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One of the main functions of the liver is the production of bile and the biliary secretion of endogenous and exogenous substances, including drugs and drug metabolites. Bile formation is a complex sequence of cellular events, which involves uptake of bile constituents and xenobiotics at the basolateral (sinusoidal) plasma membrane of hepatocytes and secretion of cholephilic compounds across the apical (canalicular) membrane. Any functional disturbance of the bile secretory process can lead to cholestatic liver disease, which is associated with intracellular accumulation of toxic bile constituents and consecutive cholestatic liver cell damage. 

It is increasingly recognized that genetically determined alterations of hepatobiliary transporter functions are important risk factors for an individual’s susceptibility to develop cholestasis (for review see:1, 2). Especially, mutations in canalicular transporter genes can cause hereditary cholestatic liver disease including progressive and benign forms of familial intrahepatic cholestasis. Furthermore, genetically determined functional changes in hepatobiliary transport systems have been demonstrated as cause of acquired cholestatic syndromes, such as intrahepatic cholestasis of pregnancy and possibly also drug-induced cholestasis. This overview summarizes the physiological function and regulation of human hepatobiliary transport systems and discusses the pathophysiology of selected cholestatic syndromes, with a special emphasis on the impact of genetic variations in hepatocellular transporter genes on the development of cholestasis.

PhysiologY OF HEPATOCELLULAR TRANSPORT and Bile Formation

The hepatic uptake and efflux processes involved in bile formation are maintained by distinct transport systems expressed at the two polar surface domains of liver cells. Figure 1 shows a scheme of hepatocellular transport proteins involved in uptake and efflux of endogenous and exogenous cholephilic compounds. 

Basolateral (Sinusoidal) Transport Systems

So far, two major transport pathways have been identified to play a key role in hepatic uptake of endogenous and exogenous (xenobiotic) substances from sinusoidal blood plasma. The sodium dependent pathway is represented by the sodium-taurocholate cotransporting polypeptide NTCP (SLC10A1) (for review see:3), whereas different members of the superfamily of organic anion transporting polypeptides (OATP/SLCO) (for review see:4) are main players in the sodium-independent pathways. Substrate specificity of human NTCP is essentially limited to conjugated bile salts and certain sulfated steroids, while substrate specificity of hepatic OATPs includes conjugated and unconjugated bile salts. Next to OATPs, another class of basolateral uptake transporters for small hydrophilic organic compounds is constituted by the OAT/ OCT (SLC22A) family, the role of which for hepatic uptake of bile constituents remains to be established (for review see:5). 

In addition to uptake systems, the basolateral membrane also possesses several ATP-dependent efflux pumps. These transporters belong to the family of multidrug resistance associated proteins (MRPs ABCC), which are multispecific transporters for different organic anions 6. Out of the basolaterally expressed MRPs, especially MRP4 has been implicated in the efflux of bile salts.

Apical (Canalicular) Transport Systems

The secretion of bile salts and other bile constituents across the canalicular membrane of hepatocytes is mediated by various ABC-transporters. These include members of the family of multidrug resistance P-glycoproteins such as MDR1 (ABCB1), the bile salt export pump BSEP (ABCB11) and the phospholipid flippase MDR3 (ABCB4). BSEP and MDR3 are involved in the secretion of cholephilic compounds from the liver cell into the bile canaliculus (for review see:7-9). In contrast, MDR1 P-glycoprotein does not seem to play a role in bile formation. In addition, the canalicular membrane localizes the multidrug resistance associated protein 2 (MRP2, ABCC2), which recognizes a wide spectrum of organic anions, including bilirubin-diglucuronide, glutathione conjugates and divalent bile salt conjugates (for reviews see: 6, 10). Furthermore, the ABC half transporters ‘breast cancer resistance protein’ (BCRP, ABCG2) and the ‘cholesterol flippase’ ABCG5/G8 (ABCG5, ABCG8) have been implicated in the secreation of sulfated bile acid conjugates (BCRP)11 and plant sterols and cholesterol (ABCG5/G8) (for review see:6, 12). In contrast, the role of canalicular FIC1 protein (ATP8B1) in bile formation has not been characterized so far. 

Disease States Associated with Impaired Bile Salt Transport

Hereditary Cholestatic Diseases


Familiar Intrahepatic Cholestasis 
Hereditary intrahepatic cholestasis encompasses a heterogeneous group of cholestatic syndromes, which share some phenotypic characteristics, but differ in their clinical presentation and disease course. Dysfunction of BSEP and FIC1 is typically associated with normal serum cholesterol and (-glutamyltranspeptidase ((-GT) levels but elevated serum bile salts1, while MDR3 disease usually displays elevated serum (-GT-levels in the presence of normal bile salt levels. The latter is explained by the absence of phosphatidylcholine in bile of individuals with MDR3 lesions, which result in high detergent activity of biliary bile acids with consecutive damage to bile ductular cells.  In contrast to BSEP and MDR3 dysfunction, which exclusively affects the liver, the presence of diarrhea and pancreatitis in FIC1 dysfunction points toward a role of FIC1 in extrahepatic tissues, such as for example regulation of intestinal bile salt absorption. 

Inherited dysfunctions of one of the above mentioned canalicular transporters are the cause of three different forms of progressive familial intrahepatic cholestasis. Progressive familial intrahepatic cholestasis type 1 and 2 (PFIC1 and PFIC2) are caused by the complete or near complete absence of functional FIC1 or BSEP in the canalicular membrane, while PFIC3 is related to the absence of functional MDR3 in hepatocytes. All three conditions are characterized by early-onset cholestasis in the first year of life with progression to end-stage liver disease before adulthood 13-18. Furthermore, inherited FIC1 and BSEP dysfunction have also been associated with a benign form of inherited familial intrahepatic cholestasis (BRIC1 and BRIC2, for the FIC1 and BSEP-related diseases, respectively), which usually begins in adulthood and is characterized by recurrent episodes of intrahepatic cholestasis without progressive liver damage 19, 20 19, 21, 22 23. So far, benign forms of inherited cholestasis have not been described for MDR3. On the other hand, genetically determined alterations in MDR3 expression and function have been associated with acquired cholestatic syndromes such as intrahepatic cholestasis of pregnancy and a form of cholesterol gallstone disease17, 18.
In most cases the pathophysiological link between a patient’s phenotype and inherited transporter dysfunction has only been indirect, as it has been based upon the presence of a mutation with unknown functional impact. A first attempt to in-vitro phenotype disease-related mutations was performed in PFIC2 disease. Wang and coworkers cloned seven nonsynonymous PFIC2 mutations into rat Bsep and expressed the constructs in polarized MDCK cells 24. However, these results were partially contradicted by Plass and coworkers, who used mouse Bsep for their functional studies, indicating the possible impact of species differences on protein function25. Recently,  in-vitro phenotyping of three novel mutations in human BSEP and immunohistochemical characterization of BSEP expression in liver biopsies obtained from two patients with PFIC2 and BRIC2 phenotypes, respectively, could provide direct evidence that these mutations entail a defect in BSEP expression and function, thereby strongly supporting a role of these mutations in causing the observed phenotypes (Noe et al., manuscript submitted26). In this report, the extent of in-vitro BSEP dysfunction correlated well with the in-vivo phenotype and allowed an in-vitro distinction between mutations associated with a progressive and a benign course of intrahepatic cholestasis. It can therefore be speculated that progressive and benign forms of inherited intrahepatic cholestasis type 2 are not two distinct disease entities but a continuum of phenotypes of a pathophysiologically similar conditions. Although formal proof is lacking, it is tempting to think that this concept might also be extended to FIC1 and MDR3-related cholestatic diseases.

Dubin-Johnson Syndrome

Genetic variation in the MRP2 gene results in the Dubin-Johnson Syndrome (DJS), a disease characterized by conjugated hyperbilirubinemia. Mutations leading to DJS are either associated with complete absence of immunohistochemically detectable MRP2 in affected patients or impaired protein maturation and sorting 27-37. Increased expression of MRP3 on the basolateral hepatocyte membrane may compensate for absent MRP2 function in Dubin-Johnson patients 38. Overt jaundice observed in patients with subclinical Dubin-Johnson-Syndrome under treatment with oral contraceptives 39 might be due to competitive inhibition of this rescue mechanism, thereby increasing intracellular accumulation of bilirubin diglucuronide. 

Acquired Cholestatic Diseases

Primary Biliary Cirrhosis and Primary Sclerosing Cholangitis

Primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC) are chronic hepatic disorders, which slowly progress to end stage liver failure in most of the affected patients. The inflammatory process of PBC affects predominantly the small bile ducts, while PSC is characterized by inflammation, fibrosis and obstruction of large and medium sized intra- and extrahepatic ductuli40, 41. In a recent study, genetic variation and haplotype structure of BSEP and MDR3 in PBC and PSC patients was compared to a large healthy Caucasian population 42. No differences in variant and haplotype segregation could be detected between healthy Caucasian individuals and PBC and PSC patients, respectively. For BSEP, two non-synonymous variants were specific to PBC patients (G620D and A1228V) and one to PSC patients (S194P). For MDR3, four were specific to PBC patients (L73V, D243A, K435T and K1251Q), while one was PSC specific (R545C).

Two haplotypes were observed more frequently in the patient cohort as compared to healthy controls. Although the power of these haplotypes to predict the corresponding diseases is relatively small, an association between these two haplotypes and disease pathogenesis cannot be ruled out as for multifactorial and complex traits like PBC and PSC the effect of a specific haplotype is expected to be small. Furthermore, analysis of prognostic parameters for PBC and PSC for an association with certain haplotypes revealed an association between higher Mayo Risk Scores and BSEP_4 in the PBC group, which might indicate a pathogenic role of this BSEP haplotype in PBC subphenotypes. 

Cholestasis of Pregnancy

Intrahepatic cholestasis of pregnancy (ICP) is characterized by the occurrence of transient cholestasis in pregnant women 43-45. From a clinical perspective, two different forms of intrahepatic cholestasis of pregnancy can be distinguished according to -GT values and clinical evolution. High -GT values are often found in ICP patients with MDR3-deficiency, suggesting that this form would be MDR3-related 43, 45. It was observed that mothers of children with a PFIC3 phenotype often experienced typical recurrent episodes of ICP. Recently, the extent of genetic variation in BSEP and MDR3 was studied in a large collective of unrelated Caucasian women with ICP and compared to the extent of genetic variation in healthy pregnant control women. In this collective, 47% of ICP patients had elevated -GT levels and 77% of these patients carried ICP-specific MDR3 mutations, including three newly detected splicing consensus mutation (intron 21: G(+1)A, intron 25: G(+5)C and C(-3)G) and 2 non-synonymous variants in highly conserved regions of the protein (S320F and G762E)46.

In contrast to MDR3, evidence for a pathogenic involvement of hereditary BSEP mutations is controversial. A possible role of BSEP in the development of pregnancy-associated cholestasis was first reported in one mother with an affected PFIC2 child 17. Another study investigated the association of two intragenic BSEP marker SNPs in Finnish patients with ICP and unaffected controls and suggested that BSEP might also be a susceptibility gene for pregnancy-associated intrahepatic cholestasis 47. However, genetic analysis of flanking markers for BSEP and MDR3 in 16 individuals from two Finnish ICP families could not find such an association 48. This is in line with recent findings by our group, which did not find data supporting a strong role of BSEP mutations in the pathogenesis of pregnancy-associated cholestasis46. Interestingly, in this study no possibly disease-causing genetic variation in BSEP or MDR3 was detected in more than half of the affected patients. This allows the conclusion that the etiology of ICP is heterogeneous and that a genetic predisposition plays a role only in a subset of patients. In the future, the better characterization of hormonal and environmental factors associated with the development of ICP might help to more accurately identify this subset of patients with a genetic predisposition. 
Drug-induced Cholestasis
Various drugs are thought to cause cholestasis through inhibition of BSEP function 8. While most of these drugs directly cis-inhibit ATP-dependent taurocholate transport in a competitive manner, estradiol 17-glucuronide indirectly trans-inhibits Bsep after secretion into the bile canaliculus by Mrp2. An additional mechanism of cholestatic cell damage was recently proposed by Fouassier et al., who investigated the effect of bosentan on Mrp2 mediated canalicular bile formation 49. It could be shown that bosentan stimulates and significantly increases Mrp2-dependent bilirubin excretion and bile salt-independent bile flow, while biliary lipid secretion was profoundly inhibited and uncoupled from bile salt secretion. Inhibition of biliary lipid secretion was not seen in Mrp2-deficient TR- rats, which suggests that translocation of organic anions across the canalicular membrane is a prerequisite for the occurrence of the uncoupling effect. Thus, Mrp2 induced choleresis might dilute bile salts in the bile canaliculi below the concentration required for solubilization of phosphatidylcholine and cholesterol. Consequently, decreased biliary phospholipid secretion does not necessarily mean a defect in the canalicular phospholipid flippase MDR3 but could also be explained by a physicochemical disequilibrium in bile composition. 

The functional and clinical impact of genetic variations in BSEP,  MDR3 and other canalicular transporter genes for the development of drug induced liver injury remains to be delineated. Systematic genetic screenings in healthy individuals identified several common polymorphisms in the promoter as well as in the coding regions of these genes 50-52. Some polymorphisms such as the V444A polymorphism in BSEP or the C1515Y in MRP2 were associated with decreased hepatic expression of these proteins53. Whether this observation constitutes a risk factor for the development of drug-induced cholestasis is currently under investigation. It can be expected that in the future the functional characterization of genetic variations in these and possibly other canalicular transporter genes will allow to identify those that might predispose to drug-induced liver injury.

CONCLUSIONS

From the examples delineated in this article it is apparent that dysfunction of bile salt transporters is one of the leading causes of cholestasis. Since the elucidation of the genetic basis of hereditary cholestatic syndromes it has become increasingly evident that genetics are a major determinant of hepatocellular transporter function and expression thereby determining an individual’s susceptibility to develop cholestasis. However, there are still a number of cholestatic liver diseases for which the underlying genetic defect has not yet been determined. A special challenge will be the elucidation of the possible role of genetic defects in hepatobiliary transporters for acquired cholestatic syndromes, such as drug-induced cholestasis, since the number of drug-induced liver injury has further increased during the last ten years and represents an important clinical problem with significant morbidity and mortality. 

FIGURE LEGENDS
Figure 1: The transport polarity of hepatocytes. For explanations see text. Basolateral uptake systems are shown in blue, basolateral ATP-Binding Cassette (ABC)-transporters are shown in red. Canalicular ABC transporters are shown as green ovals, while presumptive ABC lipid translocases (‘flippases’) are symbolized by green circles.
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