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A B S T R A C T   

Organic Anion Transporting Polypeptide 1B1 is important to the hepatic elimination and distribution of many 
drugs. If OATP1B1 function is decreased, it can increase plasma exposure of e.g. several statins leading to 
increased risk of muscle toxicity. First, we examined the impact of three naturally occurring rare variants and the 
frequent SLCO1B1 c.388A>G variant on in vitro transport activity with cellular uptake assay using two substrates: 
2′, 7′-dichlorofluorescein (DCF) and rosuvastatin. Secondly, LC–MS/MS based quantitative targeted absolute 
proteomics measured the OATP1B1 protein abundance in crude membrane fractions of HEK293 cells over- 
expressing these single nucleotide variants. Additionally, we simulated the effect of impaired OATP1B1 func-
tion on rosuvastatin pharmacokinetics to estimate the need for genotype-guided dosing. R57Q impaired DCF and 
rosuvastatin transport significantly yet did not change protein expression considerably, while N130D and N151S 
did not alter activity but increased protein expression. R253Q did not change protein expression but reduced DCF 
uptake and increased rosuvastatin Km. Based on pharmacokinetic simulations, doses of 30 mg (with 50% 
OATP1B1 function) and 20 mg (with 0% OATP1B1 function) result in plasma exposure similar to 40 mg dose 
(with 100% OATP1B1 function). Therefore dose reductions might be considered to avoid increased plasma 
exposure caused by function-impairing OATP1B1 genetic variants, such as R57Q.   

1. Introduction 

Organic Anion Transporting Polypeptide 1B1 (OATP1B1) facilitates 
the hepatic uptake of a wide variety of endogenous compounds and 
drugs such as the lipid-lowering statins (Niemi et al., 2011). Statins are 
effective in the primary and secondary prevention of myocardial 
infarction and are widely used (Baigent et al., 2005). As OATP1B1 
substrates, these drugs are susceptible to pharmacokinetic changes 
caused by altered OATP1B1 function. This can lead to treatment failures, 
adverse effects and discontinuation of statin treatment which may result 
in an increased incidence of cardiovascular events and mortality (De 
Vera et al., 2014). 

Single nucleotide variants (SNVs) in the SLCO1B1 gene that encodes 
OATP1B1 can impair the transporter function. For example, the 
SLCO1B1 c.521T>C variant increases plasma concentrations of several 

statins and subsequently the risk for adverse reactions ranging dose- 
dependently from myalgia to rhabdomyolysis (Niemi et al., 2011). The 
European Society of Cardiology and the European Atherosclerosis So-
ciety have released new guidelines for the treatment of dyslipidemias 
with stricter low-density lipoprotein cholesterol (LDL-C) goals for 
high-risk patients (Mach et al., 2020). Higher doses of statins may be 
required to reach these target LDL-C levels, which, in turn, would in-
crease the likelihood of adverse effects in patients carrying 
function-impairing genotypes of SLCO1B1. Genotyping can be utilized 
to avoid unsuitable dosing, providing knowledge on the possible impact 
of the genotype is available. This information, however, 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. Many critical amino acids in the putative 
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transmembrane region have been identified in previous in vitro studies 
(Hong, 2014; Kiander et al., 2021). Less is known about the importance 
of amino acids in the extracellular loops (ECLs) of OATP1B1. ECLs host 
many sites for post-translational modifications that affect the proper 
function and localization of transporters (Lee et al., 2020). Yet, beyond 
these modifications, the significance of the amino acids in the ECLs re-
mains largely unexplored. 

The current study examines how SLCO1B1 SNVs located in the pre-
dicted ECLs of OATP1B1 (Table 1, Fig. 1, Supplementary Table III) affect 
the transport activity and membrane abundance in vitro to improve the 
understanding of the significance of ECLs in OATP1B1 expression and 
function. Furthermore, we estimate the clinical effect of impaired 
OATP1B1 function on clinical rosuvastatin pharmacokinetics with a 
pharmacokinetic simulation model. Combining these simulations with 
in vitro activity data could allow the identification of SNVs that could 
warrant caution when prescribing rosuvastatin. 

2. Materials and methods 

2.1. Materials 

Q5® Site-Directed Mutagenesis Kit was purchased from New En-
gland Biolabs (Ipswich, MA, USA) and Oligomer (Helsinki, Finland) 
produced the mutagenesis primers. Fetal bovine serum (FBS), Hank’s 
Balanced Salt Solution (HBSS), Dulbecco’s Modified Eagle Medium 
(DMEM), Coomassie Plus protein assay reagent and HyClone SfX Insect 
cell medium were from ThermoFisher Scientific (Waltham, MA, USA). 
2′,7′-dichlorofluorescein (DCF) was from Santa Cruz Biotechnology 
(Dallas, TX, USA) and rosuvastatin hemicalcium and rosuvastatin-d6 
sodium salt from Toronto Research Chemicals (North York, ON, Can-
ada). ProteaseMax surfactant, Lys-C endopeptidase and tosylphenyla-
lanylchloromethyl ketone (TPCK) -treated trypsin were from Promega 
(Madison, WI, USA). The peptide standards for Multiple Reaction 
Monitoring (MRM) analysis were from JPT Peptide Technologies GmbH 
(Berlin, Germany). All the other chemicals were purchased from Sigma- 
Aldrich (Saint Louis, MO, USA). 

2.2. Preparation of plasmids carrying SLCO1B1 variant forms 

The SNVs were selected based on their location in the ECLs and the 
changes (such as loss of charge) caused in the physical properties of the 
OATP1B1 secondary structure (Table 1, Fig. 1). The selected rare vari-
ants have a total minor allele frequency of less than 0.0004 (Supple-
mentary Table III). The pENTR plasmids carrying the SLCO1B1 gene and 
the gene for enhanced yellow fluorescent protein (eYFP, negative con-
trol) (El-Sheikh et al., 2007) were a kind gift from Jan Koenderink 
(Radboud Institute for Molecular Life Sciences, Nijmegen, the 
Netherlands). The single nucleotide variants were introduced into the 
reference SLCO1B1 gene (Genebank™ accession number AJ132573.1) 
with the Q5® Site-Directed Mutagenesis Kit. Used primers are listed in 

Supplementary Table I. The correct sequence of the SNVs in pENTR221 
entry vector was verified by GATC Biotech sequencing service (Con-
stance, Germany) (data not shown). 

2.3. Cell culture and protein expression 

Human Embryonic Kidney (HEK293) cells were  used to over-express 
the OATP1B1 variants as they lack endogenous OATP proteins (Ahlin 
et al., 2009). The cells were cultured in DMEM, high-glucose, GlutaMax 
culture medium supplemented with 10% FBS at 37 ◦C, 5% CO2. For the 
uptake assays, the cells (0.5 *106  per well) were seeded on Nunc™ 
48-well plates coated with poly-d-lysine in-house (Thermo Fisher Sci-
entific). Twenty-four hours later medium was changed and the cells 
were transduced with the baculoviruses, supplemented with 
expression-stimulating sodium butyrate (final concentration of 5 mM, 
in-house optimization, data not shown). 

We produced the baculoviruses carrying the reference and mutated 
SLCO1B1 genes and over-expressed the proteins following the previ-
ously published protocol (Kiander et al., 2021; Sjöstedt et al., 2017; 
Tikkanen et al., 2020). With the purpose of limiting the variability in the 
expression system, two separate batches of baculoviruses were produced 
with standardized amount of DNA in each batch and the variants were 
only compared to the batch specific reference OATP1B1 virus. While 
virus titer or multiplicity of infection (MOI) was not determined, the 
infection parameters were optimized empirically with titration experi-
ments to obtain the level of maximum transduction and this ratio was 
then used in all experiments. 

2.4. Cellular uptake assays 

The cellular uptake assay ensued 48 h post-transduction on a heated 
(37 ◦C) orbital shaker plate. The medium was replaced with 500 µl of 
transport buffer (HBSS with 4.2 mM NaHCO3 and 25 mM HEPES 
adjusted to pH 7.4 with NaOH) and preincubated for 3 min. Following 
the removal of the buffer, the uptake was initiated with the addition of 
125 µl of test solution containing the test compound (rosuvastatin or 
DCF) in transport buffer. The uptake was terminated within the linear 
uptake phase with the aspiration of the test solution: at 2 min for 
rosuvastatin and at 15 min for DCF, followed by a three-time wash with 
500 µl of ice-cold transport buffer. The cells were lysed with 125 µl of 
appropriate lysis buffer (3:1 methanol-water mixture containing 25 ng/ 
ml rosuvastatin-D6 as an internal standard for rosuvastatin and 0.1 M 
NaOH for DCF samples). Rosuvastatin samples were centrifuged 
(14,000 g, 10 min) and rosuvastatin in the supernatant was quantified as 
described below. DCF in the cell lysate was analyzed with fluorescence 
measurement (excitation 500 nm, emission 528 nm, bandwidth 5 nm) 
using the multimode microplate reader Varioskan LUX (Thermo Fisher 
Scientific, Vantaa, Finland). For total protein quantification, 10 µl of cell 
lysate was mixed with 300 µl Coomassie Plus reagent followed by 
absorbance analysis (595 nm) with Varioskan LUX. 

2.5. Rosuvastatin LC-MS/MS analysis 

Rosuvastatin concentrations in the methanol-water supernatant 
samples were analyzed with a previously published method (Deng et al., 
2021) using a Sciex 5500Qtrap LC/MSMS system (ABSciex) interfaced 
with an electrospray ionization (ESI) source. The chromatographic 
separation was achieved on a Luna Omega polar C18 column (100 × 2.1 
mm I.D., 1.6 µm particle size; Phenomenex, Torrance, CA, USA) using 5 
mM ammonium formate (pH 3.9, adjusted with 98% formic acid) as 
mobile phase A and acetonitrile as mobile phase B. The mobile phase 
gradient program was as follows: 1 min at 20% B on hold, then a linear 
ramp from 20% B to 40% B over 3 min followed by a second linear ramp 
to 90% B over 2 min, and 1 min at 90% B before a re-equilibration step 
back to the initial conditions (20% B). The flow rate and the column 
temperature were maintained at 300 µL/min and 40 ◦C. Rosuvastatin 

Table 1 
The SLCO1B1 single nucleotide variants included in the study and predicted 
consequences of the amino acid changes.  

SNV Amino acid 
change 

Variant ID SIFT 
predictiona 

PolyPhen 
predictionb 

c.170G>A Arg57Gln rs61760182 deleterious probably 
damaging 

c.388A>G Asn130Asp rs2306283 tolerated benign 
c.452A>G Asn151Ser rs2306282 tolerated benign 
c.758G>A Arg253Gln rs11045853 deleterious probably 

damaging  

a SIFT Human Protein online service (11) (http://sift.jcvi.org/www/SI 
FT_enst_submit.html). 

b the Poly-Phen 2 service (10) (http://genetics.bwh.harvard.edu/pph2/) 
using the human OATP1B1 protein sequence. 
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and the internal standard, rosuvastatin-D6, were detected in positive 
multiple reaction monitoring mode using the characteristic 
mass-to-charge (m/z) ion transitions 482–258 and 488–264. The lower 
limit of quantification (LLOQ) for rosuvastatin was 0.1 ng/mL. The 
between-run precision was below 15% (expressed as CV%) and the 
between-run accuracy was within ±15%, except for LLOQ, for which 
both precision and accuracy were within ±20% 

2.6. Pharmacokinetic model and simulation 

Pharmacokinetic simulations were performed using the SimBiology 
6.0 application in MATLAB (version 2020b, Mathworks, Natick, MA, 
USA) with the ode15s/NDF solver. The model is based on a published 
minimal physiologically-based pharmacokinetic rosuvastatin model 
(Bosgra et al., 2014). The model consists of a stomach, intestine and a 
single central compartment (Supplementary Fig. 1). Hepatic disposition 
is described using a liver dispersion model with a series of four 
consecutive liver subcompartments, each with an extrahepatic and 
intracellular compartment (Supplementary Fig. 1).  Enterohepatic cir-
culation is also included in the model. The parameters used in the model 
were the same as described previously (Bosgra et al., 2014), except for 
the contribution of OATP1B1 to the total intrinsic influx clearance of 
rosuvastatin. This was set to 51% of the total intrinsic influx clearance 
(or 532 L/h) based on the average calculated from different studies 
predicting the individual contribution of OATP1B1 to rosuvastatin up-
take in the liver (Bosgra et al., 2014; Kitamura et al., 2008; Kunze et al., 
2014; Zhang et al., 2019). The structure of the model was validated by 
reproducing the simulations in the original Bosgra et al. (2014) publi-
cation and by comparing simulations to genotyped SLCO1B1×1/*1 (the 
reference genotype) clinical data (Birmingham et al., 2015; Pasanen 
et al., 2007; Wu et al., 2017). OATP1B1 function was set to 0 in the 
SLCO1B1 c.521CC genotype simulations, based on our previous in vitro 
characterization, 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). Normal renal clearance of rosuvastatin was set to 13.9 L/h, while 
CLR in moderate renal impairment was 6.8 L/h. 

2.7. Crude membrane extraction 

Crude membrane fractions were prepared from reference or variant 
OATP1B1 expressing HEK293 cells as described in Kiander et al. (2021). 
Cells cultured in T175 flasks were collected, centrifuged (3000 g, 15 
min) and broken down with a Dounce tissue homogenizer. The super-
natant resulting from 30-min centrifugation (3220 g, 4 ◦C) was sepa-
rated and centrifuged again (21,000 g, 4 ◦C, 99 min). The formed pellet 
was resuspended in TS buffer (10 mM Tris-HEPES, 250 mM sucrose, pH 
7.4) and protein content quantified as described previously. 

2.8. LC-MS/MS based quantitative targeted absolute proteomics (QTAP) 
analysis 

LC-MS/MS-based QTAP approach was applied  to the quantification 
of the absolute protein expression of OATP1B1 in the crude membrane 
preparations as described previously (Kiander et al., 2021). After 
denaturation and break-down of the tertiary structure of the proteins, 
50 µg of crude membrane preparations were digested first with 1/100 
LysC endopeptidase and after that with 1/100 TPCK-treated trypsin. The 
previously used 150 pmol of isotope-labeled peptide mixture  served as 
internal standard (Kiander et al., 2021). 

Quantification was conducted with 6495 QQQ MS with 1290 HPLC 
system and AdvanceBio peptide Map Column, 2.7 µm, 2.1 × 250 mm 
(Agilent Technologies, Santa Clara, CA, USA) as described previously 
(Huttunen et al., 2019). MS conditions were: 30 µl injection volume, ESI 
positive ion mode, source temperature 210 ◦C, drying gas (nitrogen) 
flow rate 15 L/min, nebulizer pressure 45 psi, MS capillary voltage 3 kV 
and dwell time 40 ms. The SNVs did not alter the amino acids in the 
analyzed peptide sequences (Kiander et al., 2021). The peak area ratios 
of the analyte peptides and their respective internal standards were 
compared with Skyline application (MacCoss Lab Software, Seattle, 
WA). The results of OATP1B1 expression are presented as relative to the 

Fig. 1. Location of the amino acids affected by the selected single nucleotide variants in the predicted extracellular loops of OATP1B1. The figure is based on the 
Uniprot entry Q9Y6L6 and generated with Protter (Omasits et al., 2014). 
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Na+/K+-ATPase expression level and normalized to the reference 
OATP1B1 protein. 

2.9. Data analysis 

The uptake of test substrates was normalized to total protein amount 
in the well. OATP1B1-mediated transport was calculated by subtracting 
the uptake into eYFP expressing cells (representing passive influx) from 
uptake into OATP1B1-expressing cells. The OATP1B1-mediated trans-
port into variant cells was then normalized to the reference OATP1B1 
cells. 

Cellular uptake assays were conducted in triplicate in three to five 
separate experiments and the average of the technical triplicates is 
considered as one data point. The proteomics samples were prepared 
from three batches of HEK293 cells. The data are presented as their 
mean ± SEM. 

The statistical significance of the differences in activity and expres-
sion levels of the variants compared to the reference was determined 
with Kruskal–Wallis one-way analysis of variance with Dunn’s post hoc 
test for multiple comparisons (GraphPad Prism 6.05, GraphPad Soft-
ware, San Diego, CA, USA). Tukey’s multiple comparisons test assessed 
whether the uptake of of DCF and rosuvastatin differed from each other 
to a statistically significant degree. 

Maximum velocity (Vmax) and Michaelis-Menten constant (Km) 
values of rosuvastatin transport were calculated with non-linear 
regression from concentration-dependent cellular uptake data and up-
take values were normalized to reference OATP1B1 Vmax. 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 vari-
ants. P-values below 0.05 were considered significant in all analyses. 

3. Results 

Four naturally occurring SNVs located in the ECLs of OATP1B1 were 
expressed in HEK293 cells and their effect on transport function was 
assessed using two substrates (Figs. 2 and 3). LC-MS/MS-based QTAP 
approach quantified any changes in protein abundance of OATP1B1 in 
crude membrane fractions (Fig. 4). 

R57Q impaired the uptake of DCF significantly (P < 0.05) compared 

to the reference (Fig. 2). A noticeable reduction in activity was also 
observed in R253Q: the transport was less than 50% of the reference. 
N130D and N151S, on the other hand, did not alter transport activity. 

N130D, N151S and R253Q did not change the maximum velocity 
(Vmax) of OATP1B1-mediated rosuvastatin transport significantly 
(Table 2). However, R57Q caused a significant (P < 0.05) impairment in 
rosuvastatin transport comparable to the reduction observed in DCF 
transport (Table 2, Figs. 2 and 4). R57Q Vmax was on average only 11% 
of the reference. Nevertheless, R57Q, along with N130D and N151S, did 
not alter apparent affinity (Km) of rosuvastatin to OATP1B1 (Table 2). In 
contrast, R253Q decreased the affinity of OATP1B1 to rosuvastatin, 
leading to an average Km value of 31 µM compared to 13 µM of wild-type 
OATP1B1 (Table 2). No significant substrate dependent differences be-
tween 1 µM DCF and 5 µM rosuvastatin were observed. 

While no statistically significant alterations in OATP1B1 protein 
expression in the crude membrane fractions were observed, N130D and 
N151S variants interestingly increased the protein expression of 
OATP1B1 and R57Q decreased the protein expression (Fig. 4, Table 2). 

The effect of OATP1B1 variants on rosuvastatin pharmacokinetics 
was evaluated with a physiologically-based pharmacokinetic model 
(Supplementary Fig. 1). The model imitated previous simulations of 
Bosgra et al. (2014) and was able to capture plasma concentrations of 
rosuvastatin in SLCO1B1*1/*1 subjects (the reference genotype) (Sup-
plementary Fig. 2 A-C). The simulated Cmax and AUC were within 2-fold 
of the observed parameters, which is generally regarded as acceptable 
(Supplementary Table IV). The time to maximum concentration, how-
ever, was somewhat underestimated but within the range of observed 
values (Fig. 5A, Supplementary Fig. 2 B and C, Supplementary Table IV). 
Simulations with multiple dosing resulted in only slight, clinically 
insignificant accumulation (Supplementary Fig. 2 D), thus subsequent 
simulations were performed as single-dose scenarios. 

Next, the effect of SLCO1B1 c.521T>C genotype was simulated based 
on a clinical study (Pasanen et al., 2007). In the clinical study, homo-
zygotes for SLCO1B1 c.521T>C had approximately 65% higher rosu-
vastatin AUC and 79% higher Cmax values compared to carriers of the 
reference genotype. The simulation over-predicted the AUC and Cmax of 
both genotypes, but the simulated proportional increase in AUC and 
Cmax with the c.521CC genotype was comparable with the clinical ob-
servations (Fig. 5A). The AUC and Cmax of rosuvastatin increased 

Fig. 2. OATP1B1 mediated transport of 1 µM DCF into HEK293 cells over 15 min. Results are calculated as mean of five experiments conducted in triplicates and 
represented as % of reference OATP1B1 transport ± SEM (n = 5). * = P<0.05 (compared to the reference.). 
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linearly when the activity of OATP1B1 decreased and total 
loss-of-function of OATP1B1 was predicted to lead to a 79% increase in 
rosuvastatin AUC and an 89% increase in Cmax (Fig. 5B, Table 3). Time to 
maximum plasma concentration (Tmax) remained unaffected. 

When OATP1B1 activity was set to 50% of the reference genotype in 
simulations, a 30 mg single dose resulted in AUC and Cmax values similar 
to a 40 mg dose with fully functional OATP1B1 (Fig. 5C, Table 3). If 
OATP1B1 was entirely non-functional, only a 20 mg dose was required 
to achieve the same plasma exposure. The liver exposure, however, 
declined along with the dosing changes and the liver AUC of 20 mg dose 
in the non-functional OATP1B1 scenario was 44% of the liver exposure 
of 40 mg dose in the fully functional OATP1B1 scenario (Table 3). 

The 40 mg dose is contraindicated in patients with pre-disposing 
factors for myopathy/rhabdomyolysis such as moderate renal impair-
ment (Crestor Summary of Product Characteristics European Medicines 
Agency (EMA), 2005). Since SLCO1B1 polymorphism is also a 
pre-disposing factor and the next available dosage form is a 20 mg 
tablet, the possible additive effect of renal impairment to rosuvastatin 
pharmacokinetics of 20 mg dose was simulated in moderate renal 
impairment with or without OATP1B1 impairment. The plasma expo-
sure in the scenario with 20 mg single dose in moderate renal impair-
ment and normal OATP1B1 function was comparable to the exposure 
resulting from 10 mg dose in individuals with moderate renal impair-
ment and no OATP1B1 function (Fig. 5D). In opposition to the changes 
in plasma exposure, the liver exposure decreased linearly with dose 
(Fig. 5C and D). 

4. Discussion 

Cholesterol-lowering statins, such as rosuvastatin, are an established 
part of the primary and secondary prevention of coronary heart disease, 
stroke and peripheral artery disease (Kazi et al., 2017). As an OATP1B1 
substrate, rosuvastatin is susceptible to the pharmacokinetic changes 
SNVs in the SLCO1B1 gene can cause but knowledge on the effect of rare 
SNVs on rosuvastatin transport is lacking.  In this study, the transport 
activity and protein abundance of three rare SLCO1B1 SNVs, R57Q, 
N151S and R253, along with the more frequent SNV N130D located in 
OATP1B1 extracellular loops were assessed in vitro (Figs. 2–4). The 
clinical pharmacokinetic effect of impaired OATP1B1 function was 
estimated with a pharmacokinetic model to assess suitable rosuvastatin 
doses for individuals harboring function-impairing genotypes of 
SLCO1B1 (Fig. 5, Table 3). 

R57Q is located in ECL1 of OATP1B1. A positive charge in a corre-
sponding position is found in all human OATPs (Weaver and Hagen-
buch, 2010), but this SNV changes the positively charged arginine into 

Fig. 3. Kinetics of OATP1B1-mediated rosuvastatin transport into HEK293 cells for 2 min. Results are calculated as mean of three experiments conducted in trip-
licates and represented as % of reference OATP1B1 transport ± SEM (n = 3). 

Fig. 4. LC-MS/MS proteomic analysis of 50 µg HEK293 crude membrane 
preparations expressing variant OATP1B1. Abundance of OATP1B1 was quan-
tified in three independent samples, normalized to Na+/K+-ATPase and refer-
ence OATP1B1 abundance (100%). The results are presented as mean ± SEM 
(n = 3). 

Table 2 
Compilation of results. Uptake and abundance data are normalized to the reference. Maximum velocity of transport (Vmax) of the tested variants is normalized to the 
calculated Vmax of reference OATP1B1. * = P<0.05 . Ref = reference (n values can be found in corresponding figures 2-4).  

Variant 1 µM DCF uptake (% ref) ±
SEM 

5 µM Rosuvastatin uptake (% ref) 
± SEM 

Rosuvastatin Km (µM) (95% 
CI) 

Rosuvastatin Vmax (% ref) 
(95% CI) 

OATP1B1 abundance (% ref) 
± SEM 

Reference   12.5 (6.7 to 18.3) 100 (85.1 to 113.1)  
R57Q 10.6 ± 6.4 20 ± 9.3 8.9 (0 to 30.2) 11.4 (3.9 to 18.9)* 66 ± 11.6 
N130D 85.6 ± 27.7 82 ± 33.6 8.7 (0 to 20.7) 72.2 (46.3 to 98.1) 139 ± 10.4 
N151S 80.2 ± 14.7 101 ± 1.5 11.7 (3.3 to 20.2) 109.8 (86.4 to 133.1) 135 ± 36.1 
R253Q 35 ± 5 62 ± 15.1 31.5 (5.4 to 57.6)* 114.4 (72 to 156.8) 115 ± 18  
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European Journal of Pharmaceutical Sciences 176 (2022) 106246

6

polar, non-charged glutamine. In our study, this resulted in significantly 
decreased uptake of both DCF and rosuvastatin (Figs. 2 and 3). This 
effect does not appear to be substrate specific, since R57Q was previ-
ously shown to also reduce estrone-3-sulfate and cerivastatin transport 
significantly (Tamraz et al., 2013). The reduction in transport activity is 
not entirely explained by changes in protein abundance, which was 
reduced only by 34% (Fig. 4). A similar 30% reduction in protein 
abundance was previously observed in OATP1B1 HEK293 samples when 
this arginine at position 57 was replaced with aliphatic alanine in a 
site-directed mutagenesis study (Weaver and Hagenbuch, 2010). The 
R57A mutation also affected the apparent affinities toward different 
substrates. Interestingly, replacing R57 with a likewise charged lysine 
resulted in transport activity comparable to the reference and 20% in-
crease in cell-surface expression. R57W, another rare SNV resulting in a 
loss-of-charge at this position, has been associated with reduced meth-
otrexate clearance (Ramsey et al., 2012). Altogether, a positively 
charged amino acid at position 57 appears to be important for substrate 
translocation. 

Two of the studied variants, N130D and N151S, are in ECL2.  No 
prior in vitro data is available on the effects of amino acid changes in the 
position 151 on OATP1B1 function.  In this study, N151S was shown to 
be benign: it did not alter the transport activity of either of the tested 
substrates and the protein abundance was similar to the reference 
OATP1B1 (Table 2). This is in accordance with the unaltered pravastatin 
pharmacokinetics observed in heterozygous carriers of N151S (Nishi-
zato et al., 2003). Although no substrate-dependent differences were 
seen  here,  in previous in vitro studies, N130D has 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). In our study the maximum 

velocity of rosuvastatin transport was slightly decreased but uptake of 
DCF and rosuvastatin was on average comparable to the reference 
(Figs. 2 and 3, Table 2). Clinically N130D (SLCO1B1*37) is considered a 
normal-function SNV (Cooper-DeHoff et al., 2022). N130D increases the 
protein expression of OATP1B1 which could lead to more active uptake, 
increasing non-renal clearance and lowering plasma exposure. This 
increased expression of OATP1B1 (up to 1.8-fold higher for homozygote 
N130D compared to the reference genotype) was previously observed in 
liver samples (Nies et al., 2013; Peng et al., 2015; Prasad et al., 2014). 
Our results from the QTAP analysis corroborate this: we observed 
~1.4-fold higher OATP1B1 abundance in the N130D expressing 
HEK293 cells compared to the reference (Table 2). 

R253Q is part of the highly conserved signature sequence of OATPs 
located in the boundary of ECL3 and transmembrane helix 6 (Tay-
lor-Wells and Meredith, 2014), yet its role in OATP1B1 function remains 
unexplored. In this study, R253Q decreased the apparent affinity of 
rosuvastatin to OATP1B1 and reduced the uptake of DCF while the 
protein expression remained comparable to the reference OATP1B1 
(Fig. 3, Table 2). These data suggest that R253Q affects the substrate 
recognition of OATP1B1 rather than the protein expression. 

Pharmacokinetic simulations were carried out to estimate the clin-
ical effect variants could have on rosuvastatin exposure. The contribu-
tion of OATP1B1 to total active uptake clearance has been estimated to 
be between 23 and 79% in in vitro studies (Bosgra et al., 2014; Kitamura 
et al., 2008; Kunze et al., 2014; Zhang et al., 2019). In our simulations, 
OATP1B1 contribution was set to the mean of these published values 
(51%). With this contribution, the observed increase in rosuvastatin 
AUC and Cmax in subjects with the loss-of-function c.521CC genotype 
was adequately recovered with the simulation (Fig. 5A, Table 3). A 
moderate over-prediction was evident in comparison of the clinically 

Fig. 5. Pharmacokinetic simulations of rosuvastatin. 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: the simulated effect of different 
degrees of OATP1B1 function after a 40 mg single oral dose. C: simulated plasma (black) and hepatic (gray) concentrations of rosuvastatin after different single doses 
and OATP1B1 activities. D: the simulated effect of dose reduction in subjects with moderate renal impairment (RI) and loss-of-function OATP1B1 genotype (dashed 
lines) on plasma (black) and hepatic (gray) concentrations of rosuvastatin. 
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observed and simulated AUC and Cmax values of c.521TT and c.521CC 
subjects (Fig. 5A). This is expected, since rosuvastatin has high 
inter-individual variability. However, the simulations were able to 
recover the relative change caused by the c.521CC genotype and 
therefore increased our confidence in our estimate of OATP1B1 contri-
bution, the model and subsequent dosing suggestions. In a previous 
simulation study incorporating pharmacodynamics (PD) to pharmaco-
kinetics, the PD response of c.521T>C SNV did not change significantly 
compared to the reference genotype  and liver exposure of rosuvastatin 
was reduced by only 9.6% (Rose et al., 2014). Our simulations with 10 
mg dose in c.521TT and c.521CC genotypes resulted in a similar 10.3% 
reduction in liver AUC (Table 3). 

The maximum approved dose of rosuvastatin is 40 mg per day 
(Crestor Summary of Product Characteristics European Medicines 
Agency, EMA, 2005). In our simulations, when OATP1B1 function was 
50% of normal, 30 mg of rosuvastatin resulted in similar AUC and Cmax 
values to the 40 mg dose with normal OATP1B1 function (Fig. 5C, 
Table 3). If a total loss-of-function occurs, only 20 mg is needed to reach 
these values, hence individuals with function-impairing genotypes 
might be advised to limit the maximum dose of rosuvastatin to reduce 
the likelihood of adverse effects. This is in accordance with the Clinical 
Pharmacogenetics Implementation Consortium (CPIC) guideline that 
recommends limiting rosuvastatin dose to 20 mg in patients with poor 
function SLCO1B1 phenotype (Cooper-DeHoff et al., 2022). Similarly, 
loss-of-function SLCO1B1 genotype has an additive effect on rosuvas-
tatin plasma exposure in moderate renal impairment (Fig. 5D) and 
limiting the dose to 10 mg would maintain similar plasma exposure as a 
20 mg dose based on our simulations. 

In addition to the more common SLCO1B1 c.521T>C (present in 
function-impairing haplotypes *5 and *15), the carriers of rare variants 
causing loss-of-function could benefit from genotype-guided rosuvasta-
tin dosing. While there are few carriers of an individual rare SNV, 

globally the combined number of rare SLCO1B1 SNV carriers can be 
significant and there may also be notable inter-ethnic variability within 
the presence of rare SNVs (Supplementary Table III). Rare pharmaco-
genetic variants are strongly enriched in mutations predicted to cause 
functional alterations (Ingelman-Sundberg et al., 2018) and thus it is 
more likely that rare variants would warrant caution in rosuvastatin 
treatment than common variants. Moreover, the increase in plasma 
concentrations might be even greater for other statins. For example, a 
200–300% increase in simvastatin acid AUC has been observed in ho-
mozygous SLCO1B1 c.521T>C carriers compared to the reference ge-
notype and SLCO1B1 c.170G>A was first identified in rhabdomyolysis 
cases  (Mykkänen et al., 2022; Pasanen et al., 2006; Tamraz et al., 2013). 
While this model only estimated the effect of impaired OATP1B1 func-
tion on rosuvastatin, it is likely that the studied variants may alter 
pharmacokinetics of other OATP1B1 substrate drugs as well. 

Based on the simulations, the suggested genotype-guided changes in 
rosuvastatin dosing would decrease the intrahepatic concentration and 
might subsequently alter the lipid-lowering effect (Fig. 5C and D, 
Table 3). However, rosuvastatin is a very potent HMG-CoA reductase 
inhibitor with IC50 of about 5 nM (Filppula et al., 2021) and rosuvastatin 
could reduce LDL-C by more than 40% already at a 10 mg dose (Euro-
pean Medicines Agency (EMA), 2005; Weng et al., 2010). Nonetheless, if 
patients with loss-of-function genotypes are unsuccessful in reaching 
their target LDL-C levels with the genotype-guided doses, combination 
therapy with another lipid-lowering drug might be safer than increasing 
rosuvastatin dose. 

Based on our study, an over-expression system can be utilized to 
quantify the changes SNVs cause in protein expression and transport 
activity, thus providing data on rare SNVs for in vitro-in vivo extrapola-
tion otherwise largely unattainable in vivo. The model in our study is 
based on clinical data on healthy volunteers of Caucasian descent and 
only covered one statin and two risk factors (pharmacogenetics of 
OATP1B1 and renal impairment). While plasma exposure is an impor-
tant risk factor for statin-induced myopathy, more research is required 
to fully understand the interplay between pharmacogenetics and other 
factors such as drug-drug interactions, high age and hypothyroidism. 

5. Conclusions 

R57Q reduced DCF and rosuvastatin transport significantly while 
protein expression did not change significantly. N130D and N151S 
increased protein expression but did not alter activity, while R253Q 
reduced DCF uptake and increased rosuvastatin Km with no change in 
protein expression. Therefore these amino acids appear to be more 
important for proper translocation or substrate recognition rather than 
protein expression. Based on the pharmacokinetic simulations, dose 
reductions could be utilized to avoid increased rosuvastatin plasma 
concentrations due to OATP1B1 genetic variation or renal impairment, 
while maintaining adequate hepatic concentrations for therapeutic 
effect. 
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Liver AUC0–48 h 
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c.521TT genotype 10 
mg 

34 ± 17.5 4.2 ± 2.4 N/A 

c.521CC genotype 10 
mg 

56 ± 5.4 7.5 ± 1.2 N/A 
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c.521TT genotype 10 

mg 
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mg 

92 10 10.4 

100% OATP1B1 40 
mg 
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10 
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maximum concentration, N/A = not available, RI = renal impariment. a 

(Pasanen et al., 2007. b OATP1B1 function set to 0%. 
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