies, plasma retinol levels are a poor measure for the total pool of vitamin A in the 
body. Both in hyper- and hypovitaminosis A, plasma retinol levels may appear within 
normal range. Only when the liver is overflowing with, or nearly depleted of, vitamin 
A, this can be measured in plasma. And only when plasma retinol levels drop below 
10 mg/L in humans this is correlated to the vitamin A content in the liver (61). In 
line with this, we found that serum retinol levels drop only after 12 weeks of feeding 
a VAD diet to rats. Assuming a linear decrease of the liver stores of vitamin A during 
the diet period, the liver had lost over 90% of its vitamin A content before serum 
levels dropped significantly.
Taken together, our data show that vitamin A deficiency strongly aggravates liver 
damage in obstructive cholestasis in rats and retinyl palmitate supplementation is 
a safe and effective therapeuticum to reduce liver damage. These findings warrant a 
detailed analysis and monitoring of the vitamin A status in patients with cholestasis, 
as the condition of cholestatic patients with low vitamin A levels could deteriorate 
quickly, but might be effectively treated with vitamin A.
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The research presented in this thesis sheds new light on the interconnection bet-
ween bile salt homeostasis and vitamin A homeostasis. Well established are the 
fat-emulsifying properties of bile salts that are required for the effective absorption of 
fat-soluble vitamins, including vitamin A. Moreover, the liver is the central organ in 
controlling vitamin A homeostasis, where 80% of the total body content of vitamin 
A is stored in lipid droplets in hepatic stellate cells. Work described in this thesis, 
however, shows that vitamin A directly affects transcription of genes that control bile 
salt synthesis and transport. In addition, vitamin A affects the protein level and/or 
function of the corresponding gene products. Vitamin A deficiency in furthermore 
healthy rats leads to mild cholestasis. When exposed to obstructive cholestasis, these 
vitamin A deficient (VAD) rats develop severe liver damage that quickly progresses 
to liver failure. Taken together, these studies show that vitamin A is important to 
maintain normal bile homeostasis and prevents excessive liver damage during ob-
structive cholestasis. Thus, the vitamin A status deserves more clinical attention in 
the treatment of liver diseases.

Hypovitaminosis A
Vitamin A deficiency may develop from low dietary intake, insufficient intestinal 
uptake or increased release from the liver. Vitamin A deficiency is common in deve-
loping countries especially in children. In developed countries, vitamin A deficiency 
is a condition that may develop in patients with chronic disease of the digestive tracts, 
such as inflammatory bowel disease, biliary atresia or chronic hepatitis.
One of the first clinical symptoms of vitamin A deficiency is night blindness, which 
is due to impaired regeneration of rhodopsin in the rod cells of the eye and may pro-
gress to permanent damage to the eye and ultimately blindness. At earlier, subclinical 
stages, vitamin A deficiency may already exert pathological effects as it is crucial for 
optimal functioning of the immune system. For instance, hypovitaminosis A is asso-
ciated with a reduced number of lymphocytes and natural killer cells and a reduced 
antigen-specific immunoglobin response. In early age, vitamin A deficiency is associ-
ated with increased risk of HIV infection from mother to child and an increased risk 
of mortality as a result of diarrhea (1). On the other hand, low vitamin A levels were 
shown to relief symptoms of Asthma (2).
In general, the symptoms of hypovitaminosis can be treated with vitamin A supple-
mentation and night vision can be restored within 8 days (3). In developed countries, 
hypovitaminosis A is not a common problem in otherwise healthy people. Vitamin 
A reserves are high in humans and up to 1.5 years may be required before healthy 
volunteers develop the earliest manifestations of deficiency when they take a vitamin 
A-free diet (4). However, newborns have limited reserves of vitamin A. In combina-
tion with cholestasis these infants are in a precarious nutritional state, with limited 
ability to build up stores even though vitamin A is present in their diet (5). Therefore, 
infants suffering from cholestasis are at high risk of developing vitamin A deficiency.
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Hypervitaminosis A
Hypervitaminosis A is typically the result of self-medication. Following excessive in-
take the liver becomes saturated with retinylesters, which eventually spill over into 
the general circulation. The plasma retinyl ester levels in hypervitaminotic humans 
can be as high as 67% of the total plasma vitamin A (6), while in healthy individuals 
only 5.5% of the total vitamin pool in blood consists of retinyl esters (7). Excessive 
intake of carrots and/or other vitamin A-rich vegetables may lead to a condition cal-
led carotenemia that is characterized by high serum levels of carotene (pro-vitamin 
A) and causes the skin to turn yellow. This is a benign condition, as the turnover from 
carotene to vitamin A is slow and prevents vitamin A poisoning (8).
Pathological symptoms of chronic vitamin A intoxication include hair loss, pruritus, 
and dryness of mucus membranes, bone fractures and hepatitis. In addition, there 
is also a growing concern for subtoxicity without clinical signs of toxicity, because 
nowadays the intake of preformed vitamin A often exceeds the recommended daily 
allowance (RDA) in the developed countries. Osteoporosis and hip fractures have 
been associated with an intake of preformed vitamin A of twice the RDA (9).

Changes in total body stores of vitamin A are difficult to establish. The liver is capable 
of maintaining physiological optimal and constant retinol levels in the body despite 
declining storage or over-storage of vitamin A. As a result, plasma retinol concentra-
tions do not reflect the hepatic vitamin A content and only change significantly when 
hepatic vitamin A levels are dangerously high or low (10). Moreover, plasma retinol 
levels are strongly affected by inflammation or magnesium deficiency (11, 12). As 
such, it is often not until clinical symptoms of hypo- or hypervitaminosis A develop, 
before patients are accurately diagnosed.
 
In this respect, monitoring changes in bile salt homeostasis is easier, as changes in 
bile salt concentrations can be readily detected in blood and/or feces. Moreover, a ge-
neral obstruction in bile flow leads to jaundice, which is caused by the accumulation 
of bilirubin in blood and is often, but not strictly, associated by a changes in bile salt 
homeostasis.

Vitamin A co-regulates FXR target gene expression
Both hypo- and hypervitaminosis A have the potential to interfere with bile salt ho-
meostasis. Under- or overstimulation of the retinoid X receptor alpha (RXRα), which 
serves as the obligatory partner of the farnesoid X receptor (FXR), potentially affects 
expression of key genes involved in bile acid synthesis and transport.
The data presented in this thesis show that the RXRα ligand 9cRA indeed co-regu-
lates expression of FXR target genes. In chapter 2 and 3, we show that bile acid-indu-
ced expression of various FXR/RXR-target genes is modulated by the RXRα ligand. 
Depending on the FXR-target gene of interest the bile acid-induced expression is 
super-induced (SHP and FGF19), inhibited (BSEP and OSTα in HepG2 cells) or not 
affected (OSTα in the colon carcinoma cell line DLD-1) by the RXR ligand. In line 
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with these in vitro data, hepatic BSEP expression in cholate (CA)-fed mice is incre-
ased when they are VAD (Chapter 2). Figure 6.1 shows the eff ects of vitamin A on 
the regulation of hepatic and ileal genes involved in bile salt homeostasis.

Figure 6.1. Vitamin A co-regulates bile salts transport and synthesis
Th e farnesoid X receptor (FXR) acts as a heterodimer with the retinoid X receptor (RXR). Th is hetero-
dimer regulates expression of key genes involved in bile salt transport (Bile salt export pump (BSEP)) 
and Organic Solute Transporter α/β (OSTα/β)) and negative feedback regulation on bile acid synthesis 
(small heterodimer partner (SHP) and fi broblast growth factor (FGF19)). FXR is activated by bile salts, 
while RXR is activated by vitamin A. In the presence of the FXR ligand, additional activation of RXR by 
vitamin A leads to a reduced expression of BSEP, while expression of OSTβ, SHP and FGF19 is super-in-
duced under this condition. Vitamin A signaling via RXR-SHP and RXR-FGF19 leads to a decrease in 
bile acid synthesis (via CYP7A1). But vitamin A may also limit the expression of CYP7A1 via FXR/
RXR-independent mechanisms (Cai et al. 2010).

Th e FXR/RXRα Heterodimer Is “Non-Permissive” by Default
Th e eff ect of the RXRα-ligand on the transcription of downstream targets of NR/
RXRα heterodimers has earlier been subdivided in “permissive” and “non-permis-
sive” (13). As RXRα ligands were found to induce and/or super-induce bile salt-in-
duced expression of the FXR target genes IBABP (14) and PLTP (15), RXRα was 
proposed to act as a permissive partner for FXR (16, 17). Th e observation that bile 
salt-induced expression of BSEP is inhibited by 9cRA and synthetic RXRα ligands, 
prompted Kassam et al. to designate the FXR/RXRα heterodimer as “conditionally 
permissive” (18). Th e inhibitory eff ect of RXRα ligands on transcription of FXR tar-
get genes is not unique for BSEP as we also observed this phenomenon for OSTα in 
HepG2 cells. Th e fact that 9cRA did not repress OSTα mRNA levels in DLD-1 cells 
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indicates that there are cell type-specific factors that modulate the FXR/RXRα tran-
scriptional machinery.
As the 9cRA-mediated repression of BSEP expression was not dependent on the spe-
cific nucleotide sequence of the FXR/RXRα binding site (IR-1), we proposed in chap-
ter 2 that by default “RXRα acts as a nonpermissive partner for FXR”. More recent data 
presented in chapter 3 show that the IR-1 from SHP used in chapter 2 is actually not 
the main FXR-responsive element in the SHP promoter. Even though this IR-1 can 
function as an FXRE, it is not required for FXR/CDCA dependent activation of the 
SHP promoter (Figure 3.1). This underscores the presumed “involvement of additio-
nal binding sites or cofactors in case of co-stimulation by liganded FXR and RXRα” as 
stated in the discussion of chapter 2.

Human SHP Promoter Contains a 9cRA Response Element Outside the FXRE
Super-induction of FXR-target gene transcription by the RXR ligand, as observed for 
SHP and FGF19, requires additional RXR/9cRA- responsive elements that overcome 
the non-permissive effect of the FXR/RXR at the FXRE. We delineated such an 9cRA 
responsive element in the SHP promoter and surprisingly found that this RXR/9cRA 
responsive element overlaps with the IR-1 sequence previously identified as an FXRE 
(19). Besides the IR-1, this DNA region also contains a DR-4 (binds LXR/RXRα; 
(20)) and a DR-2 (binds RXR/RXR and RXR/RAR) (21) (Figure 3.S6). These three 
NR-response elements make use of the same half site TGACCT. Therefore, various 
NR/RXRα dimers could compete for binding to the same half site. In chapter 2, we 
placed this half-site in the context of the BSEP promoter and found that this SHP 
IR-1 sequence is activated by FXR and repressed by 9cRA (Figure 2.2). However, 
in the context of the SHP promoter this IR-1 sequence is dispensable for the FXR/
CDCA-mediated transcription of SHP (Figure 3.1). Unfortunately, this half site is 
mutated in all the constructed IR-1 mutants of the SHP promoter and therefore it 
is currently impossible to relate the 9cRA-mediated induction of SHP to either the 
IR-1, DR-2 or DR-4. Site-directed mutagenesis is required to pinpoint the functional 
retinoic acid-responsive element and the NR/RXRα dimer that is involved.

CDCA/FXR Response Element in hSHP Promoter Co-locates with LRE
The newly identified CDCA/FXR response element in the SHP promoter co-locates 
with a previously identified LRH-1 response element (LRE; consensus sequence: 
TCAAGGTTG) and is conserved in human and rodents. The sequence of this LRE-re-
gion (GGAG_TCAAGGTTG) strongly resembles the reverse complement sequence 
of a previously identified atypical FXRE in the promoter region of apolipoprotein 
A-I (Apo-AI) (AGAGTTCAAGGATC; LRE in italic; non-matching nucleotides be-
tween SHP and Apo-AI are underscored) (22). FXR associates as a monomer with 
this atypical response element and represses transcription of Apo-AI (22). This is 
the opposite effect as we observed for FXR-mediated regulation of SHP. Maybe the 
orientation of this atypical FXRE determines its function as a positive or negative re-
gulatory element. Interestingly, the FXR target genes BSEP and MRP3 require LRH-1 
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for maximal expression (23, 24). However, this does not seem to be the case for the 
FXRE/LRE site in the SHP promoter. Co-transfection experiments with FXR, RXR 
and LRH-1 expression plasmids showed that LRH-1 modulates the basal level of SHP 
promoter activity, but the maximal FXR/CDCA-dependent SHP promoter activity is 
not different in the absence or presence of LRH-1 (Figure 3.S3). Previously, it was 
shown that LRH-1 may recruit FXR to the promoter of genes involved in lipid meta-
bolism (a.o. Sec14l2, Scarb1, Srebp2, Lcat, Fdft1, Prkag2 and Ldlrap1) (25). However, 
we show that FXR regulates SHP expression via this element in the presence and ab-
sence of LRH-1, eliminating LHR-1 as a bridging factor in the FXR-mediated regula-
tion of SHP. Moreover, LRH-1 does not seem to compete for FXR binding at this site 
in the SHP promoter, as increasing amounts of LRH-1 did not significantly change 
the FXR/CDCA-induced SHP promoter activity (Chapter 3, Figure 3.S3).

Physiological role of FXR target gene co-regulation by the 
RXR ligand vitamin A
Vitamin A absorption depends on the emulsifying action of bile salts and vitamin 
A metabolites directly affect expression of genes involved in bile salt synthesis and 
transport. The putative role of vitamin A in bile salt physiology is discussed in the fol-
lowing section, where we hypothesize that local vitamin A concentrations are sensors 
to control optimal bile function.

Ileal Absorption of Vitamin A as an Additional Signal to Fine Tune Bile Acid 
Synthesis
Vitamin A levels in the terminal ileum may control bile salt synthesis in the liver. 
Increased circulating bile acid levels suppress hepatic Cyp7a1 expression, however, 
this feedback inhibition on bile acid synthesis is impaired in obstructive cholestasis. 
This observation led to the identification of FGF15 in mice (FGF19 in humans) as a 
second, besides SHP, feedback inhibition mechanism for bile acid synthesis. FGF15 
is expressed in the ileum and controlled by FXR. FGF15 is secreted to the circulation 
and signals to the liver to suppress bile acid synthesis. Obstructive cholestasis decre-
ases the ileal bile acid concentrations and thereby impairs the FGF15/19 controlled 
inhibition of Cyp7a1. Transcription of SHP and FGF19 is induced by 9cRA alone 
and it super-induces the CDCA-dependent transcription of both genes (Chapter 3). 
Schmidt et al. also reported the vitamin A-dependent expression of mouse Fgf15, 
which required FXR/RXR, but was independent of bile acids. Vitamin A-induced ex-
pression of Fgf15 led to a decrease in hepatic Cyp7a1 (26). Efficient absorption of vi-
tamin A in the ileum thus contributes to repression of bile acid synthesis in the liver.
In the liver, vitamin A also contributes to the repression of bile acid synthesis. Cai 
et al. recently reported that CYP7A1 transcription is repressed by all-trans retinoic 
acid (atRA) in HepG2 cells. In these cells, both FGF19 and SHP transcription were 
increased by atRA. atRA may be transformed into its isomers 13-cis-RA and 9-cis-
RA, either by spontaneous isomerization or by isomerases and subsequently act as a 
ligand for RXR (27). However, the inhibitory effect on CYP7A1 transcription persis-
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ted when FXR and RXR expression was silenced with siRNA (28). This indicates that 
in the liver both FXR/RXR-dependent and -independent mechanisms contribute to 
suppression of CYP7A1 expression in response to vitamin A.
Conversely, we showed in chapter 4 that vitamin A deficiency in rats increased bile 
acid levels in plasma 2.25-fold and that the increased expression of ileal Fgf15 is 
unable to efficiently repress Cyp7a1. Apparently, FXR/RXRα-mediated suppression 
of Cyp7a1 is overruled when ileal vitamin A levels are low. This may serve a direct 
physiological role in hypovitaminosis A as bile salt synthesis is maintained to support 
efficient intestinal absorption of vitamin A. The mechanisms that are interfering with 
FGF15-mediated signaling to suppress Cyp7A1 are presently unknown, but add an 
additional level of complexity to the regulation of bile salt synthesis.
Together, these results show that efficient absorption of vitamin A in the intestine 
contributes to repression of bile acid synthesis via FXR-dependent (FGF19 and SHP) 
and FXR-independent mechanisms. Low levels of vitamin A entering the enterocyte 
maybe a signal for a limited action of bile salts in the intestinal lumen, reducing the 
negative feedback loop on bile acid synthesis. Figure 6.2 depicts the impaired nega-
tive feedback on bile acid synthesis as a consequence of vitamin A deficiency.

Absorption of Vitamin A as an Additional Signal to Fine Tune Bile Acid Trans-
port
With low levels of ileal and hepatic vitamin A the negative feedback mechanism fails 
to repress bile acid synthesis (Chapter 4) while high levels of vitamin A reduce bile 
acid synthesis (26). Genes encoding bile acid importers NTCP/Ntcp and ASBT/Asbt 
are both established RAR/RXRα target genes in human and rodents (29-31). Bile 
salts inhibit expression of rat NTCP by increasing expression of SHP, which interacts 
with RAR/RXRα and prevents its binding to the Ntcp promoter (29). SHP expression 
itself is also positively regulated by vitamin A, thereby creating a negative feedback 
loop on NTCP expression. Thus, vitamin A has the potential to increase ileal and 
hepatic import of bile acids by stimulating expression of NCTP and ASBT, but at the 
same time provides a “break” on their expression by also stimulating SHP transcrip-
tion that represses transcription of NTCP and ASBT.
Interestingly, rat Ntcp and human and mouse ASBT/Asbt, but not rat Asbt expression 
is repressed by bile acids (31). This specific difference between species may contribute 
to the observation that vitamin A deficient rats develop mild cholestasis (Chapter 4), 
while this was not observed for VAD mice (Chapter 2). 
Various FXR target genes are differentially regulated by the combination of FXR 
and RXRα ligands. A remarkable example are OSTα and OSTβ that together form a 
membrane-embedded bile salt transporter. In the colon carcinoma cell line DLD-1, 
9cRA does not affect OSTα transcription while the CDCA-dependent transcription 
of OSTβ is enhanced by 9cRA. The contribution of the individual subunits of the 
obligatory complex OSTα/β to the transport activity is unknown as is the stoichio-
metric ratio in which the α- and β-subunits are present at the plasma membrane. Ho-
wever, one can envision that by fine tuning the ratio of α- and β-subunits vitamin A 
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could modulate transport efficiency and/or specificity of this bile acid transporter at 
the basolateral membrane of enterocytes and thereby control the intestinal  absorpti-
on of bile acids  to the circulation.
Vitamin A affects bile acid homeostasis not only at the transcriptional level, but also 
at the post-transcriptional level. Without an apparent reduction in Ntcp mRNA levels 
in cholate (CA)-fed VAD mice (Chapter 2), NTCP protein expression is markedly 
reduced in these animals compared to the vitamin A sufficient (VAS) controls (Figu-
re 2.7). It is unclear whether this decrease is caused by the increased bile acid levels 
in plasma, or that the decrease in NTCP expression itself contributes to the observed 
increase in plasma bile acid levels.
Vitamin A may thus affect ileal and hepatic bile acid import and export directly by 
acting as a ligand to transcription factors that induce transcription of bile acid trans-
porters and indirectly by activation of a negative feedback mechanism on transcrip-
tion or by post-translational lowering of protein levels of these transporter proteins.

Vitamin A (deficiency) and liver damage
Both hyper- and hypovitaminosis A are known to affect liver function. There are mul-
tiple reports that excessive vitamin A intake leads to cholestasis in human (32-37). 
Notably, all described cases of vitamin A-induced cholestasis were reversible. Vita-
min A-induced fibrosis correlates with stellate cell activation, although it remains to 
be elucidated whether vitamin A per se is the major cause of this phenomenon (38). 
At the other end of the spectrum, vitamin A deficiency (3 months VAD diet in rats) 
led to spontaneous morphological changes in the liver. Apart from the expected loss 
of lipid droplets in stellate cells, the hepatic architecture was disturbed and the pa-
renchyma disorganized with fat droplets in the hepatocytes. Furthermore, expression 
of markers of stellate cell activation e.g. alpha-smooth muscle actin (α-Sma), collagen 
IV, laminin 1 and fibronectin were increased by VAD (39). Although rats were fed a 
VAD diet for 4 months in our experiments, we did not observe stellate cell activation 
and/or morphological changes of the liver. In the study of Aguilar et al. rats were put 
on the VAD diet at 3 weeks of age, while at the beginning of our study animals were 6 
weeks of age. Younger animals have a smaller liver and thus less storage of vitamin A 
and thus these rats may have become vitamin A deficient earlier. In our experiments, 
we monitored the serum retinol level carefully and sacrificed the animals at the mo-
ment when the rats were not able anymore to maintain normal serum retinol levels. 
It could very well be that the hepatic architecture is rapidly disturbed after prolonged 
exposure to a vitamin A deficient diet. Another important difference between these 2 
studies is that Aguilar et al. used female rats where we used male rats and clear diffe-
rences in vitamin A storage, serum levels and minimal requirements of this vitamin 
between male and females have been described (40, 41).

Vitamin A Deficiency and Liver Injury Caused by Obstruction of Bile Flow
Based on the research presented in chapter 4 we expected that the lack of vitamin A 
may contribute to liver injury in acute and chronic liver diseases as VAD alone led 
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to mild cholestasis. Furthermore, the observed maximal expression of Bsep mRNA 
under low retinol conditions (Figure 2.1 and (18, 42)) may also be harmful, in par-
ticular in obstructive cholestasis, as it maintains canalicular bile salt secretion while 
bile fl ow from the liver is compromised.

Figure 6.2. Vitamin A defi ciency impairs negative feedback loop on bile acid synthesis
Vitamin A defi ciency leads to an increased bile salt concentration in plasma in rats. Despite increased 
expression of FGF15 (FGF19 is the human homolog) CYP7A1 levels are not down regulated. Expression 
of bile salt transporters was not majorly altered by vitamin A defi ciency. Th e lack of vitamin A therefore 
overrules FGF15-mediated repression of Cyp7A1 expression in the liver. Whether FGF15 requires vita-
min A to fulfi ll its signaling function to the liver, or whether FGF15 and vitamin A signal via completely 
independent mechanisms remains to be determined. Th is way not only the presence of bile acids in the 
intestinal lumen, but also its ability to successfully fulfi l its function in absorption of fat (-soluble) com-
pounds is a signal that adequate amounts of bile acids are in circulation.

Indeed, vitamin A defi ciency led to severe liver damage in bile duct-ligated rats, a mo-
del of obstructive cholestasis. However, VAD-mediated dysregulation of FXR/RXR 
target genes could not explain the observed liver damage. Compared to bile salt fee-
ding, bile duct ligation is a more complex model of cholestasis, which also leads to in-
fl ammation and fi brosis and may involve the response of other liver cell types to VAD. 
Although vitamin A defi ciency represses the negative feedback on bile acid synthesis, 
resulting in increased bile salt serum concentration in rats (Chapter 4) and cholate-fed 
mice (Chapter 2), it does not lead to liver disease when bile fl ow is not obstructed.
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A remarkable observation was that VAD rats accumulated a significant volume of 
bile in front of the ligation resulting is swelling of the common bile duct, which was 
only minor in bile duct-ligated VAS animals. This implies that bile secretion is incre-
ased in VAD rats and that obstruction of the bile flow may lead to physical pressure 
in the biliary tree leading to excessive liver damage. However, treating these animals 
with vitamin A strongly repressed liver damage to a level observed in VAS-BDL rats, 
while these “bile sacs” were not reduced in size. This indicates that the putative incre-
ase in pressure in the biliary tree is not causing the excessive liver damage. Moreover, 
hepatic bile salt concentrations were not significantly increased in VAD-BDL rats 
compared to VAS-BDL. Still the VAD-BDL rats showed strongly increased serum 
γGT levels together with pronounced bile duct proliferation. 

Thus, lack of vitamin A may affect the composition of bile, shifting the balance of 
individual bile salts or lowering the phospholipids and cholesterol content in bile. 
Toxic bile may be an important feature in primary sclerosing cholangitis (PSC) and 
contribute to the progression of this disease (43). A rapid normalization of bile salt 
composition in response to vitamin A therapy, without affecting total bile salt con-
centration/flow, could explain the beneficial effects of vitamin A therapy despite the 
occurrence of bile sacs in VAD-BDL animals.
From these data we concluded that vitamin A therapy and deficiency do influence 
bile salt homeostasis, but that the acute therapeutic effect of vitamin A on bile duct 
ligation-induced liver injury under vitamin A-deficient conditions is most likely not 
caused by aberrant FXR/RXRα signaling. However, the one week window of BDL we 
used in these experiments may be too long to detect the involvement of FXR signa-
ling in the onset of liver damage, as the cholestatic condition and occurrence of liver 
damage was greatly accelerated by VAD and the majority of the hepatocytes might 
already be damaged or necrotic when the animals were sacrificed.

Vitamin A Deficiency and Hepatic Stellate Cell Activation
Hepatic stellate cells (HSCs) control vitamin A metabolism and contain up to 80% 
of the body stores of this nutrient. These cells appear to play a pivotal role in liver 
injury caused by both hypo- and hypervitaminosis A. Chronic liver damage leads 
to liver fibrosis, which is characterized by activation of HSCs that rapidly lose their 
vitamin A-containing lipid droplets. This prompted researchers to investigate the role 
of vitamin A in the activation of HSCs in relation to liver damage. Lecithin retinol 
acyltransferase deficient (Lrat-/-) mice cannot synthesize retinyl esters and therefore 
lack vitamin A-containing lipid droplets in the HSC. These mice do not spontane-
ously develop liver fibrosis (44). Thus, the absence of vitamin A per se does not lead 
to activation of HSCs.
Serum retinol concentrations are lowered during infection and retinol binding pro-
tein 4 (RBP4) synthesis and excretion is lowered by inflammation, leading to retinol 
accumulation in the liver (45, 46). BDL is accompanied by inflammation and conse-
quently, we observed decreased plasma retinol levels (-51%) and increased hepatic 
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retinol levels (+61%) in VAS BDL rats (Table 5.2). This could be explained by re-
cruitment of retinol to the liver or by conversion of retinyl palmitate to free retinol 
by activated HSC.
Remarkably, Lrat-/- mice do not suffer more liver damage as a consequence of BDL (3 
weeks) compared to WT mice. The absence of retinyl ester-containing lipid droplets 
in the HSC does not influence BDL-induced HSC activation/fibrosis (44). Although 
the Lrat-/- mice are unable to store vitamin A in the liver they are not vitamin A 
deficient. Dietary vitamin A in these animals is primarily absorbed as free retinol 
in chylomicrons. The storage function of vitamin A as retiny lesters is partially ta-
ken over by adipose tissue and results in normal serum retinol levels (47). Thus, the 
suppressive  effect of vitamin A on the development of liver fibrosis seems not to be 
due to retinyl palmitate contained in the vitamin A droplets, but is likely mediated 
through free retinol.
Like Lrat-/- mice, VAD rats have no retinoids stored in the HSC, but unlike Lrat-/- mice 
VAD rats cannot recruit free retinol to the liver since these animals lack vitamin A 
altogether. Consequently, BDL in VAD rats is accompanied by excessive liver damage 
and a strongly enhanced fibrotic response as shown by increased α-Sma and collagen 
type I (Col1a1) expression (Chapter 5).
In vitro studies have shown that HSC activation can be suppressed by vitamin A 
(48). Furthermore, various in vivo studies reported the beneficial effect of (pro)vita-
min A-derived compounds on the disease course of experimentally induced liver da-
mage/cholestasis in vitamin A sufficient animals. Retinoic acid and β-carotene were 
shown to reduce CCl4 induced hepatic fibrosis in rats (49-54). Release of vitamin A 
from activating stellate cells could therefore serve to prevent over activation of neig-
hboring stellate cells.
In our study, vitamin A therapy did not increase hepatic retinol levels in control 
(VAS) animals. In contrast, serum and hepatic retinol levels were significantly incre-
ased after 1 week vitamin A therapy in VAD rats to 63% and 35% of the levels obser-
ved in VAS animals, respectively (Chapter 5). Bile duct ligation led to a decrease in 
serum retinol levels (-51%) and an increase in hepatic retinol levels (+61%) in control 
rats, indicating that bile obstruction leads to a redistribution of retinols to the liver 
even when vitamin A is sufficiently present. This process was even more pronounced 
in VAS-BDL rats receiving vitamin A therapy, which showed 60% lower serum levels 
and 140% higher hepatic levels of retinol. BDL also enhanced hepatic retinol concen-
trations in vitamin-A treated VAD animals, but these levels were still 70% lower than 
in vitamin A treated VAS-BDL rats. Vitamin A deficiency alone did not lead to a fi-
brotic response in rats. In contrast, BDL induced fibrosis in control (VAS) rats, which 
was not repressed by vitamin A therapy. The fibrotic response was strongly enhanced 
in VAD-BDL treated animals and was effectively suppressed by vitamin A therapy, 
while hepatic retinol levels were far below VAS-BDL levels. This indicates that abso-
lute retinol levels in the liver are not associated with the fibrotic response and/or that 
only minor amounts or retinol are sufficient to prevent hepatic stellate cell activation.
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Vitamin A Deficiency and Inflammation
Bile duct ligation leads to hepatic inflammation and is strongly enhanced in the ab-
sence of retinol. Vitamin A is required for several aspects of the immune responses. 
Vitamin A deficiency impairs both innate and adaptive immune response to infection 
resulting in an impaired ability to counteract extracellular pathogens (55). Retinoic 
acid affects the balance between Th1- en Th2-cells in favor of the latter and promotes 
the proliferation of regulatory T-cells. Furthermore, vitamin A modulates nitric oxi-
de (NO) production and inhibits the production of the pro-inflammatory cytokines 
tumor necrosis factor alpha (TNFα) and interleukin-2 (IL-2), thereby favoring a Th2-
Treg non-inflammatory environment (reviewed by Mora et al. (56) and Pino-Lagos et 
al. (57)). This is in line with the observation that vitamin A deficiency aggravates the 
clinical manifestations of inflammatory reactions (58). 
Although we did not detect major effects of VAD on cytokine transcription (data not 
shown), iNos transcription is 21-fold increased in VAD-BDL rats compared to VAS-
BDL animals. BDL gives rise to a sterile inflammatory response in which innate im-
mune cells are activated (59). Kupffer cells (the hepatic macrophages) and attracted 
neutrophils produce ROS through increased expression of iNOS. Th1 cells are more 
potent activators of macrophages than Th2 cells and under vitamin A deficient con-
dition the balance between Th1- and Th2- cells shifts towards the Th1-cells favouring 
an environment in which macrophages and attracted neutrophils are stimulated to 
express more iNOS. However, VAD alone did not increase iNos mRNA levels (Figure 
5.8 and Table 5.3), indicating that shortage of vitamin A itself is not the trigger of the 
sterile inflammatory response.
Pro-vitamin A β-carotene is a potent antioxidant (60, 61), but also retinol, retinyl es-
ters and retinoic acid have been shown to prevent lipid peroxidation in vitro (62, 63). 
Various studies in rodents show that vitamin A deficiency affects hepatic antioxidant 
enzyme expression and/or activity, but contradictory results have been reported. Ex-
pression or activity of catalase (CAT) was found to be either up- (64-66) or down-re-
gulated (67), while superoxide dismutase (SOD) was not affected (64, 66, 67) in liver, 
but reduced in lung (67). Glutathione peroxidase 1 (GPX1) was either up-regulated 
(66), unaffected (67) or down-regulated (64) by vitamin A deficiency. In our study, 
hepatic mRNA expression of both Cat and Gpx1 was reduced in vitamin A-deficient 
rats (data not shown). These results show that vitamin A deficiency alters the anti-
oxidant defense of the liver. On the other hand, vitamin A (atRA) supplementation 
restored SOD activity and hepatic glutathione (GSH) levels of bile duct ligated (4 
weeks) rats to that of sham treated rats. (53). However, in our one week BDL model 
we did not detect an effect on antioxidant enzymes (Cat, Gpx1 and Sod) in liver of 
VAS rats as a result of vitamin A therapy. Moreover, retinyl palmitate supplementa-
tion did not significantly increase expression of antioxidant enzymes in VAD-BDL 
treated rats.
In conclusion, vitamin A deficiency gives rise to production of pro-inflammatory 
cytokines and makes the liver more vulnerable to oxidative stress by altering expres-
sion levels of antioxidant enzymes, but did not induce an inflammatory response 
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by itself in our study. However, it hereby increases the risk of acquiring irreversible 
tissue damage, as illustrated by our in vivo model of obstructive cholestasis.

Suggestions for future research
Although inadequate FXR/RXRα signaling could not be established as the major cau-
se of liver damage in VAD-BDL rats, it may still play a role in the initial phase/onset 
of this phenotype. It is therefore essential to analyze the progression of liver damage 
and the hepatic process involved in VAD-BDL treated rats at earlier time points. Es-
tablishing FXR target gene expression at earlier time points may reveal whether FXR/
RXRα signaling is involved in initiating excessive the liver damage. Since the exces-
sive liver damage is characterized by bile duct proliferation and bile duct damage, 
it seems particularly interesting to analyze the composition of the bile produced by 
VAD animals and how this is changed upon bile duct ligation.

In conclusion:
In conclusion, the research described in this thesis shows that vitamin A co-regulates 
expression of various FXR target genes (such as BSEP, SHP, OSTα/β and FGF19) 
and is therefore an independent factor in controlling bile acid synthesis and trans-
port. The RXRα ligand, 9cRA, inhibits binding of the FXR/RXRα-heterodimer to its 
responsive element (FXRE) as a default mechanism. We show that SHP is synergis-
tically activated by RXRα/9cRA and FXR/CDCA through 2 spacely separated DNA 
elements, including a novel FXR binding site that shares high sequence homology to 
a LRH-1 binding element. These in vitro data show that the molecular mechanisms 
involving FXR and RXRα in regulating bile acid homeostasis is far more complex 
than simply binding of the FXR/RXRα heterodimers to the IR-1 element. The novel 
mechanisms that are required for synergistic regulation by RXRα/9cRA and FXR/
CDCA are particularly relevant for the negative feedback on bile acid synthesis via 
SHP and FGF19. Vitamin A is not only important for gene regulation, but also affects 
bile salt physiology at post-transcriptional levels. This is evident from the mild chole-
stasis that develops in vitamin A deficient rats, while there are no significant changes 
in transcript levels of genes involved in bile salt synthesis and transport. Finally, vi-
tamin A is essential to prevent excessive liver damage in a rat model of obstructive 
cholestasis. Without vitamin A (therapy), these animals die from progressive liver 
injury. The exact molecular events that lead to liver failure under these conditions 
remain to be established, but appear highly relevant for patients with chronic liver 
disease that are prone to develop hypovitaminosis A, including biliary atresia, au-
toimmune hepatitis and fibrosis.
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Stagnation of bile flow from the liver to the intestine results in a clinical condition 
known as cholestasis. Bile is required for the digestion and uptake of fats and fat-so-
luble compounds in the intestine. As a consequence cholestasis is accompanied by 
malabsorption of fat-soluble vitamins; including vitamin A. Vitamin A is primarily 
stored in the liver. Chronic cholestasis is associated with depletion of the vitamin A 
stores in the liver. Vitamin A is a group of compounds exhibiting the same biologi-
cal activity as retinol. It has numerous functions in the mammalian body due to its 
anti-oxidant and signaling (hormone like) properties. Bile salts are the components 
of bile responsible for its emulsifying properties, which are crucial in the digestion 
and absorption vitamin A. Clearly bile salt homeostasis affects vitamin A homeosta-
sis. This thesis aims to show that the reverse connection also exists, namely vitamin 
A influencing bile salt homeostasis.
Chapter 1 introduces the reader to the enterohepatic circulation of bile salts, ileal 
vitamin A absorption and signalling pathways that include bile salts and vitamin A. 
The liver plays a crucial role in both vitamin A and bile salt homeostasis. Bile salts are 
synthesized from cholesterol and excreted into bile by the liver. With the aid of bile 
salts vitamin A is absorbed in the ileum. Absorbed vitamin A travels the circulation 
to the liver where it is stored in the hepatic stellate cells. From these stores, vitamin A 
is distributed throughout the body. At the terminal ileum bile salts are efficiently ta-
ken up and returned to the liver via the portal vein. As bile salts are potentially cyto-
toxic compounds, synthesis and transport is tightly regulated. Farnesoid X receptor 
(FXR) is the primary mammalian bile salt sensor. FXR belongs to the super family of 
nuclear receptors (NRs), which are ligand activated transcription factors. Key genes 
involved in bile acid synthesis and transport belong to the group of FXR target genes. 
These include the bile salt export pump (BSEP), small heterodimer partner (SHP) 
and fibroblast growth factor 19 (FGF19). BSEP transports bile salts from the hepato-
cyte (the liver parenchymal cell) into bile. SHP and FGF19 participate in the negative 
feedback loop on bile acid synthesis by inhibiting expression of the cytochrome P450 
enzyme 7A1 (CYP7A1). In order to regulate transcription of its target genes, FXR 
dimerizes with another member of the NR-super family, namely the retinoid X recep-
tor (RXR). The ligand of RXR is the vitamin A derivative 9-cis retinoic acid (9cRA). 
The FXR/RXR heterodimer recognizes so called FXR responsive elements (FXREs) 
in the promoter region of FXR target genes. The typical FXRE consists of an inverted 
repeat of six base pairs spaced by one nucleotide (IR-1) with consensus sequence 
AGGTCAnTGACCT.
Chapter 2 and 3 describe how the RXR ligand vitamin A/9cRA co-regulates the tran-
scription of FXR target genes in vitro and in vivo. Depending on the gene of interest 
vitamin A either super induces (SHP and FGF19) or inhibits (BSEP) the bile salt 
induced transcription of FXR target genes. By replacing the FXRE-sequence in the 
BSEP promoter with the FXRE-sequence in the human SHP promoter identified by 
Goodwin et al. (2000), we show in chapter 2 that the RXR ligand by default represses 
the bile salt induced promoter activity at the FXRE. This indicates that promoter regi-
ons secondary to the FXRE are involved in the super-induction of bile salt-dependent 
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FXR target gene transcription by the RXR/vitamin A ligand.
In chapter 3 we describe the hunt for these vitamin A regulatory elements in the 
SHP promoter. Much to our surprise we found that the FXRE identified by Good-
win et al. is neither required nor sufficient for FXR/CDCA-dependent transcripti-
on of SHP. However, this previously identified FXRE sequence is required for the 
9cRA-dependent super induction of CDCA-activated SHP transcription. In addition, 
we identified a novel FXR/CDCA responsive region, which is located in between the 
previously identified FXRE and the transcription initiation site of hSHP. This novel 
FXR/CDCA responsive region co-localizes with a liver receptor homolog-1 (LRH-1) 
responsive element.
In chapter 4 we describe the absence of negative feedback regulation on bile salt 
synthesis in vitamin A-deficient (VAD) animals. Although both Shp and Fgf15 (the 
rodent ortholog of human FGF19) transcription is increased in vitamin A-deficient 
animals, this does not lower Cyp7a1 levels. This resulted in increased plasma bile salt 
concentrations in these animals. We propose that vitamin A is involved in inhibitory 
pathways, which monitor that adequate amounts of bile salt reach the ileum for effi-
cient vitamin A absorption. The in vivo observations that BSEP is maximal expressed 
in the absence of vitamin A, and that bile acid synthesis repression mechanisms are 
failing in VAD animals, implicate the possibility of an increased bile flow as a conse-
quence of low vitamin A levels. Indeed VAD rats displayed signs of an increased bile 
flow as a consequence of VAD (Chapter 4), but this was not observed in VAD mice 
(Chapter 2). However, in both animal models negative feedback regulation on bile 
acid synthesis was impaired as a consequence of vitamin A deficiency, a condition 
which is unfavourable in case of obstructive cholestasis, as it would contribute to the 
extra hepatic accumulation of bile.
In chapter 5 we studied the effect of vitamin A deficiency on the disease course of 
obstructive cholestasis in rats. One week of bile duct ligation (BDL) in VAD animals 
resulted in highly increased aspartate transaminase (AST), alanine transaminase 
(ALT), alkaline phosphatase (AP) and gamma-glutamyl transferase (γGT) levels and 
a clearly injured liver at the macroscopic level, a degree of liver disease that would 
only develop after at least 4 weeks of BDL in vitamin A sufficient (VAS) animals. Im-
portantly, increase of all of these markers and weight loss was prevented by vitamin 
A therapy. AST, ALT, AP and γGT levels of vitamin A treated VAD-BDL rats were 
comparable to bile duct-ligated VAS animals. Lack of vitamin A thus aggravates liver 
damage and accelerates the cholestatic disease course in rats. We were unable to di-
rectly link these observations to FXR/RXR signalling. We did find that the expression 
of biomarkers for oxidative stress (Ho-1), inflammation (iNos) and fibrosis (α-Sma 
and Col1a1) was highly increased in vitamin A deficient bile duct-ligated rats. The 
transcription profiles of all four of these biomarkers closely follows the occurrence 
of hepatic and bile ductular enzymes in blood plasma. Both bile duct-ligation and 
vitamin A-deficiency have independently been associated with increased oxidative 
stress, inflammation, and fibrosis. In combination, vitamin A deficiency amplified 
BDL inflicted liver injury resulting in necroinflammation.
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The data presented in this thesis shows that vitamin A is an important co-regulator of 
bile acid homeostasis and that efficient absorption of vitamin A in the intestine may 
well be an additional signal to the bile acid synthesis repression mechanisms. Clini-
cally most relevant is the observation that vitamin A deficiency severely aggravates 
liver damage by obstructive cholestasis. This urges the close monitoring of vitamin 
A levels in cholestatic patients, as vitamin A shortage could rapidly deteriorate the 
patient’s condition.
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Het ziektebeeld cholestase wordt gekenmerkt door stagnatie van de galstroom van 
lever naar dunne darm. Gal is nodig voor het verteren en absorberen van vetten en 
vetoplosbare stoffen in de darm. Een gebrek aan gal in de darm, als gevolg van chole-
stase, gaat gepaard met malabsorptie van vetoplosbare vitaminen, waaronder vitami-
ne A. Opslag van vitamine A vindt primair plaats in de lever. Chronische cholestase 
leidt uiteindelijk tot vitamine A depletie. Vitamine A is de benaming voor een groep 
van stoffen die dezelfde biologische activiteit vertonen als retinol. Het vervult velerlei 
functies in het lichaam, welke samenhangen met antioxidant/hormoonachtige eigen-
schappen.
Galzouten zijn onderdeel van de gal en hebben emulgerende eigenschappen. Ze zijn 
cruciaal voor de opname van vetten en vetoplosbare stoffen zoals vitamine A uit de 
voeding. Het moge duidelijk zijn dat verstoring van de galzouthomeostase invloed 
heeft op de vitamine A homeostase. Dat de omgekeerde relatie ook opgaat wordt 
aangetoond in dit proefschrift.
Hoofdstuk 1 introduceert de lezer in de enterohepatisch kringloop van galzouten, 
vitamine A absorptie in de darm en signaleringsroutes waarbij galzouten en vitamine 
A betrokken zijn. De lever speelt een cruciale rol bij zowel vitamine A- als galzoutho-
meostase. De lever maakt galzouten uitgaande van cholesterol en scheidt deze uit in 
de gal. Met behulp van deze galzouten wordt vitamine A in de darm geabsorbeerd. 
Via de bloedbaan wordt geabsorbeerd vitamine A vervoerd naar de lever, waar het 
wordt opgeslagen in de stellaatcellen. Vanuit deze opslag in de lever wordt vitamine 
A door het lichaam verspreid. In het laatste gedeelte van het ileum worden galzou-
ten zelf opgenomen en via de circulatie naar de lever teruggevoerd waar ze worden 
gerecycled. Circulatie (van in dit geval galzouten) tussen lever en darm wordt de 
enterohepatische kringloop genoemd.
Galzouten zijn zelf potentieel cytotoxische stoffen, daarom wordt de synthese en 
transport van galzouten nauwkeurig gereguleerd. De voornaamste galzoutsensor in 
zoogdieren is de farnesoid X receptor (FXR). FXR behoort tot de superfamilie van 
nucleaire receptoren (NRs), dit zijn ligand-afhankelijke transcriptiefactoren. Genen 
die een sleutelrol spelen bij de synthese en het transport van galzouten behoren tot 
de groep van FXR-aangestuurde genen. Tot deze groep behoren de galzoutexport-
pomp (bile salt export pump; BSEP), small heterodimer partner (SHP) and fibroblast 
groeifactor 19 (FGF19). BSEP transporteert galzouten van de hepatocyt (lever pa-
renchymcel) naar de gal. SHP en FGF19 zijn betrokken bij de negatieve feedbackloop 
op de galzoutsynthese door het remmen van de expressie van het cytochroom P450 
enzym 7A1 (CYP7A1). Alvorens FXR transcriptie van haar doelgenen kan beïnvloe-
den moet het eerst een dimeer vormen met de vitamine A receptor RXR (retinoid 
X receptor). RXR behoort ook tot de superfamilie van NRs. Het ligand van RXR is 
9-cis retinolzuur (9cRA), een afgeleide van vitamine A. De FXR/RXR heterodimeer 
herkent zogenaamde FXR-respons elementen (FXREs) in de promoterregio van FXR 
doelgenen. Een typische FXRE bestaat uit een geinverteerde herhaling van 6 basen-
paren gescheiden door één nucleotide (IR-1) met als consensus sequentie AGGT-
CAnTGACCT.
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In hoofdstuk 2 en 3 wordt beschreven hoe het RXR ligand vitamine A/9cRA mede 
verantwoordelijk is voor de regulatie van transcriptie van FXR-aangestuurde genen 
in vitro en in vivo. Afhankelijk van het gen van interesse wordt de galzoutafhankelijke 
transcriptie verhoogd (SHP en FGF19) of onderdrukt (BSEP).
In hoofdstuk 2 laten wij zien dat de galzout-afhankelijke promoteractiviteit door het 
RXR ligand wordt onderdrukt ter plaatste van de FXRE. Dit is aangetoond door de 
FXRE sequentie in de hBSEP promoter te vervangen door de FXRE-sequentie zoals 
geïdentificeerd door Goodwin et al. (2000) in de humane SHP promoter. Vooraf-
gaande impliceert dat regio’s buiten de FXRE betrokken zijn bij de super-inductie van 
FXR-gestuurde genen door vitamine A.
In hoofdstuk 3 beschrijven wij de zoektocht naar deze vitamine A-afhankelijke res-
pons elementen in de humane SHP promoter. Onverwacht kwamen wij tot de ont-
dekking dat de door Goodwin et al. beschreven FXRE niet nodig, nog voldoende is 
voor de galzoutafhankelijke transcriptie van hSHP. Deze eerder als FXRE geïdenti-
ficeerde regio is echter wel noodzakelijk voor de 9cRA–afhankelijke super-inductie 
van SHP. Daarnaast is een nieuwe FXR/CDCA-respons regio geïdentificeerd, deze 
bevindt zich tussen de eerder geïdentificeerde FXRE en het transcriptie-initiatiepunt 
van SHP en valt samen met een respons element voor de liver receptor homolog-1 
(LRH-1).
In hoofdstuk 4 beschrijven we de afwezigheid van negatieve feedback op galzoutsyn-
these in vitamine A deficiënte (VAD) ratten. Deze dieren werden vitamine A defici-
ent gemaakt door het voeren van een vitamine A deficiënt dieet gedurende 17 we-
ken. Ondanks dat transcriptie van zowel Shp als Fgf15 (humane ortholoog is FGF19) 
verhoogd is, leidt dit niet tot verlaging van het Cyp7a1 niveau. Dit resulteert in ver-
hoogde galzoutconcentraties in plasma en gal in deze dieren. De effectieve opname 
van vitamine A in de darm lijkt een signaal te zijn dat voldoende galzouten de darm 
bereiken en hun functie daar kunnen uitvoeren, wat bijdraagt aan de negatieve feed-
back op de galzoutsynthese.
De in vivo en in vitro observatie dat BSEP expressie maximaal is in afwezigheid van 
vitamine A en dat negatieve feedback op Cyp7a1 transcriptie faalt in VAD dieren is 
een aanwijzing voor een verhoogde galzoutflux als gevolg van vitamine A deficiëntie. 
Deze verhoogde galzoutflux blijkt ook inderdaad op te treden in VAD ratten (Hoofd-
stuk 4), maar niet in VAD muizen (Hoofdstuk 2). Wel is in beide diermodellen spra-
ke van een gebrek aan negatieve feedback op galzoutsynthese als gevolg van vitamine 
A deficiëntie. De verhoogde galzoutflux als gevolg van vitamine A deficiëntie zou in 
combinatie met obstructieve cholestase kunnen leiden tot een verhoogde extrahepa-
tische ophoping van galzouten, met extra leverschade als gevolg.
In hoofdstuk 5 bestudeerden wij het effect dat vitamine A deficiëntie heeft op het 
ziekteverloop van obstructieve cholestase in ratten. Eén week galgangligatie (bile 
duct ligation; BDL) in VAD dieren resulteerde in sterk verhoogde leverschade mer-
ker (ALAT (Alanine-Amino-Transferase), ASAT (Aspartaat-Amino-Transferase), 
AF (Alkalische fosfatase), Gamma-glutamyltransferase (γGT)) niveaus in bloed en 
een ogenschijnlijk zieke lever op macroscopisch niveau. Deze mate van leverschade 



Samenvatting

165

komt overeen met tenminste 4 weken BDL in vitamine A sufficiënte (VAS) ratten. 
Belangrijk hierbij is dat de toename van al bovengenoemde merkers voor leverschade 
en gewichtsverlies werd voorkomen met vitamine A therapie. De plasma niveaus van 
ASAT, ALAT, AF en γGT van met vitamine A behandelde VAD-BDL dieren waren 
vergelijkbaar met niveaus in galganggeligeerde VAS dieren. Deze observaties konden 
niet direct worden toegeschreven aan FXR/RXR signaalroutes. Wel werd aangetoond 
dat biomerkers voor oxidatieve stress (Ho-1) inflammatie (iNos) en fibrose (α-Sma 
en Col1a1) sterk waren verhoogd in VAD-BDL behandelde dieren. Het transcrip-
tieprofiel van deze vier biomerkers komt overeen met de aanwezigheid van lever- en 
galgangenzymen in bloedplasma. Zowel galgangligatie als vitamine A deficiëntie zijn 
onafhankelijk van elkaar geassocieerd met een toename in oxidatie stress, ontsteking 
en fibrose. In combinatie versterkt/versnelt een tekort aan vitamine A het cholestati-
sche ziekteverloop, met necro-inflammatie als gevolg.
De onderzoeksresultaten die in dit proefschrift worden beschreven tonen aan dat 
vitamine A een belangrijke co-regulator is van galzouthomeostase. Efficiënte ab-
sorptie van vitamine A in de darm is een aanvullend signaal in de mechanismen die 
galzoutsynthese onderdrukken. De klinisch belangrijke bevinding is dat vitamine A 
deficiëntie leverschade als gevolg van obstructieve cholestase drastisch verergert. Dit 
toont de noodzaak aan van het nauwgezet monitoren van de vitamine A status van 
patiënten die lijden aan cholestase, aangezien een tekort aan vitamine A de conditie 
van de patiënt snel zou kunnen doen verslechteren.
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Een promotieonderzoek tot een succesvol einde brengen, dat doe je niet alleen. Het 
proefschrift dat voor u ligt is het product van samenwerking met en aanmoediging 
en steun van collega’s, vrienden en familie. Er zijn dan ook heel wat mensen te bedan-
ken, zeker als het gehele traject negen en een half jaar heeft geduurd. 
Het schrijven van dit dankwoord voelt niet als een afsluiting van mijn tijd als AIO, 
dat leventje ligt al weer een paar jaar achter me en was gevoelsmatig afgesloten op 
het moment dat ik niet meer op het lab werkzaam was en definitief verhuisd was uit 
Groningen (juli 2008). Wel ben ik bijzonder blij dat het nu voltooid is. 
Het risico van het schrijven van een dankwoord een aantal jaar na dato is dat je din-
gen bent vergeten en er zodoende mensen ontbreken, bij voorbaat excuses hiervoor. 
Gelukkig zijn de voornaamste en meest noemenswaardige herinneringen aan deze 
tijd gebleven en sommige zijn nog dagelijks voelbaar.

De oudste herinnering aan mijn AIO-periode moet het sollicitatiegesprek zijn, hierbij 
waren onder andere Klaas Nico Faber en Han Moshage aanwezig. Minstens de helft 
van de tijd werd er over koetjes en kalfjes gesproken in plaats van zaken gerelateerd 
aan de functie van AIO. Het feit dat Han, net als ik, in Nijmegen gestudeerd had, leek 
direct een band te scheppen. De sfeer van dit sollicitatiegesprek bleek tekenend voor 
de prettige (werk)sfeer op het MDL-lab. Na het hierop volgende arbeidsvoorwaarde 
gesprek kreeg ik de fiets van Klaas Nico te leen om in de stad op zoek te gaan naar 
huisvesting. Ik had zo echt het gevoel met open armen te worden ontvangen.

Beste Klaas Nico, bedankt voor je persoonlijke manier van begeleiden en de altijd 
openstaande deur, zelfs toen je het in de loop der jaren steeds drukker begon te krij-
gen. Wat jij mij als geen ander hebt geleerd is dat uit een “mislukt” experiment ook 
zeer veel waardevolle informatie is te halen; en hoe een uit de klauwen gegroeid ex-
periment van een overenthousiaste AIO terug is te brengen tot de essentie. Het leven 
van een AIO gaat niet altijd over rozen (en je had nog al wat AIOs in die tijd), be-
dankt voor je begrip en steun op het persoonlijke vlak. Aan het begin van dit traject 
was je mijn co-promoter, maar omdat het traject lang genoeg heeft geduurd, mag je 
nu mijn promoter zijn. En daar ben ik erg blij om.

Beste Han, jouw begeleiding is grotendeels vanaf de zijlijn geweest, maar zeker met 
invloed op het onderzoek en dit proefschrift. Tijdens werkbesprekingen in kleinere 
kring op jullie werkkamer, mengde je je vanachter je bureau ook in de discussies. 
Hepatologische kennis wordt feilloos afgewisseld met triviale sportfeitjes (wie staan 
er boven aan de adelaarskalender?) en het wel en wee van BN-ers.

I would like to thank the manuscript committee: professors Henkjan Verkade, Mar-
tin Hofker and Chantal Housset for their willingness to judge my dissertation and 
their swift and critical remarks.
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De volgende die ik wil bedanken is mijn steun en toeverlaat op het lab, Janette. Sa-
men met Jacqueline had je het vitamine A project opgezet en dus kende je alle “ins en 
outs” van het project. Ik heb dan ook erg veel van je kunnen leren. Je was niet alleen 
een extra paar handen voor het onderzoek, maar ook een sparring partner. Daarnaast 
ben je ook een gedreven onderzoeker. Op deze manier heb je ook inhoudelijk veel 
invloed gehad op het/ons onderzoek. Na mijn vertrek van het lab ben je doorgegaan 
met het onderzoek wat nu hoofdstuk 3 is van dit boekje. Ik ben blij en trots dat je 
tweede auteur bent op dit stuk.

Jacqueline en Mark, jullie zijn respectievelijk de AIO voor en na mij op het vitamine 
A project. Ik wil jullie bedanken voor de prettige samenwerking.

Het opofferen van de ratten was een teamprestatie, waaraan vrijwel het gehele MDL-
lab (inclusief promotores) heeft bijgedragen. Voor buitenstaanders misschien moei-
lijk te begrijpen, maar dat was een weliswaar hectische, maar vooral ook bijzonder 
gezellige week. Hectisch omdat we hadden besloten de boel grondig aan te pakken 
en meerdere weefsels in veelvoud te verzamelen, wat betekende dat er honderden 
samples genomen en verwerkt werden. En gezellig omdat gezamenlijk de buit binnen 
werd gehaald.
Wat mij brengt bij het MDL-lab, in de bezetting van 2004-2008 wel te verstaan, velen 
hebben dit nest inmiddels verlaten. Wat de periode 2004-2008 zo speciaal maakte 
heeft denk ik onder andere te maken met het feit dat een aantal AIOs tegelijkertijd 
begon en dat de gehele groep (AIOs en analisten) van ongeveer dezelfde leeftijd was. 
MDL heeft in die tijd op congressen menig feestje gemaakt en in ieder geval afge-
sloten. Antonella, thank you for introducing me to the lab when I first arrived and 
for the sneak previews we enjoyed together with friends. Axel, Hans, Krzysztof (“do 
you wanna treat me like I am your technician?” and proud member of “The Chouffe 
Boys”), Mark (proud member of “The Chouffe Boys”) en Jannes (“sinaasappels in de 
groentenla helpen tegen de griep”), bedankt voor de gezellige avondjes in Der Witz 
en Chaplin’s Pub. Daarnaast wil ik Axel (en Eefje), en Jannes en Titia bedanken voor 
hun gastvrijheid. Laura, Sandra, Rebecca, Gerard, Manon, Marcus, Mariska, (Prin-
cess) Fiona, Lisette, Elise, Golnar, Marjolein en Tjasso bedankt voor de samenwer-
king en de gezelligheid! Sytske en Jan Pieter, bedankt voor jullie inzet als stagiaire op 
mijn project.

Ook dank aan mijn kamergenoten/medebewoners van “het kippenhok”. Hans (lange 
tijd de enige mede-haan), Maaike, Jelske, Titia, Leonie, Esther, Margot, Miriam, An-
niek en Niels en Henk, bedankt voor de gezellige tijd.

Dank ook aan alle collega’s van Kindergeneeskunde, met wie MDL het lab deelt, van 
voor de gezelligheid. In het bijzonder: Jaap, Janine, Harmen, Jan Freark, Annelies, 
Hilde, Marijke, Anke, Maxi, Feike, Uwe, Torsten, Fjodor, Renze, Juul, Henk, Janny, 
Nicolette, Frans S., Gemma, Hilde & Gea en Folkert. Han R., de SELDI-TOF was een 
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leuk avontuur, helaas bracht het niet wat we ervan gehoopt hadden, bedankt voor je 
hulp. Vincent, bedankt voor de ondersteuning met de DEC-aanvraag (mede dankzij 
jou verliep dit proces heel soepel) en voor je advies over qPCR-statistiek. 

Speciale dank ben ik verschuldigd aan microchirurgisch team (het “A-team”) en Ar 
van het CDP voor de assistentie bij de experimenten.

In 2008 kreeg ik de kans om te beginnen als docent moleculaire biologie bij Hoge-
school Van Hall Larenstein. Ik vroeg om een rondleiding, maar kreeg een uitno-
diging van Feike om mijn promotieonderzoek te presenteren voor zijn studenten 
“Gene Hunting”. De rest is geschiedenis. Dank je wel Feike!

Tegen het einde van mijn periode op het MDL-lab bekroop mij de vrees dat ik nooit 
meer een plek zou vinden waar ik met zo veel plezier zou werken. Gelukkig bleek 
deze vrees ongegrond. Dank daarvoor aan al mijn collega’s van Life Sciences & Tech-
nology bij Hogeschool Van Hall Larenstein/Noordelijke Hoegeschool Leeuwarden. 
In het bijzonder mijn kamergenoten Antje, Gerrit en Luuk en daarnaast Karin, Ni-
colette, Ina, Feike en Wendy (dank je voor de sponsoring) voor de bijzonder prettige 
samenwerking en onophoudelijke aansporing.

Dank ook aan de collega’s bij RSG- Sneek voor de samenwerking en in het bijzonder 
Mart en Jan voor de aanmoediging toch vooral de promotie af te ronden. Beste Mart, 
mijn coach in het middelbaar onderwijs avontuur, ik heb bewondering voor de ge-
drevenheid waarmee jij onderwijst. Beste Jan, ik ben jaloers op jouw alfa-mannetjes 
uitstraling voor een groep pubers. En dank voor de gezelligheid op de Londenreis.

Gedurende de jaren na het behalen van het VWO-diploma ben ik het langzamerhand 
steeds noordelijker op gaan zoeken, steeds verder weg van Brabant, met als uitbijter 
ruim een half jaar Kopenhagen.
Lieve pap en man, ik ben jullie enorm dankbaar voor de steun en vrijheid die ik heb 
ervaren bij het kiezen en voltooien van mijn studie. Met als klap op de vuurpijl het 
brengen naar en ophalen vanuit Kopenhagen (met veel te veel bagage). We zeggen re-
gelmatig tegen elkaar dat het jammer is dat Sneek en Breugel zo ver uit elkaar liggen. 
Gelukkig is er Skype zodat we elkaar toch nog geregeld kunnen zien.

Voor mijn broer en zus: het is fijn om te merken dat naarmate we ouder worden we 
elkaar nog beter gaan begrijpen en meer naar elkaar toe groeien. Lieve Rens, ook 
al zal je altijd mijn jongere broertje zijn, je bent ook een voorbeeld voor mij, met je 
humor, nuchterheid en tegelijkertijd je gevoeligheid. Ik ben dan ook erg blij en trots 
dat je aan mijn zijde staat als paranimf. En bedankt voor je creatieve bijdrage aan dit 
proefschrift, ik ben erg trots op het geheel. Lieve Juultje (oftewel Zus), ik weet nog 
goed hoe je mij welkom heette toen ik in het geheim even terug kwam uit Denemar-
ken. Nu is het heerlijk om elkaars kinderen te kunnen zien opgroeien en met elkaar 



Dankwoord

171

te zien spelen. Lieve broer en zus, het is jammer dat jullie zo ver weg wonen. 

Het laatste half jaar van mijn tijd op het lab had ik twee woonplaatsen. Door de week 
woonde ik in Groningen en vanaf vrijdagmiddag tot maandagochtend woonde ik in 
Sneek. In het weekend moest er namelijk geklust worden in het nieuwe huis en werd 
er overnacht op de boerderij aan de Oerdyk. Johan en Froukje (heit en mem), Maaike 
en Wilfred, Lambertus en Aukje (en de rest van de Heegsma-Smit familie) ben ik 
erg dankbaar voor de gastvrijheid en de manier waarop ik ben welkom geheten in 
Fryslân!

Tenslotte kom ik weer terug bij jou mijn lieve Janette. Want het beste wat ik aan 
mijn promotietraject heb overgehouden ben jij. Nooit zien aankomen, verwacht of 
gepland, maar ineens was het daar. Je was al mijn steun en toeverlaat op het lab, maar 
nu ook daar buiten. Je hebt het gehele promotietraject meegemaakt. Van het begin 
tot aan het einde, een einde dat zich steeds maar weer liet opschuiven. Met name het 
laatste stuk van het traject ben jij degene geweest die mij aangespoord heeft dit boek-
je af te schrijven. Bedankt voor je geduld en steun, zonder jouw was dit niet gelukt! 
Dank je wel dat je mijn paranimf bent en wilt zijn!
En er zijn meer personen die geduld hebben moeten. Ook Femke en Jelmer werden 
blootgesteld aan het vele werken van Tijn. “Jongens” het is eindelijk af, tijd voor leu-
kere dingen!

Tot slot de twee personen die ik nog niet genoemd heb in dit dankwoord. Over vele 
jaren lezen jullie dit dankwoord pas. Weet dan dat jullie de kroon zijn om een heel 
bijzondere periode in mijn leven. De mooiste titel kreeg in van jullie, Papa! Mijn lieve 
Elona en Jurre dit boekje is voor jullie.
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het voltooien van de studie Scheikunde (augustus 2002) behaalde Martijn zijn eerste-
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Katholieke Universiteit Nijmegen.
April 2004 begon Martijn met het promotieonderzoek getiteld: “The role of vitamin 
A in controlling bile salt homeostasis in cholestatic diseases” (MWO 03 – 38) bij het 
onderzoekslaboratorium van de afdeling Maag-, Darm- en Leverziekten van het Uni-
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