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Background and Purpose: Non-adherence to atorvastatin treatment is relatively
common and partly due to statin-related myotoxicities (SRMs). The risk of developing
SRM is dose- and concentration-dependent, highlighting the importance of atorva-
statin pharmacokinetics. This study explored the inter-individual variabilities in
expression of the atorvastatin transporter gene contributing to modulation of atorva-
statin within the muscle cell.

Experimental Approach: mRNA levels of efflux and influx transporters were measured
and modulated with siRNAs to evaluate effects on intracellular accumulation of ator-
vastatin in primary cultures of differentiated myotubes from 12 human volunteers.
Key Results: All genes assessed were expressed with a high inter-individual variabil-
ity. In differentiated myotubes, efflux transporters were expressed at higher levels
than the influx carriers. When considering efflux and influx transporters separately,
ABCC1 and SLCO2B1 are the most highly expressed efflux and influx transporters.
Suppression of ABCC1, ABCC4 and/or ABCG2 mRNA levels with siRNA significantly
increased intracellular accumulation of atorvastatin in differentiated myotubes. Inter-
estingly, the siRNA targeting ABCG2 had a moderate effect on intracellular accumula-
tion of atorvastatin in a volunteer expressing the ABCG2 variant rs2231142
(c.421C>A, p.GIn141Lys). This hypothesis was further validated in a HEK recombi-
nant model overexpressing ABCG2 either wild-type (421C) or variant (421A). Reduc-
tion of SLCO1B1 and SLCO2B1 mRNA levels significantly modified intracellular
accumulation of atorvastatin in only some volunteers, depending on the expression
levels of transporters.

Conclusion and Implications: Silencing ABCC1, ABCC4 or ABCG2 expression alters
accumulation of atorvastatin in myotubes, whereas the effect of silencing influx

transporters depends on the expression of these transporters.
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skeletal muscle cell cultures

Abbreviations: AA, antibiotic-antimycotic; CFDA, 5[6]-carboxyfluorescein diacetate succinimidyl ester; CV, coefficient of variation; DM, differentiation medium; PK, pharmacokinetics; PM,

proliferation medium; SRMs, statin-related myotoxicities.

Vincent Haufroid and Laure Elens contributed equally to this work.

Br J Pharmacol. 2025;1-18.

wileyonlinelibrary.com/journal/bph © 2025 British Pharmacological Society.


https://orcid.org/0000-0002-1600-9259
https://orcid.org/0000-0002-0039-3583
mailto:laure.elens@uclouvain.be
https://doi.org/10.1111/bph.17449
http://wileyonlinelibrary.com/journal/bph
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbph.17449&domain=pdf&date_stamp=2025-02-05

HOSTE ET AL.

2 BRITISH
PHARMACOLOGICAL:
SOCIETY

1 | INTRODUCTION

Atorvastatin has shown high efficacy to lower the risk of cardiovascu-
lar disease development via the reduction of high cholesterol blood
levels (European Society of Cardiology [ESC], 2022). However, the
number of non-compliant patients can vary from 24% in secondary
prevention to 43% in primary prevention within 24 months of treat-
ment and even increase up to 56% within a 12-year time window
(Turner et al., 2020; Voora et al., 2022). The main cause of discontinu-
ation is the occurrence of muscle side effects (Stroes et al., 2015).
Diverse mechanisms of atorvastatin-related muscle toxicity have
been highlighted but remain incompletely clarified. As an HMG-CoA
reductase inhibitor, atorvastatin competitively inhibits the
mevalonate pathway involved in cholesterol synthesis (Baker, 2005).
Along with its therapeutic activity, this inhibition of HMG-CoA reduc-
tase mediated by atorvastatin also accounts for its adverse effects,
including the muscular complaints. Indeed, the atorvastatin-mediated
inhibition of the mevalonate pathway and the consequent down-
stream depletion of metabolites lead to a joint reduction of their
respective physiological activity that might constitute one of the pos-
sible explanations for atorvastatin-related muscular side effects
(Sakamoto et al., 2007). Atorvastatin-mediated HMG-CoA reductase
inhibition and the resulting metabolite depletion are known to be
dose- and plasma concentration-dependent (Adams et al., 2012). This
suggests that understanding the intracellular pharmacokinetics (PK) of
atorvastatin is essential in order to identify the reasons for the
variabilities in treatment response and in the susceptibility to muscle
side effects. In particular, the fact that statin-related myotoxicity
(SRM) is specific to skeletal muscle tissue and is dependent on dose
and drug potency (Morikawa et al, 2005; Norata et al, 2014;
Ownby & Hohl, 2002) provides a rationale to explore the importance
of factors affecting the intra-myocyte concentrations of statins.

To date, most of the available studies on the PK of atorvastatin
have investigated the systemic effect of specific natural genetic
variations on its PK profiles and/or singular susceptibility for the
development of muscle side effects. Clinical studies have consistently
demonstrated that the rs4149056 single nucleotide polymorphism in
SLCO1B1 (c.521T>C, p.Vall74Ala) decreases atorvastatin hepatic
uptake, associates with high systemic exposure to atorvastatin and
increases the risk of muscular side effects (Birmingham et al., 2015;
Stillemans et al., 2022; Turner et al, 2020; Turongkaravee
et al., 2021). Interestingly, studies using recombinant cell models have
also demonstrated that ABCC1 and SLCO2B1 might play important
roles in explaining the modulation of atorvastatin accumulation at the
cellular level (Hoste et al., 2023; Knauer et al., 2010), while a case-
control pharmacogenetic study highlighted a potential role of the
ABCG2 variant rs2231142 (c.421C>A, p.GIn141Lys) in explaining a
part of the susceptibility to develop muscle discomfort in patients
(Mirosevi¢ Skvrce et al., 2015). Investigating how influx and efflux
transporters modulate the intracellular accumulation of atorvastatin in
primary cultures of skeletal muscle tissue, based on the differential
expression levels of the transporters, might provide new insights into

understanding this issue. This is particularly relevant because it has

What is already known

e High atorvastatin-lactone-to- atorvastatin-acid ratio in
muscle correlates with increased risk of statin-induced
muscle side effects.

o Intracellular accumulation of ATV and its systemic
pharmacokinetics are modulated by influx and efflux

transporters.

What does this study add

e Drug transporter expression in myotubes varies among
individuals, with higher efflux than influx transporters
expression.

e Silencing ABCC1, ABCC4 and/or ABCG2 altered atorva-
statin myotube accumulation, while silencing influx

transporters had moderate effects.

What is the clinical significance

e Using ABCC1-, ABCC4- or ABCG2-inhibitors with ator-
vastatin may increase atorvastatin-induced side-effects
by modulating muscle accumulation.

e Pharmacogenetics and/or cooperation between influx
and efflux transporters might modulate the effect of

transporter inhibition.

been demonstrated that the ratio of atorvastatin lactone-to-
atorvastatin acid in muscle tissue is correlated with the risk of devel-
oping statin-induced muscle side-effects (Lauritzen et al., 2023;
Skottheim et al., 2011). As atorvastatin lactone is more lipophilic
compared to the acid form, it easily crosses biological membranes by
passive diffusion, whereas the distribution of the acid form is thought
to be modulated by active influx and efflux transporters (Preta, 2022).
Hence, understanding the mechanisms of the accumulation of
atorvastatin acid within the muscle cell appears to be one of the key
components.

Altogether, the published data provide evidence of the involve-
ment of influx and efflux transporters in the systemic PK of atorva-
statin. However, few data are available with regard to their expression
in the muscle tissue and their specific contribution to local accumula-
tion of atorvastatin within the muscle cells. Our study thus explored
the relative expression of influx (SLCO1B1, SLCO1B3 and SLCO2B1)
and efflux (ABCC1, ABCC2, ABCC4 and ABCG2) transporters of atorva-
statin in primary cultures of differentiated human myotubes and the
consequences of transporter-specific expression modulations, taking

into consideration selected genetic variations, on the intracellular
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accumulation of atorvastatin. Knowing the individual factors explain-
ing the singular susceptibility for developing muscle discomfort could
assist the clinician in anticipating potential compliance problems with
atorvastatin therapy, with dosing adaptation or alternative therapeutic

strategies.

2 | METHODS

2.1 | Human skeletal muscle cell primary cultures
The Hospitalo-Facultaire Saint-Luc—UCLouvain Ethical Committee
approved the protocols for the collection and use of human tissue
(reference 2020/060CT/488) which were conducted in accordance
with the Declaration of Helsinki. All subjects gave fully informed and
written consent. The human primary differentiated myotube cultures
used in the present study were derived from vastus lateralis muscle
biopsies from 12 male volunteers (mean age: 29 + 9 years, body mass
index [BMI]: 27.2 + 4.1 kg:-m~2) and collected as described previously
(De Groote et al., 2021).

The biopsies were cryopreserved at —80°C in a fetal bovine
serum (FBS):dimethyl sulfoxide (DMSO) mix (90:10, v/v). For the isola-
tion of satellite cells, a part of the muscle biopsy (15-20 mg) was
thawed on ice in a 35-mm Petri dish (Corning, NY) in sterile condi-
tions. The biopsy was then cut into small pieces, then transferred in a
new 35-mm Petri dish and gently covered with a drop of Matrigel®
(Corning) before incubation for 30 min at 37°C with 5% CO,. Two
millilitres of complete media (Dulbecco's modified Eagle's medium
[DMEM] with high glucose, no pyruvate supplemented with 20% FBS,
0.5% Ultroser G [Sartorius, Gottingen, Germany] and 4 mM of HEPES
[Sigma-Aldrich]) were subsequently added to the Petri dish. Once long
filaments were observed at the periphery of the explants, the medium
was discarded and the explants were detached using 2.5 ml of dispase
(0.8 U-ml~Y)/collagenase (0.1 U-ml~Y) (Sigma-Aldrich) for 2 h at 37°C.
The cell pellet was then washed twice in medium (DMEM with high
glucose, no pyruvate supplemented with 20% FBS and 1% antibiotic-
antimycotic [AA] [Thermo Fisher Scientific]) before being resuspended
in 10 ml of proliferation medium (PM) (DMEM with high glucose, no
pyruvate supplemented with 20% FBS, 1% AA and 0.5% Ultroser G)
and seeded in a 100-mm Petri dish (Corning).

After proliferation, the myoblasts were sorted using magnetic-
activated cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach,
Germany, Cat# 130-042-501) with magnetic microbeads directly
linked to CD56. For this purification step, the cells were incubated for
30 min at 37°C in 4 ml of medium (DMEM with high glucose and no
pyruvate supplemented with 0.5% bovine serum albumin [BSA]
[0.22 um filtered]) containing the antibody anti-CD56 diluted 1/1000
(BD Biosciences, Franklin Lakes, NJ, Cat# 559043, RRID:AB_397180).
The cells were then detached with cell dissociation buffer (Thermo
Fisher Scientific), and after centrifugation at 200 x g for 5 min at room
temperature, the pellet was washed with 8 ml of phosphate-buffered
saline (PBS) supplemented with 0.5% BSA and 2-mM EDTA. After
centrifugation at 200 x g for 5 min at room temperature, the
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supernatant was discarded and the pellet was resuspended in 80 pl of
PBS-BSA-EDTA to which 20 ul of the secondary antibody anti-
mouse IgG microbeads was added to be diluted 1/5 (Miltenyi Biotec,
Cat# 130-048-402, RRID:AB_244361) and incubated at 4°C for
15 min. The cells were then washed with 8 ml of medium and resus-
pended in 500 pl of PBS-BSA-EDTA. For the purification, the labelled
cells were added to the sterile LS columns (Miltenyi Biotec, Cat#
130-042-401) of the MACS magnetic support. After three steps of
washing, satellite cells retained in the column were mechanically
detached using the adapted syringe. The purified myoblasts were
eventually seeded in 8 ml of PM into a new 100-mm Petri dish.

When needed, cells were regularly split or frozen before reaching
full confluency using cell dissociation buffer. Briefly, after 13 min of
incubation at 37°C with cell dissociation buffer, 3 ml of PBS contain-
ing 2-mM EDTA was added to dissociate the cells, along with 3 ml of
PM for cell dissociation buffer neutralization. The entire content was
then transferred to a 15-ml tube and centrifuged at 200 x g for 5 min
at room temperature. After discarding the supernatant, the cell pellet
was resuspended in 10 ml of PM and seeded in new 100-mm Petri
dishes to allow proliferation. Cells were then frozen in 1-ml cryotubes
composed of FBS and DMSO (90:10, v/v) at —80°C.

Once thawed prior to the experiments, cells were seeded in a
100-mm Petri dish for proliferation and then seeded in 35-mm Petri
dishes. At full confluency, the PM was replaced by a differentiation
medium (DM) (DMEM with high glucose, no pyruvate supplemented
with 1% AA and 2% FBS). This medium, low in serum, is known to
promote the fusion of myoblasts into a network of myotubes. The
experiments were performed on fully differentiated myotubes, 7 days

after the start of the differentiation.

2.2 | HEK293 recombinant cell culture

The cell lines were developed according to the method described in
the supporting information. Transfected human embryonic kidney
cells (HEK293; ATCC, Cat# CRL-1573, RRID:CVCL_0045) were grown
in DMEM with high glucose, L-glutamine and sodium pyruvate (Gibco,
BRL) supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-strep-
tomycin (Thermo Fisher Scientific, Waltham, MA) in the presence of
the selection antibiotic hygromycin (0.5 mg:L™%). The cells were cul-
tured at 37°C and 5% CO,. For reculturing, the cells were detached
with enzyme-free cell dissociation buffer (Thermo Fisher Scientific).

2.3 | Quantitative polymerase chain reaction
(gPCR) analysis

The total RNA was extracted in 1 ml of TRIzol (TriPure®, Sigma-
Aldrich) according to the manufacturer's protocol. The purified RNA
was quantified using the EzDrop100 from Blue-Ray Biotech (New
Taipei City, Taiwan). The reverse transcription was performed using
1 ug of RNA per condition with the kit GoScript Reverse Transcrip-
tase (Promega, Madison, WI) on a Bio-Rad iCycler Thermal Cycler iQ5
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Multicolor Real-Time PCR (Hercules, CA) according to the manufac-
turer's instructions. Real-time gPCR analysis was performed in
96-well plates using SsoAdvanced Universal SYBR Green Supermix on
the CFX96 Touch™ device and software from Bio-Rad. Accurate
quantification of gene copies per sample was achieved by simulta-
neously running calibration curves and the samples in triplicate,
enabling the precise determination of gene copy numbers. Normaliza-
tion was carried out using the reference gene beta-2-microglobulin
(B2M). The purity of the PCR product was confirmed by analysing the
melt curve conducted at the end of the analysis. The detailed
sequences of the forward and reverse primers targeting the human
genes of interest can be found in Table 1 (Eurofins Scientific SE,
Ebersberg, Germany).

24 | Proteomic profiling

On the last day of the myotubes' differentiation, the medium was
removed. After centrifugation at 200 x g for 5 min at room tempera-
ture, the washed pellet was resuspended in 25 pl of lysis buffer. The
lysis buffer was composed of sodium deoxycholate (0.5%), triethyla-
monium bicarbonate (50 mM), NaCl (150 mM), IGEPAL (CA-630) (1%),
SDS (0.1%) and dodecyl maltoside (0.2%) adjusted to a pH between
7.2 and 7.5 and containing the cOmplete™ Protease Inhibitor Cocktail
purchased from Roche (Basel, Switzerland). Before digestion, quantifi-
cation of the total protein content was performed with the use of a
Bradford assay purchased from Thermo Fisher Scientific, according to
the supplier's protocol. The samples were treated according to the
protocol defined in the HYGIEIA project (Ward et al., 2022).

2.5 | Western blot

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al,, 2018). The medium was discarded from the culture dish, and
cells were detached with cell dissociation buffer and washed using
ice-cold PBS. Lysis was performed by adding 50 ul of lysis buffer

containing protease inhibitors (see Section 2.4) to the cell pellet.
Samples were then centrifuged at 10,000 g for 20 min, and the super-
natant was collected in a fresh tube and placed on ice. A small volume
of the lysate was used to perform the total protein quantification
assay. In a total volume of 30 pl, total protein content was normalized
to 10 pg per sample with 3 pl of reducing agent and 7.5 pl of NUPAGE
LDS Sample Buffer 4x (Thermo Fisher Scientific). The samples were
heated for 10 min at 70°C on a thermoblock. For electrophoresis, sam-
ples were loaded on a NUPAGE 4%-12% Bis-Tris 1.5-mm Mini Protein
Gel (Invitrogen) in a MOPS running buffer using an XCell SureLock
chamber for 1 h at 175 V. The membranes were then soaked subse-
quently in methanol and then transferred to a buffer containing 20%
methanol. Transfer was performed using a polyvinylidene fluoride
(PVDF) transfer membrane (Cat# 88518, Thermo Fisher Scientific) by
assembling the transfer sandwich. The cassette was placed in the
transfer XCell SureLock tank according to the manufacturer's instruc-
tions. The transfer was performed during 1 h10 at 30 V. After transfer,
the membranes were rinsed three times in 10 ml of Tris-buffered
saline (TBS) 0.05% Tween 20 with agitation and then immersed in
10 ml of EveryBlot Blocking Buffer (Bio-Rad) and placed on a rocker
for 5 min at room temperature. The antibodies, monoclonal anti-
ABCG2 clone EPR20080 (lgG, Abcam, Cat# ab207732, RRID:AB_
3674120) or monoclonal anti-MRP4 clone EPR20403 (IgG, Abcam,
Cat# ab233382, RRID:AB_36674121), both produced in rabbits, were
freshly diluted in 10 ml of EveryBlot Blocking Buffer, both at a dilution
ratio of 1/2500. As indicated in the datasheet of these antibodies, the
exact immunogen sequence used to generate this antibody is proprie-
tary information of Abcam. Membranes were placed on a rocker and
incubated with the primary antibody solution overnight at 4°C. Mem-
branes were then washed three times with 10 ml of TBS 0.05% Tween
20 for 5 min on an agitator. The secondary antibody (goat anti-rabbit
IgG-HRP (Abcam, Cat# ab205718, RRID:AB_2819160) was freshly
diluted in 10 ml of EveryBlot Blocking Buffer (Bio-Rad) at a dilution
ratio of 1/2500, and membranes were placed in the secondary anti-
body solution on a rocker for 1 h at room temperature and then rinsed
three times in 10 ml of TBS 0.05% Tween 20 with agitation. The reve-
lation was performed with Immobilon Classico Western HRP Substrate

(Merck), and membranes were visualized on an Amersham Imager.

TABLE 1 Forward and reverse

Genes Forward primers Reverse primers . .
primers targeting the human genes of

ABCC1 ACTGAATGGCATCACCTTCTC ACTGAATGGCATCACCTTCTC interest.

ABCC2 CCTCATTCAGACGACCATCC ATTCTCAATGCCAGCTTCCT

ABCC4 AAAATGTACGCCTGGGAAAAG GGTGAAGGTCACAAACACGA

ABCG2 CAGGACTCAATGCAACAGGA TTCAGGTAGGCAATTGTGAGG

Beta-2-microglobulin ATGAGTATGCCTGCCGTGTGA GGCATCTTCAAACCTCCATG

(B2M)

Myogenin (MyoG) ATAACGCGGCCTCTAATTCC ATCGGGAAGAGACCAGAACA

Myosin (MYH2) GTGCTGTACAACCTCAAAGAAC  CTCGGGCTTATACACAGGCA

SLCO1B1 ACTGATTCTCGATGGGTTGG TTCCAGCACATGCAAAGAC

SLCO1B3 AATTTGGACATGCAAGACAATG  AGTGAAAGACCAGGAACACCTC

SLCO2B1 GCTGCCATCCCCTACTTCTT CTAGGCCATCCTGCTTCTTC
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2.6 | Immunofluorescence

A total of 50,000 cells (differentiated myotubes or HEK293 cells) were
seeded in an ibidi eight-well uSilde precoated with poly-L-lysine (Cat#
80806, Proxylab). After seeding, cells were incubated at 37°C with 5%
CO,. After 2 days, the medium was removed, and cells were washed
with 150 ul of PBS for 10 min and then fixed with 4% paraformalde-
hyde during 20 min. Next, cells were washed three times with 150 pl
of PBS for 10 min and permeabilized with 0.25% saponin for 5 min.
Blocking was then performed during 30 min with 200 ul of PBS con-
taining 1% BSA and 0.25% saponin. The supernatant was discarded,
and cells were incubated for 1 h with the PerCP-y™ 5.5 Mouse Anti-
Human CD388 Antibody (BD Biosciences, Cat# 561460, RRID:AB_
10714098) at a final dilution of 1/100 in PBS 0.1% BSA containing
1/1000 Phalloidin-iFluor 488 Reagent (Abcam) to stain the cytoskele-
ton (for myotubes). Cells were then washed twice for 10 min with PBS
0.1% BSA. Mounting was performed using four drops of the ibidi
mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) (Cat#
50011, Proxylab). Cells were finally visualized using an ECHO Revolve
R4 microscope with appropriate filters (i.e., DAPlI—excitation [EX]:
380/30 and emission [EM]: 450/50, FITC—EX: 470/40 and EM: 525/
50, and CY5—EX: 630/40 and EM: 700/75 for blue, green and red
fluorescence, respectively). Of note, the contribution from autofluor-
escence was eliminated by reducing the exposure time and fluores-
cence gain with unstained cells.

2.7 | Control of the differentiation

The appearance and morphology of the myoblasts and the myotubes
were observed and controlled through the bright-field microscope
Leitz Labovert (Leica Microsystems, Wetzlar, Germany). The pictures
were taken with Zeiss AxiomCam MRc (Zeiss, Oberkochen, Germany)
at the end of the proliferation and at different stages of the differenti-
ation. In parallel, RNA extraction of the samples was performed as
described above, at both the end of the proliferation and differentia-
tion. MyoG and MYH?2 (see primers in Table 1) mRNA levels at the two
stages were quantified. The calibration curves for each gene transcript
enabled the precise quantification of gene copies in each sample that

were further normalized on the B2M expression levels.

28 | Genesilencing

Silencer™ Pre-Designed siRNAs targeting ABCC1 (Cat# 4390824),
ABCC4 (Cat# AM16708), ABCG2 (Cat# 4392420), SLCO1B1 (Cat#
4392420) and SLCO2B1 (Cat# AM16708), as well as the negative con-
trol (siRNA scramble, Cat# 4390843), were purchased from Thermo
Fisher Scientific. siRNAs were resuspended in nuclease-free water at
a concentration of 10 uM. The protocol of siRNA transfection has
been optimized by testing different timings (and combination of tim-
ings) of transfection. As shown in Figure S1, the best gene silencing
results were obtained with double siRNA transfection performed at
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Days 2 and 4 after myoblast differentiation initiation. siRNA transfec-
tion was performed with 5 pl of Lipofectamine™ RNAIMAX (Thermo
Fisher Scientific) in 35-mm Petri dishes, following the manufacturer's
instructions. The siRNAs were diluted 400-fold to achieve a recom-

mended final concentration of 25 nM in the wells.

2.9 | Atorvastatin accumulation experiments

291 | Myotubes

On the last day of the differentiation, the media were removed and
replaced with 1350 pl of fresh DM to which 150 ul of atorvastatin
was added for a final concentration of 5, 7.5 or 15 nM in the Petri
dish. Of note, these concentrations were selected based on a clinical
study conducted in a cohort of ambulatory patients treated with ator-
vastatin, where plasma concentrations ranged from approximately
0.15 to 30 nM, depending on the dose and the time after drug intake
(Stillemans et al., 2022). In the conditions with the inhibitors, the myo-
tubes were incubated for 15 min prior to the addition of atorvastatin
with MK-571, CFDA or erlotinib at final concentrations of 25, 20 and
25 uM, respectively (Tivnan et al., 2015). The cells were incubated for
2 h at 37°C with 5% CO,. At the end of the incubation, the Petri
dishes were placed on ice, the media were removed, and the cells
were washed twice with 1 ml of ice-cold PBS. Atorvastatin was then

extracted according to the protocol described in the following section.

292 | HEK293cells

One day before the accumulation experiment, 500,000 cells were
seeded in poly-L-lysine-precoated 12-well plates in DMEM containing
10% FBS. On the day of the experiment, the media were removed
and replaced with a fresh medium containing atorvastatin at a final
concentration of 50 nM. For inhibition with Ko-143, cells were prein-
cubated for 15 min with Ko-143 at a concentration of 1 uM prior to
the addition of atorvastatin. The cells were incubated for 2 h at 37°C
with 5% CO,. At the end of the incubation, the plates were placed on
ice, the media were removed, and the cells were washed twice with
1 ml of ice-cold PBS. Atorvastatin was then extracted according to

the protocol described in the following section.

210 | Extraction and quantification of atorvastatin
Extraction of atorvastatin contained in the myotubes was directly per-
formed in the 35-mm Petri dishes using 350 ul of MeOH:H,0 (60:40,
v/v) containing d5-atorvastatin (used as an internal standard) at a final
concentration of 5 nM. The extracted cells were then transferred to
an Eppendorf tube and subsequently sonicated for 5 s (Vibra-Cell™,
Sonics, CT) before being centrifuged at 10,500 g for 7 min at 4°C;
300 pl of the supernatant was ultimately collected into a new 1.5 mL

Eppendorf tube for the dosage. For protein normalization, 10 pl of the
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supernatant was used to perform Pierce™ BCA protein quantification
according to the manufacturer's instructions. Atorvastatin was quanti-
fied by cation high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS), performed on an Acquity UPLC class H
coupled to Xevo TQ-S (Waters, Milford, MA), as previously described
(Hoste et al., 2023).

211 | Genotyping
Genetic testing on differentiated myotubes was performed using the
SOPHIA GENETICS® Community Panel for Pharmacogenomics, which
is a targeted, capture-based next-generation sequencing (NGS) panel,
including 41 pharmacogenes, developed and tested in collaboration
with the RNPGx (French-speaking network of pharmacogenetics)
according to the instructions of the manufacturer on a MiSeq platform
(lllumina®). The laboratory has also an ISO15189 certification for the
clinical use of this panel.

In addition, the variants rs45511401 (c.2012G>T, p.Gly671Val)
in ABCC1 (Cat# C__25614373_30) and rs12422149 (c.935G>A, p.
Arg312GIn) in SLCO2B1 (Cat# C___3101331_10) were identified in
the volunteers using TagMan assays (Thermo Fisher Scientific).
The experiment was performed in 96-well plates, according to the
manufacturer's protocol.

212 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2022). Declared group sizes reflected
the number of values used for statistical analysis (one data point per
experiment), and all statistical analyses were conducted on these inde-
pendent values only (technical replicates were excluded from consider-
ation as independent values). Where applicable, experiments were
designed to generate equal group sizes using blinded analysis. How-
ever, for secondary endpoint analyses involving chemical inhibition,
group sizes were unequal due to the nature of the control setup across
multiple independent experiments. For accumulation experiments, we
normalized the responses of individual wells to the corresponding
controls to reduce the unwanted sources of variation, and data were
expressed as ‘% accumulation relative to controls’. Graphs and statisti-
cal analysis were performed on GraphPad Prism Version 9 (La Jolla,
CA\). For assays to determine the intracellular accumulation of atorva-
statin, statistical significance was assessed using one- or two-way
ANOVA; a post hoc Tukey's comparison was performed only if F in
ANOVA achieved a P value less than 0.05 and there was no significant
variance inhomogeneity. A paired t test was used for the comparison
of expression levels before and after siRNA treatment, and correlations
were performed with non-parametric Spearman correlation analysis. In
any case, the threshold for statistical significance was set at P < 0.05.
All experiments were performed at least three times in three replicates

(n=9), with the exception of the measurement of atorvastatin

variability in the 12 volunteers that was performed only once (n = 3)
due to a lack of biological material and logistical constraints. Accord-
ingly, no statistical test was performed to assess the inter-volunteer
differences in atorvastatin accumulation. As the silencing of SLCO1B1
mRNA expression failed in one experiment (i.e., from S5), we excluded
accumulation data derived from this experiment. Therefore, for the
SLCO1B1 silencing experiment, the number of independent values was
n = 6. Additionally, for the correlation analysis, data from one of the
12 volunteers were excluded due to being identified as an extreme
value and given only one replicate was available for this particular vol-
unteer. Power analysis was performed using G*Power software
(Version 3.1, Universitat Kiel, Kiel, Germany) (Faul et al., 2007). For the
correlation analysis between intracellular atorvastatin concentrations
and transporter expression levels, with a total sample size of 12 volun-
teers, a typical two-sided type | error of 0.05 (a) and a power of 0.80
(m=1 — p), our design theoretically allowed us to reject the null
hypothesis of rho = O if the actual correlation was characterized by a
rho value greater than |0.6|. For the ANOVA analysis considering gene
silencing experiments, our design included three selected volunteers in
three experimental replicates with nine independent values and
between three (chemical inhibition) and five (gene silencing) experi-
mental conditions. With a typical two-sided type | error of 0.05 (o) and
a power of 0.80 (m=1 — p), our design theoretically allowed us to
detect an effect size (9) ranging from 0.81 to 1.13. Data are reported
as means = SD, unless otherwise specified. Proteomic analysis was
performed on DIA-NN software (Demichev et al., 2020).

2.13 | Materials

Atorvastatin calcium salt and d5-atorvastatin calcium salt were both
purchased from Alsachim (lllkirch-Graffenstaden, France). MK-571
sodium salt hydrate, 5[6]-carboxyfluorescein diacetate succinimidyl
ester (CFDA), erlotinib and Ko-143 were all purchased from Sigma-
Aldrich (St. Louis, MO).

214 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS
3.1 | Myoblast differentiation
3.11 |

Microscopy

Bright-field microscopy images showed the evolution from myoblast

proliferation (Figure 1a, Panel A) to differentiation into myotubes
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Control of the differentiation by (a) bright-field microscopy (A) during the proliferation stage, (B) during the differentiation process

(Days 3 and 4) and (C) differentiated myotubes on the last day of the differentiation (Day 7). Black arrows indicate mononucleated myoblasts,
while red arrows show multinucleated myotubes. Control of the differentiation by (b) RT-gPCR representing the mRNA levels of (A) MyoG and of
(B) MYH2 of three volunteers (S1-S3) at the stage of proliferation and differentiation. The mRNA expression levels are expressed in copies of the

gene per 1.10° B2M copies (n = 9).

(Figure 1a, Panels B and C). At the proliferation stage (Figure 1a, Panel
A), the myoblasts (black arrows) were mononucleated. On the third to
fourth day of the differentiation (Figure 1a, Panel B), while single myo-
blasts were still visible (black arrows), the process of fusion into
myotubes had started (red arrow). On the last day of the differentia-
tion (Figure 1a, Panel C), all myoblasts had fused to form a network of
myotubes (red arrows). Visual inspection was conducted before initi-

ating any experiment to ensure proper myoblast differentiation.

3.1.2 | Expression of the differentiation genes

To further confirm the differentiation of myoblast into myotubes,
mRNA expression of MyoG and of MYH2 were quantified by RT-gPCR
(Figure 1b). Whereas MyoG is a transcriptional factor promoting
genes that are specific to the skeletal muscle, MYH2 is involved in
the development of functional skeletal muscle fibres (UniProt
Consortium, 2023). Monitoring their expression at the end of the dif-
ferentiation of the myotubes is thus complementary and ensures that
differentiation had occurred. The mRNA expression levels of both
MyoG and MYH2 were increased at the end of the process of differen-

tiation when compared to their mRNA expression levels during

proliferation (Figure 1b). The transcript was quantified in each experi-

ment to confirm myotube differentiation.

3.2 | Expression of efflux and influx transporters in
the skeletal muscle tissue

321 |
myotubes

Transporter expression in differentiated

Screening of the mRNA expression levels for the major described
efflux (ABCC1, ABCC2, ABCC4 and ABCG2) and influx (SLCO2B1,
SLCO1B1 and SLCO1B3) transporters for atorvastatin was performed
in the 12 volunteers after myotube differentiation (Figure 2). Among
efflux transporters (Figure 2a), the mRNA expression levels of ABCC1
were the highest, followed by ABCG2 and by ABCC4, whereas ABCC2
was characterized by the lowest relative mRNA levels. ABC transporter
mMRNA levels were also assessed in the original quadriceps biopsy of
7 out of the 12 volunteers (Figure S2). While ABCC1 remains the most
expressed efflux transporter, there are differences in the mRNA
expression patterns of ABCC4 and ABCG2 between uncultured muscle
biopsies and cultured differentiated myotubes because in the
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FIGURE 2 mRNA expression levels for
(a) efflux transporters (ABCC1, ABCC2,
ABCC4 and ABCG2) and (b) influx
transporters (SLCO2B1, SLCO1B1 and
SLCO1B3). Each point represents the mRNA
value quantified in total RNA extracts
obtained from differentiated myotubes
generated from a biopsy of a given volunteer
(n = 12). Data are reported as mRNA copies
of the gene per 1.10° B2M copies.
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uncultured material, ABCC4 seems to be relatively more expressed
than ABCG2, whereas in the cultured myotubes, the opposite was
observed.

Among influx transporters in cultured myotubes (Figure 2b),
SLCO2B1 showed the highest relative mRNA levels followed by
SLCO1B1. The mean mRNA levels of SLCO1B3 were the lowest
among the influx transporters assessed. We were unable to assess the
mRNA levels of influx transporters in the original biopsies due to a
lack of material.

For all transporters assessed, a high inter-individual variability in
the mRNA expression levels in the cultured myotubes was observed
with a coefficient of variation (CV) ranging from 44.2% for ABCG2 to
160.9% for SLCO1B1, with the CV for ABCC1 and SLCO2B1 CV being
86% and 106.4%, respectively. The variability in efflux transporter
mRNA expression appeared to be similar in the original biopsy.

In parallel, we also assessed the protein expression level by DIA
shotgun proteomics in cultured myotubes. Only ABCC1 and ABCC4
proteins were detected in differentiated myotube extracts, probably
because the presence of the proteins in the samples is below the
detection limit of our system. Nevertheless, our results indicate a sig-
nificant correlation between mRNA and protein levels for both trans-
porters (Spearman r = 0.7010 and 0.6891, P = 0.011 and 0.013 for
ABCC1 and ABCC4, respectively; see Figure S3), suggesting that
mRNA expression levels provided a good reflection of the protein
pool of the transporters, at least for ABCC1 and ABCC4, that were
among the most highly expressed.

3.2.2 | Levels of the intracellular accumulation of
atorvastatin and correlation with transporter expression

A preliminary screening of the accumulation of atorvastatin in differ-
entiated myotubes was performed by incubating the cells with 15 nM
of atorvastatin. A relatively large variability in intracellular atorvastatin
levels was observed among the volunteers (CV = 22.2%) (Figure 3).
We next evaluated the correlations between the intracellular levels of
atorvastatin and the expression levels of the different transporters. A

significant correlation was observed between the intracellular levels

SLCO2B1 SLCO1B1 SLCO1B3
(OATP2B1)(OATP1B1)(OATP1B3)

of atorvastatin and the mRNA expression levels of ABCC1 (Figure 3b).
However, the correlation between intracellular atorvastatin and
ABCC1 protein levels showed only a non-significant trend (Figure 3c).
No significant correlation was found with any other single efflux or
influx transporters (Spearman r ranging from —0.356 to —0.08515
and P > 0.05 for ABCC4 and SLCO2B1, respectively).

3.3 | Effects of transporter activity on atorvastatin
accumulation

Inhibition of the efflux proteins was assessed using a general MRP
inhibitor, MK-571. MK-571 co-incubation significantly

increased the intracellular accumulation of atorvastatin, in comparison

namely,

to the control condition (Figure 4). The effects of chemical inhibition
of influx transport was also assessed through different inhibitors.
OATP1B1/1B3 inhibition was investigated with CFDA and showed
no significant effects on atorvastatin intracellular accumulation in cul-
tured myotubes (Figure 4). OATP2B1 inhibition in cultured myotubes
was assessed with erlotinib (25 uM) and was associated with a
decrease in accumulation (Figure 4).

3.4 | Effects of transporter expression modulation
on intracellular accumulation of atorvastatin

341 | Efflux transporters

Volunteer selection and modulation of ABCC1, ABCG2 and ABCC4
expression

Three volunteers (hereafter called S1-S3) showing high, intermediate
or low basal ABC transporter mRNA expression levels covering the
entire range were selected from the 12 volunteers in order to carry
out gene silencing on ABCC1, ABCC4 or ABCG2 or dual ABCC1-
ABCG2 and subsequent experiments to assess atorvastatin accumula-
tion. Data related to basal expression of mRNA for all investigated
transporters, in those three volunteers are shown in Figure 5. Cul-

tured primary myotubes from S2 showed the highest mRNA and
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FIGURE 3 (a) Intracellular accumulation of atorvastatin (ATV) in 11 out of the 12 volunteers (n = 3 except for V2 where n = 1 due to a lack
of material); V5 was removed from the analysis as the value obtained was considered as an outlier (Figure S4). Correlation between intracellular
accumulation of atorvastatin and ABCC1 (b) mRNA and (c) protein expression levels.
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FIGURE 4 Effect of chemical inhibition of transporters on
intracellular accumulation of atorvastatin. Intracellular levels of
atorvastatin (ATV) relative to control (CTRL). CFDA, treatment with 5
[6]-carboxyfluorescein diacetate succinimidyl ester at 20 uM; CTRL
@, no treatment; Erlotinib, treatment with erlotinib at 25 uM; MK-
571, treatment with MK-571 at 25 uM. n = 21 for CFDA, n = 9 for
MK-571 and n = 3 for erlotinib inhibition experiments. *P<0.05,
**P<0.01, significantly different as indicated. No statistical analysis
was performed on conditions where n < 5 (erlotinib).

protein levels of ABCC1, followed by cells from S1 and S3 (Figures 5a
and S5a), while ABCG2 mRNA was higher in cells from S1, followed by
S3 and S2 whose mRNA levels were the lowest among the three

selected volunteers (Figure 5a). As explained above, ABCG2 protein
levels could not be quantified as they were below the limit of detec-
tion of our proteomic method, but ABCG2 protein could be detected
by immunofluorescence (Figure 5c) and Western blot (Figure S5c).
Despite immunofluorescence providing non-quantitative expression
data, the images confirm a higher expression of ABCG2 for volunteers
S1 and S3 compared to S2, as the red signal appears slightly stronger
for these volunteers, which aligns with our mRNA quantification
(Figure 5a) results. For all three genes, siRNA strongly reduced the
mRNA levels when compared to the basal expression (Figure 5a). This
drop in mRNA levels was also observed at the protein level after
treatment of the cells with siRNA for ABCC1, ABCC4 and ABCG2
(Figure S5).

Effects of ABCC1 and/or ABCG2 gene silencing on intracellular
accumulation of atorvastatin
Treatment with either ABCC1 or ABCG2 siRNA significantly increased
the intracellular accumulation of atorvastatin in differentiated myo-
tubes cultured from the three volunteers' biopsies, when compared to
the control condition (Figure éb, Panels A-C, and Figure Séa). Inter-
estingly, the increase observed in the intracellular accumulation of
atorvastatin after ABCC1 siRNA treatment was more pronounced in
cells from S2, who were characterized by the highest level of ABCC1
expression, compared to S1 or S3 (Figure 6b). Also, the increase in
atorvastatin intracellular levels was significantly higher after ABCC1
siRNA treatment when compared to treatment with siRNA ABCG2,
especially in S3, where ABCG2 siRNA treatment had only a minor
effect on the intracellular levels of atorvastatin. Interestingly, S3 was a
heterozygous carrier of the reduced-of-function ABCG2 variant
rs2231142 (c.421C>A, p.GIn141Lys). However, S2 did also carry the
ABCG2 variant allele, and the increase in intracellular atorvastatin
after ABCG2 treatment was even more important when compared to
S1 who was homozygous wild-type (WT) for this variant.

We further investigated the effect of ABCC1 and ABCG2 dual
silencing (Figure 6b, Panels A-C) and observed that the increase in
atorvastatin accumulation was greater than the effect of ABCC1 or

ABCG2 silencing alone, except in myotubes cultured from S2, which is
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FIGURE 5

Basal mMRNA expression of the transporters in control conditions in the volunteers S1-S3 for (a) the efflux transporters and

(b) influx transporters. (c) Immunofluorescence images (20x) of cultured myotubes for (A, B) S1, (C, D) S2 and (E, F) S3. (A, C, E) overlay of DAPI
nucleus (blue) with PecP ABCG2 (red) staining. (B, D and F) overlay of DAPI nucleus (blue), PerCP-y™ 5.5-ABCG2 (red) and Phalloidin

488 cytoskeleton (green) staining.

characterized by the highest expression levels of ABCC1 and also
ABCC4 and carries the ABCG2 variant allele.

Finally, we assessed the effects of silencing ABCC4 and showed
that suppression of ABCC4 was associated with a substantial increase
in atorvastatin accumulation in all three selected volunteers
(Figures 6¢ and Séb).

Treatment of the myotubes with Lipofectamine or siRNA scram-
ble significantly reduced efflux transporter mRNA levels without
affecting the mRNA levels of influx transporters (Figure S7). The
reduced expression observed on efflux transporters was however less
important than the effect induced by the specific siRNAs. Further-
more, treatment of the cells with Lipofectamine alone or transfection
with the scrambled siRNA had no effects on either ABCC1 and
ABCC4 peptide levels or atorvastatin intracellular accumulation
(Figures S8 and S9). These results confirm that the reduced efflux
transporter expression induced by siRNA scramble transfection or

Lipofectamine was not sufficient to affect the intracellular accumula-
tion of atorvastatin and that the effect of ABCC1 or ABCG2 siRNA

treatment on atorvastatin intracellular levels is specific.

Effects of ABCG2 overexpression and genetic variant on intracellular
accumulation of atorvastatin in a recombinant HEK model

A HEK293 recombinant model overexpressing ABCG2 stably trans-
fected with a plasmid containing either the WT (HEK ABCG2 WT) or
the variant (HEK ABCG2 variant) ABCG2 allele was developed.
HEK293 control cells consisted of cells transfected with the empty
vector (HEK pCMV). ABCG2 expression was assessed by immunofluo-
rescence (Figure 7a-c) and Western blot (Figure S10). Results con-
firmed a high ABCG2 expression in both HEK ABCG2 WT and variant
and no or weak basal protein expression in HEK pCMV. When the
cells were incubated with 50-nM atorvastatin, intracellular accumula-

tion was significantly decreased in HEK293 cells overexpressing
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ABCG2 WT when compared to HEK293 pCMV controls, whereas the
decrease in atorvastatin accumulation observed in HEK293 cells over-
expressing the variant (421A) was not significant (Figure 7d). When
inhibiting ABCG2 in HEK293 recombinant cell lines with a specific
inhibitor (Ko-143 1 uM), we observed that ABCG2 inhibition had no
significant impact on intracellular accumulation of atorvastatin in HEK
pCMV and ABCG2 variant but increased significantly atorvastatin

accumulation in HEK overexpressing the WT protein (Figure 7d).

3.4.2 | Influx transporters

Volunteer selection and modulation of SLCO1B1 and SLCO2B1
expression

Among influx transporters, SLCO2B1 was the most expressed at the
mRNA level, whereas SLCO1B1 and SLCO1B3 were also detected but
at low (SLCO1B1) and very low (SLCO1B3) levels (Figure 2b). To assess
their involvement in the intracellular accumulation of atorvastatin,
gene silencing experiments with specific siRNA transfections were
performed to suppress either SLCO1B1 or SLCO2B1 expression in
samples from four different volunteers (54-S7), that is, three per
selected gene. Data related to all investigated transporter expression
in the four selected volunteers are shown in Figure 8. In the control
condition, S5-S7 expressed similar SLCO1B1 mRNA expression levels.
Treatment with SLCO1B1 siRNA reduced significantly SLCO1B1
mRNA levels in the volunteers S6 and S7 but not in S5. Considering
SLCO2B1 in the control condition, S4 expressed SLCO2B1 more
importantly than S5 and S6 whose SLCO2B1 mRNA levels were simi-
lar (Figure 9a, Panel A). As expected, SLCO2B1 siRNA treatment sig-
nificantly reduced SLCO2B1 mRNA levels in the samples from all
three selected volunteers. The effect at the protein level could not be
assessed as no peptide was detected by proteomics, probably due to

the low expression and limited sensitivity of our proteomic method.

Effects of SLCO1B1 and SLCO2B1 gene silencing on intracellular
accumulation of atorvastatin
The effects of SLCO2B1 gene silencing on the intracellular accumulation
of atorvastatin was measured in samples from the three volunteers,
whereas for SLCO1B1, it was analysed only in volunteers whose gene
silencing was efficient (i.e., S6 and S7). Treatment with SLCO1B1 siRNA
was associated with a significant decrease in the intracellular concentra-
tion of atorvastatin in S7 only (Figure 9a, Panel A). By contrast, counter-
intuitively, in S6, treatment with SLCO1B1 siRNA was associated with a
significant increase in the intracellular concentration of atorvastatin.
Pooled data from all volunteers are represented in Figure Séc.

After SLCO2B1 siRNA treatment, the expected reduction of intra-
cellular atorvastatin accumulation was observed in S4, where the

expression was the highest in control conditions. Treatment with
SLCO2B1 siRNA in S5 and Sé resulted in a non-significant increase
and unchanged atorvastatin intracellular concentrations when com-

pared to the control condition, respectively.

4 | DISCUSSION

The importance of atorvastatin transport into myocytes has been
poorly investigated to date. Evidence shows that the dynamics of
atorvastatin accumulation in skeletal muscle might play a crucial role
in explaining myotoxic events. Very recently, Lauritzen et al. (2023)
measured atorvastatin and its metabolites within quadriceps biopsies
collected from patients. In this clinical trial, they highlighted an
increase in the ATV lactone-to-ATV acid ratio in the skeletal muscle
tissue biopsies of the patients experiencing muscle side effects, com-
pared to the ratios in the patients who did not. This observation
underscores the significance of atorvastatin transport in explaining
muscle toxicities. The lactone form, being highly lipophilic, enters and
leaves the cell partly by simple passive diffusion, while the acid form,
being less lipophilic, mostly relies on active transporters. This suggests
that the transport of atorvastatin acid is relevant to the analysis of the
modulation of this ratio. In line with that hypothesis, in their study,
Lauritzen et al. demonstrated that correlations between plasma and
muscle biopsy concentrations were higher for lactone when compared
to acid forms of atorvastatin and its metabolites. However, the pub-
lished work lacks reliable expression data of transporters within the
muscle tissue and the significance of this expression for modulating
atorvastatin transport.

In the present study, we found in our screening of the expression
of efflux and influx transporters at the mRNA level in the cultured
myotubes, a similar trend in the relative transporter expression when
compared to open-source databases (GTEx) (Karlsson et al., 2021; The
Human Protein Atlas, 2023c). Indeed, our results indicate that ABCC1
and SLCO2B1 were the most highly expressed efflux and influx trans-
porters in the cultured differentiated myotubes, respectively. How-
ever, the absolute expression levels measured in our study slightly
differ from the levels reported in GTEx. For instance, the average
ABCG2 transcript levels were relatively high in our study, that is, only
slightly lower than the levels of ABCC1 mRNA, while in the GTEx
depository, ABCG2 levels were close to zero, demonstrating more
important ABCG2 mRNA levels in the cultured myotubes from our
volunteers, compared to open-source databases of 803 biopsy sam-
ples. Along the same lines, SLCO1B1 that was not found to be
expressed in skeletal muscle tissues in GTEx, was detected at low
expression mRNA levels in the myotubes cultured from all the volun-

teers assessed here. Different hypotheses could explain those

FIGURE 6 (a) mRNA levels of ABCC1, ABCC4 and ABCG2 efflux transporters in S1-S3 differentiated myotubes, with or without treatment
with siRNAs. (b, ) Intracellular levels of atorvastatin (ATV) in S1-S3 relative to vehicle-treated cells (CTRL) with no treatment (CTRL @),
treatment with siRNA ABCC1 (siRNA ABCC1), treatment with siRNA ABCG2 (siRNA ABCG2), treatment with siRNA ABCG2 and ABCC1 (siRNA
ABCG2 + ABCC1), and treatment with siRNA ABCC4 (siRNA ABCC4). n = 9. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, significantly different

as indicated.
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FIGURE 8 Basal mRNA expression of
the transporters in control conditions in the
volunteers S4-S7 for (a) the efflux
transporters and (b) influx transporters.

differences. First, open-source data have been generated directly
from muscle biopsies, which comprised various cell types, including
muscle fibres but not exclusively. In our study, expression data have
been obtained from a primary culture of almost pure differentiated
myotubes and might increase the specificity of the measures and the
chance to detect a given gene expression. Secondly, in the GTEx pro-
ject, mRNA quantification was performed by RNA sequencing
(RNA-seq), while in our study, we used a targeted RT-qgPCR method,
generally considered as more specific and sensitive compared to
RNA-seq. Therefore, the limit of detection for RT-gPCR is believed
to be lower than for RNA-seq, potentially explaining why SLCO1B1
was not detected in GTEx but was detected in our study. Finally, the

environment of cultured myotubes is substantially different from that
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in vivo. Therefore, expression results in the cultured conditions might
not fully be representative of those found in vivo. Overall, our results
also indicate a higher level of expression of efflux ABC transporters
when compared to influx SLCO carriers, which is in agreement with
expression results obtained with biopsies.

Interestingly, not only was ABCC1 the most expressed transporter
gene in differentiated myotubes, but its expression was negatively
correlated with intracellular concentrations of atorvastatin. The higher
the ABCC1 mRNA levels, the lower the accumulation of atorvastatin,
consistent with an increased efflux of the drug out of the cell when
the transporter is more highly expressed. However, this correlation
remained no longer statistically significant with ABCC1 protein abun-

dance, even if mRNA levels and protein abundance were correlated.
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FIGURE 9

(a) Influx transporter mRNA levels (as expressed in mRNA copies per 1.10° B2M copies) of (A) SLCO1B1 and (B) SLCO2B1 in 54,

S5, S6 and/or S7 differentiated myotubes treated or not with siRNA. (b) Intracellular levels of atorvastatin (ATV) relative to vehicle-treated cells
(CTRL): (A) S4, (B) S5, (C) S6 and (D) S7. CTRL @, no treatment; siRNA SLCO1B1, treatment with siRNA SLCO1B1; siRNA SLCO2B1, treatment
with siRNA SLCO2B1. n = 9 for siRNA SLCO2B1 and n = 6 for siRNA SLCO1B1, as data derived from the S5 SLCO1B1 silencing experiment
were excluded. *P<0.05, **P<0.01, ****P<0.0001, significantly different as indicated.

To delve deeper into the causality of the association between
transporter expression and modulation of intracellular concentration
of atorvastatin, we used molecular (i.e., siRNA) and pharmacological
(i.e., transporter inhibitors) approaches. As expected, both the efflux
transporter gene silencing and pharmacological inhibition using
MK-571 significantly increased intracellular accumulation of atorva-
statin, compared to the control condition. Chemical inhibition of
OATP1B1/1B3 with CFDA had no significant effect on accumulation
of atorvastatin. However, CFDA is also an inhibitor of MRPs, which
could have interfered with the influx inhibition effect. Finally, as
expected, OATP2B1 inhibition with erlotinib was associated with a
decrease in accumulation of atorvastatin, which is consistent with the
hypothesis of a diminution of OATP2B1-mediated transport of
atorvastatin.

Gene silencing experiments targeting efflux transporters demon-
strate that not only ABCC1 but also ABCG2 and ABCC4 can modulate
the intracellular transport of atorvastatin under physiological condi-
tions. We also observed that dual ABCC1-ABCG2 siRNA-induced
intracellular accumulation of atorvastatin was higher than the accumu-
lation observed following single siRNA treatment, except in one vol-
unteer who, interestingly, expressed higher ABCC4 levels and carried
the ABCG2 421A variant allele. These observations are consistent

with published data, as it has previously been shown that atorvastatin
is a substrate for ABCC1, ABCC4 and ABCG2 (Hoste et al., 2023;
Knauer et al., 2010). However, those studies assessed atorvastatin in
recombinant cellular models where the transporter was overex-
pressed, compared to the physiological conditions. Here, our results
confirm that, at physiological levels of expression, ABC transporter
expression has important effects on the cellular transport and accu-
mulation of atorvastatin.

Another potentially interesting observation is that the increase in
the intracellular accumulation of atorvastatin with ABCG2 silencing
was relatively low in the myotubes obtained from S3 compared to S1
and S2 volunteers. Based on these data, we genotyped the volunteers
and found that this volunteer is a heterozygous carrier of the ABCG2
variant rs2231142 (c.421C>A, p.GIn141Llys). This suggests that,
because ABCG2 activity towards atorvastatin, rather than ABCG2
expression, is already reduced (Cooper-DeHoff et al., 2022; Mirosevic¢
Skvrce et al., 2015), silencing the gene expression has only a limited
impact on the efflux of intracellular atorvastatin. However, S2 also
carries this variant, and the ABCG2 siRNA-induced increase in the
intracellular accumulation of atorvastatin was almost as high as with
the ABCC1 siRNA. To assess the potential effects of ABCG2 variant
rs2231142 (c.421C>A, p.GIn141Lys) on atorvastatin transport, we
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have thus developed a stable recombinant HEK model overexpressing
WT or variant ABCG2 and showed that intracellular accumulation was
significantly decreased in HEK293 cells overexpressing ABCG2 WT
when compared to HEK293 pCMV controls, whereas the decrease in
atorvastatin accumulation observed in HEK293 cells overexpressing
the variant (421A) was not significant. This result suggests that the
variant affects negatively the protein efflux activity towards atorva-
statin, which is in line with the observation that silencing ABCG2
expression in a volunteer 421A-variant carrier had little or no effect
on the intracellular accumulation of atorvastatin. In line with this,
when inhibiting ABCG2 in HEK293 recombinant cell lines with a spe-
cific inhibitor, we observed that ABCG2 inhibition had no significant
effect on intracellular accumulation of atorvastatin in pCMV controls
and the ABCG2 421A variant but significantly increased the accumula-
tion of atorvastatin in HEK cells overexpressing the WT protein. This
last observation corroborates our hypothesis that the presence of
the ABCG2 variant affects negatively the efflux activity of the pro-
tein, which renders the effects of the ABCG2 inhibition less impor-
tant in volunteers harbouring this variant. The involvement of the
ABCG2 variant rs2231142 (c.421C>A, p.GIn141Lys) in atorvastatin
transport within the muscle tissue has already been suggested in a
case-control study where it was associated with 2.9-fold greater
odds of developing adverse drug reactions in muscle to atorvastatin
(Mirosevi¢ Skvrce et al., 2015) without evidence of a clear effect on
atorvastatin PK at the systemic level (Birmingham et al, 2015;
Keskitalo et al., 2009; Lee et al, 2019; Prado et al, 2018;
Tsamandouras et al., 2017). We believe that the higher expression of
ABCG2 in the skeletal muscle, compared with that of ABCC2 and
SLCO1B1 might explain that, even with no effect on the systemic PK
of atorvastatin, the local exposure could influence the drug accumu-
lation and, by extension, the development of muscle side effects. In
the hepatocyte, ABCC2, which is not expressed in the muscle but is
3.5 times more expressed than ABCG2 in the liver, might compensate
for the reduced ABCG2 expression/activity (The Human Protein
Atlas, 2023a,b) especially because, in the liver, ABCG2 is about
15 times less expressed than SLCO1B1 (The Human Protein
Atlas, 2023b,d). The reduced hepatic expression of ABCG2 compared
to SLCO1B1 and ABCC2 might explain why the effect of the ABCG2
variant c.421C>A on the systemic PK of atorvastatin is not always
detected. Our study shows, in addition, that the modulation of
ABCG2 activity/expression might have a different effect when con-
sidering the pharmacogenetic background.

Altogether, these results suggest that, in patients, ABCC1,
ABCC4 and/or ABCG2 inhibitors might interfere with the local PK
of atorvastatin and possibly increase the muscular side effects. While
our experimental setting alone cannot fully confirm the link between
increased atorvastatin concentrations through cellular transport mod-
ulation and clinically relevant toxicity, recent clinical studies and case
reports provide compelling evidence supporting this link. Lauritzen
et al. found a nearly twofold variation in the ratio of atorvastatin
and its metabolites between statin-intolerant and statin-tolerant
patients (Lauritzen et al., 2023). Furthermore, cases of severe rhab-

domyolysis (Mrotzek et al., 2017) and elevated creatine kinase
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TABLE 2  Principal inhibitors of investigated ABC transporters
adapted from Hasanabady and Kalalinia (2016) and Zhou et al. (2008).

Gene Protein  Principal inhibitors

ABCC1 MRP1 Probenecid, sulfinpyrazone, indomethacin,
verapamil, quercetin, genistein, cyclosporine,
PAK-104P, steroid analogues, MK-571, ONO-
1078, sulfonylurea, glibenclamide

ABCC4 MRP4 MK-571, celecoxib, rofecoxib, diclofenac

ABCG2 BCRP Ticagrelor, elacridar, HIV protease inhibitors, Ko-

143, fumitremorgin C, ortataxel, imatinib,
nilotinib, dasatinib, ponatinib, lapatinib, telatinib,
sunitinib, motesanib

(Beavers, 2019) have been reported with the concomitant use of
atorvastatin and ticagrelor, a potent inhibitor of ABCG2. Addition-
ally, in a study conducted in rats, the probenecid (ABCC1 inhibitor)-
treated group receiving a statin (rosuvastatin at a dose of
200 mg-kg™1) exhibited up to a 10-fold increase in biological muscle
toxicity markers, compared to the groups treated with statin or
inhibitor alone (Dorajoo et al., 2008). By extension, it is possible that
the concurrent use of ABCC1 inhibitors such as probenecid and
sulfinpyrazone, ABCG2 inhibitors such as ticagrelor and elacridar,
HIV protease inhibitors and tyrosine kinase inhibitors or ABCC4
inhibitors such as celecoxib, rofecoxib and diclofenac) with atorva-
statin might elevate its intracellular accumulation, potentially height-
ening the risk of myotoxicities in patients (Liu, 2019) (Table 2).
However, further studies with large patient populations are needed
to confirm these findings and fully elucidate the link between
increased atorvastatin concentration through cellular transport mod-
ulation and clinical toxicity.

Results of gene silencing experiments were less marked when
considering the influx transporters. Indeed, regarding SLCO2B1 siRNA
treatment, an associated reduction of accumulation was observed in
S4 only, whereas little or no effect was observed in S5 and Sé, proba-
bly because S4 exhibited higher SLCO2B1 basal expression levels,
when compared to others (Figure 6). The anticipated reduction in the
intracellular accumulation of atorvastatin with SLCO1B1 siRNAs was
also only observed in one volunteer (S7). Interestingly, S7 exhibited
relatively high expression levels of efflux transporters when compared
to Sé (Figure 6), where the treatment with SLCO1B1 siRNA had a
counterintuitive effect (i.e., increased accumulation). This observation
raises the question of a potential cooperation between influx and
efflux transporters in the transport of atorvastatin in the skeletal mus-
cle myotubes. Our hypothesis is that, when the efflux activity is low,
simple passive diffusion might be sufficient for the drug to permeate
across the cell membrane. Thus, silencing influx transporter expres-
sion would have little effect on drug accumulation. By contrast, the
role of the influx transporter becomes significant when high efflux
activity is present in the cell. In such cases, a slight (10%-20%)
decrease in atorvastatin accumulation becomes apparent when the
influx transporter expression is suppressed by gene silencing. This

hypothesis of the existence of a cooperation between influx and
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efflux transporters is somewhat corroborated by the observation that,
in HEK293-transfected (Hoste et al., 2023) and HSMM-transfected
(Knauer et al., 2010) cell models, effects of efflux transporters overex-
pression on the intracellular accumulation of atorvastatin were only
observed when the ABCC1 coding sequence was co-transfected with
an influx transporter (SLCO2B1 or rOatp1b2).

Surprisingly, our results demonstrate that silencing the expression
of influx transporters had less effect on the cellular levels of atorva-
statin than that of efflux transporters. This contrasts with clinical stud-
ies evaluating systemic exposure to atorvastatin. Indeed, published
reports are unanimous on the importance of OATP1B1 activity for
the hepatic excretion of atorvastatin (Niemi, 2007; Ramsey
et al., 2023; Stillemans et al., 2022). However, this discrepancy may
potentially be explained by the low expression levels of influx trans-
porters in skeletal muscle, compared to those in liver, on the one
hand, and compared to the expression of efflux transporters in the
muscle, on the other. Secondly, in terms of the systemic excretion,
the activity of OATPs in the liver, in cooperation with ABC trans-
porters, generates a vectorial drug transport from the circulating
blood into the bile. The situation might thus be viewed differently
when considering a ‘static’ model in which the drug is effluxed to the
same environment where the influx is generated.

While the findings gathered with atorvastatin hold significance
for other statins, they may not be directly applicable. Other statins,
such as simvastatin or rosuvastatin, known substrates for some trans-
porters, may exhibit different levels of reliance on these transporters
for gaining intracellular access. Furthermore, the lipophilicity, a factor
that affects the balance between passive diffusion and transporter-
mediated transport, varies among statins. This difference can alter the
intracellular accumulation and, as a result, the myotoxic potential
(Skottheim et al., 2011).

Our study has, however, some limitations. First, Lipofectamine
and the siRNA scramble treatment significantly reduced the expres-
sion of the main efflux transporters, compared to the control condi-
tion, with no effect on influx transporters (Figures S3 and S4).
However, this decrease in efflux transporter expression was less
important than the reduction achieved with specific siRNAs and had
no significant effect on the intracellular accumulation of atorvastatin
(Figure S5). Secondly, even if the proteomic analysis was sensitive
enough to quantify ABCC1 and ABCC4 in our samples, no detection
was observed for ABCG2, SLCO2B1 and SLCO1B1/1B3. Third, our
study may lack statistical power. Theoretically, it is powered enough
to detect significant correlations with a rho value greater than |0.6].
Similarly, by using only three to four volunteers for silencing and inhi-
bition experiments, we might miss minor phenotypic consequences,
as our design allows for detecting significant differences only for
effect sizes (d) between 0.8 and 1.1. However, due to practical con-
straints, we were unable to perform functional experiments with mul-
tiple conditions in myocytes derived from all 12 biopsies. Instead, we
selected volunteers for functional analysis to cover a wide range of
expression levels. This selection strategy compensates, at least in part,
for the fact that functional analyses were not performed in all volun-

teers. Finally, we exclusively utilized atorvastatin in its acidic form for

our experiments and not its lactone form. Indeed, interconversion
between both forms might occur in vivo, and the effects of modulat-
ing transporter expression might be different for different ratios of
atorvastatin lactone-to- atorvastatin acid.

In conclusion, our study demonstrates that the efflux transporters
involved in the cellular transport of atorvastatin are more highly
expressed in differentiated myotubes than the influx transporters. By
performing in vitro gene silencing in differentiated myotubes and
atorvastatin intracellular accumulation experiments in static condi-
tions, we highlight a limited role of influx transporter expression mod-
ulation but a major influence of the suppression of efflux ABC
transporters on intracellular accumulation of atorvastatin. This second
observation could be crucial for explaining drug interactions and
statin-related muscle complaints in patients, without an increase in
plasma levels. Furthermore, although limited to one observation, our
results suggest that pharmacogenetics could confound these results,
as c.421C>A ABCG2 carriers might be less prone to drug-drug inter-
action involving ABCG2 inhibition.
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