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Genetic Polymorphisms in SLCO2B1 and ABCC1
Conjointly Modulate Atorvastatin Intracellular

Accumulation in HEK293 Recombinant Cell Lines

Emilia Hoste, MSc,*† Adrien Paquot, PharmD,‡ Nadtha Panin, BSc,† Shaleena Horion, MSc,* Halima El
Hamdaoui, BSc,* Giulio G. Muccioli, PhD,‡ Vincent Haufroid, PhD,†§ and Laure Elens, PhD*†

Background: Although atorvastatin (ATV) is well-tolerated, patients
may report muscle complaints. These are difficult to predict owing to
high interindividual variability. Such side effects are linked to intramus-
cular accumulation of ATV. This study aimed to investigate the relative
role of transporters expressed in muscle tissue in promoting or limiting
drug access to cells. The impact of common single nucleotide polymor-
phisms (SNPs) in SLCO2B1 coding for OATP2B1 and ABCC1 coding
for MRP1 on ATV transport was also evaluated.

Methods: HEK293 cells were stably transfected with plasmids
containing cDNA encoding wild-type or variant SLCO2B1 and/or
ABCC1 to generate single and double stable transfectant HEK293
recombinant models overexpressing variant or wild-type OATP2B1
(influx) and/or MRP1 (efflux) proteins. Variant plasmids were gen-
erated by site-directed mutagenesis. Expression analyses were per-
formed to validate recombinant models. Accumulation and efflux
experiments were performed at different concentrations. ATV was
quantified by LC-MS/MS, and kinetic parameters were compared
between single and double HEK transfectants expressing wild-type
and variant proteins.

Results: The results confirm the involvement of OATP2B1 and
MRP1 in ATV cellular transport because it was demonstrated that
intracellular accumulation of ATV was boosted by OATP2B1
overexpression, whereas ATV accumulation was decreased by
MRP1 overexpression. In double transfectants, it was observed that
increased ATV intracellular accumulation driven by OATP2B1
influx was partially counteracted by MRP1 efflux. The c.935G .
A SNP in SLCO2B1 was associated with decreased ATV OATP2B1-
mediated influx, whereas the c.2012G . T SNP in ABCC1 seemed
to increase MRP1 efflux activity against ATV.

Conclusions: Intracellular ATV accumulation is regulated by
OATP2B1 and MRP1 transporters, whose functionality is modulated
by natural genetic variants. This is significant because it may play a
role in ATV muscle side-effect susceptibility.
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porters, adverse drug reactions
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INTRODUCTION
Atorvastatin (ATV), an HMG-CoA reductase inhibitor,

commercialized under the name of statins, has proven its
efficacy in reducing increased blood levels of low-density
lipoprotein (LDL) cholesterol and limiting the risk of
cardiovascular disease.1,2 Although generally well tolerated,
5%–10% of patients may suffer from muscle complaints, a
relatively uncomfortable side effect that can eventually lead to
spontaneous poor patient compliance.3–5 As an HMG-CoA
reductase inhibitor, ATV competitively inhibits the mevalo-
nate pathway implicated in cholesterol synthesis.6 Although
ATV-mediated HMG-CoA reductase inhibition is related to
its effect on cholesterol synthesis, it is believed to also
account for its adverse effects, among which are muscular
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complaints. In fact, the ATV-mediated inhibition of the me-
valonate pathway and the consequent downstream metabolite
depletion leads to a joint reduction of their respective physi-
ological activities which could possibly explain the ATV-
related muscular side effects.7 ATV-mediated HMG-CoA
reductase inhibition and the resulting metabolite depletion
are known to be dose-dependent.1 This dose-dependent
response suggests that understanding ATV intracellular phar-
macokinetics (PK) and the factors affecting it is necessary to
unravel the reasons for treatment response variabilities and
susceptibility to muscle side effects. In particular, the fact that
statin-associated muscle symptoms are specific to skeletal
muscle tissue, and dose and drug potency dependent,8–10 pro-
vides a rationale for exploring the importance of factors
affecting intramyocyte concentrations. ATV can enter myo-
cytes where toxicity occurs through passive diffusion.
However, some data also suggest that active transport is a
preponderant mechanism.11 The activity of transporters ex-
pressed in skeletal muscle tissue is assumed to modulate drug
concentrations directly within myocytes through both drug
efflux and influx. Among the efflux transporters implicated
in ATV PK, MRP1, encoded by ABCC1 (ATP-binding cas-
sette subfamily C, member 1), is one of the most expressed,
whereas OATP2B1, encoded by SLCO2B1 (solute carrier
organic anion subfamily 2B, member 1) is, to the best of
our knowledge, the only drug influx transporter involved in
ATV transport and expressed in skeletal muscle tissues.12

This suggests that these transporters play a role in protecting
or sensitizing myocytes from statin toxicity. However, the
correlation between transporter activity and ATV cellular dis-
position has been poorly explored. Elucidating the potential
impact of functional single nucleotide polymorphisms (SNPs)
on the role of these transporters in driving the drug across
membranes and determining drug cellular accumulation may
explain the interindividual differences in the risks of muscle
side effects. ABCC1 is located on chromosome 16p13.11 and
contains 34 exons (NG_028268.2). This efflux transporter
transports various molecules such as ions, glutathione, or
xenobiotics.13 ABCC1 expression is relatively ubiquitous.
However, its expression is significant in the lungs, on the
basolateral membranes of proximal renal tubular cells, and
epithelial cells of the small intestine. ABCC1 is not expressed
in the liver.14 ABCC1 is highly polymorphic. Among others,
the rs45511401 (c.2012G . T, Gly671Val) SNP is a non-
synonymous coding SNP located close to the first nucleotide-
binding domain of the protein.15 OATP2B1 is an influx drug
carrier that transports endogenous (eg, estrone-3-sulfate and
pregnenolone sulfate) and exogenous (eg, ATV and rosuvas-
tatin) substrates. Its coding gene (SLCO2B1) is located on
chromosome 11q13.4, which contains 16 exons
(NG_027921.1).16 This influx transporter is mainly expressed
on the basolateral hepatic membranes, facilitating the extrac-
tion of endogenous substrates and drugs from the blood to the
hepatocyte for further metabolization.17,18 It is also expressed
in the skeletal muscle tissue, blood–brain barrier, kidney,
small intestine, and, to a lesser extent, placenta.19 Because the
protein is not very well characterized, little data are available.
However, the nonsynonymous SNP rs12422149 (c.935G .

A, Arg312Gln) in SLCO2B1 has been associated with
increased simvastatin plasma levels and reduced rosuvastatin
efficiency, suggesting a significant effect of this SNP on the
PK of its substrates.20,21 However, to date, no data on ATV
are available.

Both polymorphisms are commonly found in the
general population (Table 1). The minor allele frequency of
rs45511401 in ABCC1 is higher in the European population
(4.6%) than that in the American (2%), South Asian (1.1%),
and African (0.5%) populations, with a global minor allelic
frequency of approximately 2%. The minor allele frequency
of rs12422149 in SLCO2B1 is higher globally (21%), with a
very high frequency in American (36.5%) and Southeast
Asian populations (26.3% and 32%, respectively) and a lower
frequency in African and European populations (9.2% and
9.5%, respectively).22,23

The goal of this study was to assess the activity of both
transporters and the functional effects of 2 common nonsy-
nonymous coding SNPs on ATV cellular transport. In this
context, in vitro recombinant models overexpressing the
transporters either separately (single transfectants) or simul-
taneously (double transfectants) were developed by stably
transfecting HEK293 cells.

MATERIALS AND METHODS

Materials
Atorvastatin (ATV) was purchased from Pfizer (New

York, NY), and the d5-ATV calcium salt was purchased from
Alsachim (CAS number:222,412-82-0). Gentamicin (G418),
hygromycin B, dimethyl sulfoxide, ampicillin, and kanamy-
cin were purchased from Sigma-Aldrich (St. Louis, MO).

Cell Culture
Control and transfected human embryonic kidney cells

(HEK293, ATCC N8CRL-1573) were grown in Dulbecco
modified Eagle medium with high glucose, L-glutamine,
and sodium pyruvate (DMEM GIBCO) supplemented with
10% (vol/vol) fetal bovine serum and 1% (vol/vol)
penicillin–streptomycin (Thermo Fisher Scientific, Waltham,
MA). The cells were cultured at 378C and 5% CO2. For re-
culturing, the cells were detached with enzyme-free cell dis-
sociation buffer (Thermo Fisher Scientific).

TABLE 1. Minor Allele Frequency Among Ethnicities for
rs45511401 in ABCC1 and rs12422149 in SLCO2B1 According
to Ensembl.org

rs45511401 in ABCC1 rs12422149 in SLCO2B1

Global 0.015 Global 0.210

European 0.046 European 0.095

American 0.020 American 0.365

African 0.005 African 0.092

South Asian 0.011 South Asian 0.263

East Asian 0 East Asian 0.320
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Generation of SLCO2B1935G and SLCO2B1935A
Plasmids

The expression vector pCMV-V-OFPSpark, which
encodes the wild-type (WT) OATP2B1 protein
(SLCO2B1935G), and a C-terminal fluorescent red tag
(OFPSpark) were purchased from Bio-Connect Life
Sciences (cat. HG18756-ACR; Huissen, the Netherlands).
The construct contained sequences coding for kanamycin
and hygromycin B resistance genes, allowing for further bac-
terial and eukaryotic cell selection, respectively. The variant
plasmid expressing SLCO2B1935A (rs12422149) was gener-
ated by site-directed mutagenesis by polymerase chain reac-
tion (iCycler iQ; BioRad, Hercules, CA) using the Phusion
Site-Directed Mutagenesis Kit (Waltham, MA) following the
manufacturer’s protocol. The back-to-tail primers phosphory-
lated in 50-OH, including the point mutation, were 50-CAG
TTT CGG CAA AAG GTC TTA G-30 (forward) and 50-AAG
CTC ACG TTT TTC CTT G-30 (reverse) and were purchased
from Eurofins Scientific société européenne (Ebersberg,
Germany). Plasmid transformation and amplification were
performed in dH5a Escherichia coli strains using heat shock.
The product was purified using a PureLink HiPure Plasmid
Filter Maxiprep (Thermo Fisher Scientific, Waltham, MA).
The amplicon was sequenced using a Sanger method
(Eurofins, Germany) to confirm the introduction of the point
mutation c.935G . A into the coding nucleotide sequence of
SLCO2B1 (see Supplemental Data, Figure S1a, b,
Supplemental Digital Content 1, http://links.lww.com/
TDM/A619).

Generation of ABCC12012G and ABCC12012T
Plasmids

The expression vector pcDNA3.1-eGFP that was kindly
provided by Dr. Susan Cole15 codes for WT MRP1 protein
(ABCC12012G) with a green fluorescent tag (GFP). The con-
struct contained sequences coding for ampicillin and gentami-
cin resistance genes, allowing for further bacterial and
eukaryotic cell selection, respectively. For SLCO2B1, a variant
plasmid expressing ABCC12012T (rs45511401) was generated
by site-directed mutagenesis by polymerase chain reaction
using the Phusion Site-Directed Mutagenesis Kit. The back-
to-tail primers phosphorylated at the 50-OH, including the point
mutation, were 50-ATC CCC GAA GTT GCT TTG GTG-30
(forward) and 50-GGA GAA GGT GAT GCC ATT C-30
(reverse). The product was amplified and purified under the
same conditions as described previously, and the variant was
successfully introduced into the coding sequence of ABCC1
(see Supplemental Data, Figure S1c, d, Supplemental
Digital Content 1, http://links.lww.com/TDM/A619).

Generation of Stable Recombinant Cell Lines
For single transfectants, overexpressing either WT or the

variant (var) OATP2B1 protein HEKOATP2B1WT and
HEKOATP2B1var, 5 · 105 HEK293 cells/well were seeded in 12-
well plates the day before transfection with the Lipofectamine
3000 Transfection Kit (Invitrogen, Carlsbad, CA) with 1.25
mcg of plasmid DNA (either SLCO2B1935G or SLCO2B1935A
plasmids). The same method was used to obtain HEKMRP1WT

and HEKMRP1var single transfectants. For the double transfectants,
1 · 106 cells overexpressing 1 of the 2 proteins (HEKOATP2B1WT

or HEKOATP2B1var) were cultured in 6-well plates 1 day before
lipofection. Transfection was then achieved using 2.5 mcg of
plasmid DNA per well (either ABCC12012G or ABCC12012T plas-
mids). The antibiotic selection was performed 72 hours postlipo-
fection with hygromycin B and G418 at a final concentration of
0.5 mg/mL and 1 mg/mL to select cells that stably expressed
OATP2B1 and/or MRP1 proteins, respectively. Resistant strains
were reseeded after 14 days for future development and sorted by
flow cytometry.

Double transfectant models were renamed thereafter, with
the model overexpressing both WT transporters (HEKOATP2B1WT-

MRP1WT); the model overexpressing SLCO2B1 WT and ABCC1
variant, HEKOATP2B1WT-MRP1var; and the model overexpressing
SLCO2B1 variant and ABCC1 WT, HEKOATP2B1var-MRP1WT.
Based on the relatively low frequency of polymorphisms in the
population, the impact of both variants in the double transfectant
model HEKOATP2B1var-MRP1var was not investigated (the theoreti-
cal frequency of the combination is 0.66%).

Characterization of OATP2B1 and MRP1
Protein Expression

Flow Cytometry
The cells were detached, counted, and centrifuged at

400g for 5 minutes at 48C on the day of the experiment. The
supernatant was discarded, and the cell pellet was resuspended
in 2 mL of sterile fluorescence activated cell sorter (FACS)
buffer (Dulbecco PBS, 1% (vol/vol) decomposed fetal bovine
serum, 0.001mol/L EDTA [Thermo Fisher Scientific]). Cells
were washed twice and resuspended in FACS buffer for anal-
ysis with a BD-FACS Verse or sorting with a BD FACSAria
III (BD Biosciences, NJ). OFPSpark (red OATP2B1) and
green fluorescence (eGFP) (green MRP1) were excited with
a blue laser (488 nm) using bandpass filters band pass 586/42
and 527/32, respectively. Raw data were analyzed using
FlowJo version 10.8.1 (Ashland, OR). Because fluorescent
OFPSpark and eGFP emission spectra partially overlapped,
the data were compensated using FlowJo.

All the generated recombinant models were sorted
using fluorescence parameters gated at the same level of
intensity to ensure similar protein expression. Sorted cells
were reseeded in 12-well plates with adequate selective
antibiotic concentrations to allow for growth expansion.

Inverted Fluorescence Microscope
Cells were seeded in Ibidi 4 chambers pH+ m-slide

(Gräfelfing, Germany) 48 hours before microscopic analysis
using Zeiss Observer Z1 (Zeiss, Germany). The fluorescence
signals were obtained using a Zeiss Colibri 7 LED light source.
Red fluorescence (OFPSpark) emitted by the tag attached to
OATP2B1 was observed with a yellow LED at an excitation
wavelength of 555 nm and an emission quadrature bandpass
582/30. EGFP emitted by the tag attached to MRP1 was
observed with a blue LED at an excitation wavelength of
475 nm and an emission quadrature bandpass 514/30.
Images were captured with a Zeiss Axiocam 506 mono and
processed using Zeiss Zen 2 lite.
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Characterization of OATP2B1 and MRP1
Activity

Atorvastatin Intracellular Accumulation and
Efflux Kinetics

The day before the accumulation assay, the cells (3 ·
105) were seeded in 24-well plates coated with poly-L-lysine
(Sigma-Aldrich), reaching a confluence of;90% the next day.
On the day of the experiment, 50 mL of each well was removed
and 50 mL of freshly diluted ATV solution was added. For
drug accumulation, cells were incubated for 120 minutes with
increasing ATV concentrations (0, 50, 75, 100, 150, and 500
nM), whereas a concentration of 75 nM was selected for efflux
kinetics. All experiments were performed at least twice (N = 2)
in triplicate (n = 3). After ATV incubation at 378C with 5%
CO2 saturation, the plates were centrifuged (Eppendorf 417 R)
at 400g for 5 minutes at 48C and the supernatant was discarded.
Cells were washed 3 times with 500 mL ice-cold D-PBS and
either recovered for accumulation experiments or allowed to
efflux in drug-free medium for 30, 60, 120, and 300 minutes.
The cells were finally resuspended in 500 mL of D-PBS sup-
plemented with 0.001mol/L EDTA, transferred to a 1.5 mL
Eppendorf (Hamburg, Germany), and centrifuged at 400g for
5 minutes at 48C. The supernatant was discarded, and the cell
pellet was stored at 2208C for further extraction. For efflux
kinetics, aliquots of media (500 mL) were collected at each
time point to quantify the fraction of drug effluxed and the cell
pellet collected using the method described previously. The
efflux ratio was calculated by normalizing the amount of ef-
fluxed ATV in the medium at the time points (30, 60, 120, or
300 minutes) on the intracellular amount accumulated at the
start of the efflux period (ie, after 2 hours of accumulation).

Atorvastatin Extraction and Quantification
The thawed cell pellets were resuspended in 100 mL of an

extraction solvent consisting of a mixture of methanol–water
(60:40, v/v) and d5-ATV at a final concentration of 5 nM. The
samples were vortexed, sonicated for 10 minutes, and centrifuged
for 5 minutes at 10,600g at room temperature (208C). The cell
pellets were stored at 2208C for protein assay, and supernatants
were transferred to an injection vial and dried under nitrogen flow.
The residue was resuspended in 30 mL of methanol before injec-
tion into the HPLC-MS/MS system. For ATV quantification, 500
mL of media was added to 1.2 mL of ice-cold acetone supple-
mented with d5-ATV at a final concentration of 5 nM. The
mixture was vigorously vortexed, stored at 2208C for 2 hours,
and then centrifuged at 10,600g for 10 minutes. The supernatant
was then evaporated and resuspended in methanol. Each extract
(5 mL) was injected into an HPLC-MS/MS system (Xevo TQ-S,
Waters, Milford, MA). Analyte separation was performed using a
gradient between mobile phase A (MeOH-H2O (75:25) with
0.1% (v/v) acetic acid) and mobile phase B (MeOH with
0.1% (v/v) acetic acid) and a ultra performance liquid chroma-
tography column [Ascentis Express C18 column (2.7 mm, 150 ·
4 mm)] equipped with a precolumn. For MS/MS detection, ion-
ized compounds were generated using an electrospray source
operated in positive mode. Detection was performed in the mul-
tiple reaction monitoring mode using the quantification transitions
564.3 / 440.3 for d5-ATV and 559.2 / 440.2 ATV.

Calibration curves were established between 0.5 and 1000 fmol
ATV on the column. In addition, in each run of ATV quantifi-
cation, we screened our samples for ortho‐hydroxy-atorvastatin
and para‐hydroxy-atorvastatin (575.2 . 440.2) and for atorvasta-
tin lactone (541.2 . 448.2).4 In all cases, metabolite levels were
below the respective detection limits (0.4 and 0.5 fmol for para-
OH-ATV and ortho-OH-ATV, respectively, and 0.375 fmol for
ATV lactone), suggesting that the spontaneous conversion of the
acid form is very limited in our in vitro system and cannot explain
the observed differences. Data analysis was performed using the
MassLynx software (waters). ATV concentrations were normal-
ized to total protein content.

Protein Normalization and Statistical Analysis
The protein assay was performed in triplicate for each

sample with thawed cell pellets using a DC Protein Assay
(BioRad, Hercules, CA).

Graphs and statistical analyses were performed using
GraphPad Prism version 8.4.2. To assess the impact of
transporters on the intracellular accumulation of ATV, 2-
way analysis of variance was used to evaluate the impact of 2
independent factors, that is, ATV incubation concentration
(accumulation experiment) or efflux time (efflux kinetics),
and the cell lines. Bonferroni post hoc tests were performed
for multiple comparisons to determine which means differed
from the others. In all cases, the results were considered
significant when the P value was , 0.05.

RESULTS

Generation of Stable SLCO2B1935G and
SLCO2B1935A Overexpressing Cell Lines and
Characterization of OATP2B1 Expression

After transfection of HEK293 cells with pCMV-V-
OFPSpark containing the coding sequence SLCO2B1935G or
SLCO2B1935A, similar OATP2B1 expression was ensured by
sorting the cells using a fluorescence activated cell system
(FACS) gated on the same level of fluorescence intensity.

The expression levels of OATP2B1 were examined using
fluorescence microscopy. The results confirmed that the
recombinant cell lines HEKOATP2B1WT and HEKOATP2B1var

overexpressed OATP2B1 influx protein. Bright red fluorescence
of the overexpressing cells was observed in HEKOATP2B1WT and
variant, whereas no fluorescent signal was observed for the
control cells (HEKCTRL) (Fig. 1A). Furthermore, a strong encir-
cling fluorescent signal was observed, indicating the dominant
location of transporters in the membrane.

Generation of Stable SLCO2B1935G/A and
ABCC12012G/T Double Transfectant Cell Lines
and Characterization of Their Protein
Expression Levels

As described in the Materials and Methods section,
double transfectants were generated by transfecting cells stably
expressing OATP2B1 with pcDNA3.1-eGFP ABCC1 expres-
sion vectors (either WT or variant). For single transfectants,
similar protein expression was ensured by sorting the cells by
FACS gating at the same level of fluorescence intensity. This
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was confirmed by inverted fluorescence microscopy, where all
double transfectants expressed green and red fluorescence
when compared with HEKCTRL cells (Fig. 1B). This observa-
tion confirmed that both the influx and efflux proteins were
overexpressed in the double transfectant cell models.

Effect of SLCO2B1935G versus SLCO2B1935A
Overexpression on ATV Intracellular
Accumulation

The results presented in Figure 2 compare the intracel-
lular accumulation of ATV in HEKOATP2B1WT,
HEKOATP2B1var, and HEKCTRL cells. After 2 hours of drug
incubation, ATV cellular content was significantly increased

in HEKOATP2B1WT cells compared with HEK293CTRL cells
from 25 nM onward (*P , 0.05 at 25 nM, **P , 0.01 at
50 nM, ****P , 0.0001 from 75 nM of ATV). Interestingly,
HEKOATP2B1var showed reduced ATV accumulation com-
pared to its WT counterpart, and the difference was signifi-
cant at 150 nM and 500 nM. (###P , 0.01 at 150 nM and
#####P , 0.001 at 500 nM).

Effect of SLCO2B1935G/A and ABCC12012G/T Co-
expression on the Intracellular Accumulation
of ATV

After 2 hours of incubation with increasing concen-
trations of ATV, the percentage accumulation in HEK293

FIGURE 1. Fluorescence microscopy in (A) single transfectant models (i, ii) HEKCTRL, (iii, iv) recombinant HEKOATP2B1WT, and (v, vi)
recombinant HEKOATP2B1var in bright field above and in red OFPSpark detection below and fluorescence microscopy in (B) double
transfectant models (i–iii) HEKCTRL, (iv–vi) recombinant HEKOATP2B1WT-MRP1WT, (vii–ix) recombinant HEKOATP2B1var-MRP1WT, and (x–
xii) recombinant HEKOATP2B1WT-MRP1var in bright field above, in green eGFP detection centered, and in red OFPSpark detection
below.
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control cells was lower than that in all other cell lines
(Figs. 3A, B). By contrast, intracellular accumulation in the
single transfectant HEKOATP2B1WT cells was higher than that
in all other cell lines, regardless of the conditions.

Interestingly, MRP1WT activity reduced the increased
accumulation generated by the OATP2B1WT influx. Indeed,
intracellular ATV accumulation in HEKOATPWT-MRP1WT dou-
ble transfectant was significantly lower than that in
HEKOATP2B1WT but still significantly higher than that in
HEKCTRL cells (*P , 0.05 at 75 nM and ****P , 0.0001
from 100 nM ATV) (Fig. 3A).

Moreover, the expression of one of the 2 variant
proteins in HEKOATP2B1var-MRP1WT or HEKOATP2B1WT-

MRP1var significantly reduced intracellular ATV accumulation
compared with that in WT double transfectant model
HEKOATP2B1WT-MRP1WT (**P , 0.01, 75 nM, ***P =
0.001 at 100 nM and ****P , 0.0001 from 150 nM for
HEKOATP2B1var-MRP1WT and ####P , 0.0001 from 100 nM
ATV for HEKOATP2B1WT-MRP1var) (Fig. 3B).

Effect of ABCC12012G/T and SLCO2B1935G/A
Coexpression on Atorvastatin Efflux

As expected, HEKCTRL cells showed weaker efflux ratio
compared with the 3 tested double transfected cell lines
(Fig. 4). After 60 minutes of efflux time, a nonsignificant trend
(P . 0.05) of a higher efflux ratio for the double transfectant
model HEKOATP2B1WT-MRP1var was observed compared with
cell lines expressing WT MRP1 (HEKOATP2B1WT-MRP1WT

and HEKOATP2B1var-MRP1WT). Both cell lines expressing
MRP1WT were characterized by an intermediate efflux ratio.
Interestingly, the OATP2B1 variant did not affect the efflux
ratio. This observation is consistent with the fact that
OATP2B1 is an influx transporter and is thus expected to affect
accumulation after 120 minutes rather than on drug efflux.

DISCUSSION
Increasing evidence supports the involvement of

transporters in the biodistribution of drugs. However, little
information is available on the local cellular consequences
of their expression and on the functional relevance of SNPs
in explaining the differences in intracellular drug accumu-
lation. In this study, we generated different recombinant
model overexpressing proteins assumed to play an important
role in the local PK of ATV. In fact, OATP2B1 and MRP1
are both expressed at the skeletal muscle tissue membrane
where ATV dose-dependent toxicity is exerted.12 Going 1
step further, we introduced SNPs in the coding sequences of
both transporters and created single and double transfectant
models to measure the relative importance of their respective
activities and evaluate the importance of common genetic
polymorphisms.

The principal observations that arose from our investi-
gations are likely to be of importance because we (i)
confirmed the implication of both the OATP2B1 influx and
MRP1 efflux transporters in the cellular disposition of ATV,
(ii) demonstrated that MRP1 efflux activity counteracts the
ATV influx generated by OATP2B1, and (iii) showed that
both investigated SNPs rs12422149 and rs45511401 affect
the transporter activity toward ATV, with rs12422149 being

FIGURE 2. ATV accumulation experiment represented in
percentage from the control condition (ATV accumulation in
HEKCTRL at the lowest concentration) in single transfectant
models HEKOATP2B1WT and HEKOATP2B1var compared with the
control cells HEKCTRL (*P , 0.05, **P , 0.01, ****P , 0.0001
HEKOATP2B1WT compared with HEKCTRL and ##P , 0.01, ###P
, 0.001 HEKOATP2B1var compared with HEKCTRL).

FIGURE 3. ATV accumulation experiment represented in percentage of accumulation from the control condition (ATV accu-
mulation in HEKCTRL at the lowest concentration) in (A) single transfectant HEKOATP2B1WT versus double transfectant HEKOATP2B1WT-

MRP1WT and versus HEKCTRL (*P , 0.05, ****P , 0.0001 compared with double transfectant WT model) and in (B) double WT
transfectant versus variant models (**P , 0.01, ***P , 0.001, ****P , 0.001 compared with HEKOATP2B1var-MRP1WT model and
#####P , 0.0001 compared with HEKOATPWT-MRP1var).
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associated with a lower OATP2B1 influx and rs45511401
with a higher MRP1 efflux.

In single transfectant models, we showed that
OATP2B1 overexpression increased intracellular ATV accu-
mulation, confirming its role in ATV cellular trafficking. We
also observed that rs12422149 decreased this boosting effect,
suggesting a defective effect on its activity. Second, our
results in double transfectant models demonstrated that MRP1
efflux activity reduces the increased accumulation generated
through OATP2B1 influx more effectively when the
rs45511401 SNP was introduced in the ABCC1 coding
sequence. These observations suggest that the efflux activity
of MRP1 seems to be boosted by the SNP because for a
comparable OATP2B1 activity (OATP2B1WT), the accumu-
lation was lower in HEKOATP2B1WT-MRP1var than in
HEKOATP2B1WT-MRP1WT. Efflux kinetics experiments corrob-
orated the results of the accumulation experiments and con-
solidated our assumption of increased activity of the ABCC1
variant (rs45511401). By contrast, the SNP introduced in the
SLCO2B1 coding sequence seemed to decrease the
OATP2B1 influx activity because for a comparable MRP1
activity (MRP1WT), the accumulation in HEKOATP2B1var-

MRP1WT was lower than that in HEKOATP2B1WT-MRP1WT.
This observation also confirmed the results obtained in the
single transfectant model with HEKOATP2B1WT and
HEKOATP2B1var.

The observation that ATV is being transported by the
influx protein OATP2B1 is in accordance with Grube et al.24

Concerning the effect of the rs12422149 SLCO2B1 SNP, to
the best of our knowledge, this is the first study evaluating the
effect of this SNP on the activity of the transporter toward
ATV either in vitro or in vivo. When considering other sta-
tins, in a mixed cohort of 34 healthy individuals and 40
patients, Tsamandouras et al20 showed that the rs12422149
SNP in SLCO2B1 was associated with an increased apparent
simvastatin acid clearance using population PK modeling.
The authors concluded that this missense polymorphism
may be linked to a lower distribution of simvastatin acid in
OATP2B1-expressing tissues, explained by a decreased
OATP2B1 influx leading to a paradoxically higher elimina-
tion rate. Along the same lines, Kim et al21 highlighted in
2017 that among 18 volunteers, carriers of the rs12422149

SLCO2B1 SNP, rosuvastatin was less effective in reducing
LDL cholesterol after 8 weeks of treatment (P = 0.012). This
could be explained by reduced OATP2B1 influx transport of
the drug into hepatocytes, leading to reduced efficacy of ro-
suvastatin and increased levels of the drug in the blood cir-
culation. It is important to stress that OATP2B1 has higher
expression levels in the liver than in the muscle and is also
expressed at lower levels in the lungs and placenta. However,
to the best of our knowledge, OATP2B1 is the only ATV
influx transporter expressed in skeletal muscle tissue.
Considering the large tissue distribution, the consequences
of this SNP at the systemic level are difficult to predict. On
one hand, a decreased distribution of the drug in peripheral
tissues where the protein is expressed (eg, the skeletal muscle
and the lungs) is expected. On the other hand, the decreased
OATP2B1 influx activity in hepatocytes would reduce the
hepatic uptake and, consequently, the active fraction along
with drug clearance,4 leading to a higher systemic exposure
in all cases. However, it is important to stress that in hepatic
tissue, other influx transporters known to be implicated in the
hepatic uptake of statins, such as OATP1B1 or 1B3, can
eventually compensate for the decreased OATP2B1 activity.
As a consequence, given the lack of OATP1B1 and
OATP1B3 expression in the skeletal muscle tissue, one can
speculate that the functional defect caused by this SNP would
have a greater impact on local exposure (ie, in the myocytes)
where no other influx transporters can compensate for the
consequent decreased influx activity than on the systemic
clearance, where other transporters can compensate for this
decreased influx activity.25 Therefore, we showed that in an
isolated model of OATP2B1 overexpression, this SNP was
associated with reduced cellular influx of ATV, suggesting a
theoretical protective effect of these SNPs on the risk of ator-
vastatin cellular accumulation and possibly muscle
symptoms.

We also highlighted that the rs45511401 SNP (c.2012G
. T) in ABCC1 was associated with an apparent increase in
efflux activity of MRP1 against ATV using our double trans-
fectant models, suggesting that this SNP could protect against
ATV intracellular accumulation. By contrast, in the single
transfectant MRP1 model, no effect of MRP1 efflux on
ATV accumulation was observed, except at high concentra-
tions (see Supplemental Data, Figure S2, Supplemental
Digital Content 1, http://links.lww.com/TDM/A619). This
may be because the affinity (Km) of the transporter is too
low and requires prior activity of an influx of drugs to assess
its implication in drug transportation. This observation agrees
with the in vitro study of Knauer et al, which showed that the
impact of MRP1 activity is significant only when coexpressed
with rodent-Oatp2b1.12 Few data are available regarding the
impact of this ABCC1 SNP on ATV transport. Nevertheless,
in 2017, Behdad et al reported a study of 179 patients with
primary hypercholesterolemia related to the impact of
rs45511401 in ABCC1 and rs1045642 in ABCB1 on clinical
response to ATV. The investigation did not reveal any sig-
nificant difference in lipid-lowering response when compar-
ing patients expressing the ABCC1 wild-type or variant
genotype.26 As for OATP2B1, the lack of a significant effect
on systemic exposure and on the LDL cholesterol lowering

FIGURE 4. ATV efflux ratio in cell models from 30 to 300
minutes of efflux time. The efflux ratio is reporting the effluxed
ATV amount in the media compared with the initial intracel-
lular ATV amount, normalized on protein content.
Nonsignificant results, P. 0.05 with Bonferroni post hoc tests.
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effect does not exclude a local PK effect because the protein
is more importantly expressed in peripheral tissues, especially
in the skeletal muscle tissue. Transcriptomic data revealed an
ABCC1 relative mRNA expression level of 1.552 transcripts
per million in the liver, whereas levels were 10-fold higher in
the skeletal muscle (15.65 transcripts per million), arguing in
the sense of a pronounced local rather than a systemic effect
(GTEx Portal).27 To the best of our knowledge, no study has
evaluated the impact of both SNPs, either in ABCC1 or in
SLCO2B1 on the susceptibility to ATV-related muscle side
effects.

Although this study helps to clarify the impact of
transporter overexpression on ATV cellular accumulation and
the impact of common SNPs in an isolated cellular HEK293
system, it does not consider (1) the impact of transporters at
their physiological level of expression and (2) the impact of
the expression of other transporters in a multicompartmental
system (ie, the body). In fact, even if, among the transporters
implicated in ATV PK, OATP2B1, and MRP1 are the most
expressed in the muscle tissue, it does not exclude the
possibility that the activity of other transporters affecting
systemic PK could have an indirect effect on local muscle
exposure. It is well known that other transporters, especially
OATP1B1 and OATP1B3, can drive the transport of ATV
and are predominant in ruling the systemic PK through
hepatic uptake, highlighting that the physiological situation is
much more complex than our in vitro model. Furthermore,
similar experiments with ATV lactone are warranted, as even
if controversial, some studies have reported lactone-
associated muscle toxicity.28

CONCLUSIONS
Overall, our results consistently demonstrate that the

intracellular PK of ATV is governed by the local expression
and activity of drug transporters and that OATP2B1 and MRP1
are likely to play a significant role in this bidirectional dynamic.
We showed that MRP1 efflux activity against ATV protects
against its high accumulation generated through OATP2B1
influx. This observation may be linked to the protection against
ATV-related toxicity at the skeletal muscle tissue level. We also
showed that SNPs present in the coding sequences of these
transporters may affect their activity and modulate the intracel-
lular accumulation of their substrates, which may be associated
with susceptibility to muscle discomfort. These results constitute
the first step in the understanding of interindividual variability in
ATV PK that could explain individual susceptibilities to
muscular side effects.
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