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Of making many books there is no end; 
and much study is a weariness of the flesh. 
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ABSTRACT 
 
Organic anion-transporting polypeptide 1B1 (OATP1B1), encoded by the SLCO1B1 
gene, is an influx transporter expressed on the sinusoidal membrane of human 
hepatocytes. The common c.521T>C (p.Val174Ala) single-nucleotide polymorphism 
(SNP) of the SLCO1B1 gene has been associated with reduced OATP1B1 transport 
activity in vitro and increased plasma concentrations of several of its substrate drugs 
in vivo in humans. Another common SNP of the SLCO1B1 gene, c.388A>G 
(p.Asn130Asp), defining the SLCO1B1*1B (c.388G-c.521T) haplotype, has been 
associated with increased OATP1B1 transport activity in vitro. 
 
The aim of this thesis was to investigate the role of SLCO1B1 polymorphism in 
the pharmacokinetics of the oral antidiabetic drugs repaglinide, nateglinide, 
rosiglitazone, and pioglitazone. Furthermore, the effect of the SLCO1B1 c.521T>C 
SNP on the extent of interaction between gemfibrozil and repaglinide as well as 
the role of the SLCO1B1 c.521T>C SNP in the potential interaction between 
atorvastatin and repaglinide were evaluated. 
 
Five crossover studies with 2-4 phases were carried out, with 20-32 healthy 
volunteers in each study. The effects of the SLCO1B1 c.521T>C SNP on single 
doses of repaglinide, nateglinide, rosiglitazone, and pioglitazone were investigated 
in Studies I and V. In Study II, the effects of the c.521T>C SNP on repaglinide 
pharmacokinetics were investigated in a dose-escalation study, with repaglinide 
doses ranging from 0.25 to 2 mg. The effects of the SLCO1B1*1B/*1B genotype on 
repaglinide and nateglinide pharmacokinetics were investigated in Study III. In 
Study IV, the interactions of gemfibrozil and atorvastatin with repaglinide were 
evaluated in relation to the c.521T>C SNP. Plasma samples were collected for drug 
concentration determinations. The pharmacodynamics of repaglinide and nateglinide 
was assessed by measuring blood glucose concentrations. 
 
The mean area under the plasma repaglinide concentration-time curve (AUC) was 
~70% larger in SLCO1B1 c.521CC participants than in c.521TT participants 
(P ≤ 0.001), but no differences existed in the pharmacokinetics of nateglinide, 
rosiglitazone, and pioglitazone between the two genotype groups. In the dose-
escalation study, the AUC of repaglinide was 60-110% (P ≤ 0.001) larger in c.521CC 
participants than in c.521TT participants after different repaglinide doses. Moreover, 
the AUC of repaglinide increased linearly with repaglinide dose in both genotype 
groups (r > 0.88, P < 0.001). The AUC of repaglinide was ~30% lower in 
SLCO1B1*1B/*1B participants than in SLCO1B1*1A/*1A (c.388AA-c.521TT) 
participants (P = 0.007), but no differences existed in the AUC of nateglinide 
between the two genotype groups. In the drug-drug interaction study, the mean 
increase in the repaglinide AUC by gemfibrozil was ~50% (P = 0.002) larger in 
c.521CC participants than in c.521TT participants, but the relative (7-8-fold) 
increases in the repaglinide AUC did not differ significantly between the genotype 
groups. In c.521TT participants, atorvastatin increased repaglinide peak plasma 
concentration and AUC by ~40% (P = 0.001) and ~20% (P = 0.033), respectively. In 
each study, after repaglinide administration, there was a tendency towards lower 
blood glucose concentrations in c.521CC participants than in c.521TT participants. 
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In conclusion, the SLCO1B1 c.521CC genotype is associated with increased and 
the SLCO1B1*1B/*1B genotype with decreased plasma concentrations of 
repaglinide, consistent with reduced and enhanced hepatic uptake, respectively. 
Inhibition of OATP1B1 plays a limited role in the interaction between gemfibrozil and 
repaglinide. Atorvastatin slightly raises plasma repaglinide concentrations, probably 
by inhibiting OATP1B1. The findings on the effect of SLCO1B1 polymorphism on 
the pharmacokinetics of the drugs studied suggest that in vivo in humans OATP1B1 
significantly contributes to the hepatic uptake of repaglinide, but not to that of 
nateglinide, rosiglitazone, or pioglitazone. SLCO1B1 polymorphism may be 
associated with clinically significant differences in blood glucose-lowering response 
to repaglinide, but probably has no effect on the response to nateglinide, 
rosiglitazone, or pioglitazone. 
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INTRODUCTION 
 
Type 2 diabetes mellitus imposes a growing burden on healthcare worldwide (Heine 
et al. 2006). Pharmacological treatments of hyperglycemia of type 2 diabetes 
mellitus include oral antidiabetic drugs, such as meglitinide analogs repaglinide and 
nateglinide, and thiazolidinediones rosiglitazone and pioglitazone. Different 
individuals respond in different ways to these medications due to several factors, 
including age, disease, or drug interactions. In addition, genetic factors may 
significantly account for interindividual differences in drug pharmacokinetics and 
response (Bozkurt et al. 2007). The first clinical observations of genetic variability in 
drug response were related to drug-metabolizing enzymes (Weinshilboum 2003). 
More recently, genetic polymorphisms in other determinants of pharmacokinetics, 
such as drug transporters, have gained increasing attention (Eichelbaum et al. 
2006). 
 
Organic anion-transporting polypeptide 1B1 (OATP1B1), encoded by the SLCO1B1 
gene, is an influx transporter expressed on the sinusoidal membrane of human 
hepatocytes, where it mediates the hepatic uptake of its substrates from blood 
(Hagenbuch & Meier 2003). The common c.521T>C (p.Val174Ala) single-nucleotide 
polymorphism (SNP) of the SLCO1B1 gene has been associated with reduced 
OATP1B1 transport activity in vitro and increased plasma concentrations of several 
of its substrate drugs in vivo in humans (Niemi 2007). Furthermore, the SLCO1B1 
c.521CC genotype has been associated with increased plasma concentrations of 
repaglinide and nateglinide in preliminary in vivo studies (Niemi et al. 2005a, Zhang 
et al. 2006). The SLCO1B1 c.521T>C SNP might also affect the pharmacokinetics 
of rosiglitazone and pioglitazone because they are potential OATP1B1 substrates 
(Nozawa et al. 2004a, Chang et al. 2005). 
 
Another common SNP of the SLCO1B1 gene, c.388A>G (p.Asn130Asp), defining 
the SLCO1B1*1B (c.388G-c.521T) haplotype, has been associated with increased 
OATP1B1 transport activity in vitro (Michalski et al. 2002, Kameyama et al. 2005). 
Moreover, plasma pravastatin concentrations have been lower in individuals with 
the SLCO1B1*1B/*1B genotype than in those with the SLCO1B1*1A/*1A (c.388AA-
c.521TT) genotype (Maeda et al. 2006). Otherwise, the effects of the SLCO1B1*1B 
haplotype on the pharmacokinetics of different drugs remain largely obscure. 
 
Little is known about the effects of drug transporter polymorphisms on the extent of 
pharmacokinetic interactions. Interestingly, the cytochrome P450 (CYP) 3A4 and 
OATP1B1 inhibitor cyclosporine has increased the area under the plasma 
repaglinide concentration-time curve (AUC) to a greater extent in subjects with 
the SLCO1B1 c.521TT genotype than in those with the c.521TC genotype 
(Kajosaari et al. 2005a), suggesting that this interaction could be partly determined 
by the SLCO1B1 polymorphism. The fibric acid derivative gemfibrozil markedly 
increases repaglinide concentrations in vivo in humans, with considerable 
interindividual variability (Niemi et al. 2003a). Gemfibrozil and its 1-O-β-glucuronide 
are potent CYP2C8 inhibitors both in vitro and in vivo (Ogilvie et al. 2006, Tornio et 
al. 2008a), but also inhibit OATP1B1 in vitro (Shitara et al. 2004). Similarly, 
atorvastatin, a 3-hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor, 
inhibits OATP1B1 in vitro (Chen et al. 2005). Therefore, the extent of interaction of 
repaglinide with gemfibrozil and the potential interaction of repaglinide with 
atorvastatin might be affected by the SLCO1B1 c.521T>C SNP. This is of clinical 
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interest since oral antidiabetics are often combined with statins and/or fibrates to 
correct hyperlipidemia in patients with type 2 diabetes mellitus. 
 
The purpose of this thesis was to investigate the role of SLCO1B1 polymorphism in 
the pharmacokinetics of the oral antidiabetic drugs repaglinide, nateglinide, 
rosiglitazone, and pioglitazone in prospective genotype panel studies. Furthermore, 
the effect of the SLCO1B1 c.521T>C SNP on the extent of interaction between 
gemfibrozil and repaglinide as well as the role of the SLCO1B1 c.521T>C SNP in 
the potential interaction between atorvastatin and repaglinide were evaluated. 
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REVIEW OF THE LITERATURE 
 

1. Principles of pharmacokinetics 
 

Pharmacokinetics investigates the fate of drugs in the body (Tozer & Rowland 
2006). An orally administered drug undergoes dissolution and subsequently 
absorption; it crosses the membranes of the gastrointestinal tract to reach 
the mesenteric blood vessels, which carry the drug via the portal vein and liver to 
the systemic circulation (Figure 1). Bioavailability denotes the fraction of 
the administered drug that reaches the systemic circulation. Following absorption, 
the drug is distributed to the various tissues of the body. The drug is eliminated from 
the body by metabolic and excretory pathways. Once excreted into bile, the drug 
may be reabsorbed from the gastrointestinal tract in a process called enterohepatic 
recycling. 
 

Figure 1. Sites of drug administration and movement of drugs in the body. Adapted 
from Tozer & Rowland (2006). 
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1.1 Role of transporters in pharmacokinetics 
 
Transporters are proteins regulating movement of their substrates across biological 
membranes. Human transporters have many physiologic functions and their 
endogenous substrates include sugars, lipids, amino acids, bile acids, and 
hormones (Ho & Kim 2005). They are thus critical in maintaining cellular 
homeostasis, and loss of their transporter function may result in a disease. 
An estimated 10% of the 20,000-25,000 genes of the human genome encode 
transporter proteins (International Human Genome Sequencing Consortium 2004, 
Giacomini & Sugiyama 2006). 
 
Some of the transporters that have drug substrates may be important determinants 
of pharmacokinetics. In addition to affecting drug absorption and elimination, drug 
transporters may also regulate drug distribution in a tissue-specific manner, e.g. by 
controlling the entry of drugs into the brain at the blood-brain barrier (Kerb 2006). 
Furthermore, some membrane transporters serve as drug targets. 
 
The physicochemical properties of a drug, namely size, lipophilicity, and charge (or 
degree of ionization), affect the extent of drug movement through biological 
membranes (Tozer & Rowland 2006). This movement may be passive diffusion or 
facilitated by drug transporters. Passive transporters allow passage of solutes 
across membranes down their electrochemical and concentration gradients, i.e., 
they are equilibrative and do not require energy (Hediger et al. 2004). Active 
transporters create ion/solute gradients across membranes utilizing diverse energy-
coupling mechanisms. Based on the direction of the movement, transporters are 
categorized as influx (uptake into cell) and efflux (out of cell) transporters. In 
polarized cells, transporters can be located at either the basolateral or the apical 
side of the cell (Tozer & Rowland 2006). Involvement of both uptake and efflux 
transporters may be required for the sequential traverse of the basolateral and 
apical membranes. The solute carrier organic anion transporter (SLCO), solute 
carrier (SLC), and adenosine triphosphate (ATP)-binding cassette (ABC) form 
the major drug transporter families in humans (Ho & Kim 2005). 
 
Enterocytes possess a number of transporters critical for absorption of drugs 
(Giacomini & Sugiyama 2006) (Figure 2). Multidrug resistance protein 1 (MDR1/P-
glycoprotein; ABCB1) is an efflux transporter located at the apical (villous) 
membrane of small intestinal epithelium, where it may greatly affect bioavailability of 
its substrate drugs by pumping them from enterocytes back into the intestinal lumen 
(Fromm 2003). It is also expressed in the brush-border membrane of renal epithelia 
and the bile canalicular membrane of hepatocytes. At the blood-brain barrier, MDR1 
also has a protective function because it extrudes its substrate drugs from the brain 
capillary endothelial cells back to the blood (Fromm 2004). A variety of structurally 
diverse compounds are transported by MDR1, including digoxin, diltiazem, 
erythromycin, and cyclosporine, and many clinically relevant interactions are due to 
inhibition or induction of MDR1 (Ho & Kim 2005). A highly overlapping substrate 
specificity and strong colocalization have been demonstrated between MDR1 and 
CYP3A4, implying a synergistic role for MDR1 and CYP3A4 in the enterocytes 
(Zhang & Benet 2001). Several ABCB1 variants have been identified, but they do 
not seem to result in a profound loss of transporter activity (Chinn & Kroetz 2007). 
Breast cancer resistance protein (BCRP; ABCG2) is another efflux transporter 
expressed in many tissues, including the small intestine, bile canaliculi, and apical 
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membrane of the proximal kidney tubule (Choudhuri & Klaassen 2006). Its 
substrates include several chemotherapeutic compounds, some statins, and many 
antibiotics. 
 

 
Figure 2. Examples of transporters affecting intestinal absorption, hepatic excretion, 
and renal excretion of drugs. BCRP, breast cancer resistance protein; BSEP, bile 
salt export pump; MDR, multidrug resistance protein; MRP, multidrug resistance-
associated protein; NTCP, Na+-dependent taurocholate-cotransporting polypeptide; 
OAT, organic anion transporter; OATP, organic anion-transporting polypeptide; 
OCT, organic cation transporter; PEPT, peptide transporter. Adapted from Shitara et 
al. (2006). 
 
In the liver, efficient extraction of drugs from the portal blood into hepatocytes is 
often mediated by uptake transporters expressed on the sinusoidal membrane 
(Figure 2). Examples of these are OATP1B1 (SLCO1B1) and OATP1B3 
(SLCO1B3) (Niemi 2007). Organic cation transporter 1 (OCT1; SLC22A1) is also 
mainly expressed at the sinusoidal membrane of hepatocytes, where it mediates 
the hepatic uptake of endogenous compounds and drugs, such as acetylcholine and 
metformin (Koepsell et al. 2007). A number of SLC22A1 SNPs have been identified, 
and some of them have been associated with reduced OCT1 transport activity in 
vitro (Shu et al. 2007) as well as increased plasma metformin concentrations and 
decreased glucose-lowering effect of metformin in vivo in humans (Shikata et al. 
2007, Shu et al. 2008). 
 
Efflux transporters localized on the canalicular (apical) membrane of the hepatocyte 
may be important for excretion of drugs into bile (Figure 2). In addition to MDR1 and 
BCRP, these include multidrug resistance-associated protein 2 (MRP2; ABCC2), 
which is also expressed in other tissues including the intestine and kidney, where it 
is apically located (Giacomini & Sugiyama 2006). Pravastatin is one of its drug 
substrates. Dubin-Johnson syndrome is a conjugated hyperbilirubinemia resulting 
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from defect in the biliary excretion of bilirubin glucuronide due to poorly functioning 
MRP2 (Kullak-Ublick et al. 2004), which can be caused by several rare 
polymorphisms in the ABCC2 gene (Gradhand & Kim 2008). Hepatotoxicity 
associated with drugs such as troglitazone and glibenclamide has been suggested 
to be related to inhibition of another apically located hepatic efflux transporter, bile 
salt export pump (BSEP; ABCB11) (Ho & Kim 2005). 
 
Transporters expressed in the kidney may affect the extent of renal drug excretion 
(Figure 2). Human organic anion transporter (OAT) family member transporters are 
important in the renal excretion of anionic drugs (Rizwan & Burckhardt 2007). OAT1 
(SLC22A6) is strongly expressed in the basolateral membrane of the renal proximal 
tubule, where it contributes to the excretion of prostaglandins and many drugs 
(Koepsell & Endou 2004), including nonsteroidal anti-inflammatory drugs (NSAIDs), 
antiviral drugs (e.g. acyclovir, amantadine), methotrexate, and β-lactam antibiotics 
(Miyazaki et al. 2004). OAT3 (SLC22A8) is strongly expressed in the kidney at the 
basolateral membrane of proximal tubular cells and, similar to OAT1, has a broad 
substrate specificity (Anzai et al. 2006). OAT inhibition in the basolateral membrane 
of renal proximal tubular cells by probenecid is associated with increased penicillin 
plasma levels (Ho & Kim 2005). This beneficial interaction extends to other 
important drugs transported by OATs, such as HIV antiviral drugs. In contrast, 
inhibition of OAT-mediated methotrexate transport by NSAIDs, probenecid, or 
penicillin may result in severe bone marrow suppression or acute renal failure 
(Takeda et al. 2002). OCT2 (SLC22A2) is most strongly expressed in the kidney 
(basolateral membrane of epithelial cells in renal proximal tubules), and its 
substrates include many endogenous compounds, as well as some drugs, e.g. 
metformin (Koepsell et al. 2007). 
 
Several in vitro methods have been developed to identify transporters important for 
the pharmacokinetics of a certain drug (Shitara et al. 2006). For example, different 
cell lines can be used in expression studies by transfecting the cells with 
the transporter cDNA, after which cellular uptake of the drug can be detected and 
compared with that of nontransfected cells. Some expression systems use double-
transfected cells, where the contribution of an influx and efflux transporter can be 
studied simultaneously. Morever, efflux transporter function can be investigated 
using transporter-expressing inside-out vesicles (Shitara et al. 2006). Passive 
diffusion and additional transporters existing in the cell lines may complicate 
intepretation of the data. Contribution of a single transporter can also be studied in 
vitro by using selective inhibitors, when such exist (Funk 2008). Studies with knock-
out animal models can be useful in further characterization of transporter function, 
but species-specific differences exist and therefore extrapolation of the data from 
mice to men may be challenging (Lu et al. 2008). In humans, drug-drug interaction 
studies with transporter inhibitors may yield valuable information. Similarly, 
pharmacogenetic studies on polymorphisms affecting function of a certain 
transporter may be useful. These studies should preferably be prospectively 
designed and sufficiently powered to explore the effect of the genetic polymorphism 
in question. 
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1.2 Role of metabolism in pharmacokinetics 
 
Drug metabolism usually takes place in hepatocytes, although significant metabolic 
capacity may be present in other organs, such as the gastrointestinal tract, kidneys, 
and lungs (Wilkinson 2005). During drug metabolism, lipophilic drugs are 
biotransformed into more hydrophilic forms that are more readily excreted (Tozer & 
Rowland 2006). Drug metabolism is traditionally divided into two phases, phases I 
(functionalization reactions) and II (conjugation reactions), although not all drugs 
undergo both phases sequentially; some drugs are excreted after either phase I or 
phase II or even unmetabolized. Phase I reactions include oxidation, reduction, 
hydrolysis, and hydration reactions. Phase II reactions use an endogenous 
compound, such as glucuronic acid, glutathione, or sulfate, for conjugation to 
the drug or its phase I-derived metabolite (Zamek-Gliszczynski et al. 2006). 
 
The CYP enzyme family comprises heme-containing mono-oxygenases that play 
a major role in phase I metabolism in humans (Nebert & Russell 2002). CYP 
enzymes are involved in biosynthesis and degradation of endogenous compounds, 
including fatty acids, eicosanoids, steroids, bile acids, vitamins, and 
uroporphyrinogens, but they also metabolize xenobiotics (Wilkinson 2005). In 
addition to metabolizing drugs to make them more easily excretable, some drugs 
require metabolic activation as they are administered as prodrugs. The function of 
CYP enzymes can be harmful if the metabolite is more toxic than the parent 
compound. 
 
Today, there are 57 human CYP enzymes arranged in 18 families; only the CYP1, 
CYP2, and CYP3 families seem to be important for drug metabolism (Wienkers & 
Heath 2005) (Table I). The major site for CYP-mediated drug metabolism is 
the liver. In addition, CYP3A present in small intestinal enterycotes is important; its 
function together with that of hepatic enzymes may reduce the portion of the drug 
dose that reaches the systemic circulation (i.e. bioavailability), a phenomenon 
termed first-pass metabolism (Tozer & Rowland 2006) (Figure 1). 
 
Drug response and adverse reactions may be affected markedly because of genetic 
alterations in the activity of drug-metabolizing enzymes, mainly CYP2A6, CYP2B6, 
CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A5 (Ingelman-Sundberg et al. 
2007, Zanger et al. 2008) (Table I). CYP2D6 was the first example of genetic 
polymorphism identified in the CYP family. Poor CYP2D6 metabolizers (PMs) are 
mainly found in Europe (~10%) and ultrarapid metabolizers (UMs) in North Africa 
and Oceania (~30%) (Sistonen et al. 2007). There is a greater likelihood of adverse 
reactions in PMs due to high plasma concentration of the affected drug, and a lack 
of efficacy among UMs due to low plasma concentrations of the affected drug 
(Wilkinson 2005). Reversed effects are seen if the drug is activated by CYP2D6 to 
gain its therapeutic effect (e.g. codeine); PMs may have insufficient efficacy, 
whereas high levels of active drug metabolite in UMs may lead to increased efficacy. 
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Table I. Relative hepatic abundance of individual CYP enzymes important for drug 
metabolism and examples of their substrates, inhibitors, and inducers. 
CYP Substrate Inhibitor Inducer 
1A2 Caffeine1, clozapine2, Ciprofloxacin2, Cigarette smoke1 
>10%1 theophylline2, tizanidine3 fluvoxamine1  
2A6a 
~10%1 

Coumarin1, nicotine1 Methoxsalen1 Phenobarbital1 

2B6a 
<5%1 

Cyclophosphamide4, 
ifosfamide4, efavirenz4, 
nevirapine4 

ThioTEPA1 Phenobarbital1, 
rifampicin1 

2C8a 
~5%1 

Paclitaxel1, pioglitazone5, 
repaglinide6, 
rosiglitazone7, 
troglitazone8 

Gemfibrozil9, 
trimethoprim10 

Phenobarbital11, 
rifampicin11 

2C9a 
>15%1 

Fluvastatin12, 
glibenclamide12, 
glimepiride12, glipizide12, 
nateglinide13, S-warfarin1 

Amiodarone14, 
fluconazole1, 
miconazole14, 
voriconazole15 

Phenobarbital11, 
rifampicin11 

2C19a 
<5%1 

Lansoprazole16, 
omeprazole16 

Fluconazole1, 
fluoxetine16, 
fluvoxamine16 

Phenobarbital11, 
rifampicin11 

2D6a 
<5%1 

Amitriptyline17, 
codeine17, metoprolol17, 
risperidone18, 
venlafaxine17 

Fluoxetine17, 
paroxetine17, 
terbinafine19 

Not known 

2E1 
~15%1 

Paracetamol1 Disulfiram1 Ethanol1, isoniazid1 

3A4/5a 
>35%1 

Atorvastatin20, 
buspirone21, cisapride21, 
dexamethasone21, 
felodipine17, HIV 
protease inhibitors17, 
lovastatin17, midazolam1, 
nateglinide13, 
nifedipine17, repaglinide6, 
troglitazone8 

Clarithromycin17, 
erythromycin17,  
HIV protease 
inhibitors17, 
grapefruit juice17, 
itraconazole1, 
ketoconazole1, 
voriconazole15 

Carbamazepine17, 
phenytoin17,  
rifampicin17,  
St. John’s wort17 

References: 1Pelkonen et al. (2008), 2Bertz & Granneman (1997), 3Granfors et al.  
(2004), 4Turpeinen et al. (2006), 5Jaakkola et al. (2006a), 6Kajosaari et al. (2005b), 
7Baldwin et al. (1999), 8Yamazaki et al. (1999), 9Ogilvie et al. (2006), 10Totah & 
Rettie (2005), 11Gerbal-Chaloin et al. (2001), 12Rettie & Jones (2005), 13Weaver et 
al. (2001), 14Miners & Birkett (1998), 15Theuretzbacher et al. (2006), 16Desta et al. 
(2002), 17Wilkinson (2005), 18Zanger et al. (2004), 19Abdel-Rahman et al. (1999), 
20Lennernäs (2003), 21Dresser et al. (2000). aCYPs with clinically significant genetic 
polymorphism. 
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CYP2C8, CYP2C9, and CYP3A4 enzymes are important for the metabolism of 
repaglinide, nateglinide, rosiglitazone, and pioglitazone (Table I). The CYP2C8 gene 
is located in chromosome 10q24 in a gene cluster with CYP2C9, CYP2C18, and 
CYP2C19. The rather common (allele frequency ~10% in Europeans) CYP2C8*3 
(c.416G>A, c.1196A>G; p.Arg139Lys, p.Lys399Arg) allele has been associated with 
defective metabolism of arachidonic acid and paclitaxel in vitro (Dai et al. 2001). 
Furthermore, the CYP2C8*3 allele, unlike the CYP2C8*4 (c.692C>G, p.Ile264Met) 
allele, has been associated with a small decrease in paclitaxel 6α-hydroxylation 
when studied in human liver microsomes (Bahadur et al. 2002). A strong linkage 
disequilibrium exists between CYP2C8*3 and CYP2C9*2, the latter encoding 
an enzyme with decreased activity (Yasar et al. 2002).  
 
The most common polymorphic CYP2C9 allelic variants with reduced catalytic 
activity are CYP2C9*2 (c.430C>T, p.Arg144Cys) and CYP2C9*3 (c.1075A>C, 
p.Ile359Leu) (allele frequencies ~10% in Europeans) (Kirchheiner & Brockmöller 
2005). CYP2C9*2 and/or CYP2C9*3 have been shown to be related to decreased 
oral clearance of, for instance, oral antidiabetic drugs glimepiride and glibenclamide 
(Kirchheiner & Brockmöller 2005). CYP3A4 polymorphism appears to have limited 
clinical significance, whereas CYP3A5 expression is highly variable due to CYP3A5 
polymorphism associated with severely diminished synthesis of the functional 
enzyme. CYP3A5*3 (g.6986A>G SNP) resulting in a splicing defect is the most 
common low-activity CYP3A5 allele, with an allele frequency of ~90%, ~75%, and 
~20% in Caucasians, Asians, and Africans, respectively (Daly 2006). CYP3A5 
substrates are often metabolized also by CYP3A4, and usually more efficiently (Daly 
2006). 
 
CYP enzymes can be induced and inhibited by various drugs and other xenobiotics 
(Pelkonen et al. 2008) (Table I). Induction is mainly mediated by binding of 
the inducing drug to a nuclear receptor, which leads to increased transcription of 
the target gene and an increased rate of protein synthesis. It generally takes 2-3 
weeks to reach a steady state with respect to induction (Lin & Lu 1998). Induction of 
drug-metabolizing enzymes may decrease the drug’s plasma concentrations by 
increasing elimination and reducing bioavailability of the substrate drug. 
The opposite effects may result from inhibition of drug-metabolizing enzymes, which 
can occur immediately after one or two doses of the inhibitor (Lin & Lu 1998). 
Inhibition may be reversible, either competitive (inhibitor binds at the same site as 
substrate), uncompetitive (inhibitor binds to enzyme-substrate complex and 
inactivates it), noncompetitive (inhibitor binds with the same affinity to the enzyme 
whether or not it is bound to its substrate and reduces catalytic activity), or mixed 
(inhibitor binds with different affinities to the enzyme or to the enzyme-substrate 
complex) (Pelkonen et al. 2008). In irreversible (“mechanism-based”) inhibition, 
drugs with reactive functional groups are metabolized by CYP enzymes to reactive 
intermediates that covalently bind and inactivate the CYP enzyme. 
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Often drug transporters facilitate the entry of a drug into hepatocytes, and, after 
metabolism, a drug transporter may be important in efflux of the metabolite (Ho & 
Kim 2005) (Figure 3). Drug transporters can therefore be regarded as completing 
the enzyme-based detoxification system; drug uptake delivers the drug to 
the detoxification system to facilitate metabolism, whereas drug efflux decreases 
the load on detoxification enzymes (Nies et al. 2008). 
 

 
Figure 3. Role of transporters and phase I and II metabolism in the hepatic 
elimination of drugs. Adapted from Vavricka et al. (2002). 
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2. Drugs investigated 
 

2.1 Oral antidiabetic drugs 
 
Type 2 diabetes mellitus is a disorder of carbohydrate metabolism, resulting from 
defects in insulin secretion and insulin resistance, and manifesting as 
hyperglycemia. It is often related to symptoms of metabolic syndrome, including 
obesity, hyperlipidemia, hypertension, and endothelial dysfunction (Ryden et al. 
2007). Complications of type 2 diabetes mellitus include retinopathy, nephropathy, 
coronary disease, and stroke. Lifestyle modifications are imperative in the treatment 
of type 2 diabetes mellitus, but pharmacological intervention is usually also 
necessary. Metformin is the first-line drug in the treatment of hyperglycemia; further 
options are sulfonylureas, thiazolidinediones, meglitinides, insulin, exenatide, and 
dipeptidylpeptidase-4 inhibitors (Ryden et al. 2007, Edwards et al. 2008) (Table II). 
Patients with type 2 diabetes mellitus are often treated with statins and/or fibrates to 
correct hyperlipidemia, antihypertensives to lower blood pressure, and acetylsalicylic 
acid to prevent thromboses (Ryden et al. 2007). 
 
Table II. Drugs used to treat hyperglycemia in patients with type 2 diabetes mellitus. 
Drug Main mode of action Average 

reduction in 
HbA1C (%) 

Metformin Production of hepatic glucose ↓ 1.5 
Sulfonylureas 
e.g. glimepiride 

Insulin secretion ↑ 1.5 

Insulin (s.c.) Peripheral glucose uptake ↑; 
hepatic glucose output ↓ 

>2 

Thiazolidinediones 
rosiglitazone, pioglitazone 

Insulin sensitivity ↑ 0.5-1.5 

Meglitinides 
repaglinide, nateglinide 

Insulin secretion ↑ 1-1.5 

GLP analogs 
exenatide (s.c.) 

Insulin secretion ↑; glucagon ↓; 
gastric emptying ↓; energy intake ↓ 

0.5-1.0 

DPP-4 inhibitors 
sitagliptine 

Insulin secretion ↑ 0.5-1.0 

Adapted from Heine et al. (2006). DPP, dipeptidylpeptidase; GLP, glucagon-like  
peptide; HbA1C, glycated hemoglobin; s.c., subcutaneous. 
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2.1.1 Repaglinide 
 

 
Repaglinide (Figure 4) is a short-acting meglitinide analog that reduces blood 
glucose concentrations by enhancing glucose-stimulated insulin secretion from 
pancreatic beta cells (Dornhorst 2001). It acts by binding and closing the same ATP-
sensitive K+ channels as sulfonylureas, but their binding sites differ. After binding 
and closing the K+ channel, the cell membrane of the beta cell is depolarized, 
followed by opening of voltage-gated Ca++ channels, leading to influx of Ca++ ions, 
which triggers the release of insulin by exocytosis. Insulin release is dependent on 
the beta cell secretory capacity, and peak serum insulin concentrations are reached 
in 2-2.5 h and maximum hypoglycemic effect in 3-3.5 h following administration of 
repaglinide (Hatorp 2002). 
 
Repaglinide is administered before each main meal. The recommended starting 
dose is 0.5 mg per meal, but for patients with HbA1C over 8%, 1 mg or 2 mg can be 
used. The maximum single dose is 4 mg, and the total daily dose should not exceed 
16 mg (Hatorp 2002). Compared with other oral antidiabetic drugs, the efficacy of 
repaglinide in clinical trials has been similar or slightly inferior to that of metformin 
and glibenclamide (Goldberg et al. 1998, Landgraf et al. 1999, Jovanovic et al. 2000, 
Moses et al. 2001). Combination therapy with metformin, pioglitazone, or 
rosiglitazone has been shown to be more effective than the respective 
monotherapies (Moses et al. 1999, Jovanovic et al. 2004, Raskin et al. 2004). 
The most common adverse reaction of repaglinide is hypoglycemia, the risk of which 
is increased during combination treatment with other hypoglycemic agents (Culy & 
Jarvis 2001). 
 
Repaglinide is rapidly absorbed after oral administration, and its peak plasma 
concentration (Cmax) is reached in ~1 h (Hatorp et al. 1999). The oral bioavailability 
of repaglinide is ~60% (Hatorp et al. 1998), and it is biotransformed via the CYP3A4 
and CYP2C8 enzymes to several inactive metabolites, including M2 (~66% of dose), 
M1 (~4%), and M4 (<1%) (van Heiningen et al. 1999, Bidstrup et al. 2003, Kajosaari 
et al. 2005b) (Figure 4). The metabolites are excreted into bile (~90% of dose) or 
urine (~8%), and <2% of the administered dose is excreted unchanged in humans 
(van Heiningen et al. 1999). The elimination of repaglinide is rapid, and its terminal 
elimination half-life (t1/2) is ~1 h (Hatorp et al. 1999). The Cmax and AUC of 
repaglinide exhibit dose proportionality and linearity in both single- and multiple-dose 
studies, and the time to Cmax (tmax) remains similar irrespective of dose (Hatorp 
2002). The interindividual variation in repaglinide AUC is large (mean coefficient of 
variation, CV, for AUC ~60%), but intraindividual variation is lower (~15%) (Hatorp et 
al. 1998). Repaglinide is highly bound to plasma proteins (>98%), mainly to albumin 
(Plum et al. 2000). The pharmacokinetics of repaglinide in patients with type 2 
diabetes mellitus is similar to those in healthy volunteers (Hatorp 2002). Liver 
disease or severe renal impairment has caused significant increases in repaglinide 
AUC (Hatorp et al. 2000, Marbury et al. 2000). 
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Figure 4. Chemical structures of repaglinide and its M1, M2, and M4 metabolites. 
Adapted from Bidstrup et al. (2003). 
 
CYP2C8 polymorphism has been associated with altered repaglinide 
pharmacokinetics. After 0.25 mg repaglinide, mean AUC was 30-50% lower in 
subjects with the CYP2C8*1/*3 genotype than in those with the CYP2C8*1/*1 
genotype (Niemi et al. 2003b, 2005a). However, after 2 mg repaglinide, no 
significant differences were seen between the CYP2C8*1/*3 and CYP2C8*1/*1 
genotype groups (Bidstrup et al. 2006).  
 
Several studies in healthy volunteers have investigated the effects of CYP inhibition 
and induction on the pharmacokinetics of repaglinide. The CYP3A4 inhibitors 
ketoconazole, clarithromycin, itraconazole, and telithromycin have increased 
the mean AUC of repaglinide by 15%, 40%, 41%, and 77%, respectively (Niemi et 
al. 2001, 2003a, Hatorp et al. 2003, Kajosaari et al. 2006a). The CYP2C8 inhibitors 
trimethoprim and gemfibrozil have increased repaglinide mean AUC by ~60% and 
~700%, respectively (Niemi et al. 2003a, 2004a). The effect of gemfibrozil persists 
even if gemfibrozil was last administered 12 h before repaglinide, and it results in 
considerable prolongation and enhancement of the blood glucose-lowering effect of 
repaglinide (Tornio et al. 2008a). The combination of itraconazole and gemfibrozil 
increased repaglinide AUC by ~18-fold (Niemi et al. 2003a). 
 
Rifampicin given orally for several days has decreased repaglinide plasma 
concentrations by 31% when repaglinide was administered together with the last 
rifampicin dose or by 57% when repaglinide was administered 12 h after the last 
rifampicin dose (Niemi et al. 2000, Hatorp et al. 2003). In another study, repaglinide 
AUC was decreased by 50% when administered concomitantly with rifampicin and 
by 80% when administered 24 h after the last rifampicin dose (Bidstrup et al. 2004). 
Cimetidine, ethinylestradiol/levonorgestrel (oral contraceptive), simvastatin, 
nifedipine, bezafibrate, fenofibrate, pioglitazone, and montelukast have not altered 
repaglinide pharmacokinetics, and repaglinide has not altered the pharmacokinetics 
of digoxin or theophyllin (Hatorp & Thomsen 2000, Hatorp et al. 2003, Kajosaari et 
al. 2004, 2006a, 2006b). 
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2.1.2 Nateglinide 
 
Nateglinide is another short-acting meglitinide analog (Figure 5) used in 
the treatment of type 2 diabetes mellitus, and its mechanism of action is similar to 
that of repaglinide (Dunn & Faulds 2000). Treatment is recommended to be initiated 
with 60 mg prior to a meal three times daily, and the dose may be then adjusted 
upwards to a maximum of 540 mg daily. Nateglinide has a clinical efficacy 
comparable with that of repaglinide, and it can be used concomitantly with, for 
example, metformin or thiazolidinediones (Campbell 2005). The most common 
adverse reaction associated with nateglinide is hypoglycemia. 
 

 
Figure 5. Chemical structure of nateglinide and its M7 metabolite. 
 
Nateglinide is rapidly absorbed after oral administration, reaching Cmax within ~1 h, 
and it is also rapidly eliminated from plasma (t1/2 ~1.5 h) (McLeod 2004). It is 
extensively bound to plasma proteins (98%). The oral bioavailability of nateglinide is 
~70%, and it is metabolized via CYP2C9 and CYP3A4 (Weaver et al. 2001). About 
15% of the oral dose is excreted unchanged in urine. The M7 metabolite (formed via 
CYP2C9) of nateglinide is active and may contribute to its clinical effect (Takesada 
et al. 1996). The CYP2C9*3 allele has been associated with increased plasma 
concentrations of nateglinide (Kirchheiner et al. 2004). Sulfinpyrazone, fluconazole, 
and the combination of gemfibrozil and itraconazole have increased (by 28%, 48%, 
and 47%, respectively) and rifampicin has decreased (by 24%) the AUC of 
nateglinide (Niemi et al. 2003c, 2003d, 2005b, Sabia et al. 2004). 
 

2.1.3 Rosiglitazone and pioglitazone 
 
The thiazolidinediones rosiglitazone and pioglitazone (Figure 6) are peroxisome 
proliferator-activated receptor-γ (PPAR-γ) agonists used in the treatment of type 2 
diabetes mellitus due to their insulin-sensitizing properties (Yki-Järvinen 2004). Their 
clinical efficacy is similar (reduction of HbA1C by up to 1.5%). The daily dose of 
rosiglitazone is 4-8 mg and that of pioglitazone 15-45 mg, and they can be combined 
with, for instance, metformin. Common adverse reactions of thiazolidinediones are 
edema, which can increase the risk of heart failure, and decreased hemoglobin. 
Rosiglitazone has been associated with an increased risk of severe cardiac adverse 
reactions, including myocardial infarction (Nissen & Wolski 2007). 



 
25

 

 
Figure 6. Chemical structures of rosiglitazone and pioglitazone. 
 
The oral bioavailability of rosiglitazone is nearly 100% and that of pioglitazone >80% 
(Cox et al. 2000, Hanefeld 2001). Rosiglitazone is >99% and pioglitazone 97% 
bound to plasma proteins (Cox et al. 2000, Eckland & Danhof 2000). Both drugs are 
extensively metabolized in the liver, mainly by CYP2C8, with minor contributions 
from CYP2C9 for rosiglitazone and from CYP3A4 for pioglitazone (Baldwin et al. 
1999, Cox et al. 2000, Eckland & Danhof 2000, Jaakkola et al. 2006a). All circulating 
metabolites of rosiglitazone are less potent than the parent drug, whereas the main 
metabolites of pioglitazone (M3 and M4) are pharmacologically active. The t1/2 of 
rosiglitazone is ~3-6 h and that of pioglitazone ~4-9 h (Cox et al. 2000, Hanefeld 
2001). The CYP2C8*3 allele has been associated with reduced plasma 
concentrations of rosiglitazone and pioglitazone (Kirchheiner et al. 2008, Tornio et 
al. 2008b). In studies with healthy volunteers, gemfibrozil has increased and 
rifampicin has decreased the AUCs of rosiglitazone and pioglitazone (Niemi et al. 
2003e, Park et al. 2004, Jaakkola et al. 2005, 2006b). Furthermore, trimethoprim 
and fluvoxamine have increased the AUC of rosiglitazone (Niemi et al. 2004b, 
Pedersen et al. 2006). 
 

2.2 Interacting drugs investigated 
 

2.2.1 Gemfibrozil 
 
Gemfibrozil is a fibric acid derivative (Figure 7) used in the treatment of (diabetic) 
dyslipidemia, with a recommended dose of 600 mg twice daily (Remick et al. 2008). 
Its effects are mediated by activation of the PPAR-α. The absorption of gemfibrozil is 
almost complete, and Cmax is attained in 1-2 h after oral administration (Todd & Ward 
1988). It is eliminated mainly metabolically, with a t1/2 of 1.5-2 h. Both unchanged 
gemfibrozil and its metabolites form glucuronide conjugates. Gastrointestinal 
symptoms are the most common adverse reactions related to gemfibrozil use. 
 

 
Figure 7. Chemical structures of gemfibrozil and atorvastatin. 
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In vitro, gemfibrozil inhibits CYP2C9 more potently than CYP2C8 (Wen et al. 2001, 
Wang et al. 2002), while in vivo, gemfibrozil inhibits the metabolism of several 
CYP2C8 substrates, including cerivastatin, repaglinide, rosiglitazone, and 
pioglitazone (Backman et al. 2002, Niemi et al. 2003a, 2003e, Jaakkola et al. 2005), 
but not the CYP2C9 substrates nateglinide and S-warfarin (Lilja et al. 2005, Niemi et 
al. 2005b). Gemfibrozil glucuronide appears to be a potent mechanism-based 
inhibitor of CYP2C8 both in vitro and in vivo (Ogilvie et al. 2006, Tornio et al. 2008a). 

 
2.2.2 Atorvastatin 

 
Atorvastatin (Figure 7) is an HMG-CoA reductase inhibitor used to treat 
dyslipidemia. After oral administration (as an active hydroxy acid), atorvastatin is 
well absorbed and subject to marked first-pass metabolism, resulting in an oral 
bioavailability of ~14% (Lennernäs 2003). The Cmax of atorvastatin acid is reached in 
1-2 h after administration, and its t1/2 is 7-14 h. Atorvastatin acid is lactonized to 
a more lipophilic form, which is also metabolized by CYP3A4, with a minor 
contribution by CYP2C8 (Lennernäs 2003). The lactone forms of atorvastatin and its 
metabolites are subject to reversible hydrolysis to their respective acid forms, of 
which 2-hydroxyatorvastatin and 4-hydroxyatorvastatin are pharmacologically active 
(Lennernäs 2003). Administration of atorvastatin with CYP2C8 inhibitors, such as 
gemfibrozil, or CYP3A4 inhibitors, such as grapefruit juice and itraconazole, has 
increased plasma concentrations of atorvastatin (by 24%, 146%, and 231%, 
respectively) (Neuvonen et al. 2006). Rifampicin has reduced the AUC of 
atorvastatin by 80% (Backman et al. 2005). Cyclosporine markedly increases 
plasma atorvastatin concentrations (8.7-fold) (Neuvonen et al. 2006). 
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3. Organic anion-transporting polypeptides (OATPs) 
 
OATPs are encoded by genes of the SLCO superfamily (previously SLC21) 
(Hagenbuch & Meier 2004). Rat Oatp1a1 was the first member of the OATP/Oatp 
family to be discovered (Jacquemin et al. 1994), and the first human member, 
OATP1A2, was cloned as an ortholog of this rat transporter (Kullak-Ublick et al. 
1995). OATPs/Oatps within the same family share ≥40% amino acid sequence 
identities and are designated by Arabic numbering (e.g. OATP1) (Hagenbuch & 
Meier 2004). Individual subfamilies include OATPs/Oatps with amino acid sequence 
identities ≥60% and are designated by letters (e.g. OATP1B). Individual gene 
products (proteins) within the same subfamily are designated by additional Arabic 
numbering (e.g. OATP1B1). The human OATP family consists of 11 members: 
OATP1A2, OATP1B1, OATP1B3, OATP1C1, OATP2A1, OATP2B1, OATP3A1, 
OATP4A1, OATP4C1, OATP5A1, and OATP6A1 (Hagenbuch & Meier 2003, 
Mikkaichi et al. 2004a, König et al. 2006). 
 
The genes encoding human OATP1 family members are located in the short arm of 
chromosome 12, where they are organized in the order SLCO1C1, SLCO1B3, 
SLCO1B1, and SLCO1A2 (Hagenbuch & Meier 2004). Between SLCO1B3 and 
SLCO1B1, there is a gene entitled liver-specific organic anion transporter 3TM12 
(LST-3TM12, also known as LST3 and LST-3B), the function and sites of expression 
of which are yet unknown. Genes encoding other OATPs are scattered in 
chromosomes 3, 5, 8, 11, 15, and 20. No human diseases appear to be associated 
with genetic variations of SLCO family genes. 
 
It has proven challenging to characterize three-dimensional structures of drug 
transporters due to problems in purifying and crystallizing membrane proteins 
(Hagenbuch & Meier 2003). According to computer-based hydropathy analysis, all 
OATPs share a very similar transmembrane domain organization, with 12 predicted 
transmembrane domains and a large 5th extracellular loop. Based on a comparative 
analysis of OATPs from multiple species, the transport of all OATPs/Oatps has been 
suggested to occur through a central, positively charged pore in a so-called rocker-
switch type of mechanism (Meier-Abt et al. 2005). However, the exact transport 
mechanism of OATPs/Oatps has not been established (Mahagita et al. 2007). 
 

3.1 OATP1B1 
 
OATP1B1 (previously known as OATP2, OATP-C, and LST-1) is mainly expressed 
on the sinusoidal membrane of human hepatocytes (Abe et al. 1999, Hsiang et al. 
1999, König et al. 2000a). OATP1B1 mRNA has been detected also in other tissues, 
including small intestinal enterocytes (Glaeser et al. 2007). OATP1B1 mediates 
the influx of its substrates from blood into the hepatocytes and it may therefore be 
an important step preceding elimination of drugs by metabolism or biliary excretion 
(Niemi 2007). In vitro, OATP1B1 has been shown to transport both unconjugated 
and conjugated bilirubin (Cui et al. 2001, Briz et al. 2003, 2006), although in one 
study, no differences in bilirubin transport existed between OATP1B1-transfected 
and nontransfected cells (Wang et al. 2003). Other endogenous OATP1B1 
substrates include bile acids (cholate and taurocholate), conjugated steroids 
(estradiol-17β-glucuronide, estrone-3-sulfate, and dehydroepiandrosterone-3-
sulfate), eicosanoids (leukotrienes C4 and E4, prostaglandin E2, and thromboxane 
B2), and thyroid hormones (thyroxine and triiodothyronine) (Abe et al. 1999, Hsiang 
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et al. 1999, König et al. 2000a, Tamai et al. 2000, Cui et al. 2001). Examples of in 
vitro OATP1B1 drug substrates include several HMG-CoA reductase inhibitors, or 
statins, angiotensin-converting enzyme (ACE) inhibitors, and angiotensin II receptor 
antagonists (Table III). Rosiglitazone and pioglitazone have been identified as 
potential substrates of OATP1B1 by in silico pharmacophore modeling (Chang et al. 
2005). 
 
Table III. Drug substrates for OATP1B1. 
Substrate Km (µM) Reference 
Atorvastatin 12.4 Kameyama et al. (2005) 
Atrasentan – Katz et al. (2006) 
Benzylpenicillin – Tamai et al. (2000) 
Bosentan 44 Treiber et al. (2007) 
Caspofungin – Sandhu et al. (2005) 
Cerivastatin – Shitara et al. (2003) 
Enalapril 262 Liu et al. (2006) 
Fluvastatin 1.4-3.5a Kopplow et al. (2005), Noé et al. (2007) 
Methotrexate – Abe et al. (2001) 
Olmesartan 12.8-42.6b Nakagomi-Hagihara et al. (2006), Yamada 

et al. (2007) 
Pitavastatin 3.0 Hirano et al. (2004) 
Pravastatin 13.7-35b Hsiang et al. (1999), Nakai et al. (2001) 
Rifampicin 1.5-13b Vavricka et al. (2002), Tirona et al. (2003) 
Rosuvastatin 4.0-7.3c Simonson et al. (2004), Ho et al. (2006a) 
SN-38 – Nozawa et al. (2005) 
Temocapril – Maeda et al. (2006) 
Troglitazone sulfate – Nozawa et al. (2004a) 
Valsartan 1.39d Maeda et al. (2006), Yamashiro et al. (2006) 

aBased on the study by Noé et al. (2007). bRange of values provided in different  
studies. cBased on the study by Ho et al. (2006a). dBased on the study by 
Yamashiro et al. (2006). Km, Michaelis-Menten kinetic constant; SN-38, an active 
metabolite of the anticancer drug irinotecan; –, not provided. 
 

3.1.1 Pharmacogenetics of SLCO1B1 (OATP1B1) 
 
The SLCO1B1 gene (gene locus 12p12) encodes OATP1B1 protein, which consists 
of 691 amino acids (Abe et al. 1999, Hsiang et al. 1999). A large number of SNPs 
and other sequence variations have been described in the SLCO1B1 gene, and their 
allele frequencies vary markedly between different populations (Tirona et al. 2001, 
Niemi 2007, Seithel et al. 2008) (Figure 8, Table IV). For example, the c.388A>G 
(p.Asn130Asp) SNP is quite common in all populations, with an allele frequency 
ranging from ~40% in Europeans to ~80% in Sub-Saharan Africans and East 
Asians, whereas the c.521T>C (p.Val174Ala) SNP, relatively common in Europeans 
and East Asians (allele frequency ~10-20%), is less frequent in Sub-Saharan 
Africans (<10%). 
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Figure 8. Schematic representation of the secondary structure of human OATP1B1, 
depicting the positions of known amino acid exchanges. Adapted from Pasanen et 
al. (2008a). 
 
Table IV. Summary of nonsynonymous sequence variations in SLCO1B1 encoding 
OATP1B1. In addition, two promoter SNPs are presented. 

Variant allele frequency (%)a Nucleotide 
exchange 

Amino acid 
exchange Europeansb Sub-Saharan 

Africansc 
East Asiansd 

g.-11187G>A  0-14 0-6 0-18 
g.-10499A>C  0-10 0 0 
c.217T>C p.Phe73Leu 0-2 0 – 
c.245T>C p.Val82Ala 0-2 0 – 
c.388A>G p.Asn130Asp 30-57 46-91 55-89 
c.452A>G p.Asn151Ser 0 0 0-4 
c.463C>A p.Pro155Thr 11-25 0-15 0-5 
c.467A>G p.Glu156Gly 0-2 0 – 
c.521T>C p.Val174Ala 6-27 0-9 0-22 
c.578T>G p.Leu193Arg <0.3 – – 
c.1007C>G p.Pro336Arg – – 1 
c.1058T>C p.Ile353Thr 0-2 0 – 
c.1294A>G p.Asn432Asp 0-1 0 – 
c.1385A>G p.Asp462Gly 0-1 0 – 
c.1454G>T p.Cys485Phe – – 1 
c.1463G>C p.Gly488Ala 0 0-19 0 
c.1929A>C p.Leu643Phe 0-10 2-22 0-6 
c.1964A>G p.Asp655Gly 0-2 0 – 
c.2000A>G p.Glu667Gly 0-2 34 – 

Adapted from Niemi (2007) and Pasanen et al. (2008a). Numbering of the nucleotide  
and amino acid positions are according to the recommendations of the Human 
Genome Variation Society (www.hgvs.org) (den Dunnen & Antonarakis 2001). 
aFrequency is the range of values from different populations in the referenced 
articles. bIncludes European-Americans. cIncludes African-Americans. dIncludes 
the Chinese and Japanese. –, not provided. 
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The two common SLCO1B1 SNPs, c.521T>C (p.Val174Ala) and c.388A>G 
(p.Asn130Asp), together form four functionally distinct haplotypes (Figure 9): 
SLCO1B1*1A (c.388A-c.521T, reference haplotype), *1B (c.388G-c.521T), *5 
(c.388A-c.521C), and *15 (c.388G-c.521C) (Tirona et al. 2001, Nozawa et al. 2002, 
Nishizato et al. 2003, Niemi et al. 2004c). The SLCO1B1*15 haplotype can be 
further subclassified on the basis of two promoter SNPs, g.-11187G>A and 
g.-10499A>C, forming the *15 (GAGC), *16 (GCGC), and *17 (AAGC) haplotypes 
(Niemi et al. 2004c) (Figure 9). 
 

 
Figure 9. Functionally distinctive SLCO1B1 haplotypes and their frequencies in 
a Finnish population (n = 468). Adapted from Pasanen et al. (2006a) and 
Niemi (2007). 
 
SLCO1B1*5 and SLCO1B1*15 haplotypes have been associated with reduced 
transport activity of OATP1B1 in vitro in studies performed with several OATP1B1 
substrates in different cell lines (Kameyama et al. 2005, Nozawa et al. 2005) 
(Table V). The SLCO1B1*1B haplotype has, however, been associated with 
increased OATP1B1 transport activity in vitro in studies performed with 
bromosulfophthalein and estrone-3-sulfate (Michalski et al. 2002, Kameyama et al. 
2005), whereas no change or reduced transport activity has been seen in other 
studies with different substrates (Table V). The effect of the c.521T>C SNP appears 
to dominate over that of the c.388A>G SNP, as the SLCO1B1*15 haplotype 
(including both SNPs) has been consistently associated with reduced transport 
activity of OATP1B1 (Kameyama et al. 2005).  
 
In addition to SLCO1B1 c.521T>C and c.388A>G SNPs, some of the other 
nonsynonymous SLCO1B1 SNPs have been associated with altered (decreased) 
transport function of OATP1B1 in vitro. These include the c.217T>C (p.Phe73Leu), 
c.245T>C (p.Val82Ala), c.467A>G (p.Glu156Gly), c.578T>G (p.Leu193Arg), 
c.1058T>C (p.Ile353Thr), c.1294A>G (p.Asn432Asp), c.1463G>C (p.Gly488Ala), 
c.1964A>G (p.Asp655Gly), and c.2000A>G (P.Glu667Gly) SNPs (Tirona et al. 2001, 
Michalski et al. 2002). However, their clinical significance is either negligible or 
unestablished, partly because most of them have low allele frequencies (Niemi 
2007, Pasanen et al. 2008a). 
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Table V. In vitro transport activity of SLCO1B1*1B, *5, and *15 haplotypes 
compared with the SLCO1B1*1A (reference) haplotype. 
Substrate Cell line Transport activity 
  *1B *5 *15 

Reference 

Atorvastatin HEK293 0 ↓↓ ↓↓ Kameyama et al. (2005) 
Atrasentan HeLa 0 ↓ ↓↓ Katz et al. (2006) 
Bromosulfophthalein MDCKII ↑↑ – – Michalski et al. (2002) 
Cerivastatin HEK293 0 ↓ ↓ Kameyama et al. (2005) 
Cholyltaurine MDCKII ↓ – – Michalski et al. (2002) 
Estradiol  HeLa 0 ↓↓ – Tirona et al. (2001) 
17-β-glucuronide MDCKII 0 – – Michalski et al. (2002) 
 HEK293 0 0 ↓↓ Iwai et al. (2004) 
 HEK293 0 ↓↓ ↓↓ Kameyama et al. (2005) 
 HeLa 0 ↓↓ ↓↓ Kameyama et al. (2005) 
 XO 0 0 ↓↓ Nozawa et al. (2005) 
Estrone-3-sulfate HeLa 0 ↓↓ – Tirona et al. (2001) 
 HEK293 0 0 – Nozawa et al. (2002) 
 HEK293 0 ↓ ↓↓ Kameyama et al. (2005) 
 HeLa ↑↑ ↓↓ ↓↓ Kameyama et al. (2005) 
 XO 0 0 ↓ Nozawa et al. (2005) 
 HEK293 – – ↓↓ Tsuda-Tsukimoto et al. 

(2006) 
 XO – – ↓↓ Deng et al. (2008) 
Fluvastatin XO – – 0 Deng et al. (2008) 
Pitavastatin XO – – ↓↓ Deng et al. (2008) 
Pravastatin HEK293 0 ↓↓ ↓↓ Kameyama et al. (2005) 
 XO 0 0 ↓ Nozawa et al. (2005) 
 XO 0 0 ↓ Deng et al. (2008) 
Rifampicin HeLa ↓↓ ↓↓ – Tirona et al. (2003) 
Rosuvastatin HeLa 0 ↓↓ ↓↓ Ho et al. (2006a) 
Simvastatin lactone HEK293 0 0 0 Kameyama et al. (2005) 
SN-38 XO 0 0 ↓↓ Nozawa et al. (2005) 

HEK293, human embryonic kidney cells; HeLa, human cervical carcinoma cells;  
MDCKII, Madin-Darby canine kidney cells strain II; XO, Xenopus laevis oocytes; 0, 
no difference in transport activity; ↓, 20-50% reduced transport activity; ↓↓, >50% 
reduced transport activity; ↑, 20-50% increased transport activity; ↑↑, >50% 
increased transport activity; –, not studied. 
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3.1.2 Effects of SLCO1B1 polymorphism in humans 
 
Of the endogenous substrates of OATP1B1, only bilirubin transport has been 
reported to be altered in subjects with SLCO1B1 variant alleles, but the findings 
have been controversial. In a study conducted in 107 healthy European-American or 
African-American subjects, SLCO1B1 genotype had no effect on baseline total or 
unconjugated plasma bilirubin concentrations (Ho et al. 2007). However, in another 
study with 23 healthy Japanese subjects, carriers of the SLCO1B1*15 allele had 
higher unconjugated serum bilirubin concentrations than noncarriers of the allele 
(Ieiri et al. 2004). Furthermore, in studies with hyperbilirubinemic Taiwanese adults 
and neonates, the SLCO1B1 c.521C and/or c.388G alleles were identified as risk 
factors of hyperbilirubinemia (Huang et al. 2004, Huang et al. 2005). Gilbert’s 
syndrome is an inherited form of mild unconjugated hyperbilirubinemia that is 
associated with an extra TA repeat in the promoter region of the UGT1A1 gene 
encoding UDP-glucuronosyltransferase 1A1 (UGT1A1), leading to reduced 
expression of UGT1A1. In subjects with the homozygous (TA)7TAA (UGT1A1*28) 
genotype (~10-15% of Europeans), a decreased hepatic uptake of bilirubin, e.g. due 
to SLCO1B1 polymorphism, has been suggested to be necessary for manifest 
hyperbilirubinemia (Persico et al. 2001). 
 
After ingestion of 0.25 mg repaglinide, subjects with the SLCO1B1 c.521CC 
genotype had a 107% and 188% larger AUC than those with the c.521TC or 
c.521TT genotypes, respectively, but no significant changes were present in 
pharmacodynamic response between these genotype groups (Niemi et al. 2005a) 
(Table VI). In the same study, subjects with the SLCO1B1 g.-11187GA genotype 
tended to have a larger repaglinide AUC than those with the g.-11187GG genotype 
(by ~50%) and had a significantly higher (~50%) maximum decrease in blood 
glucose concentrations. 
 
As the pharmacokinetics of repaglinide has been associated with the SLCO1B1 
c.521T>C SNP in healthy subjects, repaglinide could be an OATP1B1 substrate in 
vivo in humans, although direct in vitro evidence of this is lacking (Niemi et al. 
2005a). In vitro data on the role of OATP1B1 in hepatic uptake are also lacking for 
nateglinide, the concentrations of which were increased in individuals with 
the SLCO1B1 c.521TC and c.521CC genotypes when investigated in a small group 
of healthy Chinese subjects (Zhang et al. 2006) (Table VI). 
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Table VI. Studies on the effect of SLCO1B1 polymorphism on the pharmacokinetics 
of oral antidiabetic drugs, statins, and other selected drugs in healthy subjects. 
Study designa Effect of SLCO1B1 polymorphism Reference 
Oral antidiabetic drugs  
Nateglinide 90 mg, 
17 Chinese (17 m) 

AUC: c.521CC > c.521TT (108% ↑) 
AUC: c.521TC > c.521TT (82% ↑) 

Zhang et al. 
(2006) 

Repaglinide 0.25 mg 
after 100 mg 
cylosporine/placebo  
for 2 days,  
12 Caucasians (12 m) 

Increase in repaglinide AUC by 
cyclosporine: 
c.521TC < c.521TT (42% ↓) 

Kajosaari et 
al. (2005a) 

Repaglinide 0.25mg, 
56 Caucasians (45 m) 

AUC: c.521CC > c.521TT (188% ↑) 
AUC: c.521CC > c.521TC (107% ↑) 

Niemi et al. 
(2005a) 

Statins   
Atorvastatin 20 mg, 
32 Caucasians (18 m) 

AUC: c.521CC > c.521TT (144% ↑) 
AUC: c.521CC > c.521TC (61% ↑) 

Pasanen et 
al. (2007) 

Fluvastatin 40 mg, 
32 Caucasians (18 m) 

No effect on pharmacokinetics of 
fluvastatin 

Niemi et al. 
(2006a) 

Pitavastatin 1-8 mg, 
24 Koreans (24 m) 

AUCdn: *1A/*15 or *1B/*15 > *1B/*1B 
              (76% ↑) 
AUCdn: *1A/*15 or *1B/*15 > *1A/*1A or 
            *1A/*1B (25% ↑) 

Chung et al. 
(2005) 

Pitavastatin 2 mg, 
38 Japanese (38 m) 

AUC: *1B/*15 > *1B/*1B (76% ↑) 
AUC: *15/*15 > *1B/*1B (208% ↑) 
AUC: *15/*15 > *1B/*15 (74% ↑) 

Ieiri et al. 
(2007) 

Pitavastatin 4 mg, 
11 Koreans (11 m) 

AUC: *15/*15 > *1A/*1A (162% ↑) Deng et al. 
(2008) 

Pravastatin 10 mg, 
23 Japanese (23 m) 

Clnr: *1B/*15 < *1B/*1B (45% ↓) 
 

Nishizato et 
al. (2003) 

Pravastatin 40 mg, 
30 Caucasians (30 m) 

AUC: *1A/*5 > *1A/*1A (42% ↑) 
AUC: *1A/*5 > *1A/*1B or *1B/*1B 
           (118% ↑) 

Mwinyi et 
al. (2004) 

Pravastatin 40 mg, 
41 Caucasians (17 m) 

AUC: g.-11187GA > g.-11187GG  
          (98% ↑) 
AUC: c.521TC > c.521TT (106% ↑) 
AUC: heterozygous *15 carriers >  
          *15 noncarriers (93% ↑), 
          heterozygous *17 carriers >  
          *17 noncarriers (130% ↑) 

Niemi et al. 
(2004c) 

Pravastatin 40 mg daily 
for 3 weeks, 
16 Caucasians (16 m) 

AUC: *15 or *17 carriers > *15 or *17 
           noncarriers (110% ↑) 
 

Igel et al. 
(2006) 

Pravastatin 10 mg, 
23 Japanese (23 m) 

AUC: *1B/*1B < *1A/*1A (35% ↓) 
AUC: *1B/*15 < *1A/*15 (45% ↓) 

Maeda et 
al. (2006) 

Pravastatin 40 mg, 
32 Caucasians (18 m) 

AUC: c.521CC > c.521TT  
         (91% ↑, m 232% ↑) 
AUC: c.521CC > c.521 TC  
         (74% ↑, m 102% ↑) 

Niemi et al. 
(2006a) 
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Table VI. Continued. 
Study designa Effect of SLCO1B1 polymorphism Reference 
Pravastatin 40 mg, 
69 (37 m) European-
and 38 (19 m) African-
Americans 

AUC: *1A/*15 > *1A/*1A (45% ↑) 
AUC: *1A/*15 > *1B/*1B (80% ↑) 
AUC: *15/*15 > *1A/*1A (92% ↑) 
AUC: *15/*15 > *1B/*1B (149% ↑) 

Ho et al. 
(2007) 

Pravastatin 40 mg, 
11 Koreans (11 m) 

AUC: *15/*15 > *1A/*1A (99% ↑) Deng et al. 
(2008) 

Rosuvastatin 40 mg, 
36 Caucasians (31 m),  
36 Chinese (32 m),  
35 Malays (17 m),  
35 Asian-Indians (26 m) 

In Caucasian, AUC: *15/*15 > *1A/*1A 
                                  (117% ↑) 
                       AUC: *15/*15 > *1A/*1B 
                                  (108% ↑) 
No effect in other ethnic groups, which 
did not include *15/*15 participants 

Lee et al. 
(2005a) 

Rosuvastatin 10 mg, 
32 Caucasians (18 m) 

AUC: c.521CC > c.521TT (65% ↑) Pasanen et 
al. (2007) 

Rosuvastatin 10 mg, 
30 Koreans 

AUC: *15/*15 > *1A/*1A (119% ↑) 
AUC: *1A/*15 > *1A/*1A (91% ↑) 
AUC: *15/*15 > *1B/*15 (82% ↑) 

Choi et al. 
(2008) 

Rosuvastatin 20 mg 
after baicalin 150 mg/ 
placebo for 14 days,  
18 Chinese (18 m) 

AUC of rosuvastatin: 
*1B/*1B 42% ↓ 
*1B/*15 24% ↓ 
*15/*15 no change 

Fan et al. 
(2008) 

Simvastatin 40 mg, 
32 Caucasians (18 m) 

AUC of simvastatin acid: 
c.521CC > c.521TT (221% ↑) 
c.521CC > c.521TC (162% ↑) 
No effect on parent simvastatin lactone 

Pasanen et 
al. (2006b) 

Other drugs   
Atrasentan, single dose 
(n = 44, 40 m) or steady 
state (n = 38, 36 m),  
57 Caucasians,  
25 non-Caucasians 

Single dose, AUC: PT > ET (73% ↑), 
                               IT > ET (14% ↑)b 
Steady state, AUC: IT > ET (27% ↑),  
                                no PT individualsb 

Katz et al. 
(2006) 

Fexofenadine 180 mg, 
20 Caucasians (9 m) 

AUC: c.521CC > c.521TT (127% ↑) 
AUC: c.521CC > c.521TC (76% ↑) 

Niemi et al. 
(2005c) 

Rifampicin 600 mg 
for 9-11 days, 
38 Caucasians (28 m) 

No effect on CYP3A4 induction 
(measured by 4β-hydroxycholesterol 
concentrations) 

Niemi et al. 
(2006b) 

Temocapril 2 mg, 
23 Japanese (23 m) 

No effect on pharmacokinetics of 
temocapril 

Maeda et 
al. (2006) 

Torsemide 10 mg, 
99 Caucasians 

Clnr: 40, 56, 13, and 26 ml/min in 
homozygous *1A, *1B, *5, and *15 
carriers 

Vormfelde 
et al. 
(2008) 

Valsartan 40 mg, 
23 Japanese (23 m) 

No effect on pharmacokinetics of 
valsartan 

Maeda et 
al. (2006) 

aStudy drug has been administered as a single oral dose if not otherwise specified.  
bET, extensive transporter (*1A/*1A, *1A/*1B, *1B/*1B); IT, intermediate transporter 
(*1A/*5, *1B/*5, *1A/*15, *1B/*15, *1B/*18); PT, poor transporter (*15/*15). AUC, 
area under the plasma concentration-time curve; AUCdn, dose-normalized AUC; Clnr, 
nonrenal clearance; m, males. 
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In vivo in humans, with respect to the SLCO1B1 polymorphism, the drug most 
studied is pravastatin (Table VI), the plasma concentrations of which have been 
markedly increased in individuals carrying the SLCO1B1 c.521C allelle (Mwinyi et al. 
2004, Niemi et al. 2004c, 2006a). Furthermore, plasma concentrations of 
atorvastatin, pitavastatin, rosuvastatin, and simvastatin acid have been higher in 
c.521CC homozygotes than in c.521TT homozygotes (Chung et al. 2005, Pasanen 
et al. 2006b, 2007, Ieiri et al. 2007, Choi et al. 2008).  
 
After ingestion of 40 mg pravastatin, the c.521C allele has been associated with 
a decreased plasma lathosterol concentration and a lower lathosterol to cholesterol 
ratio, both of which are markers of the rate of cholesterol synthesis, suggesting that 
the SLCO1B1 polymorphism significantly affects the response to statin treatment 
(Niemi et al. 2005d, Gerloff et al. 2006). However, these preliminary findings could 
not be confirmed in a recent prospective study with pravastatin and other statins 
(fluvastatin, simvastatin, atorvastatin, and rosuvastatin) (Pasanen et al. 2008b). 
 
There are few systematic studies on the effect of SLCO1B1 polymorphism on drug 
pharmacokinetics and efficacy in patients. The decrease in total cholesterol during 
statin treatment has been smaller in two studies in adult patients carrying 
the SLCO1B1 c.521C allele (Tachibana-Iimori et al. 2004, Zhang et al. 2007). In 
a study in 33 hyperlipidemic Japanese patients, heterozygous carriers of the 
SLCO1B1*15 allele had lower LDL-cholesterol reduction than noncarriers (-14% vs  
-29%) after receiving 10 mg atorvastatin daily for 8 weeks, but this difference 
disappeared after 1 year (Takane et al. 2006).  
 
Interestingly, the AUC of pravastatin in two children with heterozygous familial 
hypercholesterolemia having the SLCO1B1 g.-11187GA genotype was ~70% lower 
than in the other pediatric patients with the reference genotype (g.-11187GG) 
(Hedman et al. 2006), whereas the AUC of pravastatin was ~100% higher in adult 
healthy subjects with the g.-11187GA genotype than in those with the reference 
genotype (Niemi et al. 2004c). The authors suggested that these apparently 
contradictory effects of SLCO1B1 polymorphism on OATP1B1 phenotype might be 
due to modulation of OATP1B1 phenotype by age. In children with a cardiac 
transplant and an immunosuppressive regimen including cyclosporine, those with 
the SLCO1B1 c.521TC genotype had significantly lower plasma concentrations of 
pravastatin than those with the c.521TT genotype (Hedman et al. 2006). 
 
Generally, SLCO1B1*15 carriers might be at a higher risk of myotoxic effects of 
statin treatment due to higher drug concentrations (Morimoto et al. 2004). However, 
in one study, where the pharmacokinetics of 10 mg atorvastatin in 14 patients with 
prior atorvastatin-induced myopathy were compared with pharmacokinetics in 15 
healthy subjects, the patients had a ~2.4-fold increase in AUC of atorvastatin 
lactone than controls, but no differences were present in the frequency of SLCO1B1 
polymorphisms between the two groups (Hermann et al. 2006).  
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The most convincing data on the clinical significance of the SLCO1B1 polymorphism 
on the risk of adverse reactions comes from a recent genome-wide association 
study (SEARCH Collaborative Group 2008). More than 300,000 genetic markers 
were determined in 85 patients who had developed myopathy while receiving 80 mg 
simvastatin daily and in 90 control patients without myopathy. A noncoding 
SLCO1B1 SNP, which is in nearly complete linkage disequilibrium with 
the SLCO1B1 c.521T>C SNP, was the only strong marker associated with 
myopathy. More than 60% of the myopathy cases could be attributed to the c.521C 
variant, and the odds ratio for myopathy was 4.5 per copy of the c.521C allele. This 
association was replicated in a study of 20,000 patients receiving 40 mg simvastatin 
daily. Furthermore, the c.521C allele was associated with a slightly reduced and 
the c.388G allele with a slightly increased cholesterol-lowering effect of simvastatin. 
 
The SLCO1B1*15 allele has been associated in vitro with reduced OATP1B1 
transport activity of SN-38, which is an active metabolite of the anticancer drug 
irinotecan (Nozawa et al. 2005). Studies in Asian patients have shown that 
the plasma concentrations of SN-38 are higher in those carrying the SLCO1B1 
c.521C allele, which may be reflected in a higher risk of toxicity (Xiang et al. 2006, 
Takane et al. 2007, Han et al. 2008). The pharmacokinetics of irinotecan is, 
however, complex and may be affected by genetic variability in other drug-
transporting and metabolizing proteins (Rosner et al. 2008). 
 

3.1.3 OATP1B1 and drug interactions 
 
In vitro, repaglinide and rosiglitazone have inhibited the uptake of 
bromosulfophthalein and pravastatin in stably transfected human embryonic kidney 
(MDCKII) cells expressing human OATP1B1, OATP1B3, or OATP2B1 (Bachmakov 
et al. 2008) (Table VII). In another study, OATP1B1 has been inhibited by 
pioglitazone, rosiglitazone, and troglitazone sulfate (Nozawa et al. 2004a). 
Gemfibrozil, its 1-O-β-glucuronide, and atorvastatin inhibit OATP1B1 in vitro (Shitara 
et al. 2004, Chen et al. 2005). Several other drugs have also been identified in vitro 
as OATP1B1 inhibitors (Table VII).  
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Table VII. Selected clinically applied drugs that inhibit OATP1B1 in vitro. 
Inhibitor Substrate IC50 

(µM) 
Reference 

Atorvastatin  Pravastatin – Hsiang et al. (1999) 
acid Taurocholate – Hsiang et al. (1999) 
 Estradiol 17-β-glucuronide 0.87 Chen et al. (2005) 
Atorvastatin 
lactone 

Estradiol 17-β-glucuronide 2.6 Chen et al. (2005) 

Carbamazepine Estradiol 17-β-glucuronide 188 Gui et al. (2008) 
Caspofungin Estradiol 17-β-glucuronide – Sandhu et al. (2005) 
Clarithromycin Bromosulfophthalein 96 Seithel et al. (2007) 
 Pitavastatin 8.26a Hirano et al. (2006) 
 Pravastatin – Seithel et al. (2007) 
Clotrimazole Estradiol 17-β-glucuronide 9.0 Gui et al. (2008) 
Cyclosporine Bosentan 0.3 Treiber et al. (2007) 
 Cerivastatin 0.2a Shitara et al. (2003) 
 Estradiol 17-β-glucuronide 0.37 Tirona et al. (2003) 
 Estradiol 17-β-glucuronide 0.2a Campbell et al. (2004) 
 Pitavastatin 0.242a Hirano et al. (2006) 
 Rosuvastatin 2.2 Simonson et al. (2004) 
 Rosuvastatin 0.31 Ho et al. (2006a) 
Digoxin Pitavastatin 31.7a Hirano et al. (2006) 
Erythromycin Bromosulfophthalein 217 Seithel et al. (2007) 
 Pitavastatin 11.4a Hirano et al. (2006) 
 Pravastatin – Seithel et al. (2007) 
Gemfibrozil Cerivastatin 72 Shitara et al. (2004) 
 Fluvastatin 63 Noé et al. (2007) 
 Pitavastatin 25.2a Hirano et al. (2006) 
 Pravastatin – Noé et al. (2007) 
 Rosuvastatin 4.0 Schneck et al. (2004) 
 Rosuvastatin 25 Ho et al. (2006a) 
 Simvastatin – Noé et al. (2007) 
 Taurocholate – Noé et al. (2007) 
Gemfibrozil-1- Cerivastatin 24 Shitara et al. (2004) 
O-glucuronide Pitavastatin 22.6a Hirano et al. (2006) 
Glibenclamide Pitavastatin 0.746a Hirano et al. (2006) 
Hyperforin Estradiol 17-β-glucuronide 0.82 Tirona et al. (2003) 
Indinavir Estradiol 17-β-glucuronide 5.84 Tirona et al. (2003) 
 Estradiol 17-β-glucuronide 6.8a Campbell et al. (2004) 
 Pitavastatin 18.4a Hirano et al. (2006) 
Irinotecan Estrone-3-sulfate – Nozawa et al. (2005) 
Ketoconazole Pitavastatin 19.2a Hirano et al. (2006) 
Lovastatin Estradiol 17-β-glucuronide – Sandhu et al. (2005) 
 Estradiol 17-β-glucuronide 6.1 Gui et al. (2008) 
 Pravastatin – Hsiang et al. (1999) 
 Taurocholate – Hsiang et al. (1999) 
Lovastatin acid Estradiol 17-β-glucuronide 4.0 Chen et al. (2005) 
Lovastatin 
lactone 

Estradiol 17-β-glucuronide 28 Chen et al. (2005) 

Metyrapone Estradiol 17-β-glucuronide – Gui et al. (2008) 
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Table VII. Continued. 
Inhibitor Substrate IC50 

(µM) 
Reference 

Mifepristone Estradiol 17-β-glucuronide 3.3 Gui et al. (2008) 
Nelfinavir Estradiol 17-β-glucuronide 0.93 Tirona et al. (2003) 
Paclitaxel Estradiol 17-β-glucuronide 0.03 Gui et al. (2008) 
Pioglitazone Estrone-3-sulfate – Nozawa et al. (2004a) 
Pravastatin Pravastatin – Hsiang et al. (1999) 
Repaglinide Bromosulfophthalein 2.2 Bachmakov et al. (2008) 
 Pravastatin – Bachmakov et al. (2008) 
Rifampicin Atorvastatin acid 3.25 Lau et al. (2007) 
 Bosentan 3.2 Treiber et al. (2007) 
 Bromosulfophthalein 17a Vavricka et al. (2002) 
 Estradiol 17-β-glucuronide 0.94 Tirona et al. (2003) 
 Estradiol 17-β-glucuronide 1.5 Gui et al. (2008) 
 Pitavastatin 0.477a Hirano et al. (2006) 
Rifamycin SV Bromosulfophthalein 2a Vavricka et al. (2002) 
 Bromosulfophthalein – Seithel et al. (2007) 
 Estradiol 17-β-glucuronide 0.23 Chen et al. (2005) 
 Estradiol 17-β-glucuronide 0.2a Campbell et al. (2004) 
 Pitavastatin 0.171a Hirano et al. (2006) 
Ritonavir Estradiol 17-β-glucuronide 0.71 Tirona et al. (2003) 
 Pitavastatin 0.781a Hirano et al. (2006) 
Rosiglitazone Bromosulfophthalein 6.0 Bachmakov et al. (2008) 
 Estrone-3-sulfate – Nozawa et al. (2004a) 
 Pravastatin – Bachmakov et al. (2008) 
Roxithromycin Bromosulfophthalein 153 Seithel et al. (2007) 
 Pravastatin – Seithel et al. (2007) 
Saquinavir Estradiol 17-β-glucuronide 1.23 Tirona et al. (2003) 
 Estradiol 17-β-glucuronide 1.2a Campbell et al. (2004) 
 Pitavastatin 1.56a Hirano et al. (2006) 
Sildenafil Bosentan 1.5 Treiber et al. (2007) 
Simvastatin Pravastatin – Hsiang et al. (1999) 
 Taurocholate – Hsiang et al. (1999) 
Simvastatin  Estradiol 17-β-glucuronide 3.6 Chen et al. (2005) 
acid Pravastatin – Nakai et al. (2001) 
Simvastatin 
lactone 

Estradiol 17-β-glucuronide 9.7 Chen et al. (2005) 

SN-38 Estrone-3-sulfate – Nozawa et al. (2005) 
Tacrolimus Pitavastatin 0.611a Hirano et al. (2006) 
Telithromycin Bromosulfophthalein 121 Seithel et al. (2007) 
 Pravastatin – Seithel et al. (2007) 
Telmisartan Pitavastatin 0.436a Hirano et al. (2006) 
Troglitazone Estradiol 17-β-glucuronide 1.2 Gui et al. (2008) 
Troglitazone 
sulfate 

Estrone-3-sulfate – Nozawa et al. (2004a) 

Valsartan Pitavastatin 8.96a Hirano et al. (2006) 
aKi provided instead of IC50. SN-38, an active metabolite of irinotecan. IC50, inhibitor  
concentration producing 50% inhibition of transporter activity; Ki, inhibition constant. 
–, not provided. 
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Many OATP1B1 substrates are also substrates of other drug transporters and often 
subject to metabolism by CYP enzymes, which makes estimation of the role of 
a single transporter from in vitro data challenging (Smith et al. 2005a, Kivistö & 
Niemi 2007, Niemi 2007). However, there are some in vivo interactions where 
OATP1B1 inhibition can be regarded as an important mechanism. 
 
Cyclosporine has increased the mean AUC of repaglinide ~2.5-fold in healthy 
subjects (Kajosaari et al. 2005a). Interestingly, the increase was 42% lower in 
subjects with the SLCO1B1 c.521TC genotype (n = 4) than in those with 
the c.521TT genotype (Table VI). This finding may be explained by reduced activity 
of OATP1B1 in carriers of the variant SLCO1B1 c.521C allele. In another study in 
healthy volunteers, baicalin, a flavone glucuronide purified from the medical plant 
Radix scutellariae and used as bilirubin-lowering therapy in China, decreased 
the AUC of rosuvastatin in subjects with the SLCO1B1*1B/*1B and 
SLCO1B1*1B/*15 genotypes by 42% and 25%, respectively, whereas no change 
was seen in subjects with the SLCO1B1*15/*15 genotype (Fan et al. 2008) 
(Table VI). Therefore, baicalin’s bilirubin-lowering effect could be due to induction of 
OATP1B1, which would be less pronounced in SLCO1B1*15 carriers. 
 
Cyclosporine has increased the plasma concentrations of atorvastatin (8.7-fold) and 
several other statins, probably partly due to OATP1B1 inhibition (Neuvonen et al. 
2006). Other mechanisms are likely also involved in these interactions since 
cyclosporine inhibits several influx and efflux transporters, such as OATP1B3, 
OATP2B1, MDR1 and MRP2, and CYP3A4. However, fluvastatin, pitavastatin, 
pravastatin, and rosuvastatin are not significantly metabolized by CYP3A4, and 
cyclosporine has increased their mean AUC ~4-20-fold in organ transplant patients 
(Neuvonen et al. 2006). Cyclosporine has also modestly (up to 2-fold) increased the 
AUCs of other OATP1B1 substrates, including bosentan, caspofungin, and 
methotrexate (Binet et al. 2000, Fox et al. 2003). 
 
Gemfibrozil has also increased the plasma concentrations of several OATP1B1 
substrates (Niemi 2007). Although gemfibrozil and its 1-O-β-glucuronide metabolite 
are both inhibitors of OATP1B1 in vitro (Shitara et al. 2004), they are also potent 
inhibitors of CYP2C8 in vitro and in vivo (Backman et al. 2002, Wang et al. 2002, 
Ogilvie et al. 2006). Gemfibrozil has increased the AUC of repaglinide, which is 
metabolized by CYP2C8 and CYP3A4, up to 8-fold in healthy subjects (Niemi et al. 
2003a), and this interaction has been observed even when the last dose of 
gemfibrozil was ingested 12 h before repaglinide (Tornio et al. 2008a). Gemfibrozil 
has also increased the AUC of drugs that are not at all or only partly metabolized by 
CYP2C8, including pravastatin, rosuvastatin, and simvastatin, ~2-3-fold in healthy 
subjects (Backman et al. 2000, Kyrklund et al. 2003, Schneck et al. 2004). 
 
Rifampicin is a potent inducer of drug-metabolizing enzymes. Rifampicin 600 mg 
daily administered orally for 5 days has decreased the AUC of repaglinide by ~60% 
(Niemi et al. 2000, 2003f). At high concentrations, rifampicin also inhibits 
the elimination of repaglinide in vitro and in vivo (Bidstrup et al. 2004, Kajosaari et al. 
2005b). In addition to inhibiting CYP enzymes, rifampicin is an inhibitor of OATP1B1 
and OATP1B3 in vitro (Vavricka et al. 2002) and also in vivo, if administered 
intravenously immediately before the “victim” drug. Intravenous rifampicin has 
increased the AUC of atorvastatin ~7-fold (Lau et al. 2007), whereas oral treatment 
with rifampicin over 5 days has decreased the AUC of atorvastatin by ~80%, 
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probably due to induction of CYP3A4 (Backman et al. 2005). The SLCO1B1 
genotype has had no effect on the induction of CYP3A4 by rifampicin, as measured 
by the plasma concentrations of 4β-hydroxycholesterol, which is an endogenous 
marker of CYP3A4 activity, suggesting that OATP1B3 or other uptake transporters 
can compensate for reduced uptake of rifampicin by OATP1B1 (Niemi et al. 2006b) 
(Table VI). Rifampicin also appears to have a modest inductive effect on OATP1B1 
in vitro (Jigorel et al. 2006, Sahi et al. 2006). 
 

3.2 Other OATPs 
 
OATP1A2 (previously known as OATP-A) is expressed in various tissues, including 
the brain, liver, kidneys, and intestine (Kullak-Ublick et al. 1995, Glaeser et al. 2007), 
although one study found no detectable levels of OATP1A2 mRNA in the duodenum 
(Meier et al. 2007). Endogenous substrates of OATP1A2 include bile salts, thyroid 
hormones, and steroid hormones and their conjugates (Kullak-Ublick et al. 1995, 
Bossuyt et al. 1996, Kullak-Ublick et al. 1998, Fujiwara et al. 2001), and several drug 
substrates also exist (Table VIII). Some SLCO1A2 (encoding OATP1A2) SNPs have 
shown decreased in vitro transport activity towards OATP1A2 substrate estrone-3-
sulfate (Lee et al. 2005b), but the clinical significance of these findings is unknown. 
Several drugs, such as saquinavir, lovastatin, verapamil, dexamethasone, and 
naloxone, have inhibited OATP1A2-mediated substrate uptake in vitro (Kullak-Ublick 
et al. 1998, Cvetkovic et al. 1999, Gao et al. 2000). Interestingly, also the flavonoids 
naringin, found in grapefruit juice, and hesperidin, found in orange juice, as well as 
these juices (at 5% soft drink strength) have inhibited OATP1A2-mediated 
fexofenadine uptake in vitro (Dresser et al. 2002, Bailey et al. 2007). Moreover, in 
studies in healthy subjects, the AUC of fexofenadine has been decreased by 25% by 
ingestion of naringin, and by 40-70% due to ingestion of grapefruit or orange juice 
(Dresser et al. 2002, 2005, Bailey et al. 2007), consistent with inhibition of OATP1A2 
at the apical membrane of enterocytes (Figure 2). 
 
OATP1B3 (previously known as OATP8 and LST-2) was cloned based on sequence 
homology to the OATP1B1 (80% amino acid homology), and, similar to OATP1B1, it 
is mainly expressed on the sinusoidal membrane of human hepatocytes (König et al. 
2000b, Abe et al. 2001) (Figure 2). Endogenous substrates of OATP1B3 are similar 
to those of OATP1B1: bilirubin, bile acids, conjugated steroids, eicosanoids, and 
thyroid hormones (König et al. 2000b, Abe et al. 2001, Cui et al. 2001, Kullak-Ublick 
et al. 2001), but the gastrointestinal peptide cholecystokinin is exclusively 
transported by OATP1B3 (Ismair et al. 2001). Moreover, the drug substrates of 
OATP1B3 overlap those of OATP1B1, but OATP1B3 seems to be the only hepatic 
OATP transporting digoxin, docetaxel, and paclitaxel (Table VIII). OATP1B3, in 
contrast to OATP1B1 and OATP2B1, has also been identified in vitro as capable of 
transporting amanitin, a toxin present in Amanita mushrooms (Letschert et al. 2006). 
The SLCO1B3 gene (encoding OATP1B3) is polymorphic (Iida et al. 2001), and 
some sequence variations have been associated with decreased transport activity of 
OATP1B3 in vitro (Letschert et al. 2004, Schwarz et al. 2006, Smith et al. 2007). In 
addition to inhibiting OATP1B1, cyclosporine is also an inhibitor of OATP1B3 in vitro 
(Ho et al. 2006a) and might thus interact with OATP1B3 substrates. 
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Table VIII. Drug substrates for OATP1A2, OATP1B3, and OATP2B1. 
OATP Substrate Km (µM) Reference 
1A2 Fexofenadine 6.4 Cvetkovic et al. (1999) 
(OATP, Imatinib – Hu et al. (2008) 
OATP-A) Levofloxacin 136 Maeda et al. (2007) 
 Methotrexate 457 Badagnani et al. (2006) 
 Ouabain 5.5 Bossuyt et al. (1996) 
 Pitavastatin 3.4 Fujino et al. (2005) 
 Rocuronium – van Montfoort et al. (1999) 
 Rosuvastatin 2.6 Ho et al. (2006a) 
 Saquinavir 36.4 Su et al. (2004) 
 Thyroxine 8.0 Fujiwara et al. (2001) 
 Unaprostone – Gao et al. (2005) 
1B3 Atrasentan – Katz et al. (2006) 
(OATP8, Bosentan 141 Treiber et al. (2007) 
LST-2) Digoxin – Kullak-Ublick et al. (2001) 
 Docetaxel – Smith et al. (2005b) 
 Enalapril – Liu et al. (2006) 
 Fexofenadine 108 Shimizu et al. (2005) 
 Fluvastatin 7.0 Kopplow et al. (2005) 
 Imatinib – Hu et al. (2008) 
 Methotrexate 24.7 Abe et al. (2001) 
 Olmesartan 71.8 Nakagomi-Hagihara et al. (2006) 
 Ouabain – Kullak-Ublick et al. (2001) 
 Paclitaxel 6.8 Smith et al. (2005b, 2007) 
 Pitavastatin 3.3 Hirano et al. (2004) 
 Pravastatin – Seithel et al. (2007) 
 Rifampicin 2.3 Vavricka et al. (2002) 
 Rosuvastatin 9.8 Ho et al. (2006a) 
 Telmisartan 0.8 Ishiguro et al. (2006) 
 SN-38 – Yamaguchi et al. (2008) 
 Thyroxine – Kullak-Ublick et al. (2001) 
 Valsartan 18.2 Yamashiro et al. (2006) 
2B1 Atorvastatin 0.2 Grube et al. (2006) 
(OATP-B) Bosentan 202 Treiber et al. (2007) 
 Benzylpenicillin – Tamai et al. (2000) 
 Fexofenadine – Nozawa et al. (2004b) 
 Fluvastatin 0.7 Kopplow et al. (2005) 
 Glibenclamide 6.3 Satoh et al. (2005) 
 Pravastatin 2.3 Nozawa et al. (2004b) 
 Rosuvastatin 2.4 Ho et al. (2006a) 
 Unaprostone – Gao et al. (2005) 

Km, Michaelis-Menten kinetic constant. –, not provided. 
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OATP2B1 (previously OATP-B) is expressed at the sinusoidal membrane of 
hepatocytes in the liver (Figure 2), but also in other tissues, e.g. intestine and heart 
(Tamai et al. 2000, Kullak-Ublick et al. 2001, Kobayashi et al. 2003, Grube et al. 
2006). Endogenous substrates of OATP2B1 include dehydroepiandrosterone-3-
sulfate, estrone-3-sulfate, and prostaglandin E2 (Tamai et al. 2000, Kullak-Ublick et 
al. 2001), and several drug substrates exist (Table VIII). There is currently no data 
on the clinical relevance of SLCO2B1 polymorphism, although some SLCO2B1 
sequence variations have been associated with altered transport activity of 
the protein in vitro (Nozawa et al. 2002, Ho et al. 2006b). Cyclosporine and 
gemfibrozil inhibit OATP2B1 in vitro (Ho et al. 2006a). In a study where 
glibenclamide was identified in vitro as a substrate for OATP2B1, grapefruit juice (at 
a concentration of 5%) significantly inhibited the OATP2B1-mediated uptake of 
estrone-3-sulfate by 80% (Satoh et al. 2005). However, grapefruit juice has had no 
effect on the pharmacokinetics of glibenclamide in healthy subjects (Lilja et al. 
2007). 
 
OATP1C1 (previously OATP-F) is expressed in the human brain, testis, and ciliary 
body and shows a high affinity for thyroid hormones (Pizzagalli et al. 2002, Gao et 
al. 2005). OATP2A1 (hPGT) is broadly expressed in different tissues and acts as 
a prostaglandin transporter (Lu et al. 1996), but currently no drugs have been 
identified as its substrates. OATP3A1 (OATP-D) is expressed in two splice variants, 
and the shorter variant lacking 18 amino acids in the carboxyl terminus appears to 
be expressed only in the testis and brain, whereas the longer variant is ubiquitously 
expressed (Adachi et al. 2003, Huber et al. 2007). OATP3A1 transports estrone-3-
sulfate, prostaglandin E2, thyroxine, vasopressin, and benzylpenicillin (Tamai et al. 
2000, Huber et al. 2007). OATP4A1 (OATP-E) is ubiquitously expressed and it 
transports estrogens, prostaglandins, thyroid hormones, taurocholate, 
benzylpenicillin, and unaprostone (Tamai et al. 2000, Fujiwara et al. 2001, Gao et al. 
2005). OATP4C1 (OATP-H) is localized at the basolateral membrane of human 
proximal tubule cells, and therefore it may mediate the uptake of its substrates from 
the blood into the kidney (Mikkaichi et al. 2004b). OATP4C1 transports thyroid 
hormones, digoxin, methotrexate, and the antidiabetic drug sitagliptin (Mikkaichi et 
al. 2004b, Chu et al. 2007). OATP5A1 (OATP-J) is known only at the cDNA level 
(Hagenbuch & Meier 2004), and mRNA of OATP6A1 (OATP-I) has been detected in 
the testis (Lee et al. 2004). 
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AIMS OF THE STUDY 
 
The aim of this study was to investigate the role of SLCO1B1 polymorphism in 
the pharmacokinetics of the oral antidiabetic drugs repaglinide, nateglinide, 
rosiglitazone, and pioglitazone. Specific aims of the studies were as follows: 
 
Study I To investigate the effect of the SLCO1B1 c.521T>C SNP on 

the pharmacokinetics of repaglinide and nateglinide. 
 

Study II To investigate whether the effect of the SLCO1B1 c.521T>C SNP on 
the pharmacokinetics of repaglinide is dose-dependent. 
 

Study III To investigate the effect of the SLCO1B1*1B/*1B (c.388GG-c.521TT) 
genotype on the pharmacokinetics of repaglinide and nateglinide. 
 

Study IV To investigate whether the SLCO1B1 c.521T>C SNP affects 
the interaction between gemfibrozil and repaglinide. Furthermore, to 
investigate whether atorvastatin interacts with repaglinide, and 
whether this potential interaction is associated with the SLCO1B1 
c.521T>C SNP. 
 

Study V To investigate the effect of the SLCO1B1 c.521T>C SNP on 
the pharmacokinetics of rosiglitazone and pioglitazone. 
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MATERIALS AND METHODS 
 
The studies were carried out at the Department of Clinical Pharmacology, University 
of Helsinki, in 2005-2008. 
 

1. Genotyping 
 
All subjects for the pharmacokinetic studies were recruited from a pool of over 600 
individuals genotyped for SLCO1B1, CYP2C8, and CYP2C9 polymorphisms. 
A 10 ml ethylenediaminetetraacetic acid (EDTA) blood sample was obtained from 
each subject and stored at -20°C prior to genomic DNA extraction with standard 
methods (QIAamp DNA Blood Mini Kit; Qiagen, Hilden, Germany). Genotyping for 
SLCO1B1, CYP2C8*3 (c.416G>A, c.1196A>G), CYP2C9*2 (c.430C>T), and 
CYP2C9*3 (c.1075A>C) polymorphisms was carried out by allelic discrimination with 
Taqman 5’-nuclease assays. Polymerase chain reactions (PCRs) were performed in 
an Applied Biosystems 7300 Real-Time PCR System or a 2720 Thermal Cycler 
(Applied Biosystems, Foster City, CA, USA). Pre- and post-PCR fluorescence 
measurements and genotype calls were made with the 7300 Real-Time PCR 
System. Genotyping for the CYP2C9*2 and CYP2C9*3 alleles was performed using 
TaqMan® Pre-Developed Assay Reagents for Allelic Discrimination (Applied 
Biosystems); other genotyping was done using custom TaqMan SNP genotyping 
assays (Applied Biosystems) (Pasanen et al. 2006a). 
 

2. Subjects 
 
From the above pool of individuals genotyped for SLCO1B1, CYP2C8, and CYP2C9 
polymorphisms, 65 healthy Caucasian Finnish volunteers were recruited in the five 
pharmacokinetic studies (Table IX). Some of the volunteers participated in more 
than one study. The participants were selected on the basis of SLCO1B1  
g.-11187G>A, g.-10499A>C, c.388A>G, and c.521T>C SNPs. The haplotypes were 
designated as follows: *1A (g.-11187G/g.-10499A/c.388A/c.521T, reference), 
*1B (GAGT), *5 (GAAC), *15 (GAGC), *16 (GCGC), and *17 (AAGC). Studies I and 
V were conducted with the same individuals, and the c.521TT (c.388AA-c.521TT, 
*1A/*1A) participants of Study I served as controls of Study III. None of 
the participants had the CYP2C8*3 allele, and in Studies I, III, and V, carriers of 
the CYP2C9*2 and CYP2C9*3 alleles were also excluded. The number of subjects 
was chosen to be sufficient to detect any clinically significant differences between 
the SLCO1B1 genotype groups (e.g. in Studies II and IV, >50% difference in AUC 
between c.521CC and c.521TT genotype groups with a statistical power of at least 
80%). 
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Table IX. Subject characteristics. 
Study 

(n) 
SLCO1B1 
genotype (n) 

SLCO1B1 
diplotype (n) 

Sex 
(f/m) 

Ageb 
(years) 

Weightb 
(kg) 

BMIb 

(kg/m2) 
I c.521TT (16) *1A/*1A (16) 5/11 22 ± 3 73 ± 10 23.2 ± 2.5 

and 
V 

(32) 

c.521TC (12) *1A/*15 (3) 
*1B/*15 (1) 
*1A/*16 (1) 
*1B/*16 (3) 
*1A/*17 (2) 
*1B/*17 (2) 

6/6 22 ± 2 68 ± 12 22.4 ± 2.8 

 c.521CC (4) 
 
 
 

*5/*15 (1) 
*15/*16 (1) 
*16/*16 (1) 
*16/*17 (1) 

1/3 22 ± 3 78 ± 14 24.0 ± 2.1 

II c.521TT (12) *1A/*1A (12) 7/5 24 ± 4 71 ± 12 24.2 ± 3.1 
(20) c.521CC (8) *5/*17 (1) 

*15/*16 (3) 
*16/*17 (4) 

5/3 24 ± 5 70 ± 6 23.6 ± 1.5 

III *1A/*1A (16)a *1A/*1A (16) 5/11 22 ± 3 73 ± 10 23.2 ± 2.5 
(24) *1B/*1B (8) *1B/*1B (8) 4/4 24 ± 3 74 ± 13 24.0 ± 2.9 
IV c.521TT (12) *1A/*1A (12) 3/9 24 ± 5 75 ± 7 23.3 ± 2.1 

(24) c.521TC (6) *1A/*15 (2) 
*1A/*16 (2) 
*1A/*17 (2) 

1/5 23 ± 2 74 ± 9 23.4 ± 2.7 

 c.521CC (6) *5/*15 (1) 
*15/*17 (1) 
*16/*16 (2) 
*16/*17 (2) 

1/5 23 ± 3 75 ± 8 22.2 ± 1.5 

aSame subjects as the c.521TT participants in Study I. bAge, weight, and BMI data  
are means ± SD. BMI, body mass index; f, females; m, males. 
 
The subjects were ascertained to be healthy by medical history, clinical examination, 
and laboratory tests. Female subjects gave a negative pregnancy test before 
entering the studies. Body mass index (BMI) was required to be >20 kg/m2 in 
Studies II-IV (as stipulated by the Ethics Committee). None of the subjects were 
tobacco smokers. None of the subjects used continuous medication such as 
hormonal contraceptives. Use of other drugs was prohibited for 1 week, and 
consumption of grapefruit products was prohibited for 3 days to 1 week before 
the day of administration of study drug. Blood donation was prohibited for 1 month 
before and after the studies. Participation in any other trial was prohibited for 
1 month (Studies I, III, IV, and V) or 6 months (Study II) before and after the studies. 
Use of alcohol was prohibited the day before and on the study day. In Study IV, 
vigorous physical exercise and use of alcohol were prohibited during 
the premedication and study days. 
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3. Study design 
 

3.1. Study drugs 
 
Studies I, II, III, and V were cross-over studies with 2-4 phases and a washout 
period of 1 week (Table X). The study drugs were given orally with 150 ml of water 
after an overnight fast at 8 AM (Study V) or 9 AM (Studies I-III). Study IV was 
a randomized, placebo-controlled, cross-over study with 3 phases (oral gemfibrozil, 
atorvastatin, or placebo pretreatments) and a washout period of at least 2 weeks 
(Table X). On day 3 of each phase, after an overnight fast, the last pretreatment 
dose was taken at 8 AM, and, 1 h later, each participant ingested a single 0.25 mg 
dose of repaglinide. The pretreatment medications were supplied, packed, and 
labeled according to a randomized list for each subject by the Pharmacy of 
the Helsinki University Central Hospital. Because 0.25 mg tablets of repaglinide are 
not available, they were prepared for Studies II and IV by halving 0.5 mg tablets of 
repaglinide (AK). The repaglinide tablets were weighed before and after halving. 
The mean weight of the original tablets was 95.7 mg (n = 92, CV 1.5%) and that of 
halved tablets 47.8 mg (n = 92, CV 0.5%). 
 
Table X. Phases and drugs in Studies I-V. 

Study Phases and drugs 
I and III Phase 1: A single 0.5 mg dose of repaglinide 

Phase 2: A single 60 mg dose of nateglinide 
II Phase 1: A single 0.25 mg dose of repaglinide 

Phase 2: A single 0.5 mg dose of repaglinide 
Phase 3: A single 1 mg dose of repaglinide 
Phase 4: A single 2 mg dose of repaglinide 

IV Phase 1: 600 mg gemfibrozil twice daily (at 8 AM and 8 PM) for 2 days, 
600 mg gemfibrozil on day 3 at 8 AM  

 Phase 2: 40 mg atorvastatin at 8 AM and placebo at 8 PM for 2 days, 
40 mg atorvastatin on day 3 at 8 AM 

 Phase 3: Placebo twice daily for 2 days, last dose on day 3 at 8 PM 
 Phases 1-3: A single 0.25 mg dose of repaglinide on day 3 at 9 AM 

V Phase 1: A single 4 mg dose of rosiglitazone 
Phase 2: A single 15 mg dose of pioglitazone 

 
3.2 Blood sampling 

 
On the days of administration of the study drug, a plastic cannula was inserted into 
a forearm vein of each subject and kept patent with an obturator. In Studies I-IV, 
blood samples were drawn prior to and at 15, 30, 45, 60, 75, 90, and 105 min and at 
2, 2.5, 3, 4, 5, and 7 h after drug administration. In Study IV, an additional sample 
was taken 9 h after drug administration. In Study V, blood samples were drawn prior 
to and at 15 and 30 min and at 1, 1.5, 2, 3, 4, 5, 7, 9, 12, 24, 48, and 72 (phase 2, 
pioglitazone) h after drug intake. The blood samples (5-10 ml each) were taken into 
tubes containing EDTA. Blood glucose concentrations were measured in Studies I-
IV immediately after each blood sampling by the glucose oxidase method with 
a Precision G Blood Glucose Testing System (Medisense, Bedford, MA, USA). 
The blood samples were placed on ice, and plasma was separated within 30 min 
and stored at -70°C until analysis. 
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3.3 Meals on study days 
 
In Studies I-IV, participants received a standard breakfast 15 min after 
the administration of repaglinide and a standard warm meal after 3 h. In Studies II 
and IV, additional standard snacks were given 1 and 2 h (and in Study IV, also at 
7 h) after repaglinide intake. In Study V, participants were given a standard warm 
meal 4 h and standard snacks 7 h after rosiglitazone or pioglitazone intake. In all 
studies, a light meal was served after the last blood sampling before the participants 
were discharged from the study center. In studies where repaglinide or nateglinide 
was administered, additional carbohydrates were given if blood glucose 
concentration was low and/or the subject had symptoms of hypoglycemia. Glucose 
for intravenous use and glucagon for intramuscular use were available in case of 
severe hypoglycemia, but were not needed. 
 

4. Determination of plasma drug concentrations 
 
The concentrations of repaglinide, nateglinide, rosiglitazone, pioglitazone, 
gemfibrozil, atorvastatin, and their metabolites were determined by the use of liquid 
chromatography-tandem mass spectrometry (LC/MS/MS) methods (Table XI). 
 
Table XI. Determination of plasma drug concentrations in Studies I-V. 
Study Analytes LC/MS/MS 

systemb 
Limit of 
quantificationc 

Between-
day CVd 

I Repaglinide, M1, M2, M4a Sciex API 3000 0.01 ng/ml <10% 
 Nateglinide and M7a Sciex Q Trap 5 ng/ml <9% 
II Repaglinide, M1, M2, M4a Sciex API 3000 0.05 ng/ml <9% 
III Repaglinide Sciex API 3000 0.05 ng/ml <5% 
 Nateglinide Sciex Q Trap 5 ng/ml ≤3% 
IV Repaglinide, M1, M2, M4a Sciex API 3000 0.01 ng/ml ≤8% 
 Gemfibrozil, gemfibrozil 

1-O-β-glucuronide 
Sciex API 2000 0.1 µg/ml <12% 

 Atorvastatin, 
atorvastatin lactone, 
2-OH-atorvastatin, 
2-OH-atorvastatin lactone, 
4-OH-atorvastatin, 
4-OH-atorvastatin lactone 

Sciex Q Trap 0.1 ng/ml <12% 

V Rosiglitazone, 
N-desmethylrosiglitazonea 

Sciex Q Trap 0.25 ng/ml ≤6% 

 Pioglitazone, M3, M4, M5a Sciex API 3000 0.3 ng/ml <5% 
aRepaglinide M1, M2, and M4, N-desmethylrosiglitazone, and pioglitazone M5  
metabolite concentrations are given in arbitrary units (U/ml) relative to the ratio of 
the peak area (peak height in Study II) of each metabolite to that of the internal 
standard. bThe liquid chromatography system was Agilent 1100 in all studies. cFor 
the parent compound. dHighest CV of the low, intermediate, or high concentration 
control samples in the relevant concentration range for the parent compound. CV, 
coefficient of variation; LC/MS/MS, liquid chromatography-tandem mass 
spectrometry. 
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5. Pharmacokinetics 
 
The pharmacokinetics of repaglinide, nateglinide, rosiglitazone, pioglitazone, and 
their metabolites were characterized by Cmax, tmax, t1/2, AUC from 0 to the time-point 
of last blood sampling (AUC0-t), and AUC from time 0 to infinity (AUC0-∞). 
The terminal log-linear part of each concentration-time curve was identified visually, 
and the elimination rate constant (ke) was determined from natural log-transformed 
data with linear regression analysis. The t1/2 was calculated by the equation  
t1/2 = ln2/ke. AUC was calculated by a combination of the linear (for increasing 
concentrations) and log-linear (for decreasing concentrations) trapezoidal rules, with 
extrapolation to infinity, when appropriate, by division of the last measured 
concentration by ke. In Studies II and IV, repaglinide metabolite/repaglinide AUC0-∞ 
ratios were calculated. In Study IV, the pharmacokinetics of gemfibrozil, atorvastatin, 
and their metabolites were characterized by Cmax and AUC0-10. All pharmacokinetic 
calculations were performed with MK-Model, version 5.0 (Biosoft, Cambridge, United 
Kingdom). 
 

6. Pharmacodynamics (blood glucose) 
 
In Study I, the blood glucose response to repaglinide and nateglinide was 
characterized by the maximum increase and the maximum decrease in blood 
glucose concentration, as well as by the decremental AUC of blood glucose from 0 
to 7 h. In Studies II-IV, the blood glucose response to repaglinide was characterized 
by the minimum blood glucose concentration and the mean concentration from 0 to 
3 h and from 0 to 7 h (0 to 9 h in Study IV). In addition, in Study II, blood glucose 
decremental AUC from 0 to 7 h and maximum decrease in blood glucose were 
calculated. 
 

7. Statistical analysis 
 
The data were analyzed with the statistical program SPSS, version 11.0, 13.0, or 
15.0 (SPSS Inc., Chicago, IL, USA). Differences were considered statistically 
significant when P < 0.05. Results are expressed as mean ± SD (tmax as median with 
range) in the text and tables and as mean ± SEM in the figures. Pharmacokinetic 
variables were log-transformed before the statistical analysis, when appropriate. In 
general, statistical comparisons of the pharmacokinetic (except tmax) and 
pharmacodynamic variables between participants with the different genotypes were 
done using analysis of variance (ANOVA), and the tmax data were analyzed using 
nonparametric tests. In Studies II, III, and V, geometric mean ratio with 95% 
confidence interval was calculated for selected pharmacokinetic variables. In 
Study II, dose-linearity of repaglinide pharmacokinetics within each genotype group 
was investigated with linear regression analysis. Relationships between 
the pharmacokinetic and pharmacodynamic variables were investigated with 
the Pearson correlation coefficient. 

 
8. Ethical considerations 

 
All study protocols were approved by the Coordinating Ethics Committee of 
the Helsinki and Uusimaa Hospital District and by the National Agency for 
Medicines. Before entering the studies, volunteers had received both oral and 
written information and had given their written informed consent. 
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RESULTS 
 
1. Effects of the SLCO1B1 c.521T>C single-nucleotide polymorphism (SNP) on 
the pharmacokinetics and pharmacodynamics of repaglinide and nateglinide 

(Study I) 
 

1.1 Repaglinide 
 
Participants with the SLCO1B1 c.521CC genotype (n = 4) had a 59% or 72% larger 
AUC0-∞ of repaglinide than those with the c.521TC (n = 12) or c.521TT (n = 16) 
genotype (P ≤ 0.001), respectively (Figure 10). The Cmax of repaglinide was 27% 
(P = 0.223) or 62% (P = 0.030) higher in the c.521CC participants than in 
the c.521TC or c.521TT participants. No significant differences were seen in the tmax 
or t1/2 of repaglinide between the three genotype groups. 
 
The maximum decrease in blood glucose concentration after repaglinide 
administration correlated with the AUC0-∞ of repaglinide (r = 0.412, P = 0.019). There 
was a tendency towards lower blood glucose concentrations in the c.521CC 
participants than in the c.521TC or c.521TT participants, but these differences were 
not statistically significant. 
 
The AUC0-∞ of the M2 metabolite of repaglinide was 83% (P = 0.004) or 112% 
(P = 0.017) greater and the AUC0-∞ of the M4 metabolite 63% (P = 0.008) or 81% 
(P = 0.002) greater in 521CC participants than in c.521TC or c.521TT participants. 
The SLCO1B1 genotype had no effect on the pharmacokinetics of the M1 
metabolite. 
 

 
Figure 10. Mean AUC0-∞ values of repaglinide and nateglinide after a single oral 
dose of 0.5 mg repaglinide or 60 mg nateglinide in healthy subjects with 
the SLCO1B1 c.521TT (n = 16), c.521TC (n = 12), or c.521CC (n = 4) genotype. 
The error bars depict the ranges of individual AUC0-∞ values. **P < 0.01, ***P < 0.001. 
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1.2 Nateglinide 
 
No statistically significant differences existed in the pharmacokinetic or 
pharmacodynamic variables of nateglinide or its M7 metabolite between 
the SLCO1B1 genotype groups (Figure 10). 
 

2. Effects of the SLCO1B1 c.521T>C SNP on the pharmacokinetics and 
pharmacodynamics of repaglinide at different doses (Study II) 

 
After ingestion of 0.25, 0.5, 1, or 2 mg repaglinide, the Cmax of repaglinide was 65%, 
73%, 32%, or 61%, respectively (P < 0.01, except after 1 mg P = 0.068), and 
the corresponding AUC0-∞ of repaglinide was 82%, 72%, 56%, or 108% (P ≤ 0.001) 
larger in participants with the c.521CC genotype (n = 8) than in those with 
the c.521TT genotype (n = 12) (Figure 11). No significant differences were seen in 
the tmax or t1/2 of repaglinide between the genotype groups. The effect of 
the SLCO1B1 genotype on the pharmacokinetic variables of repaglinide was 
independent of repaglinide dose (ANOVA P = 0.485 for Cmax dose-group interaction 
and P = 0.094 for AUC0-∞ dose-group interaction). The increase of repaglinide Cmax 
and AUC0-∞ was linear as a function of repaglinide dose in both SLCO1B1 genotype 
groups (r > 0.88, P < 0.001). 
 

 
Figure 11. Geometric mean Cmax and AUC0-∞ ratios of repaglinide in subjects with 
the SLCO1B1 c.521CC genotype (n = 8) vs. subjects with the c.521TT genotype 
(n = 12) after a single oral 0.25, 0.5, 1, or 2 mg dose of repaglinide. The error bars 
depict the 95% confidence intervals. **P < 0.01, ***P < 0.001. 
 
There was a statistically nonsignificant tendency towards lower blood glucose 
concentrations in c.521CC participants than in c.521TT participants. In addition to 
standardized meals, four of the eight c.521CC participants and three of the 12 
c.521TT participants received additional carbohydrates (14-123 g) to correct 
hypoglycemia after ingesting 2 mg repaglinide. 
 
After each repaglinide dose, c.521CC participants had significantly larger AUC0-∞ of 
M2 (by ~110%) and M4 (by ~70%) than c.521TT participants, and the effect was 
independent of repaglinide dose. The SLCO1B1 genotype had no effect on 
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the AUC0-∞ of M1. No differences in the metabolite/repaglinide AUC0-∞ ratios existed 
between the two SLCO1B1 genotype groups. 
 

3. Effects of the SLCO1B1*1B haplotype on the pharmacokinetics and 
pharmacodynamics of repaglinide and nateglinide (Study III) 

 
3.1 Repaglinide 

 
The mean AUC0-∞ of repaglinide was 32% lower in SLCO1B1*1B/*1B participants 
(n = 8) than in SLCO1B1*1A/*1A participants (n = 16) (P = 0.007) (Figure 12). 
The Cmax of repaglinide tended to be lower in SLCO1B1*1B/*1B participants than in 
SLCO1B1*1A/*1A participants (by 24%, P = 0.056). The tmax and t1/2 of repaglinide 
did not differ between the genotype groups. 
 
The AUC0-∞ of repaglinide correlated with the maximum decrease in blood glucose 
concentration after repaglinide administration (r = 0.571, P = 0.004). The mean 
blood glucose concentrations from 0 to 3 h and from 0 to 7 h after repaglinide intake 
were 10% higher in the participants with the SLCO1B1*1B/*1B genotype than in 
those with the SLCO1B1*1A/*1A genotype (P ≤ 0.01). 
 

 
Figure 12. Mean AUC0-∞ values of repaglinide and nateglinide after a single oral 
dose of 0.5 mg repaglinide or 60 mg nateglinide in healthy subjects with 
the SLCO1B1*1A/*1A (n = 16) or SLCO1B1*1B/*1B (n = 8) haplotype. The error 
bars depict the ranges of individual AUC0-∞ values. **P < 0.01. 
 

3.2 Nateglinide 
 
The Cmax of nateglinide occurred earlier in SLCO1B1*1B/*1B participants than in 
SLCO1B1*1A/*1A participants (P = 0.004), but no significant differences existed in 
the AUC or other pharmacokinetic variable of nateglinide between the two SLCO1B1 
genotype groups (Figure 12). The blood glucose concentration from 0 to 7 h after 
nateglinide intake was slightly higher (7%) in SLCO1B1*1B/*1B participants than in 
SLCO1B1*1A/*1A participants (P = 0.044), but no other differences were seen in 
the blood glucose variables between the two genotype groups. 
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4. Effects of gemfibrozil and atorvastatin on the pharmacokinetics and 
pharmacodynamics of repaglinide in relation to the SLCO1B1 c.521T>C SNP 

(Study IV) 
 

4.1 Effects of the SLCO1B1 c.521T>C SNP on the interaction between 
gemfibrozil and repaglinide 

 
The mean increase in the AUC0-∞ of repaglinide by gemfibrozil was 56% (P = 0.004) 
and 54% (P = 0.002) larger in subjects with the c.521CC genotype (n = 6) than in 
those with the c.521TC (n = 6) or c.521TT (n = 12) genotypes (Figure 13). However, 
there were no statistically significant differences between the relative increases in 
the AUC0-∞ of repaglinide by gemfibrozil as compared with placebo (8.3-, 7.3-, and 
7.4-fold increase in the c.521TT, c.521TC, and c.521CC groups, respectively). 
The mean increase in the t1/2 of repaglinide was 43% greater in the c.521CC group 
than in the c.521TT group (P = 0.047), but no significant differences were seen 
between the genotype groups with respect to the mean increase in Cmax. 
 

 
Figure 13. Absolute and relative mean increase in repaglinide AUC0-∞ by gemfibrozil 
in healthy subjects with the SLCO1B1 c.521TT (n = 12), c.521TC (n = 6), or 
c.521CC (n = 6) genotype. A single 0.25 mg oral dose of repaglinide was given on 
day 3 of treatment with 1200 mg gemfibrozil or placebo daily. The error bars depict 
the ranges of increases in individual AUC0-∞ values. **P < 0.01, ***P < 0.001. 
 
Gemfibrozil enhanced the effects of repaglinide on blood glucose in each of 
the three SLCO1B1 genotype groups. The minimum blood glucose concentration 
after repaglinide intake was 19% lower in c.521CC participants than in c.521TT 
participants (P = 0.009). The mean blood glucose concentration from 0 to 3 h and 
that from 0 to 9 h were ~10% lower in c.521CC participants than in c.521TC or 
c.521TT participants (P < 0.05). 
 
Gemfibrozil decreased the M1/repaglinide AUC0-∞ ratio by ~50% and 
the M2/repaglinide AUC0-∞ ratio by ~80% in the three SLCO1B1 genotype groups 
(P ≤ 0.01). Gemfibrozil nearly abolished the formation of M4 and decreased 
the M4/repaglinide AUC0-9 ratio by > 95% (P < 0.05) in all SLCO1B1 genotype 
groups. 
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4.2. Effects of atorvastatin on repaglinide in relation to the SLCO1B1 
c.521T>C SNP 

 
Atorvastatin increased the AUC0-∞ of repaglinide in c.521TT participants (18%, 
P = 0.033) and the Cmax of repaglinide in c.521TT (41%, P = 0.001) and c.521TC 
(28%, P = 0.008) participants. The increases in the AUC0-∞ and Cmax of repaglinide 
by atorvastatin did not differ between the SLCO1B1 genotype groups (Figure 14). 
Atorvastatin had no effect on the blood glucose-lowering response to repaglinide. 
 
Atorvastatin had no effect on the AUC0-∞ of M1, whereas in the c.521TT participants, 
the AUC0-∞ of M2 increased by 30% (P = 0.031) and the AUC0-9 of M4 increased by 
28% (P = 0.048). Atorvastatin had no effect on the metabolite/repaglinide AUC 
ratios. 
 

 
Figure 14. Absolute and relative mean increase in repaglinide AUC0-∞ by 
atorvastatin in healthy subjects with the SLCO1B1 c.521TT (n = 12), c.521TC 
(n = 6), or c.521CC (n = 6) genotype. A single 0.25 mg oral dose of repaglinide was 
given on day 3 of treatment with 40 mg atorvastatin or placebo daily. The error bars 
depict the ranges of increases in individual AUC0-∞ values. 
 
4.3 Effects of the SLCO1B1 c.521T>C SNP on repaglinide during the placebo, 

gemfibrozil, and atorvastatin phases 
 
The mean AUC0-∞ of repaglinide was 57-75% larger (P < 0.01) and the mean t1/2 of 
repaglinide 30-37% longer (P < 0.05) in the c.521CC group than in the c.521TT 
group during the placebo, gemfibrozil, and atorvastatin phases. During the placebo 
phase, the Cmax of repaglinide was 49% higher in c.521CC participants than in 
c.521TT participants (P = 0.014). 
 
During all three phases, the mean AUC0-∞ of M2 was significantly larger in 
participants with the c.521CC genotype than in those with the c.521TT genotype 
(170-210%, P ≤ 0.001), as was the mean AUC0-9 of M4 during the placebo and 
atorvastatin phases (98% and 82%, respectively, P < 0.05). The SLCO1B1 
genotype had no effect on the pharmacokinetics of M1. 
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4.4 Gemfibrozil and atorvastatin pharmacokinetics in relation to the SLCO1B1 
c.521T>C SNP 

 
The Cmax and AUC0-10 of gemfibrozil and its 1-O-β-glucuronide were not affected by 
the SLCO1B1 genotype. The AUCs0-10 of atorvastatin and 2-hydroxyatorvastatin 
were ~70% larger (P < 0.05) and that of 4-hydroxyatorvastatin 190% larger 
(P = 0.009) in c.521CC participants than in c.521TT participants, but no significant 
differences emerged between the genotype groups in the AUCs0-10 of atorvastatin 
lactone or atorvastatin lactone metabolites. 
 

5. Effects of the SLCO1B1 c.521T>C SNP on the pharmacokinetics of 
rosiglitazone and pioglitazone (Study V) 

 
The SLCO1B1 c.521T>C polymorphism had no significant effect on the AUC or any 
other pharmacokinetic variable of rosiglitazone, pioglitazone, or their metabolites 
(Figure 15). Adjusting the AUC0-∞ for weight gave similar results. The AUC0-∞ of 
rosiglitazone correlated significantly with that of pioglitazone (r = 0.717, P < 0.001). 
 

 
Figure 15. Mean AUC0-∞ values of rosiglitazone and pioglitazone after a single oral 
dose of 4 mg rosiglitazone or 15 mg pioglitazone in healthy subjects with 
the SLCO1B1 c.521TT (n = 16), c.521TC (n = 12), or c.521CC (n = 4) genotype. 
The error bars depict the ranges of individual AUC0-∞ values. 
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6. Summary of findings 
 

The SLCO1B1 polymorphism was significantly associated with the pharmacokinetics 
of repaglinide in all four studies, whereas its effects on the pharmacokinetics of 
nateglinide, rosiglitazone, or pioglitazone were either absent or negligible 
(Table XII). 
 
Table XII. Effect of SLCO1B1 polymorphism on the pharmacokinetics and 
pharmacodynamics of the oral antidiabetic drugs repaglinide, nateglinide, 
rosiglitazone, and pioglitazone. 
Drug Effect of SLCO1B1 polymorphism Study 
Repaglinide 0.5 mg AUC: c.521CC > c.521TT (72% ↑)*** I 
 AUC: c.521CC > c.521TC (59% ↑)**  
Repaglinide 
0.25, 0.5, 1, or 2 mg 

AUC: c.521CC > c.521TT 
(82%***, 72%**, 56%**, or 108%*** ↑) 

II 

Repaglinide 0.5 mg AUC: *1B/*1B < *1A/*1A (32% ↓)** 

Mean B-gluc: *1B/*1B > *1A/*1A (10% ↑)* 
III 

Repaglinide 0.25 mg 
after placebo/ 
gemfibrozil 1200 mg/ 
atorvastatin 40 mg 

Increase in repaglinide AUC by gemfibrozil: 
c.521CC > c.521TT (54% ↑)** 
c.521CC > c.521TC (56% ↑)** 
Minimum B-gluc: c.521CC < c.521TT during 
gemfibrozil phase (19% ↓)** 
Mean B-gluc: c.521CC < c.521TT during 
gemfibrozil phase (~10% ↓)* 
c.521T>C SNP had no effect on 
the atorvastatin-repaglinide interaction 

IV 

Nateglinide 60 mg c.521T>C SNP had no effect I 
Nateglinide 60 mg *1B/*1B haplotype had no effect on AUC 

Mean B-gluc 0-7 h: *1B/*1B > *1A/*1A (7% ↑)* 
III 

Rosiglitazone 4 mg c.521T>C SNP had no effect V 
Pioglitazone 15 mg c.521T>C SNP had no effect V 

*P < 0.05 vs. c.521TT group, **P < 0.01 vs. c.521TT group, ***P < 0.001 vs. c.521TT  
group. B-gluc, blood glucose concentration. 
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DISCUSSION 
 

1. Methodological considerations 
 
These studies were performed in healthy subjects genotyped for SLCO1B1, 
CYP2C8, and CYP2C9 polymorphisms. Healthy young (18-38 years) volunteers 
were recruited to minimize the number of confounding factors, such as comorbidities 
and concomitant medications, affecting the pharmacokinetics of the drugs 
investigated. There were more men than women (36 vs. 29), probably because 
hormonal contraception, commonly used by young women, was an exclusion criteria 
in all studies. No significant differences were present in age, weight, height, or BMI 
between the different SLCO1B1 genotype groups in any of the studies. 
 
Study IV was a placebo-controlled, randomized, cross-over study, where subjects 
served as their own controls in relation to interacting treatment. In Studies I and III, 
repaglinide served as a positive control for nateglinide pharmacokinetics in relation 
to SLCO1B1 genotype, because the effects of these two drugs were investigated in 
the same individuals. In all studies, adequate wash-out periods were used to 
minimize the risk of possible carry-over effects. The number of subjects was chosen 
to be sufficient to detect any clinically significant differences between the SLCO1B1 
genotype groups. 
 
For safety reasons, standardized and strictly controlled food intake was included in 
the studies where repaglinide and nateglinide were administered to avoid severe 
hypoglycemia. Co-administration of food with drug intake has only minor effects on 
the pharmacokinetics of repaglinide or nateglinide (Dunn & Faulds 2000, Hatorp 
2002), but the blood glucose-lowering effect is attenuated by repeated food intake. 
 
Insulin secretion capacity is decreased in patients with type 2 diabetes mellitus; 
these subjects are therefore less sensitive to the blood glucose-lowering effect of 
repaglinide than healthy volunteers. The pharmacokinetics of repaglinide is, 
however, unaffected by type 2 diabetes mellitus (Hatorp 2002), and thus, the effect 
of SLCO1B1 polymorphism on the pharmacokinetics on repaglinide can be 
extrapolated from healthy volunteers to patients. Furthermore, pharmacokinetics of 
nateglinide, rosiglitazone, and pioglitazone do not differ significantly between healthy 
volunteers and patients with type 2 diabetes mellitus (Eckland & Danhof 2000, 
Wagstaff & Goa 2002, McLeod 2004). 
 
The doses of repaglinide and nateglinide in Studies I and III were 0.5 and 60 mg, 
respectively, which are the lowest recommended single doses. Repaglinide doses of 
up to 2 mg were used in Study II to cover the clinically relevant dose range. Doses 
exceeding 2 mg were not administered due to the risk of profound hypoglycemia in 
healthy volunteers. Similarly, in Study IV, only 0.25 mg of repaglinide was 
administered because gemfibrozil greatly increases repaglinide concentrations and 
enhances its pharmacodynamic effects (Niemi et al. 2003a). In Study V, doses of 
rosiglitazone and pioglitazone were 4 and 15 mg, respectively, which are the lowest 
clinically used doses. 
 
In the treatment of type 2 diabetes mellitus, drugs are administered on a regular 
basis. According to the pharmacokinetic theory, the AUC after a single dose equals 
the dose-interval AUC at steady state (Tozer & Rowland 2006). Therefore, 
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the interindividual differences in the AUC of the drugs investigated during continuous 
treatment should be similar to those after a single oral dose. Furthermore, 
administering single doses instead of repeated doses in healthy volunteers was 
considered more appropriate for safety reasons. 
 
In Study IV, repaglinide was administered 1 h after the last pretreatment dose to 
ensure adequate absorption of pretreatment drugs before ingestion of repaglinide. 
Compliance to pretreatment drugs was assessed by subjects’ records in their 
pretreatment diaries and by measuring the concentrations of the pretreatment drugs 
gemfibrozil and atorvastatin on study days. 
 

2. Effects of the SLCO1B1 c.521T>C SNP on the pharmacokinetics and 
pharmacodynamics of repaglinide (Studies I and II) 

 
In Study I, pharmacokinetics of 0.5 mg repaglinide and its M2 and M4 metabolites 
were significantly affected by the SLCO1B1 c.521T>C SNP. The Cmax and AUC0-∞ of 
repaglinide, M2, and M4 were ~60-100% greater in c.521CC participants than in 
c.521TT participants, and the respective values in c.521TC participants were 
inbetween these values. The results are in accordance with reduced OATP1B1 
activity and impaired entry of repaglinide into the hepatocytes due to the SLCO1B1 
c.521T>C SNP. M2 and M4 contain additional carboxyl or hydroxyl groups that may 
render them less permeable to the hepatocyte plasma membrane. Functional 
OATP1B1 might therefore be necessary for effective hepatic uptake of M2 and M4, 
although in vitro data indicating M2 and M4 as OATP1B1 substrates are lacking. 
 
In a previous retrospective study, the AUC of 0.25 mg repaglinide was 188% larger 
in participants with the SLCO1B1 c.521CC genotype than in those with the c.521TT 
genotype (Niemi et al. 2005a), compared with only 72% larger in the present study. 
These findings suggest that the effect of the SLCO1B1 c.521T>C SNP on 
repaglinide pharmacokinetics might be less pronounced at higher repaglinide doses, 
possibly due to saturation of OATP1B1-mediated uptake of repaglinide already at 
low concentrations. Another explanation for the apparent differences in the results of 
the two studies could be the SLCO1B1*1B allele, the carriers of which were not 
excluded in the retrospective study. Studies II and III were planned to further explore 
these possibilities. 
 
In Study II, repaglinide AUC was 60-110% and Cmax 30-70% larger in participants 
with the c.521CC genotype than in those with the c.521TT genotype after ingestion 
of single repaglinide doses ranging from 0.25 to 2 mg. Thus, the assumed dose-
dependency (smaller effect of the SLCO1B1 c.521T>C SNP at higher repaglinide 
doses) was not confirmed. Although the effect of the SLCO1B1 genotype on 
the pharmacokinetics of repaglinide was independent of repaglinide dose, 
the difference in the AUC of repaglinide between the two SLCO1B1 genotype 
groups was larger, albeit not statistically significantly, after ingesting 2 mg of 
repaglinide than after the lower repaglinide doses. Therefore, the potential increased 
effect of the SLCO1B1 c.521T>C SNP on repaglinide pharmacokinetics after 
administering 2 mg or more of repaglinide could not be excluded. 
The pharmacokinetics of repaglinide proved to be linear as a function of repaglinide 
dose in both SLCO1B1 genotype groups, similar to what has been seen in subjects 
not genotyped for the SLCO1B1 polymorphism (Hatorp 2002). The metabolite 
findings of Study II after each repaglinide dose were similar to those of Study I. 
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In Studies I and II, the t1/2 of repaglinide remained unchanged despite increased 
Cmax and AUC. Several mechanisms might explain the unaltered t1/2 regardless of 
reduced hepatic clearance. First, a reduction in the hepatic uptake of a drug with 
a high hepatic extraction ratio results in an increase in oral bioavailability, but only 
a limited reduction in hepatic clearance (Tozer & Rowland 2006). Repaglinide, 
however, has an intermediate hepatic extraction ratio (0.58) (Hatorp 2002), and 
therefore, this explanation seems unlikely. A second explanation for the unchanged 
t1/2 is a reduction in the distribution volume (due to impaired hepatic uptake) in 
proportion to reduced clearance, as the t1/2 is equal to ln2·volume of 
distribution/clearance. Third, inaccuracy in the determination of drug concentrations 
generally increases with decreasing concentrations, increasing random variation at 
low concentrations during the elimination of repaglinide. Thus, it may be difficult to 
show small differences in the t1/2 between the genotype groups. Interestingly, in 
Study IV, in which the plasma concentrations of repaglinide were followed for 9 h 
(in the other studies for 7 h), the t1/2 of 0.25 mg of repaglinide was ~30-40% longer in 
c.521CC participants than in c.521TT participants during all treatment phases. 
 
In Studies I and II, the pharmacokinetic differences between the SLCO1B1 genotype 
groups were parallelled by a tendency towards lower blood glucose concentrations 
in subjects with the c.521CC genotype, although these differences were not 
statistically significant. For safety reasons, the subjects were repeatedly 
administered carbohydrates in a standardized manner, which probably attenuated 
the pharmacodynamic response. In Study II, subjects with the SLCO1B1 c.521CC 
genotype were given more carbohydrates after 2 mg of repaglinide to avoid 
profound hypoglycemia than those with the c.521TT genotype, which probably 
diminished the difference in blood glucose response between the two genotype 
groups. 
 

3. Effects of the SLCO1B1*1B haplotype on the pharmacokinetics and 
pharmacodynamics of repaglinide (Study III) 

 
In Study III, repaglinide AUC was ~30% lower in SLCO1B1*1B/*1B participants than 
in SLCO1B1*1A/*1A participants. This finding is consistent with an enhanced 
hepatic uptake of repaglinide by OATP1B1 associated with the SLCO1B1*1B/*1B 
genotype. In agreement with the pharmacokinetic findings of Study III, the blood 
glucose response to repaglinide was attenuated in SLCO1B1*1B/*1B participants.  
 
In vitro, OATP1B1 activity of SLCO1B1*1B-transfected cells has been increased 
with bromosulfophthalein and estrone-3-sulfate, but not with several other 
substrates, including pravastatin (Michalski et al. 2002, Kameyama et al. 2005). 
However, in one pharmacokinetic study, the AUC of pravastatin was 35% lower in 
SLCO1B1*1B/*1B participants than in SLCO1B1*1A/*1A participants (Maeda et al. 
2006), and in three other studies with pravastatin, similar, albeit not significant, 
differences were observed (Nishizato et al. 2003, Mwinyi et al. 2004, Ho et al. 2007). 
 
Interestingly, rosuvastatin AUC tended to be larger (by 30-40%) in healthy Korean 
subjects with the SLCO1B1*1A/*1B or SLCO1B1*1B/*1B genotype than in those 
with the SLCO1B1*1A/*1A genotype (Choi et al. 2008). Therefore, based on in vivo 
findings in humans, the effect of the SLCO1B1*1B haplotype on pharmacokinetics 
could be substrate-specific, similar to that seen with some OATP1B1 substrates in 
vitro (Table V).  
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4. Effects of SLCO1B1 polymorphism on the pharmacokinetics and 
pharmacodynamics of nateglinide (Studies I and III) 

 
In Study I, the pharmacokinetics of nateglinide and its M7 metabolite were 
unaffected by the SLCO1B1 c.521T>C SNP, whereas in the same subjects 
the pharmacokinetics of repaglinide were significantly affected by this polymorphism. 
Unlike repaglinide, nateglinide is only partially metabolized in the liver and ~15% of 
an oral dose is excreted unchanged into urine. Therefore, even if nateglinide were 
a substrate of OATP1B1, its excretion into urine might compensate for reduced 
uptake into the liver. 
 
The results of Study I were contradictory to the findings of a previous study in 17 
healthy Chinese volunteers. In the Chinese study, the AUC of nateglinide was 108% 
and 76% greater in participants with the SLCO1B1 c.521CC (n = 2) or c.521TC 
(n = 4) genotype, respectively, than in those with the c.521TT genotype (n = 11) 
(Zhang et al. 2006) (Table VI). One explanation for the apparent differences in 
findings could be that carriers of the SLCO1B1*1B haplotype were excluded in 
Study I, but not in the Chinese study. However, this explanation seems unlikely as 
the SLCO1B1*1B haplotype had a limited effect on the pharmacokinetics of 
nateglinide in Study III. 
 
In Study III, the Cmax of nateglinide occurred earlier in SLCO1B1*1B/*1B participants 
than in SLCO1B1*1A/*1A participants. Unlike participants with the SLCO1B1*1A/*1A 
genotype, those with the SLCO1B1*1B/*1B genotype did not have a lag time in 
the absorption of nateglinide. This possibly arose by chance, especially as no such 
trend was observed after repaglinide administration. However, OATP1B1 mRNA has 
been detected in small intestinal enterocytes (Glaeser et al. 2007). If OATP1B1 
protein were functionally expressed on the luminal membrane of intestinal 
enterocytes, OATP1B1-mediated nateglinide transport through the intestinal wall 
might be enhanced in individuals with the SLCO1B1*1B/*1B genotype. It remains 
unclear why the tmax of nateglinide, but not that of repaglinide, was affected. 
The shorter tmax, with unchanged Cmax, t1/2, or AUC of nateglinide likely explains 
the apparently reduced nateglinide concentrations after 3 h of nateglinide ingestion 
in the SLCO1B1*1B/*1B genotype group, which in turn may explain the slightly 
higher mean blood glucose concentration from 0 to 7 h. 
 

5. Effects of gemfibrozil and atorvastatin on the pharmacokinetics and 
pharmacodynamics of repaglinide in relation to the SLCO1B1 c.521T>C SNP 

(Study IV) 
 
The mean increases in the repaglinide AUC0-∞ and t1/2 by gemfibrozil were ~40-50% 
larger in subjects with the SLCO1B1 c.521CC genotype than in those with 
the c.521TT genotype. These findings are contradictory to those seen with 
the OATP1B1 and CYP3A4 inhibitor cyclosporine, which has increased the AUC0-∞ 
of repaglinide less in subjects with the SLCO1B1 c.521TC genotype than in those 
with the c.521TT genotype (Kajosaari et al. 2005a). Although the mean increase in 
the AUC0-∞ of repaglinide in Study IV was larger in c.521CC participants than in 
c.521TC or c.521TT participants, no significant differences were seen between 
the genotype groups in the relative increase in repaglinide AUC0-∞ (Figure 13). This, 
together with the finding that the effect of SLCO1B1 genotype on repaglinide 
pharmacokinetics was similar during the placebo and gemfibrozil phases, suggests 
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that inhibition of OATP1B1 plays only a limited role in the interaction between 
gemfibrozil and repaglinide. The metabolite findings imply that the gemfibrozil-
repaglinide interaction is mainly mediated by inhibition of CYP2C8 since 
the concentrations of the CYP2C8-dependent M4 metabolite of repaglinide were 
very low during the gemfibrozil phase (Tornio et al. 2008a). 
 
Atorvastatin slightly increased the Cmax and AUC0-∞ of repaglinide, but significant 
increases were observed only in subjects with the c.521TT and c.521TC genotypes. 
Atorvastatin, a potent inhibitor of OATP1B1 in vitro (Chen et al. 2005), also inhibits 
CYP3A4 and CYP2C8 in vitro (Tornio et al. 2005, Sakaeda et al. 2006). In 
the present study, atorvastatin had no effect on the formation of the CYP2C8- and/or 
CYP3A4-dependent M1, M2, or M4 metabolites of repaglinide, indicating that 
atorvastatin is not a potent inhibitor of CYP3A4 or CYP2C8 in vivo. The most likely 
explanation for the effect of atorvastatin on repaglinide pharmacokinetics is inhibition 
of the OATP1B1-mediated hepatic uptake of repaglinide. 
 
The mean blood glucose concentrations were lower in c.521CC participants than in 
c.521TT and c.521TC participants in all treatment phases, although statistical 
significance was reached only during the gemfibrozil phase. The t1/2 of repaglinide 
was particularly long (4.6 h) in c.521CC participants during the gemfibrozil phase, 
which is likely to expose subjects with this genotype to the prolonged blood glucose-
lowering effect of repaglinide. In individual subjects, the effect of atorvastatin on 
the Cmax of repaglinide ranged from a 25% decrease to a 130% increase. 
The participant (c.521TT genotype) with the largest increase in the Cmax of 
repaglinide had the lowest blood glucose concentration (2.5 mmol/l) and the lowest 
mean blood glucose concentration from 0 to 3 h (3.5 mmol/l) during the atorvastatin 
phase. Thus, it cannot be excluded that in some subjects atorvastatin enhances 
the blood glucose-lowering effect of repaglinide. 
 
The pharmacokinetics of atorvastatin and 2-hydroxyatorvastatin have previously 
been shown to be associated with the SLCO1B1 genotype (Pasanen et al. 2007) 
(Table VI). Study IV, performed with authentic reference compounds for atorvastatin 
metabolites, confirmed these findings. In addition, the mean AUC0-10 of  
4-hydroxyatorvastatin, which was not determined in the earlier study, was 2.9-fold 
larger in the participants with the c.521CC genotype than in those with the c.521TT 
genotype. This further supports the potential clinical significance of the effect of 
SLCO1B1 genotype on the pharmacokinetics of atorvastatin because  
4-hydroxyatorvastatin is also pharmacologically active (Lennernäs 2003). OATP1B1 
is not likely to have a major impact on the hepatic uptake of gemfibrozil or its  
1-O-β-glucuronide metabolite, as their Cmax and AUC0-10 values remained unaffected 
by the SLCO1B1 polymorphism. 
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6. Effects of the SLCO1B1 c.521T>C SNP on the pharmacokinetics of 
rosiglitazone and pioglitazone (Study V) 

 
The SLCO1B1 c.521T>C polymorphism had no statistically significant effect on any 
of the pharmacokinetic variables of rosiglitazone, pioglitazone, or their metabolites. 
Therefore, OATP1B1 is unlikely to have any clinically significant effect on 
the disposition of rosiglitazone and pioglitazone in vivo in humans. Rosiglitazone 
and pioglitazone have not been directly shown to be OATP1B1 substrates, but they 
are potent competitive inhibitors of OATP1B1 in vitro and possible OATP1B1 
substrates as per an in silico pharmacophore modeling study (Nozawa et al. 2004a, 
Chang et al. 2005). Even if rosiglitazone and pioglitazone were substrates of 
OATP1B1, other transporters might mediate their hepatic uptake, or they could enter 
the hepatocytes efficiently without transporter involvement. Furthermore, the rate-
limiting step in the clearance of the glitazones might be metabolism rather than 
hepatic uptake, and therefore, the SLCO1B1 polymorphism would have a negligible 
impact on their pharmacokinetics. The AUC of rosiglitazone correlated well with that 
of pioglitazone, which indicates that similar characteristics determine interindividual 
variability in the pharmacokinetics of these two drugs. This is in accordance with 
CYP2C8 being the major enzyme involved in the metabolism of both drugs. 
 

7. Role of OATP1B1 in repaglinide transport 
 
No published in vitro data that directly identifies repaglinide as an OATP1B1 
substrate exist, although repaglinide has significantly inhibited OATP1B1-mediated 
transport of bromosulfophthalein and pravastatin in vitro in stably OATP1B1-
expressing Madin-Darby canine kidney cells (MDCKII cells) (Bachmakov et al. 2008) 
(Table VII). In our study, the SLCO1B1 polymorphism associated with either low- or 
high-activity OATP1B1 transport altered the pharmacokinetics of repaglinide, 
suggesting that repaglinide is an OATP1B1 substrate in vivo in humans. This 
hypothesis is further supported by interaction studies in which repaglinide 
pharmacokinetics have been affected by inhibition of OATP1B1 (atorvastatin in 
Study IV, cyclosporine in Kajosaari et al. 2005a). 

 
8. Clinical implications 

 
The SLCO1B1 c.521T>C SNP was associated with significantly increased plasma 
concentrations of repaglinide. Furthermore, the effect of the SLCO1B1 c.521T>C 
SNP on the pharmacokinetics of repaglinide persists over the clinically relevant dose 
range. On the other hand, subjects with the SLCO1B1*1B/*1B (c.388GG-c.521TT) 
genotype had lower plasma repaglinide concentrations than those with 
the SLCO1B1*1A/*1A (c.388AA-c.521TT) genotype. Blood glucose concentrations 
after repaglinide intake tended to be lower in SLCO1B1 c.521CC participants and 
higher in SLCO1B1*1B/*1B participants than in participants with the SLCO1B1 
reference genotype. 
 
The pharmacokinetics of repaglinide are similar in healthy volunteers and patients 
with type 2 diabetes mellitus (Hatorp 2002), and therefore, the differences in 
repaglinide pharmacokinetics between the different SLCO1B1 genotypes present in 
healthy volunteers are presumably similar in patients with type 2 diabetes mellitus. 
As repaglinide has a narrow therapeutic range, patients with different SLCO1B1 
genotypes might have different dosage requirement to achieve optimal blood 
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glucose reduction without hypoglycemia. However, the pharmacodynamics of 
repaglinide in patients with type 2 diabetes mellitus obviously differs from that of 
healthy volunteers. In clinical practice, repaglinide dose should be adjusted 
according to the actual blood glucose-lowering response of repaglinide. 
 
During the gemfibrozil phase of Study IV, the effects of gemfibrozil on the AUC0-∞ 
and t1/2 of repaglinide were largest in subjects with the c.521CC genotype, who also 
had significantly lower blood glucose concentrations than participants with 
the c.521TT or c.521TC genotype. When repaglinide is initiated in patients using 
gemfibrozil, those with the c.521CC genotype are thus likely to be most susceptible 
to the prolonged blood glucose-lowering effect of repaglinide. However, this drug 
combination should be avoided in all patients regardless of the SLCO1B1 genotype. 
Atorvastatin slightly increased the plasma concentrations of repaglinide, and some 
patients might experience unexpectedly low blood glucose concentrations if 
atorvastatin is administered concomitantly with repaglinide. In clinical practice, 
administering repaglinide and atorvastatin concomitantly is probably safe when 
guided by routine blood glucose monitoring. 
 
As the SLCO1B1 c.521T>C SNP had no significant effect on the pharmacokinetics 
of nateglinide, rosiglitazone, pioglitazone, or their metabolites, it is reasonable to 
assume that the SLCO1B1 polymorphism has no clinically relevant impact on 
the efficacy or risk of adverse reactions of these antidiabetic drugs. Furthermore, 
OATP1B1 is unlikely to play a major role in the hepatic uptake of these drugs, 
indicating that the risk of clinically significant drug-drug interactions due to OATP1B1 
is low. 
 
As both SLCO1B1 c.521T>C and c.388A>G SNPs are rather common (allele 
frequencies up to 30% and 90%, respectively, in different populations) (Pasanen et 
al. 2008a), further studies on their effects on clinically important drugs are 
warranted. Knowledge of the effect of genetic polymorphism of a single drug 
transporter might not be sufficient, as interplay of other polymorphic drug 
transporters and phase I and phase II enzymes may be more important than 
individual genes when drug response is evaluated as a whole (Evans & Relling 
2004). Therefore, in addition to in vitro studies on the effects of genetic 
polymorphisms, pharmacokinetic studies in humans are needed. As 
pharmacodynamic responses in patients may significantly differ from those detected 
in healthy subjects, the clinical relevance of these findings should be further 
elucidated in patients. 
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CONCLUSIONS 
 
The following conclusions can be drawn on the basis of the results of Studies I-V: 
 
Study I The SLCO1B1 c.521T>C SNP is associated with increased plasma 

concentrations of repaglinide, consistent with decreased hepatic 
uptake, whereas it does not affect the pharmacokinetics of 
nateglinide. 
 

Study II The effect of the SLCO1B1 c.521T>C SNP on the pharmacokinetics 
of repaglinide persists over a wide dose range. No evidence of 
a dose-dependent effect was seen. 
 

Study III The SLCO1B1*1B/*1B genotype is associated with reduced plasma 
concentrations of repaglinide, consistent with enhanced hepatic 
uptake, but has limited effects on the pharmacokinetics of nateglinide. 
 

Study IV The SLCO1B1 c.521T>C SNP significantly affects the interaction of 
gemfibrozil with repaglinide; the mean increase in the repaglinide 
AUC by gemfibrozil is larger in individuals with the SLCO1B1 c.521CC 
genotype than in those with the c.521TC or c.521TT genotype. 
Atorvastatin slightly raises repaglinide concentrations, probably by 
inhibiting OATP1B1. 
 

Study V The SLCO1B1 c.521T>C SNP does not significantly affect 
the pharmacokinetics of rosiglitazone or pioglitazone. 
 

General The findings on the effect of SLCO1B1 polymorphism on 
the pharmacokinetics of the drugs investigated suggest that in vivo in 
humans, OATP1B1 significantly contributes to the hepatic uptake of 
repaglinide, but not to that of nateglinide, rosiglitazone, or 
pioglitazone. 
 

Clinical SLCO1B1 polymorphism may be associated with clinically significant 
differences in the blood glucose-lowering response to repaglinide, but 
probably has no effect on the response to nateglinide, rosiglitazone, 
or pioglitazone. Furthermore, SLCO1B1 polymorphism may affect 
individual susceptibility to the consequences of pharmacokinetic drug-
drug interactions with repaglinide. 
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