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ABSTRACT 

Organic Anion Transporting Polypeptide 1B1 (OATP1B1) is a membrane 
protein that acts in a door-like manner, facilitating the uptake of compounds 
that otherwise have difficulties passing biological membranes. The 
transported compounds include several structurally diverse endogenous 
substances as well as drugs and other xenobiotics. OATP1B1 is located in the 
sinusoidal (blood-facing) membrane of hepatocytes and is an integral part of 
hepatic distribution and elimination of many of its substrates. OATP1B1 
function can be impaired (the door get closed), leading to increase in plasma 
exposure of these substrate drugs. Increased plasma exposure, in turn, can 
increase the risk of adverse drug effects. This impairment can result from 
SLCO1B1 pharmacogenetics (e.g. non-synonymous single-nucleotide variants 
(SNVs), so-called gene-drug interaction) or inhibition of transport activity by 
another drug (drug-drug interaction). While the clinical consequences of 
common variants such as SLCO1B1 c.521T>C are well-known, the effects of 
rare variants remain understudied. However, implementation of clinical 
pharmacogenetics and genotype-guided dosing requires information on the 
predicted phenotype, yet this is lacking on rare variants. 
 
In this thesis, baculovirus expression system in HEK293 cells was used to 
assess the possible changes 19 naturally occurring rare SNVs cause in 
OATP1B1 function and expression. Quantitative targeted absolute proteomics 
analysis measured the changes in membrane protein expression caused by the 
SNVs and pharmacokinetic modelling evaluated the degree of change in 
plasma exposure of rosuvastatin and the need for dosing adjustments 
according to the changes in the observed in vitro OATP1B1 activity. Indeed, 9 
out of the 19 variants showed impaired (<50% of reference) OATP1B1 activity. 
The membrane protein expression, however, does not fully explain these 
changes. Pharmacokinetic modelling estimated that doses of 30 mg (with 50% 
OATP1B1 function) and 20 mg (with 0% OATP1B1 function) result in plasma 
exposure similar to 40 mg dose (the maximum approved dose, with 100% 
OATP1B1 function), while liver exposure remained proportionate to the dose. 
 
The possible mechanism behind rhabdomyolysis cases in patients receiving 
ticagrelor and rosuvastatin concomitantly was also investigated. Ticagrelor 
(an antithrombotic drug) and rosuvastatin (a cholesterol-lowering drug) are 
both commonly prescribed as secondary prevention after cardiovascular 
events. The in vitro inhibition assays using the same expression method and 
ticagrelor and rosuvastatin revealed that ticagrelor inhibits OATP1B1, 
OATP2B1 and OATP1B3 with IC50 values in the low micro molar range.  
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However, when taking into account the unbound concentration at the hepatic 
inlet, clinical interaction is unlikely and the primary cause was accredited to 
inhibition of intestinal breast cancer resistance protein. 
 
Additionally, SLCO1B1 c.521T>C was observed to affect the plasma exposure 
of fluvastatin enantiospecifically in a clinical trial. To elucidate the mechanism 
behind this observation, transport of 3R,5S- and 3S,5R-fluvastatin was 
examined in reference and c.521T>C OATP1B1 with the same expression 
system. No significant differences were observed in the uptake activity in 
reference OATP1B1 and the c.521T>C variant impaired the transport of both 
enantiomer equally. Further research is needed to clarify whether another 
mechanism are involved in fluvastatin pharmacokinetics enantiospecifically. 
 
In conclusion, this thesis examined several situations when the door of 
OATP1B1 transport gets closed.  Rare variants of SLCO1B1 were observed to 
be able to impair OATP1B1 function and membrane expression and this might 
lead to increased plasma exposure of rosuvastatin. Dose reductions might be 
considered to avoid increased plasma exposure and reduce risk of 
rosuvastatin-induced muscle symptoms. The effect of SLCO1B1 c.521T>C on 
fluvastatin transport is not enantiospecific in vitro. Ticagrelor inhibits 
OATP1B1, 1B3, 2B1 and BCRP and concomitant use with high-dose 
rosuvastatin should be avoided. 
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1 INTRODUCTION 

 Pharmacokinetics - the study of drug absorption, distribution, metabolism, 
and excretion - is an integral part of drug development and therapy (Rowland 
and Tozer, 1995). Appropriate pharmacokinetic properties are necessary for a 
drug to pass safety and efficacy studies and enter the market: a New Molecular 
Entity must maintain adequate concentration at the target site but not too high 
to cause (off-target) toxicity. One of the key elements in this process are 
transport proteins, which can be thought of as doors that facilitate the 
movement of compounds across membrane barriers (Zamek-Gliszczynski et 
al., 2018). If these transporter pathways are blocked (the door is closed) by 
either genetic impairment (gene-drug interactions, GDIs) or drug-drug 
interactions (DDIs), the drug concentration can rise or decrease leading to 
increased probability of adverse drug effects or inadequate response. 

 
Organic Anion Transporting Polypeptides (OATP) are uptake transporters of 
the SLCO gene family. In the liver, OATP1B1, 1B3 and 2B1 facilitate the 
transport of their substrates into hepatocytes and subsequently their clearance 
from the body (Kalliokoski and Niemi, 2009). Their functionality can change 
because of DDIs and genetic variation. Single nucleotide variations (SNVs) in 
the SLCO1B1 gene that encodes OATP1B1 can impair transporter function. For 
example, SLCO1B1 c.521T>C reduces clearance and elevates plasma 
concentrations of many statins (Niemi, 2010). Individuals carrying this 
variant may experience higher risks for adverse reactions. Moreover, this 
variant is quite prevalent in Caucasian populations—the low-activity 
haplotypes have a combined frequency of approximately 15 to 20%—and 
abundant clinical data exists on its effect on drug pharmacokinetics (Pasanen 
et al., 2008; Ramsey et al., 2022). Nevertheless, rare variants can have just as 
pronounced an effect, but clinical testing of them all is costly and potentially 
unfeasible. A rare SNV with a frequency of <1% still means several million 
carriers of the variant globally and they can partially explain the large inter-
individual and inter-population variability in drug response. Genotyping and 
genotype-guided dosing could be utilized to avoid unsuitable dosing, provided 
that knowledge on the possible impact of the genotype is available. However, 
this information is lacking when it comes to rare SNVs. The three-dimensional 
structure of OATP1B1 remains unsolved and the underlying mechanisms for 
substrate binding and/or recognition are largely unknown. Molecular docking, 
in silico predictions and machine learning have been employed to elucidate 
structure-function relationships of OATPs (Tuerkova et al., 2022, 2021). 
Additionally, in vitro characterization of SNVs and site-directed mutagenesis 
of amino acids of interest has provided information on the identification of 
critical amino acids but a lot is still unknown. 
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Among OATP1B1 substrates are the lipid-lowering statin drugs which are very 
widely used due to their effectiveness in the primary and secondary prevention 
of myocardial infarction (Baigent et al., 2005). As transporter substrates, these 
drugs are susceptible to changes in their pharmacokinetics caused by impaired 
transport function. Increased plasma concentrations of statins are linked with 
statin-associated musculoskeletal symptoms (SAMS), a class of commonly 
occurring adverse effects (Mampuya et al., 2013; Rallidis et al., 2012). SAMS 
severity varies from myalgia toward life-threatening rhabdomyolysis. The 
incidence of mild muscle pain, myopathy, and rhabdomyolysis have been 
estimated to be 190, 11, and 3.4 per 100,000 patient-years, respectively (Law 
and Rudnicka, 2006). Even in the milder cases SAMS impact adherence: the 
main reason for statin non-adherence or discontinuation was observed to be 
the onset of side effects, predominantly muscle-related effects (Cohen et al., 
2012). Consequently, discontinuation can result in increased incidence of 
cardiovascular events and mortality (De Vera et al., 2014). 

 
This thesis describes the effects of impaired OATP transport activity, caused 
by SLCO1B1 single nucleotide variants or DDI affecting OATP1B1, 1B3 and 
2B1, investigated in vitro with an uptake assay method and in silico with 
pharmacokinetic modelling. Effect of impaired OATP1B1 function on clinical 
rosuvastatin pharmacokinetics was simulated and utilized to estimate the 
need for genotype-guided dosing. The role of different amino acids in 
transport function of OATP1B1 is discussed, as well as the utility of in vitro 
methods in pharmacogenetic and DDI studies. 



14

2 REVIEW OF THE LITERATURE

2.1 HEPATIC OATPS 

OATP1B1 EXPRESSION AND MOLECULAR STRUCTURE

OATP1B1 is exclusively expressed on the basolateral membrane of 
hepatocytes, facing the sinusoidal blood and was one of the first members of 
the human OATP family to be cloned and characterized (Abe et al., 1999; 
Hsiang et al., 1999; König et al., 2000a).   Before the current family based 
nomenclature it was previously known as OATP2, OATP-C, and liver-specific 
transporter 1 (LST1). There are 11 human OATPs belonging to six families
(Hagenbuch and Meier, 2004). The three-dimensional structure of OATPs are 
yet to be resolved, but they are predicted to form 12 membrane-spanning 
helixes (TMHs), six extracellular loops (ECLs) and five intracellular loops
(ICLs) with N- and C-terminal ends located in the cytosol (Figure 1) (Kullak-
Ublick et al., 1995). The consensus superfamily signature sequence D-X-RW-
(I, V)-GAWW-X-G-(F, L)-L, which is found in all of the OATPs, is located in 
the boundary of ECL3 and transmembrane helix 6 (Figure 1) (Hagenbuch and 
Meier, 2003). 

Figure 1 The basic two-dimensional structure of OATP transporters as outlined by 
(Kullak-Ublick et al., 1995). The circle at the boundary of ECL3 and 
transmembrane helix 6 denotes the location of the consensus superfamily 
signature sequence, the lines on large extracellular loop 5 are examples of 
disulfide bond locations. Illustration created with Biorender.
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Another conserved feature is the large extracellular loop containing several 
cysteine residues that are all disulfide bonded and important for proper 
structure, localization and function as observed in a functional mutagenesis 
analysis of OATP2B1 (Hänggi et al., 2006). A computer-generated model of 
OATP1B1, predicted that TMH 3, 6, 9, and 12 are largely embedded in the 
bilayer while TMHs 1, 2, 4, 5, 7, 8, 10, and 11 may face the substrate interaction 
pore (Huang et al., 2013).

OATPs are predicted to form a positively charged pore and dislocate substrates 
in a rocker-switch type mechanism (Meier-Abt et al., 2005).  Information on 
the amino acids and predicted structure involved in substrate binding has been 
gathered from in vitro data and computer analyses. For example, based on a 
comparative molecular field analysis on the identified competitive inhibitors, 
the substrate binding site for estradiol-17β-glucuronide on OATP1B1 is 
predicted to consist of a large hydrophobic region with basic residues at both 
ends (Gui et al., 2009). Additionally, OATP1B1 has biphasic saturation kinetics 
for estrone-3-sulphate, suggesting the presence of both a high-affinity, low-
capacity binding site and a low-affinity, high-capacity binding site (Table I) 
(Gui and Hagenbuch, 2009; Noé et al., 2007; Tamai et al., 2001).
Consequently, inhibitors may also interact with only one of these binding sites. 
Indeed, Noe et.al., observed that only the high-affinity component of estrone-
3-sulphate transport was inhibited by gemfibrozil (Noé et al., 2007).

OTHER HEPATIC OATPS

Other OATPs expressed in the liver are OATP1B3, OATP1A2 and OATP2B1. Of 
these, OATP1B3 and 2B1 have the most extensively characterized effects on 
drug metabolism. The OATPs studied in this thesis, OATP1B1, 1B3 and 2B1 are 
a part of the Organic Anion Transporting Polypeptide family with 40% 
sequence identity (Hagenbuch and Meier, 2003). The sub-family members 1B1 
and 1B3 have even more homologous structure with 80% sequence identity 
(König et al., 2000b). The OATP1B3 and 2B1 have the same cellular 
localization in hepatocytes as OATP1B1 but OATP2B1 is expressed elsewhere 
in the body as well, most prominently in the intestine and the placenta (Kinzi 
et al., 2021). OATP2B1 is also expressed on human skeletal muscle and may
subsequently play a role in the local exposure and toxicity of statins (Knauer 
et al., 2010). OATP1B3 is also found in various cancer types and its abundance 
may be correlated with the prognosis as impaired function of OATP1B3 in 
tumors can cause resistance to anti-cancer drugs such as taxanes (Chen et al., 
2020; Sun et al., 2020). There is large inter-individual variability in the 
protein abundance (of OATP1B1 in particular) but the rank order of protein 
expression in the liver was observed to be OATP1B3 ≥ 1B1 >> 2B1 (Burt et al., 
2016; Drozdzik et al., 2019). Additionally, hepatic OATP1B3 follows liver 
zonation pattern with dominant expression in the pericentral region compared 
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to the periportal region while OATP1B1 has a uniform expression pattern 
(König et al., 2000a). Glucuronidation and cytochrome P450 enzyme activity, 
as well as bile acid synthesis, occurs predominantly in the pericentral region 
(Kietzmann, 2017). Therefore, the analogous zonation of OATP1B3 may exist 
to support OATP1B1 in detoxification and shielding of hepatocytes from 
accumulation of metabolites by providing additional uptake capacity for 
hepatocyte-hopping where drug metabolism is the most active.

POST-TRANSLATIONAL MODIFICATIONS OF OATP1B1

OATP expression and function is regulated with numerous mechanisms such 
as nuclear receptors, epigenetic gene regulation, alternative splicing and post-
translational modifications (Brouwer et al., 2022; Lee et al., 2020). 
Glycosylation and phosphorylation are modifications that occur only on 
specific amino acids and thus can be altered by non-synonymous SNVs 
affecting these amino acids. OATP1B1 is a glycosylated protein that features 
five putative N-glycosylation sites (NX(S/T), where X is any amino acid except 
proline) in the extracellular loops at amino acid positions 134, 432, 503, 516 
and 617 (Hagenbuch and Meier, 2003). Three of these (134, 503 and 516) have 
been identified to undergo glycosylation. In an in vitro site-directed mutation 
study, single or double mutation any of these three asparagine residues only 
affected the size of the transporter protein, while cell surface protein level and 
transport function remained unchanged (Yao et al., 2012). However, 
simultaneous mutation of all three residues retained the protein 
unglycosylated in the rough endoplasmic reticulum (RER) (Yao et al., 2012). 
Conversely, in another in vitro study on SLCO1B1 c.1508A>G SNV, only a 
single substitution was needed to alter OATP1B1 function. This naturally 
occurring SNV results in substitution of asparagine to serine at position 503 
and caused loss-of-function and severely impaired membrane expression 
(Zhang et al., 2021). These results suggest that glycosylation may be a 
prerequisite for the proper folding of OATP1B1 that ensures its exit from the 
RER. Different disease stages can also affect post-translational modifications 
of membrane proteins. For example, human liver samples diagnosed as 
steatosis, and non-alcoholic steatohepatitis revealed a clear increase in the 
unglycosylated form of OATP1B1 (Clarke et al., 2017). 

OATP1B1 has also shown to be regulated via protein phosphorylation, where a 
phosphate monoester group is attached to serine, tyrosine or threonine 
residues by different kinases and phosphatases. There are evidence that 
OATP1B1 transport function is regulated by Protein Kinase C (PKC): the 
activation of PKC triggered the internalization of OATP1B1 (Hong et al., 2015)
and in human primary hepatocytes and HepaRG cells, the treatment with a 
PKC activator reduced the levels of OATP1B1 protein (Mayati et al., 2015). 
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Since phosphorylation/dephosphorylation leads to different biological 
outcomes, it often serves as a functional on/off switch, interconnecting and 
cross-talking with other types of post-translational modifications (Lee et al., 
2020). While the details of this type of regulation of OATP1B1 remain unclear, 
tyrosine kinase inhibitors (TKIs, typically used as anticancer drugs) have been 
shown to alter OATP1B1 function. This alteration was associated with reduced 
phosphorylation of OATP1B1 at tyrosine residue 645 and attributed to Src 
kinase LYN as a potential regulator of OATP1B1 activity (Hayden et al., 2021).

PROPOSED TRANSPORT MECHANISM

Like the three-dimensional structure, the exact mechanism of function of 
OATPs remains unsolved. OATPs work in electroneutral manner independent 
of sodium transport and are capable of bidirectional transport (Roth et al., 
2012). However, the exact details of the transport mechanism, the extent of 
the bidirectionality and whether it extends to drug substrates or metabolites 
remains unclear. In vitro evidence from rat Oatp1 expressed in Xenopus laevis
oocytes suggests the occurrence of anion exchange: the cellular uptake of 
organic compounds is combined with the efflux of other anions such as 
bicarbonate, glutathione and/or glutathione-S-conjugates (Li et al., 1998; 
Satlin et al., 1997). Oatp2 expressed in Xenopus laevis oocytes, on the other 
hand, mediated bidirectional transport of taurocholate that was stimulated by 
intracellular GSH (Li et al., 2000). This, however, was not inhibited by 
extracellular GSH, indicating a GSH-sensitive facilitative diffusion mechanism 
rather than coupled anion exchange. In human OATPs, results obtained by 
Mahagita et al.  indicate that OATP1B1 and 1B3 most likely function as 
bidirectional facilitated diffusion transporters: their Xenopus laevis oocyte 
expression system showed a modest trans-stimulation of transport only when 
known organic solute substrates were placed on opposite sides of the plasma 
membrane (Mahagita et al., 2007). Unlike the transport in rat Oatps, the 
transport rate in human OATP1B1 and 1B3 was unaffected by any co-
transported or counter-transported ions. Conversely, Briz et al. observed that 
OATP1B3 mediated taurocholic acid uptake was stimulated by extracellular 
reduced (GSH) and oxidized (GSSG) glutathione yet the opposite happened 
with OATP1B1 mediated uptake (Briz et al., 2006). OATP1B3 also enhanced 
the efflux of cholic acid. The process was activated by intracellular 
taurocholate but inhibited by intracellular reduced (GSH) and oxidized 
(GSSG) glutathione, indicating a possible role of OATP1B3 in extrusion of 
organic anions by symporting with glutathione. Nonetheless, more research is 
needed to elucidate the exact transport mechanism and the possible 
bidirectionality of drug/metabolite transport mediated by the OATPs. 

OATP1B1, 1B3 and 2B1 transport is also pH-dependent. Acidic pH stimulated 
uptake activity substrate dependently (Leuthold et al., 2009). The affinity of 
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estone-3-sulfate to OATP1B3 and OATP2B1 increased in low pH, decreasing 
the Km value. This has been attributed to the protonation of a histidine residue 
at the border of the extracellular loop 3 and the TMH 6 and subsequent 
increase in the affinity of anionic substrates to the transporter.  There are also 
compounds that are OATP2B1 substrates only in acidic environments, such as 
taurocolic acid (Nozawa et al., 2004). However, this pH effect is clinically 
relevant only on the luminal side of the enterocytes facing the potentially 
acidic microenvironment of the intestinal fluids and thus concerns the 
OATP2B1 mediated uptake into enterocytes rather than hepatic uptake. The 
physiological pH at sinusoidal blood that faces the hepatocytes and thus 
OATP1B1, 1B3 and 2B1, is normally 7.35 to 7.45 (Castro et al., 2022).

TRANSPORTER INTERPLAY

Transporters form a network throughout the body, facilitating the movement 
of compounds (Figure 2).  Uptake and efflux transporters work in a vectorial 
manner to transport compounds through the cells. Organic anions are 
predominantly effluxed by Multidrug Resistance-associated Proteins (MRPs)
and Breast Cancer Resistance Protein (BCRP). The uptake and efflux of 
organic cations, on the other hand, is often mediated by P-glycoprotein and 
transporters in the Organic Cation Transporter (OCT) and Multidrug and
Toxic Compound Extrusion (MATE) families (Koepsell et al., 2004; Omote et 
al., 2006, Seelig et al., 2000).
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Figure 2 Schematic illustration of the interplay of transporters in pharmacokinetics in 
the intestine, liver and kidney. Red transporters= uptake, blue transporters= 
efflux, CYP= cytochrome P450 enzymes, UGT= Uridine 5'-diphospho-
glucuronosyltransferases, SULT= Sulfotransferases Created with Biorender 

The movement of (drug) compounds across membranes is affected by passive 
diffusion either paracellularly or transcellularly as well as the reliance on 
active transport or assisted diffusion. The functionality of transporters, 
susceptible for alterations by drug interactions or genetic variation, affects the 
bioavailability, excretion and systemic exposure of their substrates.  In the 
intestine, efflux transporters on the apical side of the enterocytes shield the 
body from xenobiotics and e.g. limit the bioavailability of BCRP and MRP2 
substrates such as rosuvastatin and fluvastatin (Deng et al., 2021). The 
fraction that escapes this is the fraction absorbed (FA) in Equation 1 and can 
increase if these efflux transporters are impaired. On the other hand, FA can 
be increased (normal function) or decreased (impaired or inhibited function) 
by uptake transporters, like OATP2B1, on the apical side of enterocytes. Next, 
substrates can be subjected to metabolism in the enterocytes, which in turn 
reduces bioavailability (F). Subsequently, the substrates can be then 
transported from the enterocytes into the blood by MRP3 on the basolateral 
side of the enterocytes, comprising the fraction escaping gut wall elimination 
(FG). 

(1) F= FA x FG x FH 
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The portal vein leads to the liver where uptake transporters such as OATP1B1, 
1B3 and 2B1 facilitate the influx of the compounds into the hepatocytes. 
Hepatic extraction (FH) comprises the portion that enters systemic circulation 
after hepatic extraction. Reduced uptake activity on the basolateral side of the 
hepatocytes can increase FH and thus the bioavailability of e.g. OATP 
substrates.  
 
Drug metabolism is often divided into phase I and phase II reactions. Phase I 
reactions are catalyzed most notably by the cytochrome P450 (CYP) enzymes 
and include reduction, oxidation, or hydrolysis reactions (Manikandan and 
Nagini, 2018). Accordingly, the metabolites have similar membrane 
permeability compared to the parent compound. Phase II metabolic reactions 
include conjugation reactions by uridine 5'-diphosphoglucuronosyl-
transferases and sulfotransferases where polar glucuronic acid or sulfo group 
is attached to the molecule (Rowland et al., 2013; Suiko et al., 2017).  This, on 
the other hand, increases the molecular weight and hydrophilicity of a 
compound considerably, thus making passive diffusion through the plasma 
membrane improbable for the conjugates (Smith and Dalvie, 2012). In 
hepatocytes, MRP2 and BCRP excrete conjugated compounds into the bile. 
Direct conjugates can undergo enterohepatic circulation when they are cleaved 
in the intestine by e.g. bacterial β-glucuronidase and subsequently reabsorbed 
back into the bloodstream, thus extending their duration of effect (Roberts et 
al., 2002). Additionally, some compounds such as rosuvastatin that are 
excreted in the bile unchaged, can undergo enterohepatic circulation. 
Alternately, conjugates can be effluxed back into the blood stream by 
sinusoidal MRP3 and MRP4 (Järvinen et al., 2021). From here, the 
compounds can travel to kidneys for excretion into urine by renal transporters 
such as OAT1 and 3, or be taken up by OATPs into adjacent hepatocytes in a 
process called hepatocyte hopping. This process has been hypothesized to 
alleviate the potential of toxic effects to hepatocytes by reducing the risk of 
saturating the detoxifying processes and accumulation of harmful substances 
such as bilirubin conjugates in an upstream hepatocyte (Iusuf et al., 2012). 
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2.2 OATP SUBSTRATES AND DRUG INTERACTIONS

OATP SUBSTRATES

OATP1B1, 1B3 and 2B1 transport a wide variety of amphipathic substrates, 
examples of which are listed in Table 1. As the name implies, most of the 
transported compounds are organic anions: acids or zwitter-ions. These 
substrates have high molecular weight (>450 Da) and are albumin-bound 
under physiological conditions (Hagenbuch and Meier, 2004). 

Table 1. Examples of OATP substrates. HA= high affinity binding site, LA= low    
affinity binding site, NT=not transported, √ = object transported but Km not 
determined, ? = no data available on transport. Expression systems:
aHEK293 cells, bCHO cells, c X. laevis oocytes, dHeLa cells, eMDCKII cells

Endogenous
Substrate Km (μM) Reference

OATP1B1 OATP2B1 OATP1B3
Bilirubin 0.008c-0.1a ? 0.04c Briz et al., 2003; Cui et 

al., 2001
Bilirubin glucuronides 0.1a ? 0.5a Cui et al., 2001
Cholecystokinin 8 (CCK-
8)

√ ? 5.3a Farasyn et al., 2019

Coproporphyrin I 0.13b NT 4b Bednarczyk and 
Boiselle, 2016

Coproporphyrin III 2.2b 0.3b 1.6b Bednarczyk and 
Boiselle, 2016

DHEAS 22a 211a >30a Ugele et al., 2008, Cui 
et al., 2001

Estradiol-17β-
glucuronide

6.3a NT 12.4a Hirano et al., 2006; 
Nozawa et al., 2004; 
Sharma et al., 2010; van 
de Steeg et al., 2015

Estrone-3-sulfate 0.38a,HA

36.1a,LA

12.9a 58-98a Gui et al., 2008; Huang 
et al., 2013; Roth et al., 
2011; Tikkanen et al., 
2020

Glycochenodeoxycholate 
3-O-Glucuronide

√ √ √ Neuvonen et al., 2021

Glycodeoxycholate 3-O-
Glucuronide

√ √ √ Neuvonen et al., 2021
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Xenobiotics         

Substrate   Km (μM)   Reference 

  OATP1B1 OATP2B1 OATP1B3   

2',7'-
dichlorofluorescein 
(DCF) 

5.3a 6.8a NT Izumi et al., 2016; Kawasaki 
et al., 2020 

4',5'-
dibromofluorescein 
(DBF) 

4.2a 2.7-10a NT Izumi et al., 2016; Tikkanen 
et al., 2020 

8-[Fluo]-cAMP (8-
FcA) 

2.9b-9.1a NT 1.8b Bednarczyk, 2010; Izumi et 
al., 2016 

Asunaprevir √ √ NT Eley et al., 2015 

Atorvastatin 12.4a 2.8a 0.9a Izumi et al., 2018; 
Kameyama et al., 2005; 
Karlgren et al., 2012 

Bosentan 4.3a-44b ? 141b Izumi et al., 2015; Treiber et 
al., 2007 

Bromosulfophthalein 
(BSP) 

0.7a 5.4a 2.2a Cui et al., 2001; Glaeser et 
al., 2010; Leonhardt et al., 
2010 

Docetaxel 0.4d-34.5a NT 0.3a-14d Lee et al., 2015; Sun et al., 
2016; Yamada et al., 2014 

Enalapril 262 ? ? Liu et al., 2006 

Fexofenadine 61.6a 0.14c,HA        
885c,LA 

14.4a-108a Izumi et al., 2018, 2015; 
Shimizu et al., 2005; 
Shirasaka et al., 2014 

Fluvastatin 4.8a-31.1c 0.75a 7e Deng et al., 2008; Izumi et 
al., 2015; Kopplow et al., 
2005; Noé et al., 2007 

Methotrexate √ √ √ Chae et al., 2012; Ramsey et 
al., 2012; Visentin et al., 
2012 

Olmesartan 12.8a-42.6c NT  44.2a- 71.8c Nakagomi-Hagihara et al., 
2006; Yamada et al., 2007 

Paclitaxel 0.4b NT 2.4b Letschert et al., 2006; 
Nieuweboer et al., 2014 

Repaglinide 1.1a NT √ Bednarczyk and Sanghvi, 
2020; Bowman et al., 2020; 
Fujino et al., 2018 

Rosuvastatin 0.8a-34.5a 2.4d-26.1a 5.6a-35.2a Bosgra et al., 2014; Bowman 
et al., 2020; Chen et al., 
2018; Ho et al., 2006; 
Kitamura et al., 2008 

Sulfasalazine ? 1.7a ? Kusuhara et al., 2012 

Telmisartan NT NT 4.9a Zhu et al., 2014 
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The majority of the OATP1B1 substrates also possess high polar surface area 
(Varma et al., 2012). OATP substrates vary in lipophilicity and range from very 
hydrophilic rosuvastatin (logD7.4 -1.9) to bosentan (logD7.4 2.4). A 
pharmacophore model developed for OATP1B1 suggests that substrates 
contain two hydrogen bond acceptors, one hydrogen bond donor and two 
hydrophobic regions (Chang et al., 2005).  

 
OATP mediated hepatic elimination or uptake into the liver is clinically 
important for many drugs and regulatory guidance recommends determining 
whether an investigational drug is an in vitro substrate of OATP1B1 and 
OATP1B3 if the drug’s clearance through hepatic metabolism or biliary 
secretion is ≥ 25% of the total clearance (European Medicines Agency (EMA), 
2012; Food and Drug Administration (FDA), 2020a). In drug development, 
the Extended Clearance Classification System (ECCS) can be utilized in 
evaluating investigational drugs as substrates of drug transporters (Varma et 
al., 2017). Hepatic uptake is predicted to be the rate-determining process in 
systemic clearance for ECCS class 1B (high molecular weight, high 
permeability acids and zwitterions) and 3B (high molecular weight, low 
permeability acids and zwitterions) compounds. It is of note, that for high 
molecular weight acids, hepatic uptake limits the clearance rate of even 
permeable compounds that undergo extensive metabolism. For example, 
OATP mediated hepatic uptake is the rate-determining step in atorvastatin 
clearance even though over 90% of atorvastatin is eliminated as metabolites 
(Maeda et al., 2011). As a result, hepatic clearance and plasma concentrations 
of class 1B and 3B compounds are susceptible for drug interactions with 
OATP1B1 inhibitors (Equation 2). Equation 2 describes how the hepatic 
intrinsic clearance (CLint,h) depends on the passive 
diffusion clearance (CLpassive), the active transporter –mediated hepatic  
clearances over the basolateral membranes (CLinflux and CLefflux), the 
metabolic clearance (CLmet) and the transporter-mediated biliary efflux 
(CLefflux,bile) and how CLint,h decreases if transporter mediated uptake 
(CLinflux) into hepatocytes is inhibited: 
 

(2)  int,h =  ( influx passive)  ( met efflux,bile)( efflux passive met efflux, bile)  

Indeed, McFeely et al., found a correlation between ECCS class and the 
maximum observed AUC change with a selective OATP1B inhibitor (McFeely 
et al., 2019). Class 1B drugs had the highest proportion of drugs sensitive to 
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OATP1B inhibition (AUCR ≥5, 38% of substrates) and the second highest 
proportion of moderately sensitive substrates (AUCR ≥ 2, 75% of substrates). 
Class 3B drugs had the second highest portion of sensitive and the highest 
portion of moderately sensitive substrates (17% and 83%, respectively). They 
also found that out of the 21 drugs for which inhibition of OATP1B1/1B3 was 
likely to impact patient safety, 16 had label recommendations regarding 
OATP1B1/1B3 inhibition, most of these concerning co-administration with 
cyclosporine A and gemfibrozil.

DRUG INTERACTIONS

Most prominent DDIs involving OATPs are complex with multiple 
mechanisms and highlight the intricate nature of drug disposition. The fold 
increase (fold Δ) in systemic drug exposure caused by inhibition of transport 
follow the relationship described in Equation 3, where fe is the fraction of total 
clearance mediated by the relevant transporter, [I] is the inhibitor 
concentration, and Ki is the inhibitor concentration at which transport activity 
is impaired 50% when substrate concentrations are below the Michaelis-
Menten constant (Km) (Zamek-Gliszczynski et al., 2009). 

(3)      ∆ = e( [ ]i) ( e)
When [I] ≫ Ki, the increase in systemic drug exposure is governed by the 
relationship 1/(1 – fe). If a transport pathway is associated only with fe < 0.5, 
total inhibition of the route will have minor consequences (<2-fold) on 
exposure. However, the exposure will increase exponentially if the transport 
pathway governs over half of the total clearance pathways is inhibited. In cases 
in which both metabolic and transport processes contribute to the overall 
clearance, combined fractions must equal 1 (Zamek-Gliszczynski et al., 2009). 
Since drug interactions involving OATP1B1 seldom affect only this particular 
transporter, not to mention metabolic enzymes, the extent of change in 
exposure can vary significantly between substrates and inhibitors.

Cyclosporine A, a calcineurin inhibitor used as an immunosuppressant 
medication, inhibits OATP1B1 (IC50 0.07 μM), OATP1B3 (0.18 μM) and 
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OATP2B1 (1.45 μM) (Patik et al., 2018). It has clinically significant interactions 
with statins: the AUC of atorvastatin rose up to 15-fold, pravastatin up to 10-
fold, simvastatin up to 8-fold, rosuvastatin up to 7-fold, pitavastatin up to 5-
fold and fluvastatin up to 3-fold (Ichimaru et al., 2001; Lemahieu et al., 2005; 
Park et al., 2001; Regazzi et al., 1994; Simonson et al., 2004; Tomoko et al., 
2003). In addition to OATPs, cyclosporine also inhibits intestinal P-gp, MRP2 
and BCRP, hepatic NTCP and CYP3A4, which contributes to the extent of the 
interactions with different substrates, as the interaction can increase 
bioavailability of some substrates by increasing all three components in 
Equation 1 in addition to reducing elimination. Indeed, cyclosporine can be 
used in DDI studies to understand the transporter-mediated DDI of the largest 
possible magnitude i.e. the worst-case scenario (Food and Drug 
Administration (FDA), 2020b). For example, atorvastatin and simvastatin are 
metabolized by CYP3A4 and atorvastatin is a BCRP substrate, pravastatin 
absorption is limited by MRP2 and rosuvastatin is a substrate of BCRP and 
NTCP as well, which contribute to the extent of observed AUC change (Elsby 
et al., 2012). Fluvastatin and pitavastatin, however, are not substrates of 
CYP3A4, MRP2 or NTCP and correspondingly had the smallest change in 
AUC, attributed to OATP1B inhibition solely (pitavastatin) or in conjunction 
with BCRP inhibition (fluvastatin).  

 
Single-dose rifampicin is a more selective OATP1B inhibitor with IC50 values 
in the low micromolar range for OAT1B1 (1.6 μM) and OATP1B3 (0.5 μM), 
while exhibiting weaker inhibitor properties of BCRP (14 μM) and no clinically 
significant CYP inhibition effects (Prueksaritanont et al., 2014). As such, 
rifampicin has been extensively used as a reference inhibitor for OATP1B 
mediated drug interactions. For instance, rifampicin increased the AUC values 
of atorvastatin, rosuvastatin, and pitavastatin 9-fold, 5-fold and 4-fold, 
respectively (Prueksaritanont et al., 2017), while having little impact on 
midazolam AUC, indicating that the increase in atorvastatin exposure was the 
result of transporter inhibition. While pitavastatin is in vitro a substrate of 
BCRP, based on pharmacogenetic analysis its disposition is not clinically 
affected by BCRP (Ieiri et al., 2007). As such OATP1B inhibition is credited as 
the main mechanism of interaction with rifampicin. 

 
Gemfibrozil and its glucuronide metabolite are inhibitors of OATP1B1, NTCP, 
CYP2C9 and the glucuronide is a mechanism-based inhibitor of CYP2C8 as 
well (Tornio et al., 2017). Co-administration of gemfibrozil with repaglinide 
and simvastatin is contraindicated and rosuvastatin dose reductions are 
recommended (European Medicines Agency (EMA), 2004; McFeely et al., 
2020). Indeed, repaglinide AUC increased 5-fold after a single dose of 
gemfibrozil and up to 8-fold after multiple dosing, yet simvastatin and 
rosuvastatin AUC increased only 2.9- and 1.9-fold, respectively, while 
fluvastatin pharmacokinetics remained unchanged (Backman et al., 2000; 
Honkalammi et al., 2011; Niemi et al., 2003; Schneck et al., 2004; Spence et 
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al., 1995). The differences in the magnitude of the interaction are attributed to 
the complex mechanism, where the inhibition of OATP1B1 has a smaller role 
compared to the mechanism-based inhibition of CYP2C8. A cautionary 
example is cerivastatin, a statin drug withdrawn from the market in 2001 due 
to severe rhabdomyolysis cases (Furberg, 2001; Wang et al., 2002). Co-
administration of gemfibrozil with this OATP1B1/CYP2C8 substrate led to 6-
fold increase in cerivastatin AUC. While exposure of simvastatin and 
rosuvastatin did not increase to this extent, the use of fibrates alone has also 
been associated with myopathy, explaining the labeling recommendations of 
simvastatin and rosuvastatin aiming at avoiding of adverse drug effects. 
 
The unselective nature of these inhibitors and the involvement of several 
enzymes and transporters in victim pharmacokinetics complicate the 
interpretation of experimental results. Therefore, the pursuit to find selective 
OATP1B1 inhibitors and substrates is still ongoing. One strategy has been 
searching and evaluating endogenous OATP1B1 substrates for their utility as 
surrogate substrates (biomarkers) in pharmacogenetic and drug interaction 
studies. This would allow simultaneous estimation of inhibitory effects of a 
new molecular entity during early phase pharmacokinetic studies without 
additional administration of a victim drug. There are challenges in the 
implementation though. Initially, the biomarkers need to have a steady 
baseline concentration to allow reliable detection of concentration changes. 
For example, many bile acids have shown large inter-individual variability in 
baseline concentrations that limit their utility as biomarkers (Barnett et al., 
2019). In the case of conjugated biomarkers, genetic variation of UGT enzymes 
may also alter the baseline concentrations. Additionally, the biomarker 
concentrations should be above detection limits. While otherwise promising 
biomarker candidates, chenodeoxycholate-24-glucuronide (CDCA-24G) 
baseline concentration was below the limit of detection, and 
chenodeoxycholate-3-glucuronide (CDCA-3G) was undetectable both before 
and after treatment with rifampicin (Takehara et al., 2017).   
 
To overcome the previously mentioned selectivity issue, the biomarker would 
need to be selective in order to identify the affected transporter and provide 
insight to the mechanisms of complex interactions. Glycochenodeoxycholate 
3-O-glucuronide (GCDCA-3G) and glycodeoxycholate 3-O-glucuronide 
(GDCA-3G) show promise as selective OATP1B1 biomarker candidates. In 
vitro GCDCA-3G uptake was significantly higher in OATP1B1 expressing 
HEK293 cells (uptake ratio 86) than in OATP1B3 (uptake ratio 14) or 
OATP2B1 cells (uptake ratio 2.8) (Neuvonen et al., 2021). GDCA-3G was even 
more selective in vitro with uptake ratios of 78, 5.5 and 2 for OATP1B1, 1B3 
and 2B1, respectively. Other hepatic uptake transporters NTCP, OAT2 and 
OCT1 transported neither. However, in vivo GCDCA-3G was more sensitive of 
the two to function-impairing SLCO1B1 genotype: SLCO1B1 c.521CC genotype 
increased the fasting plasma concentrations 9-fold compared to the reference 
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genotype and the plasma levels of GCDCA-3G correlated positively with the 
AUC of the known OATP1B1 substrate drug 3R,5S-fluvastatin (Neuvonen et 
al., 2021, Hirvensalo et al., 2019). Interactions studies with different OATP1B1
inhibitors are required to validate these results.

Coproporphyrin I (CPI) has low inter- and intra-individual variability and 76% 
of its hepatic uptake is attributed to OATP1B1/1B3 (Barnett et al., 2019). In 
healthy male Indian subjects, rifampicin (600 mg single oral dose) markedly 
increased plasma Cmax of CP I and CP III by 5.7- and 5.4-fold, and AUC by 4.0-
and 3.3- fold, respectively,  and Cmax and AUC of rosuvastatin increased 13.2-
and 5.0-fold by rifampin (Lai et al., 2016). Changes in CPI and CPIII plasma 
levels upon co-medication with mild to strong OATP1B inhibitors were 
predictive for moderate and strong OATP1B-mediated DDIs. Additionally, CPI 
plasma exposure allowed to distinguish between mild to moderate interactions 
(Kunze et al., 2018). The simultaneous analysis of different biomarkers with 
different transporter contributions could be utilized to clarify the role an 
individual OATP in an observed DDI.

2.3 SLCO1B1 PHARMACOGENETICS

CLINICAL PHARMACOGENETICS

The SLCO1B1 gene is highly polymorphic: over 400 missense variants have 
been discovered in sequencing studies (Karczewski et al., 2020). Unlike DDIs 
with unselective inhibitors, poor function phenotypes of SLCO1B1 provide 
insight to the individual contribution of OATP1B1 to substrate 
pharmacokinetics. The most extensive understanding on the effects of SNVs
on drug response has been gathered on SLCO1B1 c.521T>C allele. It forms 
different haplotypes, most notably *5 (c.521C- c.388A) and *15 (c.521C –
c.388G) and impairs OATP1B1 function, leading to increased systemic 
exposure of OATP1B1 substrate drugs. All statins are substrates of OATP1B1 
(Table 1) but the SLCO1B1 c.521T>C allele affects them differently because of 
the over-all differences in role of hepatic uptake in their pharmacokinetics and 
OATP1B1 contribution to it. Most prominent change in exposure has been 
observed during simvastatin treatment: in individuals homozygous to 
c.521T>C allele, the AUC of simvastatin acid (the active form of simvastatin) 
was 221-273% larger compared to the normal OATP1B1 function individuals
(Mykkänen et al., 2022; Pasanen et al., 2006). On the other hand, c.521T>C 
allele had no significant effect on fluvastatin pharmacokinetics, which is in line 
with the limited effect of rifampicin inhibition (Niemi et al., 2006; Takehara 
et al., 2018; Xiang et al., 2021). The observed increase in AUC of other statins 
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in c.521CC vs. reference genotype individuals in clinical trials is substrate-
dependent: atorvastatin 144% (Pasanen et al., 2007), pitavastatin 162-191% 
(Deng et al., 2008; Ieiri et al., 2007), pravastatin 82-99% (Ho et al., 2007; 
Maeda et al., 2006; Niemi et al., 2006), rosuvastatin 65-117% (Choi et al., 
2008; Lee et al., 2005). Similarly, varying effects were observed with 
structurally close diabetic drugs repaglinide and nateglinide. The AUC of 
repaglinide was 60-188% greater in individuals homozygous or compound 
heterozygous for the SLCO1B1*5 or SLCO1B1*15 alleles than the reference. 
However, nateglinide AUC increased (108% higher than reference) in Chinese 
subjects with the same genotype, while no alteration was observed in 
Caucasian subjects with this genotype (Kalliokoski et al., 2008; Niemi et al., 
2005; Zhang et al., 2006). 

 
The effect of SLCO1B1 c.388A>G (haplotype *37) variant on clinical 
pharmacokinetics has also shown substrate-dependent effects. SLCO1B1 
c.388A>G was not significantly associated with atorvastatin, lovastatin or 
simvastatin/simvastatin acid pharmacokinetics (Birmingham et al., 2015; Lee 
et al., 2019; Tornio et al., 2015; Zhao et al., 2017). This variant has been 
annotated as normal function allele (Cooper-DeHoff et al., 2022). However, a 
confounding factor in the studies involving the individual clinical effect of 
c.388A>G is the genotyping of participants. This variant is often found in 
haplotypes and if only c.388A>G is screened, the individual may mistakenly 
be genotyped as *37 (only c.388A>G) instead of e.g.*14 or *20.  
 
SLCO1B1*14 and *20 are annotated as increased function alleles (Cooper-
DeHoff et al., 2022) and *14 is associated with enhanced lipid-lowering 
efficacy of fluvastatin (Couvert et al., 2008). The opposite effect has been 
observed for drugs with extrahepatic targets. The increased function haplotype 
SLCO1B1*14 can decrease the efficacy of methotrexate treatment. In weekly 
low‐dose arthritis treatment, the allele was associated with poor response and 
during high-dose leukemia treatment, the allele was associated with fast 
clearance and low exposure (Ramsey et al., 2019, 2013). SLCO1B1 *20 is 
associated with increased protein expression compared to reference and 
increased clearance of methotrexate compared to reference and SLCO1B1*37 
(Nies et al., 2013; Ramsey et al., 2012). 

 
In contrast to methotrexate, liver is the target organ for statins and thus it 
would be plausible that changes in hepatic intrinsic influx clearance could alter 
statin efficacy. In a meta-analysis an association was detected between the 
lipid-lowering efficacy of statins and the SLCO1B1 c.521T>C SNV, for which 
the allele was slightly less effective than reference (Postmus et al., 2014). 
However, rosuvastatin PK/PD simulations revealed that while the mean AUC 
increased by 86% for the individuals homozygous for the c.521C allele 
compared to reference genotype, liver exposure reduced only 9.6% and PD 
response reduced merely 5.8% (Rose et al., 2014) Additionally, a positron 
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emission tomography imaging study revealed that co-administration of 
cyclosporine (inhibitor of basolateral uptake transporters OATP1B1, 1B3, 2B1 
and NTCP) reduced liver exposure of rosuvastatin only 14.6% (Billington et al., 
2019). These data indicate that while impaired hepatic uptake can have 
significant effect on plasma exposure, the influence on liver exposure can be 
considerably more limited. 
 
For carriers of decreased activity SLCO1B1 SNVs, the increased plasma 
exposure of statins can increase the prevalence of peripheral off-target effects, 
most frequently different muscle symptoms. SLCO1B1 genotype is associated 
with the risk of myopathy in statin users: several meta-analyses show that in 
individuals homozygous or heterozygous for the c.521C allele had a 
significantly higher risk of myopathy than reference genotype (Carr et al., 
2013; Du et al., 2018; Jiang et al., 2016; Turongkaravee et al., 2021). No 
significant association between the c.388A>G allele and myopathy was found. 
The highest risk was associated with simvastatin and atorvastatin treatments. 
In a nested genetic case-control study in the SEARCH trial, c.521T>C SNV was 
shown to increase the risk of statin-induced myopathy with odds ratio of 16.9 
in individuals homozygous to c.521C allele compared to  reference genotype 
and more than 60% of observed myopathy cases could be attributed to the C 
allele (SEARCH Collaborative Group, 2008). The c.521C allele was also 
associated with dose decrease or switching during simvastatin treatment, 
which may be indicators of adverse drug reactions (de Keyser et al., 2014). This 
association was found for atorvastatin users as well, when the starting dose 
was more than 20 mg. 

 
The association of SLCO1B1 genotype with increased plasma exposure and 
incidence of statin-associated musculoskeletal symptoms (SAMS) has 
prompted the Clinical Pharmacogenetics Implementation Consortium (CPIC) 
to issue a gene-based prescribing guideline for all statins (Figure 3) (Cooper-
DeHoff et al., 2022). In the guideline, different SLCO1B1 genotypes are 
assigned a likely phenotype based on allele activity. Six different phenotypes 
were assigned: increased, normal, decreased, possible decreased, poor and 
intermediate function. 
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Figure 3 Classification of statins and dosages according to SAMS risk and SLCO1B1 
phenotype. Adapted from (Cooper-DeHoff et al., 2022). Indicated prescribing 
suggestions: Low risk: Prescribe stated starting dose. Moderate risk: Prescriber 
should be aware of possible increased risk of increased exposure and myopathy. 
High risk: Consider a reduced dose or alternative statin. Statin intensity as 
recommended by current American College of Cardiology/American Heart 
Association guidelines.  bSubject to additional recommendations for 
rosuvastatin and ABCG2 and for fluvastatin and CYP2C9. cDose 
recommendations are based solely on pharmacokinetic data. 
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Clinically, the most relevant ones are poor and decreased function phenotype 
i.e. individuals homo-, compound heterozygous or heterozygous to no-
function alleles. These phenotypes are subjects to genotype-guided 
suggestions regarding appropriate statin and dosing choices with the aim of 
reducing the likelihood of SAMS (Figure 3). However, this can narrow the 
choices in lipid-lowering therapy, since the European Society of Cardiology
and European Atherosclerosis Society Guidelines for the management of 
dyslipidemias recommend even more intensive reduction of LDL-C across 
cardiovascular risk categories (Mach et al., 2020) and this often requires the 
use of high intensity statin treatment.

IN VITRO STUDIES

Non-synonymous SLCO1B1 variants have also been studied in vitro to 
elucidate cellular level effects these amino acid changes have on transport 
activity and protein expression (Table 2).  In agreement with clinical findings, 
the SLCO1B1 c.521T>C variant was shown to decrease transport of several 
OATP1B1 substrates e.g. estone-3-sulfate, estradiol-17β-glucuronide, 
rosuvastatin and atorvastatin (Ho et al., 2006; Kameyama et al., 2005; Katz et 
al., 2006; Oswald et al., 2008; Tirona et al., 2003, 2001). Nevertheless, 
opposite findings have also been reported: c.521T>C had no effect on estone-
3-sulfate and estradiol-17β-glucuronide transport and protein expression in 
studies by different groups (Iwai et al., 2004; Nozawa et al., 2002). 
Interestingly, Crowe et al. (2019) observed reduced transport of estradiol-17β-
glucuronide yet no change in protein expression of c.521T>C. This effect was 
attributed to the observed increased phosphorylation of the variant protein. A 
meta-analysis reported a major reduction in relative abundance of c.521T>C 
variant protein with only 37% of the reference genotype in individuals with 
Caucasian descent (Burt et al., 2016). 
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Table 2. Examples of the effects of different amino acid substitutions (AA) on 
OATP1B1 function and expression, a selection. ↑= increased, ↓= decreased,  ↔ = 
unchanged TMH = Transmembrane domain, ECL = extracellular loop, ICL = 
intracellular loop, a= of wild type OATP1B1, b = substrate depend, NA= data not 
available 

SNV/ 
mutagenesis 

AA 
position 

Location Activity Expression Reference 

Mutagenesis R57A ECL1 ↔/ ↓ b ↔ Weaver and Hagenbuch, 2010 

Mutagenesis R57K ECL1 ↔ ↑ Weaver and Hagenbuch, 2010 
c.170G>A R57Q ECL1 ↓ NA Tamraz et al., 2013 

Mutagenesis D70A TMH2 ↓ ↓ Li et al., 2012 
c.211G>A G71R TMH2 ↓ NA Ramsey et al., 2012 

Mutagenesis G71A TMH2 ↔ NA Li et al., 2012 
c.215G>A S72N TMH2 ↓ <25%a Zhang et al., 2021 

Mutagenesis S72A TMH2 ↔ NA Li et al., 2012 

c.217T>C F73L TMH2 ↓ ↓ 
Tirona et al., 2001, Lee et al., 
2015, Zhang et al., 2021 

Mutagenesis F73A TMH2 ↓ ↓  Li et al., 2012 
Mutagenesis E74A TMH2 ↓ ↓ Li et al., 2012 
Mutagenesis G76A TMH2 ↓ ↓ Li et al., 2012 

c.245T>C V82A TMH2 ↓ ↓ Tirona et al., 2001 

c.388A>G N130D ECL2 ↔/↓ / ↑b ↔/↑ 

 Michalski et al., 2002, Tirona 
et al., 2001 and 2003, Lee at 
al., 2015, Ho et al., 2006, 
Ramsey et al., 2012  

c.463C>A P155T ECL2 ↔ ↔ 
Lee et al., 2015;  
Tirona et al., 2001 

c.508A>T M170L TMH4 ↑ NA Zhang et al., 2021 
c.518A>G Y173C TMH4 ↔ NA Zhang et al., 2021 

c.521T>C V174A TMH4 ↓ ↓ 
 Tirona et al., 2001, Ho et al., 
2006, Kameyma et al., 2005, 
Zhang et al., 2021 

c.527T>C M176T TMH4 ↔ NA Zhang et al., 2021 
c.529G>C G177R TMH4 ↓ NA Zhang et al., 2021 
c.542G>A R181H TMH4 ↓ NA Zhang et al., 2021 

Mutagenesis R181H TMH4 ↔/ ↓ b ↓ Weaver and Hagenbuch, 2010 
Mutagenesis R181K TMH4 NA ↓ Weaver and Hagenbuch, 2010 
Mutagenesis R181A TMH4 ↔ ↔ Weaver and Hagenbuch, 2010 

c.560C>T P187L TMH4 ↓ NA Zhang et al., 2021 

c.577C>T L193F TMH4 ↑ NA Zhang et al., 2021 
c.578T>C L193R TMH4 ↓ NA  Michalski et al., 2002 

c.1007C>G P336R TMH7 ↔ NA Kameyama et al., 2005 
c.1058T>A I353T TMH7 ↔ NA Lee et al., 2015 
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In vitro studies on SLCO1B1 c.388A>G have shown unaltered, reduced or 
enhanced transport depending on the substrate used to study activity (Ho et 
al., 2006; Lee et al., 2015; Michalski et al., 2002; Ramsey et al., 2012; Tirona 
et al., 2003, 2001). While SLCO1B1*14 and *20 have been clinically associated 
with increased function phenotype, in vitro data on these haplotypes is scarce 
or conflicting. In vitro SLCO1B1*14 transport of estrone-3-sulfate, estradiol-
17β-glucuronide was similar to reference genotype and cell surface expression 
slightly higher than reference (Tirona et al., 2001), while docetaxel transport 
was lower than reference (Lee et al., 2015). Contrariwise, another study found 
that *14  abolishes cerivastatin and estrone-3-sulfate transport (Tamraz et al., 
2013). Conversely, haplotype *20 has not been studied in vitro but studies on 
the SNV c.1929A>C it contains showed no change in protein localization or 
abundance nor transport activity of OATP1B1 (Seithel et al., 2008). 
 
Site-directed mutagenesis studies have also been applied to identify critical 
amino acids in OATP1B1 structure (Table 2). The amino acids position can be 
divided into three types based on the effect of amino acid substitution on 
activity (Fenton et al., 2020). If a position does not tolerate any substitutions, 
they are labeled toggle positions and are often highly conserved. Rheostat 
positions have a different functional outcome for each individual substitution, 
often covering a range of effects. Finally, the positions that are capable of 
accommodating all amino acid types without altering function, are labelled 
neutral.  OATP1B1 L545 is an example of a rheostat position: six different 
amino acid substitutions modified the activity to a different degree from 
unchanged to <10% of wild-type (Ohnishi et al., 2014). The in vitro studies 
have revealed that TMH2 and TMH4 host many amino acids critical for 
substrate interaction and proper structure (Table 2). While OATP1B1 and 1B3 
have over-lapping substrate specificity and high structure homology, the latter 
part of the sequence has lower homology and is thought to have a role in 
distinguished substrate specificities. Indeed, substitution of TMH8 or 9 of 1B1 

c.1246G>A V416M TMH8 ↓ ↓ Zhang et al., 2021 
c.1296C>A N432L ECL5 ↓ ↓ Zhang et al., 2021 

c.1294A>G N432D ECL5 ↔ NA Lee et al., 2015 
c.1385A>G D462G ECL5 ↔ NA Lee et al., 2015 
c.1463G>C G488A ECL5 ↓ NA Lee et al., 2015 
c.1462G>A G488S ECL5 ↓ ↓ Zhang et al., 2021 
c.1508A>G N503S ECL5 ↓ ↓ Zhang et al., 2021 

Mutagenesis R580A TMH11 ↔/↓ b ↓ Weaver and Hagenbuch, 2010 

Mutagenesis R580K TMH11 ↓ ↔ Weaver and Hagenbuch, 2010 
Mutagenesis R580H TMH11 ↓ ↔ Weaver and Hagenbuch, 2010 
c.1828C>T R610C ECL6 ↓ ↓ Zhang et al., 2021 
c.1929A>C L643F TMH12 ↔ ↔ Seithel et al., 2008 
c.1964A>G D655G ICL6 ↔ NA Lee et al., 2015 
c.2000A> E667G ICL6 ↔ NA Lee et al., 2015 
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with that of 1B3 increased the Km value for estrone-sulfate transport (specific 
substrate for 1B1) 18- and 7.4-fold, receptively (Miyagawa et al., 2009). 
 
While some amino acids substitutions abolish the transport activity, some only 
affect a single binding site of OATP1B1. Substitution of tryptophan with 
alanine at position 258 changed the biphasic transport of estrone-3-sulfate to 
monophasic (Km 12 μM, compared with two distinct affinity components of 
wild-type transporter: 0.38 and 36 μM) (Huang et al., 2013). Positive charge 
is also important for proper function of OATP1B1 and replacement of these 
residues (arginine (R), lysine (K) or histidine (H)) can result in impairment. 
Indeed, replacement of the positive residues of R57, K361 and R580 affected 
substrate binding. For example, R580A showed a reduced protein expression 
that was recovered with substitution with another positively charged amino 
acid lysine or histidine (Weaver and Hagenbuch, 2010). These restorative 
substitutions, however, reduced Km values for estradiol-17β-glucuronide, 
estrone-3-sulfate and BSP, with a decrease in Vmax.  
 
As displayed in this literature review, the knowledge on OATP1B1 function and 
interactions has increased over the years. However, much still remains to be 
discovered, particularly in regards to functional annotations of uncommon 
genetic variants of SLCO1B1.  Moreover, despite the regulatory assessment 
during drug development, not all drug-drug interactions are detected before 
the drug enters the market and real-life data can be acquired. To guide clinical 
drug therapy, the mechanisms of observed possible drug interactions need to 
be clarified. Academic research can help answer these questions. Does the 
interaction close the OATP1B1 transporter “door” to the liver? 
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3 AIMS OF THE STUDY 

The general aim of this Ph.D. thesis was to increase our understanding of 
OATP1B1 function and expression. The thesis aims to examine how changes 
in the primary structure of OATP1B1 caused by SNVs affect transport activity 
and protein expression. Examination of these natural amino acids 
substitutions can also reveal essential information of role of particular amino 
acids and positions in OATP1B1 function.  Additionally, the thesis aims to 
explore the influence these SNVs can have on clinical rosuvastatin 
pharmacokinetics. The thesis also seeks to examine the mechanisms behind 
clinical observations of suspected drug-drug interaction between ticagrelor 
and rosuvastatin. Ticagrelor, a platelet aggregation inhibitor, is used to 
prevent recurrent cardiovascular events. The standard of care for these 
patients is also a high-intensity statin treatment, hence rosuvastatin is 
commonly used concomitantly with ticagrelor. However, multiple cases of 
rhabdomyolysis during concomitant use of rosuvastatin and ticagrelor have 
been reported. Furthermore, fluvastatin enantiomers were observed to have 
differing clinical pharmacokinetics and this thesis aims to investigate the 
possible in vitro mechanism behind this observation. 
 
The specific aims of the thesis were: 

 
1. To characterize the effects of selected rare SLCO1B1 variants on OATP1B1 in 
vitro function and protein expression (I, II, III) 

 
2. To predict the clinical pharmacokinetic effect of rare variants and identify 
genotypes that could benefit from genotype-guided dosing of rosuvastatin (II) 

 
3. To determine IC50 values for ticagrelor inhibition of OATP1B1, OATP1B3 
and OATP2B1 mediated rosuvastatin uptake to establish a plausible 
mechanism for a DDI observed in a clinical setting (IV) 

 
4. To study whether OATP1B1 mediated in vitro transport of fluvastatin is 
enantiospecific and whether the c.521T>C allele affects the in vitro transport 
of fluvastatin enantiomers differently (V). 
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4 MATERIALS AND METHODS 

4.1 MATERIALS 

 
The key materials used in this thesis are listed in Table 3. The SLCO2B1 (NCBI 
Reference Sequence: NM_007256.5) gene was cloned from human adult 
normal liver tissue (BioChain, San Francisco, CA, USA) into pENTR4 plasmid 
(Tikkanen et al., 2020).  The pENTR223 SLCO1B3 (Genebank™ accession 
number BC141525) plasmid was purchased from Genomics.online.com 
(Aachen, Germany). The pENTR221 SLCO1B1 (Genebank™ accession number 
AJ132573.1) plasmid and the modified Bac-to-Bac destination vector were a 
kind gift from Dr. Jan B. Koenderink (Radboud University Medical Center, 
Nijmegen, the Netherlands).  
 

Table 3. Key materials used in the experiments 

Reagent/material  Use  Supplier  Publication 
Cellfectin II reagent Transfection of 

Sf9 cells 
Invitrogen (USA) I-V 

HyClone SfX insect 
cell medium 

Sf9 cell culture Cytiva (USA) I-V 

rLys-C protease Proteomics 
sample 
preparation 

Promega (USA) 
I, II, III 

ProteaseMAX Proteomics 
sample 
preparation 

Promega (USA) 
I, II, III 

TPCK treated 
Trypsin 

Proteomics 
sample 
preparation 

Promega (USA) 
I, II, III 

SpikeTide peptides Proteomics 
sample 
preparation 

JPT Peptide 
Technologies GmbH 
(Germany) 

I, II, III 

1,4-dithiothreitol 
(DTT) 

Proteomics 
sample 
preparation 

Sigma Aldrich (USA) 
I, II, III 

Iodoacetamide 
(IAA) 

Proteomics 
sample 
preparation 

Sigma Aldrich (USA) 
I, II, III 
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Coomassie Plus 
reagent 

Protein 
concentration 
measurement 

ThermoFisher 
Scientific (USA) I-V 

Sf9 (Spodoptera 
frugiperda) cell line 

Production of 
baculoviruses 

ATCC (USA) I-V 

2',7'-dichloro-
fluoresecein (DCF) 

OATP1B1 probe Santa Cruz 
Biotechnology (USA) 

I-V 

3R-5S fluvastatin OATP1B1 probe Toronto Research 
Chemicals (Canada) 

V 

3S-5R fluvastatin OATP1B1 probe Toronto Research 
Chemicals (Canada) V 

Rosuvastatin OATP probe Toronto Research 
Chemicals (Canada) I, II, IV 

Ticagrelor OATP inhibitor Toronto Research 
Chemicals (Canada) IV 

Deuterium-labeled 
rosuvastatin 

Internal 
standard 

Toronto Research 
Chemicals (Canada) 

I, II, IV 

Deuterium-labeled 
fluvastatin 

Internal 
standard 

Toronto Research 
Chemicals (Canada) 

V 

Q5 site-directed 
mutagenesis kit 

Incorporation of 
single nucleotide 
variants into the  
SLCO1B1 gene 

New England Biolabs 
(USA) I-V 

Dulbecco’s Modified 
Eagle Medium 
(DMEM) (#32430) 

HEK293 cell 
culture 

Gibco (USA) 
I-V 

Bac-to-bac protocol Generation of 
recombinant 
baculoviruses 

Invitrogen (USA) 
I-V 

Gateway LR clonase 
II enzyme mix 

Gateway cloning ThermoFisher 
Scientific (USA) I-V 

HEK293 cell line 
(CRL-1573) 

Expression of 
OATP proteins 

ATCC (USA) I-V 

Foetal bovine serum Sf9 and HEK293 
cell culture 

Gibco (USA) I-V 
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4.2 METHODS

The SNVs studied in publications I-III and V (table) were introduced into the
SLCO1B1 reference gene with Q5® Site-Directed Mutagenesis Kit and PCR. 
These resulting entry plasmids along with the entry plasmids containing 
enhanced Yellow Fluorescent Protein (eYFP), reference SLCO2B1 and
SLCO1B3 (I-V) were transferred to a modified Bac-to-Bac destination vector 
with Gateway cloning. Bacmid DNA and baculoviruses carrying these genes of 
interest were produced following a modified Bac-to-Bac – protocol (Figure 3).

Figure 4 Methods applied in the thesis. All transporter proteins were constructed and 
expressed with baculovirus expression system. QC= quality control

CELL CULTURE

The Sf9 (Spodoptera frugiperda) insect cells used in the baculovirus 
production (I-V) were cultured as an adherent culture in HyClone SfX insect 
cell culture medium supplemented with 5% FBS at 27°C (5% CO2). The cells 
were transfected with bacmid DNA containing the genes of interest and 
Cellfectin reagent (Invitrogen, USA) and cultured for 7 days before harvesting 
P1- virus stock. Following two viral stock amplifications, P3 virus stock was 
harvested and used for the expression of the protein of interest i.e., eYFP, 
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reference or variant OATP1B1 or reference OATP2B1 and OATP1B3 
transporters in HEK293 cells. 

The HEK293 cells were cultured at 37°C, 5% CO2 in high glucose Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco #32430) supplemented with 10 % 
FBS. The cells were seeded on well plates for the cellular uptake assays: 
250 000 cells per well on Corning BioCoat Poly-D-Lysine 24 well plates 
(Corning, USA) in publication V and 50 000 cells per well on ThermoFisher 
Scientific™ Nunc™ 48-well plates coated with poly-D-lysine in-house (I-IV) 
or Corning™ CellBind™ 48-well plates (I). Cells cultured for the proteomics 
analyses (I-III) were cultured in Corning™ T175 cell culture flasks. For both 
applications, HEK293 cells were seeded 24 hours before transduction with 
baculoviruses. Sodium butyrate (final concentration 5 mM with the exception 
of 10 mM for OATP1B3) was added to enhance protein expression. 

CELLULAR UPTAKE STUDIES

The effect of inhibition or genotype on transport activity was assessed in all 
publications with cellular uptake assay in HEK293 cells expressing the 
transporter of interest. The structure of the OATP1B1 substrates used in this 
thesis are shown in Figure 5. 2’,7’-dichlorofluorescein (DCF, 1 μM) was used 
as the substrate in publication I-III to assess the effect of SNVs on OATP1B1 
transport activity. Rosuvastatin at 0.1-100 μM or 5, 30 and 50 μM was 
additionally used to evaluate substrate-dependent effects of the studied SNVs 
in publications I and II. In publication IV the inhibitory effect of ticagrelor on
OATP1B1, OATP1B3 and OATP2B1 mediated uptake of rosuvastatin was 
measured using rosuvastatin concentrations 5 μM, 10 μM and 3 μM, 
respectively. 3R-5S and 3S-5R fluvastatin (0.1-16 μM) served as the test 
substrates in publication V. 
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Figure 5 Molecular structures of compounds used as the substrates or inhibitor in the 
cellular uptake assays. 

The assays were performed 48 hours post-transduction on a heated (37°C) 
orbital shaker plate. The test solutions were prepared in transport buffer 
(HBSS with 4.17 mM NaHCO3 and 25 mM HEPES adjusted to pH 7.4 with 
NaOH), 125 μl in 48-well and 250 μl in 24-well format. Uptake times were: 1 
minute for fluvastatin enantiomers, 2 minutes for rosuvastatin and 15 minutes 
for DCF, all tested to be within the linear range. The same assay protocol was 
followed in all publications: the medium in the wells was replaced with 
transport buffer for preincubation for 3 minutes. After the removal of the 
buffer, uptake began with the addition of test solution and ended with 
aspiration of the test solution. Finally, the wells were washed thrice with ice-
cold transport buffer. Rosuvastatin and fluvastatin were quantified with LC-
MS/MS (I, II, IV, V) and in these assays the cells were lysed and rosuvastatin 
and fluvastatin were eluted with 3:1 methanol-water mixture containing 25 
ng/ml deuterium-labeled rosuvastatin or fluvastatin as an internal standard. 
In DCF uptake assays (I-III) the cells were lysed with 0.1 M NaOH and DCF 
was as quantified from the lysates with fluorescence measurement (excitation 
500 nm, emission 528 nm, bandwidth 5 nm) using multimode microplate 
reader Varioskan LUX (Thermo Fisher Scientific, Vantaa, Finland). Protein 
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quantification was not possible from the methanol-cell lysates and control 
wells lysed with 0.1M NaOH were included in the assay to yield protein 
concentrations for uptake normalization. The total protein was determined 
from these cell lysates with Coomassie Plus reagent protocol (Invitrogen, USA) 
followed by absorbance analysis (595 nm) with Varioskan LUX.  

CRUDE MEMBRANE EXTRACTION AND PROTEOMICS
SAMPLE PREPARATION

Crude membrane fractions of transduced HEK293 cells were produced for 
Quantitative Targeted Absolute Proteomics (QTAP) analysis in publications I-
III. The cells were resuspended in Tris-sucrose (TS) buffer (10 mM Tris-
HEPES, 250 mM sucrose, pH 7.4) and disrupted with Dounce tissue 
homogenizer. The nuclei and other larger cell organelles were separated with 
a 30-minute centrifugation (3550 g, 4 °C). Soluble proteins were then 
separated from the supernatant with new centrifugation (21,000 g, 4 °C, 99 
min) resulting in a pellet containing the crude membranes. The pellet was 
suspended in TS-buffer and total protein concentration quantified with 
Coomassie Plus reagent and absorption analysis (525 nm). Membrane 
preparations (50 μg total protein) were then solubilized, denatured and 
digested, first with 1/100 LysC endopeptidase (Promega, USA) and after that 
with 1/100 TPCK-treated trypsin (Promega, USA). ProteaseMax surfactant 
was used to enhance digestion and isotope-labeled peptide mixture (3 fmol/μg 
protein, added prior to digestion) served as internal standard. 

DETERMINATION OF UNBOUND TICAGRELOR

The fraction of unbound ticagrelor in the inhibition studies was determined 
with rapid equilibrium dialysis (RED) device. The assay was conducted on a 
Teflon Reusable Base Plate using single-use 8K MWCO RED insert devices. 
The test and buffer chambers in the inserts are separated by a dialysis 
membrane. The test chamber was contained a suspension representative of 
transport experiment conditions containing ticagrelor and control HEK cells. 
The tested ticagrelor concentrations were 1.0, 2.5 and 10 μM concentration, 
and HEK cell density was 1.7 x 105 cells/ml. The buffer chamber contained
plain PBS (pH 7.4), without ticagrelor or HEK cells. The inserts were incubated 
in Eppendorf ThermoMixer C (Eppendorf, Hamburg, Germany) at 250 rpm at 
37°C for ½ and 4 hours. Thereafter an aliquot of 40 μl from chambers were 
mixed with 120 μl of precipitation buffer (83% MeOH and ticagrelor-D7:
internal standard). Additional 40 μl of PBS was added to test chamber samples 
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and 40 μl of vesicle or cell suspension were added to buffer chamber samples
to equalize the vesicle and cell content between test and buffer chamber 
samples. The final constitution of samples contained 25 ng/ml of ticagrelor-
d7 and 50% MeOH.

LC-MS/MS METHODS

Liquid chromatography coupled with mass spectrometry analyzed both 
fluvastatin and rosuvastatin from the cellular uptake assay samples as well as 
the unique peptides in Quantitative Targeted Absolute Proteomics Analysis. 
The used equipment and methods are listed in Table 2.

Table 4. Compilation of the LC-MS/MS methods employed in the thesis.

Publication I II, IV V I-III
Analyte Rosuvastatin Rosuvastatin Fluvastatin OATP1B1 

unique peptide
LNTVGIAK

Liquid 
Chromato-
graphy

Waters Ultra 
High 
Pressure 
Liquid 
Chromato-
graphic 
instrument 
(Milford, MA, 
USA)

Nexera X2 
Liquid 
Chromato-
graphic 
instrument 
(Shimadzu, 
Kyoto, 
Japan)

Nexera X2 
Liquid 
Chromato-
graphic 
instrument 
(Shimadzu,
Kyoto, 
Japan)

1290 HPLC 
system (Agilent 
Technologies,
Santa Clara, 
CA, USA)

Column Waters UPLC 
HSS T3 (1.8 
μm, 2.1 × 75 
mm) column  
(Milford, MA, 
USA)

Luna Omega 
polar C18 
column 
(100×2.1mm 
I.D., 1.6μm 
particle size; 
Phenomenex, 
Torrance, CA, 
USA).

Reversed 
phase 
Kinetex C8 
column 
(75 × 2.1-mm 
internal 
diameter, 
2.6-μm 
particle size; 
Phenomenex, 
Torrance, 
CA, USA).

AdvanceBio 
peptide Map 
Column, 2.7 
μm, 2.1 × 250 
mm (Agilent 
Technologies, 
Santa Clara, 
CA, USA).
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Mass
spectrometer

Waters Xevo 
TQ-S triple 
quadrupole  
(Milford, MA, 
USA)

Sciex 5500 
Qtrap mass 
spectrometer
(AB Sciex, 
Toronto, ON, 
Canada)

Sciex 5500 
Qtrap mass 
spectrometer
(AB Sciex, 
Toronto, ON, 
Canada)

6495 QQQ MS 
(Agilent 
Technologies, 
Santa Clara, 
CA, USA)

Internal 
standard 
(ISTD)

Rosuvastatin-
d6 (25 
ng/ml)

Rosuvastatin-
d6 (25 
ng/ml)

Fluvastatin-
d8 (25 
ng/ml)

Isotope-labeled 
LNTVGIAK* 3 
fmol/μg protein

Ion mode Positive Positive Negative Positive
MRM m/z 
transitions

Analyte from 
482.19 to 
258.12 and 
300.19    
ISTD from 
488.17 to 
264.17 and 
306.24

Analyte from 
482.1 to 
258.1                  
ISTD from 
488.1 to 
264.1

Analyte from 
410.1 to 
348.1                  
ISTD from 
418.1 to 356.1

Analyte from 
408.3 to 702.4, 
588.3, 487.3 
and 218.1  ISDT 
from 412.3 to 
710.4, 596.4, 
495.3 and 226.1

Data analysis Waters 
MassLynx 
V4.1 software
(Milford, MA, 
USA)

Analyst 1.6.3 
(AB Sciex, 
Toronto, ON, 
Canada)

Analyst 1.6.3   
(AB Sciex, 
Toronto, ON, 
Canada)

Skyline 
application 
(MacCoss Lab 
Software, 
Seattle, WA, 
USA).

Ticagrelor concentrations were quantified with AB Sciex 5500QTRAP 
LC/MS/MS system (AB Sciex, Toronto, ON, Canada) in negative multiple 
reaction monitoring mode using the mass-to-charge transitions m/z 521-361 
for ticagrelor and m/z 528-368 for the internal standard. 

IMMUNOFLUORESCENCE STAINING AND MICROSCOPY

In publication I, immunofluorescence staining and microscopy was used sto 
study cellular localization of SLCO1B1 variants. The immunofluorescence 
analysis was done twice on a separate batches of HEK293 cells transduced 
with separate batches of baculoviruses. HEK293 cells were seeded on LabTek 
8-well chamber slides (Nunc, Denmark) coated with 0.1 mg/ml poly-D-lysine 
in-house at density of 20 000 cells/well. Cells were transduced with OATP1B1 
variant baculoviruses using the same protocol as with cellular uptake studies. 
The cells were fixed with 4% paraformaldehyde solution and permeabilized 
with 0.5% saponin in PBS solution. The primary antibody (NB100-74482, 
Novus Biologicals, Centennial, CO, USA) was used at a dilution of 1:500 in 
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blocking solution and the secondary fluorescent antibody goat anti-mouse IgG 
(H + L)-Alexa Fluor 488 (ThermoFisher Scientific, USA) at a 1:200 dilution in 
blocking solution. 4′,6-diamidino-2-phenylindole (DAPI) at a concentration 
of 25 μg/ml visualized the nuclei. The used microscopes were Leica TCS SP5 
confocal microscope or Aurox Clarity laser free confocal (Aurox Ltd, 
Oxfordshire, UK) on Leica DM6000 microscope (Leica Microsystems, 
Wetzlar, Germany). Corel Paintshop Pro (version 23.1.0.27, Corel 
Corporation, Ottawa, ON, Canada) was used in the image analysis.

PHARMACOKINETIC MODELLING

Pharmacokinetic simulations were performed using the SimBiology 6.0 
application in MATLAB (version 2020b, Mathworks, Natick, MA, USA) with 
(solver ode15s/NDF). The model comprises of a stomach, intestine and a 
single central compartment and is based on a published minimal 
physiologically-based pharmacokinetic rosuvastatin model (Bosgra et al., 
2014). Hepatic disposition is modelled with a liver dispersion model including 
a series of four consecutive liver sub-compartments, each with an extrahepatic 
and intracellular space.  The model also includes continuous enterohepatic 
circulation. The parameters used in the model were the same as described 
previously (Bosgra et al., 2014), apart from for the contribution of OATP1B1 to 
the hepatic influx clearance of rosuvastatin. Based on the average calculated 
from different studies predicting the individual contribution of OATP1B1 to 
rosuvastatin uptake in the liver, CLint,OATP1B1 was set to 51% of total hepatic 
uptake clearance (Bosgra et al., 2014; Kitamura et al., 2008; Kunze et al., 2014; 
Zhang et al., 2019). The simulations in the original Bosgra et al. (2014) 
publication were reproduced to validate the structure of the model. Clinical 
data from both non-genotyped (Martin et al., 2003; Pham et al., 2009) and 
genotyped SLCO1B1*1/*1 (the reference genotype) individuals was used to 
validate original model (Pasanen et al., 2007). The model in this thesis was 
validated with clinical data from only reference genotype individuals 
(Birmingham et al., 2015; Pasanen et al., 2007; Wu et al., 2017). OATP1B1 
function was set to zero in the SLCO1B1 c.521CC genotype simulations, based 
on the in vitro characterization in publication I, where the SLCO1B1 c.521T>C 
SNP rendered OATP1B1 completely non-functional (Kiander et al., 2021). The 
effect of renal impairment on rosuvastatin renal clearance was estimated 
based on changes reported in the literature (Tatosian et al., 2021; Tzeng et al., 
2008). 
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DATA ANALYSIS

The uptake of test substrates into transduced HEK293 cells was normalized to 
total protein amount.  The uptake into eYFP expressing cells represents 
passive influx and was subtracted from the uptake into transporter expressing 
cells yielding transporter mediated uptake. In publications I-III and V this 
transport activity in the OATP1B1 variant cells was then normalized to the 
reference OATP1B1 cells. In publication IV, the percentage of OATP-mediated 
uptake inhibited by ticagrelor was obtained by normalizing the rosuvastatin 
uptake into the cells incubated with ticagrelor to the uptake into the cells 
incubated with only rosuvastatin.

Cellular uptake assays were conducted in technical replicates in two to four 
separate experiments and the proteomics samples were prepared from three 
to four batches of HEK293 cells as indicated in the results section. In cellular 
uptake studies the averages of the technical replicates served as one data point. 
The data are presented as their mean ± SEM.

Maximum velocity (Vmax) and Michaelis-Menten constant (Km) values of 
rosuvastatin (publications I-II) and fluvastatin (publication V) transport were 
calculated with non-linear regression from concentration‐dependent cellular 
uptake data with equation 4 on GraphPad software (version 6.05, GraphPad 
Software, San Diego, CA, USA). The uptake values were normalized to 
reference OATP1B1 Vmax. 

(4) =
The half-maximal inhibitory concentration (IC50) of ticagrelor in publications 
IV was calculated by fitting the relative transport values to the four-parameter 
logistic regression model with GraphPad Prism version 8 (GraphPad Software, 
San Diego, CA) and Equation 5. [I] is the concentration of inhibitor, the 
minimum and maximum correspond to the plateaus of minimum and 
maximum relative transport (%), and h denotes the Hill slope. The minimum 
value was constrained to zero and maximum to 100.

(5) = + [ ]
The fraction of unbound ticagrelor was calculated with Equation 6, where 
Cbuffer chamber and Ctest chamber are ticagrelor concentrations in the buffer 
and test chamber samples, respectively.
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(6) , =
STATISTICAL ANALYSIS

In publications I-III the homogeneity of variance in the results was established 
with Levene’s test (IBM SPSS Statistics for Windows, Version 27.0. IBM Corp, 
Armonk, NY, USA). Based on these results, the statistical significance of the 
differences in activity and expression levels between variant and reference
SLCO1B1 was determined with (1) one-way analysis of variance (ANOVA) with 
the Dunnett’s post hoc test for multiple comparisons (2) Kruskal–Wallis one-
way analysis of variance with Dunn’s post hoc test for multiple comparison. 
The applied statistical method is indicated in the publications. Tukey’s 
multiple comparisons test assessed whether the SNVs’ alteration of the 
transport of DCF and rosuvastatin differed to a significant degree. The extra-
sum-of-squares F-test was used to assess the statistical significance of 
differences in Km and Vmax values between the reference and the variants in 
publications I and II. P-values below 0.05 were considered significant in all 
analyses in all publications.
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5 SUMMARY OF THE MAIN RESULTS 

5.1 THE EFFECT OF NON-SYNONYMOUS SINGLE 
NUCLEOTIDE VARIANTS ON OATP1B1 ACTIVITY 
AND PROTEIN EXPRESSION (I,II,III) 

In the first three publications, the in vitro activity and membrane protein 
expression of a total of 19 SLCO1B1 SNVs were assessed. The variants were 
chosen by either their occurrence in the SUPER study (III), or the changes 
(such as loss of charge) caused in the physical properties of the OATP1B1 
primary structure and the location of the SNVs in the TMHs (I) or ECLs (II). 
All together, the SNVs cover diverse parts of OATP1B1, including the putative 
membrane binding pocket, ECLs and ICLs. The variants were initially 
characterized with measurement of 1 μM DCF uptake into over-expressing 
HEK293 cells. Five of the studied SNVs lead to a loss-of-function of OATP1B1 
(≤10% of reference OATP1B1 activity): R57Q, G76E, V174A, L193R and G210V 
(Figure 6). 
 

 

Figure 6 Effect of variants on uptake of 1 μM DCF uptake and membrane protein 
expression in HEK293 cells, results are presented as mean of 3-4 experiments 
+SEM. 
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Four variants (R181C, R253Q, H575L and R580Q) reduced transport of DCF 
to 20-50% of the reference OATP1B1. All in all, 47% of the studied variants 
reduced the transport activity to less <50% of the reference OATP1B1 activity 
(Figure 6). Interestingly, the opposite effect was observed as well: two variants 
(N213K and P336R) enhanced transport activity and the observed DCF 
accumulation was over 150% of the reference OATP1B1, despite only P336R 
reaching statistical significance. In publications I and II, the studied variants 
were additionally tested with rosuvastatin to discover possible substrate 
dependent effects on transport activity. No differences were observed between 
DCF and rosuvastatin transport, with only one exception: the H575L variant 
transported rosuvastatin better than DCF (I). 
 

 

Figure 7 Linear regression of the means of variant OATP1B1 activity (uptake of 1 μM 
DCF) and protein expression with 95% confidence interval. 

 
In this set of variants the observed effects in transport activity were not fully 
explained by membrane abundance of OATP1B1 (Figure 7). While a positive 
trend was evident, there were several variants where protein expression was 
not decreased, while activity was significantly reduced. For example, R253Q 
retained only 35% of DCF transport activity compared to reference OATP1B1 
yet did not alter protein expression (Figure 6). Similarly, the enhancement 
observed in DCF transport by N213K and P336R was not explained by 
increased protein expression (Figure 6). Comparably, the increase in protein 
expression observed with N130D and N151S did not result in greater DCF 
accumulation (Figure 6). However, the crude membrane fractions do not 
exclude intracellular membranes such as the endoplasmic reticulum 
(Pelkonen et al., 2017) and correspondingly, the membrane abundance 
includes all membranes, not just the plasma membrane. Nonetheless, when 
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comparing the immunofluorescence images and proteomics results, (Figure 7 
and Table II in Publication I) decreased abundance in proteomics samples 
appears to pair with reduced plasma membrane localization. For example 
OATP1B1 G76E abundance was 25% of reference and in immunofluorescence 
images much of the OATP1B1 appears to be retained intracellularly when 
compared to wild type (reference) OATP1B1 cells (Publication I, Figure 7). 
 
 
 

5.2 SIMULATION OF THE CLINICAL 
PHARMACOKINETIC IMPACT OF IMPAIRED 
OATP1B1 FUNCTION (II) 

Pharmacokinetics simulations were carried out to elucidate the extent to 
which impaired OATP1B1 function increases rosuvastatin plasma 
concentration. The model was able to adequately reproduce pharmacokinetic 
parameters and plasma concentration/time curve observed in a clinical study 
(Figure 8 A). Reduction of OATP1B1 function (CLint) increased Cmax and AUC 
values of rosuvastatin and a 0% OATP1B1 activity resulted in 80% increase in 
rosuvastatin AUC and an 90% increase in Cmax  (Figure 8 B).  
 

 

 

Figure 8 Simulation of impact of OATP1B1 impairment: A: observed plasma 
concentrations in individuals homozygous for SLCO1B1 c.521T>C (open circles) 
and reference genotype (open triangles) (Pasanen et al., 2007) vs. simulated 
plasma concentrations after 10 mg single oral dose. B: how different degrees of 
OATP1B1 function affect the plasma concentration of rosuvastatin after a 40 mg 
single oral dose. 

Simulations revealed that, to avoid exceeding the Cmax and AUC values of 40 
mg single dose rosuvastatin (the highest approved dose), dose adjustments 
may be needed if OATP1B1 function is impaired (Figure 9 A). If OATP1B1 



50 
 

activity is 50% of normal, 30 mg of rosuvastatin is predicted to result in 
proportional Cmax and AUC levels as 40 mg in normal function. If OATP1B1 is 
completely non-functional, only 20 mg of rosuvastatin is needed. However, 
although plasma exposures in these scenarios are alike, liver exposure 
decreases with dose (Figure 9 A).  
 

 

Figure 9 Simulations of dose adjustment effects on plasma and liver concentration of 
rosuvastatin: A simulated plasma (black) and hepatic (gray) concentrations of 
rosuvastatin after different single doses and OATP1B1 activities. B: the 
simulated effect of dose reduction in subjects with moderate renal impairment 
(RI) and 0% function OATP1B1 genotype (dashed lines) on plasma (black) and 
intrahepatic (gray) concentrations of rosuvastatin. 

Renal impairment further complicates the situation. The 40 mg dose is contra-
indicated in patients with moderate renal impairment and thus should adhere 
20 mg of rosuvastatin, the maximum dose in the general target population 
(European Medicines Agency (EMA), 2005). If a patient with a loss-of-
function genotype also has moderate renal impairment, only 10 mg is needed 
to not exceed the plasma exposure of 20 mg dose in normal function genotype 
with moderate renal impairment (Figure 9 B). This, however, lowers the liver 
exposure even further. 
 

5.3 TICAGRELOR INHIBITS OATP MEDIATED 
TRANSPORT OF ROSUVASTATIN (IV) 

 

Three cases of rhabdomyolysis were observed in patients receiving ticagrelor 
and rosuvastatin concomitantly and to characterize the mechanism underlying 
this possible DDI, in vitro inhibition assays with ticagrelor and rosuvastatin 
were conducted on OATP1B1, OATP2B1 and OATP1B3 expressing HEK293 
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cells. Indeed, ticagrelor inhibits rosuvastatin uptake mediated by all the 
studied OATPs (Figure 10). The IC50 values are in the low micromolar range, 
and when corrected for the unbound fraction, the IC50 values are 
approximately 50% lower.  
 

 

Figure 10 Half-maximal inhibitory concentrations (IC50) of ticagrelor on OATP mediated 
rosuvastatin transport.  

5.4 ENANTIOSPECIFICITY OF FLUVASTATIN 
TRANSPORT (V) 

 
In publication V, OATP1B1 mediated transport of 3R,5S- and 3S,5R-
fluvastatin was assessed for mechanism validation for a clinical study, which 
investigated how variability in multiple genes related to pharmacokinetics 
affects fluvastatin exposure. Based on the study, SLCO1B1 c.521T>C 
(p.174V>A) was associated with increased AUC of active 3R,5S-fluvastatin 
only.  
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Figure 11 Uptake of 0.5 μM  fluvastatin enantiomers into HEK293 cells expressing 
reference or variant OATP1B1 

 
However, in vitro, reference OATP1B1 transported both enantiomers to the 
same extent, 3R-5S uptake was somewhat higher at 0.5 μM concentration 
(Figure 11). In concentration dependency assays, the Km and Vmax values 
between 3R,5S- and 3S,5R-fluvastatin were comparable (Publication V). 
SLCO1B1 c.521T>C impaired the uptake of both enantiomers to the same 
extent as well (Figure 11).  
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6 DISCUSSION AND FUTURE PROSPECTS 

 
In this thesis, the effect of non-synonymous SNVs on OATP1B1 transport 
activity and protein abundance was assessed with cellular uptake assays and 
QTAP analysis. The predicted effect of the variants on clinical rosuvastatin 
pharmacokinetics was simulated with pharmacokinetic modelling. 
Additionally, ticagrelor interaction with OATP1B1, 1B3 and 2B1 mediated 
rosuvastatin transport and enantiospesific interactions of fluvastatin with 
OATP1B1 was examined. The results of the thesis publications, their 
significance and the future prospects of OATP interactions and SLCO1B1 
pharmacogenetics are discussed below. 
 

6.1 PHARMACOGENETICS OF SLCO1B1 

 
The SLCO1B1 gene is highly polymorphic and some of its SNVs alter OATP1B1 
function to a clinically significant degree. As reviewed in the literature section, 
the SLCO1B1 c.521T>C allele is known to increase plasma concentration of 
substrate drugs and statins in particular. In publications I-III, five variants 
were characterized as no-function alleles (Table 5). According to the CPIC 
classification and the simulations in publication II linking in vitro activity to 
clinical pharmacokinetic phenotype, these alleles as homozygotes would 
constitute the poor function phenotype. As rare variants, however, they are 
unlikely to occur as homozygotes and most likely found as heterozygous or 
compound heterozygotes with SLCO1B1*37, *5 or *15. Nonetheless, R57Q, 
G76E, L193R and G210V as a compound heterozygote with normal or 
enhanced function allele would still represent decreased function phenotypes 
and as such could be considered actionable function alleles. As per CPIC 
guideline, simvastatin treatment should be avoided if possible, as well as high 
dose atorvastatin, lovastatin and pitavastatin (Cooper-DeHoff et al., 2022). 
Based on the simulated clinical pharmacokinetics of rosuvastatin, restricting 
rosuvastatin dose to 30 mg in heterozygous and to 20 mg in homozygous 
carriers of R57Q, G76E, L193R and G210V or compound heterozygotes with 
V174A (c.521T>C) could be advisable. 
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Table 5. The variants characterized in publications I-III divided into allele 
functionality categories according to their in vitro activity (DCF uptake) and 
assuming homozygous genotype. The bolded variants have been clinically 
annotated as these allele functionality classes in the CPIC guideline (Cooper-
DeHoff et al., 2022). 

 
Correspondingly, N213K and P336R are be unlikely to be occur as 
homozygotes. However, because of the higher frequencies of SLCO1B1*14 and 
*20, it is possible that N213K and P336R would occur as compound 
heterozygotes with these increased function haplotypes, consequently 
displaying increased function phenotype (= two increased function alleles) 
(Karczewski et al., 2020). Nevertheless, since the in vitro data on *14 and *20 
function does not correlate with clinical data as well as e.g. poor function 
phenotypes *5 or *15, clinical data or a more physiological in vitro model is 
required to evaluate whether N213K and P336R in conjunction with other 
increased function allele would in fact increase OATP1B1 function in vivo.  
 
Prediction of the heterozygote phenotype of the decreased function variants 
R181C, R253Q, H575L and R580Q is also less straightforward compared to 
homozygous no-function alleles. The in vitro over-expression system and 
uptake assay utilized in publications I-III only describes the effect of 
homozygotes. The simulations in publication II indicate that it may be 
advisable to limit rosuvastatin daily dose to 30 mg if OATP1B1 function is less 
than 50% of reference. However, based on these in vitro results, it is not clear, 
how OATP1B1 activity changes when the genotype contains only one decreased 
function allele. The effect may not be proportional and bears a possibility of 
under- or over-prediction. Nevertheless, individuals that carry R181C, R253Q, 
H575L and R580Q in combination of V174A (c.521T>C, SLCO1B1*5 or *15 
alleles) could be considered poor function phenotype and subject to genotype-
guided dosing. 

 

Allele 
functionality 

Poor 
function 

Decreased 
function 

Normal 
function 

Increased 
function 

activity of 
reference 
OATP1B1 

<10%          10-50%           50-150%  >150 % 

SNV R57Q R181C I106T N213K 
 G76E R253Q N130D P336R 
 V174A H575L N151S  

 L193R R580Q I211M  

 G210V  I274V  

   T345M  

   L543W  

   N669H  
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Adherence to statin therapy is paramount in the secondary prevention of 
myocardial infarction or stroke. A meta-analysis of 15 statin studies observed 
a 45% increase in all-cause mortality and a 15% increase in cardiovascular 
diseases in patients taking <80% of their prescribed statin therapy when 
compared to compliant patients (Chowdhury et al., 2013). In publication II, 
dosing limits for rosuvastatin were suggested with the aim of maintaining 
suitable plasma concentration of rosuvastatin thus decreasing the likelihood 
of adverse effects (AE). While the association between rosuvastatin and SAMS 
is not as strong as for e.g. simvastatin, objective muscular AEs are not the only 
side effects that can reduce adherence. Public mistrust of statin safety 
contributes to a noteworthy nocebo effect that has been hypothesized to 
explain in part the higher occurrence of SAMS in clinical setting than in 
placebo-controlled clinical trials (Moon et al., 2021; Tobert and Newman, 
2016). Genotype-guided dosing and statin choice might help decrease the 
subjective AEs through provision of reassurance. Indeed, one trial discovered 
that patients who underwent genotyping became more motivated in their 
treatment, less concerned with the side-effects, and had a greater decrease in 
LDL-C compared with non-genotyped patients despite the result of the 
genotype testing (Li et al., 2014). Other factors influence the outcome of statin 
treatment as well: in addition to the patient’s genotype, other medication, sex, 
age and weight factor into the likelihood of adverse effects (Abd and Jacobson, 
2011). Although outcomes and cost effectiveness data remains incomplete, 
personalized choice of medication could increase the success rate of statin 
treatment. 

 
The model in Publication II only described the impairment of OATP1B1 
function. Rosuvastatin is also a substrate of BCRP and a no-function allele in 
the ABCG2 gene (c.421C>A, rs2231142) is associated with AEs of rosuvastatin 
and increased plasma exposure (Merćep et al., 2022). This SNV is common in 
East Asian populations (MAF 0.33 compared to global MAF 0.12 (Karczewski 
et al., 2020)) and could occur with a no-function SLCO1B1 allele further 
increasing plasma exposure of rosuvastatin. The substantial role of BCRP in 
rosuvastatin pharmacokinetics was also evident in the results of publication 
IV. Despite the fact that ticagrelor inhibits all hepatic OATPs in addition to 
BCRP, the simulations reveal that intestinal BCRP inhibition is predicted to be 
the principal mechanism explaining the interaction. Poor function phenotype 
of OATP1B1 can also attribute to complex drug-drug-gene interaction (DDGI) 
scenarios: after co-administration of gemfibrozil, repaglinide AUC was 1.54 
times larger in subjects with the c.521CC genotype than with reference 
genotype (A. Kalliokoski et al., 2008). DDGIs could explain marked inter-
individual variability in DDIs and alter the extent of pharmacokinetic drug–
drug interactions. Although the impact of each individual factor on 
pharmacokinetics of a drug may not be significant, the combined effect might 
be clinically substantial. All these factors emphasize the importance of 
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knowing the genotype and phenotype of patients in order to implement 
personalized medicine. 
 

6.2 DOMAINS AND AMINO ACIDS CRITICAL FOR 
OATP1B1 FUNCTION AND MEMBRANE 
EXPRESSION 

The variants studied in publications I-III cover various domains in the 
OATP1B1 protein and provide additional information on amino acids and 
domains critical to OATP1B1 function. Since the three-dimensional structure 
of OATP1B1 remains unknown, this kind of functional analysis can be a 
powerful tool to detect residues of significant nature. Indeed, 56% of the 
variants with loss-of-charge resulted in decreased or no-function and both of 
the increased function variants included a gain-of-charge (Table 5) (I-III). 
However, even though L193R results in gain-of-charge, the transport activity 
and protein expression was decreased (Figure 6) (I). Substitution to 
phenylalanine at this position on the other hand, resulted in increased activity 
indicating that non-polar residue may be integral for this position (Table 2). 
Glycine residues have a preference to build turns and are predicted to have an 
important role in the flexibility of the secondary structure of proteins (Malkov 
et al., 2005). Logically, the SNVs affecting glycine residues had drastic effects 
on transport activity and protein expression (Figure 6). Other studies have also 
observed similar effects of glycine substitution in different locations of 
OATP1B1 and the results in this thesis strengthen the hypothesis that glycine 
residues can be critical for proper function of OATP1B1 (Table 2). Isoleucine 
and asparagine residues comprise the majority of the original amino acids of 
the SNVs that did not change OATP1B1 function (Figure 6).  
 
As previous research has indicated, SNVs located in transmembrane domains 
of OATP1B1 can have substantial functional consequences (Table 2). Indeed, 
the majority of the function impairing SNVs studied in this thesis are located 
in transmembrane domains, specifically in TMHs 2, 4 and 11 where many 
other critical amino acids have been identified (Table 2) (I-III). The studied 
variants in TMHs 3, 6 and 7, on the other hand, did not alter OATP1B1 
function. With exception of TMH7, the function-impairing SNVs located in 
transmembrane domains studied in this thesis are located in the TMHs that  
predicted to form the putative positively charged pore  of very closely related 
OATP1B3 (TMHs 1, 2, 4, 5, 7, 8, 10, 11) (Hagenbuch and Meier, 2004). The 
SNVs in TMHs that did not impair transport function are predicted to be 
embedded in the membrane (TMHs 3, 6, 9 and 12). 
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6.3 UTILITY OF IN VITRO ASSAYS AND IN SILICO 
MODELLING IN CORRELATING GENOTYPE TO 
PHENOTYPE 

In recent years, next-generation sequencing (NGS) has become more rapid 
and affordable. Compared to Sanger sequencing, one of the advantage of NGS 
is higher sensitivity to detect low-frequency variants (Pereira et al., 2020). 
While NGS is increasingly utilized in pharmacogenetic panels, lack of 
knowledge on the effect of rare but potentially clinically relevant variants 
hinders the implementation of the results. Nevertheless, rare variants in genes 
affecting absorption, distribution, metabolism and excretion (ADME) of drugs 
account to significant portion of variability in drug treatment: 10.8% of 
putatively functional pharmacogenomic variants are rare and highly gene- and 
drug-specific (Ingelman-Sundberg et al., 2018). To overcome this knowledge 
gap, in vitro and in silico methods like the ones employed in publications I-III 
can serve as a tool for genotype-phenotype prediction.  
 
For statins, the most considerable evidence has been obtained from the effects 
of SLCO1B1 c.521CC genotype (the poor function phenotype). The simulations 
in publication II showed a good correlation between the clinically observed 
effects of SLCO1B1 c.521CC and in vitro activity of the corresponding variant 
OATP1B1 V174A (I). However, the observed altered activity can be substrate 
dependent in variants with protein expression similar to reference OATP1B1. 
For example, R253Q has protein expression similar to reference but affinity to 
rosuvastatin was significantly decreased (II) yet its affinity to other substrates 
may not be altered. Nonetheless, while only two substrates were tested in 
publications I and II, only one variant (H575L) showed substrate dependent 
effects. Likewise, the enhanced DCF uptake of N213K and P336R may not be 
replicated with other substrates. Additional research is required for evaluating 
the effects of these variants on other OATP1B1 substrates. 
 
In vitro - in vivo extrapolation (IVIVE) with in vitro data and in silico 
modelling has been extensively used in the analysis and prediction of DDIs 
(Yoshida et al., 2017). The use of PBPK modelling in pharmacogenetics still 
has limited practice. Relative expression factor (REF) and relative activity 
factor (RAF) have been utilized in predicting hepatic clearance from in vitro 
transporter data (Nozaki and Izumi, 2020). However, as the results in 
publications I-III show, using REF to predict the consequences of a SLCO1B1 
variant could be misleading. For example, R253Q has protein expression 
similar to reference but decreased activity. This effect could be missed, if just 
the protein expression is used to scale CLint,OATP1B1. Decreased protein 
expression of SLCO1B1 variants is only one of the mechanisms that can result 
in impaired function (Zhang et al., 2021). This was supported by the results in 
this thesis, as the protein expression did not explain the altered activity of most 
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variants (Figure 7). Thus, based on the results in this thesis, RAF appears to 
be more reliable scaling factor than REF for IVIVE of OATP1B1 SNVs. 
 
The in vitro research in this thesis was conducted on HEK293 cells and the 
SLCO1B1 variants and reference genotype OATPs were expressed with 
recombinant baculoviruses (I-V). HEK293 cells are of human origin 
(appropriate post-translational modifications and folding of proteins), have 
high transfection efficiency (decreases the variation resulting from incomplete 
transfection) and express low background stemming from other endogenous 
transporters (Ahlin et al., 2009). The biggest advantage of baculovirus 
transduction in this thesis project, especially in publications I-III, was the 
possibility to express only selected variants at a time with no need to upkeep 
several separate stable cell lines. Construction of stable transfected cell lines is 
also very time consuming. Additional advantages include little observable cell 
toxicity, low cost, and a high level of reproducibility (Kost and Kemp, 2016). A 
drawback is the virus production time, which in the protocol applied in this 
thesis took up to 8 weeks (including the quality control steps mentioned in 
Figure 4). Compared to non-viral transfection methods such as plasmid 
transfection with cationic lipids, viral delivery systems produce less cell 
membrane damage and demonstrate a higher degree of transduction 
efficiency (Andersson et al., 2007). While virus titer or multiplicity of infection 
(MOI) was not determined, the amount of virus was tittered in in-house 
optimization experiments to achieve maximum transduction (I-III). The 
variants were produced at the same time with the reference SLCO1B1 carrying 
baculoviruses with standardized amount of DNA in each batch and the 
variants were only compared to the batch specific reference SLCO1B1 virus. 
Since the level of variability is relatively low in the results derived from several 
batches (Figure 6) (I-III) it credible that the SNVs cause the observed changes 
in the transporter function and expression, not the variation in the 
transduction. 
 
The substrates studied in this thesis follow monophasic kinetics in OATP1B1 
transport. However, it is important that when utilizing substrates with 
biphasic kinetics, a range covering both binding sites is applied. While often 
the Km of the low-binding site is too high to be clinically relevant (Shirasaka et 
al., 2014), this could provide additional mechanistic information on 
transporter function. Inter-laboratory variation in in vitro data is a well-
known challenge in PK and DDI studies. However, in this thesis the results of 
R57Q, N130D, V174A, L193R, P336R, L543M that had been earlier studied 
with other substrates, are in accordance with the previous findings (I, II). This 
strengthens the conclusions on their impact on OATP1B1 activity and brings 
confidence to the employed expression system and its utility in assessing the 
activity of rare genetic variants of OATP1B1. Moreover, the thesis provided 
substantial quantitative information on SLCO1B1 SNVs using LC–MS/MS 
based QTAP analysis that was comparable to previous in vivo findings: N130D 
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protein expression was observed to be higher than the reference and consistent 
with quantifications from human liver samples (II), (Nies et al., 2013). While 
the previous reports on the effect of V174A protein expression have been 
differing, a meta-analysis on the relative abundance of V174A OATP1B1 
reported a significant reduction, which was corroborated in publication I (Burt 
et al., 2016).  
 
Occasionally in vitro studies fail to explain the observed clinical effect and 
mechanisms. In publication V, the plasma concentration of only one of the two 
fluvastatin enantiomers was affected in carriers of the SLCO1B1 c.521T>C. 
When tested in vitro, not only was there no significant difference on the uptake 
of the enantiomers by reference OATP1B1, the SLCO1B1 c.521T>C variant had 
the same abolishing effect on uptake of both enantiomers (V). Much of the 
details in mechanisms governing clinical pharmacokinetics remain to be 
elucidated. It is possible that the impaired uptake caused by SLCO1B1 
c.521T>C could be enantiospecifically compensated by other hepatic uptake 
transporters explaining the clinically observed effect. 
 
Because of differences e.g. in clearance routes and the compounds reliance on 
OATP1B1 in their hepatic uptake, the effect of OATP1B1 impairment is 
different for different substrates. The variants with <10% activity and low 
protein expression will most likely impair the uptake of other statins as well as 
has been clinically observed in SLCO1B1 c.521CC individuals (Niemi et al., 
2005). Nevertheless, the extent of change in plasma exposure can differ and 
consequently the clinical conclusions such as the need for dosing adjustments. 
The simulations in publication II suggested that if OATP1B1 function is 0% of 
normal, a 20 mg dose of rosuvastatin results in the same plasma exposure as 
the maximum approved dose of 40 mg. For other statins, even smaller 
impairment of OATP1B1 may result in plasma exposure greater than the 
maximum approved dosage in normal function OATP1B1 stage. The clinically 
observed differences in plasma exposure in poor function phenotype SLCO1B1 
c.521CC individuals suggest such a possibility: rosuvastatin AUC was only 65% 
larger in SLCO1B1 c.521CC individuals compared to the reference when 
simvastatin acid AUC was up to 273% larger (Mykkänen et al., 2022; Pasanen 
et al., 2007, 2006). Moreover, the CPIC guideline suggest to avoid simvastatin 
altogether for individuals with SLCO1B1 poor function phenotype and limit the 
dose to 20 mg (out of 80 mg normal maximum dose) in decreased function 
phenotype (Figure 3) (Cooper-DeHoff et al., 2022). The pharmacokinetic 
model constructed in publication II only describes rosuvastatin 
pharmacokinetics. Additional models need to be constructed to simulate the 
clinical pharmacokinetic effect of impaired OATP1B1 function on other statins 
and OATP1B1 substrates to estimate dosage limits that would predict to 
maintain plasma exposure in the same level as maximum dosage in SLCO1B1 
normal function phenotype individuals.  
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6.4 TRANSPORTERS AND DRUG-DRUG INTERACTIONS 

Evaluating the DDI potential of an investigational new drug involves 
identifying the principal routes of the drug’s elimination, estimating the 
contribution of enzymes and transporters to the drug’s disposition and 
characterizing the effect of the drug on enzymes and transporters (Food and 
Drug Administration, 2020a). Many drugs depend on hepatic OATPs on their 
clearance and inhibiting this route of elimination can lead to increased 
bioavailability and plasma exposure of substrate drugs. In publication IV, 
three cases of rhabdomyolysis was reported in patients with concomitant 
treatment with rosuvastatin and ticagrelor. Ticagrelor mediated OATP2B1 
inhibition of estrone-3-sulphate and 4',5'-dibromofluorescein was previously 
reported (Unger et al., 2020a, 2020b). Mechanistic examination of the effect 
of ticagrelor on OATP1B1, 1B3 and 2B1 mediated transport of rosuvastatin 
revealed that ticagrelor is indeed an inhibitor of all three transporters (IV). 
However, IC50 values are higher than the observed hepatic inlet concentration 
of ticagrelor, and thus according to static drug-interaction predictions is not 
expected to affect the plasma concentration of rosuvastatin. The findings with 
co-administration of ticagerlor with simvastatin acid and atorvastatin support 
limited role of OATP inhibition. The AUC of simvastatin acid and atorvastatin 
were increased only 156% and 132% of reference, respectively (Younis et al., 
2010) and this is predicted to result from the weak CYP3A4 inhibition 
ticagrelor causes. Ticagrelor mediated BCRP inhibition, on the other hand, 
was predicted to lead to 2- fold increase in plasma exposure of rosuvastatin 
providing probable mechanism for the interaction. However, further research 
is needed to quantify the changes in plasma exposure to evaluate the accuracy 
of the predictions. 

 
Because drug transporters work in vectorial manner and have over-lapping 
substrate specificity, inhibitors often have affinity to several transporters. This 
makes it difficult to predict the extent of the interactions. Additionally, genetic 
variants of OATP1B1 can modulate the extent of DDIs, hence genotyping 
participants is important for result interpretation (Yee et al., 2019). For 
example, the extent of the ticagrelor-rosuvastatin DDI could be greater in 
individuals with poor function phenotype of SLCO1B1.  

 
In vitro data coupled with in silico modelling can be a useful tool in predicting 
drug interactions. However, there are still some problems with under- or over-
prediction, which may result from incomplete understanding of physiological 
contribution and function of the involved transporters and enzymes or 
inaccurate in vitro results. For example, inhibitor constants used in in silico 
modelling can differ depending on assay conditions. Some inhibitors of 
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OATP1B1 and 1B3 exhibit time-dependency in inhibition assays. For instance, 
pre-incubation decreases the IC50 value of cyclosporine mediated uptake of 
estradiol-17β-glucuronide, estrone-3-sulphate, pitavastatin, and atorvastatin 
(Shitara and Sugiyama, 2017). This has been hypothesized to be caused by 
combination of trans-inhibition (inside the cell) and cis-inhibition (outside the 
cell): the estimated Ki,trans value of CsA was 48-fold smaller than the estimated 
Ki,cis value. In fact, authorities recommend adding a 30-minute incubation to 
OATP inhibition assays (European Medicines Agency (EMA), 2012; Food and 
Drug Administration (FDA), 2020a). Other factors affecting the accuracy of in 
vitro data incorporated in predictive models are estimated intracellular 
concentration, unspecific binding and hypothesized protein-mediated hepatic 
uptake (Bowman et al., 2019; Riede et al., 2017). For example, the IC50,unbound 
values of ticagrelor mediated inhibition were markedly lower than the IC50 
(IV). Additionally, the effect of time-dependent inhibition of OATPs and 
possible role of inhibition of Organic Anion Transporter (OAT) 3 mediated 
renal clearance should be examined, if future research reveals discrepancies 
between the observed changes in rosuvastatin plasma exposure and the DDI 
predictions utilizing the in vitro values obtained in this thesis. 
 

6.5 FUTURE PROSPECTS 

The cellular level understanding of transporter function and regulation 
remains incomplete. However, technological advances are likely to enable the 
discovery of many new insights to OATP1B1 in the future. For example, 
advances in cryogenic electron microscopy techniques has enabled 
obtainment of high-resolution structures of several human transporters such 
as BCRP and NTCP (Liu et al., 2022; Yu et al., 2021). While no OATP 
structures have been resolved to date, it is likely to be determined in the near 
future. This would help in defining the mechanism of action, the interacting 
amino acid residues and help in identification of inhibitors. This was 
accomplished in BCRP structural studies, which provided a possible structural 
explanation for drug-induced ATPase stimulation, additional insight into the 
functional importance of residues in the binding pocket, and how BCRP 
differentiates between inhibitors and substrates (Kowal et al., 2021). This type 
of data would open new possibilities in drug design and elucidating e.g. the 
mechanism behind observed time-dependent inhibition of OATPs. 
 
The effect of the heterozygous genotypes and non-coding SNVs on in vitro 
OATP1B1 expression and function remains uncertain. Resolving this would 
require a more native cell environment to study the effect of transcriptional 
and other mechanisms on expression, since e.g. the alleles may not be 
translated in equal amounts. Novel techniques such as  clustered regularly 
interspaced short palindromic repeats-associated Cas9 (CRISPR/Cas9) and  
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human-induced pluripotent stem cells hold great promise in enabling more 
detailed study of pharmacogenetics (Paquet et al., 2016). In this setup, the 
SNV would be introduced only to one allele and the native cell environment 
would then express these genes in a more physiological manner which may 
differ from the over-expression systems utilized in this thesis and other 
studies.  
 
The details of transporter trafficking and regulatory mechanisms are another 
aspect that is in focus of ample research. For example, it was observed that 
OATP1B3 can form hetero-oligomers with two liver transporters OATP1B1 and 
NTCP (Zhang et al., 2017). Co-expression of OATP1B3 and OCT1 increased 
OATP1B3-mediated uptake clearance of CCK-8, but reduced the plasma 
membrane expression level of OATP1B3 (Zhang et al., 2020). The opposite 
interaction, however, was observed between OATP1B3 and OATP1B1 or NTCP 
leading to decreased uptake clearance but increased plasma membrane 
expression level. It remains to be discovered, how genetics variants might 
affect these protein-protein interactions and what relevance it has in clinical 
drug clearance. 
 
The cost of next-generation sequencing is decreasing and whole gene 
sequencing will in all possibility be the preferred technique in 
pharmacogenetic genotyping in the future. In contrast to previous methods 
that only search for pre-assigned SNVs, this will reveal more carriers of these 
rare SNVs and probably many new ones, not just in the SLCO1B1 gene but all 
the other ADME genes. Clinical testing will only be possible when large enough 
population of the variant of interest have been identified. Even then, studies 
in a traditional clinical trial setting may be unobtainable if study subjects are 
scattered globally. New technologies may enable alternative ways to obtain 
clinical data such as biobanks and monitoring of biomarkers at home via 
wearable biosensors much like the ones currently in use for real-time blood-
glucose sensoring. Indeed, microneedle-supported electrochemical, aptamer-
based sensors have been under development and could possibly enable the 
detection of biomarkers from interstitial fluid in the future outside clinical trial 
settings (Wu et al., 2022). This could bypass the need for drug administration 
or time-consuming clinical visits. In the future, the accumulation of 
pharmacogenetic data will also raise the need for decision-making tools that 
can combine all the different genetic variants a patient harbors. In the 
meantime, compilations of in vitro data and simulations, while limited, can 
serve as a starting point in clinical phenotype prediction of rare genotypes such 
as the ones studied in this thesis. 
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7 CONCLUSIONS 

The uptake transporter Organic Anion Transporting Polypeptide 1B1 
(OATP1B1) has an important role in the hepatic distribution and elimination 
of several endogenous compounds and drugs. If this door is closed, the plasma 
exposure these substrate drugs can increase markedly. This, in turn, can lead 
to increased risk of adverse drug effects.  
 
The door can be closed because of inhibition or pharmacogenetics. The 
publications in this thesis show that rare variants of SLCO1B1 can damage 
OATP1B1 function and increase plasma exposure of rosuvastatin similarly to 
clinically annotated variants. Indeed, 9 out of 19 studied variants decreased 
OATP1B1 activity to <50% of reference and simulations conclude that 
rosuvastatin dose reductions  might be considered for individual carrying 
these variants to avoid increased plasma exposure and reduce statin-induced 
muscle symptom risk. Contrary to clinical observation, the effect of SLCO1B1 
c.521T>C on fluvastatin transport was not enantiospecific in vitro. Ticagrelor 
inhibits OATP1B1, 1B3, 2B1 and BCRP and concomitant use with high doses of 
rosuvastatin should be avoided. 
 
In conclusion, this thesis provided new information on critical amino acids in 
OATP1B1 function and expression and identified rare variants that may 
warrant caution when prescribing rosuvastatin. Additionally, new mechanistic 
information was provided on the OATP1B1 mediated uptake of fluvastatin 
enantiomers and possible transporter mediated inhibition mechanisms 
between ticagrelor and rosuvastatin. Future research is needed to clarify the 
enantiospecificity of other mechanisms involved in fluvastatin 
pharmacokinetics as well as the quantitative impact of ticagrelor on 
rosuvastatin plasma concentrations. 
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