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Proteomics-Informed Prediction of 
Rosuvastatin Plasma Profiles in Patients With 
a Wide Range of Body Weight
Christine Wegler1,2, Luna Prieto Garcia2, Signe Klinting1, Ida Robertsen3, Jacek R. Wiśniewski4,  
Jøran Hjelmesæth5,6, Anders Åsberg3,7, Rasmus Jansson-Löfmark2, Tommy B. Andersson2 and Per Artursson8,*

Rosuvastatin is a frequently used probe to study transporter-mediated hepatic uptake. Pharmacokinetic models have 
therefore been developed to predict transporter impact on rosuvastatin disposition in vivo. However, the interindividual 
differences in transporter concentrations were not considered in these models, and the predicted transporter impact 
was compared with historical in vivo data. In this study, we investigated the influence of interindividual transporter 
concentrations on the hepatic uptake clearance of rosuvastatin in 54 patients covering a wide range of body weight. 
The 54 patients were given an oral dose of rosuvastatin the day before undergoing gastric bypass or cholecystectomy, 
and pharmacokinetic (PK) parameters were established from each patient’s individual time-concentration profiles. Liver 
biopsies were sampled from each patient and their individual hepatic transporter concentrations were quantified. We 
combined the transporter concentrations with in vitro uptake kinetics determined in HEK293-transfected cells, and 
developed a semimechanistic model with a bottom-up approach to predict the plasma concentration profiles of the 
single dose of rosuvastatin in each patient. The predicted PK parameters were evaluated against the measured in vivo 
plasma PKs from the same 54 patients. The developed model predicted the rosuvastatin PKs within two-fold error for 
rosuvastatin area under the plasma concentration versus time curve (AUC; 78% of the patients; average fold error (AFE): 
0.96), peak plasma concentration (Cmax; 76%; AFE: 1.05), and terminal half-life (t1/2; 98%; AFE: 0.89), and captured 
differences in the rosuvastatin PKs in patients with the OATP1B1 521T<C polymorphism. This demonstrates that hepatic 
uptake clearance determined in transfected cell lines, together with proteomics scaling, provides a useful tool for 
prediction models, without the need for empirical scaling factors.

Received July 10, 2020; accepted September 15, 2020. doi:10.1002/cpt.2056

1Department of Pharmacy, Uppsala University, Uppsala, Sweden; 2DMPK, Research and Early Development Cardiovascular, Renal and Metabolism,  
BioPharmaceuticals R&D, AstraZeneca, Gothenburg, Sweden; 3Department of Pharmacy, University of Oslo, Oslo, Norway; 4Biochemical Proteomics  
Group, Department of Proteomics and Signal Transduction, Max Planck Institute of Biochemistry, Martinsried, Germany; 5Morbid Obesity Centre, Department  
of Medicine, Vestfold Hospital Trust, Tønsberg, Norway; 6Department of Endocrinology, Morbid Obesity and Preventive Medicine, Institute of Clinical 
Medicine, University of Oslo, Oslo, Norway; 7Department of Transplantation Medicine, Oslo University Hospital-Rikshospitalet, Oslo, Norway; 8Department 
of Pharmacy and Science for Life Laboratory, Uppsala University, Uppsala, Sweden. *Correspondence: Per Artursson (per.artursson@farmaci.uu.se)

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Rosuvastatin is a commonly used probe drug for pharma-
cokinetic (PK) investigations and has been used to establish pre-
diction models of human hepatic uptake transport in average 
populations. These models have been validated with unrelated 
in vivo data from the literature.
WHAT QUESTION DID THIS STUDY ADDRESS?
 Can transfected cell lines and individual protein quantifica-
tion be used in a bottom-up mechanistic model to predict and 
capture interindividual differences of rosuvastatin plasma PKs 
in patients covering a wide body weight span?
WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
 Interindividual differences in plasma concentration profiles 
of rosuvastatin are not directly associated with body weight and 

obesity. Transfected cell lines and protein quantification can 
be used to model rosuvastatin plasma profiles with an average 
fold error of 0.96 across patients covering a wide range of body 
weight. Interindividual differences in hepatic uptake transport-
ers did not alone explain the large interindividual differences in 
rosuvastatin PKs.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 This study has identified in vitro kinetics and protein quan-
tification as important in vitro parameters for predicting in vivo 
PKs without the need of arbitrary scaling factors. The success-
ful example of rosuvastatin studied here should be investigated 
for other drugs and other clearance routes.
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Transporter-mediated uptake and efflux are important for the 
distribution and elimination of many drugs.1 An example of such 
drugs are statins, or 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase inhibitors, that are commonly used cholesterol lowering 
agents. Rosuvastatin is a frequently used probe for studying dif-
ferent transporter profiles and transporter-mediated drug-drug 
interactions both in vitro and in vivo,2–5 as it has low metabolic 
clearance6 and is a substrate of several uptake and efflux transport-
ers. In humans, hepatic elimination of rosuvastatin accounts for 
~  70% of the total clearance,7 where the major clearance mech-
anism is biliary excretion of the unchanged form.6 The hepatic 
uptake transporters OATP1B1, OATP1B3, OATP2B1,8,9 and 
NTCP,10 which are located in the basolateral membrane (facing 
the blood) of the hepatocytes, play a major role in transport-
ing rosuvastatin into the hepatocytes for hepatic elimination. 
Subsequently, BCRP6,11 and possibly MDR1 and MRP26 elimi-
nate rosuvastatin by efflux into the bile.

To study hepatic uptake of compounds, such as rosuvastatin, 
primary human hepatocytes is the gold standard in vitro system. 
Hepatocyte uptake is used in prediction models of hepatic dispo-
sition as it is easily scaled to in vivo uptake clearance by accounting 
for the number of hepatocytes per gram liver (hepatocellular-
ity).12 Hepatocytes can also be used to simulate the influence of 
hepatic disposition and metabolism on pharmacokinetic (PK) 
profiles.13–15 A disadvantage of using hepatocytes is that the in-
fluence of individual transporters cannot easily be deconvoluted. 
Individual transporter data may be required for understanding, for 
example, drug-drug interactions, the impact of genetic variants with 
altered function, or physiologically regulated and disease-regulated 
transporter expression. Alternatively, the transport parameters can 
be established separately in cell lines transfected with individual 
human transporters. The uptake activities from cell lines express-
ing single transporters have been added up, combined with trans-
porter protein concentrations in the cell lines and human tissues, 
and scaled to the in vivo situation.8,9,16–21 Rosuvastatin has also 
been used in PK investigations and modeling of transporter-medi-
ated drug-drug interactions,22,23 and to establish prediction mod-
els of human hepatic uptake transport.8,9,19 However, these studies 
did not consider the contribution of interindividual transporter 
concentrations and the predicted values were generally compared 
with unrelated in vivo data from the literature.

In contrast, we used hepatic transporter concentrations and in 
vivo PK data obtained from the same patients. This allowed us to 
investigate the influence of interindividual transporter concentra-
tions on the hepatic uptake clearance of rosuvastatin in 54 patients 
undergoing gastric bypass surgery or cholecystectomy who were 
given an oral dose of rosuvastatin. For this purpose, we measured 
plasma rosuvastatin concentration profiles the day before surgery, 
and quantified the individual hepatic transporter concentrations in 
liver biopsies sampled at the time of surgery in each of the 54 pa-
tients. We then combined in vitro uptake kinetics from HEK293-
transfected cells with protein quantification in the cell lines and 
liver tissues to assess the contribution of OATP1B1, OATP1B3, 
OATP2B1, and NTCP to the rosuvastatin hepatic uptake clear-
ance in the 54 patients. These parameters were included in a semi-
mechanistic model developed by a bottom-up approach to predict 

the rosuvastatin plasma concentration profiles, which were com-
pared with the plasma PKs obtained from the same patients.

METHODS
Human liver tissue
Liver biopsies were obtained from 54 patients who provided informed 
consent as part of the COCKTAIL study,24 and in agreement with the 
approval by the Regional Committee for Medical and Health Research 
Ethics. Biopsies were collected from 36 patients undergoing Roux-en-Y 
gastric bypass surgery and 18 patients undergoing cholecystectomy. 
Biopsies were snap frozen in liquid nitrogen directly upon sampling and 
stored at −80°C until analysis. See “Patient inclusion and data exclusion” 
in Supplementary Methods.

Plasma concentration-time profile of rosuvastatin in vivo
A 20 mg rosuvastatin tablet was swallowed by the patients in a fasting 
state the day before surgery. Food was allowed after 2 hours. Blood sam-
ples were collected at time points from 0 to 24 hours, and were immedi-
ately placed on ice before 10 minutes centrifugation at 4°C at 1,800  g. 
Plasma was mixed with a matching volume of 0.1 M sodium acetate buf-
fer and frozen at −70°C within 1 hour. Plasma concentrations of rosuvas-
tatin were measured by Covance Laboratories, using a validated liquid 
chromatography tandem mass spectrometry method.25

Protein quantification
Proteins were extracted from the liver biopsies by homogenization in a 
sodium dodecyl sulfate-containing lysis buffer. Samples were processed 
using the MED-Filter Aided Sample Preparation protocol, with LysC 
and trypsin.26 Total protein and peptide amounts were determined based 
on tryptophan fluorescence.27 Proteomics analysis was performed with 
Q Exactive HF and Q Exactive HF-X mass spectrometers. Mass spec-
trometry (MS) data was processed with MaxQuant (version 1.6.0.16)28 
where proteins were identified by searching MS and MS/MS data of pep-
tides against a decoy version of the human UniProtKB (UP000005640). 
Spectral raw intensities were normalized with variance stabilization,29 
and were subsequently used to calculate protein concentrations using 
the Total Protein Approach.30 Batch effects were removed by geomet-
ric mean centering of proteins from samples analyzed at different time 
points.

In HEK293 cells, only the individual overexpressed transporters 
(OATP1B1, OATP1B3, OATP2B1, and NTCP) were of interest. 
Therefore, a targeted proteomics method, previously shown to be compa-
rable with the label-free method above, was used.31 Proteins were extracted 
from the cells in an sodium dodecyl sulfate-containing buffer. Samples 
were processed with Filter Aided Sample Preparation,31,32 using trypsin. 
Targeted proteomics analysis was performed as previously described31 
using a QTRAP 6500 MS. Three transitions per surrogate peptide were 
monitored for quantification in the multiple reaction monitoring-mode 
(Table S1). Data were processed using MultiQuant (version 3.0.5373.0). 
Protein concentrations were calculated by the peak area ratios of the inter-
nal standard peptide and sample peptide transitions.

Rosuvastatin uptake in vitro kinetics
Mock-transfected HEK Flp-In-293 cells and cells stably expressing ei-
ther OATP1B1, OATP1B3, OATP2B1, or NTCP16,17 were incubated 
for 2  minutes at 37°C with varying concentrations of rosuvastatin 
(OATP1B1: 0.1–50 µM, OATP1B3: 0.1–60 µM, OATP2B1: 0.1–60 µM, 
and NTCP: 0.25–450 µM). Rosuvastatin accumulation was determined 
with a Waters Xevo TQ-MS. Active transporter-mediated uptake was cal-
culated by subtracting the accumulation in mock-transfected cells (passive 
diffusion) from the uptake in the transfected cells. The initial uptake rate 
was related to the substrate concentration and the uptake curve was fitted 
to the Michaelis-Menten equation using GraphPad Prism (version 7.03):
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where v is the uptake rate, Vmax is the maximal uptake rate, [S] is the sub-
strate concentration, and Km is the substrate concentration at which the 
uptake rate is half of Vmax. Passive clearance (CLpassive) was determined by 
linear regression analysis in mock-transfected cells. Uptake clearance of 
rosuvastatin by each transporter was further calculated by:

Hepatic uptake clearance prediction from proteomics and 
kinetic parameters from HEK293 cells
Hepatic uptake clearance was predicted from clearance and transporter 
protein concentrations in the HEK293-cells and liver biopsies16,17,33:

where Eliver and Ecell are the transporter concentration (pmol/mg total 
protein) in the liver tissue and cell system, respectively, and HomPPGL 
is milligrams of homogenate protein per gram of liver tissue (88 mg pro-
tein/g liver16).

Semimechanistic mathematical model for predicting 
rosuvastatin plasma concentration profiles
Rosuvastatin plasma concentration profiles were predicted using a 
semi-mechanistic based PK compartment model developed by a bottom-up 
approach. The three-compartment model, including liver, gallbladder, and 
blood compartment, was built as described in Eqs. 4–7. The oral dose was 
absorbed from the intestine into the liver, and subsequently distributed 
to the blood, assuming an instant mixing of blood from the portal and 
central vein. Enterohepatic recirculation was incorporated with the gall-
bladder compartment to capture the biphasic elimination of rosuvastatin:

where I, L, G, and B is the amount of rosuvastatin in the intestine, liver, 
gallbladder, and blood compartment, respectively. F is the intestinal frac-
tion of drug that is (re)absorbed and reaches the liver, ka is the absorp-
tion constant, and kb is the biliary emptying rate. CLpassive is the passive 
clearance, CLefflux and CLuptake is the active efflux and uptake clearance 
of rosuvastatin between blood and liver. CLbile is the hepatic clearance 
of rosuvastatin to the gallbladder, CLmet is the metabolic clearance of 
rosuvastatin, and CLrenal is the renal rosuvastatin clearance. VL is the 
fractional liver volume of the total body weight, and VB is the volume of 

distribution. CLuptake and CLpassive are the experimental values described 
above. Other parameter values were obtained from the literature. VL and 
VB were scaled with individual total body weight (Table S2). Differential 
equations were solved using the deSolve package in R (version 3.4.4). 
The area under the plasma concentration versus time curve from zero to 
24 hours (AUC) from the observed (AUCobs) and predicted (AUCpred) 
plasma concentration profiles were calculated with the MESS package in 
R using the linear interpolation (composite trapezoid rule) including all 
collected data points. Peak plasma concentration (Cmax) was determined 
based on the largest measured and predicted rosuvastatin plasma concen-
tration. Terminal half-life (t½) was calculated from the log-linear slope 
(kel) in the terminal elimination phase using at least three concentrations 
with t½ = ln(2)/kel.

The predictive performance of the model was assessed using the pre-
defined criteria of less than twofold difference in predicted/observed 
AUC, Cmax, and t½ for the majority of the patients (> 70%). In addition, 
the approved interval of average fold errors of the PK parameters were 
set to 0.8 and 1.25 to ensure the model was not constantly underpre-
dicting or overpredicting the plasma concentrations. Three models were 
primarily evaluated: model 1 – literature data for kb

34 (Table S2), model 
2 – optimized kb based on the observed plasma concentration profile 
of rosuvastatin, and model 3 – as model 2, with correction for hepatic 
uptake activity reduction in carriers of the OATP1B1 521T>C poly-
morphism. To further evaluate models 1 and 2, we assessed the model 
performance after intravenous infusion in healthy male volunteers using 
data from Martin et al.7 The patients undergoing cholecystectomy were 
assumed to be demographically more similar to the healthy volunteers 
as compared with the patients undergoing gastric bypass. Therefore, 
the mean demographic and proteomics data from the cholecystectomy 
patients was used to simulate the PK profile after a 4-hour intravenous 
infusion of rosuvastatin, with the dose (8 mg) being added directly to the 
blood compartment in the model. The evaluation is presented in Figure 
S11 and Table S5.

More detailed descriptions of the methods are provided in 
Supplementary Material.

RESULTS
Plasma concentration profiles of rosuvastatin
Rosuvastatin plasma concentration-time profiles were deter-
mined in 54 patients following an oral dose of 20 mg rosuvas-
tatin the day before gastric bypass or cholecystectomy surgery 
(Table 1). The profiles demonstrated a sharp initial peak in 
plasma concentration and a slower, biphasic elimination for 
most of the patients (Figure 1a). Large interindividual differ-
ences of the measured rosuvastatin PK parameters were observed 
(Figure 1a,b; Table 2). The AUCobs varied 13-fold, from 18.3 
to 237.1 ng/mL/h (median AUCobs 58.9 ng/mL/h), Cmax varied 
30-fold, from 1.9 (minimum value) to 56.6 (maximum value) 
ng/mL (median Cmax 7.9  ng/mL), and the t½ varied 12-fold, 
from 4.1 to 50.4  hours (median 7.7  hours) across all patients. 
The patients covered a large weight span with body weight rang-
ing from 47 to 171 kg (Table 1). There were no correlations be-
tween the AUCobs, Cmax, or t½ and body weight (Figure S2a–c).

Protein quantification of uptake transporters in human liver
We also observed interindividual differences in protein concen-
trations of the hepatic uptake transporters OATP1B1, OATP1B3, 
OATP2B1, and NTCP across the 54 patients. OATP1B1 pro-
tein concentrations ranged 0.9–5.5 (6-fold), OATP1B3 ranged 
0.3–2.6 (9-fold), OATP2B1 ranged 0.4–1.2 (3-fold), and NTCP 
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ranged 0.04–2.5 (57-fold) pmol/mg protein (Figure 2a–e) across 
the patients. Of the four transporters, only OATP1B3 concen-
trations were negatively correlated with body weight (rs = –0.35, 
P = 0.0085, followed by Benjamini–Hochberg correction for mul-
tiple comparisons; Figure S3a–d).

In vitro rosuvastatin transport in HEK293 cells
The in vitro kinetic parameters required for the prediction of 
rosuvastatin plasma concentration profiles were obtained using 
OATP1B1-expressing, OATP1B3-expressing, OATP2B1-
expressing, or NTCP-expressing HEK293 cells. The transport-
er-mediated uptake of rosuvastatin followed Michaelis–Menten 
kinetics for all four transporters (Figure 3a–e). The obtained 
Km values were in line with, or slightly higher than, those previ-
ously described (Table S3). The rosuvastatin uptake clearance 

(CLtransporter) by the different transporters were calculated to 2.6 
(OATP1B1), 1.3 (OATP1B3), 0.46 (OATP2B1), and 1.6 (NTCP) 
µL/min/mg protein. The concentration of each transporter in the 
respective cell systems ranged between 0.9 and 6.2 pmol/mg pro-
tein (Figure 3e).

Prediction of intrinsic hepatic rosuvastatin uptake clearance 
Hepatic uptake clearance (CLuptake) of rosuvastatin was predicted 
by scaling the CLtransporter to that in vivo using the transporter 
concentrations in the cell systems and liver biopsies (Eq. 3). In 
agreement with the interindividual differences in transporter 
concentrations, large differences of predicted hepatic transporter 
clearances were observed across the patients, ranging between 215 
and 1,161 (median 630) µl/min/g liver (Figure 3f). Similar to that 
observed for the in vivo plasma PK parameters, no correlation was 
found between the predicted hepatic uptake rosuvastatin clearance 
and body weight (Figure S4a; rs = –0.15, P = 0.27). Nevertheless, 
a negative correlation was observed between AUCobs and pre-
dicted hepatic uptake clearance (rs = –0.30, P = 0.03) in the pa-
tients, showing that hepatic uptake clearance decreases the plasma 
concentration of rosuvastatin (Figure S4b). This agreed well with 
the negative correlation between AUCobs and hepatic OATP1B1 
protein concentration (Figure S4c; rs = −0.31, P = 0.02), because 
OATP1B1 was found to be the major uptake transporter of rosu-
vastatin in most of the patients, with contributions of 49–86% of 
the total active uptake (Figure 3f). This is in line with OATP1B1 
being the major contributor to active uptake of rosuvastatin and 
other statins in human hepatocytes.6,9,16,20 In general, OATP1B3 
was the second largest contributor to the rosuvastatin uptake, with 
9–41% of the total active uptake. However, in 5 of the 54 patients, 
NTCP was the second most important transporter, contributing 
with 13–35%. OATP2B1 played a minor role in the rosuvastatin 
uptake with contributions of 0.4–2% of the total active uptake, 
which agrees with previous findings.6

Table 1  Patient information
Total number of 
patients

54

Median Rangea

Age, years 47 19–63

Body weight, kg 113 47.4–171.3

BMI, kg/m2 39.6 18.3–64.5

Number of 
patientsb

Sex, M 14 (26%)

Sex, F 40 (74%)

Type 2 diabetes 11 (20%)

White 53 (98%)

Latin American 1 (2%)

BMI, body mass index.
aMinimum and maximum values across all patients. bNumber in parenthesis 
denotes percentages of the patients included in the study.

Figure 1  Plasma concentration profiles of rosuvastatin. (a) Plasma concentration-time profiles of rosuvastatin in the 54 patients the day 
before gastric bypass or cholecystectomy surgery. Median values, with 25th and 75th percentiles in parenthesis, for area under the plasma 
concentration versus time curve (AUC; ng/mL/h), peak plasma concentration (Cmax; ng/mL), and terminal half-life (t½; hours) is given. Red thick 
line represents the mean plasma concentration profile of all patients. (b) Distribution of plasma concentration pharmacokinetic parameters in 
the 54 patients. Median values, with 25th and 75th percentiles are marked with lines. [Colour figure can be viewed at wileyonlinelibrary.com]
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Prediction of rosuvastatin plasma concentration profiles
Prediction of rosuvastatin plasma concentration profiles was 
performed using our established in vitro uptake kinetic param-
eters and individual protein concentrations from the patients 
(Eqs. 4–7), in the three-compartment semimechanistic model 
(Figure 4a). The gallbladder compartment represents enterohe-
patic recirculation described as a continuous process by the bil-
iary emptying rate (kb). With model 1, when using a previously 
established emptying rate from the gallbladder to the intestine34 
(Table S2), AUC, Cmax, and t½ were predicted within 2-fold from 
the observed data for the majority of the patients (85%, 74%, 
and 87%, respectively; Table 2). Nevertheless, the model system-
atically underpredicted the t½ (average fold error (AFE): 0.66, 
Figure S5a), and did not fully capture the biphasic elimination 
behavior. The gallbladder emptying rate can decrease with body 
size and gallbladder volume,34 and when lowering kb in model 2, 
the biphasic elimination was better captured (Figure 4b, Figure 
S5b, Table 2). The t1/2 was predicted within 2-fold error for 98% 
of the patients, without bias toward underprediction or over-
prediction (AFE: 0.91; Figure S5b). The AUC and Cmax were 
not markedly changed by the lowered biliary emptying rate. For 
AUC, 76% of the predictions were within 2-fold of that observed 
of which 50% were within 1.5-fold, without bias toward under-
prediction or overprediction (AFE: 0.79, respectively; Figure 4c, Ta
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Figure 2  Protein quantification of uptake transproters in human liver. 
(a) Protein concentration of OATP1B1, (b) OATP1B3, (c) OATP2B1, and 
(d) NTCP in liver biopsies obtained from the 54 patients undergoing 
gastric bypass or cholecystectomy surgery. (e) Median protein 
concentration, with range in parenthesis, of OATP1B1, OATP1B3, 
OATP2B1, and NTCP in the patients. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Figures S5b–S7, Table 2). Further, sensitivity analysis showed 
that the hepatic uptake clearance of rosuvastatin influenced both 
AUC and Cmax, but not t½ (Figure S8).

Influence of genetic variants on rosuvastatin PKs
One third of the patients (18 of 54) were carriers of the OATP1B1 
521T>C polymorphism (rs 4149956; Val174Ala; included in the 
OATP1B1*5 variant), which is slightly higher than the previously es-
timated prevalence of 8–20% in a white population.35 The 521T>C 
is associated with reduced hepatic uptake activity of, for example, 
rosuvastatin, leading to higher plasma concentrations.36 This agreed 
well with our results where carriers of the 521C polymorphism 
showed higher rosuvastatin exposure, with 63% higher AUCobs and 
59% higher Cmax than homozygotes for the 521T variant (P = 0.001 
and P = 0.004, Mann–Whitney U test; Figure 4d).35,37

We also observed a significant underprediction of AUC and Cmax 
values for carriers of the OATP1B1 521C variant (P = 0.038 and 
P  =  0.006, Kruskal–Wallis test followed by Dunn’s multiple com-
parisons test; Figure 4e) in model 2. The median fold values of pre-
dicted/observed in 521C carriers were 0.54 and 0.59 for AUC and 
Cmax, respectively, compared with values of 0.86 and 1.1 for AUC 
and Cmax, respectively, for patients homozygous for the 521T vari-
ant. In HeLa cells, rosuvastatin uptake of the OATP1B1 521C vari-
ant (OATP1B1*5) is reduced to 10% of that from the reference allele 
(521T; OATP1B1*1a).10 When adjusting for this reduced activity 
in model 3, the predictions of both AUC and Cmax for the 521C car-
riers were improved (fold AUC = 1.0, fold Cmax = 1.1) and became 
comparable to those observed in homozygotes for the 521T variant 
(Figure4e, Figure S9). This adjustment improved the overall pre-
dictions of AUC and Cmax giving AFEs of 0.96 and 1.05 (Figure 4f, 
Table 2), where 78% of the predictions of AUC were within 2-fold 
from that observed, and of which 50% were within 1.4-fold.

DISCUSSION
We combined in vitro uptake kinetics from transporter trans-
fected cells with human liver protein quantification to assess the 
contribution of four hepatic uptake transporters to the rosuvasta-
tin plasma clearance in 54 patients enrolled in the COCKTAIL 
study.24 Transporter concentrations were determined in liver 
biopsies obtained from each patient and we used a bottom-up 
approach to build a semimechanistic model to predict the rosu-
vastatin plasma PKs in all 54 patients. The model predictions 
were assessed by comparing the predicted vs. observed in vivo ro-
suvastatin PK parameters and plasma concentration profiles from 
a single, oral dose of rosuvastatin for each patient. The model suc-
cessfully predicted the rosuvastatin PKs for the majority of the pa-
tients with less than twofold difference in rosuvastatin AUC (78% 
of the patients), Cmax (76%), and t1/2 (98%), without the need for 
arbitrary scaling factors.

The observed 13-fold interindividual differences in AUC 
across the 54 patients were in line with that previously observed 
(Figure S1, Table S4). The 54 patients covered a large body 
weight span (47–171 kg), which gave us the opportunity to in-
vestigate the relationship between rosuvastatin disposition and 
body weight. Metabolic activity and protein concentrations of 
certain CYP enzymes have previously been shown to decrease 
with increasing body weight.38,39 We observed a negative cor-
relation between protein concentrations of OATP1B3 and 
body weight. However, this effect was not large enough to sig-
nificantly influence the rosuvastatin disposition in vivo, as no 
correlation was observed among AUCobs, Cmax, or t½, and body 
weight (Figure S2a–f). This is most likely due to that OATP1B1 
contributed to the majority of the hepatic uptake clearance (49–
86%; Figure 1f), which is in line with that observed by Kitamura 
et al. (66–84%),6 but higher than that described by Bosgra et al.  

Figure 3  In vitro rosuvastatin transport in HEK293 cells. (a) Concentration dependent uptake of rosuvastatin in HEK293 cells overexpressing 
OATP1B1, (b) OATP1B3, (c) OATP2B1 (d), and NTCP, respectively. (e) Kinetic parameters of rosuvastatin uptake and transporter protein 
concentrations in HEK293-transfected cells. (f) Predicted hepatic uptake clearance of rosuvastatin, obtained from clearance estimates in 
HEK293 cells and transporter concentrations in cells and liver biopsies in the 54 patients undergoing gastric bypass or cholecystectomy 
surgery. Km, Michaelis-Menten constant; Vmax, maximal rate of transport. [Colour figure can be viewed at wileyonlinelibrary.com]
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(23%).8 However, the authors of the latter study acknowl-
edge that they may have underestimated and/or overestimated 
the contribution of OATP1B1 and OATP2B1, respectively. 
Further, although the data were obtained from 54 patients with 
or without obesity, no significant differences in rosuvastatin 
PKs or modeling results were observed between the two groups 
(Figures S6, S7). However, other factors, including genetic vari-
ants with altered function and physiological variation affecting 
renal and hepatic clearance, may also have influenced the ob-
served large interindividual differences in rosuvastatin PKs.40

The observed higher in vivo exposure and underprediction of 
rosuvastatin plasma concentrations in patients with the OATP1B1 
521C variant was likely caused by a reduced activity of the trans-
porter.10 It has been suggested that this activity reduction for the 

521C allele is caused by a defect in transferring the transporter to 
the plasma membrane.36 As the protein quantification method used 
here does not discriminate for plasma membrane proteins but mea-
sures all transporters in the cell, the active protein concentrations 
at the surface could be overestimated and consequently lead to un-
derprediction of the rosuvastatin disposition. It could be reasoned 
that the plasma membrane could be isolated in order to capture the 
reduced plasma membrane concentration of the OATP1B1 521C 
variant. However, due to poor enrichment and protein loss during 
fractionation, it has proven difficult to impossible to successfully 
quantify proteins from isolated plasma membrane fractions.31,41–43 
Instead, we accounted for the reduced OATP1B1 521C activity 
(10%) in our model, and noted that the predictions for AUC and 
Cmax became comparable to those from patients homozygous for 

Figure 4  Prediction of intrinsic hepatic rosuvastatin uptake clearance. (a) Schematics of the three-compartment semimechanistic model 
2. (b) Representative examples of underpredictions, good, and overpredictions of rosuvastatin plasma concentration profiles, using model 
2 with gallbladder-emptying rate optimized from34. (c) Frequency distribution of rosuvastatin area under the plasma concentration versus 
time curve (AUC) predicted/observed fold errors across the 54 patients (model 2). Dotted lines represent twofold underprediction and 
overprediction. (d) Observed AUC and peak plasma concentration (Cmax) values from rosuvastatin plasma concentration profiles, separated by 
patients carrying the OATP1B1 521TT and OATP1B1 521TC,CC variants (square symbolizes the carrier of the 521CC allele). (e) Fold values from 
predicted and observed AUC and Cmax from the semimechanistic model, separated by patients with OATP1B1 521TT and OATP1B1 521TC,CC 
variants before (model 2) and after correcting for the 521C 10% reduced activity (model 3).10 (f) Frequency distribution of rosuvastatin AUC 
predicted/observed fold errors across the 54 patients after adjusting for the 521C 10% reduced activity, where dotted lines represent twofold 
underprediction and overprediction (model 3). *P < 0.05, Kruskal–Wallis test followed by Dunn’s multiple comparisons test. AUC (ng/mL/h); 
Cmax (ng/mL); terminal half-life (t1/2) (h). CL, clearance. [Colour figure can be viewed at wileyonlinelibrary.com]
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the 521T variant. Notably, a patient homozygote for the 521C 
variant were one of the patients most affected by the decreased ac-
tivity (square symbol in Figure 4d,e). Inclusion of other genetic 
variants could further improve the prediction models.44

The rosuvastatin plasma concentration profiles displayed a 
biphasic elimination behavior, which could have several expla-
nations. First, rosuvastatin could be distributed to low perfused 
peripheral tissues (e.g., adipose tissue), from which rosuvastatin 
would be slowly released to the blood and subsequently elimi-
nated. However, as rosuvastatin is mainly present in vivo in its acid 
and hydrophilic form,45 it is unlikely that the compound would 
distribute to low-perfused, lipid rich, organs, such as the adipose 
tissue.8 In agreement with this, no biphasic elimination was ob-
served when testing the rosuvastatin distribution in a whole body 
physiologically-based pharmacokinetic model,46 using predicted 
tissue to plasma ratio and an experimental value of volume of 
distribution (VB) combined with lipophilicity.47 Therefore, we 
instead used a VB value (0.227 L/kg) predicted from physico-
chemical parameters (logP, fu, and ion class) of rosuvastatin, which 
indicated that rosuvastatin is primarily distributed to the extracel-
lular fluid.48 This VB value is in agreement with those previously 
calculated (0.335 and 0.366 L/kg) for rosuvastatin.8 Second, the 
biphasic behavior could be an effect of enterohepatic recirculation 
of rosuvastatin.7,8 This is in line with that the gallbladder emptying 
rate was the only parameter in our model that affected the termi-
nal elimination (Figure S5). The gallbladder emptying rate and 
delay is strongly influenced by meal intake, but accurate modeling 
of the latter is complex.49 Therefore, complete and accurate mod-
eling of the gallbladder emptying would require exact time points 
of food intake. In this study, the patients had several, unmonitored 
meals during the 24-hour course of sample collection, and the time 
points required for the complex modeling of the gallbladder were 
not recorded. Thus, we assumed a continuous release model49 
without any delay, which could be the reason for our need to opti-
mize the emptying rate.

Further, the observed interindividual difference in hepatic 
transporter concentrations (Figure 2a–e) gave a large variabil-
ity in the predicted rosuvastatin uptake clearance (Figure 3f). 
However, when modeling how these interindividual differences 
affected the plasma concentrations—by comparing input values of 
mean concentrations for each of the four uptake transporters with 
input values based on the individual concentrations—only small, 
but insignificant changes in the predicted Cmax was obtained (AFE 
decreasing from 1.68 for mean protein concentrations to 1.63 with 
individual protein concentrations). This suggests that protein 
quantification is an appropriate, physiological scaling factor for in 
vitro-in vivo scaling, albeit the interindividual differences in up-
take transporter concentrations could not completely describe the 
observed interindividual variability of rosuvastatin PKs (Figure 
S10). Other factors that likely affect the rosuvastatin PKs after 
oral dosing are intestinal absorption, bile efflux, and renal elimi-
nation, all of which were kept constant in our model. For instance, 
the hydrophilic nature of rosuvastatin requires active uptake trans-
port into the intestinal lumen and is determined by the apically 
located uptake transporter OATP2B1 and efflux transporter 
BCRP.22,50 Interindividual variability of these intestinal proteins 

could affect the rosuvastatin PKs, and models incorporating in-
testinal absorption and distribution could shed light on these is-
sues.22,23 Furthermore, the effect of interindividual differences in 
hepatic biliary efflux of rosuvastatin, such as transport by BCRP 
(that was kept constant in this model) could also be of importance. 
Additionally, both intestinal and hepatic blood flow should also 
be considered for an improved in vivo-relevant model, as it influ-
ences the drug transit.8 This could be especially important for drug 
disposition predictions in patients with obesity, where increased 
blood volume is common.51 Finally, as renal clearance accounts for 
~ 28% of the total rosuvastatin clearance,7 individual differences 
in kidney function and active transport (OAT3) could also impact 
the rosuvastatin plasma distribution. For further investigations of 
population variability, these parameters should be incorporated in 
more complex, whole body physiologically based pharmacokinetic 
models. However, as the scope of this study was to investigate if 
in vitro hepatic uptake kinetics combined with protein quantifi-
cation could be used in a simple bottom-up prediction model, we 
kept these parameters constant. It could be argued that the model 
could give better prediction of rosuvastatin PK after intravenous 
dosing, as compared with oral dosing as used in this study, be-
cause intravenous dosing would eliminate factors, such as limited 
absorption, active intestinal efflux, and poor solubility, that could 
confound the expression—activity correlation. To investigate how 
our model could recapitulate intravenous data, we compared pre-
viously published intravenous data from healthy male volunteers7 
with our model on a population level. Overall, intravenous data 
could be recapitulated acceptably, considering that the popula-
tions were different (Figure S11, Table S5). We noted that the 
healthy male volunteers in Martin et al.7 had a slightly higher 
clearance as compared with the patients evaluated in our study. 
Additionally, we noted that model 1, using the literature value of 
bile emptying rate34 better described the PK of the healthy vol-
unteers, as compared with the estimated value (model 2) used in 
our patient group. We refrained from any further interpretations 
of these findings, because this would require detailed demographic 
and proteomics data for the healthy male volunteers included in 
the study by Martin et al.7

In summary, we used a bottom-up approach to build a semi-
mechanistic model for the prediction of rosuvastatin plasma con-
centration profiles, by combining uptake kinetics determined in 
transporter transfected cell lines with individual protein quanti-
fication. The model predictions were assessed against PK param-
eters and plasma concentration profiles obtained from the same 
patients, from which the liver biopsies were sampled, thus using 
each of the patients as their own control. With this approach, we 
predicted the PKs of rosuvastatin for the majority of the patients 
with less than twofold difference in AUC (78% of the patients, 
AFE: 0.96), Cmax (76%; AFE: 1.05), and t1/2 (98%; AFE: 0.89). 
These results were obtained without arbitrary scaling factors, with 
a model that showed sensitivity to altered protein activity due to 
transporter genetic variation.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
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