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ABSTRACT

Previous studies have shown that lipid-lowering statins are trans-
ported by various ATP-binding cassette (ABC) transporters. How-
ever, because of varying methods, it is difficult to compare the
transport profiles of statins. Therefore, we investigated the trans-
port of 10 statins or statin metabolites by six ABC transporters
using human embryonic kidney cell-derived membrane vesicles.
The transporter protein expression levels in the vesicles were
quantified with liquid chromatography–tandem mass spectrometry
and used to scale the measured clearances to tissue levels. In our
study, apically expressed breast cancer resistance protein (BCRP)
and P-glycoprotein (P-gp) transported atorvastatin, fluvastatin, pit-
avastatin, and rosuvastatin. Multidrug resistance-associated pro-
tein 3 (MRP3) transported atorvastatin, fluvastatin, pitavastatin,
and, to a smaller extent, pravastatin. MRP4 transported fluvastatin
and rosuvastatin. The scaled clearances suggest that BCRP con-
tributes to 87%–91% and 84% of the total active efflux of rosuvasta-
tin in the small intestine and the liver, respectively. For
atorvastatin, the corresponding values for P-gp–mediated efflux
were 43%–79% and 66%, respectively. MRP3, on the other hand,
may contribute to 23%–26% and 25%–37% of total active efflux of
atorvastatin, fluvastatin, and pitavastatin in jejunal enterocytes

and liver hepatocytes, respectively. These data indicate that
BCRP may play an important role in limiting the intestinal
absorption and facilitating the biliary excretion of rosuvastatin
and that P-gp may restrict the intestinal absorption and medi-
ate the biliary excretion of atorvastatin. Moreover, the basolat-
eral MRP3 may enhance the intestinal absorption and sinu-
soidal hepatic efflux of several statins. Taken together, the data
show that statins differ considerably in their efflux transport
profiles.

SIGNIFICANCE STATEMENT

This study characterized and compared the transport of atorva-
statin, fluvastatin, pitavastatin, pravastatin, rosuvastatin, and
simvastatin acid and four atorvastatin metabolites by six ABC
transporters (BCRP, MRP2, MRP3, MRP4, MRP8, P-gp). Based on
in vitro findings and protein abundance data, the study con-
cludes that BCRP, MRP3, and P-gp have a major impact in the
efflux of various statins. Together with in vitro metabolism,
uptake transport, and clinical data, our findings are applicable
for use in comparative systems pharmacology modeling of
statins.

Introduction

Cardiovascular diseases are among the most common causes of
death, accounting for approximately 17.9 million deaths worldwide in
2015 (Roth et al., 2017). 3-Hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors, also known as statins, are �rst-line drugs for pri-
mary and secondary prevention of cardiovascular diseases. Statins
inhibit mevalonate production mediated by 3-hydroxy-3-methylglutaryl

coenzyme A reductase, which is a key step in cholesterol biosynthesis.
Inhibition of this enzyme leads to a reduced cholesterol production and
increased expression of low-density lipoprotein cholesterol receptors in
the liver (Slater and MacDonald, 1988). Ultimately, this results in a
reduction in low-density lipoprotein cholesterol and triglyceride levels
accompanied by decreased mortality and coronary events (Maron et al.,
2000). Statins may also exert bene�cial effects through a cholesterol-
independent, pleiotropic manner by reducing systemic in�ammation and
platelet hyper-reactivity and improving endothelial function (Liao and
Laufs, 2005). Although statins are widely used and generally accepted
as ef�cient and safe (Yebyo et al., 2019), they may cause muscle toxic-
ity ranging from mild and relatively common myalgia to rare but life-
threatening rhabdomyolysis (Harper and Jacobson, 2007).

Drug transporters play a key role in regulating drug levels in systemic
circulation and various tissues (Giacomini et al., 2010). These proteins
are located on the plasma membranes of cells, where they either pump
their substrates into the cytosol or out of the cell. ATP-binding cassette
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(ABC) transporters are ef�ux pumps that use ATP to expel their sub-
strates out of cells. Besides numerous drugs and other xenobiotics, they
have an important task of excreting endogenous metabolites and waste
products. P-glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) are among the most important ef�ux transporters, and they are
followed by bile salt export pump and multidrug resistance-associated
protein 2 (MRP2) (Hillgren et al., 2013). These transporters are abun-
dantly expressed on the apical cell membranes in various pharmacoki-
netically relevant tissues, such as the intestine, liver, kidney, and blood-
brain barrier. There they limit the absorption and promote the elimina-
tion of a wide range of compounds. In contrast, the ef�ux transporters
MRP3 and MRP4 are located on the basolateral cell membranes in the
intestine and liver. These transporters pump their substrates toward sys-
temic blood �ow, thus promoting absorption and affecting the distribu-
tion of their substrates (van de Wetering et al., 2009; Kitamura et al.,
2010a; Kitamura et al., 2010b).

In general, the statins have limited oral bioavailabilities due to
marked �rst-pass loss (Neuvonen et al., 2006; Elsby et al., 2012). In the
intestine, they are subject to biotransformation and apical ef�ux back to
gut lumen. In the liver, they are extensively transported into hepatocytes
by organic anion–transporting polypeptides (OATPs), which are impor-
tant determinants of systemic exposure and clearance of the statins
(Niemi et al., 2011). However, statin transport by the ef�ux transporters
located on basolateral membranes in the intestine and liver are less well
characterized. Since these transporters may also regulate the intracellular
statin concentrations, their role in statin pharmacokinetics should be
investigated in more detail. Hence, the present study aimed to compare
the transport of atorvastatin, atorvastatin metabolites, �uvastatin, pita-
vastatin, pravastatin, rosuvastatin, and simvastatin acid by different
ef�ux transporters using a vesicular transport assay.

Materials and Methods
Materials. Atorvastatin, atorvastatin-d5, 2-hydroxyatorvastatin, 2-hydroxya-

torvastatin-d5, 2-hydroxyatorvastatin lactone, 2-hydroxyatorvastatin lactone-d5,
4-hydroxyatorvastatin, 4-hydroxyatorvastatin-d5, 4-hydroxyatorvastatin lactone,
4-hydroxyatorvastatin lactone-d5, �uvastatin-d8, pitavastatin-d5, pravastatin,
pravastatin-d9, rosuvastatin, rosuvastatin-d6, and simvastatin acid-d6 were pur-
chased from Toronto Research Chemicals (Toronto, Canada). Racemic �uvasta-
tin, 3R,5S-�uvastatin, 3S,5R-�uvastatin, and pitavastatin were obtained from
Santa Cruz Biotechnology (Dallas, TX). Simvastatin acid was purchased from
SynFine Research (Ontario, Canada). Vesicles made of human embryonic kidney
293 cells were purchased from PharmTox at the Radboud University Medical
Center (PharmTox, Radboud UMC, Nijmegen, The Netherlands). Solvents used
in assays and analytical methods were of analytical quality and purchased from
Sigma-Aldrich (St. Louis, MO). Ultrapure water for assays and analyses was
puri�ed using Milli-Q water puri�cation system (Merck Millipore, Burlington,
MA).

Vesicular Transport Assay. Vesicular transport assay was used to examine
statin transport. The assays were performed essentially as described previously
(Lehtisalo et al., 2020). In brief, transporter-expressing membrane vesicles (7.5
mg) were preincubated at 37�C for 10 minutes in transport assay buffer (Pharm-
Tox, Radboud UMC, Nijmegen, The Netherlands) supplemented with 10 mM
MgCl2 and various concentrations of statins. After the preincubation, the trans-
port was started by adding prewarmed Mg-ATP solution (�nal concentration 4
mM) or distilled water to the wells. Solvent concentration in the assays were not
more than 1.0% in screening and time-dependent transport studies and 1.5% in
concentration-dependent transport studies. The reactions were incubated at 37�C
for desired time, after which the transport was terminated with 200 ml ice-cold
stop buffer (PharmTox, Radboud UMC, Nijmegen, The Netherlands). Samples
were then transferred onto a MultiScreenHTS FB Filter Plate 1.0 mm/0.65 mm
(Merck KGaA, Darmstadt, Germany), and the vesicles were washed thrice with
200 ml stop buffer and twice with ice-cold washing buffer (40 mM 4-morpholi-
nepropanesulfonic acid/Tris pH 7.0 and 70 mM KCl). After washing, the �lter
wells were air-dried, and the statins were eluted from vesicles with 50%

methanol containing 25 ng/ml of isotope-labeled statin as an internal standard.
All assays were performed in triplicates on 96-well plates.

Transport Studies. The vesicular transport assay and the function of mem-
brane vesicles were veri�ed by investigating the transport of estradiol-17-glucu-
ronide and N-methyl-quinidine, known MRP and P-gp substrates, respectively.
Statin transport was initially screened in BCRP, MRP2, MRP3, MRP4, MRP8,
P-gp, and control vesicles: 10 mM of atorvastatin, 3R,5S-�uvastatin, 3S,5R-�u-
vastatin, pitavastatin, pravastatin, and rosuvastatin and 1 mM of simvastatin acid
were incubated with the vesicles for 10 minutes. In addition, the transport of 10
mM atorvastatin metabolites was screened similarly in BCRP, MRP2, MRP3,
MRP4, P-gp, and control vesicles. Statin-transporter combinations that exhibited
notably higher uptake in the presence of ATP compared with that in the absence
of ATP were further studied for time-linear range of transport with incubation
times of 5, 10, and 15 minutes. Finally, the concentration-dependent transport
(transporter kinetics) for con�rmed substrates was determined in at least three
separate experiments, in which the statin concentration ranged from 6 to
200 mM. The incubation time (5 minutes) was selected based on the results of
the time-dependence experiments. Racemic �uvastatin was employed in the
kinetic studies, since the �uvastatin enantiomers exhibited no selectivity in the
investigated transporters and racemic mixture was more readily available.

50-Nucleotidase Activity Assay. The 50-nucleotidase activity assay was
used to determine the fraction of inverted membrane vesicles, essentially as
described previously (Meszaros et al., 2011). In short, 15 mg of transporter mem-
brane vesicles were incubated at 37�C for 30 minutes with and without 3 mM
AMP and 0.3% Triton X-100 in 50 mM Tris-HCl (pH 7.4) and 4 mM MgCl2.
The inorganic phosphate generated from AMP by 50-nucleotidase located on the
extracellular side of the plasma membrane was measured using Malachite Green
Phosphate Detection Kit (R&D Systems, Minneapolis, MN).

The 50-nucleotidase activity was determined at four conditions: A) measure-
ment with AMP and Triton X-100, which provides the maximum activity; B)
measurement with AMP only, which provides the activity in right-side-out
vesicles; C) measurement with Triton X-100 only, which shows the phosphate
background in the presence of Triton X-100; and D) measurement without AMP
and Triton X-100, which shows the background phosphate in the assay buffer.

finverted …
A � Cð Þ � ðB � DÞ

A � C
*100% (1)

The fraction of inverted membrane vesicles was calculated using eq. 1. In the
equation, A, B, C, and D indicate the amount of inorganic phosphate at the four
conditions described above. A � C describes the total activity of 50-nucleotidase,
whereas B � D describes the activity of 50-nucleotidase in the right-side-out
vesicles.

Analytical Methods. All statins and statin metabolites were analyzed using
a Sciex 5500 Qtrap LC-MS/MS system (AB Sciex, Framingham, MA) interfaced
with an ESI ion source. The chromatographic separation was performed on a
Luna Omega polar C18 analytical column (100 � 2.1 mm i.d., 1.6 mm particle
size; Phenomenex, Torrance, CA) protected by a guard column of the same
material. The mobile phases A and B consisted of 5 mM ammonium formate
(pH 3.9, adjusted with 98% formic acid) and acetonitrile, respectively, and the
�ow rate and the column temperature were maintained at 300 ml/min and 40�C.
The following gradient conditions were applied: 1 minute at 20% B on
hold, then a linear ramp from 20% B to 40% B over 3 minutes followed by
a second linear ramp to 90% B over 2 minutes and 1 minute at 90% B
before a re-equilibration step back to the initial conditions (20% B). The
mass spectrometer was operated in multiple reaction monitoring mode, and
the characteristic ion transitions for each analyte and internal standard are
presented in Supplemental Table S1.

Protein amounts (pmol/mg of protein) of BCRP, MRP2, MRP3, MRP4, and
P-gp in vesicles were quanti�ed by mass spectrometry–based targeted proteomics
using a validated LC-MS/MS method as described elsewhere (Gr�oer et al., 2013;
Oswald et al., 2019). The isolated vesicles were subjected to determination of the
whole protein concentrations using the BCA assay (Thermo Fisher Scienti�c,
Schwerte, Germany). If necessary, membrane fractions were adjusted to a maxi-
mum protein amount of 2 mg/ml. Subsequently, the membrane vesicles were
directly digested with trypsin without further processing. In brief, 100 ml of each
membrane fraction was mixed with 10 ml dithiothreitol (200 mM, Sigma-
Aldrich, Taufkirchen, Germany), 40 ml ammonium bicarbonate buffer (50 mM,
pH 7.8, Sigma-Aldrich), and 10 ml ProteaseMAX (1%, m/v, Promega,
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Mannheim, Germany) and incubated for 20 minutes at 60�C. After cooling
down, 10 ml iodoacetamide (400 mM, Sigma-Aldrich) were added, and the
samples were incubated in a darkened water bath for 15 minutes at 37�C.
For protein digestion, 10 ml trypsin (trypsin/protein ratio: 1/40, Promega)
was added, and samples were incubated in a water bath for 16 hours at
37�C. Digestion was stopped by addition of 20 ml formic acid (10% v/v,
Sigma-Aldrich). Afterward, the samples were centrifuged one more time for
15 minutes at 16,000 g and 4�C. Then 50 ml of the supernatant was mixed
with 25 ml isotope-labeled internal standard peptide mix (10 nM of each
labeled peptide, Thermo Fisher Scienti�c). All sample preparation and
digestion steps were performed using Protein LoBind tubes (Eppendorf,
Hamburg, Germany). Protein quanti�cation was conducted on a 5500
QTRAP triple quadrupole mass spectrometer (AB Sciex, Darmstadt, Ger-
many) coupled to an Agilent Technologies 1260 In�nity system (Agilent
Technologies, Waldbronn, Germany). Transporter proteins were simulta-
neously quanti�ed using proteospeci�c peptides. Final protein abundance
data (picomoles per milligram) were calculated by normalization to the total
protein content of the isolated membrane fraction as determined by the
BCA assay.

Data and Statistical Analysis. ATP-dependent transport was calculated by
subtracting the statin uptake into vesicles in the absence of ATP from the statin
uptake into vesicles in the presence of ATP. Uptake ratio was determined by
uptake of investigated statin into vesicles in the presence of ATP divided by that
in the absence of ATP. The ATP-dependent transport and uptake ratios in screen-
ing and time-dependent transport studies were compared with those in control
vesicles using one-way ANOVA and Fisher’s least signi�cant difference analysis
(GraphPad Software version 8.4, San Diego, CA). A P value below 0.05 was
considered statistically signi�cant.

The kinetic parameters of statin transport were determined with GraphPad
Prism 8.4. For these calculations, the mean ATP-dependent transport values of
each concentration point from separate experiments were pooled, and these val-
ues were �tted to the Michaelis-Menten equation (eq. 2), wherein v stands for
the velocity of ATP-dependent transport, Vmax stands for the maximal transport
rate, [S] stands for the substrate concentration, and Km stands for the Michaelis-
Menten constant.

v …
Vmax S‰ �
Km1‰S�

(2)

The in vitro statin clearance was calculated from Michaelis-Menten parame-
ters as shown in eq. 3.

CLin vitro …
Vmax

Km
(3)

The in vitro statin clearance was adjusted with vesicle protein expression as
shown in eq. 4,

CLadj …
CLin vitro

Protein expressionin vitro * finverted
(4)

in which CLadj stands for expression-adjusted clearance, Protein expressionin vitro

stands for transporter abundance measured in vesicles, and finverted stands for the
fraction of membrane vesicles that is inverted. The clearance was further scaled
to the tissue level by multiplying CLadj with published transporter abundance
data (eq. 5).

CLtissue … CLadj*Protein expressiontissue (5)

In eq. 5, CLtissue is the estimated tissue level ef�ux statin clearance, and Pro-
tein expressiontissue is the abundance of the ef�ux transporter in the tissue of
interest (Burt et al., 2016; Drozdzik et al., 2019).

Results

Transport of Known Substrates of MRP2, MRP3, MRP4,
MRP8, and P-gp. The functionalities of the vesicles were veri�ed
using estradiol-17-glucuronide (50 mM for MRP2; 5 mM for MRP3,
MRP4, MRP8, and control vesicles) and N-methyl-quinidine (5 mM for
P-gp) as positive controls. The uptake ratios of these probe substrates in
MRP2, MRP3, MRP4, MRP8, and P-gp vesicles were 79, 38, 15, 2.8,

and 2.4, respectively, verifying the functionality of the vesicles and
vesicular transport assay (Supplemental Fig. S1).

Screening of Statin Efflux Transport. The screening of statin
transport was conducted by incubating 10 mM of statins (or 1 mM in the
case of simvastatin acid) with BCRP, MRP2, MRP3, MRP4, MRP8, P-
gp, and control vesicles (Fig. 1; Supplemental Table S2). Atorvastatin
was signi�cantly transported by MRP3 (uptake ratio 2.2 ± 0.6) and
P-gp (3.1 ± 0.6), and the uptake ratio of transport differed signi�cantly
from control (MRP3, P = 0.0102; P-gp, P < 0.0001). 3R,5S-Fluvastatin
was signi�cantly transported by BCRP (3.8 ± 0.9, P < 0.0001) and
P-gp (2.8 ± 0.3, P = 0.0078), whereas 3S,5R-�uvastatin was signi�-
cantly transported by BCRP (3.1 ± 1.6, P = 0.0497), MRP3 (3.2 ± 1.0,
P = 0.0261), and MRP4 (3.1 ± 0.8, P = 0.0458). Pitavastatin was clearly
transported by BCRP (4.6 ± 0.6, P = 0.0006) and P-gp (3.3 ± 1.0, P =
0.0306), and rosuvastatin was ef�ciently transported by BCRP (8.4 ±
3.1, P = 0.0002). For pravastatin and simvastatin acid, none of the
uptake ratios differed signi�cantly from the control.

In addition, we tested the transport of 10 mM atorvastatin metabolites:
2-hydroxyatorvastatin, 4-hydroxyatorvastatin, 2-hydroxyatorvastatin lac-
tone, and 4-hydroxyatorvastatin lactone in BCRP, MRP2, MRP3,
MRP4, P-gp, and control vesicles. 2-Hydroxyatorvastatin was taken up
in BCRP (uptake ratio 3.5 ± 0.9, P = 0.0279) and MRP3 (3.3 ± 0.6,
P = 0.0492) vesicles signi�cantly more than in control vesicles (uptake
ratio 1.9 ± 0.7) (Fig. 1; Supplemental Table S3). The transport of
4-hydroxyatorvastatin in MRP3 (4.4 ± 1.5, P = 0.0028) and P-gp (4.0 ±
1.1, P = 0.0076) vesicles differed signi�cantly from control vesicles
(1.3 ± 0.7). The 2- and 4-hydroxyatorvastatin lactones showed no trans-
port in any vesicles (Supplemental Table S3).

Time-Dependent Transport. The transport of statins by selected
transporters was further investigated by studying the time-dependent
transport (Supplemental Figs. S2–S7; Supplemental Tables S4–S5). In
most cases, when notable transport was observed, the ATP-dependent
transport plateaued already at 5 minutes as the statin uptake into
vesicles and the escape of the statins due to passive diffusion reached
equilibrium.

Atorvastatin transport was already prominent at 5 minutes in BCRP,
MRP3, and P-gp vesicles with uptake ratios of 2.5 (P = 0.0012), 2.2
(P = 0.0167), and 2.5 (P = 0.0019), respectively, which were signi�-
cantly higher than that in control vesicles (Supplemental Fig. S2). On
the other hand, the ATP-dependent transport and uptake ratio in MRP2
and MRP4 vesicles did not differ from the control vesicles, except for
MRP2 at 10-minute time point.

The transport rates of both �uvastatin enantiomers in BCRP, MRP3,
and P-gp vesicles were signi�cantly higher than those in control vesicles
at any given time, and the ATP-dependent transport was nearly pla-
teaued 5 minutes after initiation of transport (Supplemental Figs. S3 and
S4). The 3R,5S-�uvastatin transport rate in MRP2 and MRP4 vesicles
was higher than that in control vesicles at 5 and 10 minutes. The
3S,5R-�uvastatin transport rate in MRP2 and MRP4 vesicles was higher
than that in control vesicles only at 10 minutes. The transport rates of
3R,5S-�uvastatin and 3S,5R-�uvastatin in MRP8 vesicles differed sig-
ni�cantly from those of control vesicles only at 5- and 10-minute time
points, respectively.

Pitavastatin was transported by BCRP with high ef�ciency: The
transport rates in BCRP vesicles were three times higher than those in
MRP3 and P-gp vesicles (Supplemental Fig. S5). The transport rates in
MRP3 vesicles were signi�cantly higher than those of control at 5- and
15-minute time points, but only at 15 minutes the uptake ratio of 2.3
was signi�cantly greater than in control vesicles (P = 0.0011). P-gp
vesicles showed signi�cantly higher transport rate (P = 0.0002) and the
uptake ratio (3.6, P = 0.0004) at 5-minute time point than control
vesicles.
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In the screening, the uptake ratios of pravastatin were relatively high
in BCRP, MRP3, and MRP4 vesicles, although they did not differ sig-
ni�cantly from that of control vesicles. For this reason, the time-depen-
dent transport of pravastatin was further studied. MRP3 exhibited low
yet signi�cant transport rates at 5-minute (P = 0.0050) and 15-minute
(P = 0.0115) time points despite notable variation (Supplemental Fig.
S6). In addition, the uptake ratio at 5 minutes (2.2, P = 0.0018) was sig-
ni�cantly greater than that of control. Pravastatin transport rates in
BCRP, MRP2, and MRP4 vesicles did not differ signi�cantly from con-
trol, except for MRP2 at 15 minutes (P = 0.0473).

Rosuvastatin was transported by BCRP with high rate and uptake
ratio at any given time, although the ATP-dependent transport plateaued
already at 5 minutes (Supplemental Fig. S7). Although the MRP4 and
P-gp transported rosuvastatin to some extent, the transport rates did not
differ signi�cantly from control vesicles and were approximately an
order of magnitude lower than those in BCRP vesicles. Only the trans-
port rate at 10 minutes in MRP4 vesicles was signi�cantly greater than

that in control vesicles (P = 0.0410). The high uptake ratio of rosuvasta-
tin in MRP8 vesicles in screening studies was not replicated in the
time-dependence studies.

The time-dependent transport of simvastatin acid was not further
investigated, as the uptake ratios of simvastatin acid transport in the
screening were relatively close to that in control vesicles.

Concentration-Dependent Transport (Transporter Kinetics).
Based on atorvastatin screening and time-dependence studies, BCRP,
MRP3, and P-gp were selected for kinetic measurements (Fig. 2). Ator-
vastatin had apparent af�nities of 82.4, 31.5, and 10.7 mM, in BCRP,
MRP3, and P-gp, respectively (Table 1). The maximum transport rate
in the investigated transporters followed the same order, with the rate
being the greatest for BCRP and the lowest for P-gp.

Racemic �uvastatin was employed in kinetic studies, since the enan-
tiomers exhibited no distinct selectivity in the investigated transporters,
and racemic mixture is more readily available. Racemic �uvastatin was
well transported by BCRP and MRP3 with similarly high af�nities (Km

Fig. 1. The uptake of statins (A–G) and atorvastatin metabolites (H–I) in BCRP, MRP2, MRP3, MRP4, MRP8, P-gp, and control vesicles. Statin concentrations, incu-
bation time, and amount of vesicles were 10 mM (simvastatin acid 1 mM), 10 minutes, and 7.5 mg, respectively. Incubation time and the amount of vesicles in each
experiment were 10 minutes and 7.5 mg, respectively. Black and gray bars represent statin uptake in vesicles in the presence and absence of ATP, respectively. Results
are presented as mean ± S.D. transport obtained from a single experiment performed with triplicate samples. One-way ANOVA was performed to evaluate whether
the uptake ratio in transporter of interest differed from the control vesicles. * P < 0.05, ** P < 0.01.
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