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MechanismMechanism of "uncoupling" by organic anions 

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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ABSTRAC T 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. 
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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 
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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). 

DBSPP phase 

Taurocholatee infusion phase 
ii  i  •  i  )  • *  i  •  i  •  •  •  i  I i  i |  u 

50 0 100 0 1500 20 0 

tim ee (min ) 

250 0 300 0 

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) 

figur ee 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. 

STLCC phase 

Taurocholatee infusion phase 
T~ll  . . . 

1000 150 200 

timee (min) 

300 0 

STLCC phase 
Taurocholatee infusion phase 

.. . I . ,—r 
1000 150 200 

timee (min) 

300 0 

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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Figur ee 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 

145 5 



ChapterChapter VI 

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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