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Abstract 

Drug induced liver injury is an important clinical entity. It can be grouped into cholestatic 

liver injury, hepatocellular liver injury and mixed liver injury. Cholestatic liver injury is 

characterized by a reduction in bile flow and retention within hepatocytes of cholephilic 

compounds such as e.g. bile salts that cause hepatotoxicity. 

Bile salts are largely taken up in a sodium-dependent manner and to a minor part in a sodium-

independent manner (into) by hepatocytes. The former process is mediated by the sodium-

(dependent) taurocholate cotransporting polypeptide (NTCP) and the latter by the organic 

anion transporting polypeptides (OATPs). OATPs have a broad substrate specificity and 

mediate uptake of a many drugs into hepatocytes. Bile salts are exported from hepatocytes 

into the biliary tree by the bile salt export pump (BSEP). Inhibition of BSEP by drugs or drug 

metabolites leads to drug-inuduced cholestasis. BSEP can be inhibited directly from within 

the hepatocyte, or indirectly by a mechanism that first requires canalicular secretion of the 

perpetrator. In cholestatic liver disease, expression of hepatocellular uptake transporters is 

generally reduced, while the expression of the canalicular export systems tends to be 

preserved. This adapatation is controlled by nuclear receptors and transcription factors. 

Genetic variants of BSEP may be a risk factor for drug-induced cholestasis. So far, studies 

have associated the c.1331T variant of the ABCB11 gene coding for a V444A substitution in 

BSEP as a potential risk factor. Additional risk factors may be genetic variants of uptake 

transporters or other export transporters for drugs or their metabolites. 

 

Introduction 

The liver is a key organ in protecting the body from potentially harmful xenobiotics and is 

central in the metabolism and elimination of xenobiotics. As such, it is constantly challenged 

by toxic substances and metabolites and it is not surprising that the liver is a major target for 

adverse drug reactions, which lead to drug induced liver injury (DILI). DILI is a very 

important clinical entity. The incidence of serious adverse drug reactions in hospitalized 

patients may be up to 6 % and may be contribute up to 0.3 % of all deaths of inpatients (1). 

Adverse drug reactions account for over 50 % of cases presenting with acute liver failure (2). 

A recent US study highlighted that in severe cases, transplant-free survival is poor (27 %) and 

that the overall survival with transplanted patients included is 66 % (3). DILI is categorized 

into drug-induced cholestasis, drug induced hepatitis or mixed liver injury (4). In medical 

inpatients, cholestatic and mixed liver injury may account for up to 30 % of cases with DILI 



(5). DILI is also a major issue in drug development, where it often leads to attrition of drugs 

during development or later to removal of drugs from the market (6,7). 

 

Bile formation 

Bile formation is a key function of the liver. Disturbances in bile formation lead to a reduction 

of bile flow, a pathophysiologic process which is called cholestasis. Bile salts are synthesized 

from cholesterol in a complex series of highly orchestrated biosynthetic steps involving 

among others peroxisomes in hepatocytes (8). In hepatocytes, new synthesized bile salts are 

mixed with bile salts entering from the portal blood and secreted via the canalicular 

membrane into the canaliculi, which are the functional starting point of the biliary tree. The 

biliary tree ultimately drains into the duodenum. In the small intestine, bile salts are essential 

for lipid digestion and the absorption of fat and fat soluble vitamins (9,10). Bile salts are 

absorbed to more than 90 % along the small intestine and transported back by the portal blood 

to the liver (11), where they are taken up into hepatocytes and again secreted into the 

canaliculi. This roundtrip of bile salts between the intestine and the liver is termed 

enterohepatic circulation. 

 

Uptake of bile salts from sinusoidal blood into hepatocytes is predominantly sodium-

dependent and to a minor part sodium-independent. The sodium-dependent uptake of bile 

salts is mediated by the sodium taurocholate cotransporting polypeptide (NTCP, SLC10A1), 

which is expressed in a polar manner at the basolateral plasma membrane of hepatocytes 

(11,12). NTCP has a preference for conjugated bile salts over unconjugated bile acids. The 

sodium-independent portion of the bile salt uptake is mediated by organic anion transporting 

polypeptides (OATPs). OATP1B1 (SLCO1B1), OATP1B3 (SLCO1B3) and OATP2B1 

(SLCO2B1) are expressed at the basolateral plasma membrane of hepatocytes, although 

OATP2B1 appears not to be a bile salt transporter (13-15). OATPs have a preference for 

unconjugated bile acids over conjugated bile salts (16), which was recently confirmed in 

genetically modified mice (17,18). Importantly, OATPs mediate uptake of the metabolic 

endproduct bilirubin (19-21) and of numerous xenobiotics including many widely prescribed 

drugs (22,23). In contrast, the role of NTCP in the hepatocellular uptake of drugs seems to be 

minor (12). 

 

After their uptake into hepatocytes, bile salts reach the canalicular plasma membrane by a 

mechanism that has not yet been characterized in detail, but probably bound to cytoplasmic 



proteins (12). The free intracellular bile salt concentration in hepatocytes is probably less than 

1 µM in rats (24) and may be comparably low in human hepatocytes (25). Export into the 

canaliculus is mediated by the bile salt export pump BSEP against a large concentration 

gradient. BSEP (ABCB11) is a member of the ATP-binding cassette (ABC) transporter super 

family (12,26,27). The canalicular secretion of bile salts represents the rate limiting step of 

bile salt transport across hepatocytes (13,28). Due to its strategic position in hepatic bile salt 

secretion, the proper functioning and regulation of this transporter is essential for hepatocyte 

viability since bile salts have detergent properties and easily become cytotoxic (29). 

 

In addition to bile salts, bile is rich in phospholipids and organic anions such as bilirubin 

conjugates. Phospholipids are the main component of biliary lipids and need multidrug 

resistance protein 3 (ABCB4) for entering the canalicular bile (30). This ABC transporter 

translocates the main biliary lipid phosphatidylcholine from the inner to the outer leaflet of 

the canalicular membrane. Bile salts, by acting as detergents, release phosphatidylcholine 

from the outer canalicular leaflet into the canaliculus, where the two constituents form mixed 

micelles (31). These mixed micelles act as acceptors for poorly water soluble substances, a 

prototypic example being cholesterol. Cholesterol release from the canalicular membrane is in 

part mediated by the heterodimeric ABC transporter ABCG5/ABCG8 (ABCG5/ABCG8) (32). 

In addition to acting as carriers for poorly water soluble substances, mixed micelles are 

needed to lower the toxic action of biliary bile salts against cholangiocytes to prevent bile salt 

induced injury of the bile ducts (33,34). Biliary organic anions other than bile salts are mainly 

conjugates of bilibubin and glutathione. Often, drug metabolites excreted into bile are also 

organic anions. These compounds are transported by the two ABC transporters multidrug 

resistance-associated protein 2 (MRP2, ABCC2) and ABCG2 (ABCG2). 

 

In summary, bile formation is one of the key functions of the liver and requires an intricate 

interplay of transport systems expressed at the basolateral and canalicular membrane of 

hepatocytes. The ABC transporters expressed in the canalicular membrane are able to work 

against steep concentration gradients and thereby keep the concentration of their respective 

substrates low within hepatocytes. An interference with these transporters, either by inherited 

or acquired disturbance of their function can potentially lead to an accumulation of toxic 

substances in hepatocytes and in turn to liver disease. 

 

Clinical Features of Drug Induced Cholestasis 



Diagnosis of DILI and DIC depends on a detailed clinical assessment of the patient and 

individual drugs, which can lead to a specific clinical phenotype (35-37). Diagnosis of DILI 

includes chronological criteria, exclusion of other causes and positive clinical criteria (1,35-

40). A classification system such as e.g. established by the Council for International 

Organization of Medical Sciences is certainly helpful for identifying patients with drug-

induced cholestasis among the many other forms of DILI (4). Bland cholestasis is associated 

with elevated alkaline phosphatase and elevated bile salts in plasma and usually rapidly 

reverts upon discontinuation of the culprit drug. Mild forms of DILI may be asymptomatic 

and vanish as a consequence of adaptation (41). 

 

Hepatocellular Drug Uptake and Intracellular Drug Concentrations 

NTCP is a secondary active transporter and can mediate uptake of its substrates against a 

concentration gradient, leading to a potentially higher intracellular concentration than in the 

sinusoidal blood plasma. The driving force of OATPs is so far not fully understood and 

remains controversial (15,36). OATPs are most likely bidirectional transporters that exchange 

anions against each other. Evidence that intracellular anions are effluxed upon OATP-

mediated substrate uptake has so far been presented for glutathione (42), glutathione-

conjugates (43) and bicarbonate (44,45). In addition, transport activity of almost all OATPs 

tested so far is activated by a low extracellular pH (45). As there is an in to out gradient of 

glutathione over the hepatocellular plasma membrane, uptake in exchange for glutathione 

could potentially work against a concentration gradient leading to an intracellular 

accumulation of OATP substrates, e.g. drugs. For example, in rats glibenclamide was 

observed to be fifty times higher in the liver compared to serum indicating a concentrative 

uptake mechanism (46). As coadministration of the OATP-inhibitor rifampicin with 

glibenclamide leads to an increase of glibenclamide exposure in humans (47), glibenclamide 

is a potential substrate for OATPs. Higher hepatocellular concentration of glibenclamide 

compared to plasma is in line with the observation that indocyanine green, which is 

transported into hepatocytes by OATP1B3 and also by NTCP (48) shows ten-fold higher 

concentrations in hepatocytes than in the plasma of rats (49). Furthermore, the transport 

activity of OATPs may be modulated by endo- and xenobiotics, such as prostaglandins (50), 

estrone-3-sulfate (51), estradiol-17β-glucuronide (52), clotrimazole (53) or herbal extracts 

(54,55). This modulation can, at least in part, be due to different substrate binding sites of 

different OATPs (54). All these different transport mechanisms may individually play a role 

in OATP-mediated drug uptake into hepatocytes and preclude a prediction of the intracellular 



drug concentration from serum values. It is however clear that DILI injury including drug-

induced cholestasis correlates with the dose of the drug, which in turn impacts intracellular 

drug concentrations (56). 

 

In addition to uptake, metabolism and efflux of drugs from hepatocytes are also important 

steps in overall drug disposition that affect intracellular drug concentrations. In the canalicular 

membrane, multidrug resistance protein 1 (MDR1, ABCB1) is a major contributor to 

hepatocellular export of drugs into the canaliculus. The substrate specificity of MDR1 is very 

broad and includes numerous drugs (57,58). The substrates of MDR1 are electrically neutral 

or positively charged organic molecules and include anticancer drugs, immunosuppressants, 

antifungals, CNS drugs, antihistamines, antihypertensives, protease inhibitors and 

xenobiotics. Since MDR1 is expressed at many organ boundaries, it is a key determinant in 

drug and xenobiotic disposition and in the toxicity of such compounds (59). MRP2 exports 

drugs, xenobiotics and numerous phase II metabolites (58,60,61) and ABCG2 transports a 

long list of drugs and also toxins (62-64). In hepatocytes, drug and drug metabolite excretion 

also occurs back into the portal plasma. This step is mediated by MRP3 and MRP4, which 

mediate export of drugs including some antimetabolites and drug metabolites across the 

basolateral plasma membrane of hepatocytes (65). 

 

In summary, the hepatocyte is equipped with an intricate network of uptake and efflux 

transporters for drugs and their metabolites. Drug metabolism both biotransforms and 

generates substrates of these transporters. Consequently, transport and metabolism are linked 

in a complex network via substrate levels and processes that regulate gene expression (66). 

 

Mechanisms of BSEP Inhibition 

Inhibition of BSEP leads to a reduction of biliary bile salt secretion and bile flow as well as to 

accumulation of bile salts within hepatocytes. If the inhibition persists, BSEP inhibition leads 

to acquired clinical cholestasis, often of the bland type. Drug examples originally shown to 

inhibit human and rat BSEP/Bsep are cyclosporine, rifampicin, rifamycin, glibenclamide or 

bosentan (67-71). All these drugs have been shown to lead to acquired cholestasis in 

susceptible patients. The cholestatic mechanism of the dual endothelin receptor antagonist 

bosentan has been worked out in considerable detail. Bosentan and its main metabolite enter 

hepatocytes via uptake through OATP1B1 and OATP1B3 and bosentan is eliminated by 

biliary excretion (72). During clinical trials, bosentan was found to cause reversible, 



asymptomatic transaminase elevations in some patients (73). In the same patients, plasma bile 

salt levels increased in proportion to the dose of bosentan. In rats, bosentan treatment also 

leads to an elevation of plasma bile salt levels, which is more pronounced after 

coadministation of glibenclamide (73). Both, rat and human Bsep/BSEP are competitively 

inhibited by bosentan, which strongly suggests that in vivo - in patients with elevated bile 

salts - bosentan has the same principle of action. In these patients, no elevation of bilirubin 

was observed (73), which supports the concept of a specific bosentan - BSEP interaction. 

Further investigation of bosentan-induced cholestasis in rats revealed a more complex 

mechanism of bosentan-induced cholestasis. In rats, administration of bosentan leads to a 

stimulation of bile flow (74) This is not in line with the basic concept of cholestasis, which is 

defined by a reduction of bile flow. In this animal study, no impact of bosentan on bile salt 

output was observed, but a reduction in biliary phospholipid secretion (74). Increased 

canalicular bile flow with constant bile salt output leads to a lower intracanalicular bile salt 

concentration. As biliary phospholipid secretion is critically dependent on canalicular bile salt 

concentrations (31), a reduction in biliary lipid secretion might adversely alter the lipid 

asymmetry of the canalicular membrane, which in turn could lead to an intracellular 

accumulation of bile salts (75). This choleretic effect of bosentan in rats is dependent on the 

presence of functional Mrp2 in the canalicular membrane (74). Indeed, while the transport 

activity of rat and human BSEP is inhibited in Sf9 cell vesicles by bosentan, this drug 

stimulates the transport activity of rat and human MRP2 (76). The list of drugs that have until 

now been demonstrated to inhibit BSEP is long (77,78). Morgan and coworkers demonstrated 

that drugs with IC50 values in the low µM range towards BSEP are known to have clinical 

liabilities (77). Dawson and coworkers found no clear distinction between unbound plasma 

Cmax values, IC50 values and DILI in man (78), supporting the concept that other factors such 

as for example drug uptake into hepatocytes contribute to the development of acquired 

cholestasis. 

 

Troglitazone is a drug, which was withdrawn from the market as a consequence of severe 

hepatotoxicity. The detailed mechanism of troglitazone toxicity remains somewhat elusive, 

but involvement of mitochondrial toxicity has emerged as an agreed concept (79,80). In rats, 

the main metabolite of troglitazone is troglitazone sulphate, which is eliminated into bile (81). 

Administration of troglitazone to rats leads to a reduction of bile flow, i.e. cholestasis (82). 

Troglitazone and its sulphated metabolite are potent inhibitors of rat Bsep (83). Consequently, 

troglitazone, which is also an inhibitor of dog and human Bsep/BSEP (84), can lead to an 



accumulation of bile salts in hepatocytes, which in turn are toxic to mitochondria (29). This 

process aggravates the negative impact of troglitazone to mitchondria and leads to mixed 

(hepatocellular and cholestatic) liver injury. The thiazolidinediones, rosiglitazone and and 

ciglitazone, inhibit bile salt transport into rat canalicular plasma membrane vesicles, 

suggesting a class effect on Bsep inhibition (85). Indeed, rosiglitazone is also associated with 

liver injury (86). 

 

Oral contraceptives may lead to acquired cholestasis (87,88) and steroid metabolites are 

associated with the onset of intrahepatic cholestasis of pregnancy (87,89-92). Application of 

estradiol-17β-glucuronide and progesterone sulfate leads to acute cholestasis in rats (93,94). 

Both steroid metabolites do not inhibit Bsep expressed in Sf9 cells, but require the 

coexpression of Mrp2 (67,94,95), indicating transinhibition of Bsep. An alternative 

explanation for this finding is an interaction of Mrp2 with Bsep in the canalicular membrane 

that is fostered by estradiol-17β-glucuronide and leads to Bsep inhibition (96). The epidermal 

growth-factor receptor (HER1/HER2) inhibitor PKI166 has been reported to exhibit a similar 

pattern of inhibition (97). 

 

Impact of Elevated Intracellular Bile Salt Levels on Transporter Expression 

Inhibition of BSEP by drugs in susceptible patients may lead to bland cholestasis or may 

aggravate cholestasis with subsequent mixed liver injury. The mechanism of BSEP inhibition 

can either be competitive - i.e. direct - or may require the action of an additional transporter, 

such as Mrp2 and may consequently be indirect. Any impairment of BSEP will lead to an 

intracellular accumulation of bile salts. Within hepatocytes, bile salts activate a bile salt 

sensor, the nuclear transcription factor farnesoid-X-receptor (FXR, NR1H4) (98,99). FXR acts 

as a key regulator of metabolic processes (100). Generally, activation of FXR by increased 

bile salt concentrations in hepatocytes down-regulates the uptake systems for bile salts and 

maintains or upregulates bile salt efflux systems. (101). FXR upregulates the expression of 

small heterodimer partner (SHP), which in turn directly represses the expression of rat Ntcp 

(102) and down-regulates the expression of human NCTP indirectly via the glucocorticoid 

receptor (103). The impact of FXR on the expression of SLCO1B1 has been reported with 

conflicting results. While an earlier publication reported HNF1-mediated down-regulation of 

OATP1B1 expression after activation of FXR (104,105), thereby explaining the decrease in 

OATP1B1 mRNA expression  that was found in liver tissue from patients with cholestatic 

liver disease (106), another group reported a direct activation of the expression of OATP1B1 



after pharmacologic activation of FXR (107). To our knowledge, FXR dependent regulation 

of the expression of OATP2B1 has not yet been reported and unpublished data from our 

group showed a complex response element within the 5' flanking region of the human 

SLCO2B1 gene that appear to be repressed by monomeric FXR (Eloranta and Kullak-Ublick, 

unpublished) (108). The promoter of SLCO1B3 coding for the third hepatocellular OATP is 

directly transactivated by FXR (109). The ABCB11 gene is also subject to direct 

transactivation by FXR (110) and ABCC2 transcription also appears to be responsive to FXR 

activation (111). The ligand binding to FXR is rather specific and to date, only a limited 

number of synthetic agonists exist (112,113). Bile salts are derived from cholesterol, which in 

turn may also be metabolically converted to oxysterols. (114). Oxysterols activate the liver X 

receptors (LXR,) LXRα (NR1H3) and LXRβ (NR1H2) (112). The promoter of SLCO1B1 has 

been shown to contain a LXRα response element (107). Expression of BSEP is also 

upregulated by oxysterols, but this regulation involves FXR rather than LXR (115). Drugs and 

xenobiotics are ligands of the pregnane X receptor (PXR, NR1I3) and/or of the constitutive 

androstane receptor (CAR, NR1I2) (112,113,116). Next to activation of phase I and phase II 

detoxification processes, these nuclear receptors also regulate transporter expression. So far, 

direct activation by PXR could only be shown for the rat Slco1a4 gene (117). However, 

OATPs mediate uptake of a considerable number of PXR or CAR ligands and as such are 

indirectly involved in the regulation of drug and xenobiotic metabolism in hepatocytes (118). 

At the transcriptional level, the expression of MRP2is positively regulated by both PXR and 

CAR (111,119). This may help to protect hepatocytes from potentially toxic metabolites of 

drugs and xenobiotics. 

 

Data on alterations of transporter expression levels in human liver tissue from patients with 

drug-induced cholestasis have not been published. However, information on transporter 

expression in other forms of liver disease, including cholestatic liver disease has been 

investigated. Patients suffering from progressive familial intrahepatic cholestasis, a severe 

cholestatic liver disease, show unchanged NTCP expression at the mRNA level but reduced 

protein levels (120).In patients with biliary atresia, a form of obstructive cholestasis, NTCP 

mRNA is decreased, but increases after restoration of bile flow (106,121,122). In primary 

biliary cirrhosis (PBC), NTCP expression is not affected in early stages, but is decreased in 

late stages (106,123,124). Wherease patients with chronic hepatitis C do not display altered 

NTCP expression, cholestatic hepatitis leads to reduced NTCP expression (106). After liver 

transplantation, both the expression of NTCP mRNA as well as hepatic bile salt output are 



increased (125). In patients with advanced PBC or icteric cholestasis OATP1B1 shows lower 

expression than in controls (106,124). OATP1B1 and OATP1B3 are also decreased in late 

stages of PBC (123) and OATP1B1 was found to be reduced in primary sclerosing cholangitis 

(PSC)(126). In patients suffering from obstructive cholestasis predominantly as a 

consequence of cancer of the biliary tract or of the pancreas, successful percutaneous drainage 

leads to a mildlyfuzzy canalicular staining, while poorly drained patients show reduced and 

fuzzy canalicular BSEP staining and a slight decrease of BSEP mRNA (127). Pediatric 

patients with biliary atresia have no change of BSEP protein, but BSEP mRNA is decreased 

to an extent that depends on the stage of the disease (128). BSEP is down-regulated in patients 

with inflammatory cholestatic liver disease (106), but appears to be preserved in PBC 

(123,124). In fact, induction of BSEP has even been reported in PBC (129). The organic anion 

and drug-metabolite efflux pump MRP2 is down-regulated in primary sclerosing cholangitis 

primary sclerosing cholangitis (126) and is decreased in late stages of PBC (123,130) but was 

found to be preserved in other studies (124). Icteric cholestasis lowers expression of MRP2, 

while its mRNA was found to be unchanged (106), a finding that could not be confirmed in a 

different study (129) and was found to be variable in a third study (131).  

 

Taken together, uptake systems in hepatocytes tend to be down-regulated in human 

hepatocytes under various forms of liver disease, while canalicular export pumps usually are 

preserved in such conditions. These findings in humans are mirrored in many animal studies 

with models for liver disease and have been summarized elsewhere (132). 

 

Susceptibility Factors for Drug Induced Cholestasis 

While drug induced cholestasis (DIC) is a relevant clinical entity, the risk for incurring (DIC) 

is very low (133). However, identification of risk factors that render patients susceptible to 

DIC bears the potential to further reduce the incidence of DIC, which in turn will improve the 

outcome and the quality of life of patients and lower the financial burden to the health care 

systems. Our understanding of the mechanisms of DIC in humans has advanced considerably 

in recent years. For ethical reasons, any hypothesis developed can only be tested in animals, 

which may or may not apply to the human situation. This is exemplified by progressive 

familial intrahepatic cholestasis type 2 (PFIC2). These patients have mutations in the ABCB11 

gene coding for BSEP (134) and develop severe liver disease. In contrast, mice with a 

disrupted Abcb11 gene have only a mildly impaired liver function (135). 

 



BSEP is a likely susceptibility factor for DIC, as impaired BSEP function is an underlying 

molecular mechanism of hepatotoxic adverse drug events. Analysis of the protein expression 

of several canalicular ABC transporters revealed a considerable interindividual variability of 

the expression of BSEP in healthy human liver tissue (136). Individuals with lower protein 

levels of BSEP could be at risk for developing DIC (27). The hypothesis behind this concept 

is supported by a patient with benign recurrent BSEP deficiency syndrome. This patient is a 

compound heterozygote for two mutations in the ABCB11 gene, E297G and R432T (137). In 

Sf9 cells, both mutations show only residual transport activity. Thus, although functional 

BSEP capacity may have sufficed to uphold bile salt excretion under normal physiologic 

situations, the threshold for inhibition of BSEP activity and bile salt export from hepatocytes 

was lower. One of the cholestatic episodes of this patient was putatively linked to nonsteroidal 

anti-inflammatory drugs, which are known to be a challenge for hepatocytes. While multiple 

studies on ABCB11 gene polymorphisms and variants have been published, the 

nonsynonomous c.1331T>C and c.2029A>G polymorphisms in exons 13 and 17, respectively 

are consistently reported with frequencies greater than 0.5 % in independent cohorts (138-

142). Genotyping of the individuals contributing to the cohort of liver samples used for 

expression analysis revealed that individuals carrying at least one c.1331C allele tended to 

have lower BSEP expression levels (136). As individuals homozygous for the c.1331C allele 

were all found in the low range of BSEP expression, this allele could potentially be a 

susceptibility factor for DIC and acquired cholestasis. Kinetic characterization of the two 

BSEP variants in the Sf9 cell expression system revealed no difference (140). An association 

of the c.1331C allele with acquired cholestasis was confirmed in patient cohorts with DIC 

(140) and cholestasis of pregnancy (143,144). Interestingly, the same polymorphism 

correlates with progression to cirrhosis in hepatitis C genotype 2 and 3 patients (145) and 

shows an association with a lower sustained viral response for hepatitis C genotype 2 and 3 

(146). The underlying mechanism could be a positive correlation between intracellular bile 

salt levels and hepatitis virus C replication (101). An association of the c.1331C allele with 

acquired forms of cholestasis has also been found in several case reports (12,70). However, a 

study on a Swedish cohort of women presenting with cholestasis of pregnancy found no 

association with common ABCB11 haplotypes (147). Methodologically, this study analyzed 

haplotype distribution, while all the previous studies investigated single nucleotide 

polymorphisms. 

 



To our knowledge, up to now no studies analyzing specifically the role of MRP2 variants in 

the susceptibility to DIC have been reported. However, ABCC2 haplotypes have been 

associated with liver injury induced by drugs or herbal remedies (148) and with diclofenac 

induced hepatotoxicity (149). These findings make it likely that an association of MRP2 

variants with susceptibility to DIC is possible. MRP2 variants have also been associated with 

altered drug disposition (150). With respect to ABCG2, MRP3 and MRP4, pharmacogenetic 

studies on the role of ABCG2, ABCC3 and ABCC4 in drug disposition or efficacy showed 

conflicting results (150). Hence, a potential role of ABCG2, MRP3 and MRP4 variants in 

DIC remains to be investigated. Its capacity to transport a wide variety of drugs and its impact 

on the disposition of its substrates has led to many studies that have investigated the 

pharmacogenetics of MDR1 in relation to drug disposition (150). The results of these studies 

have been highly inconsistent, in some cases contradictory. A majority of recent meta-

analyses found no impact of the synonymous c.3435C>T polymorphism of ABCB1 on 

pharmacokinetics and pharmacodynamics as well as susceptibility to diseases (150). 

Consequently, it seems fair to assume that MDR1 is not an important susceptibility factor for 

DIC. Additional genetic risk factors for DIC are genes coding for phase I and phase II 

enzymes of drug metabolism (2,37,151). 

 

Even the strongest known associations between genotype and the phenotype of DILI (e.g. the 

HLA-B*5701 genotype in flucloxacillin-induced liver injury (152) ultimately account for 

only a small fraction of the overall risk for the phenotype in question to occur. Additional 

factors such as drug doses, preexisting liver disease, sex, age and lifestyle constitute 

additional susceptibility factors for DIC (2,56,153,154). The low overall incidence of this 

adverse drug reaction makes the assessment of the relative importance of each individual risk 

factor difficult. This is where systematic pharmacoepidemiological studies will be of value, 

since they combine an extensive survey of patient risk constellations with the clinical 

appraisal of individual cases, in tribute to the observation that no two cases of DILI or DIC 

are ever the same. 

 

Outlook 

The impairment of membrane transport is now recognized as an important mechanism in the 

pathogenesis of DILI, notably drug-induced cholestasis. Several hepatotoxic drugs have been 

shown to inhibit BSEP, although additional mechanisms such as mitochondrial toxicity and 

immune-mediated liver damage are usually required for clinically severe liver injury to occur. 



Of all the transporters characterized to date, BSEP is the best characterized in connection with 

a cholestatic pattern of injury. The V444A genetic variant, which is common in the 

population, appears to confer a risk for drug-induced and other forms of acquired cholestasis, 

although other BSEP variants have also been identified. The role of the phospholipid 

translocator MDR3 in drug-induced cholestasis is still unclear. A functional in vitro assay for 

MDR3 transport activity is not available to date, making inhibition studies difficult. It seems 

likely that bile duct injury inflicted by drugs may in some cases be caused by inhibition of 

MDR3 mediated phospholipid excretion into the bile ducts, but this area of research remains a 

challenge for the future. In addition to the expression and genotype of transporters 

themselves, the intricate network of transcriptional and epigenetic regulatory mechanisms that 

affect transporter activity are under intense investigation and new mechanisms by which 

drugs can adversely affect membrane transport are likely to emerge from this line of study. To 

date, functional testing of BSEP and MRP2 inhibition by drugs is commonly required by the 

FDA in the context of liver signals during drug development, but interpretation of the results 

still requires an exact analysis of the individual clinical presentation in connection with the in 

vitro findings. 

 

References 

1. Fontana RJ. Acute liver failure due to drugs. Semin Liver Dis 2008;28(2):175-187 

2. Andrade RJ, Robles M, Ulzurrun E, Lucena MI. Drug-induced liver injury: insights 

from genetic studies. Pharmacogenomics 2009;10(9):1467-1487 

3. Reuben A, Koch DG, Lee WM. Drug-induced acute liver failure: results of a U.S. 

multicenter, prospective study. Hepatology 2010;52(6):2065-2076 

4. Benichou C. Criteria of drug-induced liver disorders. Report of an international 

consensus meeting. J Hepatol 1990;11:272-276 

5. Meier Y, Cavallaro M, Roos M, et al. Incidence of drug-induced liver injury in 

medical inpatients. Eur J Clin Pharmacol 2005;61(2):135-143 

6. Schuster D, Laggner C, Langer T. Why drugs fail--a study on side effects in new 

chemical entities. Curr Pharm Des 2005;11(27):3545-3559 

7. Smith DA, Schmid EF. Drug withdrawals and the lessons within. Curr Opin Drug 

Discov Devel 2006;9(1):38-46 

8. Russell DW. Fifty years of advances in bile acid synthesis and metabolism. J Lipid 

Res 2009;50 Suppl:S120-125 



9. Hofmann AF, Hagey LR. Bile acids: chemistry, pathochemistry, biology, 

pathobiology, and therapeutics. Cell Mol Life Sci 2008;65(16):2461-2483 

10. Hofmann AF. The enterohepatic circulation of bile acids in mammals: form and 

functions. Front Biosci 2009;14:2584-2598 

11. Dawson PA, Lan T, Rao A. Bile acid transporters. J Lipid Res 2009;50(12):2340-2357 

12. Stieger B. The role of the sodium-taurocholate cotransporting polypeptide (NTCP) and 

of the bile salt export pump (BSEP) in physiology and pathophysiology of bile 

formation. Handb Exp Pharmacol 2011;201:205-259 

13. Meier PJ, Stieger B. Bile salt transporters. Annu Rev Physiol 2002;64:635-661 

14. Hagenbuch B, Meier PJ. Organic anion transporting polypeptides of the OATP/SLC21 

family: Phylogenetic classification as OATP/SLCO superfamily, new nomenclature 

and molecular/functional properties. Pflugers Arch 2004;447:653-665 

15. Roth M, Obaidat A, Hagenbuch B. OATPs, OATs and OCTs: The organic anion and 

cation transporters of the SLCO and SLC22A gene superfamilies. Br J Pharmacol 

2011 

16. Meier PJ, Eckhardt U, Schroeder A, Hagenbuch B, Stieger B. Substrate specificity of 

sinusoidal bile acid and organic anion uptake systems in rat and human liver. 

Hepatology 1997;26(6):1667-1677 

17. van de Steeg E, Wagenaar E, van der Kruijssen CM, et al. Organic anion transporting 

polypeptide 1a/1b-knockout mice provide insights into hepatic handling of bilirubin, 

bile acids, and drugs. J Clin Invest 2010;120(8):2942-2952 

18. Csanaky IL, Lu H, Zhang Y, et al. Organic anion-transporting polypeptide 1b2 

(Oatp1b2) is important for the hepatic uptake of unconjugated bile acids: Studies in 

Oatp1b2-null mice. Hepatology 2011;53(1):272-281 

19. Konig J, Cui Y, Nies AT, Keppler D. A novel human organic anion transporting 

polypeptide localized to the basolateral hepatocyte membrane. Am J Physiol 

Gastrointest Liver Physiol 2000;278:G156-164 

20. Cui Y, Konig J, Leier I, Buchholz U, Keppler D. Hepatic uptake of bilirubin and its 

conjugates by the human organic anion transporter SLC21A6. J Biol Chem 

2001;276(13):9626-9630 

21. Briz O, Serrano MA, MacIas RI, Gonzalez-Gallego J, Marin JJ. Role of organic anion-

transporting polypeptides, OATP-A, OATP-C and OATP-8, in the human placenta-

maternal liver tandem excretory pathway for foetal bilirubin. Biochem J 2003;371(Pt 

3):897-905 



22. Hagenbuch B, Dawson P. The sodium bile salt cotransport family SLC10. Pflugers 

Arch 2004;447(5):566-570 

23. Hagenbuch B, Gui C. Xenobiotic transporters of the human organic anion transporting 

polypeptides (OATP) family. Xenobiotica 2008;38(7-8):778-801 

24. Weinman SA, Maglova LM. Free concentrations of intracellular fluorescent anions 

determined by cytoplasmic dialysis of isolated hepatocytes. Am J Physiol 1994;267(5 

Pt 1):G922-931 

25. Setchell KD, Rodrigues CM, Clerici C, et al. Bile acid concentrations in human and 

rat liver tissue and in hepatocyte nuclei. Gastroenterology 1997;112(1):226-235 

26. Stieger B, Meier Y, Meier PJ. The bile salt export pump. Pflugers Arch 

2007;453(5):611-620 

27. Stieger B. Recent insights into the function and regulation of the bile salt export pump 

(ABCB11). Curr Opin Lipidol 2009;20:176-181 

28. Reichen J, Paumgartner G. Uptake of bile acids by perfused rat liver. Am J Physiol 

1976;231(3):734-742 

29. Krahenbuhl S, Talos C, Fischer S, Reichen J. Toxicity of bile acids on the electron 

transport chain of isolated rat liver mitochondria. Hepatology 1994;19(2):471-479 

30. Oude Elferink RP, Paulusma CC. Function and pathophysiological importance of 

ABCB4 (MDR3 P-glycoprotein). Pflugers Arch 2007;453(5):601-610 

31. Small DM. Role of ABC transporters in secretion of cholesterol from liver into bile. 

Proc Natl Acad Sci U S A 2003;100(1):4-6 

32. Hazard SE, Patel SB. Sterolins ABCG5 and ABCG8: regulators of whole body dietary 

sterols. Pflugers Arch 2007;453(5):745-752 

33. Borst P, Zelcer N, van Helvoort A. ABC transporters in lipid transport. Biochim 

Biophys Acta 2000;1486(1):128-144 

34. Trauner M, Fickert P, Halilbasic E, Moustafa T. Lessons from the toxic bile concept 

for the pathogenesis and treatment of cholestatic liver diseases. Wien Med 

Wochenschr 2008;158(19-20):542-548 

35. Verma S, Kaplowitz N. Diagnosis, management and prevention of drug-induced liver 

injury. Gut 2009;58(11):1555-1564 

36. Pauli-Magnus C, Meier PJ, Stieger B. Genetic determinants of drug-induced 

cholestasis and intrahepatic cholestasis of pregnancy. Semin Liver Dis 

2010;30(2):147-159 



37. Padda MS, Sanchez M, Akhtar AJ, Boyer JL. Drug-induced cholestasis. Hepatology 

2011;53(4):1377-1387 

38. Pratt DS, Kaplan MM. Evaluation of abnormal liver-enzyme results in asymptomatic 

patients. N Engl J Med 2000;342(17):1266-1271 

39. Larrey D. Epidemiology and individual susceptibility to adverse drug reactions 

affecting the liver. Semin Liver Dis 2002;22(2):145-155 

40. Aithal GP, Watkins PB, Andrade RJ, et al. Case definition and phenotype 

standardization in drug-induced liver injury. Clin Pharmacol Ther 2011;89(6):806-815 

41. Au JS, Navarro VJ, Rossi S. Review article: Drug-induced liver injury--its 

pathophysiology and evolving diagnostic tools. Aliment Pharmacol Ther 

2011;34(1):11-20 

42. Li L, Lee TK, Meier PJ, Ballatori N. Identification of glutathione as a driving force 

and leukotriene C4 as a substrate for oatp1, the hepatic sinusoidal organic solute 

transporter. J Biol Chem 1998;273(26):16184-16191 

43. Li L, Meier PJ, Ballatori N. Oatp2 mediates bidirectional organic solute transport: a 

role for intracellular glutathione. Mol Pharmacol 2000;58(2):335-340 

44. Satlin LM, Amin V, Wolkoff AW. Organic anion transporting polypeptide mediates 

organic anion/HCO3- exchange. J Biol Chem 1997;272(42):26340-26345 

45. Leuthold S, Hagenbuch B, Mohebbi N, et al. Mechanisms of pH-gradient driven 

transport mediated by organic anion polypeptide transporters. Am J Physiol Cell 

Physiol 2009;296(3):C570-582 

46. Kellner HM, Christ O, Rupp W, Heptner W. [Resorption, distribution and excretion 

after administration of 14C-labelled HB 419 in rabbits, rats and dogs]. 

Arzneimittelforschung 1969;19(8):Suppl:1388-1400 

47. Zheng HX, Huang Y, Frassetto LA, Benet LZ. Elucidating rifampin's inducing and 

inhibiting effects on glyburide pharmacokinetics and blood glucose in healthy 

volunteers: unmasking the differential effects of enzyme induction and transporter 

inhibition for a drug and its primary metabolite. Clin Pharmacol Ther 2009;85(1):78-

85 

48. de Graaf W, Hausler S, Heger M, et al. Transporters involved in the hepatic uptake of 

(99m)Tc-mebrofenin and indocyanine green. J Hepatol 2011;54(4):738-745 

49. Horak W, Grabner G, Paumgartner G. Inhibition of bile salt-independent bile 

formation by indocyanine green. Gastroenterology 1973;64(5):1005-1012 



50. Pizzagalli F, Varga Z, Huber RD, et al. Identification of steroid sulfate transport 

processes in the human mammary gland. J Clin Endocrinol Metab 2003;88(8):3902-

3912 

51. Grube M, Kock K, Karner S, et al. Modification of OATP2B1-mediated transport by 

steroid hormones. Mol Pharmacol 2006;70(5):1735-1741 

52. Sugiyama D, Kusuhara H, Shitara Y, Abe T, Sugiyama Y. Effect of 17 beta-estradiol-

D-17 beta-glucuronide on the rat organic anion transporting polypeptide 2-mediated 

transport differs depending on substrates. Drug Metab Dispos 2002;30(2):220-223 

53. Gui C, Miao Y, Thompson L, et al. Effect of pregnane X receptor ligands on transport 

mediated by human OATP1B1 and OATP1B3. Eur J Pharmacol 2008;584(1):57-65 

54. Roth M, Araya JJ, Timmermann BN, Hagenbuch B. Isolation of Modulators of the 

Liver-Specific Organic Anion-Transporting Polypeptides (OATPs) 1B1 and 1B3 from 

Rollinia emarginata Schlecht (Annonaceae). J Pharmacol Exp Ther 2011;339(2):624-

632 

55. Roth M, Timmermann BN, Hagenbuch B. Interactions of green tea catechins with 

organic anion-transporting polypeptides. Drug Metab Dispos 2011;39(5):920-926 

56. Lammert C, Einarsson S, Saha C, et al. Relationship between daily dose of oral 

medications and idiosyncratic drug-induced liver injury: search for signals. 

Hepatology 2008;47(6):2003-2009 

57. Fenner KS, Troutman MD, Kempshall S, et al. Drug-drug interactions mediated 

through P-glycoprotein: clinical relevance and in vitro-in vivo correlation using 

digoxin as a probe drug. Clin Pharmacol Ther 2009;85(2):173-181 

58. Marquez B, Van Bambeke F. ABC Multidrug Transporters: Target for Modulation of 

Drug Pharmacokinetics and Drug-Drug Interactions. Curr Drug Targets 

2011;12(5):600-620 

59. Zhou SF. Structure, function and regulation of p-glycoprotein and its clinical 

relevance in drug disposition. Xenobiotica 2008;38:863-888 

60. Ieiri I, Higuchi S, Sugiyama Y. Genetic polymorphisms of uptake (OATP1B1, 1B3) 

and efflux (MRP2, BCRP) transporters: implications for inter-individual differences in 

the pharmacokinetics and pharmacodynamics of statins and other clinically relevant 

drugs. Expert Opin Drug Metab Toxicol 2009;5(7):703-729 

61. Jemnitz K, Heredi-Szabo K, Janossy J, et al. ABCC2/Abcc2: a multispecific 

transporter with dominant excretory functions. Drug Metab Rev 2010;42(3):402-436 



62. Polgar O, Robey RW, Bates SE. ABCG2: structure, function and role in drug 

response. Expert Opin Drug Metab Toxicol 2008;4(1):1-15 

63. Poguntke M, Hazai E, Fromm MF, Zolk O. Drug transport by breast cancer resistance 

protein. Expert Opin Drug Metab Toxicol 2010;6(11):1363-1384 

64. Schwabedissen HE, Kroemer HK. In Vitro and In Vivo Evidence for the Importance 

of Breast Cancer Resistance Protein Transporters (BCRP/MXR/ABCP/ABCG2). 

Handb Exp Pharmacol 2011;201:325-371 

65. Borst P, de Wolf C, van de Wetering K. Multidrug resistance-associated proteins 3, 4, 

and 5. Pflugers Arch 2007;453(5):661-673 

66. Benet LZ. The drug transporter-metabolism alliance: uncovering and defining the 

interplay. Mol Pharm 2009;6(6):1631-1643 

67. Stieger B, Fattinger K, Madon J, Kullak Ublick GA, Meier PJ. Drug- and estrogen-

induced cholestasis through inhibition of the hepatocellular bile salt export pump 

(Bsep) of rat liver. Gastroenterology 2000;118(2):422-430 

68. Noe J, Stieger B, Meier PJ. Functional expression of the canalicular bile salt export 

pump of human liver. Gastroenterology 2002;123(5):1659-1666 

69. Byrne JA, Strautnieks SS, Mieli-Vergani G, et al. The human bile salt export pump: 

characterization of substrate specificity and identification of inhibitors. 

Gastroenterology 2002;123(5):1649-1658 

70. Stieger B. Role of the bile salt export pump, BSEP, in acquired forms of cholestasis. 

Drug Metab Rev 2010;42:437-445 

71. Stieger B, Beuers U. The Canalicular Bile Salt Export Pump BSEP (ABCB11) as a 

Potential Therapeutic Target. Curr Drug Targets 2011;12(5):661-670 

72. Treiber A, Schneiter R, Hausler S, Stieger B. Bosentan is a substrate of human 

OATP1B1 and OATP1B3: inhibition of hepatic uptake as the common mechanism of 

its interactions with cyclosporin A, rifampicin, and sildenafil. Drug Metab Dispos 

2007;35(8):1400-1407 

73. Fattinger K, Funk C, Pantze M, et al. The endothelin antagonist bosentan inhibits the 

canalicular bile salt export pump: a potential mechanism for hepatic adverse reactions. 

Clin Pharmacol Ther 2001;69(4):223-231 

74. Fouassier L, Kinnman N, Lefevre G, et al. Contribution of mrp2 in alterations of 

canalicular bile formation by the endothelin antagonist bosentan. J Hepatol 

2002;37(2):184-191 



75. Meier PJ. Canalicular bile formation: beyond single transporter functions. J Hepatol 

2002;37:272-273 

76. Mano Y, Usui T, Kamimura H. Effects of bosentan, an endothelin receptor antagonist, 

on bile salt export pump and multidrug resistance-associated protein 2. Biopharm 

Drug Dispos 2007;28(1):13-18 

77. Morgan RE, Trauner M, van Staden CJ, et al. Interference with Bile Salt Export Pump 

Function is a Susceptibility Factor for Human Liver Injury in Drug Development. 

Toxicol Sci 2010;118(2):485-500 

78. Dawson S, Stahl S, Paul N, Barber J, Kenna JG. In Vitro Inhibition of the Bile Salt 

Export Pump Correlates with Risk of Cholestatic Drug Induced Liver Injury in Man. 

Drug Metab Dispos 2011;40(1):130-138 

79. Masubuchi Y. Metabolic and non-metabolic factors determining troglitazone 

hepatotoxicity: a review. Drug Metab Pharmacokinet 2006;21(5):347-356 

80. Julie NL, Julie IM, Kende AI, Wilson GL. Mitochondrial dysfunction and delayed 

hepatotoxicity: another lesson from troglitazone. Diabetologia 2008;51(11):2108-2116 

81. Funk C, Ponelle C, Scheuermann G, Pantze M. Cholestatic potential of troglitazone as 

a possible factor contributing to troglitazone-induced hepatotoxicity: in vivo and in 

vitro interaction at the canalicular bile salt export pump (Bsep) in the rat. Mol 

Pharmacol 2001;59(3):627-635 

82. Preininger K, Stingl H, Englisch R, et al. Acute troglitazone action in isolated perfused 

rat liver. Br J Pharmacol 1999;126(1):372-378 

83. Funk C. The role of hepatic transporters in drug elimination. Expert Opin Drug Metab 

Toxicol 2008;4(4):363-379 

84. Yabuuchi H, Tanaka K, Maeda M, et al. Cloning of the dog bile salt export pump 

(BSEP; ABCB11) and functional comparison with the human and rat proteins. 

Biopharm Drug Dispos 2008;29(8):441-448 

85. Snow KL, Moseley RH. Effect of thiazolidinediones on bile acid transport in rat liver. 

Life Sci 2007;80(8):732-740 

86. Floyd JS, Barbehenn E, Lurie P, Wolfe SM. Case series of liver failure associated with 

rosiglitazone and pioglitazone. Pharmacoepidemiol Drug Saf 2009;18(12):1238-1243 

87. Reyes H, Simon FR. Intrahepatic cholestasis of pregnancy: an estrogen-related 

disease. Semin Liver Dis 1993;13(3):289-301 

88. Lindberg MC. Hepatobiliary complications of oral contraceptives. J Gen Intern Med 

1992;7(2):199-209 



89. Laatikainen T, Karjalainen O. Excertion of progesterone metabolites in urine and bile 

of pregnant women with intrahepatic cholestasis. J Steroid Biochem 1973;4(6):641-

648 

90. Kreek MJ. Female sex steroids and cholestasis. Semin Liver Dis 1987;7(1):8-23 

91. Meng LJ, Reyes H, Axelson M, et al. Progesterone metabolites and bile acids in serum 

of patients with intrahepatic cholestasis of pregnancy: effect of ursodeoxycholic acid 

therapy. Hepatology 1997;26(6):1573-1579 

92. Reyes H, Sjovall J. Bile acids and progesterone metabolites in intrahepatic cholestasis 

of pregnancy. Ann Med 2000;32(2):94-106 

93. Meyers M, Slikker W, Pascoe G, Vore M. Characterization of cholestasis induced by 

estradiol-17 beta-D-glucuronide in the rat. J Pharmacol Exp Ther 1980;214(1):87-93 

94. Vallejo M, Briz O, Serrano MA, Monte MJ, Marin JJ. Potential role of trans-inhibition 

of the bile salt export pump by progesterone metabolites in the etiopathogenesis of 

intrahepatic cholestasis of pregnancy. J Hepatol 2006;44:1150-1157 

95. Akita H, Suzuki H, Ito K, et al. Characterization of bile acid transport mediated by 

multidrug resistance associated protein 2 and bile salt export pump. Biochim Biophys 

Acta 2001;1511(1):7-16 

96. Huang L, Smit JW, Meijer DK, Vore M. Mrp2 is essential for estradiol-17beta(beta-

D-glucuronide)-induced cholestasis in rats. Hepatology 2000;32(1):66-72 

97. Takada T, Weiss HM, Kretz O, Gross G, Sugiyama Y. Hepatic transport of PKI166, 

an epidermal growth factor receptor kinase inhibitor of the pyrrolo-pyrimidine class, 

and its main metabolite, ACU154. Drug Metab Dispos 2004;32(11):1272-1278 

98. Eloranta JJ, Kullak-Ublick GA. The role of FXR in disorders of bile acid homeostasis. 

Physiology (Bethesda) 2008;23:286-295 

99. Lo Sasso G, Petruzzelli M, Moschetta A. A translational view on the biliary lipid 

secretory network. Biochim Biophys Acta 2008;1781(3):79-96 

100. Wang YD, Chen WD, Moore DD, Huang W. FXR: a metabolic regulator and cell 

protector. Cell Res 2008;18(11):1087-1095 

101. Stieger B, Geier A. Genetic variations of bile salt transporters as predisposing factors 

for drug-induced cholestasis, intrahepatic cholestasis of pregnancy and therapeutic 

response of viral hepatitis. Expert Opin Drug Metab Toxicol 2011;7(4):411-425 

102. Denson LA, Sturm E, Echevarria W, et al. The orphan nuclear receptor, shp, mediates 

bile acid-induced inhibition of the rat bile acid transporter, ntcp. Gastroenterology 

2001;121(1):140-147 



103. Eloranta JJ, Jung D, Kullak-Ublick GA. The human Na+-taurocholate cotransporting 

polypeptide gene is activated by glucocorticoid receptor and peroxisome proliferator-

activated receptor-gamma coactivator-1alpha, and suppressed by bile acids via a small 

heterodimer partner-dependent mechanism. Mol Endocrinol 2006;20(1):65-79 

104. Jung D, Kullak-Ublick GA. Hepatocyte nuclear factor 1 alpha: a key mediator of the 

effect of bile acids on gene expression. Hepatology 2003;37(3):622-631 

105. Jung D, Elferink MG, Stellaard F, Groothuis GM. Analysis of bile acid-induced 

regulation of FXR target genes in human liver slices. Liver Int 2007;27(1):137-144 

106. Zollner G, Fickert P, Zenz R, et al. Hepatobiliary transporter expression in 

percutaneous liver biopsies of patients with cholestatic liver diseases. Hepatology 

2001;33:633-646 

107. Meyer Zu Schwabedissen HE, Bottcher K, Chaudhry A, et al. Liver X receptor alpha 

and farnesoid X receptor are major transcriptional regulators of OATP1B1. 

Hepatology 2010;52(5):1797-1807 

108. Maeda T, Hirayama M, Higashi R, Sato M, Tamai I. Characterization of human 

OATP2B1 (SLCO2B1) gene promoter regulation. Pharm Res 2006;23(3):513-520 

109. Jung D, Podvinec M, Meyer UA, et al. Human organic anion transporting polypeptide 

8 promoter is transactivated by the farnesoid X receptor/bile acid receptor. 

Gastroenterology 2002;122(7):1954-1966 

110. Ananthanarayanan M, Balasubramanian N, Makishima M, Mangelsdorf DJ, Suchy FJ. 

Human bile salt export pump promoter is transactivated by the farnesoid X 

receptor/bile acid receptor. J Biol Chem 2001;276(31):28857-28865 

111. Kast HR, Goodwin B, Tarr PT, et al. Regulation of multidrug resistance-associated 

protein 2 (ABCC2) by the nuclear receptors pregnane X receptor, farnesoid X-

activated receptor, and constitutive androstane receptor. J Biol Chem 

2002;277(4):2908-2915 

112. Moore DD, Kato S, Xie W, et al. International Union of Pharmacology. LXII. The 

NR1H and NR1I receptors: constitutive androstane receptor, pregnene X receptor, 

farnesoid X receptor alpha, farnesoid X receptor beta, liver X receptor alpha, liver X 

receptor beta, and vitamin D receptor. Pharmacol Rev 2006;58(4):742-759 

113. Modica S, Bellafante E, Moschetta A. Master regulation of bile acid and xenobiotic 

metabolism via the FXR, PXR and CAR trio. Front Biosci 2009;14:4719-4745 

114. Gill S, Chow R, Brown AJ. Sterol regulators of cholesterol homeostasis and beyond: 

the oxysterol hypothesis revisited and revised. Prog Lipid Res 2008;47(6):391-404 



115. Deng R, Yang D, Yang J, Yan B. Oxysterol 22(R)-hydroxycholesterol induces the 

expression of the bile salt export pump through nuclear receptor farsenoid X receptor 

but not liver X receptor. J Pharmacol Exp Ther 2006;317(1):317-325 

116. Tirona RG. Molecular mechanisms of drug transporter regulation. Handb Exp 

Pharmacol 2011;201:373-402 

117. Guo GL, Staudinger J, Ogura K, Klaassen CD. Induction of rat organic anion 

transporting polypeptide 2 by pregnenolone-16alpha-carbonitrile is via interaction 

with pregnane X receptor. Mol Pharmacol 2002;61(4):832-839 

118. Meyer zu Schwabedissen HE, Kim RB. Hepatic OATP1B transporters and nuclear 

receptors PXR and CAR: interplay, regulation of drug disposition genes, and single 

nucleotide polymorphisms. Mol Pharm 2009;6(6):1644-1661 

119. Mottino AD, Catania VA. Hepatic drug transporters and nuclear receptors: regulation 

by therapeutic agents. World J Gastroenterol 2008;14(46):7068-7074 

120. Keitel V, Burdelski M, Warskulat U, et al. Expression and localization of 

hepatobiliary transport proteins in progressive familial intrahepatic cholestasis. 

Hepatology 2005;41:1160-1172 

121. Shneider BL, Fox VL, Schwarz KB, et al. Hepatic basolateral sodium-dependent-bile 

acid transporter expression in two unusual cases of hypercholanemia and in 

extrahepatic biliary atresia. Hepatology 1997;25(5):1176-1183 

122. Chen HL, Liu YJ, Wu SH, et al. Expression of hepatocyte transporters and nuclear 

receptors in children with early and late-stage biliary atresia. Pediatr Res 

2008;63(6):667-673 

123. Kojima H, Nies AT, Konig J, et al. Changes in the expression and localization of 

hepatocellular transporters and radixin in primary biliary cirrhosis. J Hepatol 

2003;39(5):693-702 

124. Zollner G, Fickert P, Silbert D, et al. Adaptive changes in hepatobiliary transporter 

expression in primary biliary cirrhosis. J Hepatol 2003;38:717-727 

125. Geuken E, Visser D, Kuipers F, et al. Rapid increase of bile salt secretion is associated 

with bile duct injury after human liver transplantation. J Hepatol 2004;41:1017-1025 

126. Oswald M, Kullak-Ublick GA, Paumgartner G, Beuers U. Expression of hepatic 

transporters OATP-C and MRP2 in primary sclerosing cholangitis. Liver 

2001;21(4):247-253 

127. Shoda J, Kano M, Oda K, et al. The expression levels of plasma membrane 

transporters in the cholestatic liver of patients undergoing biliary drainage and their 



association with the impairment of biliary secretory function. Am J Gastroenterol 

2001;96:3368-3378 

128. Chen D, Bruno J, Easlon E, et al. Tissue-specific regulation of SIRT1 by calorie 

restriction. Genes Dev 2008;22(13):1753-1757 

129. Ros JE, Libbrecht L, Geuken M, Jansen PL, Roskams TA. High expression of MDR1, 

MRP1, and MRP3 in the hepatic progenitor cell compartment and hepatocytes in 

severe human liver disease. J Pathol 2003;200(5):553-560 

130. Kullak-Ublick GA, Baretton GB, Oswald M, et al. Expression of the hepatocyte 

canalicular multidrug resistance protein (MRP2) in primary biliary cirrhosis. Hepatol 

Res 2002;23(1):78-82 

131. Bonin S, Pascolo L, Croce LS, Stanta G, Tiribelli C. Gene expression of ABC proteins 

in hepatocellular carcinoma, perineoplastic tissue, and liver diseases. Mol Med 

2002;8(6):318-325 

132. Geier A, Wagner M, Dietrich CG, Trauner M. Principles of hepatic organic anion 

transporter regulation during cholestasis, inflammation and liver regeneration. 

Biochim Biophys Acta 2007;1773(3):283-308 

133. Russmann S, Kaye JA, Jick SS, Jick H. Risk of cholestatic liver disease associated 

with flucloxacillin and flucloxacillin prescribing habits in the UK: cohort study using 

data from the UK General Practice Research Database. Br J Clin Pharmacol 

2005;60(1):76-82 

134. Strautnieks SS, Byrne JA, Pawlikowska L, et al. Severe bile salt export pump 

deficiency: 82 different ABCB11 mutations in 109 families. Gastroenterology 

2008;134(4):1203-1214 

135. Wang R, Salem M, Yousef IM, et al. Targeted inactivation of sister of P-glycoprotein 

gene (spgp) in mice results in nonprogressive but persistent intrahepatic cholestasis. 

Proc Natl Acad Sci U S A 2001;98(4):2011-2016 

136. Meier Y, Pauli-Magnus C, Zanger UM, et al. Interindividual variability of canalicular 

ATP-binding-cassette (ABC)-transporter expression in human liver. Hepatology 

2006;44:62-74 

137. Noe J, Kullak-Ublick GA, Jochum W, et al. Impaired expression and function of the 

bile salt export pump due to three novel ABCB11 mutations in intrahepatic 

cholestasis. J Hepatol 2005;43(3):536-543 



138. Saito S, Iida A, Sekine A, et al. Three hundred twenty-six genetic variations in genes 

encoding nine members of ATP-binding cassette, subfamily B (ABCB/MDR/TAP), in 

the Japanese population. J Hum Genet 2002;47(1):38-50 

139. Pauli-Magnus C, Kerb R, Fattinger K, et al. BSEP and MDR3 haplotype structure in 

healthy Caucasians, primary biliary cirrhosis and primary sclerosing cholangitis. 

Hepatology 2004;39(3):779-791 

140. Lang C, Meier Y, Stieger B, et al. Mutations and polymorphisms in the bile salt export 

pump and the multidrug resistance protein 3 associated with drug-induced liver injury. 

Pharmacogenet Genomics 2007;17(1):47-60 

141. Kim SR, Saito Y, Itoda M, et al. Genetic variations of the ABC transporter gene 

ABCB11 encoding the human bile salt export pump (BSEP) in a Japanese population. 

Drug Metab Pharmacokinet 2009;24(3):277-281 

142. Ho RH, Leake BF, Kilkenny DM, et al. Polymorphic variants in the human bile salt 

export pump (BSEP; ABCB11): functional characterization and interindividual 

variability. Pharmacogenet Genomics 2010;20(1):45-57 

143. Dixon PH, van Mil SW, Chambers J, et al. Contribution of variant alleles of ABCB11 

to susceptibility to intrahepatic cholestasis of pregnancy. Gut 2009;58(4):537-544 

144. Meier Y, Zodan T, Lang C, et al. Increased susceptibility for intrahepatic cholestasis 

of pregnancy and contraceptive-induced cholestasis in carriers of the 1331T>C 

polymorphism in the bile salt export pump. World J Gastroenterol 2008;14(1):38-45 

145. Iwata R, Baur K, Stieger B, et al. A common polymorphism in the ABCB11 gene is 

associated with advanced fibrosis in hepatitis C but not in non-alcoholic fatty liver 

disease. Clin Sci (Lond) 2011;120(7):287-296 

146. Iwata R, Stieger B, Mertens JC, et al. The role of bile acid retention and a common 

polymorphism in the ABCB11 gene as host factors affecting antiviral treatment 

response in chronic hepatitis C. J Viral Hepat 2011;18(11):768-778 

147. Wasmuth HE, Glantz A, Keppeler H, et al. Intrahepatic cholestasis of pregnancy: the 

severe form is associated with common variants of the hepatobiliary phospholipid 

transporter ABCB4 gene. Gut 2007;56(2):265-270 

148. Choi JH, Ahn BM, Yi J, et al. MRP2 haplotypes confer differential susceptibility to 

toxic liver injury. Pharmacogenet Genomics 2007;17(6):403-415 

149. Daly AK, Aithal GP, Leathart JB, et al. Genetic susceptibility to diclofenac-induced 

hepatotoxicity: contribution of UGT2B7, CYP2C8, and ABCC2 genotypes. 

Gastroenterology 2007;132(1):272-281 



150. Stieger B, Meier PJ. Pharmacogenetics of drug transporters. Pharmacogenomics 

2011;12(5):611-631 

151. Russmann S, Jetter A, Kullak-Ublick GA. Pharmacogenetics of drug-induced liver 

injury. Hepatology 2010;52(2):748-761 

152. Daly AK, Donaldson PT, Bhatnagar P, et al. HLA-B*5701 genotype is a major 

determinant of drug-induced liver injury due to flucloxacillin. Nat Genet 

2009;41(7):816-819 

153. Pauli-Magnus C, Meier PJ. Hepatobiliary transporters and drug-induced cholestasis. 

Hepatology 2006;44(4):778-787 

154. Liss G, Rattan S, Lewis JH. Predicting and preventing acute drug-induced liver injury: 

what's new in 2010? Expert Opin Drug Metab Toxicol 2010;6(9):1047-1061 

 

 


