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Abstract 

Mice with a disrupted mdrl gene do not secrete phospholipids into bile and develop severe liver 

disease. In this study we have determined which minimal level of phospholipid secretion into bile 

is required to prevent liver pathology. Mdrl (-/-) mice were used, in which phospholipid secretion 

was "rescued" by transgenic expression of the homologous human MDR3 gene. One strain of 

transgenic MDR3 ( + /-) mdrl (-/-) rescue mice (Al strain) had a maximal phospholipid secretion 

of 15% of control. These mice were fed a purified control diet for 6 weeks, with or without 

0.03% cholate. On a purified diet liver pathology, which was present directly after weaning, 

completely disappeared in male A1 rescue mice, stabilized in female Al rescue mice and increased 

in mdrl (-/-) knockouts. Cholate-supplemented diet induced severe pathology in the Al rescue 

strain and in mdrl (-/-) knockout mice. On a purified diet female but not male Al MDR3 ( + /-) 

rescue mice developed hepatocellular carcinoma after one year. Biliary glutathione output 

decreased with increasing pathology, and appeared to be a very sensitive parameter for liver 

pathology. 

The development of liver pathology is determined by: 1) The extent of reduction in phospholipid 

secretion. 2) The rate of bile salt secretion. 3) The bile salt composition. When bile salt output is 

minimal and bile salt composition is very hydrophilic, 15% phospholipid secretion is the 

approximate threshold to prevent liver pathology in mice. 
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Borderline pathology in MDR3 transgenic mice 

Introduction 

Biliary lipid secretion is a pivotal function of the liver in the protection against high bile salt 

concentrations in the canaliculi and bile ducts. In the normal situation, bile salts form mixed 

micelles with phospholipids and cholesterol. The formation of these mixed micelles neutralizes 

the cytotoxicity of bile salts'. In the absence of these lipids, simple bile salt micelles solubilize 

membranes of the hepatocytes and bile duct epithelial cells. The importance of this protective 

function of biliary lipids is underscored by studies with the mdrl (-/-) mouse, which completely 

lacks biliary lipid secretion23. The mdr2 P-glycoprotein (P-gp) is a canalicular ATP-binding 

cassette (ABC) transporter that flips phosphatidylcholine from the inner to the outer leaflet of the 

canalicular membrane4"7, thereby making phosphatidylcholine available for bile salt mediated 

secretion into bile8. The absence of phospholipid (and cholesterol) in bile of the mdrl (-/-) mouse 

induces severe progressive liver disease29. The characteristic histological picture of the liver in 

these animals shows inflammation of the portal tract and ductular proliferation which develops in 

the course of three months. Although an increased number of mitoses and Councilman bodies 

reveals damage to the liver parenchyme, this component appears less outspoken, compared to 

deteriorations seen in the portal tract2,9. 

We have recently demonstrated that this phenomenon does not only hold for the experimental 

animal model but also for man. Patients with progressive familial intrahepatic cholestasis (PFIC) 

with high serum gamma-glutamyl transferase (y-GT) actitivity have mutations in the MDR3 gene, 

the human homologue of the murine mdr2 gene'011. These patients suffer from a liver disease very 

similar to that in the mdr2 knockout mouse. The primary factor in the development of this liver 

disease is also the complete absence of phospholipid secretion in combination with a normal biliary 

bile salt secretion. The cells lining the biliary tree apparently react to phospholipid-free bile by 

an inflammatory response and excessive bile duct proliferation. This hypothesis is supported by 

the demonstration that the severity of liver pathology in the mdrl (-/-) mouse closely correlates 

with the hydrophobicity of the bile salt pool12. The endogenous bile salt pool of male mice is 

composed of 70% tauromuricholate and 30% taurocholate. The former bile salt is hydrophilic and 

non-cytotoxic, while the latter is more hydrophobic. Female mdr2 (-/-) mice have a higher content 

of taurocholate (up to 50%) and develop more severe liver pathology. Furthermore, manipulation 

of the bile salt pool by dietary supplementation with the more hydrophobic bile salt cholate, which 
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is converted to taurocholate, strongly accelerates and aggravates the development of all signs of 

liver disease. Conversely, complete replacement of the bile salt pool by the hydrophilic bile salt 

ursodeoxycholate prevents progression of disease12. 

These studies raise the question how far phospholipid secretion can be reduced before liver disease 

is induced. Is it possible that partial reduction of phospholipid secretion, rather than complete 

absence, also induces a hepatotoxic condition? This is important because mild reductions in 

phospholipid secretion could occur, by drug-induced inhibition of MDR3 P-glycoprotein or an 

acquired condition that might occur much more frequently than the rare inheritance of a mutated 

MDR3 gene. In the present study we address this question by looking at the development of liver 

disease in mice that transgenically express the human MDR3 gene at a low level, 15 % of control13. 

Results 

Characterisation of biliary lipid secretion in the transgenic "rescue" mice 

Various strains of mdrl (-/-) mice were generated which expressed different amounts of the human 

MDR3 P-glycoprotein13. In these mice MDR3 was expressed exclusively in the liver, because the 

transgene construct contained a MDR3 minigene behind an albumin promoter. Upon expression 

of the MDR3 gene, phospholipid secretion into bile was restored to levels which correlated with 

the amount of MDR3 protein. Correct localization of MDR3 P-gp in the canalicular membrane 

of the hepatocyte was confirmed with MDR3 P-gp specific immunohistochemistry13. The Al 

MDR3 (+/-) rescue strain has 15% protein expression of MDR3, compared to the mdrl 

expression level in wild type mice13. With this rescue strain {MDR3 (+/-), mdrl (-/-)) all 

following experiments were performed, and this strain will further be designated as Al MDR3 

(+/-). We evaluated the biliary lipid secretion capacity in two to four month old Al MDR3 ( + /-) 

rescue mice and compared this with mdr2 (+/+), mdrl (+/-),and mdrl (-/-) mice of the same age 

and gender. The gallbladder was cannulated and bile was sampled for 90 minutes in order to 

deplete the endogenous bile salt pool. Subsequently, increasing amounts of tauroursodeoxycholate 

(TUDC) were infused via the tail vein. TUDC was used to achieve very high bile salt output 

without development of cholestasis. The various phospholipid and cholesterol secretion rates in 

mdrl ( + / + ), ( + /-) and (-/-) mice upon increasing bile salt concentrations in bile have been 

previously reported by Oude Elferink et al14. 
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Fig.l. Relation between mdr2/MDR3 gene expression and biliary lipid secretion during i.v. infusion of 
TUDC. After depletion of their endogenous bile salt pool by diverting bile for 90 minutes via a gall 
bladder cannula, male mice from the different strains (3 per strain) were infused with increasing amounts 
of TUDC (from 600 to 2400 nmol/min. 100g). Depletion and infusion data are given. Fig. 1A shows the 
relation between bile salt and phospholipid secretion and fig. IB represents the relation between bile salt 
and cholesterol secretion14. 

In Fig.lA and IB the results of TUDC infusion in the Al MDR3 (+/-) rescue strain are shown. 

Compared to mdrl ( + / + ) mice, phospholipid secretion was 15% in the Al MDR3 ( + /-) rescue 

strain over the complete range of bile salt output rates (Fig.lA). In Al MDR3 ( + /-) rescue mice, 

cholesterol output was 45% of controls at all TUDC infusion rates (Fig. IB). 

Table 1. 

Bile salt species 
Muricholate (%) Taurocholate (%) 

Bile salt composition 
of Al MDR3 ( + /-) 

male mdr2 -1- rescue, mdr2 ( + / + ) 
Control diet 78.9 ± 6.5 21.1 + 6.5 and mdr2 (-/-) mice 
0.03% Cholate 38.7 + 5.1 61.5 + 4.9 after feeding the 
male M MDR3( + /-) 
Control die't 
0.03% Cholate 
female mdr2 (-/-) 
Control diet 

73.7 ± 2.3 
28.5 + 10.5 

54.5 ± 4.2 

26.3 ± 2.3 
70.6 ± 10.4 

45.6 + 4.2 

different diets for 6 
weeks. These data 
were obtained from 
the same samples as 
those of table 2. 

0.03% Cholate 37.9 ± 10.7 60.9 + 9.4 
female Al MDR3 ( + /-) 
Control diet 52.5 ± 5.6 47.5 ± 5.6 
0.03% Cholate 22.8 ± 6.7 77.2 + 6.7 
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Analysis of biliary lipids 

The bile salt pool of male FVB mice on a standard diet consists for about 70% of tauromuricholate 

and 30% of taurocholate. Previous dietary experiments with 0.1 % cholate revealed that near total 

substitution of the endogenous bile salt pool with taurocholate ( > 90%) induces a high mortality 

amongst mdr2 (-/-) mice12. Reduction to 0.01 % cholate acid did not lead to a significant change 

in the bile salt composition, although total bile salt secretion and serum bile salts increased 

significantly in mdrl (-/-) mice15. Addition of 0.03% cholate led to a substantial replacement of 

the endogenous bile salt pool by taurocholate ( > 7 0 % , table 1), but did not cause any side effects 

like weight loss or diarrhoea in mdrl (-/-) mice. We therefore chose for the latter diet to 

investigate the effects of this relatively hydrophobic bile salt on bile formation, biliary lipid 

composition and liver pathology in the Al MDR3 ( + /-) strain. 

Table 2. 

genotype bile flow bile salt phospholipid cholesterol 
(lil/min (mnol/min (nmol/min (nmol/min 

*100x) *100%) *100g) *100g) 

mdr2 (+ /+) male/female 
Control diet 6.2+1.1 166.5 + 68.1 9.53+2.6 1.38+0.4 
0.03% Cholate 8.5±1.6 348.7 + 41.4 41.4 + 2.8 7.46 + 2.5 

mdr2 (-/-) male 
Control diet 11.9+2.1** 259.2 + 68.2* 0.0 + 0.0** 0.0+0.1** 
0.03% Cholate 18.9+10.6* 574.8 + 317.9 0.2+0.3** 1.2+0.2** 

Al MDR3(+I-) male 
Control diet 6.4+0.8 155.8 + 29.1 1.2 + 0.7** 0.6 + 0.4** 
0.03% Cholate 22.0 + 8.6** 574.0 + 409.0 7.0 + 3.2** 5.1+2.8 

mdr2 (-/-) female 
Control diet 18.1+4.8** 401.2+102.9** 0.0+0.0** 0.1+0.1** 
0.03% Cholate 23.9 + 8.0** 613.1 + 182.1** 0.3+0.4** 1.5 + 1.1** 

Al MDR3(+/-) female 
Control diet 12.5+4.5** 314.9 + 83.2** 1.0+0.9** 0.6 + 0.5* 
0.03% Cholate 16.1 + 11.3 574.8 + 226.0 14.7+18.5** 4.8 + 3.3 

Al MDR3 ( + /-) rescue, mdr2 ( + / + ) and mdr2 (-/-) mice were fed with a purified control diet with or 
without 0.03% cholate for 6 weeks. After cannulation of the galbladder, bile was collected for 15 minutes. 
At least five mice were used in each group. Data represent means + S.D. * p < 0.05 and ** P < 0.01 
vs mdr2 (+/+) mice under same diet conditions. 
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Directly upon weaning all strains were fed a standard purified control diet with or without 0.03% 

cholate for 6 weeks. After cannulation of the gallbladder, initial secretion rates of bile constituents 

were measured in a 15 minute bile sample (table 2). Bile flow and bile salt secretion were 

comparable in male Al MDR3 ( + /-) rescue and mdr2 ( + / + ) mice on a purified control diet. On 

the same diet female Al MDR3 ( + /-) rescue mice had a higher endogenous bile salt secretion and 

bile flow than male mice, which is in agreement with earlier observations1516. In all mouse strains 

total bile salt secretion more than doubled after feeding a cholate-supplemented diet (table 2). On 

cholate-supplemented diet, male Al MDR3 ( + /-) rescue mice had a higher bile flow than mdrl 

( + / + ) mice. In fact, bile flow and bile salt secretion in Al MDR3 ( + /-) mice were not 

significantly different from levels of female A1 MDR3 ( + /-) rescue mice and mdrl (-/-) mice on 

a cholate diet. Mdrl (-/-) mice secreted a negligible amount of phospholipid into bile on both diets, 

as reported earlier1215. On a purified diet, male and female Al MDR3 (+/-) rescue mice secreted 

approximately 15% phospholipid and 45% cholesterol into bile, compared to the secretion levels 

of mdrl ( + / + ) mice on the same diet (table 2). On the cholate-supplemented diet, however, 

cholesterol concentrations in bile rose to similar concentrations as seen in mdr2 ( + / + ) mice, 

while phospholipid concentrations in bile remained 15% in male Al MDR3 ( + /-) rescues and 21 % 

in female Al MDR3 ( + /-) rescue mice, respectively. 

Fig.2. Mean histological scores of 
mdr2 ( + /+) and (-/-) knockout 
mice versus Al MDR3 ( + /-) rescue 
mice on different types of diet. Each 
group represents at least 5 animals. 
Open bars: directly after weaning; 
hatched bars: after weaning 6 
weeks on purified control diet; dark 
bars: after weaning 6 weeks on 
cholate-supplemented diet. Directly 
after weaning and after 6 weeks of 
purified control diet, liver pathology 
was more severe in female Al 
rescue mice, compared to male Al 
mice (** p < 0.01). Pathology 
disappeared on a purified control 
diet in Al rescue male mice (* p < 
0.005 vs mdr2 (-/-) and female Al 
rescue mice). On a cholate 
supplemented diet, pathology 
developed readily in all mouse 
strains, compared to mdr2 wild type 
mice (p < 0.005). 

mdr2 +/+ mdr2 -/- mdr2 -/- MDR3 +/- MDR3 +/-

(male) (female) (male) (female) 
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Liver histology in Al MDR3 (+/-) rescue mice 

The complete absence of phospholipids from bile in mdrl (-/-) knockout mice leads to liver disease 

which resembles the histological picture of nonsuppurative cholangitis. The liver pathology starts 

in the portal tract of the liver with inflammation and proliferation of the bile ducts912. Directly 

after weaning these histopathological abnormalities distinguish the mdrl (-/-) knockout mice from 

mdrl ( + / + ) and ( + /-) mice. The liver disease further deteriorates towards biliary fibrosis when 

these mice are fed a cholate-supplemented diet12. We analyzed the histological development of 

disease in Al MDR3 ( + /-) mice on control and cholate supplemented diet. The mean total 

histological score (with a maximum of 15) for the various mouse strains on different diets are 

given in Fig.2. Directly after weaning male Al MDR3 ( + /-) rescue mice had less liver pathology 

(depicted in Fig.3A) than male mdrl (-/-) mice (total score is 2.5+0.6 vs 4.3 + 2.1). Liver 

pathology in Al MDR3 ( + /-) rescue mice was more severe in females than in males directly after 

weaning (5.8 + 0.9 in female vs 2.5+0.6 in male Al rescue mice, p = 0.001), which correlates 

with the earlier found gender difference in mdrl (-/-) mice15. The observed liver pathology in Al 

MDR3 ( + /-) transgenic mice directly after weaning, distinguishes these mice from mdrl control 

mice where no histological abnormalities are present. After 6 weeks purified control diet, liver 

pathology in male Al MDR3 ( + /-) rescue mice virtually vanished (total score 0.5+0.6, p < 

0.005 vs mdrl (-/-) fig.3B). In female Al MDR3 ( + /-) rescue mice on a purified control diet, 

pathology remained on the level observed directly after weaning (5.0+0.6). In mdr2 (-/-) mice 

on the same diet liver pathology further aggravated (7.2+1.2). 

A cholate-supplemented diet induced only slightly detectable liver abnormalities in mdrl ( + / + ) 

mice (total score 3.0 ± 0.0). On the contrary, cholate feeding induced severe liver pathology in 

male and female Al MDR3 ( + /-) rescue mice (Fig.3C), as it did in mdrl (-/-) mice. Especially 

the portal component with inflammation and ductular proliferation increased, ultimately leading 

to the microscopic picture of "bridging fibrosis" where septate fibrosis from one to another triad 

was seen. The hepatocytes became enlarged and swollen with prominent and pleomorphic nuclei; 

mitotic figures and apoptotic bodies were abundant. Granulomatous and or a xanthomatous 

reaction was sometimes observed in the liver parenchyme. 

At the age of 12 months on a purified control diet. 7 out of 8 female Al MDR3 ( + /-) rescue mice 

developed multiple foci in the liver parenchyme, which culminated 4 months later into grossly 

visible nodular outgrowths in three out of four animals. In the mdrl knockout mouse similar 
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lesions were shown to be neoplastic9. No metastases could be detected in the lungs of these mice. 

The female Al MDR3 ( + /-) mouse without any neoplastic nodules showed clear detectable liver 

pathology (total pathology score of 6). On the contrary, none of 8 male Al MDR3 ( + /-) rescue 

mice on a purified diet developed neoplastic lesions after the same time period. Furthermore, after 

16 months these male mice were still devoid of any liver pathology. 

• i 2 

: 

Fig.3. Light microscopy of liver 
sections of a male Al MDR3 
( + /-) rescue mouse. Directly 
after weaning minor but clearly 
detectable portal inflammation 
and proliferation was visible 
(panel A). On a purified control 
diet no liver abnormalities could 
be detected anymore in the portal 
tract (panel B). After 6 weeks 
cholate supplemented diet, severe 
portal expansion due to 
inflammation and proliferation 
led to bridging fibrosis (panel C); 
H&E staining. Original 

magnification (25 x). 

ffg* * 'u • 
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Fig.4. Serum indices of liver injury in the different mouse strains, after 6 weeks on purified control diet 
(hatched bars) and after 6 weeks on cholate-supplemented diet (filled bars). ALAT (panel A), ALP (panel 
B) and Bilirubin (panel C). * p < 0.01. ** p < 0.005 

Serum liver enzymes in MDR3 (+/-) rescue mice 

In Fig.4 A-C serum levels of ALAT, alkaline phosphatase (ALP) and bilirubin are depicted after 

feeding the two different diets. ALAT and ALP were increased in mdr2 (-/-) mice on a purified 

control diet (Fig.4A and B) and further deteriorated on a cholate diet, as shown before12-'5. 

After 6 weeks on purified control diet, ALAT and ALP levels in male Al MDR3 ( + /-) mice did 

not differ from mdr2 ( + /+) mice. This is in concordance with normalization of the liver 

pathology in the male Al strain on a purified diet (Fig.2). In contrast, in female Al MDR3 ( + /-) 

rescue mice ALAT and ALP reached levels comparable to the mdr2 (-/-) mice. On the cholate 

supplemented diet ALAT and ALP increased in both male and female Al MDR3 ( + /-) rescue 

mice, but the increase in male Al mice was small, certainly when compared with the mdrl (-/-) 

mice. Bilirubin levels only increased on a cholate-supplemented diet (fig.4C), but the levels 

remained significantly lower in Al MDR3 ( + /-) rescue mice, compared with mdr2 (-/-) mice. 

Correlation between liver pathology and biliary glutathione 

We have previously shown that absence of phospholipid in bile in the mdr2 (-/-) knockout mouse 

is accompanied by an increased bile salt-independent bile flow and a near absence of glutathione 

from bile2. It was hypothesized that both phenomena were secondary to the liver pathology. The 

intermediate levels of liver pathology in the Al MDR3 ( + /-) mice on various diets provide an 
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opportunity to investigate the relation between the level of pathology and the changes in bile flow 

and glutathione secretion. In Fig.5A the pathology scores of all mice from various transgenic 

strains on the two diets is depicted against the total glutathione concentration in bile (the sum of 

reduced (GSH) and oxidized (GSSG) glutathione). As liver pathology increased, glutathione levels 

drastically declined towards unmeasurable values. In fact, glutathione concentrations in bile 

appeared to be a very sensitive parameter for the extent of liver pathology present in mice during 

these diet experiments. 

0 3 6 9 12 

pathology score (A.U.) 

O 

mdr2 (+/+) 

mdr2 (-/-) 

A1 MDR3 (+/-) 

15 

Fig.5. The relationship between 
liver pathology and biliary 
glutathione concentrations in the 
three different mouse strains. 
Total glutathione concentration in 
bile (GSH and GSSG) drastically 
declines when liver pathology 
aggravates. Data on the abscissa 
represent individual histological 
scores (as described in fig. 2) 
from animals of all strains. 

Discussion 

The human MDR3 and mouse mdr2 genes are closely related. They are more than 90% identical 

at the amino acid level17 and for both, highest expression is found in the liver67. A direct evidence 

for an identical physiological function is provided by the generation of MDR3 "rescue" mouse 

strains13. These mice have no expression of mdrl, but bear a MDR3 transgene that is specifically 

expressed in the liver as it is driven by an albumin promotor. In these rescue mouse strains we 

find a proper localization of MDR3 P-gp in the canalicular membrane of the hepatocyte as well 

as restoration of biliary phospholipid secretion13. These rescue mice clearly prove that the absence 

of biliary lipid secretion as well as the development of liver disease are both primary consequences 

of the absence of mdr2 P-gp in the knockout mouse. 

The strain of rescue mice used in the present study has approximately 15% MDR3 P-gp in the 

liver and in these Al MDR3 ( + /-) rescue mice, maximal phospholipid and cholesterol secretion 
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were determined by stepwise increasing rates of tauroursodeoxycholate (TUDC) infusion. 15% 

MDR3 P-gp expression13 corresponds very well with the observed maximal phospholipid secretion 

of 14%. The output of cholesterol in Al MDR3 ( + /-) mice is 45% of mdr2 ( + / + ) controls, and 

approaches the secretion rates in mdrl ( + /-) mice (60%). In normal mice, phospholipid and 

cholesterol secretion are tightly coupled to each other14. Our observations demonstrate that the low 

phospholipid secretion in the Al MDR3 ( + /-) rescue mouse is capable of eliciting substantial 

amounts of cholesterol into bile. This fits with our hypothesis that the presence of even small 

amounts of phospholipid in bile salt micelles strongly stimulates the capacity to extract cholesterol 

from the membrane8. Feeding the mice a purified diet for 6 weeks leads to similar biliary lipid 

concentrations of phospholipid (15%) and cholesterol (45%). On a cholate-supplemented diet, 

phospholipid concentrations remain on a similar level (15% of phospholipid secretion in mdr2 

(+/+) mice on a cholate diet). Cholesterol concentrations in bile of Al MDR3 ( + /-) rescue mice 

are equal to those of control mice on a cholate-supplemented diet. Thus, also in these chronic 

feeding experiments, an increase in the hydrophobicity of the bile salt pool by feeding cholate (> 

75% Taurocholate) in combination with a low capacity to excrete phospholipids, is sufficient to 

completely uncouple cholesterol from phospholipid secretion (which remains 15%). The sustained 

low MDR3 expression is not in contrast with our earlier observations that chronic bile salt feeding 

is capable of increasing mdrl expression16, as the MDR3 transgene is regulated by a complete 

different promotor than the mdrl gene in control mice; the albumin promotor is not influenced by 

bile salts. 

Directly after weaning, Al MDR3 ( + /-) rescue mice have clearly detectable liver pathology. 

Apparently, 15% phospholipid secretion is not sufficient under these circumstances to protect 

against bile salt toxicity. Prior to birth, an increase in the enzyme cholesterol 7-a hydroxylase 

activity results in increased conversion of cholesterol into bile salts18. Before weaning mice receive 

more cholesterol due to higher cholesterol content of mother milk, compared with the purified diet 

the mice receive after weaning. Thus, the bile salt load will be higher before weaning than 

afterwards. This may explain the presence of pathology in male Al MDR3 ( + /-) mice which 

disappears after six weeks purified diet. The observation that pathology disappears in male MDR3 

( + /-) rescue mice on a purified diet demonstrates that bile salt output per se is also a determinant 

in the development of liver pathology under conditions of reduced phospholipid secretion. 

Pathology in female Al MDR3 ( + /-) rescue mice does not decrease, presumably due to the fact 
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that female mice have a higher bile salt secretion rate'215. Furthermore, females have a higher 

relative content of taurocholate in bile (table 1). 

The conclusion from all these observations must be that the extent of liver pathology in mice with 

compromised phospholipid secretion is determined by three parameters: 1) the extent of the 

reduction in phospholipid secretion, 2) the level of bile salt secretion and 3) the bile salt 

composition. It appears in addition that the window of mdr2 expression in the liver that prevents 

liver pathology is narrow. 15% phospholipid secretion seems to be a threshold, but this level of 

phospholipid secretion is only sufficient when the bile salt secretion rate is minimal and the 

composition non-cytotoxic (> 70% tauromuricholate). This is the case in male Al MDR3 (+/-) 

rescue mice on a purified diet where liver pathology disappears. In contrast, female Al rescue 

mice have clearly detectable liver pathology, as the bile salt secretion is higher in females. Here, 

the phospholipid secretion required to prevent liver pathology is apparently higher than 15%. 

Further evidence for the existence of a threshold of phospholipid secretion and liver pathology was 

provided via an unfortunate decrement of MDR3 expression in subsequent generations of Al 

MDR3 (+/-) rescue mice. In the two later generations of Al MDR3 ( + /-) rescue mice, only 8% 

and 4% phospholipid secretion was measured, respectively13. When phospholipid secretion fell 

below the 15% threshold, pathology was more severe directly after weaning (pathology score of 

5-6 vs 2.5 in the earlier generation). When mice of these subsequent generations were fed a 

purified diet, pathology did not disappear, as in the earlier generation, but remained on a higher 

level (pathology score of 5-6 vs 0-1). 

With the diet experiments in the Al MDR3 ( + /-) rescue strain, a complete range in severity of 

liver pathology was generated. A clear reciprocal correlation between the severity of pathology 

and biliary glutathione concentrations was observed. The decreased glutathione concentrations 

cannot be explained by degradation of glutathione. y-Glutamyl transferase (y-GT), located on the 

luminal surface of the canalicular membrane and along the biliary tree, catalyzes the cleavage of 

the Y-glutamyl linkage, but the mouse has virtually no y-GT activity19. The normal intracellular 

levels of glutathione in mdr2 (-/-) mice2 also exclude increased utilization of glutathione inside the 

hepatocyte, where glutathione plays an important role in cell protection against peroxidation and 

in conjugation of toxic products. 

We hypothesize that the activity in the canalicular membrane to transport glutathione into bile is 

impaired. We have recently obtained direct evidence that the most likely candidate for biliary 
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transport of reduced GSH is the canalicular multispecific organic anion transporter (cMOAT or 

MRP220"22. Several possible mechanisms might involved in the regulation of MRP2 activity. 

Down-regulation at the transcriptional level has been excluded as MRP2 mRNA levels were not 

decreased in the mdrl (-/-) mouse (unpublished results J.M.L de Vree). Posttranscriptional down-

regulation of MRP2 has been ruled out by normal protein levels of MRP2 at western blot analysis 

and positive MRP2 staining on immunohistochemistry (unpublished results J.M.L. de Vree). 

Alternatively, glutathione transport by MRP2 may be secondarily affected in diseased mice via cis-

inhibition of glutathione transport by other compounds that accumulate in mdr2 P-gp-lacking 

hepatocytes. As inflammation and proliferation play an active role in the disease process, 

mediators like prostaglandins or cysteinyl-leukotrienes may modulate MRP2 activity and this 

might result in decreased biliary glutathione secretion. Impaired activation of MRP2 by 

dephosphorylation is another mechanism which could explain the decreased glutathione transport23. 

Additional studies are required to clarify the underlying mechanisms of reduced biliary glutathione 

levels in the diseased mdrl (-/-) mouse. 

On a control purified diet, female Al MDR3 ( + /-) rescue mice developed more liver pathology 

than male Al rescue mice. Serum liver enzymes were also higher than in male Al rescues. The 

higher hepatocellular damage in the female rescue strain eventually resulted in the development 

of tumors. Seven out of eight females developed hepatocellular carcinoma after one year, whereas 

all eight male Al rescue mice were completely free of microscopic liver pathology and tumors 

after one year of life. This demonstrates that reduced expression of mdr2/MDR3 not only induces 

abnormalities in the portal tract of the liver, but is also involved in the development of 

hepatocellular carcinoma. These observations make it unlikely that tumor formation is caused by 

defective secretion of (co)carcinogenes, since 15% secretion would be probably sufficient for the 

disposal of these agents. 

Recently, we have reported the absence of a functional human MDR3 P-gp in a subtype of 

progressive familial intrahepatic cholestasis (PFIC)". These pediatric patients have an early onset 

of cholestasis, which progresses towards cirrhosis and liver failure before adulthood. Liver 

histology is characterized by portal inflammation and ductular proliferation, followed by biliary 

fibrosis. Serum analysis reveals high y-glutamyl transferase activity (y-GT). MDR3 P-gp is absent 

in the liver of these patients as determined via immunohistochemistry. With RT-PCR sequencing 

we identified homozygous mutations in the MDR3 gene of two patients". Similar to the mdrl (-/-) 
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knockout mouse, total absence of phospholipid in the bile of these PFIC patients leads to severe 

liver disease. Heterozygous family members of these patients have no reported liver diseases. For 

obvious reasons liver biopsies of these family members have not been studied. Therefore, mild 

pathological aberrations may go undetected. 

As discussed above, 15% phospholipid secretion appears to be the approximate threshold at which 

pathology develops in the mouse. As the human bile salt pool is considerably more hydrophobic 

than that of the mouse, we expect that the threshold at which phospholipid secretion can prevent 

liver pathology in humans lies considerably higher. In fact, mothers of PFIC patients experienced 

recurrent episodes of cholestasis during pregnancy. Jacquemin and colleagues provided additional 

evidence for the genetic basis of intrahepatic cholestasis of pregnancy in relatives of PFIC type 

3 patients24. In a large consanguinous family, heterozygosity for a mutation in the MDR3 gene 

predisposed women for intrahepatic cholestasis during pregnancy. Other factors may however also 

influence expression or activity of MDR3 P-gp, as the cholestasis did not occur during each 

pregnancy of the heterozygous women. Thus, relatively small decreases in phospholipid secretion 

may, in humans, already lead to hepatic damage under certain circumstances. This opens the 

possibility that partial defects in the MDR3 gene, disease-related down-regulation of MDR3 or 

drug-induced MDR3 P-gp inhibition are potential causes of liver disease. 

Material and methods 

Animals 

All applied procedures were approved by the committee for experimental animal procedures of the 

University of Amsterdam. The generation of homozygous mdr2 (-/-) mice of the 129/Ola strain and the 

crossbreeding of that strain with the FVB strain have been described previously in detail2. Recently mdr2 

(-/-) mice were produced, in which the absence of phospholipid secretion was "rescued" by transgenic 

expression of the homologous human MDR3 gene behind an albumin promotor: the MDR3 "rescue" mouse 

strains13. In this study, "rescue mice" with a small amount of phospholipid secretion were used, 

heterozygous Al MDR3 (+/-) rescue mice13. Mdr2 ( + / + ) and (-/-) mice were used as controls. 

A diet experiment was performed in which cholate was chronically fed to Al MDR3 ( + /-) mice, and mdrl 

( + /+) and (-/-) mice. The animals were fed a purified control diet (Hope Farms, Woerden, The 

Netherlands) with or without 0.03% cholate for 6 weeks directly upon weaning. On the day of the 

experiment, animals were anesthetized by i.p. injection of 1 ml/kg Hypnorm (fentanyl/fluanisone) and 10 

mg/kg diazepam. The abdomen was opened and the gallbladder was cannulated after distal ligation of the 

common bile duct. Body temperature was maintained by placing the animals on a thermostatted heating 

pad and by covering them with a piece of aluminium foil. Bile samples were collected and immediately 
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frozen at -20 °C. Serum was collected and analyzed for liver enzymes after which the livers were excised. 

For determination of maximal phospholipid secretion, increasing amounts of tauroursodeoxycholate (600 

to 2400 nmol/min. 100g, dissolved in phosphate-buffered saline) were infused in the tail vein at the 

indicated rate during continuous bile sampling for 2 hours (in two to four months old male mice of 

different strains). 

Histochemistry and light microscopy 

Tissue samples were fixed in a mixture of ethanol, acetic acid and formalin (8:1:2, vol/vol)25, embedded 

in paraffin, sectioned at 5 pm, and stained with hematoxylin and eosin. Two independent investigators 

scored the liver pathology histologically in a blinded manner. Liver pathology was semi-quantitatively 

scored for the following five histopathological parameters in four grades of severity (0-3): mitotic activity, 

Councilman bodies, portal inflammation, ductular proliferation and fibrosis. The first two parameters 

represent damage to hepatocytes, while the latter three monitor events in the portal tract. A maximal 

pathology score of 15 points could be reached for each mouse. This scoring system is the same as 

described previously12. 

Serum and bile analysis 

Serum analysis. Activities of serum liver enzymes, alkaline phosphatase and bilirubin levels were 

determined by routine clinical tests performed on a Hitachi analyzer, according to the instructions of the 

manufacturer. 

Bile analysis. Total phospholipid was determined enzymatically with phospholipase D and choline 

oxidase24. Cholesterol was assayed enzymatically with cholesterol oxidase27. Total bile salt concentration 

was measured spectrophotometrically with 3<x-hydroxysteroid dehydroxygenäse28. Total glutathione (GSH 

and GSSG) was measured as described by Tietze29. Bile salt species from selected bile samples were 

analyzed by HPLC as described by Ruben and Van Berge-Henegouwen30, modified as follows. Samples 

were diluted 1:200 in eluens (methanol 60%, 3 mM K2HP04, pH 3.75: 40%). 20 /*1 of this sample was 

injected on the HPLC with a C18 Chromspher 5^m (Chrompack column) with a flow of 800 /xl /min. Peaks 

were detected using an UV detector at 205 nm. 

Chemicals 
All chemicals used were from Sigma (St.Louis,MO). The phospholipid assay kit was from Wako 

Chemicals GmbH (Neuss, Germany). Cholesterol assay kit was from Boehringer (Mannheim, Germany). 

3-OH-steroid dehydrogenase was from Worthington Biochem.Corp. (Freehold, NJ). 

Statistics 
All values represent means ± standard deviations from at least five animals of each strain. Differences 

between the groups were analyzed by unpaired, non-parametric Mann-Whitney test. 
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