
 

 

 University of Groningen

P-glycoproteins and hepatobiliary secretion
Hooiveld, Guido Jacobus Etienne Johannes

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:
2000

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hooiveld, G. J. E. J. (2000). P-glycoproteins and hepatobiliary secretion: studies on cloning, function, and
expression. 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: 25-05-2023

https://research.rug.nl/en/publications/f217a094-0625-4f5b-ad0d-c62dfd7d2310


CHAPTER 0

CHAPTER 0

CHAPTER 0P-GLYCOPROTEINS AND HEPATOBILIARY SECRETION:

CHAPTER 0STUDIES ON CLONING, FUNCTION, AND EXPRESSION





RIJKSUNIVERSITEIT GRONINGEN

P-glycoproteins and hepatobiliary secretion:

studies on cloning, function, and expression

PROEFSCHRIFT

ter verkrijging van het doctoraat in de

Wiskunde en Natuurwetenschappen

aan de Rijksuniversiteit Groningen

op gezag van de Rector Magnificus, dr D.F.J. Bosscher,

in het openbaar te verdedigen op

vrijdag 15 december 2000

om 14.15 uur

door

Guido Jacobus Etienne Johannes Hooiveld

geboren op 4 november 1971

te Nijmegen



Promotores:

Prof. Dr D.K.F. Meijer

Prof. Dr P.L.M. Jansen

Co-promotor:

Dr M. Müller

Beoordelingscommissie:

Prof. Dr F. Kuipers

Prof. Dr R.P.J. Oude Elferink

Prof. Dr F.G.M. Russel

ISBN: 90-367-1197-5

NUGI: 743



“It is a capital mistake to theorise before one has data.

Insensibly one begins to twist facts to suit theories, instead of theories to suit facts.”

Sir Arthur Conan Doyle (1859-1930)



Paranimfen:
Janette Heegsma
Fleur Hooiveld

The research described in this thesis was performed in the context of a long-standing
collaboration between the Division of Pharmacokinetics & Drug Delivery, University Center for
Pharmacy, Faculty of Mathematics & Natural Sciences (head: prof. Dr DKF Meijer), and the
Division of Gastroenterology & Hepatology, Department of Internal Medicine, Faculty of
Medicine (head: prof. Dr PLM Jansen) of the University of Groningen, the Netherlands. Both
groups participate in the Groningen University Institute for Drug Exploration (GUIDE).

This work was supported by Netherlands Organization for Scientific Research (NWO) grant NWO
902-23-207 (project leaders Dr M Müller and prof. Dr DKF Meijer).

The financial support by

Netherlands Organization for Scientific Research, division Medical Sciences (NWO-MW),

Groningen University Institute for Drug Exploration (GUIDE),

Nederlandse Vereniging voor Hepatologie (NVH), 

Dr Saal van Zwanenbergstichting,

AstraZeneca BV,

Bristol-Myers Squibb BV,

Byk Nederland BV, 

Tramedico BV,

Yamanouchi Pharma BV,

for the publication of this thesis is gratefully acknowledged.

Printed by Ponsen & Looijen BV, Wageningen, the Netherlands

 Copyright 2000 GJEJ Hooiveld

All rights are reserved. No part of this publication may be produced, stored in a retrieval system, or transmit-

ted in any form or by any means , mechanically, by photocopying, recording, or otherwise, without the writ-

ten permission of the author.

Cover design: Larissa Neslo, Amsterdam

Cover photo: Loes Modderman, Nijmegen. Crystals of cholesterol dissolved in ethanol as seen through a

polarisation microscope, original magnification 400×.



CHAPTER 0CONTENTS

Objectives of this thesis 9

Summary of this thesis 11

CHAPTER 1 Function and regulation of ATP-binding cassette transport 15
proteins involved in hepatobiliary transport 

CHAPTER 2 Cloning of the cDNA encoding the rat multidrug resistance 41
(Mdr) 1a P-glycoprotein

CHAPTER 3 Stereoselective transport of hydrophilic quaternary drugs by 53
human MDR1 and rat Mdr1b P-glycoproteins

CHAPTER 4 Upregulation of the multidrug resistance genes Mrp1 and 71
Mdr1b and downregulation of the organic anion transporter 
Mrp2 and bile salt transporter Bsep/Spgp in endotoxemic rat
liver

CHAPTER 5 3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors 87
induce hepatic expression of the phospholipid translocase 
Mdr2 P-glycoprotein in rats

CHAPTER 6 Transcriptional regulation of the rat phospholipid translocase 105
Mdr2 gene expression by cholesterol synthesis inhibitors and
sterol regulatory element-binding proteins

Samenvatting van dit proefschrift 119

Dankwoord 123

Curriculum Vitae 125





9 

CHAPTER 0OBJECTIVES OF THIS THESIS

The liver, the largest gland in the vertebrate body, is uniquely positioned between the
digestive tract and the general circulation. Consequently, the liver is continuously exposed
to numerous structurally and chemically diverse compounds, such as nutrients, drugs,
and other (potentially toxic) xenobiotics. Serving as both a depot and transit station for
amino acids, carbohydrates, lipids, and vitamins, the liver efficiently absorbs these
substances from the circulation, transforms and metabolizes them, and releases them
back into the systemic circulation or into the bile. In addition, the uptake,
biotransformation, and disposition of xenobiotics is another important function of the
liver.
The hepatocyte is a parenchymal cell that constitutes approximately 70 per cent of the
total liver cell volume. It is a polarized cell with two functional distinct membrane regions,
i.e. the basolateral (sinusoidal) and apical (canalicular) membrane domains. Hepatocytes
are well specialized to transport substances from the portal blood into the liver (and vice
versa), and from the liver into bile. Biliary secretion is a major route for the delivery of
substances into the intestine. Some of these substances, such as the bile acids, have an
important role in normal physiology; other compounds are destined for elimination.
The secretion of solutes into bile depends on both the activity of transporter proteins in
the sinusoidal and canalicular membrane domain of hepatocytes. Substances are
delivered to the liver via the portal blood. Their uptake into hepatocytes is mediated by a
set of transporters that belong to the solute carrier superfamily. These carriers are not
directly ATP-dependent for their transport function, but some are driven by a sodium
gradient or by anion exchange. Others just ‘simply’ facilitate diffusion. The final and
(under normal physiological conditions) rate-limiting step in hepatobiliary transport is
the secretion of substances into the canalicular lumen. A number of ATP-dependent
transport proteins that belong to the P-glycoprotein (Pgp)- and multidrug resistance-
related protein (MRP)-subfamilies of the ATP-binding cassette (ABC) transporter
superfamily perform this task. These proteins are able to pump solutes against a steep
concentration gradient into bile. This thesis concentrates on the hepatic ABC proteins
involved in secretion of cationic drugs and lipids.

THE AIM OF THE RESEARCH DESCRIBED IN THIS THESIS IS:

i To investigate and compare the functional properties of the rat and human drug
transporting members of the P-glycoprotein subfamily.
ii To get insight in the molecular mechanisms involved in transcriptional control of
ABC transporter gene expression in liver in relation to canalicular transport.
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CHAPTER 0SUMMARY OF THIS THESIS

Hepatobiliary transport of endogenous and exogenous compounds is mediated by the
coordinated action of multiple transport systems present at the sinusoidal and
canalicular membrane domains of hepatocytes. The last step in hepatobiliary transport,
i.e. the secretion of substances into the canalicular lumen, is mediated by a set of ATP-
binding cassette (ABC) transport proteins that are embedded in the apical membrane of
hepatocytes. In the last decade many of these carriers have been cloned and characterized.
More recently, the molecular bases of several forms of cholestatic liver disease have been
elucidated. At the same time impressive progress has been made in the isolation and
characterization of factors that control gene expression. In chapter 1 a review of the
literature concerning primary active transporters involved in hepatobiliary transport is
given, with special emphasis to their function and regulation.

In rats, two ATP-dependent transport proteins that belong to the P-glycoprotein
subfamily of the ABC superfamily mediate the secretion of neutral and cationic
compounds into bile. The so-called Mdr1 genes encode these P-glycoproteins (Pgps). In
cancer therapy, overexpression of these genes in tumor cells is typically associated with the
phenomenon referred to as multidrug resistance (MDR). Surprisingly, despite the many
functional studies performed in rats, and despite the isolation of the related Mdr1b and
human MDR1 genes, the rat Mdr1a gene had not been cloned yet. In chapter 2 the
isolation, tissue-distribution and characterization of the rat Mdr1a cDNA is described. We
show that the rat Mdr1a cDNA encodes a protein of 1272 amino acids, and that Mdr1a
gene transcripts are abundantly expressed in ileum and ovary, and to a lesser extent in
liver. No expression is observed in lung, thymus and 10-12 days embryos. We conclude
that, analogous to mice, Mdr1a (like Mdr1b) may be a major determinant of biliary and
intestinal clearance of substances in rats. 

Earlier studies reported by our laboratory provided indirect evidence for an important role
of drug transporting P-glycoproteins in the hepatobiliary transport of not only typical
(hydrophobic) MDR substrates, such as vincristine, but also of relatively hydrophilic
cationic drugs. In the studies described in chapter 3 we investigated whether
monoquaternary derivatives of the enantiomers quinidine and quinine are substrates for
human MDR1-, rat Mdr1b-, or rat Mdr2-Pgp. We observed ATP-dependent uptake of N-
methylquinidine and N-methylquinine into MDR1- and Mdr1b-expressing membrane
vesicles, but not into Mdr2-expressing vesicles. Moreover, these drug transporting Pgps
appear to display stereoselectivity for the translocation of the two diastereomers; our data
demonstrate that N-methylquinidine is a better substrate for both MDR1 and Mdr1b
than N-methylquinine. Finally, we show that human MDR1 has a higher transport
activity than its rat orthologue Mdr1b. We conclude that relatively hydrophilic cationic
drugs are indeed excellent substrates for human MDR1 as well as rat Mdr1b, yet MDR1
transports these substrates more efficiently. This latter finding may enable the
extrapolation to humans of pharmacokinetic data obtained in rats. In addition, these data
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may also have implications for our understanding how drug transporting Pgps handle
hydrophobic and hydrophilic substances.

In the chapters 4, 5, and 6 studies on the regulation of ABC transporter gene expression in
liver are described.

In the studies reported in chapter 4 it is examined whether altered expression of hepatic
transport systems can account for the deceased secretion of bile salts and organic anions
reported for an acute model of liver inflammation. We observed a largely decreased
expression of the organic anion transporter Mrp2 and only a slightly decreased expression
of the bile salt transporter Bsep in livers of endotoxin-treated rats. Moreover, the sharply
delineated canalicular staining of these proteins as observed in normal livers changed into
a fuzzy pattern, suggesting localization of Mrp2 and Bsep in subapical compartments. In
contrast, the expression of the Mrp1 and Mdr1b genes was increased. We hypothesize that
Mrp1 and Mdr1b protect the hepatocyte from cytokine-induced metabolic stress and
conclude that endotoxin-induced cholestasis is caused by decreased levels of Mrp2 and
Bsep at the canaliculus as well as by an altered localization of these proteins.

Biliary cholesterol secretion is coupled to that of phospholipids in a process controlled by
Mdr2 activity and bile salt secretion. Statins, inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, have been shown to promote biliary lipid output. Cessation of
statin treatment results in marked hypersecretion of cholesterol accompanied by a
relatively smaller increase in biliary phospholipid secretion. This hypersecretion of
cholesterol into bile has been attributed to an inappropriately high hepatic cholesterol
synthesis because of induction of the HMG-CoA reductase system. Evidently, this does
not explain the concomitant hypersecretion of phospholipids. In the studies described in
chapter 5 we therefore evaluated the effects of statin-administration on expression of
hepatic ABC transporters. Both mRNA and protein levels of Mdr2 were clearly increased
in rats that were continuously fed statins. This was functionally reflected by an increase of
biliary phospholipid output to 175% of control values. For an effect on Mdr2 expression, a
continuous exposure to statins appeared to be necessary, because Mdr2 mRNA levels
returned to control levels within 9-12 hours after simvastatin withdrawal. However,
during this rebound phase, Mdr2 protein levels and biliary phospholipid secretion
remained elevated. Mdr1b mRNA levels also responded to statin administration. The
induction of Mdr1b mRNA persisted after cessation of simvastatin treatment, indicating
different mechanisms of induction of Mdr2 and Mdr1b gene expression. We conclude that
the increased biliary lipid output observed during statin-treatment is due to up-regulation
of Mdr2 mRNA and protein, revealing a novel mechanism of these commonly used drugs
that may contribute to their antilipidemic effects. Moreover, these data point to a possible
role of sterol regulatory element-binding proteins (SREBPs) in the transcriptional control
of Mdr2 expression.

In a follow up study, described in chapter 6, we investigated the effects of statins on the
steady-state mRNA levels of Mdr2 and of Srebp family members in vitro using cultured
primary rat hepatocytes. In addition, the effects of statins and overexpression of human
nuclear SREBP-1a and SREBP-2 on Mdr2 promoter activity were studied. Analogous to
our observations made in vivo (chapter 5), we observed that statins induced Mdr2 mRNA
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SUMMARY OF THIS THESIS

levels in primary hepatocytes. Analysis of Srebp gene expression revealed that the Srebp-1
isoforms and Srebp-2 are regulated inversely after statin treatment. Furthermore, we were
able to demonstrate that statins induce the activity of a 1572 base pair fragment of the
Mdr2 promoter. Nuclear SREBP-1a, but not nuclear SREBP-2 stimulated Mdr2 promoter
activity in this assay. This does not rule out involvement of Srebp-2 in Mdr2 induction but
rather indicate that other transcription factors must play a role. We conclude that statins
increase steady-state Mdr2 mRNA levels in rat hepatocytes as a result of enhanced gene
transcription. SREBP-2 itself is not able to stimulate transcription of the Mdr2 gene.
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