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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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ABSTRAC T 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. 

MATERIAL SS AND METHODS 

Animal ss and surger y 

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. 

Experimenta ll  set-u p 

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 

93 3 



RegulationRegulation of Mdr2 expression during bile diversion 

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 

KK  I  ..J 
-

// i 

II T _ 
TT _f——— o 6 e 5 
|| Y~ l - 2 
TT i i i i i i 
188 72 96 120 144 168 192 216 

Hours s 

 restored EHC 

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 equatio n 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 = A 0*BSse c + 

A^PIse cc (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). 

6755 900 1125 1350 1575 1800 2025 2250 

BSS secretion (nmol/minx100g bw) 

2255 450 6755 900 1125 1350 1575 

BSS secretion (nmol/minx100g bw) 

18000 2025 2250 
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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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Experimenta ll  conditio n 

Control l 

Bilee diversion (192 hr) 

Restoredd EHC 

TCC infusion (24 hr) 

TCC infusion (48 hr) 

Phospholipi dd conten t 

(nmol/gram) ) 

755 (56-94) 

733 (64-86) 

800 (65-95) 

86(68-104) ) 

75(66-81) ) 

Cholestero ll  conten t 

(^.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. 

Experimenta ll  conditio n 

Bilee diversion (192 hr) 

Restoredd EHC 

TCC infusion (24 hr) 

TCC infusion (48 hr) Rat A 

TCC infusion (48 hr) Rat B 

Mdr2Mdr2 expressio n 

(%% 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 

Figur ee 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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