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Summary Summary 

Summar y y 

Thee formation of bile involves the vectorial transport of many different components 

acrosss the hepatocyte. Hepatobiliary secretion/excretion is mediated by transport 

proteinss localised in the canalicular membrane of the hepatocyte. The major proteins 

involvedd in bile formation, identified at this moment, are members of a large superfamily 

off transporters known as the ATP-binding cassette transporter family. In recent years 

muchh progress has been made wi th the identification and characterisation of these 

canalicularr transporters. Among these proteins are the P-gIycoproteins (P-gps), large 

glycosylatedd membrane proteins. Some of these proteins, class I and II P-gps, are 

involvedd in the active transport of cytotoxic drugs from the cytoplasm to the external 

milieu.. Their action renders the cell resistant to cytotoxic drugs and contributes to the 

phenomenonn of multidrug resistance (MDR). Class III Pgps can not clearly be linked to 

thee generation of such MDR-phenotypes. However, this class of P-gps has been shown 

too be involved in the secretion of phosphatidylcholine (PC) into bile. The presence of 

phosphatidylcholinee and other lipids in the canalicular lumen is believed to mitigate the 

detergentt action of bile salts also present in primary bile. Complete absence of biliary 

lipidd secretion (phospholipids and cholesterol), combined wi th normal bile salt secretion, 

leadss to liver disease in mice that have no functional Mdr2 P-glycoproteins (as is the 

casee in Mdr2 knockout mice). The molecular mechanism for biliary lipid secretion is not 

known.. The presence of bile salts in the canalicular lumen is a major factor evoking 

biliaryy lipid secretion. Thus both Mdr2 P-glycoprotein (Class III Pgp) and bile salts are 

majorr factors regulating biliary lipid secretion. Bile salts are known to be regulatory 

factorss in cholesterol homeostasis. Keeping this in mind, it seems logical to propose that 

bilee salts also regulate class III Pgp function. This thesis deals wi th regulation of class III 

P-gpss by bile salts and some aspects of the mechanism of biliary lipid secretion. 

Chapterr 1 gives a general introduction on biliary transporters, reviews the mechanistic 

aspectss of P-glycoprotein mediated transport and deals wi th concepts on hepatobiliary 

secretionn of phospholipids and cholesterol. 

inn chapter 2 the relation between size and composition of the bile salt pool on the one 

handd and Mdr2 P-glycoprotein mediated secretion of phospholipid and cholesterol on the 
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otherr is described. We investigated whether bile salt composition itself is able to alter 

Mdr2Mdr2 expression. Mice were fed a cholate enriched diet ( 0 . 1 % w /w) . In the liver cholate 

iss converted into taurocholate which is more hydrophobic than the main endogenous 

murinee bile salt, muricholate. Replacement of the endogenous bile salt pool led to 

increasedd maximal PC secretion and increased Mdr2 mRNA levels. These parameters 

weree not affected by feeding the relatively hydrophilic bile salt tauroursodeoxycholate. 

Thesee results show that the type of bile salt in the bile salt pool regulates biliary lipid 

secretionn and Mdr2 expression. 

Thee mouse model did not allow us to study the regulatory effects of bile salts at low bile 

saltt fluxes. In chapte r 3 we studied this regulation in more detail by manipulating the bile 

saltt pool by chronic bile diversion in the rat. After long-term depletion of the bile salt pool 

thee maximal secretion capacities for both phospholipid and cholesterol is strongly 

affectedd and expression of Mdr2 {Pgp3) is also strongly decreased. Reconnection of the 

enterohepaticc cycling of biliary components leads to restoration of these parameters. 

Duodenall infusion of taurocholate into bile diverted rats also increased maximal PL 

secretionn and Mdr2 mRNA levels to a more normal situation indicating that bile salts 

themselvess are involved in this regulatory process. Cholesterol secretion also increased 

butt did not restore to the same extent as phospholipid secretion. The results show that 

thee size of the bile salt pool has significant effects on Mdr2 expression levels and thus 

influencess biliary lipid secretion. 

Inn chapte r 4 the development and validation of a new HPLC based method is described 

thatt allowed us to study the secretion of fluorescently labelled short chain lipid 

analoguess in perfused mouse livers. This method is very sensitive and allows 

determinationn of short-chain fluorescent lipid species in small bile samples. 

Thee analytical method described in chapter 4 enabled the experiments described in 

chapte rr  5. This chapter presents a study into the role of Mdrla/b in hepatobiliary 

secretionn of short-chain lipid analogues in a mouse-liver perfusion system. Biliary 

secretionn of several NBD-labelled lipid analogues, that were shown to be substrates for 

M d r l aa P-gp, was not significantly different in livers from Mdr la /b double-knockouts from 

thee secretion in wild-type livers. However, the secretion was impaired in livers from 
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Mdr2Mdr2 knockout mice, while these lipids are probably no substrates for Mdr2 P-gp- It 

seemss that under normal conditions there is no role for the Mdr1a/b mediated biliary 

secretionn of these types of lipid analogues. Furthermore it was shown, by in vitro studies 

usingg small unilamellar vesicles of different lipid composition, that the reduced secretion 

off the short-chain lipid analogues in Mdr2 knockouts was probably due to altered 

membranee composition in these mice. 

Inn the final chapter, chapte r 6, we studied mechanistic aspects of uncoupling of biliary 

lipidd from bile salt secretion. Current concepts on biliary lipid secretion view the 

mechanismm by which bile salts drive lipid secretion to involve direct micellization or 

vesiculizationn of the canalicular membrane. Hydrophilic organic anions inhibit the biliary 

secretionn of phospholipid and cholesterol without affecting bile salt secretion. We 

investigatedd the effect of two organic anions on the kinetics of bile salt induced biliary 

lipidd secretion. From this we conclude that the uncoupling mechanism depends on the 

typee of organic anion used. In addition to the possibility of a direct effect of organic 

anionss on mdr2 P-gp activity, inhibition may be caused by decreased micellar bile salt 

concentrationss induced by a choleretic effect. 
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Samenvattin g g 

Hett proces van galvorming omvat het vectoriele transport van verschillende bestanddelen 

vanuitt het bloedplasma en de hepatocyt naar het canaliculaire lumen. De secretie vanuit 

dee hepatocyt in de primaire gal wordt gemedieerd door transporteiwitten die zich in het 

canaliculairee membraan van de hepatocyt bevinden. Voor zover ze op dit moment bekend 

zijn,, behoren deze membraan gebonden eiwitten tot een grote superfamilie van transport-

eiwittenn die bekend staat onder de naam ATP-bindende cassette (ABC) transporter 

familie. . 

Dee laatste jaren is er veel vooruitgang geboekt met de identificatie en karakterisatie van 

dezee canaliculaire transporters. Daartoe behoren ook de P-glycoproteïnen, die worden 

onderverdeeldd in drie klassen. P-glycoproteïnen behorende tot klasse I en II zijn betrokken 

bijj het actieve transport van amphipatische neutrale en positief geladen verbindingen en 

toxinenn vanuit de cel naar het externe milieu. Hierdoor worden deze cellen resistent 

tegenn het cytotoxische effect van cytostatica en dit draagt bij to t de ontwikkeling van 

hett verschijnsel van multidrug resistentie (MDR); het ontwikkelen van resistentie tegen 

eenn breed spectrum aan cytotoxische middelen. De klasse III P-gp's (waaronder Mdr2 P-

glycoproteïnee in de muis) spelen geen duidelijke rol in het ontstaan van een multidrug 

resistentiee fenotype. Van deze klasse is aangetoond dat zij betrokken zijn bij de 

hepatobiliaree secretie van fosfatidylcholine (een bepaalde klasse van vetten). De functie 

vann lipidensecretie in de primaire gal is het verminderen van de detergerende werking van 

galzoutenn die ook in de gal worden uitgescheiden. 

Dee afwezigheid van lipidensecretie (fosfolipiden en cholesterol) in de aanwezigheid van 

normalee galzoutsecretie leidt to t de ontwikkeling van leverziekte in muizen die geen 

functioneell Mdr2 P-gfycoproteme hebben [Mdr2 knock-out muizen). Het moleculaire 

mechanismee dat ten grondslag ligt aan de lipidensecretie in gal is niet bekend. De 

aanwezigheidd van galzouten in het canaliculaire lumen is een van de belangrijke factoren 

diee lipidensecretie in de gal veroorzaken. Dus zowel P-glycoproteïnen (klasse III) als 

galzoutenn zijn factoren die de lipidenuitscheiding in de gal beïnvloeden. Van galzouten is 

bekendd dat zij een belangrijke regulerende functie hebben in het onderhouden van de 

cholesteroll homeostase. Met dit in het achterhoofd, lijkt het aannemelijk om te 

veronderstellenn dat galzouten mogelijkerwijs ook de expressie van klasse III P-gp's 
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kunnenn reguleren. In dit proefschrift worden een tweetal studies naar het regulerende 

effectt van galzouten op het functioneren van klasse III P-glycoproteïnen beschreven. 

Verderr worden een aantal mechanistische aspecten van de hepatobiliaire lipidensecretie 

behandeld. . 

Hoofdstu kk 1 geeft een algemene introductie over transporters betrokken bij het proces 

vann galvorming. Dit hoofdstuk geeft verder een overzicht over de mechanistische 

aspectenn van het P-glycoproteïne gemedieerde transport en beschrijft de concepten van 

hepatobiliairee uitscheiding van fosfolipiden en cholesterol. 

Hoofdstu kk 2 beschrijft de relatie tussen grootte en samenstelling van de galzout-pool 

enerzijdss en de door P-glycoproteïne gemedieerde uitscheiding van fosfolipiden en 

cholesteroll anderzijds. Er werd onderzocht of een veranderde samenstelling van de 

galzout-pooll op zichzelf in staat zou zijn om Mdrl expressie te beïnvloeden. Hiertoe 

werdenn muizen gevoerd met een cholaat verrijkt dieet ( 0 , 1 % w /w) . Cholaat wordt in de 

leverr omgezet in taurocholaat wat een meer hydrofoob galzout is dan muricholaat, het 

belangrijkstee endogene galzout in muizengal. Vervanging van de endogene galzout-pool 

leiddee tot een verhoogde maximale uitscheiding van fosfatidylcholine en een verhoging 

vann de Mdrl mRNA niveaus in de lever. Uit deze resultaten bleek dat het type galzout 

datt aanwezig is in de galzout-pool zowel de lipiden secretie in de gal als Mdrl expressie 

reguleert. . 

Hett bovengenoemde muizenmodel stelde ons niet in staat om de regulatoire effecten van 

galzoutenn te bestuderen bij lage galzout fluxen. Dit aspect werd in meer detail 

bestudeerdd via depletie van de galzout-pool door chronische afleiding van gal in de rat 

zoalss beschreven in hoofdstu k 3. Langdurige depletie van de galzout-pool verlaagde de 

maximalee secretiecapaciteit van zowel fosfolipid als cholesterol; de expressie van Mdrl 

(Pgp3)(Pgp3) was ook sterk verminderd. Herstel van de enterohepatische kringloop van 

galcomponentenn leidde tot normalisering van deze parameters. Duodenale infusie van 

taurocholaat,, in ratten waarvan de gal al geruime tijd werd afgeleid, resulteerde ook in 

herstell van deze parameters naar controle waarden. De secretie van cholesterol 

verbeterdee in dat geval ook, maar niet in dezelfde mate als de fosfolipidensecretie. Deze 
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resultatenn laten zien dat de grootte van de galzout-pool in hoge mate de Mdr2 expressie 

beïnvloedtt en daardoor de lipiden secretie in de gal reguleert. 

Hoofdstu kk 4 beschrijft de ontwikkeling en validering van een nieuwe HPLC methode die 

onss in staat stelde de secretie van fluorescent gelabelde korte keten lipiden-analogen in 

dee geperfundeerde muizenlever te bestuderen. Deze methode is erg gevoelig en maakt 

hett mogelijk om deze fluorescente lipiden-analogen in galmonsters met gering volume te 

bepalen. . 

Dee analytische methode, beschreven in hoofstuk 4, maakte het mogelijk om de 

experimentenn uit te voeren die zijn beschreven in hoofstu k 5. Dit hoofdstuk beschrijft een 

studiee naar de rol van mdr1a/b P-gp in de hepatobiliaire uitscheiding van korte keten 

lipidenn analogen in een muizenlever perfusiesysteem. De secretie van NBD-gelabelde 

lipidenn analogen, van welke bekend is dat zij substraten zijn voor M d r l a P- glycoproteïne, 

bleekk in Mdr1a/b dubbel knock-out muizenlevers niet significant verschillend te zijn van 

diee in normale muizenlevers. Dit in tegenstelling tot de verminderde uitscheiding van deze 

lipidenn analogen in levers van Mdr2 knock-out muizen. Dit was opvallend omdat deze 

lipidenn analogen geen substraten voor Mdr2 P-gp zijn. Uit deze resultaten bleek dat onder 

normalee condities mdr1a/b geen rol speelt in de uitscheiding van deze lipiden analogen in 

dee gal. Verder bleek, uit in vitro studies met kleine unilamellaire vesicles van 

verschillendee lipidensamenstelling, dat de verminderde uitscheiding van korte keten 

lipidenn in Mdr2 knock-outs waarschijnlijk te wijten is aan de veranderde 

lipidensamenstellingg van het canaliculaire membraan in deze muizen. 

Hett laatste hoofdstuk, hoofdstu k 6, beschrijft een studie naar de mechanistische 

aspectenn van de ontkoppeling van lipiden en galzout uitscheiding. Moderne inzichten in 

hett proces van de hepatobiliaire lipidenuitscheiding onderscheiden twee manieren waarop 

galzoutenn de uitscheiding van lipiden zouden kunnen sturen; directe micellisatie of 

vesiculisatiee van het canaliculaire membraan. De uitscheiding van hydrofiele organische 

anionenn remt de uitscheiding van fosfolipide en cholesterol in de gal terwijl de 

uitscheidingg van galzouten niet verandert. In deze studie onderzochten we het effect van 

tweee organische anionen op de kinetiek van galzout geïnduceerde lipidensecretie in de 

gal.. Uit de resultaten concluderen we dat het mechanisme dat verantwoordelijk is voor 
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dezee ontkoppeling afhankelijk is van het type organisch anion. Als aanvulling op een 

mogelijkk direct effect van organische anionen op Mdr2 P-gp activiteit laten we zien dat 

dee remming ook veroorzaakt kan worden door verminderde concentraties van micellaire 

galzoutenn als gevolg van cholerese, geïnduceerd door het organische anion. 
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ChapterChapter I 

LIVERR ANATOM Y 

Thee liver lies in the abdominal cavity, in contact wi th the diaphragm; its mass is divided 

intoo several lobes, the number and size of which vary among species. In most mammals, 

aa greenish pear shaped sac (the gall bladder) is seen attached to the liver and careful 

examinationn will reveal the common bile duct, which delivers bile from the liver and gall 

bladderr into the duodenum. More than 500 different functions are ascribed to the liver. 

Mostt of these critical roles are fulfilled by the parenchymal cells or hepatocytes and 

roughlyy can be divided in three types of functions. For instance, the liver serves as an 

exocrinee gland, secreting bile into the small intestine to help solubilise fats for digestion 

andd absorption and to eliminate waste products through the faeces. The liver also serves 

ass an important storage organ. The hepatocyte cytoplasm contains granules of glycogen, 

aa polysaccharide storage form of glucose, and lipid droplets, depots of triglycerides. 

Finally,, being an important endocrine gland the liver secretes many important substances 

intoo the blood, like blood clotting proteins such as fibrinogen, transport proteins such as 

retinoll binding protein (carries vitamin A), lipoproteins (carry lipids), and transferrin (carries 

iron)) and albumin. All these functions can be regarded as separate events but in combined 

actionn they make the liver a metabolic control unit responsible for maintaining pH 

homeostasiss and a constant blood composition. For instance, the liver is the organ wi th 

primaryy responsibility for maintaining a constant blood glucose level. Excess glucose is 

takenn up and stored as glycogen. Glucose is produced by hydrolysis of glycogen, 

g l ycogenos i s ,, and by metabolism of amino acids, gluconeogenesis. Keeping the blood 

glucosee level as constant as possible is especially critical for normal brain function. 

Too perform these tasks optimally, the liver serves as an interface between blood returning 

fromm the digestive tract (the portal venous system) and the rest of the bloodstream (via the 

hepaticc venous system). Roughly 7 5 % of the blood entering the liver is venous blood from 

thee portal vein. Importantly, all of the venous blood returning from the small intestine, 

stomach,, pancreas and spleen converges into the portal vein. As a consequence the liver 

getss "f irst pickings" of everything absorbed in the small intestine. Nutrients absorbed 

fromm the intestine and carried in the portal blood are processed and stored in the liver and 

thenn mobilised into the hepatic blood when needed by other organs. In addition, many 

toxicc substances absorbed from the intestine can be inactivated and eliminated from the 

bodyy by the liver before they enter the main circulation. To supply the liver wi th oxygen, 

thee remaining 2 5 % of the blood supply to the liver is arterial blood from the hepatic 
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artery.. Terminal branches of the hepatic portal vein and hepatic artery merge as they 

enterr sinusoids in the liver. 

Thee liver sinusoids are unusual capillaries composed of a discontinuous layer of 

endotheliall cells with large, irregular openings or fenestrations, about 100 nm in 

diameter.. The basement membrane (basal lamina) under these endothelial cells is also 

incomplete.. Between the sinusoids and the hepatocytes is a subendothelial space called 

thee space of Disse. Microvilli in the basal membrane of the hepatocytes protrude into this 

space.. As blood f lows through the sinusoids, a considerable amount of plasma is filtered 

intoo the space of Disse and comes into intimate contact with the hepatocytes, thereby 

facilitatingg exchange. On the lumenal surface of the endothelial cells, the sinusoids also 

containn scattered phagocytic Kuppfer cells. These are macrophages that ingest and 

degradee senescent old erythrocytes, particles and lipopolysaccharides from the blood. 

Breakdownn of haemoglobin in these macrophages produces bilirubin, a yellow, 

hydrophobicc and toxic compound. Bilirubin is transported to the hepatocytes and is 

conjugatedd to render it more soluble and then excreted into the bile. When bilirubin 

excretionn is impaired or production exceeds the excretion capacity of the liver, it 

accumulatess in blood and peripheral tissues, causing jaundice. The sinusoids conduct the 

bloodd along single sheets of hepatocytes and finally drain into a central vein. Finally blood 

fromm these central veins is collected in hepatic veins and enters the main circulation 

throughh the vena cava inferior. 

Hepatocytess are arranged like folded sheets with their basal membrane surfaces facing 

andd surrounding the sinusoids. This basal or sinusoidal membrane accounts for 

approximatelyy 7 0 % of total hepatocyte membrane surface area. Each hepatocyte is in 

contactt w i th other hepatocytes through the lateral membrane domain. The lateral 

membraness {15% of total surface area) of adjacent hepatocytes are interconnected by 

desmosomess and intercellular communication is provided by the presence of Gap-

junctions.. Enclosed in each plane between adjacent hepatocytes is a tubular space called 

aa bile canaliculus, which is the start of the bile duct system. The hepatocyte apical 

membranee domains also called canalicular membranes, line the canalicular lumen and are 

thee site of primary bile formation. The canalicular membrane is separated from the lateral 

membranee domain by the tight junctions. They interconnect the lateral membranes of 

adjoiningg hepatocytes and form a selective paracellular barrier between blood plasma and 

primaryy bile. Thus, a canaliculus is a narrow sealed gap between the membranes of two 

hepatocytes.. A few small microvilli protrude into the canaliculus from the hepatocytes. 
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Thee canaliculi form an anastomosing tree draining toward bile ductules. Bile secreted into 

thee canaliculi f lows parallel to the sinusoids, but in the opposite direction of the blood 

f low,, and ends up in these bile ductules. Bile ductules thus begin in very close proximity 

too the terminal branches of the portal vein and hepatic artery. The grouping of bile duct , 

hepaticc arteriole and portal venule is called a portal triad. These portal triads are 

surroundedd by connective tissue, fine sheets of which interconnect different portal triads 

delineatingg polygonal columns. In 1833 Kiernan described these columns as the 

structurall units of the liver and called them lobules (1). The lobule consists of a roughly 

hexagonall arrangement of plates of hepatocytes radiating outward from a central vein in 

thee centre (figure 1). At the corners of the lobule are regularly distributed portal triads. 

Thesee liver lobules were subdivided into a structural and functional unit by Rappaport et 

al.. in 1954 (2). This concept of the "acinus" describes the efferent bile ductules as the 

centree of the basic structural and functional unit of microcirculation within the liver (3). 

Thee exact definition of liver unit was re-evaluated by Lamers et al. in 1989 (4) and their 

conceptt of a metabolic lobulus favours the concept of a liver lobulus to be the smallest 

structurall and functional unit within the liver. 

Figuree 1: Schematic drawing 

representingg the radial 

architecturee of hepatocytes, 

sinusoidss and bile canaliculi 

alongg portal-central axis. The 

largee arrows indicate the 

directionn of sinusoidal blood 

floww while small arrows indicate 

thee direction primary bile flows 

towardss the bile ducts. 

Reprintedd from Bloom et al. 

(1975),, "A textbook of 

Histology". . 

Live rr  Lobul e 

SrOfW* * 
HipafsCC ArSery 
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BILEE FORMATION 

Formationn of bile by hepatocytes is a major, but not fully understood, function of the 

liver.. It involves the vectorial transport of compounds such as bile salts, phospholipids, 

cholesteroll as well as endo- and xenobiotics. Most biliary components are found in high 

concentrationss and a steep concentration gradient is maintained between blood plasma 

andd primary bile. Hepatocytes form the boundary between the plasma and bile 

compartmentt and because of their specialised structural and functional features they are 

ablee to maintain the steep concentration gradients that exist between sinusoidal blood 

andd bile in the canalicular lumen. Two main routes of transport from the blood plasma to 

thee bile can be distinguished. First of all, t ight junctions only separate both compartments 

fromm each other at the lateral membrane. These structures create a paracellular barrier 

thatt permits entry of water and small molecules like glucose. Tight junctions are also 

permeablee for small ions although the permeability towards cations is much higher than 

towardss anions. The potential difference between primary bile and blood plasma of 

approximatelyy -5 mV generates a driving force for the passage of cationic counterions 

likee Na+ into the canaliculus. Tight junctions thus function as a selective diffusion 

boundaryy (5) that cannot actively generate concentration gradients but is very important 

inn maintaining them. The passage of molecules via the paracellular route becomes non-

restrictedd upon opening of the tight-junctions, for instance when the liver is perfused 

wi thh medium lacking Ca2 + . Many organic and inorganic solutes must cross the 

hepatocytee boundary through an intracellular pathway in order to be excreted into bile. 

Thiss transcellular route involves uptake at the basolateral domain, transport across the 

cytosoll and excretion/secretion into the canaliculus at the canalicular membrane. Uptake 

off substrates at the basolateral membrane domain occurs via endocytosis or in a carrier-

mediatedd fashion. At the canalicular membrane domain the substrates are secreted by 

thee action of specific transporters or via exocytosis. The net result of the apical and 

sinusoidall localised transport processes determine the composition of primary bile. The 

endocytotic-exocytoticc pathway mediates plasma to bile trafficking of receptor-bound 

ligands,, fluid-phase proteins and other non-electrolytes. This transcytotic pathway 

involvess transport of membrane vesicles from the basolateral to the canalicular 

membranee domain of the hepatocyte. Like non-electrolytes, the transport of most plasma 

proteinss destined for biliary secretion like albumin, a2-macroglobulin and a1-acid 

glycoproteinn is mediated by the non-selective fluid-phase transcytosis (6). Invagination of 
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thee basolateral membrane entraps a part of the blood plasma in vesicles that enter the 

endosomall compartment. A more selective vesicle mediated uptake is used for IgA, 

transferrin,, epidermal growth factor (EGF) and asialoglycoproteins (7). This vesicle 

transportt is initiated by the formation of receptor-ligand complexes in subdomains of the 

basolaterall membrane. Clathrin coated vesicles "pinch-off" from this membrane and enter 

thee endosomal compartment where dissociation of receptors and ligands occurs. The 

endosomall compartment is the site of vesicle sorting and finally endosomes containing 

materiall destined for biliary excretion leave this compartment toward the canalicular 

membrane.. Most of the proteins captured in these vesicles, wi th the exception of IgA, 

aree finally transported to the lysosomes where they are degraded. Transcytotic vesicles 

appearr to enter into a subapical sorting compartment before the vesicles are inserted into 

thee canalicular membrane and release their vesicle content into the canalicular lumen. 

Thee vesicular transcytotic pathway is dependent on the microtubular network, disruption 

off microtubules by colchicine results in inhibition of transcytosis. 

Bilee formation is an osmotic secretory process that primarily depends on the secretion of 

bilee salts. The osmotic pressure that is generated attracts water through the tight 

junctionss and through water channels (aquaporins) and this results in bile f low. The bile 

saltt dependent f low is an important fraction of total bile f low and its relative contribution 

iss species dependent. The non-bile salt dependent f low is generated by the active 

secretionn of other osmotic active biliary constituents being mainly glutathione and 

bicarbonatee (8). Bile f low as measured at the end of the biliary tract is not only 

determinedd by the hepatocyte secretion processes. En route through the biliary tract bile 

ductt epithelial cells (cholangiocytes) lining this duct secrete into and extract from the 

primaryy bile. Cholangiocyte secretion of chloride and bicarbonate is thought to account 

forr up to 4 0 % of human bile f low (9). The transcytotic pathway only plays a minor role 

inn the generation of basal bile f low (6-8%) (9). Blocking of the vesicular transcytosis wi th 

colchicinee does not lead to significant changes in bile f low. However, biliary secretion of 

bilee salts during high bile salt infusion can be partly inhibited by colchicine treatment and 

blockingg of transcytosis increased with the hydrophobicity of the bile salt species. 

Physiologicall data do not provide conclusive evidence for microtubule dependent 

vesicularr trafficking of bile salts. Moreover structural studies failed to provide evidence 

thatt bile salts sequester to a significant extent within the lumina of intracellular vesicles. 

Thee intracellular bile salt transport is reviewed by Ehrlinger in 1993 (10) and more 

recentlyy updated by Crawford (6). Upon uptake at the basolateral membrane bile salts 
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bindd to intracellular proteins and diffuse to the canalicular membrane where they are 

secretedd (see further below). Under normal conditions bile salts are taken up very 

efficientlyy in the intestine resulting in the enterohepatic cycling (EHC) of a large bile salt 

pool.. Therefore the contribution of de novo synthesised bile salts to total flux is less than 

1 %% (11). Bile salts account for nearly 7 0 % of the total dry weight mass of bile in 

humans.. Besides bile salts, cholesterol and phospholipids are, in quantitative terms, the 

otherr major constituents of the organic fraction of bile 2 2 % and 4 % resp. (12). 

OriginOrigin of biliary lipids 

Inn all animal species studied, bile phospholipids almost exclusively consist of 

phosphatidylcholinee (PC) molecules that have a specific, relatively hydrophilic, fatty acid 

composition,, that is different from the PC molecules found in the canalicular membrane 

(13)) (see later). The bulk of biliary PC is derived from preformed hepatic and extrahepatic 

poolss (14). The localisation of the putative precursor pool for biliary lipid within the 

hepatocytee is unclear but probably includes components of the plasma membrane, 

endoplasmicc reticulum (ER) and Golgi apparatus. High-density lipoproteins seem to 

functionn as the main extrahepatic pool of biliary PC. Portal et al. described that HDL-PC 

contributess to 3 8 % of total biliary PC under normal conditions in the rat (15). Biliary 

phospholipidss from intrahepatic pools are primarily derived from extensive rearrangement 

off pre-existing acylglycerides in the endoplasmic reticulum (13). In rat, PC synthesis via 

thee CDP-choline pathway, the main route for de novo PC synthesis, only accounts for 3-

14%% of biliary PC (16). However this relative small portion of de novo synthesised PC 

seemss to be a requirement for normal PC secretion into bile. Bile salt induced PC 

secretionn was reduced dramatically when PC synthesis was impaired by feeding choline 

deficientt diets, although total hepatic PC content was not altered by this diet (17). 

Thee transport of biliary lipids from the endoplasmic reticulum and Golgi apparatus to the 

canalicularr membrane is suggested to be mediated by vesicular transport (reviewed in 

(6,14,18).. This vesicular transport seems to be microtubule-dependent. In the presence 

off microtubule-disrupters like vinblastine and colchicine phospholipid transport is reduced 

too 40 -60% (13). However, total inhibition of lipid transport by microtubule poisons is not 

reportedd and there is no evidence supporting the large amount of vesicle transport 

neededd to maintain normal hepatobiliary lipid fluxes (6). Therefore the presence of 

alternativee transport pathways cannot be ignored. In vitro studies by Cohen et al. (19,20) 
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showedd that transport of monomeric phosphatidylcholine is promoted by cytosolic 

phosphatidylcholine-transferr protein (PC-TP). They observed transfer of 

phosphatidylcholinee between donor and acceptor vesicles, w i th lipid compositions 

mimickingg endoplasmic reticulum and canalicular membranes respectively. The lipid 

transferr could be markedly stimulated in the presence of bile salts at submicellar 

concentrations.. This study provided in vitro evidence for the role of PC-TP in the supply 

off PC to the canalicular membrane. The abundant presence of PC-TP in developing and 

adultt mouse liver is compatible with its proposed role in bile formation (21). However, if 

existing,, this role is not of major importance for normal PC secretion into bile. Biliary lipid 

secretionn is not disturbed in PC-TP knockout mice and increasing the demand for biliary 

PCC by infusion of increasing amounts of bile salt does not result in significant decreases 

inn biliary PC secretion (22). Another cytosolic protein, sterol carrier protein 2 (SCP-2) 

wass suggested to serve as a scavenger for phospholipid delivery. In analogy to their 

previouss studies wi th PC-TP, purified bovine liver, Leonard and Cohen showed that SCP2 

promotedd the transfer of PC from donor to acceptor model membrane vesicles (23). It is 

possiblee that the combined action of these processes take care of biliary PC delivery to 

thee canalicular membrane but considering the massive fluxes needed for biliary PC 

secretionn other, yet unknown, routes might be present. Cholesterol is present in bile 

exclusivelyy in its unesterified form. In both animals and humans the contribution of de 

novoo cholesterol synthesis to biliary cholesterol secretion is of minor quantitative 

importancee (10%-16%) (24,25) although the secretion of newly synthesised cholesterol 

iss promoted by increased bile saft flux (25). 

Inn 1985 Robins et al. reported that the cholesterol from preformed pools preferentially 

endedd up in bile as opposed to newly synthesised cholesterol (26). This is in line wi th 

otherr data describing that almost all of the biliary cholesterol is derived from plasma 

lipoproteinss (11,24,27-29). Lipoproteins enter the cell via receptor mediated transcytosis. 

Freee cholesterol released from lysosomal degradation of the esterified cholesterol in the 

lipoproteinn core distributes rapidly throughout the cell. There is a possible involvement of 

cytosolicc cholesterol carriers like SCP-2 in the transport of this free cholesterol to the 

canalicularr membrane (30,31). However the contribution of this route in biliary 

cholesteroll secretion is very minor since it is known that biliary cholesterol is principally 

derivedd from high-density lipid proteins (HDL) and not from other lipoproteins (32). It 

recentlyy became clear that the hepatic class B type I scavenger receptor (SR-BI receptor) 

presentt in the basolateral membrane plays an important role in the uptake of HDL-lipids. 
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SR-BII is a member of the CD-36 superfamily of proteins and is a high affinity cell surface 

high-densityy lipoprotein (HDL) receptor that mediates selective lipid uptake (33). The 

mechanismm of selective uptake is fundamentally different from that of classic receptor 

mediatedd uptake via coated pits and vesicles (e.g. the low-density lipoprotein receptor 

pathway)) in that it involves efficient transfer of lipids, but no apolipoproteins from HDL 

too cells. The efficient cellular uptake of HDL lipids via SR-BI requires not only receptor 

mediatedd surface binding, but also receptor-specific lipid transfer mediated by its 

extracellularr domain (34). Several authors have described the physiological relevance of 

thiss process. The overexpression of the SR-BI receptor in mouse hepatocytes led to 

doublingg of the biliary cholesterol (35) and Hillebrant et al. described that the HDL 

cholesteroll is more related to the biliary secretion of cholesterol than to that of bile acids 

(36).. It is not clear yet how cholesterol is handled by the hepatocyte after uptake via 

SRBI,, but previously it was already suggested that cholesterol is transported by lateral 

diffusionn through the basolateral membrane to the canalicular membrane. Recent studies 

usingg rat livers perfused wi th reconstituted HDL, made with radiolabeled cholesterol (both 

unesterifiedd and esterified), seem to delineate a novel hepatic route for the selective 

uptakee of unesterified sterols from HDL to bile, that is consistent wi th a direct plasma 

membranee pathway (37). 

Thee composition of HDL-PC is very similar to that of biliary PC and the role of HDL 

derivedd PC in biliary PC secretion is documented by Portal et al. (15). Therefore it is 

possiblee that biliary PC also originates from HDL-PC which is transported by lateral 

diffusion,, similar to cholesterol. PC then has to be transferred via the inner-membrane 

leaflett because it cannot pass the tight junctional barrier in the outer membrane leaflet 

(38).. This kind of transport has been reported to occur in MDCK cells (39,40) and could 

explainn the relative enrichment of the canalicular membrane wi th labelled PC, after 

injectionn of HDL containing labelled PC, in rats (15). 

Thee spontaneous flipping rate of PC is much slower than that of cholesterol. It is 

thereforee more likely that biliary type HDL-PC ending up in the outer membrane leaflet 

enterss the vesicular route upon capturing into endocytotic vesicles. However this remains 

highlyy speculative and more insight in the mechanism of SRBI mediated lipid uptake is 

needed. . 

Thee secretion of lipids into bile is the main focus of this thesis and mechanistic and 

functionall aspects of this process will be addressed in more detail in the section on 

biliaryy lipid secretion. 
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BasolateralBasolateral  uptake  carrier-systems  involved  in  bile  formation 

Thee basolateral membrane contains a wide variety of proteins that are involved in the 

uptakee of organic compounds from blood plasma. Organic anions are taken up by two 

differentt membrane proteins named Organic Anion Transporting Polypeptide 1 and 2 

(OATP1,, OATP2) (reviewed in (41) and (42)). These proteins are responsible for the 

electrogenicc sodium independent uptake of bulky organic mostly anionic compounds that 

aree structurally unrelated. Among their substrates are amphiphilic compounds like 

bromosulfophthaleinn (BSP), dibromosulfophthalein (DBSP), taurocholate, cholate and 

sulphatedd taurolithocholic acid (43-45), uncharged cardiac glycosides (46), steroid 

hormoness (47), some amphiphilic organic cations (47) and leukotriene C4 (48). Bile salts 

aree preferentially taken up by the Na+/Taurocholate Cotransporting Protein (NTCP) (49-

51).. NTCP is involved in the sodium dependent uptake of conjugated bile salts like 

taurocholatee and, to a lesser extent in the uptake of unconjugated bile salts like cholate 

(49,50,52,53).. Finally, the organic cation transporter (0CT1) transports small organic 

cationss in an electrogenic, sodium independent manner (54-56). 

CanalicularCanalicular  transporters  are members  of  the A TP-binding  cassette  transporter  family 

Hepatobiliaryy excretion at the canalicular membrane is driven at the expense of ATP-

hydrolysiss to generate the high concentration gradients of most substrates between 

cytosoll and bile (57). The canalicular transporters that mediate this active 

transmembranee transport are members of a large and diverse group of proteins that 

mediatee the selective movement of solutes across biological membranes (58). These 

proteinss are found in many different species ranging from plants, bacteria, yeast and 

mammalss and are specific for a single substrate or group of related substrates ranging 

fromm sugars to complex polysaccharides, amino acids to proteins or (in)organic ions. 

Thesee transporters share a common organisation into four core domains. Two sets of 

transmembranee domains can be distinguished that span the membrane multiple times. 

Locatedd at the cytosolic face of the membrane are two ATP-binding domains that contain 

thee strongly conserved Walker A and Walker B motifs (59). This region is involved in 

ATP-bindingg and hydrolysis (60-62). On the basis of these commonly shared features 

thesee proteins were classified as the superfamily of ATP-binding cassette transporters or 
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ABC-transporters. . 

Thee ABC-transporters that are known to be involved in hepatobiliary secretion belong to 

twoo families of this large superfamily, the P-glycoproteins (P-gp) and the multidrug 

resistancee proteins (MRP) (63,64) and to a single gene, that is very homologous to the P-

gpp family, called Sister of P-gp (65). 

P-glycoproteins P-glycoproteins 

Itt is known already for a long time that mammalian cells can develop resistance against a 

varietyy of functionally and structurally unrelated drugs upon selection wi th a single 

cytotoxicc drug. This phenomenon of acquired resistance is known as multidrug resistance 

(MDR).. In 1976 Juliano and Ling (66) discovered a plasma membrane protein that is 

overexpressedd in colchicine-resistant tumour cells. They called it P-glycoprotein (P-gp) 

becausee they assumed it was involved in the permeation of these drugs across the 

plasmaa membrane. It is now clear that one of the major mechanisms of MDR is the 

overexpressionn of P-glycoproteins (170 kD) which actively pump these compounds out of 

thee cell, maintaining a low intracellular concentration and thereby protecting the cell 

againstt toxicity (reviewed in (66-70)). Throughout the years several P-gp genes have 

beenn identified and because of historical reasons the nomenclature of these P-gps is not 

veryy consistent and alternative names are used throughout the literature. This thesis only 

dealss wi th some of the mammalian P-glycoproteins which are listed below. In mammals 

thee numbers of P-gp encoding genes ranges from two in human to five in pig (71,72). 

Thesee highly homologous genes encode a small group of isozymes. In mice and rats three 

geness have been identified: Mdrla (mouse (73); rat (74,75)), Mdrlb (mouse (76); rat 

(77))) and Mdr2 (mouse (78); rat (79), also known as Pgp3). Two genes were 

characterisedd in humans, MDR1 (80) and MDR3 (81,82). P-gps show a very high degree 

off inter- and intraspecies homology (83); nevertheless there is a striking functional 

differencee between the individual MDR genes. Transfection of the human MDR1 or 

mousee Mdrla (class I) or Mdrlb (class II) in cell lines reveals that these genes can confer 

multidrugg resistance against amphipatic drugs (73,84,85). However, the pattern of drug 

resistancee is not similar in class I and class II transfected cells (73). Three-dimensional 

structurall analyses of compounds that interact wi th these P-gps revealed several shared 

characteristics.. From this it was postulated that the prototype P-gp substrate is a 

cationic,, hydrophobic, 400-1000 Da molecule containing at least two planar rings (86). 
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Inn contrast, genes encoding class III type P-gps apparently cannot confer multidrug 

resistancee upon transfection in drug sensitive cell lines (78,87-89). Because of this 

inabilityy the question rises why class III type P-gps are upregulated in multidrug resistant 

cells.. One explanation could be that these gene products could transport the drugs, but 

thatt the affinity/rate of transport for these substrates is too low to protect the cells 

sufficiently.. A correlation between daunorubicin transport and overexpression of MDR3 

wass observed in some drug selected B-cell leukaemia's (90,91). In 1996 Kino et al. 

describedd transport of the antifungal antibiotic aureobasidin A, in transfected yeast cells 

byy both MDR1 as well as MDR3 P-gp (92). Smith et al. showed that LLC-PK1 cells stably 

expressingg the MDR3 P-gp were able to transport some MDR1 P-gp substrates. The rate 

off this transport was low for most of the drugs that were tested and this explains the 

apparentt inability of MDR3 P-glycoprotein to confer a multidrug resistant phenotype 

{submitted;; JBC}. Another explanation for upregulation of class III P-gp genes in some 

MDRR cells could reside in the fact that the genes encoding the P-gps that do confer 

multidrugg resistance (class I and II) are genetically closely linked wi th the gene of non-

MDRR conferring P-gp (class III). Overexpression of class III MDR genes in multidrug 

resistantt cells appears to occur only when there is amplification of class I or II MDR 

geness (93-96). Analysis of the amplification event has shown that not only Mdr genes 

aree amplified but also nearby genes are part of the amplicon (73,97,98). Therefore it is 

possiblee that increased levels of MDR3/Mdr2 P-gp in MDR-cells are the result of co-

amplificationn with MDR1/mdr1a/b in the same gene cluster. 

Thee apparent functional difference between class I and II type P-glycoproteins on the one 

handd and class III type P-gps on the other hand seems to be reflected by the difference in 

expressionn patterns in normal tissue. The human MDR1 is expressed throughout the 

body.. Immunohistochemical and RNAse protection assays show MDR1 P-gp expression 

inn the proximal tubuli of the kidney, tissues in the gastrointestinal tract, bile canaliculi 

andd bile ductules, the capillary endothelial cells of testis and brain, endometrium of the 

uterus,, and adrenal gland (99-107). The murine counterparts of MDR1 P-gp, Md r l a and 

M d r l bb P-gp, match the expression of the human gene although they seem to have a 

complementaryy and partially overlapping distribution. The non-MDR conferring mouse 

Mdr2Mdr2 and human MDR3 are predominantly expressed in the hepatocyte and to a lower 

extentt also in muscle, and spleen (82,108,109). Their rat homologue Mdr2 {Pgp3) was 

mostt highly, and almost exclusively expressed in liver and gastrointestinal tract. In the 

latter,, a gradient of expression was observed with the highest level of expression in the 
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smalll intestine wi th decreasing levels in the more distal regions of the gut <79). Reports 

onn the expression of rat Mdr2 (Pgp3) in spleen and muscle are inconclusive. High levels 

off expression were found in Fischer rat muscle and spleen (110) while this was not the 

casee in Sprague-Dawley rats (79). At present it is not clear whether these differences are 

causedd by differences in the rat strains or resulting from analytical imperfections, 

althoughh data available underline the first option. In both rat strains expression of Mdr2 

(Pgp3)(Pgp3) was detected in brain tissue while this could not be detected in mouse brain 

(108).. However, there is no doubt that in all species studied thus far, the high expression 

off Mdr2/MDR3 P-gp in the hepatocyte is exclusively restricted to the canalicular 

membranee (79,101,108,109) suggesting a role in hepatobiliary transport. 

MechanismsMechanisms  of  P-glycoprotein  mediated  transmembrane  transport 

Dataa derived from many studies (reviewed in (70,83,111) were used to deduce a 

hypotheticall model for P-gp structure. P-glycoproteins are glycosylated plasma membrane 

proteinss (140-170 kDa) of about 1280 amino acids long. To date this structure model 

alonee is not sufficient to elucidate the mechanism of drug transport. The initial idea that 

thee transmembrane domains of P-pgs simply formed a pore (76,80) is now considered to 

bee incorrect. One of the main drawbacks of this pore theory is it could not explain why 

theree was no intracellular accumulation of substrate in MDR cells. Substrates entering the 

celll would diffuse throughout the cytoplasm and build up to a certain level before the 

excesss of substrate is removed through the channel. However, experimental data showed 

thatt the influx of substrate into the multidrug resistant cell was already lower than in 

sensitivee cells (66,112). 

Itt remains to be established whether the P-glycoprotein really functions as a conventional 

transporterr or, alternatively, acts as a membrane extruder that merely expels amphiphiltc 

compoundss entering the membrane by non-ionic lipoid diffusion. Higgins and Gottesman 

capturedd the latter concept of a P-gp moving around the membrane as a "hydrophobic 

vacuumm cleaner" in a new model for P-gp transmembrane transport in 1992 (113). They 

proposedd that P-gps might act as drug translocators or 'flippases'. This concept implies 

thatt access of substrate to the transport protein occurs directly from the lipid phase and 

thatt the drug is flipped/translocated from the inner leaflet of the bilayer to the outer 

leaflet.. The amphipatic or hydrophobic character of MDR substrates allows them to 

partitionn into hydrophobic membranes quite easily (86). From the outer membrane leaflet 
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drugss could simply enter the extracellular space by diffusion (113). This model also 

predictss that the P-glycoproteins could decrease the initial uptake rate of the substrate in 

cellss in vitro since it would not differentiate between drug entering the membrane from 

thee inner or outer cellular space (114). Valverde et al. (115) and Gill et a/. (116) reported 

ann increase in cell swelling-activated CI currents in several cell-types expressing P-

glycoprotein.. Gottesman and Pastan (111) have tried to combine the different reported 

transportt functions of P-gp for protons, chloride and amphipatic compounds in an 

alternativee model. In this hypothetical model ATP hydrolysis is linked to the transport of 

protonss into the transporter, wi th chloride following passively. A water f low is generated 

byy the osmotic gradient resulting from the ions inside the lumen of the transporter. 

Consequentlyy membrane localised amphipatic drugs entering the water phase are 

excreted.. Both the flippase model proposed by Higgins and Gottesman and the model 

proposedd by Gottesman and Pastan could explain the broad specificity for amphipatic 

compoundss but more recent data shed doubt on the latter model. These studies 

suggestedd that the chloride conductance is not a feature of P-glycoprotein itself but that 

P-gpp expression regulates an endogenous channel (117-120). 

Inn contrast a series of additional findings emerging in recent years, provide evidence that 

supportss the idea that MDR1 mediated transport is adequately described by the flippase 

modell of Higgins and Gottesman. 

Homolyaa et al showed that MDR1 P-gp extrudes fluorescent cellular indicators from the 

celll before they can enter the cytoplasm (121). This indicates that the dye is rapidly 

takenn up from the cytoplasmic leaflet of the membrane and transported to the 

exoplasmicc membrane leaflet. Van Helvoort et al. studied the transport of several short-

chainn lipid analogues in polarised epithelial LLC-PK1 cells that were stably transfected 

wi thh MDR1 (122). At , newly synthesised short chain analogues of various 

membranee lipids could be recovered from the apical membrane using medium containing 

albuminn as a lipid acceptor. No lipid was recovered from control cells. Since no vesicular 

transportt occurs at , the short-chain lipid metabolites that are formed within the cell 

mustt have been translocated across the plasma membrane before they could be 

extractedd by the albumin-containing medium. This study generated direct evidence that 

MDR11 P-gp functions as a translocator. 

However,, the model of the mechanism by which MDR-1 functions is still evolving. 

Lactococcuss lactis possesses an ATP-dependent drug extrusion system (LmrA) which 

sharess functional properties wi th the mammalian MDR1 P-gp. Expression of LmrA in 
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mammaliann cells resulted in a MDR-profile that is comparable wi th the profile of cells 

transfectedd wi th MDR1 (123). The biophysical studies of Bolhuis et al. (124) on the 

extrusionn mechanism of LmrA demonstrated that this lactococcal MDR transporter 

functionss as a "hydrophobic vacuum cleaner", expelling drug directly from the inner 

leaflett of the lipid bilayer. Their data support idea that P-gp does not function as 

translocasee (flippase) but functions as a genuine export-protein. 

Studiess of the ultrastructure of MDR1 P-gp by electronmicroscopy are not definite 

becausee of the relative low-resolution of these images but several key features could be 

identifiedd (125). The membrane spanning domains of P-gp seem to form a pore like 

structuree from which the cytoplasmic side is sealed off. The exoplasmic end of this barrel 

likee structure is accessible from the exoplasmic side. This aqueous chamber possibly 

allowss the entry of more soluble substrates directly into the extracellular space. 

Additionally,, an opening in the longitudinal plane of the pore exist at the site where it 

crossess the cytoplasmic membrane leaflet. This cytoplasmic opening could be the entry-

sitee of substrates residing in the inner membrane leaflet, but this remains highly 

speculative.. In accordance with the structure deduced from hydrophobicity plots, the 

ATP-bindingg domains are sticking into the cytoplasm. Recent studies using predictive 

modellingg techniques or circular dichroism methods substantiate these ultrastructural 

featuress of P-gp (126-128). 

TheThe function  of  P-glycoproteins  in  bile  formation 

Thee localisation of MDR1lmdr1a-mdr1b P-glycoprotein and their ability to transport 

naturallyy occurring cytotoxic compounds across membranes in vitro, suggests a 

physiologicall role in the protective mechanism against toxic insults or transport of 

endogenouss substrates (129-133). The pursuit of the physiological function of mdr2 P-

glycoproteinn succeeded in 1993 when knockout mice for the mdr2 gene were produced 

(134).. The phenotypic characteristics of mdr2 knockout mice almost directly reflected its 

putativee physiological function. Bile formation is severely affected in these animals. The 

mostt prominent change in bile composition represents a virtual absence of phospholipid 

andd a dramatic decrease in cholesterol, while bile salt secretion is normal. Glutathione 

secretionn is severely decreased as well. Analysis of bile of mice heterozygous for mdr2 

genee showed a normal composition except a 4 0 % decrease in the phospholipid content. 
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Thiss strongly suggested that mdr2 P-gp is primarily involved in the biliary secretion of 

phospholipids.. Based on its homology with the other P-glycoproteins it was hypothesised 

thatt mdr2 P-gp is a transporter as well and thus, that it might function as a flippase which 

translocatess phosphatidylcholine from the inner to the outer leaflet of the canalicular 

membranee (134,135) {see later). 

Becausee the mdrla P-gp is also expressed in the canalicular membrane it was interesting 

too evaluate its physiological function in hepatobiliary transport. Once again generation of 

geneticallyy modified animals provided some straightforward answers. The phenotype of 

mdrlamdrla knockout mice was entirely different from the mdr2 knockout. Normal bile 

secretionn parameters in mdrla knockout mice were not affected and no liver pathology 

wass found. These animals showed accumulation of amphipatic drugs like ivermectine and 

vinblastinee in brain tissue, which suggests that mdrla P-gp plays an important role in 

extrusionn of these compounds across the blood brain barrier (136,137). The role of this 

P-gpp in canalicular secretion of amphipatic drugs could not be elucidated because in the 

mdrlamdrla knockout increased expression of the mdrlb gene was observed. In order to 

circumventt this problem, mice with the combined disruption of both mdrla and mdrlb 

geness were produced (138). Phenotypically these mice were normal, they turned out to 

bee healthy and fertile. These mice turned out to be hypersensitive to several exogenously 

administeredd toxic substances. In these double knockouts the absence of Mdr1a/b from 

thee endothelial cells comprising the blood brain barrier resulted in increased permeability 

off this barrier to neurotoxic drugs consequently leading to fatal drug-induced 

neurotoxicity.. To date no physiological roles of class I and II type P-glycoproteins have 

beenn determined. However, in general, they seem to be involved in the protection of 

tissuess and organs against intoxication by potentially hazardous exo- and endogenous 

compounds,, either by preventing uptake or by active excretion. This could very well also 

bee the functional role of these P-gps in bile formation. Bile is one of the excretory routes 

byy which compounds can be eliminated from the body. The transport of amphiphilic 

cationss across rat hepatocyte canalicular membranes is mediated by Mdr1 P-gp (139). 

Additionally,, heterologous expression of various P-glycoproteins in polarised epithelial 

cellss induces transport of cationic drugs (140). Modulators of protein kinase C as well as 

MDRR reversal agents have a major influence on the biliary excretion of several cationic 

drugss (141). The impaired hepatobiliary clearance of these amphiphilic cations, in Mdrla 

(142)) knockout mice as well as in Mdr1a/b double knockout mice (138,143), support the 

rolee of class I and II type P-gps in excretion of drugs into bile. 
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CanalicularCanalicular  Bile  salt  secretion  is  mediated  by a protein  closely  related  to  P-glycoproteins 

Thee canalicular secretion of bile salts was initially thought to be mediated by an 

electrogenicc canalicular organic anion carrier (144,145). In 1987, this putative canalicular 

bilee salt transporter was isolated from rat liver (146). Reconstitution of this 100-kDa 

canalicularr membrane protein into proteoliposomes confirmed the ability of this transporter 

too confer the transport of bile salts like taurocholate (147). This electrochemical transport 

alonee could not be responsible for the high bile salt fluxes needed to generate the high bile 

saltt concentrations that sometimes are reached in the canaliculus. Later, several groups 

demonstratedd that uptake into isolated canalicular membrane vesicles of both rat and 

humann was ATP-dependent (148-153). Kast et al (154) demonstrated that electrogenic bile 

saltt transport was localised in the endoplasmic reticulum while ATP-dependent transport 

wass canalicularly localised. The previously observed electrogenic transport in canalicular 

membraness was probably due to contamination of these vesicles wi th ER derived 

membranes. . 

Severall attempts were made to isolate the ATP-driven canalicular bile acid transporter 

(cBAT)) and these resulted in a putative candidate by the isolation and characterisation of a 

110-kDaa ecto-ATPase (148,155-157). The above mentioned subfractionation of canalicular 

membranee vesicles revealed, however, that the ecto-ATPase activity and the taurocholate 

transportt were not coupled within the same vesicle population (42,51,154). 

AA yeast ATP-binding cassette protein mediating ATP-dependent taurocholate transport 

wass isolated by Ortiz et al. (158). In 1995 the isolation of an ABC-transporter closely 

relatedd to the subfamily of P-glycoprotein from pig liver was described by Childs et al 

(65).. The expression of this gene was solely restricted to liver tissue. Further analysis 

showedd that the protein encoded by this gene was localised in the canalicular membrane 

(159).. Functional characterisation of spgp by Gerloff et al (160) revealed that ATP-

dependentt bile salt transport was mediated by spgp and they concluded that spgp 

representedd the bile salt export pump (BSEP) of mammalian liver. 

Thiss conclusion seems to be substantiated by a series of findings concerning the genetic 

basiss for a subtype of progressive familial intrahepatic cholestasis (PFIC), an autosomal 

recessivee form of severe cholestatic liver disease. PFIC presents in infancy wi th 

intermittentt jaundice and cholestasis and progresses to end-stage liver disease and death 

inn childhood. It was first described in a large Amish kindred and was referred to as Byler 

disease,, after the family name (161). Subsequently it was described in many populations. 
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Althoughh the mechanistic basis is unknown, it was presumed to represent a defect of 

bilee salt transport. Both Byler disease and benign recurrent intrahepatic cholestasis (BRIC) 

weree found to map to chromosome 18q21-q22. Mapping to this area was excluded, 

however,, in kindreds from the Middle Eastern, Sweden and Greenland (162) and (163). 

Byy homozygosity mapping in 6 Middle Eastern kindreds and conventional linkage 

analysis,, Strautnieks et al. mapped a second locus for PFIC (PFIC2) to chromosome 2q24 

wi thh a maximum lod of 7.1 (164). One pedigree was unlinked, suggesting the existence 

off a third locus. A short t ime later, Strautnieks et al. reported that the form of 

progressivee familial intrahepatic cholestasis that is linked to 2q24 is caused by mutations 

inn BSEP, the human orthologue of sPGP (165). The functional studies in the rat and the 

phenotypee seen in these patients provide evidence that BSEP/sPGP is the major 

canalicularr bile salt export pump in man. 

MultidrugMultidrug  Resistance-associated  Protein  and non-bile  salt  organic  anion  transport 

Thee notion of distinct canalicular transport systems for bile salts and organic anions came 

wi thh the recognition of a rare recessive human hyperbilirubinemic disorder known as 

Dubin-Johnsonn syndrome (166). The characteristics of the disorder are 

hyperbilirubinemia,, deposition of melanin-like pigment, in otherwise normal liver cells and 

sometimess hepatomegaly and abdominal pain. Dubin-Johnson patients show prolonged 

hepatobiliaryy clearance of organic anions like bromosulfophthalein (BSP), bilirubin-

glucuronidee and indocyanine green (reviewed in (13)), while other liver function is 

normal,, including the secretion of bile salts (167). 

Thee biochemical characterisation of this defect in the ATP-dependent transport of organic 

anionss from liver into bile started with the discovery of a jaundiced inbred rat 

subpopulationn from the Wistar strain called TR- rat (168). The jaundice was caused by 

elevatedd serum levels of bilirubin, the breakdown product of haemoglobin that is normally 

secretedd by the liver into bile. Further analysis showed that the hereditary chronic 

hyperbilirubinemiaa in these mutant TR- rats was caused by defective hepatic anion 

transportt (168,169). The genetic defect only affected transport of organic anions by the 

liver;; no changes in renal or intestinal organic anionic transport was observed (170). 

Furthermore,, the impaired clearance was caused by impaired transport across the 

canalicularr membrane as was shown in studies using isolated canalicular membrane 
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vesicless (reviewed in (13)). Subsequently, two other mutant rat strains were identified, 

thee Groningen Yellow (GY-rat) (171) and the Eisai Hyperbilirubinemic Rat (EHBR-rat) 

{172)) which both showed disturbed hepatic clearance of organic anionic solutes. Cross 

breedingg of these different mutant rat strains resulted in a hyperbilirubinemic offspring 

whichh indicated that the defect had the same allelic localisation (173,174). The mutant 

ratss showed an impaired hepatobiliary clearance for a broad range of organic anions 

(reviewedd in (13)) ranging from conjugated bilirubin, glutathione, bile salt conjugated wi th 

glucuronidess or sulphates to exogenous compounds like ceftriaxone and 

dibromosulphophthaleinn (DBSP) to metal ions like zinc, copper and manganese. For this 

reasonn the ATP-dependent transporter of these non-bile-salt organic anions has also been 

calledd canalicular Multispecific Organic Anion Transporter (cMOAT). 

Inn 1994 it became evident that cMOAT activity could possibly be attributed to a recently 

clonedd ABC-transporter (175). It was shown that a human ABC-transporter, Multidrug 

Resistance-associatedd Protein (MRP), could function as an ATP-dependent export pump 

forr substrates like leukotriene C4 and glutathione S-conjugates like dinitrophenyl-

glutathionee (GS-DNP) (176-178). These substrates were also known as substrates for 

cMOAT.. This made MRP a potential candidate for cMOAT. However, the low expression 

off MRP1 in liver tissue rendered it unlikely to be responsible for biliary secretion of 

organicc anion transport (179). Furthermore, the transport defect in TR- rats was liver 

specific,, while MRP1 is ubiquitously expressed in almost al tissue (180). 

Assumingg that the putative rat cMOAT gene was a homologous but distinct member of 

thee MRP family, Paulusma et al. obtained a rat Mrp1 probe amplified from rat lung cDNA. 

Usingg this fragment as a probe, they screened rat liver cDNA libraries and finally isolated 

aa full length cDNA wi th a single open reading frame of 1541 amino acids (181). The 

sequencee data showed that this putative cMOAT protein had an overall identity of  4 8 % 

withh MRP1, making it unlikely that they are derived from a single gene by differential 

splicingg and suggesting instead that MRP and cMOAT are encoded by 2 different genes. 

Thiss new gene is a member of the MRP-subfamily of ABC-transporters and also known 

ass Mrp2 (176,182,183). It was shown that Mrp2 mRNA levels were strongly reduced in 

liverr tissue from TR- rats and that the Mrp2 protein was exclusivly expressed in the 

canalicularr membrane, while in TR- liver no canalicular staining is observed. To 

demonstratee that the Mrp2 cDNA indeed encoded an organic anion transporter it was 

transientlyy expressed in COS-7 cells and efflux of GS-DNP was studied. Cells expressing 

thee cMOAT protein showed a significant increased transport of GS-DNP compared to 
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mockk transfected cells. Similar findings were also reported by Buchler et al. (184) who 

alsoo reported on the cloning of the hepatocyte canalicular isoform of the multidrug 

resistancee protein and its characterisation as a conjugate export pump that was deficient 

inn hyperbilirubinemic mutant rats (183-185). Finally mutation analysis of TR- cDNA by 

Paulusmaa et al. (181) revealed that a single basepair deletion at amino acid 393 resulted 

inn a frameshift and subsequent introduction of a premature stop codon at position 401 

thatt led to a truncated protein lacking both ATP-binding domains. Thus a truncated 

nonviablee protein was responsible for the impaired organic anion transport in the TR- rats. 

Nott much later it was reported that also the EHBR strain had defects in the Mrp2 gene 

(186).. In these rats a single nucleotide substitution leads to a truncated protein lacking 

thee second ATP-binding domain. Consistent wi th these findings in the rat models of 

congenitall hyperbilirubinemia mutations in MRP2 genes of patients wi th Dubin-Johnson 

syndromee were reported (187,188). 
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HEPATOBILIAR YY LIPID SECRETION 

BileBile  salts  and lipid  secretion 

Bothh in physiological and experimental conditions the secretion of biliary lipids appears to 

bee determined by the secretion of bile salts. When bile salt secretion is low, e.g., during 

fastingg or when the enterohepatic circulation of bile salts is interrupted, biliary lipid 

secretionn is low and when bile salt secretion increases, e.g. after a meal or administration 

off bile salts, biliary lipid secretion increases (reviewed in (14)). The mode of action by 

whichh bile salts regulate lipid secretion is still a matter of debate. In most species the 

relationshipp between bile salt secretion and that of cholesterol and phospholipids appears 

too be curvilinear. In addition, many studies have demonstrated a direct positive relation 

betweenn bile salt hydrophobicity and the amount of lipid that can be secreted (14,189-

192).. The relative hydrophobicity of a bile salt is reflected in its critical micellar concentra-

tionn (CMC). The observed quantitative differences between the amount of lipid secreted 

perr amount of bile salt in different species could be explained by differences in bile salt 

speciess present in the bile salt pool (193). Data from many studies suggest that the 

secretionn of phospholipid and cholesterol occur in a coupled fashion (14). Experimentally 

inducedd alterations in biliary phospholipid secretion result in a similar alteration in 

cholesteroll secretion (17). It has been recognised however that under certain metabolic 

conditionss deviations can occur (194-197). 

Inn all animal species studied, bile phospholipids almost exclusively consist of phosphatidyl-

cholinee (PC) molecules that have a specific, relatively hydrophilic, fatty acid composition. 

Thee sn1 position of biliary PC usually is occupied by the saturated fatty acid species palmi-

tatee (16:0) whereas the sn2 position invariably contains an unsaturated species, predomi-

nantlyy oleate (18:1) or linoleate (18:2) (12). The fatty acid composition of biliary PC 

contrastss with that of PC in the canalicular membrane which has a high content of 

arachidonatee (20:4) in the sn2 position (14,198,199). Biliary phospholipids consist almost 

exclusivelyy of phosphatidylcholine (PC; >95%) whereas the canalicular membrane, besides 

PCC , also contains sphingomyelin (SM; , phosphatidylethanolamine (PE; 

)) and phosphatidylserine (PS ) (198-200). These lipids are not 

homogeneouslyy distributed through the canalicular membrane, PE and PS are almost 

exclusivelyy found in the cytosolic leaflet of the canalicular membrane whereas the 

(glyco)sphingolipidss are predominantly residing in the exoplasmic membrane leaflet of the 
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canalicularr membrane. The distribution of PC over both membrane leaflets seems to be 

non-discriminating.. Two major constituents of hepatic membranes, sphingomyelin and 

phosphatidyiethanolamine,, are present in bile only in small amounts under normal conditi-

ons.. Apparently hepatocytes selectively recruit specific PC species for secretion into bile 

and/orr effectively exclude other phospholipids from entering this pathway. Cholesterol is 

presentt in bile exclusively in its unesterified form. 

Thee lipids in bile are present in different aggregated states. Shape, size and composition of 

thesee aggregates is determined by the concentration of these lipids relative to that of the 

biliaryy bile salts as well as by their physicochemical characteristics. A lot of evidence is 

availablee to indicate that simple micelles, consisting of bile salts and cholesterol, mixed 

micelles,, containing bile salts, cholesterol and phospholipids, and unilamellar vesicles, 

consistingg of cholesterol and phospholipids and trace amounts of bile salts, can co-exist as 

biliaryy lipid carriers in a dynamic, i.e. interchangeable, form (201-203). An important 

observationn was made by Coleman et al. (204) who described that retrograde injection of 

bilee salts into the biliary tree was sufficient to cause biliary phospholipid secretion. Among 

otherr data (reviewed in (200)), this was an indication that the secretion of cholesterol and 

phospholipidss is, at least in part, governed by bile salts present in the canalicular lumen. 

Fromm these observations a commonly accepted model for biliary phospholipid secretion was 

drawnn that was based on the passive extraction of canalicular membrane PC by bile salt 

micelless present in the canalicular lumen (reviewed by Coleman (14)). Biliary type PC 

moleculess were thought to be transported to the canalicular membrane by means of 

vesicularr traffic (see also section on the origin of biliary lipids). After fusion of these 

vesicless with the canalicular membrane the PC was thought to merge into microdomains. 

Thee presence in the membrane of sphingomyelin, cholesterol and PC makes this part of the 

membranee more rigid than the proposed microdomains, which are particularly rich in PC 

wi thh shorter acyl chains. As a consequence, extraction of PC from these fluid 

microdomainss by luminal bile salt micelles was thought to proceed much easier than from 

otherr parts of the membrane. The action of bile salts was thought to consist of an 

interactionn of bile salt micelles with the microdomains leading to budding of the 

microdomainn bilayer and subsequent pinching off of biliary type PC-rich vesicles. In this 

wayy the canalicular membrane was able to withstand the bile salt rich external 

environment.. The presence of phospholipid vesicles in bile was observed, although their 

emanationn from the canalicular membrane is hard to prove (205,206). Although never 

demonstratedd in canalicular membranes up to now, microdomains have been observed in 
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other,, in vitro systems (207). Additionally bile salts have been shown to induce the 

pinching-offf of "bile-type" membrane lipids from red blood cell membranes in the form of 

vesicless (208,209). 

Clas ss III typ e P-glycoprotein  and biliary  PL secretion 

Withh the f inding, in 1993, that bliary PL secretion was abrogated in Mdr2 knockout mice 

andd that mice heterozygous for the Mdr2 disruption excrete about half the amount of PC 

off wild type mice, it became clear that bile salt secretion was not the only factor 

regulatingg biliary lipid secretion. It was proposed that Mdr2 P-gp functioned as a 

membranee translocator for PC, transporting PC from the inner to the outer membrane 

leaflett and thus providing sufficient PC in the outer leaflet to be extracted by bile salts. 

Thiss hypothesis is supported by several pieces of experimental evidence. The first came 

fromm experiments of Ruetz and Gros (210) who transfected the Mdr2 gene in a yeast 

secretionn mutant. Using this experimental model the translocation of NBD-labelled 

phosphatidylcholinee (NBD-PC) from the outer to the inner leaflet of the secretory vesicles 

wass determined. ATP-dependent translocation of NBD-PC was observed which was 

specificc for Mdr2 P-gp. Vesicles from yeast cells that were transfected wi th Mdr1 or w i th 

thee transfection vector alone were not able to transport the substrate in a ATP-dependent 

fashion.. A small fraction of PC-molecules was translocated in this assay. This may, 

however,, be expected since the translocation process induces a phospholipid imbalance 

betweenn the inner and outer leaflet, which is thermodynamically highly unfavourable. 

Thus,, in the absence of net extraction of phospholipid from the trans-side of the bilayer, 

thee translocation will halt. Unfortunately, little information was obtained on the substrate 

specificityy of transport. It was not described whether the NBD-moiety was present in the 

headd group or in the fatty acid tail of phosphosphatidylcholine. Unexpected was the 

inhibitionn of translocation by low concentrations of verapamil, which is an inhibitor of 

Mdr11 P-gp. This suggests that verapamil is able to inhibit Mdr l as well as Mdr2 P-gp as 

wass confirmed by van Helvoort et al. (122). Using the same yeast-vesicle system it was 

alsoo shown that mouse Mdr2 mediated PC translocation was enhanced by the bile salt 

taurocholatee (211). This stimulatory effect of bile salts on ATP-dependent PC 

translocationn was also shown in rat canalicular vesicles (212). A second piece of 

evidencee supporting the flippase function of Mdr2 P-gp was provided by Smith et al. (213) 
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whoo used fibroblasts from transgenic mice that express MDR3, the human homologue of 

Mdr22 P-gp. After metabolic labelling of intracellular phosphatidylcholine with radioactive 

choline,, translocation from the inner to the outer leaflet was assayed and this was 

comparedd with normal mouse fibroblasts that do not express Mdr2. Translocation of 

radioactivee phosphatidylcholine to the outer leaflet was measured by the possibility to 

exchangee wi th phosphatidylcholine-transfer protein and liposomes in the medium. In MDR3 

expressingg fibroblasts a more rapid translocation of PC was observed than in control 

fibroblasts.. Van Helvoort et al. studied the translocation of NBD-labelled lipids in polarised 

pigg kidney cells that were stably transfected with MDR1, MDR3 or Mdrla P-gp. These cells 

weree loaded with the fluorescently labelled short chain lipid precursors, C6-NBD-

diacylglyceroll [DAG] or C6-NBD-ceramide [Cer]. At , newly synthesised analogues of 

thesee precursors were recovered in the apical medium that contained albumin as a lipid 

acceptor.. Because vesicular transport is absent at this temperature lipid molecules delivered 

too the apical membrane had to undergo membrane translocation before extraction into the 

mediumm could take place. With this assay it was demonstrated that MDR1, Mdr la and 

MDR33 P-gp were all able to translocate short-chain labelled PC. Other lipid analogues like 

C6-NBD-phosphatidylethanolamine,, C6-NBD-sphingomyelin (SM) and NBD-

glucosylceramidee (GlucCer) were only translocated by MDR1 and Mdr la P-gps while MDR3 

couldd not translocate these lipids. The key function of class III P-gps in hepatobiliary 

phospholipidd transport was definitly confirmed by the finding that introduction of a 

humann MDR3 transgene in Mdr2 knockout mice could restore hepatobiliary phospholipid 

too a level that correlates with expression levels of transgene expression (214). The role 

off both Mdr2 P-glycoprotein expression and bile salt secretion in hepatobiliary lipid 

secretionn was studied in more detail using wild type mice, heterozygotes and 

homozygotess for mdr2 gene disruption (215). The PC and Cholesterol secretion in these 

micee was studied at various bile salt secretion rates generated by venous infusion of bile 

saltss at stepwise increasing rates. Even at high bile salt secretion rates, PC secretion 

ratess remained extremely low in mdr2 -I- mice. The curvilinear relation between BS and 

phospholipidd secretion was maintained in wild type and + /- mice. Not only maximal 

phospholipidd secretion was reduced in + /- mice but at all bile salt secretion rates the 

phospholipidd output was reduced compared to wild-type mice. This indicated the strong 

controll Mdr2 exerts over phospholipid secretion. 
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AA new model  for  biliary  PC secretion 

Thee classical concept of bile salt induced secretion of PL and cholesterol through budding 

off the membrane involves both leaflets of the membrane. Inclusion of flippase action of 

mdr2mdr2 P-gp in this model has no functional relevance because it could not explain the 

absencee of PL secretion in the absence of mdr2 P-gp. Therefore a new model was 

generatedd that recognised the involvement of asymmetry of the canalicular membrane 

bilayerr (215,216), and is outlined in figure 1. 

Thee first step in this model is the supply of PC to the canalicular membrane. The 

inconclusivenesss of experimental data on the mechanisms of intracellular trafficking has 

beenn addressed before in, but generally three possible routes were proposed (22,200,215-

217):: - 1 - monomeric transport mediated by specialised PC transfer proteins; -2- vesicular 

transportt directly from the site of synthesis to the canalicular membrane and -3- lateral 

diffusionn from the basolateral membrane to the canalicular membrane via the inner 

membranee leaflet. 

Inn case PC is supplied to the canalicular membrane via transfer proteins it will be delivered 

too the inner leaflet and Mdr2 P-gp than translocates PC from the inner to the outer leaflet 

off the membrane. Recent data from PC-TP knock out-mice show that the main candidate 

forr this protein mediated transport PC-TP is not important for PC supply to the canalicular 

membranee (22). The role of other transport proteins remains to be proven. 

Iff PC is delivered to the canalicular membrane by means of vesicular transport, one would 

expectt that 5 0 % of the PC is delivered to the outer leaflet of the canalicular membrane 

becausee PC will be present in both leaflets of such a vesicle. These lipids would be directly 

availablee for secretion into bile disregarding the presence or absence of the PC-

translocatingg activity of Mdr2-Pgp. However, no biliary PC secretion was found in Mdr2-

Pgpp (-/-) mice. A possible explanation for this was proposed by van Helvoort et al. (22). It 

wass suggested that Mdr2 Pgp is not only actively flipping PC from the inner to the outer 

membranee leaflet but additionally destabilises the outer membrane in this process. 

Destabilisationn of the outer membrane could facilitate the extraction of PC from the outer 

membranee leaflet by bile salts. Because of the sheer impossibility to identify and isolate 

intracellularr vesicles that might deliver lipids, destined to be secreted into bile, to the 

canalicularr membrane it cannot be ruled out that these type of vesicles are asymmetrical. 

Thee third option by which PC could be delivered to the canalicular membrane is by lateral 

diffusionn in the inner membrane leaflet from the basolateral to the canalicular membrane 
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domain.. Lateral diffusion between these domains in the outer membrane leaflet is 

preventedd by the tight-junctions which do not interfere with the lateral diffusion processes 

off PC in the inner membrane leaflet (38). In this way the PC molecules would reach the 

Mdr22 P-gp in the canalicular membrane to be flipped to the outer membrane leaflet. 

ATP P 

Lipidd binding 
proteins: : 

ssaO O 

PC C 
(glyco)sphingolipids s 
otherr phospholipids 
cholesterol l 
bilee salts 

cytosol l canaliculus s 

Figuree 2. Model for the proposed mechanism of class III P-glycoprotein mediated 

phospholipidd secretion. Adapted and modified from Oude Elferink et al. (216). 

Thee process of Mdr2/MDR3 P-gp mediated translocation of PC from the cytoplasmic 

membranee leaflet to the exoplasmic membrane leaflet is the second step in the proposed 

mechanismm of class III P-glycoprotein mediated phospholipid secretion The current 

conceptt on biliary lipid secretion regards the role of Mdr2/MDR3 P-gp in this process to be 

thee inductio of instable microdomains in the outer leaflet of the canalicular membrane 
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throughh the production of local excess of PL. Then in the final step, these instable 

structuress ultimately shed from the membrane in a vesicular form under the influence of 

bilee salts, either monomeric or micellar, present in the canalicular lumen 

Ass yet, the mechanism by which bile salts actually induce lipid secretion has not been 

elucidated.. The coooperative relationship between mdr2 P-gp expression and bile salt in the 

processs of biliary lipid secretion was studied by Ruetz and Gros (218). Using the same 

heterologouss Mdr2 P-gp expression system in yeast sec6-4 mutants as mentioned before 

theyy showed that secretion of PC in secretory vesicles transfected wi th mdr2 P-gp is 

significantlyy stimulated by the presence of taurocholate in these vesicles. The non-micelle 

formingg bile salt taurodehydrocholate did not cause such stimulation. 

Withh the use of electronmicroscopy of cryofixed liver, Crawford et al. provided 

ultrastructurall evidence for bile salt induced vesiculation in the rat (219). They 

demonstratedd the presence of electron-lucent vesicular structures, in the lumen of the 

canaliculus,, that were connected, by an electron-dense base, to the exoplasmic leaflet of 

thee canalicular membrane. The number of vesicular structures increased when rats were 

infusedd with taurocholate and the vesicles were infrequently found in bile salt-depleted 

rats.. In a more recent study, it was demonstrated that the hepatobiliary secretion of these 

vesicless in the mouse was critically dependent on Mdr2 or MDR3 expression (220). Vesicle 

numberss were decreased in Mdr ( + /-) and (-/-) mice; 55% and 12% resp. of the numbers 

inn wild type mice. Moreover in a MDR3 transgenic mouse strain, that had PC secretion 

levelss of about twice that in wild-type mice an increased number of vesicular structures 

wass observed. These observations are supported by the fact that also in primary bile of 

humans,, biliary lipids exist as vesicles. Although the data look very promising, it still 

remainss to be solved whether vesicle formation is the primary step in biliary lipid secretion. 

Recentt data support the concept that the very last step of canalicular phospholipid 

secretionn is mediated in vivo by bile salt-induced vesiculation of PC-enriched 

microdomainss from the outer leaflet of the canalicular membrane (221). Incubation of 

isolatedd rat hepatocyte canalicular and basolateral membrane vesicles wi th taurocholate 

showedd that bile salt can preferentially solubilise PC from rat canalicular membranes; a 

four-foldd higher PC release occurred from canalicular as compared to basolateral 

membranes.. Compared wi th the contribution of PC to overall membrane lipid 

composition,, taurocholate preferentially induced a two fold higher PC release from 

canalicularr membrane vesicles. In contrast, taurocholate induced PC release from rat liver 
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microsomall and kidney brush border membranes was proportional to their membrane 

contents.. The use of 3-[{3-cholamidopropyl)dimethylammonium]-propane-1-sulphonate 

(CHAPS),, a non-bile salt detergent, led to non-selective lipid solubilisation in both 

canalicularr and basolateral membrane vesicles. Comparison of membranes from different 

organss showed an inverse exponential relationship between sphingomyelin content and 

taurocholatee induced PC release while PC release from canalicular membranes did not f i t 

thiss relationship. This indicates that the canalicular membrane is especially sensitive to 

taurocholatee induced PC release. 

Fromm the model describing the biliary PC secretion it can be inferred that in the absence 

off PC-translocation activity, an increase in outer membrane leaflet cholesterol and 

sphingomyelinn is induced. It is known that these types of membranes are highly resistant 

too the detergent action of bile salts (14). This is in agreement with the observation that 

infusionn of the liver of mdr2 (-/-) knockout mice with bile salts that are more hydrophobic 

thann the ones present in their endogenous pool still resulted in an almost negligible 

secretionn of phospholipids. The data presented in chapter 5 indirectly support the view 

thatt in Mdr2 (-/-) mice the outer leaflet of the canalicular membrane is devoid of PC 

molecules.. We show that the biliary secretion of short-chain labelled phospholipid 

analoguess was disturbed in the perfused liver of Mdr2 -I- mice while it is known that 

thesee lipids are no substrates for Mdr2 P-gp. We hypothesised that a reduced PC content 

off the exoplasmic canalicular membrane leaflet in these mice prohibited bile salt mediated 

extractionn of the NBD-lipid analogues from the membrane. Because it is extremely 

difficultt to study lipid asymmetry in canalicular membranes in situ we studied 

tauroursodeoxycholatee (TUDC) mediated extraction of one of these short chain lipid 

analogues,, i.e. NBD-C6-SM, from small unilamellar vesicles of different lipid composition. 

Thiss showed that NBD-C6-SM could be extracted from vesicles wi th a lipid composition 

roughlyy resembling that of the canalicular outer membrane leaflet (PC:Chol:SM (1:2:2)), 

whilee its extraction from pure Chol/SM vesicles (2:3) was reduced by 65%. 

HepatobiliaryHepatobiliary  cholesterol  secretion 

Becausee the passive transmembrane diffusion of PC-molecules is supposed to be slow (i.e. 

hourss to days; reviewed in (222)), the PC-translocation activity of Mdr2/MDR P-gp is 

probablyy needed to generate enough lipid flux to keep up with the high PC demand in 

normall biliary secretion. In contrast, neutral lipid species (i.e. wi th no ionised residues), like 
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cholesterol,, can diffuse very rapidly through the membrane, and therefore no translocator 

iss required to maintain normal levels of cholesterol in the outer membrane leaflet. The 

modell in figure 1 assumes that cholesterol molecules ending up in the outer membrane 

leaflett of the canalicular membrane will enter the PL-microdomains by means of lateral 

diffusion,, and subsequently are secreted into the bile together with the phospholipids. In 

thiss model a close relation between cholesterol and phospholipid secretion rates is 

expectedd which will be determined by the cholesterol content of the canalicular membrane. 

Thiss model is supported by the observation in many studies that cholesterol and 

phospholipidd secretion are tightly coupled. However, the model can not explain the 

substantiall cholesterol secretion that was observed in mdr2 knockout mice, during bile salt 

infusion,, in the virtual absence of phospholipid secretion (215). Furthermore, already at 

loww rates of phospholipid secretion cholesterol secretion rates normalise to wild type 

levels.. Mdr2 { + /-) mice have a 5 0 % reduction in biliary PC but have normal cholesterol 

outputt value (134). With the generation of different strains of MDR3 rescue mice 

(transgenicc mice expressing MDR3 at various levels) an animal model became available 

thatt allowed the study lipid secretion at different levels of PC/cholesterol secretion while 

BSS output or composition could remain fairly equal (214). With these mice it was also 

shownn that, especially at low PL secretion rates, a small increase in PL secretion results 

inn a significantly larger increase of cholesterol secretion. 

Ann explanation for these observations could be that, besides the proposed vesicular 

secretionn via PC/Choi microdomains, an alternative mechanism exists. This mechanism 

couldd be that bile salt micelles directly extract cholesterol from the outer leaflet of the 

membrane.. The efficiency of this extraction is determined by the cholesterol solubilising 

capacityy of bile salts and the presence of phospholipids further increases this efficiency 

becausee mixed micelles of bile salts and phospholipids have a higher cholesterol solubilising 

capacityy (81). In the latter model cholesterol secretion would thus only be secondarily 

dependentt on phospholipid secretion. The data obtained thus far, suggest that under 

normall conditions both mechanisms could be active simultaneously although it is not clear 

whatt their individual contribution to total biliary cholesterol secretion is. 
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Mdr2/MDR3Mdr2/MDR3  P-glycoprotein  and liver  disease 

Thee absence of biliary lipids in the bile of Mdr (-/-) mice leads to liver disease, which 

becomess manifest shortly after birth and progresses to an end stage within 3 months after 

birthh (214,223). The liver pathology is that of nonsuppurative inflammatory cholangitis 

withh portal inflammation and ductular proliferation. At an age of 4-6 months these mice 

startt to develop nodular outgrowths in the liver parenchyma, which progresses to 

metastaticc liver cancer (223). It was hypothesised that the cells lining the biliary tree react 

too the lipid-free bile by an inflammatory response and induction of bile duct proliferation. 

Severall studies have demonstrated that the cytolytic effect of bile salt micelles can be 

counteractedd by addition of phospholipid and cholesterol (224-226). As mentioned before, 

thee ability of bile salt to extract phospholipids from membranes depends on its relative 

hydrophobicity.. Manipulation of the overall hydrophobicity of biliary bile salts influences the 

severityy of liver pathology in Mdr {-/-) mice. Feeding cholate, a relative hydrophobic bile salt 

increasess the pathology, while decreasing overall hydrophobicity by feeding 

ursodeoxycholatee (hydrophilic) improves the histological picture (227). The bile salt pool of 

micee is relatively hydrophilic; it is composed of the very hydrophilic muricholic acid (60-

70%)) and taurocholate (30-40%). Interestingly, female Mdr (-/-) mice seem to develop a 

moree severe liver pathology than male Mdr (-/-} mice (228). These female mice also show 

ann increased bile salt hydrophobicity that is caused by the presence of more taurocholate 

ass opposed to the male mice (227). 

Thee importance of biliary lipid secretion and the development of liver pathology was further 

emphasisedd by de Vree et al, who showed that a minimal level of phospholipid secretion 

(15%% of normal secretion) is absolutely required to prevent liver pathology in MDR3 

transgenicc mice. ((214) and thesis J.M.L de Vree). 

Thee phenotypical features of the progressive liver disease found in Mdr2 (-/-) mice is very 

similarr to that found in human patients suffering from a subtype of progressive familial 

intrahepaticc cholestasis (PFIC). These patients can be distinguished from the other 2 

typess of PFIC patients by their high serum y glutamyl-transferase activity (y-GT) and liver 

histologyy that shows portal inflammation and ductular proliferation in an early stage 

(229,230),, and therefore this disorder was called "progressive familial cholestasis wi th 

highh y-GT" or PFIC type 3. Deleuze at al. (231) described a lack of MDR3 mRNA in the 

liverr of patients wi th a this type of PFIC. Subsequently, de Vree et al. (232) 

demonstratedd that negative canalicular staining for MDR3 P-glycoprotein in PFIC 3 
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patientss was the result of defects in the MDR3 gene caused by mutations or deletions. In 

thesee patients reduced phospholipid concentrations (1-7% of normal) were observed. 

FunctionalFunctional  aspects  of  lipid  secretion 

Conversionn of cholesterol into bile salts is the major degradation pathway for this lipid. Bile 

saltss are almost exclusively secreted into bile. Thus, the biliary pathway represents the 

majorr route for the removal of cholesterol, either as such or in the form of bile salt, from 

thee body and functions as a crucial factor in the maintenance of cholesterol homeostasis 

(233).. The highly efficient reabsorption of bile salts from the intestine appears to be 

somewhatt contradictionary to the homeostatic function of biliary cholesterol secretion. 

However,, the controlling step in cholesterol metabolism could be mainly located in the 

intestinee and to a lesser extent in the liver. Biliary phospholipids play an important role in 

thee absorption of dietary lipids from the intestine, in addition to the well-established 

functionn of bile salts in this process (234-236). 

Studiess by Davidson et al. (237,238) have provided evidence for a physiologic role of 

biliaryy phospholipids in the regulation of intestinal apolipoprotein B48 expression, an 

apolipoproteinn essential for proper assembly and secretion of chylomicrons containing the 

absorbedd dietary fats. Furthermore, Voshol et al. (gastroenterology, in press) showed that 

thee production of chylomicrons by enterocytes is delayed in Mdr2 (-/-) mice. They 

concludedd that this was most likely explained by the absence of biliary phospholipids from 

thee gut in these mice. This is very interesting because chylomicron surface lipid is an 

importantt source of HDL-lipids and these authors previously reported strongly reduced 

plasmaa HDL levels in the same mouse strain (239). 

Finallyy the biliary lipids could serve as carriers for lipophilic compounds in their routing from 

hepatocytee to the intestine. Based on both in vitro and in vivo studies it has been proposed 

thatt lipid vesicles may act as transport carriers for hydrophobic anions such as indocyanine 

greenn (ICG) and protoporphyrin (PP). As shown by Tazuma et al. (240,241), Berenson et 

al.al. (242) and Beukeveld et al. (243), these hydrophobic organic anions show a high affinity 

forr the (vesicular) lipid fraction in bile and it has been suggested that vesicular structures 

actt as carriers of these compounds during transit from the liver to the intestine. Although 

thiss is a new concept, structural and/or secretion characteristics of several compounds 

makee them candidate compounds for such a excretion pathway. Mechanistic aspects of 

biliaryy protoporphyrin excretion can be used as a model for lipid coupled hepatobiliary 
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transport. . 

Protoporphyrinss are large planar hydrophobic molecules that are virtually insoluble in water 

att physiological pH. Protoporphyrins are intermediates in haem synthesis and excreted from 

thee body solely by secretion into bile and subsequent elimination via faeces. It is known 

thatt biliary protoporphyrin excretion in rat liver is greatly increased by infusion of bile salts 

andd that protoporphyrin secretion shows a curvilinear relationship with bile salt secretion. 

Protoporphyrinn secretion reaches a plateau phase at high bile salt secretion rates and 

taurocholatee (TC) is a more potent inducer of protoporphyrin secretion than the more 

hydrophilicc ursodeoxycholate (244-246). Infusion of taurocholate induces a 150-fold 

increasee in protoporphyrin excretion. Berenson et a/. (247) studied the relation between 

canalicularr bile salts and protoporphyrin excretion in the perfused rat liver. These elegant 

studiess revealed that bile acids facilitate the biliary translocation of protoporphyrins in the 

samee manner as it affects biliary phospholipid secretion. Injection of TC together with 

protoporphyrinn to the portal venous catheter resulted in a peak in biliary porphyrin secretion 

andd this peak coincided with the peak of PL secretion. Injection of TC 12 minutes after 

injectionn of protoporphyrin caused an equal delay in PL and protoporphyrin secretion. 

Becausee of their strong relation it was speculated that Mdr2 P-gp may both influence PL 

andd protoporphyrin secretion by a similar mechanism. This possibility was further 

investigatedd by Beukeveld et at. (243). They determined the secretion of protoporphyrin in 

mdr2mdr2 knockout mice and controls. Biliary secretion of endogenous protoporphyrin was 

stronglyy reduced (90%) in knockout mice compared to the controls. 

Thee precursor molecules of protoporphyrin, coproporhyrin isomers I and III, showed no 

significantt reduced secretion in the mdr2 knockout mice compared to controls. The 

mechanismm of protoporphyrin excretion seems to be different from the coproporphyrin 

isomers.. In contrast to protoporphyrin, the coproporhyrin isomers can also be excreted via 

thee urine and they seem to be excreted into bile by Mrp2 while protoporphyrin can not be 

excretedd via this mechanism (243). 

Whetherr protoporphyrin is transported directly by Mdr2 P-gp or is translocated through the 

membranee by another mechanism is not known. Secretion of protoporphyrin could be 

explainedd by two mechanisms: 1) vesicles present in the canaliculus could accept 

protoporphyrin,, residing in the canalicular membrane or 2) protoporphyrin and (vesicular) 

lipidss could be simultaneously discharged from the outer leaflet. In both mechanisms lipid 

vesicless would act as carriers and/or acceptors of amphipathic compounds that end up in 

thee outer membrane leaflet of the canalicular membrane. Either spontaneous or facilitated 
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translocationn of such a compound to the outer membrane leaflet would be sufficient to 

eliminatee them from the membrane. It could very well be that the amphipathic substrates 

off class I and II P-gps {129-133,248} are expelled from the membrane upon acceptance or 

incorporationn into nascent lipid vesicles. Capture of the compound in a lipid environment 

alsoo impedes the substrate from re-entering the plasma membrane by diffusion. The 

transportt of hydrophobic compounds through the biliary tract in lipid vesicles could be a 

generall mechanism. Such a mechanism would imply that the combined action of Mdr2 P-

gpp and bile salts facilitates the biliary disposition of such compounds. 

Whilee the reduced biliary secretion of protoporphyrin transport or vit D in Mdr2 knockout 

couldd possibly be attributed to absence of Mdr2 P-gp mediated translocation of these 

substratess to the exoplasmic leaflet, data in chapter 5 suggest that the secretion of lipoidic 

non-Mdr22 substrates is also decreased in these mice. This might indicate that the mere 

prescencee of a normal biliary lipid environment faciltates the extrusion of these amphipathic 

compounds. . 
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REGULATIONN OF BILIAR Y LIPID SECRETION 

AnAn  important  role  for  bile  salts 

Itt is clear that biliary secretion of phospholipids is controlled simultaneously by type and 

amountt of bile salt present in the canalicular lumen and Mdr2/MDR3 P-gp activity. Among 

thee various species bile salt composition is not identical and in some cases bile salt 

compositionn seems to be gender-related (228} and (249). However, in different species 

markedd quantitative differences exist in the amount of lipid secreted per amount of bile salt 

(193).. Therefore we investigated the possibility that bile salt composition had regulatory 

effectss on Mdr2 expression ((250,251) and chapter 2). To this end male mice (FVB) were 

fedd a purified diet to which either 0 . 1 % (W/J cholate or 0 .5% (W/J ursodeoxycholate was 

added.. This led to a near complete replacement of the endogenous bile salt pool (mainly 

tauromuricholate)) by taurocholate or tauroursodeoxycholate resp. After chronic feeding 

thee maximal phospholipid secretion capacity in these mice was determined by infusion of 

increasingg amounts of tauroursodeoxycholate. Cholate-feeding resulted in a 5 5 % 

increasee in the maximal phospholipid secretion compared to control diet. Northern 

blottingg revealed that with cholate-feeding Mdr2 P-gp mRNA was increased by 4 2 % . 

Feedingg ursodeoxycholate did not influence the maximum rate of phospholipid output nor 

Mdr22 mRNA content. Female mice had a higher basal Mdr2 P-gp mRNA level than male 

micee and this also correlated with a higher phospholipid secretion capacity. This could be 

explainedd by the higher basal cholate content in the bile of female mice compared to 

malee mice. From these results we deduced that the type of bile salts in the circulation 

influencess the expression of the Mdr2 gene. The mouse model did not allow us to study 

thee regulatory effects of bile salts at low bile salt fluxes. To investigate this we chose to 

studyy the relation between bile salt and Mdr2 (PGP3) expression in a bile diverted rat 

modell as described in chapter 3. The content of the bile salt pool was decreased by long 

termm interruption of the enterohepatic circulation. The ability of bile salts to elicit 

phospholipidd secretion was studied again by application of a standard infusion protocol 

byy which TUDC was infused at stepwise increasing rates. Long-term bile diversion 

resultedd in strongly decreased maximal PL secretion capacity that coincided wi th low 

levelss of rat Mdr2 RNA expression. When the enterohepatic circulation was restored 

againn both Plsecmax and Mdr2 mRNA levels were increased significantly. To show that 

thiss regulation was only depending on endogenous bile salt concentration, taurocholate 

wass infused into the duodenum of bile depleted rats during the last 48 hours of the bile 
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diversionn period. As expected, duodenal TC infusion was sufficient to increase both 

Plsecmaxx and expression of Mdr2 mRNA. In this studie the levels of Mdr2 expression 

reflectedd nicely the sub- and supramaximal PL secretion capacities reached in this model. 

Bothh studies provide evidence that bile salts are able to regulate Mdr2 P-gp expression. In 

intactt rat liver high levels of Mdr2/PGP3 mRNA are found while in cultured rat 

hepatocytess Mdr2/PGP3 mRNA levels showed a gradual decline between 4 hours and 24 

hourss in culture (252). In another study no PGP3 mRNA could be detected in rat 

hepatocytess after 40 hours of culture (253). The time dependent decreased expression 

levelss are in line wi th the regulatory effect of bile salts on class III P-glycoproteins, 

becausee no bile salts were present in the culture medium. Similar results were found for 

Mdr22 mRNA expression in cultured primary mouse hepatocytes. However, when bile salt 

wass added to the culture medium a slower decline in Mdr2 mRNA levels was observed 

(C.. Frijters and O. Mook; unpublished observations}. Chung et al demonstrated that 

hydrophobicc bile salts like cholic acid and chenodeoxycholic acid, but not the hydrophilic 

bilee salt ursodeoxycholic acid, increase human MDR3 mRNA expression in HEPG2 cells 

(254).. However, using a luciferase reporter gene controled by a 3 kB promotor fragment 

off MDR3 no effects of bile salts on luciferase activity could be detected (254). The 

expressionn of Mdr2 in rat liver is reported to be increased during bile duct ligation (255) 

andd this might this be caused by increased intracellular bile salt concentrations. 

Thee molecular mechanism by which bile salts regulate the expression of class III P-gps is 

nott clear. It is known that bile salts are potent regulators of key enzymes in their own 

biosyntheticc pathway, 7a-hydroxylase and sterol 27-hydroxylase (256-262). The 

regulatoryy capacity seems to be dependent on the hydrophobicity and structure of bile 

salts.. A bile acid responsive element (BARE) residing in the proximal 5'-flanking regions 

off rat cholesterol 7a-hydroxylase (CYP7a) was identified that seemed to be involved in 

regulationn of this gene by bile salts. It was proposed that binding of bile salt to an 

unidentifiedd bile salt receptor eventually would lead to the release of a positive trans-

actingg factor from the cholesterol 7<x-hydroxylase gene. Recently, it has been 

demonstratedd that bile acids also function as "hormones" that bind to nuclear receptors 

and,, through that mechanism, modulate expression of proteins involved in cholesterol 

homeostasis.. Several orphan nuclear receptors have been shown to bind bile acids (cholic 

andd chenodeoxycholic acids), including the farsenoid X receptor (FXR) (263-265) and the 

LXRalphaa receptor (266-268). Furthermore, the resulting bile acid-receptor complexes 

havee been shown to be capable of binding to promoter regions of specific genes and 
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eitherr to stimulate or suppress their transcription (268). In essence, bile salts can 

functionn as steroid hormones. A repressive action of bile salts on a luciferase reporter 

controlledd by the CYP7a gene promoter was only observed when FXR, but not other 

nuclearr receptors was expressed (266). On the other hand, it has been shown that bile 

saltss can have a stimulating effect on genes involved in cholesterol homeostase. A 

majorityy of the bile salts delivered into the intestine are recycled by absorption in the 

ileumm (enterohepatic circulation). The transport of bile salts through the cytosol of 

intestinall enterocytes is thought to be facilitated by specific binding proteins like the 

intestinall bile acid-binding protein (l-BABP). Expression of the gene encoding this l-BABP 

increasess in response to bile salts. The promoter of the l-BABP gene also binds the FRX-

bilee acid complex, which activates transcription. In this case, bile salts induce 

transcriptionn in order to enhance their reabsorption from the gut. Database comparison 

couldd not identify a sequence similar to the BAREs reported to function in CYP7a (262) 

(TCAAGTTCAAGT)) or l-BABP (269). (AGGTGAATAACCT) (-142-130) in the human 

MDR33 (270) or rat Mdr2 promotor regions (271) (personal observation). 

Itt is well known that hypolipidaemic drugs such as fibrates induce several genes required 

forr peroxisomal p-oxidation of long chain fatty acids, genes of the P-450 family and 

geness encoding proteins involved in cell growth and proliferation (272-275). Chianale et 

al.. described that feeding mice during one week wi th clofibrate or some of its structurally 

relatedd compounds increased biliary phospholipid output independently of bile salt 

secretionn rates and this was not related to changes in biliary bile salt pool composition 

(276).. These changes were accompanied by increased steady-state levels of Mdr2 mRNA 

inn the liver (276). However, there seems not to be a strict correlation between Mdr2 

mRNAA expression and biliary lipid secretion. While the former is elevated to 5 or 6 times 

thee normal situation, biliary phospholipid secretion is only increased twofold. 

Furthermore,, cholesterol output in these mice was not affected by the fibrate diets. In 

thesee studies the maximal PC secretion capacity was not determined. In a later study it 

wass shown that, besides fibrates, also other peroxisome proliferators were able to induce 

thee mouse Mdr2 gene (277). It was suggested that modulation of Mdr2 gene expression 

mightt be part of the pleiotrophic response of peroxisome proliferation in mice liver. 

Carrellaa et al. (278) described that sustained treatment of rats wi th pravastatin, a statin 

typee 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA-reductase) inhibitor, 

ledd to increased biosynthesis of PC and cholesterol. In addition, biliary secretion of both 

cholesteroll and PC were increased to approx. 2 5 0 % of controls while bile salt synthesis 
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wass not affected. These increases were accompanied by a sevenfold increase in Mdr2 

mRNA.. The question was raised whether there exists co-ordination between synthesis, 

canalicularr translocation and biliary secretion of phospholipids. This suggestion would fit 

wi thh the effects found in the mice fed fibrates because an enhancement of 

cytidyltransferasee has been shown by fibrates (279). 

Recently,, it was shown by Hooiveld et al. (abstract Dutch Society for Hepatology; 1999) 

thatt induction of hepatic Mdr2 by statins is, at least partially, under control of sterol 

regulatoryy element binding proteins (SREBPs). A novel family of bound transcription 

factorss that are known to regulate multiple genes involved in cholesterol biosynthesis and 

uptakee (reviewed in in (280)). Transient transfection studies wi th HepG2 cells revealed 

thatt statins stimulated Mdr2 promotor activity and that this stimulation was increased by 

co-tratrasfectionn wi th SREBP1. Whether the statin related effect and the bile salt 

mediatedd regulation of Mdr2 are connected remains to be established. 

Thee expression of Mdr2 mRNA is increased following partial hepatectomy in rats 

(74,281)) and it is not known which factors regulate this induction. Because in this 

situationn also Mdr l a and M d r l b mRNA levels were elevated it is unclear whether the 

inductionn of Mdr2 mRNA is specific. Gant et al. (282) studied the gene expression of P-

glycoproteinss in rhesus monkeys after treatment wi th xenobiotics that are excreted via 

thee bile. After treatment wi th erythromycin, rifampicin, tamoxifen and probenecid an 

increasee in Mdr2 mRNA was observed. Interestingly, this increase in Mdr2 mRNA was 

accompaniedd by decreased levels of Mdr1 expression. The results suggested that 

expressionn of Mdr2 is responsive to xenobiotics or their metabolites that require biliary 

excretion. . 

UncouplingUncoupling  of  PC and cholesterol  excretion 

Itt is well known that several hydrophilic organic anions can inhibit biliary lipid secretion 

withoutt affecting bile salt secretion (197,283-286), a process referred to as "uncoupling". 

Thiss phenomenon has been used experimentally to determine the site of action of bile salt 

inducedd lipid secretion. Evidence has been provided that, under physiological conditions, 

bilee salt induced lipid secretion is regulated at the level of the canaliculus and within the 

hepatocyte.. In these studies, reviewed by Verkade et al. (197) it was first shown that 

hydrophilicc organic anions, that predominantly interact wi th biliary bile salts, are able to 
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uncouplee lipid from bile salt secretion in normal but not in mutant (GY/TR) rats (168,287). 

Thesee rats lack canalicular ATP-dependent organic anion transport and therefore show 

impairedd bile secretion and increased intracellular concentrations of the uncoupling agents 

(213,288).. This observation demonstrates that uncoupling takes place within the 

canaliculuss and strongly suggests that the interaction of organic anions with lipid secretion 

iss exerted after secretion of the bile salts across the bile canalicular membrane. 

Thee uncoupling of PL and cholesterol from bile salt secretion has been reported as a side 

effectt for therapeutical use of organic anions. Patients receiving ioglycamide, a compound 

usedd as contrast medium for radiographic inspection of the biliary tree showed a 

depressionn of phospholipid and cholesterol secretion while bile salt secretion remains 

normall (289). 

Thiss anion is similar to iodipamide, which in addition to uncoupling activity in rats (290) 

cann cause hepatotoxicity (291). Theoretically, liver damage could occur by reducing the 

lipidd to bile salt ratio in the canalicular lumen. The biliary lipids are less able to counteract 

thee detergent action of the canalicular bile salts, which can become toxic to membranes 

liningg the lumen of the biliary tract. Although this pathophysiological mechanism is 

speculative,, iodipamide has been shown to induce liver damage in rats injected with 

iodipamide.. Electronmicroscopic analysis of the liver revealed accumulation of lipid droplets 

177 days after the injection of iodipamide (292). Thus, the uncoupling effect of certain 

cholephilicc anions calls for care in the chronic use of these compounds. 

Inn contrast to hydrophilic organic anions, hydrophobic organic anions do not interfere with 

biliaryy lipid secretion in rats. Upon gel filtration of bile, hydrophilic organic anions show high 

affinityy for the bile salt micellar fraction whereas hydrophobic species preferentially 

associatee with the vesicular, phospholipid and cholesterol containing fractions 

(197,286,293).. The mechanism by which hydrophilic organic anions evoke uncoupling of 

biliaryy lipid secretion from bile salt secretion is not clear. As described previously, biliary 

lipidd secretion probably involves both the formation of vesicles and micellar extraction of 

lipidss from the canalicular membrane. To test whether organic anions interfere with the 

latterr Verkade et al. (294) studied the interaction between organic anions, micelles and 

vesicless in model bile systems. From these studies it was concluded that the effects of 

organicc anions in vivo are unlikely to be based on the inhibition of micelization of bile 

canalicularr membrane lipids. 

Fromm several studies in different animal species it is known that there exists an inverse 

relationshipp between bile salt independent flow and the capacity of bile salts to induce lipid 
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secretion.. Although these data are generated in different experimental systems and bile salt 

compositionn can differ significantly, some correlation indeed seems to exist (295). This is 

substantiatedd by the observation that the hydrophilic anion ampicillin uncouples biliary lipid 

fromm bile salt secretion and at the same moment increases the bile salt independent f low 

(293).. Control analysis of the process of biliary lipid secretion suggested that, besides bile 

saltss and Mdr2 expression, canalicular water flux is an important factor controlling this 

processs (296). These combined findings led us to hypothesize that hydrophillic organic 

anionss might interfere with water flux and thus secondarily affect the bile salt mediated 

uptakee of biliary lipids. The data presented in chapter six provide experimental proof that 

certainn organic anions influence the canalicular bile salt concentration and therefore induce 

ann "apparent" uncoupling of bile salt and lipid secretion. However it should be stressed 

thatt this mode of action is not the universal way by which organic anions interfere wi th 

biliaryy lipid secretion. Sulphated taurolithocholic acid (STLC), a hydrophilic organic anion, 

hass uncoupling ability but does not induce bile f low ((288) and chapter 6). If this organic 

anionn would affect the direct extraction of canalicular lipids by micelles, the uncoupling 

effectt should become less wi th increasing concentrations of bile salt molecules in the 

canalicularr lumen. At high bile salt output rates the uncoupling effect of STLC was indeed 

smallerr than at low secretion rates. However, as discussed before, the formation of 

canalicularr vesicles seems to be the major route by which biliary lipids are released into bile 

andd our results do not exclude the possibility that STLC influences the vesiculation 

process. . 
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Thee phosphatidyl translocating activity of the mdr2 P-glyco-
proteinn (Pgp) in the canalicular membrane of the mouse 
hepatocytee is a rate-controlling step in the biliary secretion of 
phospholipid.. Since bile salts also regulate the secretion of biliary 
lipids,, we investigated the influence of the type of bile salt in the 
circulationn on mdr2 Pgp expression and activity. Male mice were 
fedd a purified diet to which either 0.1 % (w/w) cholate or 0.5 % 
(w/w)) ursodeoxycholate was added. This led to a near-complete 
replacementt of the endogenous bile salt pool (mainly tauro-
muricholate)) by taurocholate or tauroursodeoxycholate respect-
ively.. The phospholipid secretion capacity was then determined 
byy infusion of increasing amounts of tauroursodeoxycholate. 

Cholatee feeding resulted in a 55 % increase in maximal phospho-
lipidd secretion compared with that in mice on the control diet. 
Northernn blotting revealed that cholate feeding increased mdr2 
Pgpp mRNA levels by 42 %. Feeding with ursodeoxycholate did 
nott influence the maximum rate of phospholipid output or the 
mdr22 mRNA content. Female mice had a higher basal mdr2 Pgp 
mRNAA level than male mice, and this was also correlated with a 
higherr phospholipid secretion capacity. This could be explained 
byy the 4-fold higher basal cholate content in the bile of female 
comparedd with male mice. Our results suggest that the type of 
bilee salts in the circulation influences the expression of the mdr2 
gene. . 

INTRODUCTION N 

Biliaryy lipid secretion serves several important functions. On the 
onee hand, it provides a route by which cholesterol can leave the 
bodyy and, on the other, it decreases the detergent action of the 
bilee salts that are present in high concentrations in the biliary tree 
(reviewedd in [1]). In model systems the presence of phospholipids 
andd cholesterol greatly decreases the cytotoxic action of bile salts 
[2,3]. . 

Wee have demonstrated that the mdr2 P-glycoprotein (Pgp) in 
thee canalicular membrane of the mouse plays an important role 
inn the secretion of phospholipid into bile [4]. Mice with a 
homozygouss disruption of the mdr2 gene (mdr2 — /—) showed a 
completee absence of phospholipid in bile, and their cholesterol 
secretionn rate was greatly decreased. Mice with a heterozygous 
disruptionn {mdr2 + / —) showed intermediate levels of phospho-
lipidd secretion; levels of cholesterol secretion were normal. These 
resultss strongly suggest that the activity of mdr2 Pgp is a rate-
controllingg step in the secretion of phospholipids. Quantitative 
analysiss of lipid secretion in the different mouse genotypes 
confirmedd this contention [5]. We have previously hypothesized 
thatt mdr2 Pgp transports phospholipids from the inner leaflet to 
thee outer leaflet of the canalicular membrane, and that the 
interactionn of bile salts with the outer leaflet of the membrane 
leadss to the secretion of phospholipids into canalicular bile [4,6]. 
Thiss hypothesis has been confirmed is several model systems 
[7-9]. . 

Bilee salts also represent a major regulatory factor in the 
secretionn of biliary lipids. Several studies describe a hyperbolic 
relationshipp between bile salt secretion and phospholipid or 
cholesteroll  secretion [6,10]. An increase in bile salt output leads 
too an increase in phospholipid and cholesterol secretion until a 
certainn plateau is reached [11,12]. Furthermore, it has become 

generallyy accepted that the secretion of biliary phospholipids is 
positivelyy related to the hydrophobicity of the bile salt species 
secretedd (reviewed in [1,13]). 

Becausee both mdr2 Pgp and bile salts seem to be major factors 
regulatingg the secretion of biliary phospholipid, we investigated 
thee influence of bile salt composition on mdr2 Pgp expression 
andd phospholipid secretion capacity. Our results show that an 
increasedd cholate content of the bile salt pool, which increases 
thee hydrophobicity of the pool, leads to increased mdr2 Pgp 
expressionn and a concomitant increase in the maximal phospho-
lipidd secretion capacity. 

EXPERIMENTAL L 

Bilee samplin g 

Micee of the FVB strain were bred in our own colony and were 
usedd for experiments at 2-5 months of age. Animals were 
anaesthetizedd by intraperitoneal injection of 1 mg/kg Hypnorm 
(fentanyl/fluanisone)) and 10 mg/kg Diazepam. The abdomen 
wass opened and, after distal ligation of the ductus choledochus, 
thee gall bladder was cannulated. Bile sampling began directly 
afterr cannulation and continued for up to 90 min. In some 
experiments,, mice then received an infusion of tauroursodeoxy-
cholatee (TUDC) (45 mM in PBS, pH 7.4) into the tail vein at the 
indicatedd rate. Bile samples were collected and immediately 
frozenn at -20°C. Bile flow was determined gravimetrically, 
assumingg a density of 1 g/ml for bile. 

Dietss and material s 

Too determine the relationship between bile salt and lipid secretion 
inn more detail, bile samples were collected from male and female 

Abbreviationss used: GADPH, glyceraldehyde-3-phosphate dehydrogenase; Pgp. P-glycoprotein; TUDC, tauroursodeoxycholate; UDC, ursodeoxy-
cholate. . 

** To whom correspondence and reprint requests should be addressed. 
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micee maintained on three different diets. Control mice were fed 
aa commercial purified diet containing 20% (w/w) casein 
(K4068.02;;  Hope Farms, Woerden, The Netherlands). The 
experimentall  diets consisted of purified diet supplemented with 
sodiumm cholate (0.1 %, w/w) or ursodeoxycholate <UDC) (0.5 %, 
w/w).. Sodium cholate was obtained from Merck (Darmstadt, 
Germany);;  tauroursodeoxycholic acid and ursodeoxycholic acid 
weree obtained from Sigma (St. Louis, MO, U.S.A.). Food and 
waterr  were allowed ad libitum. After  21 days on the selected diet, 
bilee was collected during consecutive time periods for  2 h after 
cannulation.. This interruptio n of the enterohepatic circulation 
leadss to a time-dependent depletion of the bile salt pool to a 
stablee level of approx. 20 % of the initia l output within 60-90 min 
[6].. Phospholipid and cholesterol output levels showed a similar 
time-dependentt  decrease. 

RNA A 

Forr  isolation of total RNA, livers were excised, immediately 
freeze-clampedd and stored at — 80°C until further  use. Total 
RNAA was isolated by an acidic guanidinium isothiocyanate/ 
phenol/chloroformm extraction procedure as described by 
Chomczynslrii  and Sacchi [14]. Samples of 10 fig of RNA were 
loadedd on a 0.8% agarose gel containing 7% formaldehyde. 
Standardd ethidium bromide staining was used to check the 
integrit yy of the isolated RNA and to confirm the presence of 
equall  amounts of RNA in each lane. 

Norther nn Wol analysi s 

Northernn blotting was performed as described by Sam brook et 
al.. [15], using Hybond N+ (Amersham). The blotted mRNA 
wass hybridized with a radiolabelled specific mouse mdr2 cDNA 
andd a rat glyceraIdehyde-3-phosphate dehydrogenase (GAPDH) 
cDNA.. The GAPDH cDNA cross-hybridizes with mouse 
GAPDHH RNA and serves as an internal control of the total 
amountt  of mRNA per  lane. Two probes, kindly provided by Dr. 
A.. H. Schinkel (Dutch Cancer  Institute, Amsterdam, The 
Netherlands)) [4] were used: (1) a 0.3 kb mdr2 cDNA fragment 
obtainedd after  Pstl-EcoRl digestion of a construct of a 
/YincII-jVoel-digestedd fragment of mdr2 (positions 1875-2168) 
clonedd into Smal-Hincll-digested pGEM-3Zf(—) as described 
byy Smit et al. [4]; and (2) a 1.3 kb Pstl fragment of rat GAPDH 
cDNA.. The probes were labelled with " P using the Random 
Primerss DNA labelling system (Gibco-BRL, Breda, The 
Netherlands).. Hybridizatio n was performed overnight at 65 °C 
inn 0.5 M sodium phosphate buffer, pH 7.5, containing 7 % (w/v) 
SDSS and 1 mM EDTA. After  hybridization , the blots were 
washedd three times with 0.2 x SSC/0. t % SDS at 65 °C. Radio-
activityy on the blots was detected by autoradiography on Biomax 
MRR film  (Eastman Kodak, Rochester, NY, U.S.A.) followed by 
detectionn using a Series 400 Molecular  Dynamics phosphoimager. 
Dataa collected by the phosphoimager  were analysed quan-
titativel yy using the Imagequant computer  program (Molecular 
Dynamics). . 

BHoaralysi s s 

Analysiss of bile salt species was performed by HPLC using a 
modificationn of the method described by Ruben and Berge-
Henegouwen[l6].. Bile samples were diluted 1:200(v/v)ineluent 
(60%%  methanol/40% 3mM K tHP04, pH 3.75), and 20/d 
portionss of this sample were injected on a C18 Chromsphere 
columnn (5 /an pore size) (Chrompack International , Middelburg, 
Thee Netherlands) at a flow rate of 800/d/min. Peaks were 
detectedd using an UV detector  at 205 nm. 

Totall  phospholipid, cholesterol and bile salt concentrations 
weree determined enzymically as described previously [6]. 

Dataa analysi s 

Alll  data represent means+ S.D. from at least three animals in 
eachh experimental group. Differences between groups were 
analysedd by performing an unpaired two-tailed Student's t test. 

RESULTS S 

Inn order  to investigate the effects of the chronic administration of 
bilee salts on biliar y lipid secretion and mdr2 Pgp expression, mice 
weree fed on a control diet to which either  0.1 % (w/w) cholate or 
0.55 % (w/w) UDC was added. In male mice fed either  cholate or 
UDC,, bile flow, phospholipid secretion and cholesterol secretion 
weree significantly increased compared with animals on the control 
diett  (Table 1). This was most probably related to the increased 
bilee salt output. 

Wee performed HPLC analyses of bile samples collected during 
thee first  10 min after  cannulation to ascertain whether  the 
endogenouss bile salt pool had been replaced by the bile salt 
speciess supplied in the diet. This was indeed the case (Table 2): 
cholatee feeding led to substantial replacement of endogenous bile 
saltss by taurocholate (> 80% taurocholate), and the same was 
foundd for  UDC feeding (> 85 % TUDC). 

Figuree 1 shows phospholipid secretion as a function of bile salt 
secretion.. In cholate-fed mice, the amount of phospholipid 
secretedd at each rate of bile salt secretion was 2-3-fold higher 
thann that in control mice (Figure 1A). In mice fed a UDC-
containingg diet (Figure IB), the curve deviated slightly from the 
controll  curve but the effect was much less marked than for  the 
cholate-supplementedd diet. 

Increasedd phospholipid secretion at the same rate of bile salt 
secretionn could be caused by the greater  phosphotipid-extracting 
capacityy of the more hydrophobic taurocholate compared with 
thee more hydrophili c tauromuricholate and TUDC [3,17], or  by 
increasedd mdr2 expression. In order  to distinguish between these 
factors,, we studied phospholipid secretion in control and cholate-
fedd mice after  complete replacement of the endogenous bile salt 
pooll  by TUDC infusion. We achieved this by infusion of TUDC, 
att  stepwise increased rates, after  depletion of the endogenous bile 

Tibia ll  InlUalritMolsacrrtloaoftlHiTialwMsnHistthwnUlnFVBiiile s 

Bilee samples were obtaine d durin g the nest 10 min after cannulatio n o( the gall bladder Bile 
sampless from both male and female mica M on contre i or bile-salMwiehw i diets *ere analysed 
forr  bile sail , phospholipi d and cholestero l conten t as describe d in the Experimenta l section . 
Resultss  are means  S.D. of tie number s of animals given in parentheses . Oat) from the male 
micee fed on the experimenta l diets were tested for significan t difference s compare d with male 
micee on the contro l diet : 'P < 0.05, "P<  0.001. Data from the female mice were tested for 
significan tt  difference s compare d with male mice under the same conditions : f /> < 0.05, 
t f < 0 . 0 0 t . . 

Bi tt  now 
diett  (jil/mn  per 100 g) 

Male e 
Contro ll  (7) 6.1 7 
UDCC (4) 9.7 * 
Cholalee (9) 8.1 * 

Female e 
Contro ll  (7) 5.1 7 
UX(8)) 7.7 1 
Cholatee (4) 6.6 4 

Ralee of secretio n (nmol/mi n per 100 g) 

Bilee salts 

1733  67 
5477 " 
3211 * 

3933  81t t 
7011 4 
2899 7 

Phospholipi d d 

10.11 4 
28.88 " 
43.77 " 

t t 
f f 

43.44 7 

Cholestero l l 

5 5 
6.55 " 
8.44 " 

t t 
7.33 0 
5.99 3 
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Tabl ee 2 Bil e sal t compositio n In th e bil e of FVB mic e fed th a contro l or experimenta l diet s 

Thee bile sail composition in initial bile samples from mice fed the control or bile-salt-enriched diets, collected during the first 10 min after cannulation, was determined by HPLC. The experiments 
andd animals are the same as in Figure 1. For experimental details, see the Experimental section. Results are means  S.D. from the numbers of animals given in parentheses. N.D.. not detectable. 

Bilee salt species (mol% of total bile salts) 

Muticholatee Taurocholate Taurochenodeoxycholate e Taurodeoxycholate e 

Controll (3) 
UDCC (4) 
Chelatee (9) 

Female e 
Controll (3) 
UDCC (3) 
Cholatee (3) 

88.22 + 0.9 
7.00 + 1.7 

14.55 + 6.6 

50.8+0.7 7 
6.11 +1.2 

14.7+2.1 1 

11.88 + 0.9 
N.D. . 
80.44 + 8.3 

47.44 + 2.8 
N.D. . 
85.33 + 2.1 

N.D. . 
86.88 + 5.4 
N.D. . 

N.D. . 
90.77 + 1.1 
N.D. . 

N.D. . 
6.22 + 4.2 
N.D. . 

1.77 + 3.0 
4.22 + 1.5 
N.D. . 

N.D. . 
N.D. . 
6.33 + 1.C 

N.D D 
N.D. . 
N.D. . 

7000 800 

BSS secretion (nmol/min.100g) 

00 100 200 300 400 500 

B SS s e c r e t i o n ( n m o l / m i n . 1 0 0 g ) 

Figur ee 1 Effect s of bil e salt-supplemente d diet s on biliar y phospholipi d 
secretio nn capacit y 

Malee FVB mice were fed on a control purified diet ( + } or a purified diet supplemented with 
eitherr (A) 0.1 % (w/w) cholate ( A ) or (B) 0.5% (w/w) UDC ( V ) . Collection and analysis ol 
bilee samples was performed as described in the Experimental section. Data represent 
measurementss in individual samples from six bile collection periods during the 90 min after 
cannulationn of the gall bladder. BS, bite salts; PL phospholipid. 

saltt pool. TUDC infusion rates exceeded the secretory maximum, 
andd a plateau phase was reached (Figure 2). 

HPLCC analyses of bile demonstrated that TUDC infusion on 
topp of a low baseline bile salt output led to a near-complete 
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Figuree 2 Effect of a cholate-enrlched diet on the phospholipid secretion 
capacityy In male mice during Intravenous Infusion of TUDC 

Micee were fed on either a control diet ( • ) or the same diet to which 0.1 % (w/w) cholate was 
addedd ( A ) - Subsequently the animals were depleted of their endogenous bile salt pool by 
divertingg bile for 90 min through a cannula placed in the gall bladder. Following this depletion 
phase,, TUDC was infused through the tail vein at a start rate of 600 nmol/min per 100 g. Every 
300 min this rate was increased by 600 nmol/min per 100 g, until a final infusion rate of 
24000 nmol/min per 100 g was reached. Phospholipid (PL) and bile salt (BS) output rates were 
determinedd during both the depletion and infusion phases. 

(98%)) replacement of endogenous bile salts by TUDC in both 
groups.. Figure 2 shows that, during TUDC infusion, the rates of 
phospholipidd output in male mice fed the cholate-enriched diet 
weree still higher than those in mice fed on the control diet, 
despitee the complete replacement of the biliary bile salts by 
TUDC.. This experiment clearly demonstrated that the phospho-
lipidd secretion capacity was enhanced by chronic cholate feeding, 
irrespectivee of the type of bile salt secreted into the canaliculus. 
Underr these conditions, differences in the ability of the dietary 
bilee salts to extract phospholipid cannot explain the increase in 
phospholipidd secretion; therefore another factor must be involved 
inn regulating phospholipid output. 

Wee hypothesized that the activity of mdr2 Pgp, the rate-
controllingg step in phospholipid secretion, was induced by 
chronicc feeding of cholate. This hypothesis was supported by 
Northernn blot analysis of the liver mRNA of male mice fed the 
differentt bile-salt-enriched diets (Figure 3). It is clear that cholate 
feedingg led to an increase in the mdr2 mRNA level. The 
quantitativee data obtained after scanning the Phosporimages of 
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Figuree 3 Representative Northern blot of hepatic mRNA from male mice 

fedd purified diets containing cholate or UDC 

Thee blotted mRNA was hybridized with a radiolabeled specific mouse mdr2 cDNA and a rat 

GAPDHH cDNA as described in the Experimental section. The GAPDH probe cross-hybridizes 

withh mouse RNA and serves as an internal control of the total amount of mRNA per lane. This 

blott shows two separately isolated RNA samples from each experimental group. Lanes 1 and 

2,, control mice; lanes 3 and 4. mice fed 0.5% (w/w) UDC; lanes 5 and 6, mice fed 0.1 % (w/w) 

cholate. . 

Tablee 3 Specific hybridization of mdr2 mRNA 

Quantitativee data are shown of mdr2 RNA on Northern blots of liver RNA derived from male 

orr female mice fed either purified control diet or a purified diet enriched with 0.1 % (w/w) cholate 

orr 0.5% (w/w) UDC. Individual ratios of mdr2/GAPDH signals were determined, and the mean 

valuee of this ratio in each group was normalized to the ratio found in the group fed the control 

diet.. The data are given as a percentage of the control, and are means + S.D. from four animals 

inn each group. Significant difference compared with control: * P< 0.05. 

mdr22 mRNA/GAPDH mRNA 

Micee Diet (% of control) 

Control l 

UK K 

Cholate e 

Control l 

U K K 

Cholate e 

1000 + 20 

977 + 14 

1422 + 25 

1000 + 17 

799 + 16 

1 1 1 + 2 0 0 
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thee blots are presented in Table 3. Dietary cholate increased the 
amountt of mRNA hybridizing with the mdr2-specific probe by 
42%% compared with the control diet. In contrast, mice fed a 
UDC-enrichedd diet showed no change in mdr2 mRNA level. 
Northernn blot analysis of the liver mRNA of mice fed a cholate-
richrich diet for different time periods revealed that this up-regulation 
off  mdr2 Pgp mRNA had reached a maximum after 1 day of 
cholatee feeding (results not shown). 

Ann unexpected observation of our study was that phospholipid 
outputt in female mice on a control diet was significantly greater 
thann that in males (Table 1)- This greater phospholipid output 
wass accompanied by significantly greater bile salt output. If the 
greaterr phospholipid output in female mice was completely 
dependentt on the observed increased bile salt output, the 
hyperbolicc relationship between phospholipid output and bile 
saltt output should be the same for both male and female mice. 
Figuree 4 (top pane!) shows, however, that in mice fed the control 

Figuree 4 Effects of bile salt-supplemented diets on phospholipid secretion 

capacity y 

Malee ( # ) or female ( O ) FVF3 mice were fed on a purified control diet alone (top) or 

supplementedd with either 0 .51 (w/w) UDC (middle) or 0.1 % (w/w) cholate (bottom). Collection 

andd analysis of bile samples was performed as described in the Experimental section. Data 

representt measurements in individual samples Irom six bile collection periods during the 

900 min alter cannulalion of the gall bladder. 

diett phospholipid output rates in males were 30-50 % of those 
inn females at all rates of bile salt output. This clearly demonstrates 
that,, when fed on a control diet, female mice have an intrinsically 
greaterr phospholipid secretion capacity than males, and that the 
higherr phospholipid output levels in females are not caused by 
thee elevated bile salt output alone. Feeding a UDC-enriched diet 
resultedd in only a slightly increased phospholipid output, and 
againn phospholipid output was greater in females (Figure 4, 
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gapdh h 

Figuree S Northern blot of hepatic mRNA from female mice fed purified 
dietss containing cholate or UDC 

Thee conditions were identical to those described for Figure 3- This blot shows RNA samples 
fromm each experimental group. Lane 1, controls; lane 2, mice fed 0.5% (w/w) UDC; iane3. mice 
ledd 0.1 % (w/w) etiolate. Cholesteroll Output (nmol/min.100g) 

middlee panel). Figure 4 (bottom panel) shows that feeding mice 
onn a diet containing the more hydrophobic bile salt, cholate, 
inducedd an increase in phospholipid secretion in male but not 
femalee mice. Thus, with cholate feeding, the phospholipid output 
levelss for males and females at a given bile salt output became 
similar.. These results imply a gender difference in phospholipid 
outputt rates in FVB mice. 

Too ascertain whether the dissimilar rates of phospholipid 
outputt between the sexes were due to differences in bile salt 
composition,, we performed HPLC analyses of bile samples 
collectedd during the first 10 min after cannulation from both 
maless and females fed the different diets. On a control diet, the 
bilee of female mice contained a 4-fold higher proportion of 
taurocholatee than that of male mice (47% and 12% respectively; 
Tablee 2). Cholate feeding led to a marked replacement of 
endogenouss bile salts by taurocholate (> 80 % taurocholate) in 
bothh male and female mice, and the same effect was found for 
UDCC feeding ( > 8 5% TUDC). Thus females have an intrin-
sicallyy higher bile salt output, and this bile contains more 
hydrophobicc bile salts under control conditions than that from 
correspondingg males, which could explain the higher phospho-
lipidd output. 

Northernn blot analysis of liver material from female mice 
showedd that, on the control diet, the basal level of mdr2-specific 
mRNAA in female mice was 2.2 times higher than in males. In 
females,, mdr2 expression was not further induced by taurocholate 
feedingg (Figure 5). Our results reveal a close correlation between 
mdr22 mRNA levels and phospholipid secretion capacity, 
suggestingg that mdr2 Pgp levels are up-regulated by hydrophobic 
bilee salts. 

Thee data in Table 1 show that induction of phospholipid 
secretionn was accompanied by an increase in cholesterol secretion, 
ass expected [1,13]. Figure 6 shows that, during TUDC infusion 
(ass described in Figure 2), cholesterol and phospholipid output 
remainedd coupled in mice on both the control and cholate-
enrichedd diets. 

DISCUSSION N 

Regulationn of mdr2 Pgp by bile salts 

Thee results presented here show that feeding male mice on a 
cholate-richh diet increases the expression of mdr2 Pgp, either 

Figuree 6 Relationship between phospholipid and cholesterol secretion in 
malee mice led a control diet or a diet supplemented with 0.1 % (w/w) cholate 

Afterr a depletion phase, mice received TUDC infusions at a stepwise increased rate, as 
describedd for Figure 2. V . Mice fed a control diet; D . cholate-fed mice. 

directlyy or indirectly. We have shown previously that mdr2 Pgp 
activityy is a rate-controlling step in the secretion of phospholipids 
intoo bile [5]. Therefore phospholipid secretion reflects the func-
tionall  level of canalicular-localized mdr2 Pgp. Indeed, in the 
presentt study, increased mdr2 Pgp expression was accompanied 
byy an increase in the maximal capacity of phospholipid secretion 
intoo bile. 

Itt is known that the extent of biliary phospholipid secretion 
dependss on the hydrophobicity of the secreted bile salts; hydro-
phobicc bile salts such taurodeoxycholate and taurochenodeoxy-
cholatee induce greater phospholipid secretion per mol of bile salt 
thann hydrophilic bile salts such as TUDC. Taurocholate has an 
intermediatee hydrophobicity. The increased phospholipid se-
cretionn capacity induced by cholate feeding was not only caused 
byy this phenomenon; when both cholate-fed and control mice 
weree infused with TUDC, leading to a near-complete replacement 
off  endogenous bile salts by TUDC, cholate-fed mice still had a 
significantlyy greater phospholipid secretion capacity (Figure 2). 

Elegantt studies by Haussinger et al. [18] have shown that 
TUDCC can induce recruitment of pericanalicular-localized 
vesicless containing canalicular transport proteins. Recruitment 
off  these vesicles leads to an acute induction of transport capacity 
inn the canalicular membrane, and probably also occurs in our 
experimentall  setting. Both control and cholate-fed mice received 
thee same TUDC challenge and, within the experimental time 
frame,, this will lead to maximal induction of transport capacity. 
Thereforee the observed difference in phospholipid output between 
cholate-fedd and control mice is solely dependent on the dietary 
regime.. As a plateau is reached in TUDC excretion, the observed 
phospholipidd secretion rates at the saturating level can be related 
too the maximal functional expression of mdr2 Pgp. 

Thuss we have shown an induction of mdr2 Pgp at the functional 
ass well as the mRNA level. The selective induction of mdr2 Pgp 
makess sense. One of the important functions of biliary lipid 
secretionn is to counteract the detergent action of bile salts in the 
biliaryy tree. This is clearly demonstrated by the liver pathology 
off  mdr2 ( — / — ) knockout mice. In the absence of biliary lipid 
secretion,, these animals suffer from hepatocyte necrosis, ductular 
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proliferation ,, portal inflammation and finally  primar y hepato-
cellularr  carcinoma [4,19]. 

Inn the light of the greater  cytotoxicity of hydrophobic bile 
salts,, it is quite understandable that the expression of mdr2 Pgp 
iss regulated by bile salts and that this regulation depends on 
hydrophobicity.. When bile salts of greater  hydrophobicity are 
secretedd into the canaliculus, more lipid is required to inactivate 
thee lytic action of these bile salts. 

AA regulatory function for  bile salts has been described pre-
viouslyy for  key enzymes involved in bile salt synthesis. Bile salts 
differentiall yy regulate the activity of 7a-hydroxylase and sterol 
27-hydroxylasee by altering the transcriptional activity of these 
geness [20-24]. The potency of suppression of these enzymes by 
bilee salts was shown to be dependent on hydrophobicity and 
linkedd to the bile acid structure [25]. 

Besidess this direct effect on mdr2 Pgp gene expression, bile 
saltss might also regulate phospholipid secretion into bile by 
affectingg post-translational processing of the mdr2 Pgp. Bile salts 
aree known to induce the protein kinase C-mediated phosphoryla-
tionn of a range of different endogenous substrates [26-30], and it 
wass reported recently that repression of cholesterol 7a-
hydroxylasee transcription by bile salts is mediated through 
proteinn kinase C [31]. Furthermore, protein kinase C-mediated 
phosphorylationn of the human multidrug-resistance Pgp has 
beenn shown to modulate drug transport and cell volume-activated 
chloridee channels [32-36]. Because of the close relationship 
betweenn the multidrug-resistance Pgp and mdr2 Pgp, it seems 
likelyy that the activity of mdr2 Pgp may be regulated by its 
proteinn kinase C-mediated phosphorylation. Our  results show, 
however,, that regulation also occurs, at least partially , at the 
mRNAA level. 

Anotherr  hypothetical mechanism for  the activation of mdr2 
expressionn is by a signal derived from a perturbation of the lipid 
pooll  rather  than a direct effect of bile salts. Such a signal could 
bee derived, for  example, from the extent of saturation of 
phosphatidylcholine-transferr  protein with phosphatidylcholine. 
Thiss transfer  protein is thought to be involved in the intracellular 
supplyy of phosphatidylcholine to the canalicular  membrane [37]. 

Thee proposed regulation of phospholipid secretion by in-
creasingg mdr2 Pgp mRNA levels is in agreement with the 
recentlyy published findings of Chianale et al. [38]. They described 
thee induction of mdr2 Pgp gene expression and phospholipid 
secretionn in mice fed on fibrate-rich  diets [38], 

Effectss of gender on mtfr2 Pgp expmskM 

Itt  was observed that the basal phospholipid secretion capacity in 
malee and female FVB mice differed significantly. Female mice 
fedd on the control diet had a higher  phospholipid secretion 
capacityy than comparable males, and this was accompanied by a 
higherr  mdr2 mRNA level. The increased basal mdr2 expression 
inn female mice may be related to the difference in bile salt 
compositionn compared with that in males. The predominant bile 
saltt  species in both sexes were taurocholate and muricholate, but 
onn the control diet the bile of female mice contained a 4-fold 
greaterr  proportion of the more hydrophobic taurocholate than 
thee bile of males. Feeding mice on the cholate-rich diet caused 
thee endogenous bile salt pools of both male and female mice to 
bee replaced to a similar  extent, so that in both sexes the bile 
consistedd of more than 80% taurocholate. Under  this condition 
thee relationships between phospholipid output and bile salt 
outputt  in male and female FVB mice became very similar. The 
conclusionn from these data must be that mdr2 Pgp is already 
inducedd in female mice, due to the higher  taurocholate content in 

theirr  bile. Taurocholate feeding induces mdr2 expression in 
maless to the same maximum level that is reached in females. 
Thesee data suggest that differences in bile salt composition could 
bee the sole factor  responsible for  the observed difference in 
biliar yy phospholipid output rates between the sexes. If this was 
thee only cause of the gender  differences in mdr2 expression, one 
wouldd expect that, under  all conditions resulting in comparable 
biliar yy bile salt compositions, including UDC feeding, no 
differencess in mdr2 Pgp mRNA levels between male and female 
micee would occur. Although UDC feeding led to a small decrease 
inn the mdr2 Pgp mRNA level in female mice, this was not 
significant,, and the mRNA level in female mice remained higher 
thann in male mice fed on the same diet. At this time we have no 
explanationn for  this difference, but it may involve a gender-
specificc factor. An obvious possibility is the marked structural 
relationshipp between bile salts and steroid hormones. It is 
plausiblee that oestrogens regulate mdr2 Pgp expression by a 
mechanismm that is similar  to that of bile salts. Regulation of 
expressionn of the mdr2 Pgp gene could be similar  to that of the 
7<x-hydroxylasee gene, which involves binding of bile salts to a 
bile-acid-responsive-elementt  binding protein. Our  data are in 
agreementt  with the greater  gender-dependent expression of the 
mdr22 homologue, Pgp3, in female rats described by Furuya et al. 
[39].. In that study female rats consistently expressed higher 
amountss of Pgp3 in liver  than male rats. Further  study of the 
mechanismm of bile-salt-induced up-regulation of mdr2 Pgp should 
eventuallyy lead to an explanation for  the observed gender-
dependentt  differences in biliar y phospholipid secretion. 

Effectss on cholesterol secrattoa 

Bilee salts also drive cholesterol secretion, and many groups have 
observedd a strict coupling between phospholipid and cholesterol 
secretion.. This was interpreted to suggest that cholesterol and 
phospholipidd are secreted as intact units [1]. In line with this, we 
foundd that cholesterol secretion is deficient in the mdr2 ( —/ —) 
knockoutt  mouse. It became also clear, however, that this 
relationshipp can be, at least partly , uncoupled: in heterozygous 
mdr2mdr2 ( + /—) knockout mice, phospholipid secretion is decreased, 
butt  cholesterol secretion is normal. Furthermore, in mdrl { — / — ) 
mice,, cholesterol secretion can be increased by infusion of more 
hydrophobicc bile salts such as taurocholate [4] or  taurodeoxy-
cholate.. However, with hydrophili c bile salts such as TUDC, 
couplingg between cholesterol and phospholipid secretion seems 
too remain nearly complete. Infusion of this bile salt into mdr2 
(( —/ —) mice results in very low cholesterol secretion, whereas 
infusionn into mdr2 (+ / —) mice elicits cholesterol secretion that 
iss intermediate between that of mdr2 ( — /—) mice and controls, 
ass is observed for  phospholipids [40]. In line with this is the 
observationn (Figure 6) that the relationship between cholesterol 
andd phospholipid secretion in male mice with induced mdr2 Pgp 
expressionn increases in the same proportion when biliar y lipid 
secretionn is driven by TUDC infusion. 

Inn summary, our  data suggest that the level of mdr2 gene 
expressionn is regulated by the type of bile salt that is present in 
thee circulation. This could be demonstrated both at the mRNA 
levell  and at the functional level of biliar y lipid secretion. In 
addition,, mdr2 gene expression may also be regulated by a 
gender-specificc factor, the nature of which is not known at 
present. . 

Thiss work was supported in part by grant 902-23-097 from the Dutch Organisation 
forr Scientific Research. 
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CHAPTERR 3 

DOWN-REGULATIONN OF MDR2 P-GLYCOPROTEIN EXPRESSION DURING 
CHRONICC BILE DIVERSION IN THE RAT 

Charless M.G. Frijters, Piter J. Bosma, Raoul J.J.M. Frijters 

Albertt K. Groen and Ronald P.J Oude-Elferink. 
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ABSTRACT T 

Biliaryy lipid secretion is dependent on both bile salt secretion and the phosphatidylcholine 

(PC)) translocating activity of class III type P-glycoprotein (P-gp), the rate-controlling step 

inn biliary phospholipid secretion. Biliary PC secretion is linearly related to the expression 

levell of Mdr2 P-gp. There is a hyperbolic relation between bile salt and biliary PC 

secretionn and PC secretion increases with hydrophobicity of the bile salt species. 

Previouss studies wi th bile salt fed mice showed an increase in Mdr2 P-gp expression if 

thee bile salt pool was enlarged by feeding cholate (1). In the present study we 

investigatedd the regulatory effect of bile salts on class III type P-gp expression by chronic 

bilee diversion in the rat. Reducing the bile salt pool by bile diversion and subsequent 

restorationn of the enterohepatic cycle of bile salts allowed us to study the regulatory 

effectt on biliary lipid secretion over a broad range of bile salt concentrations. Three 

experimentall groups were formed: 8 days bile diversion, 4 days bile diversion followed by 

44 days of restoration of the enterohepatic circulation (EHC) and 8 days bile diversion 

combinedd wi th duodenal infusion of TC during the last 24 or 48 hours. At day 0, 4 and 8 

bilee was collected during two hours while the rats received a stepwise increased 

tauroursodeoxycholatee infusion. At day 8 rats were sacrificed and total liver mRNA was 

preparedd for quantitative analysis of Mdr2 mRNA by aid of real-time detection of the PCR 

reactionn (LightCycler). Four days of bile diversion resulted in a strong decrease in 

maximall PL secretion capacity (PLsecMax) to 4 2 % and maximal cholesterol secretion 

capacityy (CHOLsecMAX) was reduced to 3 2 % of control. Prolongation of the bile 

diversionn to 8 days resulted in a further decrease in PLsecMax to 16% whereas 

CHOLsecMAXX remained at the low level of 3 2 % of control. Restoration of the EHC after 

fourr days of bile diversion restored PL and cholesterol output capacity at day 8 to 115% 

andd 105% of control value respectively. To confirm that alteration of the bile salt pool 

wass responsible for this regulatory event, taurocholic acid was infused through the 

duodenall catheter during bile depletion. Twenty-four hours of TC infusion led to a modest 

restorationn (30%) of PLsecMax while 48 h TC infusion further restored phospholipid 

secretionn to 7 7 % and 137% of control levels in two separate animals. 

Thee Mdr2 mRNA levels reflected the maximal secretion levels for biliary lipids; Mdr2 

(Pgp3)(Pgp3) expression was strongly reduced in animals depleted for eight days and returned 

too normal values after restoration of the EHC. Duodenal TC infusion partially restored 
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Mdr2Mdr2 (Pgp3) expression and PLsecMax when given during the last 24 hours, and 

increasedd further when TC was infused during the last 48 hours of bile diversion. 

Ourr results show that interruption of the enterohepatic circulation of bile components 

leadss to strong down-regulation of Mdr2 and can be restored by supplying bile salts. This 

addss evidence to our hypothesis that bile salt levels regulate Mdr2/Pgp3 expression. 
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INTRODUCTION N 

Onee of the major processes in bile formation is the secretion of bile salts into the 

canalicularr lumen forming primary bile. During passage through the biliary tree primary 

bilee becomes more concentrated and in the gallbladder bile salt concentration reaches 

maximum.. Biliary phospholipid and cholesterol secretion is driven by the presence of bile 

saltss in the canalicular lumen. There is a hyperbolic relation between bile salt and biliary 

PCC secretion and PC secretion increases with hydrophobicity of the bile salt species. 

Biliaryy phospholipid secretion is fully controlled by Mdr2 P-glycoprotein in the canalicular 

membrane.. In homozygous Mdr2 -I- mice no phospholipid secretion was observed. The 

ATP-dependentt PC-translocating activities of murine Mdr2 P-gp and its human 

homologuee MDR3 P-gp is well established and together with their orthologues in other 

speciess (for instance rat Mdr2 P-gp (PGP3)) these proteins are classified as class III type 

P-glycoproteins. . 

Itt is thought that biliary phospholipid secretion serves to mitigate the detergent action of 

bilee salts and thereby protect the membranes lining the hepatic biliary tract. The 

detergentt capacities of bile salts increase with increasing overall hydrophobicity of the 

molecule.. Female mice of the FVB strain have a more hydrophobic bile salt pool as 

comparedd to males and also do have a higher maximal PC secretion rate. Previous 

experimentss in which the bile salt pool of male mice was made more hydrophobic by 

feedingg cholate showed that the maximal PC secretion capacity increased wi th 

concomitantt elevation of the Mdr2 mRNA expression (2,3). These results suggested that 

bilee salts counteract their potential destructive effects on membranes by inducing the PC 

translocationn capacities in the canalicular membrane. To substantiate this hypothesis we 

investigatedd the influence of reducing the bile salt pool in rats by chronic bile salt 

diversion.. Catheters were placed in common bile duct and duodenum of male Wistar rats. 

Thee bile duct catheter was connected to tubing wi th a swivel joint to start permanent 

bilee diversion. Restoration of the enterohepatic circulation (EHC) was achieved by 

interconnectionn of both catheters. Maximal secretion capacity of cholesterol and 

phospholipidd was assessed by infusion of tauroursodeoxycholate (TUDC) at stepwise 

increasedd rates (550, 1100, 1650 and 2200 nmol/minx100g body weight). Mdr2 mRNA 

levelss were determined by quantitative PCR using the LightCycler detection method. 
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Thesee expression levels were normalised to total mRNA expression as determined by 18S 

ribosomall RNA quantification. 

MATERIALSS AND METHODS 

Animalss and surgery 

Malee Wistar rats weighing 200-250 grams were obtained from Harlan-CPB (Zeist, The 

Netherlands).. Three days before surgery rats were housed individually in the same cages 

ass used for the bile diversion period following the surgery. The animals had free access 

too water and food. Rat surgery was performed under anaesthesia (hypnorm 

(fentanyl/fluanisone,, 1 ml kg, Janssen Pharmaceuticals, Beerse, Belgium and Midazolam. 

Thee rats were equipped with two catheters placed in the common bile duct and in the 

duodenumm respectively. (4). Both catheters were tunnelled subcutaneously to the head 

weree they were fixed to the skull. Interconnecting the catheters wi th a polyethylene loop 

restoredd the enterohepatic circulation. 

Experimentall set-up 

Att the start of the experiments (day 0) rats were anaesthetised using oxygen mixed wi th 

isofluranee 0 .6% (Forene®, Abbott Laboratories Ltd. Queensborough, U.K.) at a f low rate 

off 1 l/min. To deplete the endogenous bile salt pool, polyethylene tubing was connected 

too the biliary catheter and bile was diverted for a 2.5-hour period. At selected time points 

sampless of ten minutes each were taken. Following this depletion phase an infusion 

needlee was placed into the tail vein and TUDC was infused at stepwise increasing rates. 

Thee TUDC infusion rates during this standard bile infusion protocol were 550, 1100, 

16500 and 2200 nmol/min per 100 gram body weight, respectively, and the rate was 

changedd every 30 minutes. Bile was collected during this 2 hour period in fractions of 10 

minutess each and frozen immediately until further analysis. Regardless of the further 

experimentall set-up all rats received this standard TUDC infusion protocol also at day 4 

(966 hours after start experiment) and day 8 (192 hours after start of the experiment). At 

thee end of the TUDC infusion the rats were placed in their cages and the long term bile 

diversionn started (or continued) by interconnecting the bile canula to a long polyethylene 

tube.. Insertion of a swivel joint in this tube allowed the animals to move freely in their 
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cage.. The animals were fed ad libitum and had free access to water and to a 

glucose/salinee solution (glucose (5% (W/J) and sodiumchloride (0 .45% (W/J) to 

compensatee the loss of salts by diversion. Food and water intake and body weight were 

determinedd on a daily base to ensure a good condition of the animal. 

Fromm all animals bile was diverted during 4 days (96 hours), then the rats were randomly 

placedd in four different experimental groups. In the first group (n = 3) bile diversion was 

prolongedd to day 8 (192 hours). In the second group (n = 3) the enterohepatic circulation 

wass restored for 4 days (96-192 hours). The animals in the third and fourth group (n = 2 

each)) had a bile diversion of 8 days total (as in the first group) but additionally they 

receivedd a duodenal TC infusion (30 mM TC in water at 0.33 ml/hour* 100 grams body 

weight)) during the last 24 or 48 hours of bile diversion, respectively. 

Afterr the last TUDC infusion protocol at day 8 all rats were sacrificed and liver tissue 

wass frozen immediately in liquid nitrogen and stored at . RNA was isolated from 

thesee samples using the guanidinium isothiocyanate method and CsCI2 gradient 

purificationn (5). cDNA synthesis was carried out with 1 u.g of total RNA using and 

randomm hexamer primers and Superscript Reverse Transcriptase II (Life Technologies, 

Gaithersburg,, MD, USA), at C for 45 minutes. Subsequently RNAse H incubation was 

performedd for 1 5 minutes at 37  C. Upon ethanol precipitation cDNA was redissolved in 

2000 (xl of sterile water. 

Thee level of Mdr2 mRNA expression was determined using real-time fluorescence PCR 

withh the LightCycler (Roche, Mannhein, Germany). The PCR was performed wi th 2ul of 

cDNAA using a ready-to-use reaction mix for LightCycler based PCR (LightCycler-DNA 

masterr SYBR Green I (Roche Diagnostics, Mannheim, Germany), according to the 

manufacturerss protocols at an annealing temperature of 56  C. For Mdr2 analysis a 

primerr set was used that resulted in a 385 bp PCR-fragment; forward primer 

CAGACATCAGGAAGCCAGG (nt. 1913-1928) and reverse primer 

CCAGCGAGAACATGTTACC (nt. 2280-2298). A second primer set for 18S ribosomal 

RNAA was used separately to determine the total mRNA expression in each individual 

sample.. The forward 18S ribosomal RNA primer was TGATCCTGCCAGTAGCATATGC 

(nt.. 9-30) and the reverse primer was CTACCATCGAAAGTTGATAGGGC (nt. 358-380) 

andd this set resulted in a PCR-fragment of 371 bp. (6). Both primer sets were used at a 

finall concentration of 0.5 |*g. LightCycler PCR using samples from which reverse 
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transcriptasee was omitted only showed primer dimer formation confirming the specificity 

off PCR-reaction. Performing melting curve analysis that allows discrimination between 

primerr dimers and specific product assessed the specificity of the amplified PCR product. 

Thee amount of Mdr2 in the PCR reaction was determined using a standard PCR curve 

obtainedd by serial dilution of rat Mdr2 DNA template. For this, cDNA of normal Wistar 

ratss was prepared as described above. A 600 bp fragment of Mdr2 cDNA (nt. 1800-

2600)) was amplified by PCR using the following primer-set: CCTCCTGCTGGACGAGGCC 

{nt.. 1682-1709) and reverse primer CCTAGGCCCAAGAAGACC (nt .2297-2314). This 

PCRR fragment {632 bp) was cloned into the PCR-ll-1 vector (Invitrogen) and checked by 

sequencee analysis. A similar approach was used to obtain 18S ribosomal RNA DNA 

template,, wi th the same primer set as used for the LightCycler PCR mentioned above. 

Becausee several enzymatic steps are involved in this quantitative process some 

redundancyy was built in to assure reliable estimates of mRNA levels. From each liver we 

performedd two separate mRNA isolations and subsequently t w o separate rounds of 

cDNAA synthesis were applied to each sample. Finally these cDNA factions were all 

subjectedd twice to LightCycler PCR. 

Bilee samples were analysed for PC, bile salt (BS) and cholesterol content using enzymatic 

assayss as described before (7). 

Bilee f low during the 10-minute sampling period was determined gravimetrically, using 

pre-weightedd sample cups, assuming a density of 1 g/ml. 
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RESULTS S 

Too test our hypothesis that bile salts regulate Mdr2/Pgp3 mediated hepatobiliary PL 

secretionn we experimentally decreased the bile salt pool in male Wistar rats by prolonged 

interruptionn of the enterohepatic circulation. Besides the Mdr2 mediated PL translocation, 

thee presence of biliary bile salts is a prerequisite for lipid secretion (1,8). Therefore, 

regulatoryy effects on Mdr2 activity at the functional level were assessed by bile salt 

(TUDC)) infusion into the tail vein which ensured sufficient hepatobiliary secretion of bile 

salt.. Using a standard infusion protocol, in which the bile salt infusion rate was increased 

inn a stepwise manner, the maximal PL output capacity at any moment during 

manipulationn of the enterohepatic circulation could be assessed. 

Itt is known from literature that a curvilinear relation exists between biliary PC secretion 

andd biliary bile salt secretion (9). Alterations in factors influencing the PC secretory 

mechanism,, i.e. changes in the level of Mdr2 expression, would lead to differences in the 

curvess describing the relationship between biliary bile salts and PC. The relationship 

betweenn BS and PC secretion is captured in a mathematical model formulated by Mazer 

andd Carey (10). This model fits their and our experimental data on biliary lipid secretion in 

thee rat nicely. 

Theyy deduced the following equation: Pcsec = {PCmax* BSsec )/( p/k + BSsec ) (1) 

Wheree PCsec is the rate of biliary PC secretion, PCmax is the maximal rate of 

hepatocellularr phospholipid synthesis, BSsec is the rate of biliary BS secretion, p 

representss feedback inhibition of phospholipid synthesis by hepatic phospholipid content 

andd k describes the coupling constant between BSsec and PCsec. At the time this 

relationn was formulated it was not known yet that the PC translocating activity of Mdr2 

P-gpp (PGP3) plays a crucial role in biliary phospholipid secretion. The maximal 

phospholipidd output in their original formula therefore was determined by the maximal 

ratee of synthesis. Now it is known that Mdr2 P-gp activity is the major regulatory factor 

inn PC secretion (1,11). Therefore the PCmax in the formula can be substituted wi th 

PLsecMax,, the maximal PC secretory rate (12). At high bile salt fluxes the constant p/k in 

thee denominator is of minor importance and Plsec reaches PLsecMax. From studies wi th 

micee heterozygous for Mdr2 gene disruption and mice bearing a human MDR3 transgene, 

itt has become clear that PLsecMax is linearly related to P-glycoprotein expression (13) 

andd therefore can be viewed as a measure of Mdr2/Pgp3 expression in our experiments. 
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BileBile  diversion. 

Inn accordance wi th previous studies on bile diverted rats, bile salt output steadily 

declinedd during bile diversion to 1 5% of the initial values. No difference was observed in 
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Figuree 1. During the first 24 hours of bile diversion bile salt output reduces 
too approx. 15% of initial values, indicating that the bile salt pool is 
depleted.. During chronic bile diversion BS output remains low. Upon 
restorationn of the enterohepatic circulation (EHC) there is a very strong 
increasee in bile salt output to 2.5-fold higher levels as compared to t = 0; 
thiss is due to the induction of the enzymes ion the biosynthetic pathway 
off bile salts during bile diversion. Data indicate mean  stand. Dev. (initial 
depletionn phase n = 6; continuous depleted n = 3; restored EHC n = 3). 

thee (low) steady state secretion rates for endogenous bile salts between four days and 

eightt days bile diverted rats (Fig. 1). It is known that when the bile salt pool is fully 

depletedd bile sait secretion rate equals its synthetic capacity. Furthermore it has been 

shownn that both specific activity and mRNA levels of cholesterol 7cc-hydroxylase, one of 

thee key enzymes involved in bile salt synthesis are upregulated during prolonged bile 

diversionn (14). In our experiment in which rat bile was depleted for four days and 

subsequentlyy the enterohepatic circulation was restored, the steady state bile salt 

secretionn rates became higher than in controls. This overshoot was most likely due to the 

increasedd expression of key enzymes in bile salt synthesis. 
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BiliaryBiliary  lipid  secretion  during  manipulation  of  the EHC. 

Thee PC/BS relationship reflecting the "normal" situation in rats receiving the standard 

TUDCC infusion protocol was determined at the start of the experiment. A 2.5 hour bile 

depletionn period prior the bile salt infusion was necessary to prevent the contribution of 

endogenouss bile salts (mainly taurocholate and tauromuricholate) on TUDC evoked PL 

secretion.. HPLC analysis of bile samples taken during TUDC infusion showed that even 

att moderate infusion rates (1100 nmol/min*100 gram body weight) less than 1.5% of 

thee bile salts originated from the endogenous pool. The maximal TUDC secretion rate 

thatt can be reached using the standard infusion protocol is 0 nmol/min*100 grams 

bodyy weight. We observed that during TUDC infusion the bile salt output value increased 

wi thh each consecutive timepoint and it never reached a plateau (data not shown). 

Thereforee it is unlikely that the maximal TUDC secretion rate we observed is the absolute 

maximall secretion value and no experimental cholestasis was induced. 

Ass expected a curvilinear relation between PC and BS secretion was observed in 

agreementt with what has been reported for rats and other species before (Fig 2A). Fitting 

thee data wi th equation 1, PLsecMax was determined to be 75 nmol/min*100gram body 

weight.. After four days of bile diversion the PL secretion was determined again by the 

samee TUDC infusion protocol. The PC output was drastically decreased (Fig 2B) at any 

givenn bile salt output. The PLsecMax only reached 4 2 % of the control value at day 0 

suggestingg a decreased expression of Mdr2. At this point a mild reduction in TUDC (to 

8 4 %% of control) secretion capacity was observed in some of the rats. 

Prolongingg the bile depletion period to 192 hours showed (Fig 2C) that the PC secretion 

capacityy at any given bile salt output was even further decreased. The PLsecMax had 

decreasedd to 16% of the value obtained at the start of the diversion period. The maximal 

levell of TUDC secretion that was reached at this point was about 8 4 % of the control 

situation,, like day 4. To ascertain that the effects on PC secretion could be contributed 

too the diversion of bile alone, the enterohepatic circulation of 4 rats was restored by 

shuntingg the biliary and duodenal canula after 96 hours of bile diversion until the end of 

thee experiment at 192 hours. In these animals the PC output capacity was considerably 

increasedd compared to 4 days or 8 days of bile diversion (Fig 2D). The maximal output 

capacityy reached 11 5% of the control values showing that the inhibiting effect of bile 

saltt diversion on PC secretion capacity could be reversed totally by restoration of the 

enterohepaticc cycle. Although the data in figure 2 indicate that the PC output in some 
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Figuree 2. Phospolipid output capacity under different experimental conditions. A standard 
infusionn of TUDC (550, 1100, 1650, 2250 nmol/minx100 gram bw.) was used. (A) PLsec 
inn controls; (B) and (C) PLsec during 4 or 8 days of bile diversion respectively; (D) Plsec in 
animalss of which the bole was diverted for 4 days followed restoration of the 
enterohepaticc cycle of biliary components. The data were fit using the formula describing 
Plsecc as disussed in the text. 

animalss is much higher than in others, analysis of the data from individual rats showed 

thatt the PLsecMax values of every animal normalised, upon restoration of the EHC, to 

thee values determined for each individual at the start of the experiment. Restoration of 

thee normal enterohepatic cycling led also to increased maximal bile salt secretion 

capacityy compared to four or eight days of bile diversion; these values now reached 

105%% of control values. 

Thee biliary secretion of cholesterol is not exclusively dependent on mdr2 P-gp activity. It 

hass been suggested that cholesterol is partly secreted in association wi th PC, and that 

thiss mechanism depends on Mdr2 P-gp mediated PC translocation and the formation of 
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vesicless on the canalicular outer membrane leaflet. These vesicles then are shed from the 

membranee in the presence of bile salts. On the other hand in the absence of mdr2 P-gp 

activityy still a fraction of cholesterol is secreted into bile upon infusion of bile salts. This 

secretionn most probably is caused by direct extraction of cholesterol in bile salt micelles 

presentt in the canalicular lumen, a mechanism which has been suggested already for 

manyy years (15-19). 

Usingg the method of best fit on all available data a curvilinear relation was found that 

includedd both mechanistic aspects of cholesterol secretion: CHOLsec = A0*BSsec + 

A^PIsecc (2). In this equation A0 en A^ are constants and the first term could be regarded 

ass "extraction-term" and the second as "vesiculation-term". This empirical equation was 

furtherr used to f i t the data of cholesterol secretion. The secretion of biliary cholesterol 

duringg the different stages of interruption and restoration of the enterohepatic circulation 

showedd roughly a similar pattern as phospholipid secretion. During bile depletion the 

maximall cholesterol output decreased to 3 2 % of control at 4 days. Prolonging the 

depletionn with another 96 hours did not lead to a further decrease in CHOLsecMAX 

(32%).. Restoration of the EHC during the last 96 hours of the experiment resulted in 

nearr normal values of cholesterol secretion capacities (105%), as was the case in 

phospholipidd secretion. Also in this situation cholesterol output values from individual 

ratss were not within narrow ranges, but cholesterol output capacities for each individual 

reachedd the values found in these rats at the start of the experiment (day 0). 

EffectsEffects  of  duodenal  bile  salt  infusion. 

Soo far the data can not exclude a role for other biliary constituents than bile salts in 

regulatingg the expression of Mdr2 and concomitantly biliary lipid secretion. To address 

thiss point into more detail bile salt (TO was infused through the duodenal catheter during 

thee last 24 or 48 hours of a total of 192 hrs of bile depletion. Taurocholic acid was 

chosenn because it is the main bile salt found in normal rat bile. The TC infusion rate was 

0.333 ml/hour* 100 grams and with an concentration of 30 mM that results in 720 

fimol/day.. This is roughly 1.5 times the amount of bile salt secreted in the normal 

situationn in the rat (4,20) and is in the same order used in previous similar experiments 

byy Pandak et al. (14,21). Functional assessment of biliary lipid secretion with the 

standardd TUDC infusion protocol was not influenced by the duodenal TC infusion 

becausee it was preceded by a standard 90 minutes depletion phase. HPLC analysis of the 
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bilee samples showed that the maximal molar contamination of TUDC with TC was less 

thann 0 .5%. In both rats receiving a TC infusion for the last 24 hours a slight increase in 

maximall PC secretion capacity could be detected; 3 0 % of control as opposed to 16% in 

88 days diverted rats (figure 3A). In rats that received duodenal TC during a period of 48 

hourss the maximal PC secretion capacity was more strongly increased although these 

increasess were different in both rats. One of the rats (rat B) reached 7 7 % of control 

valuee and in the second one (rat A) secretion rates above normal were reached (137%) 

ass shown in figure 3B. Due to the small group it is not known exactly what levels can be 

reachedd but this is a strong indication that normalising the bile salt pool leads to 

reestablishmentt of biliary phospholipid secretion. 

Thee cholesterol secretion curves for rat receiving duodenal TC infusion are shown in 

Figuree 3: Phospholipid 
secretionn curves for bile 
divertedd rats receiving 
duodenall TC infusion. Fig. 
3AA shows the phospholipid 
secretionn in 8 days bile 
divertedd rats that received a 
duodenall TC infusion during 
thee last 24 hours (circles). 
Thee curves obtained from 
fittingg the data with the 
formulaa describing PLsec, 
ass described in the text, are 
shownn for these rats (solid 
line).. The dotted line 
representss the curve 
describingg PLsec in control 
ratss (day 0). Fig 3B shows 
similarr curves for 8 days 
bilee diverted rats that 
receivedd the duodenal TC 
infusionn during the last 48 
hours.. Here the curves are 
calculatedd for both animals 
inn this group; rat A and rat 
BB (see text). The dotted line 
representss the curve 
describingg PLsec in control 
ratss (day 0). 
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2255 450 6755 900 1125 1350 1575 

BSS secretion (nmol/minx100g bw) 
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figuree 4. In contrast to PL secretion, the capacity of cholesterol secretion was not 

increasedd in rats receiving the 24 hours TC infusion; in both animals it remained low at 

3 2 %% of control (fig. 4A). Duodenal infusion of TC during a 48 hours period showed that 

inn rat A CHOLsecMAX increased to 65% of controls while rat B remained at 3 2 % , the 

samee level as found for eight days bile diverted rats (Fig 4B). 
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Figuree 4: Cholesterol 
secretionn curves for bile 
divertedd rats receiving 
duodenall TC infusion. Fig. 
4AA shows the cholesterol 
secretionn in 8 days bile 
divertedd rats that received 
aa duodenal TC infusion 
duringg the last 24 hours 
(circles).. The curves 
obtainedd from fitting the 
dataa with the formula 
describingg CHOLsec, as 
de-scribedd in the text, are 
shownn for these rats (solid 
line).. The dotted line 
representss the curve 
describingg CHOLsec in 
controll rats (day 0). Fig 
4BB shows similar curves 
forr 8 days bile diverted 
ratss that received the 
duodenall TC infusion 
duringg the last 48 hours. 
Heree the curves are 
calculatedd for both 
animalss in this group; rat 
AA and rat B (see text). The 
dottedd line represents the 
curvee for PLsec in control 
ratss (day 0). 

Inn all experimental groups no significant differences in total liver phospholipid or 

cholesteroll content could be detected (table 1). 
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Experimentall condition 

Control l 

Bilee diversion (192 hr) 

Restoredd EHC 

TCC infusion (24 hr) 

TCC infusion (48 hr) 

Phospholipidd content 

(nmol/gram) ) 

755 (56-94) 

733 (64-86) 

800 (65-95) 

86(68-104) ) 

75(66-81) ) 

Cholesteroll content 

(^.mol/gram) ) 

166 (13-19) 

155 (13-21) 

166 (14-19) 

166 (12-19) 

166 (12-20) 

Tablee 1: Phospholipid and cholesterol content of rat liver from different experimental conditions. 
Becausee of the limited number of animals (n = 2 or 3) the range of normalised expression values 
forr each group is given between brackets. 

AnalysisAnalysis  of  Mdr2 (Pgp3)  mRNA levels  in  rat  liver. 

Followingg the hypothesis that PLsecMax is a measure for mdr2/Pgp3 expression we 

investigatedd whether the functional differences observed during manipulation of the 

enterohepaticc circulation coincided wi th changes in Mdr2 mRNA expression. Rat livers 

weree harvested at the end of the experiment and mRNA was isolated. Quantitative data 

onn Mdr2 and 18S ribosomal RNA levels were obtained using real-time fluorescence PCR 

wi thh the LightCycler. The levels of 18 S RNA were used to normalise Mdr2 mRNA levels. 

Thesee data are presented in table 2. 

Experimentall condition 

Bilee diversion (192 hr) 

Restoredd EHC 

TCC infusion (24 hr) 

TCC infusion (48 hr) Rat A 

TCC infusion (48 hr) Rat B 

Mdr2Mdr2  expression 

(%% of control) 

20(18-22)) ) 

622 (53-70) 

211 (18-24) 

111 1 

59 9 

Tablee 2: Quantification of rat liver Mdr2 mRNA levels. The expression levels of each individual 
animall were normalised to the expression levels of ribosomal 18S RNA. The normalised Mdr2 
RNAA levels are expressed as percentage of control. Because of the limited number of animals 
(nn = 2 or 3) the range of normalised expression values for each group is given between brackets. 
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Thee relative expression levels of Mdr2 in rat liver and the observed maximal PL secretion 
capacitiess of the different experimental groups are depicted in figure 3. Because of the 
fairlyy large differences in maximal PL secretion capacities between the two rats receiving 
488 hours of duodenal TC infusion, these rats are depicted separately (rats A and B). From 
thiss figure it can be seen that Mdr2 expression levels and maximal PL capacity closely 
correlate. . 

/ / 

controll bile restored 
diversionn EHC 

88 days 4 days 

244 h 488 h A 48 h B 

duodenall tauro-
cholatee infusion 

150 0 

120 0 

Figuree 5. This figure describes the close correlation between maximal phospholipid 
secretionn capacity and Mdr2 expression. The values were determined from the curves in 
figs.. 2 and 3. It is clear that bile diversion leads to dramatic downregulation of Mdr2 
whichh can be (slowly) restored by duodenal TC infusion.Levels of mRNA expression 
weree determined from quantitative PCR (LightCycler) as displayed in table 2. 
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DISCUSSION N 

Thee secretion of BS into the canalicular lumen is a prerequisite for the secretion of 

phospholipidss into bile. However when Mdr2 P-glycoprotein is not functioning properly in 

thee canalicular membrane phospholipid secretion will not take place despite the presence 

off bile salts in the canalicular lumen (1). All data available suggest that these Class III P-

gpss function in biliary lipid secretion by the translocation of PC from the canalicular 

membranee leaflet facing the cytosol of the hepatocyte to the membrane leaflet facing the 

canalicularr lumen (8). It is thought that bile salts in the canalicular space play a role in 

extractingg phospholipid from the membrane leaflet facing the canalicular space although 

thee exact mechanism by which they act is not known (8,22). When pathophysiological 

conditionss block the hepatobiliary phospholipid secretion mediated by class III P-gps, 

whilee bile salt secretion is normal, liver pathology will develop. Mice that are homozygous 

forr a disruption of the Mdr2 gene developed nonsuppurative inflammatory cholangitis, 

whichh is believed to be secondary to the defect (1,23). Furthermore it has been shown 

thatt a group of patients suffering from progressive familial intrahepatic cholestasis, wi th 

highh serum levels of y-glutamyl transferase have mutations in the MDR3 gene (24,25). It 

iss thought that these pathologic effects occur because the detergent action of bile salts 

iss not counteracted by the presence of biliary lipids. 

Previouslyy we have shown that female mice (FVB) have higher maximal PC secretion 

ratess as compared to males (3,26). These female mice also had a bile salt composition 

thatt was more hydrophobic because of proportional increased levels of TC species. We 

hypothesisedd that increased lipid extraction capacity of bile would lead to increased P-

glycoproteinn mediated PC secretion capacity in a regulated fashion. This was 

substantiatedd by the increased PC secretion capacity and Mdr2 P-gp levels that were 

foundd in male mice of which the hydrophobic bile salt pool was enlarged by feeding TC 

(3).. The current study shows that bile salts are indeed able to regulate biliary lipid 

secretionn through regulation of Mdr2 mRNA expression. Reducing the bile salt pool by 

chronicc bile diversion results in substantially decreased Mdr2 mRNA levels and a 

reductionn in maximal PC secretion capacity. When the EHC is restored both phospholipid 

secretionn capacity and Mdr2 mRNA expression increase. Duodenal infusion of TC 

showedd that increasing the bile salt load alone is sufficient to increase these parameters 

andd that no other biliary constituents are required to achieve this. It is known that choline 

deficiencyy leads to reduced PC secretion in rats (27) This can be contributed to reduced 
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PCC synthesis via the CDP-choline pathway. In a separate experiment (not shown) we 

showedd that suppletion of choline to the their drinking water had no effect on the 

reducedd maximal PC secretion rates during bile diversion. This is in agreement wi th 

previouss studies of choiine-depleted rats and prolonged bile diversion (28,29) 

Furthermoree total liver PL content was identical in the different experimental groups used 

throughoutt this study. 

Itt is clear that in bile diverted rats choline is also depleted. The discrepancy between our 

resultss and the reduced PC secretion in choline deficient rats as described by Robins et 

al.. (27) can probably be explained by the longer depletion period others (28,29) and we 

used.. It was shown that in choline deficient rats PC synthesis switches to trans-

methylationn instead of synthesis from choline (30) and this process takes longer then the 

100 hour depletion used by Robins et al. (27). Interesting was the finding that, in rats 

receivingg duodena! TC infusion for 48 hours, maximal cholesterol secretion did not 

exceedd 6 5 % of normal secretion while in these rats PL secretion capacity was much 

moree increased. The cholesterol content in these livers was not different from controls. 

Howeverr growing insight in the origin of biliary cholesterol does not designate newly 

hepaticc synthesised cholesterol as the most important pool but cholesterol originating 

fromm high density lipoproteins (31-36). Recent studies suggest that this cholesterol does 

nott enter the cell but laterally diffuses along the plasmamembrane and is secreted very 

rapidlyy (34). In the present study no information on HDL levels were obtained but it is 

knownn that mdr2 -/- mice that also lack biliary lipids in their intestine have reduced levels 

off HDL cholesterol (37). In bile diverted rats (8 days) cholesterol synthetic capacity is 

increasedd (4) and recently it has been shown that the bile fraction of newly synthesised 

cholesteroll was increased 3-5 times as compared to normal rats (38), while total liver 

cholesteroll remained the same. Therefore it is possible that in contrast to normal rats, in 

bilee diverted rats most of the cholesterol is originating from newly synthesised 

cholesterol.. In bile diverted rats, where cholesterol secretion is low because of decreased 

mdr22 expression, the upregulated synthesis of cholesterol is probably sufficient to keep 

upp wi th biliary cholesterol secretion. However in bile diverted rats receiving duodenal TC 

infusion,, bile salts can resume their negative control on cholesterol synthesis. In addition, 

thee up-regulation of bile salt synthesis in bile salt diverted rats may further drain the 

cholesteroll pool. Thirdly, because bile diversion is continued during TC infusion, the HDL 

levell in plasma will remain low. As a consequence, in that situation cholesterol supply 
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couldd become limiting and could explain why the CHOLsecMAX does not increase in a 

similarr way PLsecMax does. 

Thee current experiments confirm our previous finding that bile salts are able to regulate 

biliaryy lipid secretion by regulating the expression of the Mdr2 mRNA. Recently it has 

beenn demonstrated that bile salts are natural ligands for a nuclear receptor called 

Farnesoidd X receptor (FXR) (39,40). Formation of a bile salt-receptor complex increases 

thee affinity for coactivator proteins such as SRC-1 (40), that is the key step in the 

formationn of active transcription complexes (41). It has been shown that such a nuclear 

bilee salt signalling pathway may have both negative and positive regulatory effects on 

differentt genes involved in cholesterol homeostasis (40). It is not known whether this 

FXRR is involved in regulation of class III P-glycoprotein genes. The relative slow effect 

bilee salt infusion has on the restoration of Mdr2 P-gp levels, only 1 5% increase within 24 

hours,, makes it unlikely that BS resort their effect through direct binding to such a 

receptor.. However, to exclude this, more experimental data is needed, for instance on 

thee response of Mdr2 P-gp to different concentrations of infused bile salt. No sequences 

similarr to the bile salt responsive elements identified in cholesterol 7a-hydroxylase or 

intestinall bile acid binding-protein could be identified in the promoter regions of human 

MDR3MDR3 or rat Mdr2 promoter regions (not shown). Taken together the present data 

stronglyy support our previous conclusion that the type and amount of bile salt present in 

thee circulating bile salt pool are capable of regulating biliary lipid secretion (2,3). Such a 

regulatoryy feature would be in agreement with the proposed bile salt toxicity neutralising 

functionn of biliary phospholipids. 
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Abstract t 

Thiss paper reports the development of a dual column system for the simultaneous separation of fluorescent short-chain 
ceramide,, 6-[(7-nitrobenz-2-oxa-l,3,-diazol-4-yl[NBD])amino]hexanoyl-sphingosine and its metabolites, C6-NBD-sphing-
omyelinn and C6-NBD-glucosylceramide, as well as the fluorescent derivatives of choline and serine phosphatides. The 
methodd enables the separation of these lipids in a single run on the basis of the polarity of their headgroups and 
hydrophobicityy of their acyl backbone. The fluorescent properties of the NBD-label make it possible to quantitate small 
amountss of NBD-lipid analogues. The sensitivity of the presented method thus permits the use of small sample volumes and 
thee determination of NBD-lipid analogues secreted into mouse bile directly, without prior extraction or concentration steps. 
©© 1998 Elsevier Science B.V. Al l rights reserved. 

Keywords:Keywords: Derivatization, LC; Lipids 

1.. Introductio n 

Cholesteroll  and phospholipids (PLs) are major 
constituentss of the organic fraction of bile. The 
"classical""  model for biliary lipi d secretion sup-
posedd the passive extraction of canalicular membrane 
lipidss by micellar bile salts in the canalicular lumen 

Correspondingg author. Address for correspondence: Dept. Gas-
trointestinall  and Liver Diseases, SLIC FO-116, Meibergdreef 9, 
11055 AZ, Amsterdam, The Netherlands. 
'Presentt address: NV. PWN, Waterleidingbedrijf Noord-Holland, 
Departmentt of Quality Control Organic Micropolutants, Haarlem. 
Thee Netherlands. 

(reviewedd in Ref. [1]). Recently, it was demonstrated 
thatt a protein present in the canalicular membrane of 
thee hepatocyte also has a major regulatory function 
inn lipi d secretion from the liver to the bile [2]. This 
mdr22 P-glycoprotein translocates phosphatidylchol-
inee (PC) from the inner leaflet to the outer leaflet of 
thee hepatocyte canalicular membrane ensuring a 
steadyy supply of PC available to be extracted by bile 
saltss present in the bile canaliculus [2 -5 ]. The exact 
mechanismm of biliary PL secretion is not yet known 
butt the appreciation of an important role for mem-
branee bound ATP-dependent transport proteins in 
thiss process provided a new impulse and tools to 
studyy this mechanism. 

0378-4347/98/S19.0OO © 1998 Elsevier Science B.V. All rights reserved. 
PII ::  S0378-4347(98)00132-7 
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Thee transbilayer movement of lipids by a trans-
locatorr (flippase) in biological membranes can be 
studiedd by monitoring the distribution of fluorescent 
lipidd analogues over both leaflets of the bilayer [6,7]. 
Thee most commonly used PL analogues in this 
respectt are lipids with a fluorescent short acyl chain 
(C66 or C12) with a 7-nitrobenz-2-oxa-l,3-diazol-4-yl 
groupp (NBD) as the fluorophore. By replacing one of 
thee naturally occurring fatty acids by the short-chain 
labelledd fluorescent fatty acid, the resulting lipid 
analoguess can be readily integrated into biological 
membraness by spontaneous lipid transfer from ex-
ogenouss sources like bovine serum albumin (BSA) 
orr liposomes. 

Inn most studies a thin layer chromatographic 
methodd is used to characterise and quantify NBD-
lipidd metabolites [8,9]. This method is laborious, 
timee consuming and insensitive. 

AA RPLC method circumvents the problems with 
thee aqueous matrix of the sample. Martin and Pagano 
usedd a C„ column in order to separate NBD-labelled 
lipidss [10]. However, this separation is mainly based 
onn the length of the acyl chains and not the polarity 
off  the different headgroups (extensively reviewed by 
Olssonn and Salem [11]). As studied by Andrews [12] 
andd Samet et al. [13] use of a column material 
modifiedd with more polar groups like cyanopropyl or 
dioll  permits separation of several classes of un-
derivatizedd PLs. 

Thee polarity and chain length differences of the 
biliaryy NBD-lipids of interest prohibited the use of 
thee methods mentioned above. In this paper, we 
describee a new method, which allows separation and 
quantificationn of several NBD-lipid analogues. 

2.. Experimental 

2.1.2.1. Materials 

Krebs-bicarbonatee buffer containing, 120 mM 
NaCl,, 24 mW NaHC03, 1.2 mW KH 2P04, 4.8 mM 
KC1,, 1.2 mM MgS04 and 1.3 mM CaCl2; pH 7.4, 
N-2-hydroxyethyy lpiperazine-N' -2-ethane sulphonic 
acidd (HEPES) and BSA (essentially fatty acid free) 
weree obtained from Sigma (St. Louis, MO, USA). 
Tauroursodeoxycholicc acid (TUDC, 99%) was ob-
tainedd from Calbiochem-Novabiochem (La Jolla, 

CA,, USA). Methanol, HPLC-grade, was obtained 
fromm Baker (Deventer, The Netherlands). Triethyl-
amine,, 99%, was obtained from Merck-Schuchardt 
(Hohenbrunn,, Germany). O-phosphoric acid, 85%, 
wass obtained from Merck (Darmstadt, Germany). 
C6-NBD-ceramidee (6-{(N-[7-nitrobenz-2-oxa-1,3-
diazol-4-yl]amino)hexanoyl}sphingosine)) and C6-
NBD-sphingomyelinn (6-{(N-[7-nitrobenz-2-oxa-1,3-
diazol-4-yl]amino)hexanoyl}sphingosyl-phosphocho--
iine)) and C6-NBD-C16-PC (2-{6-[(7-nitrobenz-2-
oxa-l,3-diazol-4-yl)) amino] hexanoyl}-l-hexadeca-
noyl-.wi-glycero-3-phosphocholine)) and C6-NBD-
C12-PCC (2-{6-[(7-nitrobenz-2-oxa-l, 3-diazol-4-yl) 
amino]hexanoyy 1}  -1 - - dodecanoyl - sn - glycero - 3 - phos-
phocholine)) were obtained from Molecular 
Probess (Eugene, OR, USA), C6-NBD-C16-PE (2-{6-
[(7-nitrobenz-2-oxa-1,, 3-diazol-4-yl)amino]hexan-
oyy 1}  -1 - hexadecanoy 1 - sn - glycero- 3 - phosphoethanol-
amine),, C6-NBD-C16-PS (2-{6-[(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino]hexanoyl}-- 1-hexadecanoyl-sn-
glycero-3-phosphoserine),, C6-NBD-C14-PC (2-{6-
[(7-nitrobenz-2-oxa-1,, 3-diazol-4-yl )amino]hexan-
oyl}}  -1 - tetradecanoyl-Mi-glycero - 3 - phosphocholine) 
weree obtained from Avanti Polar Lipids (Alabaster, 
AL ,, USA), C6-NBD-glucosylceramide was a kind 
giftt of Dr. G. van Meer. 

2.2.2.2. Methods 

2.2.1.2.2.1. Fluorescent probe preparation 
C6-NBD-ceramidee was bound to BSA adapting 

thee method described by Crawford et al. [8]. C6-
NBD-ceramidee (109 nmol dissolved in 25 u.1 etha-
nol)) was added to 1.25 ml Krebs-bicarbonate, pH 
7.45,, containing 10 mAf HEPES and 30 mg/ml BSA 
(essentiallyy fatty acid free). After dialysing the 
solutionsolution fourtimes against this medium at 4°C, 
aliquotss were prepared finally containing 6.6 nmol 
C6-NBD-ceramidee bound to BSA in a 1:5 molar 
ratio. . 

2.2.2.2.2.2. In situ mouse liver perfusion system 
Mousee surgery and perfusion technique and solu-

tionn preparation were performed as described previ-
ouslyy [14]. Briefly, under anaesthesia (Hypnorm 
(fentanyl/fluanisone),, 1 ml/kg, Janssen, Beerse, 
Belgium)) the vena cava superior, the gallbladder and 
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portall  vein were cannulated. Perfusion was per-
formedd in orthograde direction with Krebs-bicarbon-
atee buffer in a perfusion cabinet thermostated at 
37CC.. The perfusion medium was gassed with car-
bogenn (5% C02, 95% 02 , Hoek Loos, Schiedam, 
Thee Netherlands) in an oxygenator. Directly after 
startt of the perfusion with Krebs-bicarbonate buffer, 
TUDCC was infused through a three-way connector 
attachedd to the portal vein cannula, at a steady rate of 
5000 nmol/min/100 g body weight during the whole 
experimentall  period to maintain constant biliary 
excretion.. After a stabilisation period of 20 min, a 
boluss NBD-ceramide was given into the perfusion 
mediumm by infusion through to the portal vein 
cannula. . 

Bilee samples were collected at 5 min intervals, 
tentimess diluted with distilled water and immediately 
frozenn at -20°C. C6-NBD-C16-PC was dissolved in 
eluentt (85% 0.45 itiM triethylammoniumphosphate 
inn methanol+15% 0.45 voM triethylammoniumphos-
phatee at pH 3) and was used as internal standard. 
Beforee injection the samples were diluted four times 
withh internal standard solution that resulted in a final 
amountt of 1.2 pmol per injection. 

2.3.2.3. Instrumentation 

Thee HPLC system used consisted of a Gynkotek 
4800 HPLC gradient system (Germering, Germany) 
connectedd to a Rheodyne 7125 injection valve 
(Cotati,, CA, USA) with an 20 \L\ injection loop and a 
Jascoo FP920 Fluorimeter (Tokyo, Japan); excitation 
wavelengthh set to 470 nm and emission wavelength 
onn 530 nm. The LC columns (Inertsil ODS-2, 5 u,m, 
1000 mmX3 mm I.D. and Spherisorb CN, 3 u,m, 100 
mmX4.66 mm I.D.) used were obtained from Chrom-
packk (Bergen op Zoom, The Netherlands). Data 
acquisitionn was performed on a computer with 
Gynkosoftt integration software. The eluent flow-rate 
wass 0.6 ml/min. Gradient runs were performed using 
(A)) 0.45 mAf triethylammoniumphosphate at pH 3.0 
(unlesss otherwise mentioned) and (B) 0.45 mM 
triethylammoniumphosphatee in methanol. The initial 
eluentt composition was 15% A and 85% B, after 0.5 
minn this was linearly changed to 100% B in 9 min 
andd kept for 6 min at 100%. Finally the system was 
resett to its initial composition in 5.5 min and 

stabilisedd for 8 min before the next analysis was 
started. . 

3.. Results and discussion 

AA bolus of NBD-labelled ceramide, added to the 
perfusatee of a mouse liver [8,15] was taken up by the 
hepatocytee and partially metabolised to NBD-sphing-
omyelinn and NBD-glucosylceramide. Secretion of 
thee precursor molecule and its metabolites into the 
bilee was measured in a fluorometer. In order to 
separatee and quantify these PLs of interest, the 
RPLCC method described by Martin and Pagano [10] 
wass used and C6-NBD-C16-PC was included for use 
ass internal standard. Following the conditions used in 
thiss method, it was not possible to separate NBD-
sphingomyelinn from NBD-glucosylceramide (Fig. 
1A).. In an attempt to improve the separation, the 
effectt of varying the amount of methanol was 
studied.. From Fig. IB, it can be seen that the amount 
off  methanol has dramatic effects on the retention of 
thee lipids. A change from 95 to 75% methanol in the 
mobilee phase led to an increase of 30 to 40 min for 
ceramidee and sphingomyelin and glucosylceramide 
whilee for the fluorescent lipid analogue of phos-
phatidylcholinee an increase of about 75 min was 
observed.. However, with the variation of the metha-
noll  concentration no separation between sphing-
omyelinn and glucosylceramide was achieved. Vari-
ationn of the pH between 2.5 and 6.0 had littl e 
influencee on the separation (results not shown) as 
couldd be expected from the fact that the separation 
onn a C18 column is based on apolar interactions of 
thee lipids with the stationary phase. Thus, com-
poundss with the same polar headgroup could be 
separatedd (i.e., sphingomyelin and phosphatidylchol-
ine)) due to their difference in acyl backbone. In 
contrast,, sphingomyelin and glucosylceramide have 
identicall  sphingosine backbones but different head-
groupss and these could not be separated on a C18 

column.. To minimise the retention time and to obtain 
betterr peak shapes, we chose for gradient elution 
(85-100%% methanol). With this procedure, the peaks 
elutee within 17 min. 

Whenn a cyano column was used, it was possible to 
separatee the PLs on the basis of their polar be-
haviour.haviour. With this column, it was possible to separate 
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Timee (min) 

Methanoll percentage (%) 

Fig.. 1. Isocratic separation of the NBD-lipids on C18 column. (A) Separation of NBD-sphingomyelin (0.3 pmol) and NBD-glucosylceramide 
(0.33 pmol) (peak 1), NBD-ceramide (0.4 pmol; peak 2) and C6-NBD-C16-phosphatidylcholine (0.5 pmol; peak 3); mobile phase flow-rate 
0.66 ml/min; 15% 45 mAf triethylammoniumphosphate (TEAP) (pH 3) and 85% 45 mM TEAP in methanol. (B) Influence of the amount of 
methanoll  on the retention time of the NBD-lipids. C6-NBD-C16-phosphatidylcholine (A), NBD-ceramide ) and NBD-sphingomyelin-t-
NBD-glucosylceramidee . 

NBD-sphingomyelinn from NBD-glucosylceramide, 
butt then the peaks of NBD-ceramide and NBD-
glucosylceramidee overlapped. As the separation of 
thee compounds with this stationary phase is based on 
polarity,, the effect of varying the pH on the selectivi-
tyy was studied. In the pH range of 2.5-6, no effect 
onn the retention nor on the resolution of the com-
poundss was observed. This could be due to the 
amountt of methanol (85%) used. However, the 
differencee between ceramide and glucosylceramide is 
onlyy a sugar moiety and influence of the pH on the 

separationn was therefore not expected. Variation of 
thee amount of methanol had drastic effects on the 
peakk shape of the PLs. With relatively low amounts 
off  methanol (<80%) the plate number fell off to 
aboutt 1000 while it is about 4000 with methanol 
percentagess above 80%. Due to this reduction in 
platee number there was no separation between 
sphingomyelinn and phosphatidylcholine possible 
evenn at 60% methanol although there was a differ-
encee in retention time (Fig. 2). The sharp decrease in 
platee number is probably caused by the change in 
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Fig.. 2. Influence of the amount of methanol on the retention time of the NBD-lipids on a CN column. C6-NBD-C16-phosphatidylcholine 
(A),, NBD-sphingomyelin ) and NBD-glucosylceramide+NBD-ceramide . 

retentionn mechanism: above 80% methanol the re-
tentionn mechanism is based upon the polar interac-
tionss of the stationary phase with the polar moieties 
off  the lipids giving more retention at higher amounts 
off  methanol. Under these conditions, separation 
betweenn the choline moiety and hydroxy 1 groups is 
possible.. At lower amounts of methanol, the apolar 
interactionss of the acyl backbone with the propyl-
chainn of the stationary phase come into account. 

Thee individual retention times of the PLs on both 
columnss described above, suggests that with a 
combinationn of both columns separation of all com-
poundss is possible. It can be calculated with the data 
shownn (Figs. 1 and 2) that the retention times for 
bothh columns in series would become 7.5, 7.9, 8.7 
andd 11.1 min, respectively for NBD-gluco-
sylceramide,, NBD-sphingomyelin, NBD-ceramide 
andd C6-NBD-C16-phosphatidylcholine, suggesting 
separationn of all compounds mentioned. However, 
thesee calculations do not take in account the effect of 
aa gradient program used. As a consequence of the 
usee of a gradient program with coupled columns the 
conditionss for separation on both columns are not 
identical.. Consequently, it is hard to predict which 
columnn should be placed in front of the other. It can 
bee suggested that the effect of the gradient leads to a 

betterr separation for the first three peaks as the 
resolutionn between sphingomyelin and gluco-
sylceramidee and ceramide on the cyanopropyl col-
umnn is increased at higher methanol percentages. 

3.1.3.1. Final procedure 

Thee best option was to place the Cl 8 column in 
frontt of the cyanopropyl column in order to elute the 
compoundss with a relative high amount of methanol 
off  this column. In Fig. 3, the chromatograms are 
shownn for the separation of the PLs on the combined 
columns.. Fig. 3A shows the chromatogram for the 
cyanoo column placed after the C] 8 column, while in 
Fig.. 3B the cyano column is placed before the C18 

column;; the separation is carried out under exactly 
thee same conditions. As can be seen the separation 
wass optimal in the proposed sequence (Fig. 3A). The 
reall  and calculated retention times slightly differ but, 
ass suggested by the simple calculations above, 
separationn could be achieved. The resolution be-
tweenn NBD-glucosylceramide and NBD-sphingo-
myelinn was about 1.1 causing a slight overlap of 
thesee peaks. Improvement of this separation by 
changingg the pH or the amount of methanol was not 
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v~j v~j 

Timee (min) 

Timee (min) 

Fig.. 4. Gradient separation of NBD-phosphatidylcholines with 
differentt acyl length. Peaks: 1, C14-C6-NBD-phosphatidylcholine 
(0.022 pmol); 2, C6-NBD-C14-phosphatidylcholine (0.1 pmol); 3, 
C6-NBD-C16-phosphatidylcholinee (0.4 pmol); 4, C12-NBD-C16-
phosphatidylcholinee (0.1 pmol). 

Timee (min) 

Fig.. 3. (A) Gradient separation of the NBD-lipids on the Clg-CN-
coiumnn system. (B) Gradient separation of the NBD-lipids on the 
CN-Clg-columnn system. Peaks: 1, NBD-glucosylceramide (0.2 
pmol);; 2, NBD-sphingomyelin (0.3 pmol); 3, NBD-ceramide (0.3 
pmol);; 4. C6-NBD-C16-phosphatidylcholine (0.2 pmol). 

possible,, but the separation of the peaks was suffi-
cientt in order to quantify the individual components. 

Inn order to show the feasibility of the system, 

otherr NBD-labelled PLs were also injected into the 
HPLCC system. In Fig. 4, the separation of phos-
phatidylcholiness with different acyl backbone length 
iss shown. Retention time depended on chain length 
withh the shortest lipid eluting first. The position of 
thee acyl chain and the NBD-label on the glycerol 
backbonee led to a slight difference in retention 
[10,11];; the acyl group at the end of the glycerol 
(sn\)(sn\) has a stronger interaction with the C18 chains 
off  the stationary phase and therefore the retention is 
increased.. Some of the NBD-lipid standards showed 
aa sn\-sn2 position-isomerism of the acyl chains. 
Otherr lipids with different headgroups can also be 
separatedd as shown in Fig. 5. With these lipids the 
effectt of the polar headgroup can be seen, the rather 
polarr serine group eluted earlier at the pH used 
comparedd to the less polar ethanolamine and choline 
groups. . 

Underr the conditions mentioned above a cali-
brationn curve, n=3; range 0.06-17.28 pmol (nine 
dataa points), for the internal standard C6-NBD-C16-
phosphatidylcholinee was measured. Good linearity 
wass obtained with the system , 

,, r2=0.99999); the detection 
limi tt was 2 fmol (signal-to-noise ratio=3). As mouse 
bilee samples are very small (<5 (xl/5 min) the 
sampless were diluted with an internal standard 
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Timee (min) 

Fig.. 5. Gradient separation of NBD-phosphatidylserine and NBD-
phosphatidylethanolamine.. Peaks: 1, C16-C6-NBD-phosphatidyl-
serinee (0.1 pmol); 2, C6-NBD-C16-phosphatidylserine (0.1 pmol): 
3,, C16-C6-NBD-phosphatidylefhanolamine (0.2 pmol); 4, C6-
NBD-C16-phosphatidylethanolaminee (0.2 pmol). 

solutionn and subsequently injected. Addition of 
knownn amounts of C6-NBD-ceramide, C6-NBD-
sphingomyelinn or C6-NBD-C16-phosphatidylcholine 
too bile samples showed a similar relative fluorescent 
responsee (95-105%; n = 2) at 1.2 pmol. This allows 
thee use of a single calibration curve in order to 
quantifyy the amounts different NBD-labelled lipids. 
Fig.. 6 shows the chromatograms of bile of a NBD-
ceramidee infused mouse. At the start of the chro-
matogram,, several peaks are present originating from 
fluorescentt compounds normally present in bile (Fig. 
6A).. During the whole experimental phase these 
peakss remained, only towards the end of the perfu-
sionn did the amount decrease. When a liver perfusion 
wass carried out without administration of NBD-
ceramide,, these early eluting peaks were still present 
indicatingg that these peaks are not metabolites or 
breakdownn products of the applied fluorescent label. 
Inn Fig. 6B, details of chromatograms of the sub-
sequentt bile samples of a mouse undergoing a liver 
perfusionn are shown after normalisation to internal 
standard.standard. As can be seen the NBD-ceramide peak 
rosee immediately after administration of the NBD-
ceramidee and subsequently the peaks of both metab-
olitess appeared. The amount of C6-NBD-ceramide 
(peakk 3) ranged from 23.1 pmol at 40 min down to 
1.11 pmol at 110 min. The metabolites C6-NBD-
glucosylceramidee (peak 1) and C6-NBD-sphing-
omyelinn (peak 2) had their secretion maximum at 3.4 
pmoll  and 1.3 pmol at 50 min respectively. During 

Timee (min) 

Timee (min) » 

Fig.. 6. (A) Total chromatogram of a bile sample after administra-
tionn of the NBD-ceramide bolus. Peaks: 1, NBD-gluco-
sylceramide;; 2, NBD-sphingomyelin; 3, NBD-ceramide; 4, C6-
NBD-C16-phosphatidylcholinee (internal standard). (B) Biliary 
secretionn profile of NBD-ceramide and its metabolites in the 
mousee liver perfusion system. Profile 1-8 subsequently taken at 
100 min intervals, starting at 30 min (i.e. 10 min after bolus 
injectionn of NBD-ceramide). Peaks: 1, NBD-glucosylceramide; 2, 
NBD-sphingomyelin;; 3, NBD-ceramide; 4, C6-NBD-C16-phos-
phatidylcholine. . 

thee whole analysis of bile samples belonging to one 
liverr perfusion the system remained stable with no 
changess in retention time and no increase in pres-
sure.. The Cl 8 precolumn was changed only once a 
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weekk (after about 80 injections) mainly as a precau-
tion. . 

4.. Conclusion 

Thee method discussed above is capable of separat-
ingg and quantifying the fluorescent lipids analogues 
NBD-sphingomyelinn and NBD-glucosylceramide ap-
pearingg in bile after injection with the precursor 
moleculee NBD-ceramide. The previously described 
HPLCC methods [10,11] lack the ability to discrimi-
natee between the biliary secreted metabolites of 
NBD-ceramide.. The two-column approach enables 
separationn of PL analogues on the basis of their 
headgroupp as well as backbone. The advantages of 
thiss method are its direct compatibility with the 
aqueouss bile samples avoiding an extraction step and 
itss sufficiently high sensitivity to monitor the secre-
tionn of the metabolites in extremely small bile 
volumes.. Furthermore, this method can also be used 
too monitor the secretion of NBD-PL analogues with 
smalll  changes in acyl chain length or changes in 
headgroup.. In future studies we want to use these 
propertiess to study the mechanisms responsible for 
thee selectivity of the transport processes involved in 
biliaryy PL secretion. 

Acknowledgements s 

Thee authors wish to thank R. Ottenhoff for his 
expertt technical assistance and Dr. G. van Meer for 

supplyingg the C6-NBD-glucosylceramide. This work 
wass supported by grant 902-23-097 by the Dutch 
Organisationn of Scientific Research. 

References s 

[1]]  R. Coleman, K. Rahman, Biochim. Biophys. Acta 1125 
(1992)) 113. 

[2]]  JJ.M. Smit, A.H. Schinkel, R.PJ. Oude Elferink, A.K. 
Groen,, E. Wagenaar, L. van Deemter, C.A.A.M. Mol, R. 
Ottenhoff,, N.M.T. van der Lugt, M.A. van Roon, M.A. van 
derr Valk, G.J.A. Offerhaus, A.J.M. Berns, P. Borst, Cell 75 
(1993)451. . 

[3]]  S. Ruetz, P. Gros, Cell 77 (1994) 1071. 
[4]]  A.J. Smith, J.L.P.M. Timmermans-Hereijgers, B. Roelofsen, 

K.W.A.. Wirtz, W.J. van Blitterswijk, J.J.M. Smit, A.H. 
Schinkel,, P. Borst, FEBS Lett. 354 (1994) 263. 

[5]]  A.T. Nies, Z. Gatmaitan, I.M. Arias, J. Lipid Res. 37 (1996) 
1125. . 

[6]]  A.G. Rosenwald, R.E. Pagano, Adv. Lipid Res. 26 (1993) 
101. . 

f7]]  O.C. Martin, R.E. Pagano, J. Biol. Chem. 262 (1987) 5890. 
[8]]  J.M. Crawford, D.W. Vinter, J.L. Gollan, Am. J. Physiol. 260 

(1991)) G119. 
[9]]  A. van Helvoort, AJ. Smith, H. Sprong, I. Fritzsche, A.H. 

Schinkel,, P. Borst, G. Van Meer, Cell 87 (1996) 507. 
[10]]  O.C. Martin, R.E. Pagano, Anal. Biochem. 159 (1986) 101. 
[11]]  N.U. Olsson, N. Salem, J. Chromatogr. B 692 (1997) 245. 
[12]]  A.G. Andrews, J. Chromatogr. 336 (1984) 139. 
[13]]  J.M. Samet, M. Friedman, D.C. Henke, Anal. Biochem. 182 

(1989)) 32. 
[14]]  A.K. Groen, MJ. Van Wijland, W.M. Frederiks, JJ. Smit, 

A.H.. Schinkel, R.P. Oude Elferink, Gastroenterology 109 
(1995)) 1997. 

[15]]  N.G. Lipsky, R.E. Pagano, J. Cell Biol. 100 (1985) 27. 

121 1 



122 2 



ChapterChapter V 

CHAPTERR 5 

THEE ROLE OF DIFFERENT P-GLYCOPROTEINS IN HEPATOBILIARY 

SECRETIONN OF FLUORESCENTLY LABELED SHORT-CHAIN 

PHOSPHOLIPIDS S 

Charless M.G. Frijters, Coosje J. Tuijn, Roelof Ottenhoff, Bart N. Zegers, 
Albertt K. Groen and Ronald P.J Oude-Elferink. 

Journall of Lipid Research 40 (1999), 1950-1957. 

123 3 



BiliaryBiliary transport of fluorescent phospholipids 

Thee role of different P-glycoproteins in hepatobiliary 
secretionn of fluorescently labeled short-chain 
phospholipids s 

Charless M. G. Frijters , Coosje J. Tuijn , Roelof Ottenhoff, Bart N. Zegers, Albert K. Groen, 
andd Ronald P. J. Oude Elferink l 

Departmentss of Gastrointestinal and Liver Diseases and Clinical Chemistry, Academic Medical Center, 
FO-221.. Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands 

Abstractt  Class II I  P-glycoproteins (Pgps) mediate biliar y 
phosphatidylcholinee (PC) secretion. Recent findings that 
classs I P-glycoproteins are able to transport several short-
chainn phospholipid analogues raises questions about the 
rolee of these Pgps in physiological lipi d transport. We inves-
tigatedd the biliar y secretion of C6-7-nitro-2,l,3-benzoxadia-
zol-4-yll  (NBD)-labeled ceramide and its metabolites in Mdrla/ 
bb and Mdr2 knockout mice compared to control mice. 
Biliar yy secretion of these NBD-lipid s was unaffected in 
Mdrla/bMdrla/b -/- mice. Thus neither  Mdrl a nor  Mdrl b Pgp 
mediatess biliar y secretion of these lipids. In contrast, secre-
tiontion of all three NBD-Iabeled short-chain phospholipids was 
significantlyy reduced in Mdr2 —I—  mice. As in vitr o studies 
revealedd that Mdr 2 Pgp is not able to translocate these lipi d 
analogues,, we hypothesized that Mdr2 —/— mice had a re-
ducedd PC content of the exoplasmlc canalicular  membrane 
leaflett  so that extraction of the short-chain lipi d probes 
fromm this membrane by canalicular  bile salts was impaired. 
Too investigate this possibility we studied the bile salt-medi-
atedd extraction of natural sphingomyelin (SM) and NBD-
labeledd short-chain SM from small unilamellar  vesicles of 
differentt  lipi d composition. Natural SM could be extracted 
byy the bile salt tauroursodeoxycholate from vesicles con-
tainingg PC, cholesterol (CHOL) , and SM (1:2:2) but not 
fromm vesicles containing only SM and CHOL (3:2). NBD-
labeledd short-chain SM could be extracted from vesicles 
containingg PC while its extraction from pure SM:CHOL 
vesicless was reduced by 65%.fll These data confirm that the 
efficiencyy of NBD-SM extraction depends on the lipi d com-
positionn and suggest that the canalicular  membrane outer 
leaflett  of Mdr2 - / - mice has a reduced PC content.— 
Frijters,, C. M. G„  C. J. Tuijn, R. Ottenhoff, B. N. Zegers, A. K. 
Groen,, and R. P. J. Oude Elferink. Role of different P-glyco-
proteinss in hepatobiliary secretion of fluorescently labeled 
shortchalnn phospholipids./. Lipid Res. 1999. 40:1950-1957. 

Supplementaryy key words NBD-labeled lipids  canalicular mem-
branee  bile formation  hepatobiliary lipid transport  ceramide
sphingomyelinn  glucosylceramide  knockout mice  Mdrla  Mdrlb
Mdr2 2 

Inn mice, biliary phospholipid secretion is controlled by 
thee canalicular secretion of bile salts and by the activity of 

Mdr22 P-glycoprotein (Pgp) - This ABC-transporter translo-
catess phosphatidylcholine (PC) from the inner leaflet to 
thee outer leaflet of the hepatocyte canalicular membrane, 
therebyy supplying PC molecules for extraction by bile salts 
inn the canalicular space (1-5). The gene products of murine 
MdrlaMdrla and Mdrlb and human MDR1, have been identi-
fiedd as amphipathic drug export pumps. Disruption of the 
MdrlaMdrla and Mdrlb genes in mice had no effect on the phos-
pholipidd composition of bile (6, 7), suggesting that these 
Pgpss are not important for biliary phospholipid secretion. 
Instead,, these Pgps are known to be involved in the biliary 
secretionn of amphipathic drugs (6, 8). 

Inn several studies Pgp-mediated translocation of fluores 
centt phospholipids across membrane bilayers was studied 
inn vitro. The fatty acid on thesn-2 position of these lipids 
iss replaced by a short acyl-chain (6 C-atoms) with 7-nitro-
2,l,3-benzoxadiazol-4-yll  group (NBD) as a fluorophore. 
Thee important advantage of these lipi d analogues is that 
theyy can be readily inserted into biological membranes by 
spontaneouss lipid transfer from exogenous carriers like 
bovinee serum albumin (BSA) or liposomes. Ruetz and Gros 
(5)) showed an ATP-dependent translocation of NBD-PC in 
thee Mdr2 transfected yeast but not in Mdrla transferred 
yeast.. Ruetz and Gros (9) and Nies, Gatmaitan, and Arias 
(10)) further demonstrated that this transport can be stim-
ulatedd by bile salts. Smit et al. (1) provided evidence for 
translocationn of natural PC in intact fibroblasts that ex-
presss a MDR3 transgene. These results confirmed the pro-
posedd PC translocation function of the orthologues Mdr2 
Pgpp (mouse), Pgp3 (rat), and MDR3 Pgp (human) and 
theyy explain the absence of biliary PC in Mdr2 knockout 

Abbreviations:: BSA, bovine serum albumin; CHOL, cholesterol; 
GlucCer,, glucosylceramide; HEPES, N-2-hydroxyethylpiperazlne-N
ethanee sulfonic acid; MRP, multidrug resistance protein; NBD-group, 
7-nitro-2,l,3-benzoxadiazol-4-yll  group: PC, phosphatidylcholine; PE, phos-
phatidylethanolamine;; Pgp, P-glycoproteln; PS phosphatidylserine; SM, 
sphingomyelin;; TUDC, tauroursodeoxycholic acid. 

11 To whom correspondence should be addressed. 
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micee (1). These mice have no Mdr2 Pgp but do express 
Mdr l aa and Mdr l b Pgp in their canalicular membrane. 
Vann Helvoort et al. (11) loaded MDR1 and MDR3 trans-
fectedd cells with fluorescent phospholipid precursors like 
C6-NBD-diacylglyceroll  or C6-NBD-ceramide and studied 
thee translocation of their metabolites, C6-NBD- (phosphati-
dylcholinee (PC) and phosphatidylethanolamine (PE)) 
orr C6-NBD-(sphingomyelin (SM) and glucosylceramide 
(GlucCer))) respectively. In their method fluorescent li-
pids,, translocated to the outer membrane leaflet, were ex-
tractedd using BSA as acceptor in the medium. The out-
comee of their studies was that human MDR1 and mouse 
Mdr l aa were able to translocate NBD-PC, NBD-SM. and 
NBD-GlucCer,, while the human MDR3 Pgp-mediated trans-
locationn was restricted to NBD-PC. 

Crawford,, Vinter, and Gollan (12) reported on die bil-
iaryy secretion of NBD-ceramide and its metabolites NBD-
GlucCerr and NBD-SM in a perfused rat liver system. Sim-
ilarr to endogenous phospholipid secretion, the output of 
thesee short-chain phospholipid analogues was bile salt-
dependent.. From these observation the question rises 
whetherr die translocation of labeled short-chain phospho-
lipi dd analogues by various Pgps is representative for hepa-
tobiliaryy lipid secretion of natural lipids. Because mouse 
Mdrl aa Pgp appears to be a translocator of NBD-SM, we 
testedd whether Mdr l a or l b P-glycoproteins control the 
hepatobiliaryy secretion of NBD-SM. We studied the secre-
tionn of NBD-ceramide and Us metabolites in an in situ 
mousee liver perfusion system using mice with different 
P-glycoproteinn gene disruptions. Because Mdr l a and l b 
havee overlapping substrate specificity and are bom ex-
pressedd in die canalicular membrane, we used mice in 
whichh both genes are disrupted (frfdrla/b —/-) (7). We 
alsoo used Mfr^knockout mice (Mdr2 - / - ) (1), with no 
hepatobiliaryy PC secretion and control mice with the same 
geneticc background (FVB) as die knockouts. We studied 
thee bile salt-mediated extraction of SM and its NBD-
labeledd analogue from membranes of different composition, 
whichh may resemble the canalicular membrane surface. 

MATERIAL SS AND METHODS 

Chemicals s 
Egg-yolkk phosphatidylcholine, cholesterol, N-2-hydroxyethyl-

piperazine-N'-2-ethanee sulfonic add (HEPES), and bovine serum 
albuminn (BSA) (essentially fatly add-free) were obtained from 
Sigmaa (St Louis, MO). Buttermilk sphingomyelin was obtained 
fromfrom Matreya (Pleasant Cap, PA). Krebs-bicarbonate buffer con-
tainedd 120 raw NaCl. 24 mi NaHCO* 1.2 rati KH2PO<, 4.8 tin* 
KC1,, 1.2 mu MgS04, and 1.3 mki CaCl2; pH 7.4. Tauroursodeoxy-
chollcc add (TUDC, 99%) was obtained from Calbtochem-Now-
biochemm (Ijjofla , CA). Methanol, HPLC-grade, was obtained from 
J.. T. Baker (Deventer. The Netherlands). Triethyiamine, 99%. and 
Ophosphoricc add, 85%. were obtained from Merck (Darmstadt, 
Germany).. C&WBI>ceramtde (6-[(7-nhrobenz-2-oxa-l,3-diazol-4-
yl)) amino] hexanoyl-sphingosine) and C6-NBD-sphingomyelln 
(6-- [ (7 nltrobenz-2-oxa-1,3-dlazol-4-yl) amino-hexanoyi] sphingosyl-
phosphocholine)) and C6-NBD-C16-PC (2(6-[(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)ammo]hexanoyl-l-hexadecanc^-si*glvcero-3--
phosphochoUne)) were obtained from Molecular Probes (Eugene, 

OR).. C6-NBD-glucosyl-ceramide was a kind gift from Dr. G. van 
Meer.. Dept of Cell Biology and Histology, Academic Medical 
Center,, Amsterdam. 

Preparationn of fluorescent lipid probe 
C6-NBD-ceramidee was bound to bovine serum albumin, adapt-

ingg the method previously described by Crawford et al. (12). C6 
NBD-ceramidee (109 nmol dissolved in 25 uJ ethanol) was added 
too 1.25 ml Krebs-bicarbonate. pH 7.45, containing 10 mt HEPES 
andd 30 mg/ml bovine serum albumin (essentially fatty add-free). 
Afterr diatyztng the solution 4 times against this medium at 4°C, 
aliquotss were prepared finally containing 6.6 nmol C6-NBD-
ceramldee bound to bovine serum albumin in a 1:5 molar ratio. 

I nn situ mouse liver perfusion system 
Mousee surgery and perfusion technique and solution prepara-

tionn were performed as described previously (13. 14). Briefly, un-
derr anesthesia (hypnorm (fentanyi/fkianisone), 1 ml/kg, Janssen 
Pharmaceuticals,, Beerse, Belgium and diazepam 10 mg/kg, Roche, 
Mijdrechtt The Netherlands) the vena cava superior, die gallblad-
der,, and portal vein were cannulated. Perfusion was performed in 
orthogradee direction with Krebs-blcarbonate buffer in a perfusion 
cabinett thermostatted at 37X. The perfusion medium was gassed 
withh carbogen (5% CO* 95% 02, Hoek Loos, Schiedam, the Neth-
erlands)) In an oxygenator. Directly after start of the perfusion with 
Krebs-bicarbonatee buffer, tauroursodeoxychollc add (TUDC) was 
infusedd through a three-way connector attached to the portal vein 
cannula,, at a steady rate of 500 nmol x min-1 X 100 g body 
weight-11 during die whole experimental period to maintain con-
stantt biliary excretion. After a stabilization period of 20 min, a 
boluss of C6-NBD-ceramide (6.6 nmol) was introduced into die per-
fusionn medium by infusion through die portal vein cannula. 

Bilee samples were collected at 5-mln intervals, diluted ten times 
withh distilled water and immediately frozen at -20%. C6-NBD-
C16-PCC was dissolved in eluent (85% 0.45 ran triethylammonium 
phosphatee in methanol and 15% 0.45 itM triethylammonlumphos-
phatee at pH 3.0) and was used as internal standard. Before Injection 
thee samples were diluted four times with internal standard solu-
tiontion that resulted in a final amount of 1.2 pmol per injection. 

Bil ee and perfusate analysis 
Fluorescentt lipids were detected using a recently developed 

reversed-phasee HPLC method. The HPLC system used consisted 
off  a Gynkotek 480 HPLC gradient system (Germering. Germany) 
connectedd to a Rheodyne 7125 Injection valve (Rheodyne, Co-
tati,, CA) with a 20 |U Injection loop and a Jasco FP920 Fluori-
meterr (Tokyo, Japan); excitation wavelength set to 470 nmm and 
emissionn wavelength on 530 nm. The LC columns (Inertsil ODS-
2.55 |im, 100 mm X 3 mm ID and Spherisorb CN, 3 urn, 100 mm X 
4.66 mm ID) used were obtained from Chrompack (Bergen op 
Zoom,, The Netherlands). Data acquisition was performed on a 
computerr with Gynkosoft integration software. The eluent flow-
raterate was 0.6 ml/min. Gradient runs were performed using (A) 
0.455 DIM trfethylammonlumphosphate at pH 3.0 and (B) 0.45 mw 
triethylammoniuniphosphatee in methanol. The initial eluent 
compositionn was 15% A and 85% B; after 0.5 min this was linearly 
changedd to 100% B in 9 min and kept for 6 min at 100%. Finally 
thee system was reset to its Initial composition in 5.5 min and stabi-
lizedd for 8 min before the next analysis was started. 

Smalll  unilamellar  vesicles 
Inn order to study die behavior of C6-NBD-SM and buttermilk 

SMM in small unilamellar vesicles (SUV) exposed to bile salts, 
direee batches of liposomes withh different compositions were pre-
pared.. The first batch consisted of PC and CHOL (molar ratio 
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3:2);; the second batch contained PC. CHOL. and SM (molar 
ratioo 1:2:2) and the third batch was prepared by mixing SM and 
CHOLL (3:2). The liposomes were prepared by mixing stock solu 
tionss of lipids in chloroform- methanol 4:1 in the indicated 
ratioss and the total amount of lipid in each preparation was 81.25 
(«nol.. All three batches were spiked with NBD-SM (135 pmol). 
Afterr evaporation of the solvent under a stream of nitrogen, the 
lipidd film was hydrated with 5 ml buffer (10 ITM HEPES/135 nw 
NaCl/0.05%% NaN3 (pH 7.4)), and sonicated for 30 min in a 
Bransonn B12 probe-type sonicator (80 watts) on ice under a stream 
off  nitrogen. The suspensions were filtered through a sterile 0.45 
,unn and a 0.22 pjn Mlllex-HA or Millex-GP filter (Millipore, 
Molsheime,, France) subsequently, aliquoted and stored under 
argonn at 4°C for not longer than 3 days. 

Bil ee salt-mediated lipi d extraction assay 
Totall  phospholipid (PC and SM) and cholesterol concentration 

wass determined in the SUV aliquots using the enzymatic methods 
describedd in the bile and perfusate analysis section. Just before use, 
SUVV suspensions were diluted to a total lipid concentration of 8.4 
mMM in 10 m HEPES/135 HIM NaCl/0.05% NaN3 (pH 7.4) con-
tainingg 10 mM tauroursodeoxycholic acid (TUDC) and incubated 
forr 10 min at 37°C. The vesicles (0.5 ml) were then chromato-
graphedd over a Sephacryl S-300 gel permeation column (elution 
bufferr 10 mM HEPES/135 mM NaCl/0.05% NaN3 (pH 7.4) con-
tainingg 10 mM tauroursodeoxycholic acid) using a flow rate of 0.7 
ml/min.. Fractions of 2 min were collected for 60 min in which to-
tall  phospholipid and cholesterol was determined to identify the ve-
sicularr fraction and the micellar fraction. Online detection of the 
fluorescencee signal (Jasco FP920 Fluorimeter, Tokyo, Japan) al-
lowedd determination of the percentage of NBD-SM fluorescence 
associatedd with the vesicular or micellar fraction. The amount of 
unlabeledd SM and PC in the peak fractions comprising the micel-
larr and vesicle fractions (two fractions of 2 mln each) was deter-
minedd by straight-phase HPLC combined with evaporative light 
scatteringg detection. Prior to injection on the HPLC column the 
lipidss in the gel permeation column fractions were extracted ac-
cordingg to the method described by Bligh and Dyer (15). After 
evaporationn of the organic solvents, the lipid film was dissolved in 
isopropanol-hexane-waterr 58:40:2. Essentially the same HPLC 
set-upp was used as described in die bile and perfusate analysis sec-
tion.. Detection was performed using a PL-EMD 960 Evaporative 
Lightt Scattering Detector (Polymer Laboratories, Heerlen, The 
Netherlands).. The lipids from the gel permeation fractions were 
separatedd using a Chromsphere 3 Si column (150 mm X 3.0 mm 
ID)) obtained from Chrompack (Bergen op Zoom, The Nether-
lands).. The eluent flow-rate was 0.4 ml/min. Gradient runs were 
performedd using (A) isopropanol (B) hexane, and (C) water The 
initiall  eluent composition was 58% A, 40% B, and 2% C; after 0.5 
minn this was linearly changed to 52% A. 40% B. and 8% C in 7 mln 
andd kept for 8 min in this composition. Finally the system was 
resett to its initial composition in 5.5 min and stabilized for 8 mln 
beforee the next analysis was started. 

Statistics s 
Resultss are reported as mean  SD from at least four animals 

inn each experimental group (controls (n = 7), Mdr2'—/— (n = 
4),, Mdrl a/b - / - (n=4)). Statistical significance was deter-
minedd where appropriate by Student's «est for unpaired data. 

RESULTS S 

Uptakee and metabolism of albumin-bound 
NBD-labeledd ceramide by the liver 

Thee uptake of C6-NBD-ceramide bound to albumin was 
determinedd by measuring disappearance of the fluores-

cencee in the perfusate after passage dirough the iiver. Five 
fractionss of 1 min each were collected directly after admin-
istrationn of the single dose of C6-NBD-ceramide followed 
byy 10-min samples. Within the 5-min period directly after 
administrationn of C6-NBD-ceramide, a peak in fluores-
cencee was detected; in the later fractions fluorescence was 
onlyy slightly above background. The rapid peak fraction 
probablyy represented die labeled lipid that was not taken 
upp by the liver. HPLC analysis confirmed Üiat in mis peak 
diee fluorescent signal was from die C6-NBD-ceramide 
(dataa not shown). 

Thee low signal In the later fractions was from NBD-Cer 
withh a small amount of NBD-SM. No NBD-GlucCer was 
detectedd in die perfusate during the entire experiment. 
Thee uptake of C6-NBD-ceramide by the liver turned out 
too be very efficient. About 10% of the injected dose of 
6.66 nmol C6-NBD-ceramide could be recovered in the 
perfusionn medium after passage through the liver. The 
uptakee values did not differ among the different geno-
types.. The fractional uptake values for controls, Mdrl 
a /bb ( - / - ) and Mdr2(-/-) were 89.7  2.2% (n = 7), 
91.99  1.7% (n = 4), and 93.4  1.0% (n = 4) of total 
administeredd dose. 

Biliar yy secretion of NBD-labeled 
short-chainn lipi d analogues 

Thee first fluorescent lipid excreted into bile after in-
ject ionn was NBD-C6-ceramide. At 10-15 min after ad-
ministrationn a sharp increase in biliary concentrat ion 
wass observed which gradually decreased to low steady 
statee levels (Fig. 1A). The bulk of ceramide was excreted 
withinn a 50-min period after the administration. In con-
trast,, the metabolites of NBD-C6-ceramide, NBD-C6-
glucosylceramide,, and NBD-C6-sphingomyelin showed a 
delayedd biliary excretion with kinetics similar to the cer-
amidee (Fig. IB) . The total amount of NBD-labeled lip-
idss secreted during a period of 100 min after administra-
tionn of the NBD-ceramide was highest in the Mdrla/b 
( - / - )) mice (5.0  1.7% of the administered dose; n = 
4).. This was, however, not significantly different from 
thee total biliary secretion in control mice (3.7  1.9%; n = 
7).. Significantly less total NBD-lipid was secreted in 
Mdr2Mdr2 ( - / - ) mice bile during this period (0.75 ; 
nn = 4). Analysis of bile for the individual fluorescent 
lipi dd species revealed that there was no significant differ-
encee in biliary secretion between controls andA/dr7a/b 
( - / - )) (Fig. 2). The 100-min cumulative secretion in 
controlss was: 521.7  313.1 (NBD-ceramide); 123  60 
(NBD-glucosylceramide),, and 42 1 pmol /100 g body 
weightt (NBD-sphingomyelln). I n M d r / a /b ( - / - ) mice, 
thee secretion values of these lipid species were 748
314,, 176  82, and 41  16 pmol /100 g body weight, re-
spectively.. However, the fluorescent lipid secretion values 
inn Mdr2 (— /—) were decreased significantly for all three 
lipi dd species. NBD-ceramide values only reached 92
166 pmol /100 g body weight, NBD-glucosylceranide 
reachedd 34.0  10 and NBD-sphingomyelin reached 17
33 pmol/100 g body weight. 
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Fig.. 1. Biliary secretion of NBD-labeled ceramide (panel A) and 
itss metabolites, NBD-sphingomyelin (triangles) and NBD-glucosyl-
ceramidee (circles) (panel B) in a perfused control mouse liver. After 
aa 20-min steady-state perfusion period, NBD-ceramide was adminis-
teredd in a single dose to the perfusion medium. The mouse liver 
waswas perfused for a total of 120 min. Bile fractions were collected 
andd analyzed by HPLC as described in Materials and Methods. Out-
putt levels are expressed in p m o l / m in and normal ized to 100 g 
bodyy weight. 

Extractionn of natural and short-chain NBD-labeled SM 
fromm lipid vesicles by tauroursodeoxycholate 

Thee reduced NBD-lipid secretion observed in Mdr2 
(—/—)) mice was somewhat unexpected because these li-
pidss are not substrates for Mdr2 Pgp and this reduction 
couldd be a secondary effect of the absence of Mdr2 Pgp. 
Thee outer membrane leaflet of canalicular membranes 
probablyy contains phosphatidylcholine, sphingomyelin, 
andd cholesterol. It is expected that, due to the absence of 
supplyy by Mdr2 Pgp, the PC content of tiiis membrane 
leaflett in MdrZ'(—/ — ) mice is drastically reduced. We hy-
pothesizedd that such alteration of the lipid composition of 
thee canalicular outer membrane leaflet in Mdr2 —/-
micee causes reduced bile salt-mediated NBD-lipid extrac-
tion.. To test this hypothesis, we compared the behavior of 
buttermilkk SM and NBD-labeled short-chain SM in mem-
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Fig.. 2. Biliary secretion of NBD-labeled lipids in mice with differ-
entt P-glycoprotein genotypes. The values represent the cumulative 
fluorescencefluorescence in bile dur ing the 100-min post-administration of 
NBD-ceramidee (error bars indicate standard deviat ion). Values 
fromm Mdr2 ( - / - ) and Mdrl a /b ( - / - ) mice were tested for sta-
tisticallyy significant differences with data from control mice by Stu-
dent'ss «est; * P< 0.05. 

braness with different lipid composition exposed to bile 
salts,, in an in vitro extraction assay. Briefly, lipid vesicles 
weree prepared containing PC-CHOL (3:2 molar ratio), PC-
SM-CHOLL (1:2:2), or SM-CHOL (3:2) and trace amounts 
off  NBD-SM were added to all. The vesicles were preincu-
batedd for 10 min at 37°C with tauroursodeoxycholate (10 
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rrun)) and then applied to a gel permeation column, which 
wass eluted with a buffer containing 10 ITM TUDC. Analysis 
off  the eluted fractions for both NBD-labeled and non-
labeledd lipid species revealed the fractional distribution of 
lipi dd over the micellar and vesicular fraction. 

Figuree 3 shows the online detection of fluorescent sig-
nall  and the amount of cholesterol and phospholipid in 

fractionss collected from the gel permeation column after 
applicationn of the SUVs of different composition in TUDC. 
Thee lipids eluted in two peak fractions. The first peak con-
tainss the large vesicular structures (vesicular peak) and 
thee second peak contains the smaller micelles (micellar 
peak). . 

Ass expected, the amount of lipids ending up in the mi-
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Fig.. 3. Separation of lipid vesicles and mixed micelles by gel permeation after incubation of small unilamellar vesicles (SUVs) with 10 ITIM 
TUDC.. Panels B, D, and F reflect the cholesterol (circles) and total phospholipid (PC + SM) (triangles) concentration in the collected frac-
tions.. Panels A, C, and E reflect the online registration of fluorescence of NBD-SM that was added in trace amounts to all vesicles. SUVs of dif-
ferentt composition were tested: PC-CHOL (panels A and B), PC-CHOL-SM (panels C and D), and CHOL-SM (panels E and F), respectively. 
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cellarr peak varied with the composition of the vesicles. PL 
andd cholesterol were best extracted from SUVs composed 
off  PC-CHOL; about 15-20% of total amount of lipid that 
wass loaded on the column was recovered in the micellar 
fractionn (Fig. 3B). When SM was also present in the SUVs 
(PC:SM:CHOLL (1:2:2)) the amount of lipids retrieved in 
thee micellar peak was only 4 - 5% of the total amount 
loadedd on the column (Fig. 3D). In SUV containing exclu-
sivelyy SM and CHOL, no phospholipid (i.e., SM) and cho-
lesteroll  could be detected in the micellar peak (Fig. 3E). 
Becausee the enzymatic assay that was used could not dis-
tinguishh between PC and SM, we analyzed the main peak 
fractionss with HPLC and evaporative light scattering de-
tection.. These data showed that in case of PC-SM-CHOL 
vesicles,, the micellar fraction predominantly contained 
PC.. The ratio PC:SM in the vesicular peak was 3.5  0.6 
timess lower than in the micellar peak. The data also con-
firmedd the absence of SM in the micellar fraction when 
thee SM-CHOL vesicles were used. The online detection of 
NBD-SMM extracted by bile salt from the different SUVs is 
depictedd in Fig. 3A, C, and E, respectively, and showed a 
behaviorr that was markedly different from the natural 
long-chainn buttermilk SM. In contrast to natural SM, the 
extractionn of NBD-SM was equally high in PC-CHOL- and 
PC-SM-CHOL-containingg vesicles. The most striking dif-
ferencee was the identification of NBD-SM-associated fluo-
rescencee in the micellar fraction in CHOL-SM vesicles. Al-
thoughh extraction from these vesicles was significantly 
reducedd compared to the SUVs containing PC, still 35% 
off  the NBD-SM could be retrieved in the micelles (fig. 4). 

DISCUSSION N 

Althoughh the mechanism of biliary phospholipid se-
cretionn is not fully understood, two major factors driving 
thiss process can be distinguished. First, activity of Mdr2 
P-glycoproteinn in the canalicular membrane is an absolute 
requirementt for phospholipid secretion. Second, bile salt 
secretionn into the canalicular lumen is necessary to evoke 
lipi dd secretion and the efficiency of this extraction in-
creasess with hydrophobicity of the bile salt species. These 
observationss have been combined in a hypothetical model 

describingg the mechanism of lipid secretion (reviewed in 
refs.. 3, 4, 16). In short, PC molecules are delivered to the 
canalicularr membrane leaflet facing the cytoplasm. Mdr2 
Pgpp (MDR3 in humans) translocates these molecules in 
ann ATP-driven process to the leaflet facing the canalicular 
lumenn where they vesiculate in biliary vesicles. The latter 
processs requires bile salts to be present in the canalicular 
lumen. . 

Murinee Mdr l a and human MDR1 Pgp are capable of 
translocatingg short-chain phospholipids but not natural 
long-chainn PC (11). In their study, van Helvoort et al. (11) 
foundd that these class I Pgps translocate NBD-SM, NBD-
GlucCer,, NBD-Cer as well as NBD-PC while MDR3 Pgp 
(thee human orthologue of murine Mdr2) only translo-
catedd NBD-PC. In addition, Crawford et al. (12) reported 
thatt NBD-SM and NBD-GlucCer are secreted into bile of 
thee isolated perfused rat liver in a bile salt-dependent fash-
ion.. From these observations the question rose as to which 
rolee class I Pgps play in the biliary secretion of phospholip-
idss other than PC. It is unlikely that class I Pgps play any 
quantitativee role in the biliary secretion of natural PC, be-
causee the secretion of this phospholipid is virtually abro-
gatedd in Mdr2 knockout mice, while these animals do ex-
presss Mdrla and lb. These animals actually have a strongly 
inducedd expression of these P-glycoproteins compared to 
wild-typee animals (1). The reason for this is unknown but 
mightt be related to the liver pathology. 

Too investigate the role of class I Pgps in the biliary secre-
tionn of other phospholipids, we studied the biliary secretion 
off  NBD-ceramide, NBD-SM, and NBD-GlucCer in per-
fusedd livers from MdrJa/b double knockout mice. Be-
causee both Pgps are very similar in drug transport activity 
andd both are expressed in the canalicular membrane, it 
wass essentiall  to use this double knockout. The liver perfu-
sionn technique with C6-NBD-ceramide as described by Craw-
fordd (12) was successfully adapted for use in mice. In con-
trastt to Crawford et al., who administered NBD-ceramide 
incorporatedd in liposomes, we added the lipid to the per-
fusatee in an albumin-bound form. It is quite unlikely that 
thiss leads to a significantly different outcome of the exper-
iments;; in both methods the applied NBD-lipid is taken 
upp very efficiently. 

Wee used a recently developed HPLC method for the 
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Fig.. 4. Extraction of phospholipid by TUDC from ves-
icless of different composition. The data are the means 
andd standard deviations (indicated by error bars) of 
threee separate experiments with SUV of different lipid 
composition:: PC-CHOL (3:2) (left bar): PC-SM-CHOL 
(1:2:2)) (middle bar) and SM-CHOL (3:2) (right bar). 
Leftt panel shows the amount of phospholipid (PC and 
SM;; enzymatically detected) that is retrieved in the mi-
cellarr fraction as percentage of total phospholipid 
loadedd onto the column. Right panel displays the frac-
tionn of NBD-labeled SM that associates with the micellar 
fractionn as percentage of total NBD-SM loaded onto the 
gel-permeationn column. 
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identificationn and quantification of NBD-lipids in bile and 
perfusatee samples (14). About 90% of the administered 
dosee of NBD-ceramide was taken up by the liver with no 
differencee between the mouse genotypes that were used. 
Afterr first passage of the injected material, only tiny 
amountss of NBD-lipid are secreted into the perfusate dur-
ingg the remainder of the experiment. Further analysis 
showedd that this was mainly NBD-Cer and some NBD-SM. 
Thee hydrophilic nature of NBD-Cer allows this lipid to mi-
gratee easily through the cytosol and undergoes rapid 
equilibrationn between all cellular membranes. Therefore 
itt is not unexpected that NBD-Cer is released at low con-
centrationss from the basolateral membrane into the per-
fusionn medium. The appearance of small amounts of the 
NBD-Cerr metabolite NBD-SM but not NBD-GlucCer in the 
perfusionn medium is in agreement with the cellular com-
partmentalizationn of the enzymes involved. The enzyme 
responsiblee for biosynthesis of sphingomyelin from the 
precursorr ceramide, sphingomyelin synthase, is predomi-
nantlyy localized in the Golgi and to a lesser extent at the 
exoplasmicc leaflet of the plasma membrane (17, 18). Ex-
ogenouss addition of NBD-Cer in the liver perfusion most 
likelyy provides enough substrate for the SM-synthase at 
thee exoplasmic membrane leaflet to produce NBD-SM 
thatt is partly recovered in the perfusion medium. On the 
otherr hand, glucosyltransferase, involved in the synthesis 
off  glucosylceramide, is located at the cytosolic site of the 
ris-Golgiris-Golgi and some other Golgi-related compartments (19, 
20).. The NBD-GlucCer produced wil l diffuse through the 
cytoplasmm to the plasma membrane but there it can only 
enterr the cytoplasmic oriented membrane leaflet. Sponta-
neouss flipping from this leaflet to the exoplasmic mem-
branee leaflet is slow and therefore no or very low concen-
trationss of NBD-GlucCer can be found in the perfusion 
medium. . 

Thee above-mentioned rapid equilibration of NBD-Cer 
withh all cellular membranes probably contributes to the 
moree rapid clearance kinetics of this lipid as opposed to 
thee metabolites. Transport of exogenous NBD-Cer to the 
sitee of biosynthesis and subsequent transfer of the metabo-
litess to the canalicular membrane also play a part in the 
delayedd appearance in bile. The biliary secretion kinetics 
off  NBD-C6-ceramide and its metabolites in mice in this 
studyy is very similar to that described by Crawford et al. for 
ratt liver (12). From our study it is clear that the hepatobil-
iaryy secretion of short-chain NBD-labeled ceramide and 
itss metabolites C6-NBD-SM and C6-NBD-GlucCer is not 
significantlyy influenced by the absence of Mdr l a and 
Mdr l bb P-glycoproteins. This shows that class I Pgps do not 
playy a role in the biliary secretion of these lipids. It is 
nott clear whether these lipids require a translocator for 
secretionn into bile, but if they do, it remains to be deter-
minedd which translocator this is. Recent publications using 
fluorescentlyy labeled analogues of phosphatidylserine 
(PS)) and PC suggest that the outward directed transport 
off  these lipids in human and murine red blood cells is 
mediatedd by Multidrug Resistance Protein 1 (MRP1) (21, 
22).. Analysis of NBD-lipid flipping in red blood cells from 
MdrJaMdrJa —/-, Mdr2 — / — , and Mrpl —/— mice revealed that 

inn these cells Mrpl is responsible for the observed lipid 
translocation.. Furthermore, the inhibitory effect of sev-
eraleral drugs on this translocating activity correlated closely 
withh the characteristics observed for MRP-like transport-
erss and correlated poorly with the inhibiting effect on active 
transportt mediated by MDR1 P-glycoprotein (22). These 
dataa are in full agreement with our observation that bil-
iaryy secretion of NBD-labeled lipids is not affected in 
Mdrll  a /b — / - and supports our hypothesis mat the re-
ducedd biliary secretion in Mdr2 — /— mice is secondary to 
thee absence of Mdr2 Pgp. We cannot rule out that mem-
berss of the MRP-subfamily (for instance MRP-2) are re 
sponsiblee for the biliary lipid secretion in control and 
MdrlMdrl  a/b ( - / - ) mice. 

Ann unexpected finding was the reduced secretion of 
NBD-Cer,, NBD-GlucCer, and NBD-SM inMdr2-/- mice, 
becausee these lipids are not substrates for Mdr2 Pgp (11). 
Too rule out the possibility that the biosynthesis of NBD-
GlucCerr and NBD-SM was altered in Mdr2 —/— mice, we 
analyzedd the NBD-lipids present in perfused livers of both 
controlss and Mdr2 — /— mice at 40 min after administration 
off  NBD-Cer. No difference in the amount of NBD-lipids 
couldd be detected. Therefore the most likely explanation of 
thee reduced NBDlipid secretion is an effect secondary to 
thee absence of Mdr^ Pgp. The absence of mdr2 Pgp from 
thee canalicular membrane might lead to a reduction of 
thee PC content and as a consequence to a relative increase 
inn the SM content. It is extremely difficul t to analyze lipid 
asymmetryy in canalicular membranes in situ. To circum-
ventt this problem we studied bile salt (TUDC)-mediated 
extractionn of SM and NBD-SM from lipid vesicles with dif-
ferentt outer membrane lipi d content. 

Thee major bile salt species found in normal mouse bile 
aree muricholic acid (80%) and to a lesser extent tauro-
cholicc acid (20%) (23). In our infusion and extraction ex-
perimentss we used TUDC because muricholic acid is not 
availablee in sufficient quantities and TUDC is the only 
otherr bile salt suitable to infuse at high fluxes without gen 
erationn of cholestatic effects. We observed that exchanging 
PCC in the vesicles with SM led to a dramatic reduction of 
thee extraction of phospholipids by TUDC. This effect was 
reportedd previously, directly or indirectly, in several exper-
imentall  set-ups (24-26). In vesicles composed of both PC 
andd SM, much more PC than SM was extracted by the bile 
salt.. The low extraction efficiency of SM is probably 
causedd by the strong tendency of cholesterol to bind SM 
(27-29),, by the fact that (buttermilk) SM contains more 
saturatedd fatty acids than egg yolk PC, and by the fact that 
sphingolipidss form hydrogen bonds with each other via 
thee free OH group in the sphingosine base. We used but-
termilkk SM and egg yolk PC because these resemble SM 
andd PC from the canalicular membrane (30). In vesicles 
containingg only SM and cholesterol, no phospholipid 
(SM)) extraction into micelles was observed at all. In con-
trastt to natural (long-chain) SM, which was not extracted 
fromm these vesicles at all, NBD-SM still underwent signifi-
cantt extraction from CHOL:SM vesicles, albeit at a re-
ducedd level. While extraction of NBD-SM from PC CHOL 
andd PC-SM-CHOL vesicles was identical, it was reduced by 
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65%%  in vesicles containing only SM and CHOL . These 
observationss demonstrate two importan t characteris-
ticss of NBD-SM. First, it clearly shows the different behav-
iorr  of NBD-SM from natural (buttermilk ) SM. The latter  is 
resistantt  towards bile salt-mediated extraction, while the 
formerr  is extracted quite well, even from very resistant ves-
icless such as those exclusively composed of SM and 
CHOL .. Second, the reduced extraction of NBD-SM from 
SM-CHOLL  vesicles as compared to PC-SM-CHOL vesicles 
mayy suggest that the canalicular  membrane of Mdr2 — / -
hepatocytess is relatively more rich in SM than that in con-
tro ll  hepatocytes due to the absence of Mdr 2 Pgp-mediated 
PCC translocation. This, however, remains to be provenH 
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CHAPTERR 6 

MECHANISTICC ASPECTS OF ORGANIC ANION INDUCED UNCOUPLING OF BILIARY 

LIPIDD FROM BILE SALT SECRETION 

Charless M.G. Frijters, Roelof Ottenhoff, Ronald P.J. Oude Elferink, Albert K. Groen. 
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ABSTRACT T 

Bilee formation includes biliary secretion of lipids like phospatidylcholine and cholesterol. 

Bilee salts drive lipid secretion via direct micellization or vesiculization of the canalicular 

membrane.. Hydrophilic organic anions inhibit biliary lipid secretion without affecting bile 

saltt secretion (1). The mechanism of this "uncoupling" has been subject to considerable 

controversy.. It is now generally accepted that the organic anions act from the canalicular 

lumenn but the molecular mechanism of the uncoupling is not yet known. In the present 

studyy we investigated the effect of two organic anions on the kinetics of bile salt 

inducedd biliary lipid secretion. Dibromosulpophthalein (DBSP) was chosen because it 

inducess uncoupling and choleresis whereas the second organic anion, sulphated-

taurolithocholatee (STLC) uncouples without increasing bile f low. Both organic anions 

weree infused in mice receiving steady state taurocholate infusions. DBSP inhibited 

phospholipidd and cholesterol secretion by 40-60%. More than 5 0 % of this inhibition 

couldd be accounted for by an extra f low induced decrease in the bile salt concentration. 

STLCC indeed had no f low effect and, interestingly only inhibited phospholipid secretion 

withoutt effecting cholesterol output. We conclude that the mechanism of organic anion 

inducedd uncoupling of biliary lipid secretion depends on the type of organic anion used. 

Inn addition to a direct effect possibly on the activity of Mdr 2 P-glycoprotein inhibition 

mayy be caused by a decrease in micellar bile salt concentration induced by a choleretic 

effect. . 

INTRODUCTION N 

Biliaryy secretion of cholesterol and phospholipids appears to be regulated by at least t w o 

factors:: biliary bile salt secretion and class III P-glycoprotein (Mdr2 P-gp in mice) activity 

inn the canalicular membrane (2,3). Under physiological conditions, secretion of bile salts 

inn the canalicular lumen evokes biliary lipid secretion and a hyperbolic relation between 

bilee salt secretion and phospholipid secretion has been observed in many species. 

Additionally,, an inverse relationship exists between the critical micellar concentration 

(CMC)) of different bile salt species and their capacity to evoke biliary lipid secretion 

(reviewedd in (3)). Until recently it was thought that bile salts evoke lipid secretion by 
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micellarr solubilization of the canalicular membrane. (4-7). However, mice in which the 

Mdr2Mdr2 gene is disrupted do not secrete phospholipids into bile, despite the fact that bile 

saltt secretion is not affected (8). Present data suggest that Mdr2 P-gp functions as a 

phospholipidd flippase that ensures a steady supply of biliary phospholipid to the outer 

membranee leaflet of the canalicular membrane (2,3). In addition to mixed micelles, 

cholesterol/phospholipidd vesicles exist in bile (9-11) and the appearance of vesicular 

structuress on the bile canalicular membrane in mice is related to Mdr2 expression (12). 

Combiningg these data it was hypothesised that the interaction of bile salts wi th Mdr2 

inducedd unstable membrane patches leads to the formation of biliary vesicles (13). 

Severall hydrophilic organic anions have been shown to inhibit the secretion of 

phospholipidd and cholesterol dose dependently without affecting the secretion of bile 

salts.. This "uncoupling" capacity seems to be restricted to organic anions of rather 

hydrophilicc nature (reviewed in (1)). Upon gel-filtration chromatography of bile these 

hydrophilicc organic anions end up in the bile salt (micellar) fraction while the non-

uncouplingg hydrophobic organic anions, elute in association wi th the cholesterol and 

phospholipidd containing vesicular fractions (1,14,15). 

Thee mechanism by which organic anions interfere wi th biliary lipid secretion has been a 

matterr of controversy for many years. Both intra- and extracellular sites of action have 

beenn proposed. This part of the controversy was resolved, however, when it was shown 

thatt the inhibitory effect only takes place after secretion into bile (16). In the absence of 

biliaryy secretion of organic anions, as is the case in Mrp2 mutated rat strains (17), 

uncouplingg could be detected (16). Verkade et al. (18) proposed that bile acid 

independentt f low (BAIF) through regulation of the exposure time of the canalicular 

membranee towards bile salts might be an important factor in the uncoupling induced by 

organicc anions. 

Sincee not all organic anions induce a significant change in BAIF Verkade et al. (19) also 

investigatedd whether alterations in the physico-chemical characteristics of mixed organic 

anion/bilee salt micelles could play a role in the uncoupling effect. These extensive in vitro 

studiess produced no evidence for such an effect. In the present study we investigated 

whetherr it is possible to differentiate between effects on f low and physico-chemical 

interactionss in in vivo studies. For this purpose we infused mice wi th the BAIF inducing 

DBSPP and non-BAIF inducing STLC. For both organic anions we studied the effect of 

thesee compounds on the kinetics of bile salt induced lipid secretion. 
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METHODS S 

AnimalsAnimals  and surgery 

Thee generation of mice that are homozygous for the Mdr2 (-/-) disruption is described by 

Smitt et al. (8). These mice had the 129/Ola strain as genetic background which have a 

poorr breeding efficiency. To overcome this problem, these mice were crossbred with the 

FVBB strain. Crossbreeding was continued until a 9 4 % background was obtained for 

{{ + / + ) and (-/-). In our experiments female mice of 2-4 months of age were used which 

weree bred in our own colony. 

ExperimentalExperimental  set-up 

Thee mice were anaesthetised by intraperitoneal injection of Hypnorm 

(fentanyl/fluanisone),, 1mg/kg, and Diazepam, 10mg/kg. The abdomen was opened the 

commonn bile duct was ligated and the gallbladder was canulated. Bile was diverted and 

collectedd for 90 minutes to achieve maximal depletion of the endogenous bile salt pool. 

Afterr 90 minutes taurocholic acid (10.5 or 31,5 mM) (Sigma, St. Louis, MO, U.S.A.), 

dissolvedd in phosphate buffered saline, was infused into the tail vein. The pumping 

velocityy was adjusted to maintain a steady infusion of taurocholic acid of either 350 or 

10500 nmol/min*100 gram body weight for the duration of the experiment. After another 

900 minute period, in which the steady state levels of TC output were achieved organic 

anionss were injected into the tail vein. Dibromosulphophthalein (DBSP) and sulphated 

taurolithocholicc acid (STLC) (Sigma), were dissolved in phosphate buffered saline and 

injectedd in a single bolus of 4 nmol/100 grams and 1 (imol respectively. Bile collection 

wass continued until 90 minutes after organic anion injection. 

Bilee samples were collected and immediately frozen at . Bile f low was determined 

usingg pre-weighted vials assuming a density of 1 g/ml for bile. 

136 6 



MechanismMechanism of "uncoupling" by organic anions 

Assays Assays 

Freee cholesterol was measured using an enzymatic assay in which the cholesterol 

oxidasee method was coupled to fluorimetric determination of hydrogen peroxide. This 

wass a of modification of the method described by Huang et al. (20). In our assay the 

hydrogenn peroxide generated by enzymatic oxidation of cholesterol is used to oxidise the 

nonfluorescentt homovanillic acid to a fluorescent dimer. These reactions and fluorescent 

detectionn were carried out using an automated fluorescence analyser (COBAS-Fara) 

Roche,, Mannheim, Germany)). The assay mixture contained 1 mM homovanillic acid 

(Merck,, Darmstadt, Germany), 100 mi l /ml horseradish peroxidase (Boehringer, 

Mannheim,, Germany), 0.15 mi l /ml cholesterol oxidase (Boehringer) and 0 .05% (vol/vol) 

Tritonn X-100 in 50 mM MOPS buffer at pH 7.7. The change in fluorescence was 

measuredd at 425 nm (excitation 327 nm). Phospholipids (PC and SM) were determined 

byy a similar approach using the oxidation of choline to generate hydrogen peroxide. 

Treatmentt of the bile sample wi th phospholipase D liberated choline from the 

phospholipidd headgroups. The medium for this assay contained 1 mM homovanillic acid, 

0.11 U.ml choline oxidase (Boehringer), 0.2 U/ml phospholipase D, 40 mU/ml horseradish 

peroxidase,, 10 mM CaCI2< ,and 0 .05% (vo7vol) Triton X-100 in 50 mM MOPS buffer at pH 

8.0.. Both assays were performed at . Total bile salt was measured 

spectrophotometricallyy with 3a-hydroxysteroid dehydrogenase (Wortington Biochemical 

Corp.,, Freehold, NJ, USA) as described by (22). 

STLCC was analysed from pooled bile fractions by HPLC using the method described by 

Rubenn and van Berge-Henegouwen (21). 

RESULTS S 

Figuree 1 shows the biliary secretion pattern of DBSP in both control and Mdr2 ( + /-) 

mice.. Within 10 minutes after administration DBSP is secreted into bile and reached 

maximumm secretion within 20 minutes after administration. It is clear that there were no 

differencess in biliary secretion rates of this organic anion between Mdr2 ( + / + ) and ( + /-) 

mice.. Almost all of the administered DBSP was cleared into bile within 90 minutes after 

administration.. In Mdr2 ( + /-) mice DBSP clearance was not significantly different from 
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thatt in Mdrl ( + / + ) mice, 98.9 % versus 97.0 % (each group n = 4) 

respectively.. Upon the appearance of DBSP in bile phospholipid secretion dropped 

—— 160 
o o 
o o 

o o 
E E 
c c 
c: : 
o o 

o o 
C/) ) 

rx x 
00 0 
00 0 
O O 

1400 -

120 0 

1000 -

800 -

60 0 

40 0 

20 0 

'.''.' Taurocholate infusion phase 

DBSPP phase 

i i 
i i 
i i 

I I 
i i 

11 \ 
\ \ 

-*—é—*-& èè  « JJ u 
100 20 30 150 200 0 

t imee (min) 

250 0 300 0 

Figuree 1. Biliary secretion of dibromosulphophthalein (DBSP) in Mdr2 ( + / + ) and ( + /-) 
micee upon injection of 4|imol DBSP/ 100 gram of body weight into the tail vein. Mice 
weree infused with taurocholate (TC) at a rate Of 350 nmol/min*100gram to ensure 
steadyy state bile salt output levels. There is no difference in biliary clearance of DBSP 
forr both genotypes (see text). Data are given as mean values +S.D. (each group n = 4). 
Filledd symbols represent Mdr2 ( + /-) and closed symbols represent Mdr2 ( + / + ) mice. 

significantlyy in both genotypes as displayed in figure 2. In Mdrl ( + / + ) mice PL secretion 

wass maximally decreased to 45.1 % and in Mdrl ( + /-) a similar decrease was found 

(45.55  4.7%). These lowest observed PL secretion values coincided with biliary DBSP 

concentrationss of 11.2 0 mmol/l in Mdrl ( + / + ) and 15.5 9 mmol/l in Mdrl { + /-) 

mice.. With decreasing secretion of DBSP in time, the level of phospholipid secretion 

increasedd gradually. Ninety minutes after injection of DBSP phospholipid secretion values 

reachedd 8 9 % and 6 8 % of the secretion values before injection of DBSP for Mdrl ( + / + ) 

andd ( + /-) respectively. 
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Figuree 2. Following the 
secretionn of DBSP into 
bile,, PL secretion was 
decreasedd in both Mdr2 
(( + / + ) and ( + /-) mice 
genotypes;; filled and open 
triangless resp. The 
inhibitoryy effect of DBSP 
onn biliary phospholipid 
secretionn is comparable in 
bothh genotypes (see text). 
Dataa are given as mean 
valuess +S.D. (each group 
nn = 4). 
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Figuree 3. Following the 
secretionn of DBSP into 
bile,, cholesterol secretion 
wass decreased in both 
Mdr2Mdr2 ( + / + ) and ( + /-) 
micee genotypes; open 
andd filled triangles resp. 
Thee inhibitory effect of 
DBSPP on biliary 
cholesteroll secretion is 
comparablee in both 
genotypess (see text). Data 
aree given as mean values 

.. (each group n = 4). 
1500 200 300 0 

timee (min) 

Thee uncoupling effect of organic anions has been described for both biliary phospholipid 

andd biliary cholesterol secretion (1). In figure 3 the biliary secretion pattern of cholesterol 

iss depicted. No significant differences in cholesterol secretion exist between Mdr2 ( + / + ) 

andd (+/-) mice. The onset of decreased cholesterol secretion upon DBSP secretion 

mimicss phospholipid secretion. However, the maximal inhibitionary effects on cholesterol 
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secretionn are somewhat greater; 33.5 3 in Mdrl ( + / + ) and 29.1 2 in Mdrl ( + /-) 

mice.. At the end of the experiment cholesterol secretion rates returned to about half the 

secretionn rates observed before DBSP injection in both genotypes; Mdrl ( + / + ) (53.7 

)) and Mdrl ( + /-) 56.9 . 
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Figuree 4. Appearance of DBSP in the bile did not influence the bile salt secretion, 
leftt axis, but bile salt concentration was decreased significantly (p<0.01 according 
too Students t-test), right axis, in control FVB mice. Data are given as mean values 
+S.D.. (n = 4). 

Figuree 4 show both bile salt secretion and bile salt concentration data during the entire 

experimentt for Mdrl ( + / + ) mice. From this plot is can be seen that although bile salt 

secretionn remained more or less stable, bile salt concentration values were decreased in 

thosee bile fractions containing DBSP. This was not due to interference of DBSP with the 

bilee salt assay. After ninety minutes, when DBSP secretion was very low, bile salt 

concentrationn returned to the same level as before injection of this organic anion. Similar 

dataa were found for Mdrl ( + /-) mice (not shown). 
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Thee classic way to show the relationship between biliary bile salts and biliary lipids was 

200 30 40 50 60 

[BS]] (mmol/l) 

figuree 5. Relation between 
bilee salt concentration and PL 
secretionn during steady state 
TCC infusion (solid line) or 
duringg steady state TC 
infusionn in the presence of 
biliaryy DBSP (dashed line). 
Dataa are expressed as mean 
+S.D.. The upper pannel shows 
thiss relation for Mdr2 ( + / + ) 
micee whereas the lower panel 
reflectt this relation in Mdr2 
(( + /-) mice. These plots show 
thatt part of the decreased 
phospholipidd secretion 
resultingg form biliary DBSP 
secretionn may be caused by 
decreasedd bile salt 
concentrationn as the result of 
choleresis. . 

300 40 50 60 

[BS]] (mmol/l) 

byy reflecting the coupling between bile salt secretion and biliary lipid secretion. From 

figuree 4 it is clear that during uncoupling bile salt secretion rates were not changed but, 

inn contrast, biliary bile salt concentration was altered. Therefore the relation between bile 

saltt concentration and phospholipid secretion in bile fractions with or wi thout DBSP 

weree plotted seperately in figure 5. This figure shows that the relation between BS 

concentrationn and PL secretion is constant under normal conditions. During DBSP 

secretionn this relation is also constant although it is somewhat different from that in the 

controll situation as is reflected by a small increase in the slope of the curve. This 

indicatess that the decreased phospholipid secretion during DBSP secretion could be 

atributedd to two factors; decreased bile salt concentration and decreased effictivity of 
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bilee salt micelles to extract phospolipids from the membrane. From the relation between 

bilee salt concentration and phospholipid secretion during the normal infusion phase, the 

relativee contribution of the decreased bile salt concentration to the decreased phospholid 

secretionn during DBSP secretion can be determined. Using the data from figure 5 this 

wass calculated for both ( + / + ) and ( + /-) mice and the contribution of the decreased bile 

saltt concentration on the decrease in biliary PL secretion during DBSP secretion was 48 

%% and 4 5 . 5 % in Mdr2 ( + / + ) and ( + /-) mice respectively. 
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Figuree 6. Effect of 
intravenouss injection of 
1|imol/1000 gram bw. 
sulphatedd taurolithocholate 
(STLC)) on the biliary 
secretionn of phospholipid 
(upperr panel) and 
cholesteroll (lower panel). 
Micee received steady state 
infusionn of TC at low rates 
(3500 nmol/min*100g; solid 
symbols)) or high rate 
(10500 nmol/min*100g; 
openn symbols). STLC does 
inhibitt phospholipid 
secretionn at both infusion 
ratess but the effect was 
strongerr when TC was 
infusedd at the lowest rate 
(seee text). No inhibition of 
cholesteroll secretion was 
foundd at both infusion 
rates.. Data are given as 
meann values . (each 
groupp n = 3). 
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Fromm experiments wi th rats it is known that another organic anion wi th uncoupling 

characteristics,, STLC, did not lead to changes in bile f low (18). To investigate whether 

thiss organic anion behaves different from DBSP in our system we checked the effect of 

STLCC injection (1 umol/100 grams) in Mdrl ( + / / + ) mice at a low (350 nmol/min*100g) 

andd high (1050 nmol/min*100 gram). Due to the small sample size STLC secretion was 

nott determined for each individual sample but total biliary secretion over the ninety 

minutess was 98 % (n = 3) of total administered dose for mice receiving the low TC 

infusionn and 97 % in mice receiving the high TC infusion. Applying a higher TC 

infusionn rate led to increased bile f low and biliary bile salt secretion. At steady state TC 

outputt levels, 30-90 minutes after start of TC infusion, bile salt concentration was 1.6

0.33 times higher than in mice receiving the low infusion rate. Because at this point 

phospholipidd secretion rates were only slightly more increased in mice receiving high TC 

infusionn rates as compared to mice receiving low infusion rates, it was concluded that 

underr the high bile salt conditions maximal PL secretion capacity was reached. The 

uncouplingg effect of STLC was much stronger in mice receiving the low bile salt infusion. 

PLL secretion dropped to 6 4 . 1 % in the presence of STLC in low rate infused mice while 

thiss was only 8 6 . 1 % in mice receiving high TC infusion rates (figure 6A). 
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Figuree 7. The biliary secretion of STLC had no effect on bile salt secretion values in mice 
(FVB)) receiving a steady state TC infusion (350 nmol/min*100 gram bw; open squares. In 
contrastt to DBSP, the secretion of STLC did not result in decreased bile salt concentration 
(crosses;; right axis) under these conditions. Data are given as mean values . (n = 3). 
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Additionallyy STLC failed to induce uncoupling of cholesterol secretion from bile salt 

secretionn in both experimental settings (fig. 6, lower panel). 

Ass opposed to DBSP induced uncoupling, STLC induced uncoupling of PL from bile salt 

secretionn was not accompanied by changes in biliary bile salt concentration (figure 7). As 

aa consequence the relation between bile salt concentration and PL secretion was totally 

differentt in bile samples containing STLC from bile samples without this organic anion as 

iss shown in figure 8. This effect was clearest in mice receiving TC infusion at a rate of 

3500 nmol/min*100 g, because under this condition the inhibition of biliary phospholipid 

secretionn was stronger. 
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Figuree 8. Relation 
betweenn bile salt 
concentrationn and PL 
secretionn during 
steadyy state TC 
infusionn (solid line) or 
duringg steady state 
TCC infusion in the 
presencee of biliary 
STLCC (dashed line). 
Dataa are expressed as 
meann +S.D. The 
upperr pannel shows 
thiss relation for mice 
receivingg the TC 
infusionn at low rate 
(3500 nmol/min*100 
gramm bw.) and the 
lowerr panel reflects 
thee situation during 
highh TC infusion rate 
(10500 nmol/min*100 
gramm bw.). From 
thesee plots it is clear 
thatt PL secretion is 
nott strongly affected 
byy flow effects.Data 
aree shown as mean 
+S.D. . 
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DISCUSSION N 

Inn this study we used an in vivo approach to investigate the molecular mechanism by 

whichh organic anions interfere with biliary lipid secretion without altering biliary bile salt 

secretion.. As discussed in the introduction section, studies on the mechanism of organic 

anionn mediated uncoupling suggest that this takes place inside the canalicular lumen. 

Currentt views on bile salt induced lipid secretion encompass two mechanisms (1,19): i.e. 

vesiculizationn or miceilization. Phospholipid secretion probably proceeds mainly via the 

vesiculationn pathway; whereas cholesterol may be extracted mainly by direct 

miceilization,, depending on the hydrophobicity of the extracting bile salt. The 

concentrationn of bile salts in the canalicular space is the rate determining factor for 

biliaryy lipid secretion and both phospholipid and cholesterol secretion show linear 

relationss when plotted as a function of biliary bile salt concentration. 

Inn vitro studies indicated that uncoupling is probably not caused by interference of 

organicc anions wi th the detergent effect of bile salt micelles (19). Studying interference 

wi thh the vesiculization effect in vivo is hard because in the presence of bile salts, 

miceilizationn will also occur, it is known, that secretion of osmotic active solutes into the 

canaliculuss leads to increased bile f low. We rationalized that secretion of organic anions 

wi thh uncoupling charateristics might cause a similar f low effect. Because the biliary 

secretionn of organic anions does not alter bile salt secretion, an increased f low would 

resultt in decreased bile salt concentration and thus reduce micelle formation. We 

hypothesizedd that such a mechanism could be responsible for the decreased biliary lipid 

secretionn during biliary secretion of organic anions. 

Ourr data on the DBSP induced uncoupling do indeed support this hypothesis. In 

accordancee wi th previous reports DBSP inhibited phospholipid and cholesterol secretion 

withoutt affecting bile salt secretion and this seemed to be concentration dependent. We 

showedd that bile salt concentration decreased upon administration of DBSP secretion and 

increasedd again when DBSP secretion declined. Should DBSP affect lipid secretion only 

viaa the f low effect one would expect the relation between bile salt concentration and 

lipidd secretion to be unaltered. Fig 5 shows this only partly to be the case. Although the 

slopee of the line connecting the points in the presence of DBSP is similar to the control 

conditionn the line has clearly shifted towards lower rates of phospholipid secretion 

indicatingg that also a non-flow related inhbition occurred. In principle the data in Fig. 5 
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alloww quantitation of the contribution of the different processes to the uncoupling effect. 

Duee to experimental error the accuracy is limited; we estimate that the f low effect 

accountss for 40-60% of the observed inhibition in phospholipid secretion. The remaining 

inhibitionn must thus be caused by a direct effect on phospholipid secretion. Assuming 

thatt this process indeed proceeds via vesiculization the inhibition could take place at two 

sites;; Mdr2 P-glycoprotein or the bile salt induced release of the vesicles. To be able to 

discriminatee between these two possibilities we performed the experiment also in mice 

wi thh 5 0 % Mdr2 activity. Knowing that Mdr2 P-gp fully controls lipid secretion in both 

wildd types and heterozygotes one expects to find a similar inhibiting effect of DBSP in 

thee t w o types of mice. However, in case not Mdr2 but a subsequent step was the target 

forr DBSP one expects to see less effect in the heterozygotes. This was clearly not the 

casee suggesting that DBSP indeed directly inhibited Mdr2. Our results also show that in 

contrastt to DBSP f low effects played no role in the uncoupling mechanism of STLC. 

Sincee STLC induces very little f low effect one must assume that the compound is taken 

upp almost completely in micelles thereby reducing osmotic effects. To obtain more 

insightt in the mechanism of STLC uncoupling we infused STLC at two steady state rates 

off taurocholate secretion. When STLC effects Mdr2 directly one expects equal inhibiton 

att both high and low rates of bile salt secretion depending on luminal STLC 

concentrationss under both conditions. However, when uptake of STLC in bile salt 

micelless is important and the bile salt acts at the vesiculation proces per se one expects 

too see less effect at a high bile salt flux since under those conditions the STLC is more 

dilutedd in taurocholate micelles. Fig 6 shows the latter scenario seems to be operative 

sincee STLC induced uncoupling was much lower at high bile salt fluxes. Interestingly 

cholesteroll secretion was not affected at all. Assuming that the main route of cholesterol 

secretionn occurs via direct micellization, this result is in accordance with the in vitro 

studiess of Verkade et al who also could not demonstrate effects of STLC on bile salt 

micellizationn of lipid membranes. 

Inn conclusion, in this study we present a method to analyse the mechanism of organic 

anionn induced uncoupling of biliary lipid secretion in detail. Our data clearly demonstrate 

thatt the uncoupling is multifactorial and depends on the compound used. Most organic 

anionss will induce their effects via a f low dependent decrease of the canalicular bile salt 

concentrationn possibly in concert wi th direct inhibition of Mdr2 or a subsequent step in 

lipidd mobilization. 
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DANKWOORD D 

Tja,, daar zit ik dan achter mijn computer, vaag voor me uit starend de afgelopen 6 jaren 
nogg eens aan mij voorbij te laten trekken. Het schrijven van het dankwoord is 
aangebrokenn en nu zal ik op een of andere manier mijn onuitsprekelijke dank moeten 
verwoordenn naar al die mensen waar ik op een of andere wijze een positieve bijdrage van 
hebb gekregen in de periode dat ik op het SLIC-laboratorium mijn promotieonderzoek 
gestaltee trachtte te geven. Maar het zijn er zoveel en hun bijdragen zo verschillend van 
aard! ! 
Enn plotseling besef ik dat het warme gevoel dat ik krijg bij het denken aan al die hulp, 
goedee raad, drank, aardige woorden, vriendschap, etc. nooit door mij in een paar 
volzinnenn kan worden weergegeven. 
Daaromm schrijf ik maar dingen op die me zomaar te binnen schieten 

Ronald,, je belde me op om te zeggen dat ik de baan waarop ik had gesolliciteerd had 
niett voor mij was en terwijl ik teleurgesteld wilde neerleggen vroeg je of ik de 
eerstvolgendee maandag langs wilde komen om te praten over een andere job waarvoor je 
voorr een jaar financiering had versierd. Dit voorval typeert onze relatie van de voorbije 
jarenn uitstekend. Je was altijd bezig nieuwe mogelijkheden aan te boren en uit te 
proberen,, vervolgens maakte jij me erg enthousiast. Dan ging ik aan de slag en als ik na 
eenn ti jd ploeteren (en soms nog wel wat langer) teleurgesteld raakte omdat het niet 
datgenee opleverde waarop we hadden gehoopt werd besloten om dan de hele zaak maar 
aff te sluiten. Meteen daarop kwam je dan weer met nieuwe ideeën, die soms haaks 
stondenn op het voorgaande, en die werden op dusdanige wijze gebracht dat ik weer 
enthousiastt werd en aan de slag ging. Samen met Bert had jij een duo-baan in het 
begeleidenn van mijn promotie. Dit schepte soms nog wel eens verwarring (zeker bij mij) 
maarr zorgde ook voor de nodige hilariteit. Zet drie eigenwijze en zeer verschillende 
karakterss bij elkaar voor overleg over zaken die multi-interpretabel zijn en het feest is 
compleet.. Bert, jouw interesse ging ook uit naar toepassen en uitbreiden van de controle 
analysee theorie op lipiden secretie en dit vond ik ook erg interessant. Jammer dat we 
daarr uiteindelijk nog niet aan toegekomen zijn. Het ontkoppelingsonderzoek is het project 
datt langer duurde dan welk ander onderdeel van mijn promotie dan ook maar uiteindelijk 
haddenn we dan voldoende duidelijke data om er een hoofdstuk van te maken. Jij en 
Ronaldd vormden een interessant (un)couple maar ik wil je toch ook speciaal danken voor 
jee inzet en bijdrage gedurende de laatste twee weken voor de dead-line van het concept-
proefschrift. . 
Mijnn promotieperiode ging niet ongemerkt aan jullie (en mij) voorbij; ik was nou niet 
bepaaldd de model-AIO. Maar het is uiteindelijk toch goed gekomen en dat is mede jullie 
verdienste,, bedankt voor alles! 
Roel(of)) Bob, met jou heb ik vele uren doorgebracht op het proefdierenlab en jouw 

bijdragee aan het totstandkomen van mijn proefschrift is erg groot. Mede daarom vind ik 
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hett leuk dat je mijn paranimf wil/moet zijn. Dacht ik wel eens dat de nomenclatuur van P-
glycoproteïnenn omvangrijk was jouw Bargoense woordenschat voor alles wat met 
vrouwenn en de essentiële zaken die benodigd zijn tot het verwerven van nageslacht is 
werkelijkk fenomenaal. Je bent een prima kerel en een dankbaar onderwerp om af en toe 
eenss een practical joke mee uit te halen. 
Verderr wil ik "mi jn" studenten van harte bedanken dat ik hun begeleiding op me mocht 
nemen.. Brigit {jammer dat je toch dokter wilde worden), Coosje (Succes met je African 
Dream),, en Olaf (wil je nog een keer je Michael Jackson act opvoeren!). Jongens (en 
meisjes)) ik heb ontzettend veel van jullie geleerd en plezier met jullie gehad. De 
paranimfenn rol van Olaf is deels jullie rol, bedankt. 
Bart,, jouw bijdrage aan dit boekje is ook substantieel, vooral hoofdstuk 4 en 5. Ik heb het 
alss heel erg prettig ervaren om met jou samen te werken in de taskforce die wij samen 
mett Coosje vormden. Bedankt voor je geduld en uitleg. 
Raoul,, achterachterachterneef?, jij hebt samen met mij vele RNA isolaties uitgevoerd en 
vervolgenss de Vloek van de Northerns aan den lijve ondervonden. Ik geloof dat je er nu 
well een beetje overheen begint te komen. Hartstikke bedankt voor je hulp en humor. 
Piter,, jij begreep hoeveel frustratie de proeven met de Northerns opriepen en dus ging je 
aann de slag. Zelfs jij ging bijna ten onder aan de vertwijfeling maar je stortte je op de 
Light-Cyclerr en overwon. Door de inzet van jou en Raoul kwam er uiteindelijk data die we 
kondenn gebruiken voor het voor het opschrijven van hoofdstuk 3. Bedankt het was erg 
prettigg om met je te werken. 
Conny,, we kunnen goed met elkaar overweg en hebben meestal aan een half woord 

genoeg.. Hoewel dat bij anderen niet altijd het geval was vatte en waardeerde jij mijn 
somss wat licht cynische humor die het leven zo veraangenaamt. Voor vriendelijke 
woordenn moet je bij Kam zijn alleen niet op Maandag en Dinsdag. Geintje Kammetje 
Mokje,, ik heb altijd veel plezier met je gehad en ik hoop dat ik nog eens mag komen eten 
enn varen, dat wat er prettig. Michel, jij fungeerde zo'n beetje als zwevend anker op ons 
labje,, altijd bereid om wat op te zoeken of mee te denken. Zullen we aankomend jaar 
weerr wijn gaan bottelen? 
Andre,, hoewel je soms een beetje druk was in de omgang hebben wij ook vele uren 
doorgebrachtt ( al liep ik soms wel even alleen). Jouw input was soms van grote waarde 
(hetzijj waardeloos dan wel waardevol). Jij hebt bij mij de passie voor het vogelen 
aangewakkerd,, maar je was ook een prima vismaatje omdat jij ook niets ving. Het beste 
watt we gedaan hebben was de borrel geven aan de Noorderpiassen, al was de opkomst 
ergg mager. Ik hoop dat we in de toekomst weer eens samen eropuit trekken om 
schadelijkee vogelsoorten uit te roeien. Jurgen en Harriet, jullie weten nu hoe je schuim 
weerr terugkrijgt op je biertje. Dat we gezamenlijk er vaak nog een mogen drinken. Frans, 
jijj had altijd tijd voor een goed gesprek en ik vond bij jou altijd een luisterend oor. Dat 
deedd me erg goed. Jammer, dat je Jeroen niet kon overhalen om geld te doneren (hij is 
zelfss gierig met geld van zijn baas). Natuurlijk niet vergeten, Nienke mijn E-mailende Dr. 
Bobb uit veterinarian Hospital, jouw mailtjes komen altijd onverwacht maar nooit 
ongelegen.. Jouw inside E.R. verhalen lieten mij regelmatig schateren achter de computer. 
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Ondankss dat werden afspraakjes met jou door mij steevast vergeten. Ik zal mijn leven 
beteren,, echt waar! 
Astrid,, erg lang was je niet bezig voor ik vertok maar we hebben toch al een aantal leuke 
gesprekkenn gehad over de cholesteroltransporter, ik hoop dat je hem vindt en ons dan 
allemaall de oren komt wassen omdat we zo eigenwijs waren. Frederique, weet niet of 
hett zo goed geschreven is maar dat staat erg chique en dat past wel bij je, jouw bijdrage 
aann gesprekken tijdens de vroege koffie blijven me voor eeuwig bij. Lyda, ook jouw 
bijdragenn hebben onuitwisbare indruk gemaakt. Moet nog steeds glimlachen als ik voorbij 
eenn beddenzaak loop en moet denken aan bevroren waterbedden. "The gang" van het 
procreatielabb wil ik bedanken voor hun hulpvaardigheid, chemicaliën, verhalen en 
anekdotess en voor het feit dat ze altijd braaf bleven zitten om de voor hun totaal 
oninteressantee verhalen over biliare lipidensecretie aan te horen. 
Frank,, jij bent erg relaxed en hebt vaak om mij moeten lachen toen ik met mijn 
proefschriftt bezig was. De foto's van Nepal op je kamer en de verhalen over de 
orchideeënn die daar groeien maken mij alleen nog maar meer nieuwsgierig. 
Barend,, jij bent mijn ELSD mannetje. Met veel inzet en kennis van zaken heb jij samen 
mett mij nog gauw even de data verzameld voordat de ELSD die we op zicht hadden weer 
terugg moest naar zijn eigenaren. Je stond altijd klaar om mijn vragen te beantwoorden en 
mee te helpen als ik weer eens vragen had over de HPLC of dat @#$"~&%e ding weer 
eenss overal bleek te lekken. Ik hoop dat je je draai een beetje gevonden hebt. 
Johnn jouw humor is onnavolgbaar, jij komt altijd zo onverwacht grappig uit de hoek en 
trektt dan een gezicht van iemand die verbaasd is over zijn eigen opmerking. 
Rudi,, jammer genoeg bleef het avondje Marken beperkt tot de periferie maar het was erg 
gezellig,, zo ook de rit terug met de eerste bus. 
Johan,, geweldige kerel. We hebben nog niet samen de AMC-loop gelopen zoals was 
afgesprokenn en ik denk ook niet dat het er ooit nog van komt. Jij hebt mij ingewijd in de 
geheimenn van "Bollywood" en vormde samen met Roel de lezende/zwijgende 
gesprekpartnerss tijdens het eten. Ik vond het hartstikke tof dat je op je vrije zondag 
samenn met mij een laminaatvloer ging leggen in het nieuwe huis. Take care en kom nu 
eenss eten!. 
Laura,, ik noemde je altijd Petra, jij was een prima collega die er (bijna) nooit genoeg van 
kreegg om gepest te worden. Jouw speculaas is onovertroffen!. 
Karin,, jij kwam op ons lab om zuivere canaticulaire membranen te isoleren, een project 
waarr ik na anderhalf jaar mee ben gestopt omdat het niet lukte. Vol ontzag heb ik je 
werkzaamhedenn gadegeslagen, ik weet niet of het je in de afgelopen periode is gelukt, 
maarr alleen al voor moed, beleid en trouw verdien je een hoge onderscheiding. Veel 
success met de laatste loden. 
Marianne,, na vier jaar wist ik nog niet welk formulier in welke map te stoppen en toch 
kwamenn de bestelde spullen altijd binnen. Ik heb je soms wel in verwarring gebracht, 
bijv.. met de vraag of ik in aanmerking kwam voor ouderschapsverlof, maar ben daarmee 
gestoptt toen je wilde vluchten naar een "blijf van mijn huis l i j f . 
Jos,, je bracht mij op jouw beurt in verwarring door je naamsverandering en ik versprak 
mee nog wel eens, maar ik kan je verzekeren dat doet-Tiny-meer. 
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Sander,, met jou kon ik altijd overleggen en je bleef altijd schijnbaar onverstoorbaar. Zelfs 
toenn je met een hamer de weegschaal aan gort sloeg. Je was altijd een prima 
kamergenoott tijdens de congressen en daarbij een geduldig skileraar. Maar ik zal niet 
vergetenn hoe blij je keek dat ik eindelijk door kreeg dat je beter skiend dan vallend de 
hellingg kon afgaan. Sorry, maar iedereen kent Huub Hangop al. Veel succes in Londen. 
Berry,, op de momenten dat je er was bracht je een beetje rust op de mannenhoek, maar 
datt neemt niet weg dat we veel gelachen hebben. 
Coen,, we zijn samen begonnen op het SLIC lab en hebben samen veel gelachen. Jammer 
datt ik je nu niet meer zo vaak zie maar je had toch gelijk toen jij op de jouw 
karakteristiekee wijze mij duidelijk maakte dat ik toch echt wel moest promoveren omdat 
jijj wel weer eens zin had in een feestje. 
Adrii en Joost, net als met Roel heb ik vele uren met jullie doorgebracht op jullie lab. In de 
afgelopenn jaren zijn we aanzienlijk dichter naar elkaar toe gegroeid, het lab werd kleiner 
enn kleiner. Jullie waren nooit te beroerd om je mening te geven maar ook niet om mij te 
helpenn met de diverse experimenten. Adri, ondanks het feit dat we soms wel eens in 
aanvaringg zijn gekomen moet ik zeggen dat ik veel respect heb voor je manier van 
werkenn en je bereidheid om samen met mij even de lucht te klaren. Jongens, zonder jullie 
zouu het hoofdstuk over de "Swivel-ratten" er wellicht niet zijn gekomen, Bedankt!. 

Nou,, dat is toch nog een heel epistel geworden. Ik heb vast een aantal mensen niet 
genoemdd die hier toch genoemd hadden moeten worden en ook hen wil ik bedanken. 

Naastt de mensen op mijn werk zijn natuurlijk ook anderen van groot belang geweest in 
dee afgelopen periode. Allereerst mijn moeder, een beresterke vrouw, ik had graag nog 
watt vaker bij je willen zijn maar ik had het soms erg druk. Gelukkig kon je daar het begrip 
voorr opbrengen. Mijn schoonouders, die ook altijd voor me klaar staan. Mijn familie die, 
hoewell ik niet altijd even duidelijk kon maken wat ik nu precies deed, toch altijd vol 
interessee waren. 
Femke,, ik vind het erg leuk dat jij mijn kaft wilde ontwerpen, ik vind hem geweldig!!!. Ik 

weett dat het best veel tijd kostte en daarom heb ik je dan ook de twee puntjes gegeven 
waarr je recht op had. Richard, jij bent er altijd als ik iets wil weten, nodig heb of wat dan 
ookk en je kijkt soms zo heerlijk nuchter tegen de zaken aan. Jij bent eigenlijk zo'n beetje 
eenn echte broer voor mij geworden. 
Lievee Angelique, samen hebben we al heel veel meegemaakt en ik wist al wat voor een 

kanjerr je was, maar zonder jouw steun en geloof in mij had dit boekje er niet geweest. 
Daaromm is dit niet alleen mijn promotie maar zeker ook die van jou! 

Restt mij nog te zeggen aan iedereen: 

Houdoee en Bedankt voor alles en het ga je goed!! 
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