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Involvement of organic anion transporting
polypeptides in the toxicity of hydrophilic
pravastatin and lipophilic fluvastatin in rat skeletal
myofibres

K Sakamoto, H Mikami and J Kimura

Department of Pharmacology, School of Medicine, Fukushima Medical University, 1 Hikarigaoka, Fukushima, Japan

Background and purpose: There is a discrepancy in the adverse effect of 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitors, statins between the clinical reports and the studies using skeletal muscle cell models. In the clinical reports, both
hydrophilic and lipophilic statins induce myotoxicity, whereas in in vitro experiments using cell lines of myoblasts, lipophilic,
but not hydrophilic, statins exert myotoxicity. We investigated the cause of this discrepancy.

Experimental approach: Skeletal myofibres, fibroblasts and satellite cells were isolated from rat flexor digitorum brevis (FDB)
muscles. Using these primary cultured cells as well as the L6 myoblast cell line, we compared the toxicity of hydrophilic
pravastatin and lipophilic fluvastatin. The mRNA expression levels of possible drug transporters for statins were also examined
in these cells using reverse transcriptase-PCR.

Key results: In the skeletal myofibres, both pravastatin and fluvastatin induced vacuolation and cell death, whereas in the
mononuclear cells only fluvastatin, but not pravastatin, was toxic. mRNA of the organic anion transporting polypeptides (Oatp)
Ta4 and Oatp2b1 were expressed in the skeletal myofibres, but not in mononucleate cells. Estrone-3-sulphate, a substrate for
Oatps, attenuated the effects of pravastatin and fluvastatin in skeletal myofibres; p-aminohippuric acid, a substrate for the
organic anion transporters (Oats), but not Oatps, failed to do so.

Conclusions and implications: The statin transporters Oatp1a4 and Oatp2b1 are expressed in rat skeletal myofibres, but not
in satellite cells, fibroblasts or in L6 myoblasts. This is probably why hydrophilic pravastatin affects skeletal muscle, but not
skeletal myoblasts.
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Introduction

Statins, or 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors,
attenuate cholesterol biosynthesis and are widely used for
treating hyperlipidemia (Endo, 1992). The major adverse
effect of statins is myotoxicity, including myalgia, myositis
and rhabdomyolysis (Ucar et al., 2000). The cause of this
adverse effect has not been elucidated. We recently found
that statins induce vacuolation in primary cultured rat
skeletal myofibres by inactivating Rab small GTPases as a
result of the depletion of geranylgeranyl pyrophosphate
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(Sakamoto et al., 2007). As Rab GTPases are essential for
intracellular vesicle transport, our finding will be an
important step in clarifying the mechanism of statin-
induced myotoxicity. During the course of our previous
study, we noticed that not only fluvastatin but also
pravastatin induced vacuolation in the skeletal myofibres,
although the potency was slightly different. This suggested
the lines of inquiry we followed in this study.

Statins are classified into hydrophilic (for example,
pravastatin and rosuvastatin) and lipophilic (for example,
atorvastatin, cerivastatin, fluvastatin, lovastatin, pitavastatin
and simvastatin) types according to the difference in their
aqueous solubility (Holdgate et al., 2003). Hydrophilic statins
are membrane-impermeable and therefore require drug
transporters to enter cells. In contrast, lipophilic statins
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can pass through the cell membrane by passive diffusion,
and therefore can be widely distributed in a variety of cells
and tissues (Koga et al., 1992).

As skeletal myofibres are long, multinucleated and difficult
to culture, primary cultures of neonatal myoblasts or
myoblast cell lines and rhabdomyosarcoma cells have been
used as substitute systems for the study of myotoxicity. In
these skeletal cell models, hydrophilic pravastatin was shown
to be non-toxic even at a millimolar concentration range
(Nakahara et al., 1994; Masters et al., 1995; Kaufmann et al.,
2006). Thus, hydrophilic statins have been considered to be
less toxic than lipophilic statins (Ichihara and Satoh, 2002).
However, in clinical studies, the myotoxic risk of hydrophilic
pravastatin was not different from that of lipophilic statins
(Bruckert et al., 2005), and furthermore, the risk of hydro-
philic rosuvastatin was even significantly higher (Alsheikh-Ali
et al., 2005). Furthermore, the relationship between tissue
selectivity and lipophilicity is unclear (Sirtori, 1993). The
cause of this discrepancy in statin-induced toxicity between
experimental results and clinical data has not been resolved.

Statins are ionized as anions and are thus taken up or
extruded by the membrane transporters for organic anions,
including organic anion transporting polypeptides (OATP in
humans, Oatp in rodents) and organic anion transporters
(OAT/Oat) (Shitara and Sugiyama, 2006). OATPs/oatps are
mainly expressed in the liver (Hsiang et al., 1999; Tokui et al.,
1999), and OATs/Oats mainly in the kidney (Hasegawa et al.,
2002). Some are expressed in other tissues such as endothelial
cells and the retina (Gao et al., 2002; Sugiyama et al., 2003).

The skeletal muscles account for nearly half of mammalian
body weight and are important organs for drug distribution
(Fichtl and Kurz, 1978). However, there have been few
studies on the drug transporters in skeletal muscle and there
has been no report on the involvement of drug transporters
in the myotoxicity of the statins.

In this study, using primary cultured skeletal myofibres
isolated from rat flexor digitorum brevis (FDB) muscles, we
examined the cytotoxicity of pravastatin and compared it
with that of fluvastatin. We also examined the effects of the
statins on mononuclear cells isolated from rat FDB muscles,
including satellite cells and fibroblasts, and also on
commercially available L6 myoblasts. Furthermore, the
mRNA expression levels of possible statin transporters were
examined using the reverse transcriptase-PCR (RT-PCR). We
then examined the functional aspect of the statin transporter
candidates detected by RT-PCR by using a substrate saturation
method in the FDB myofibres.

Methods

Isolation of cells from rat FDB muscles

All experiments were performed in accordance with the
regulation of the Animal Research Committee of Fukushima
Medical University. A total of 11 female rats (Wistar; 8-16
weeks old; 160-210 g) were used. The rats were anesthetized
with ether by being placed in an airtight glass container (2L
in volume) that had been filled with evaporated ether (from
about SmL liquid ether absorbed in cotton) and then
exsanguinated.
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Single skeletal myofibres were isolated as described
previously (Sakamoto et al., 2007). In brief, the FDB muscles
isolated from both soles were incubated in 3% collagenase
(Wako, Tokyo, Japan) -containing Ringer’s solution for
2.5-3h at 37°C. The drugs were applied within 6h after
the myofibres were isolated.

Satellite cells and fibroblasts were also isolated from the
FDB muscles. Isolation of satellite cells was according to the
explants method with minor modifications (Bischoff, 1986;
Allen et al., 1997). Following the isolation of myofibres from
FDB muscles, 5-10 fibres were plated on a laminin-coated
dish. As the satellite cells attached to the skeletal myofibres
migrated to the floor of the dish, it was impossible to
estimate the density of satellite cells. Three days after
isolation, we applied drugs to the medium. To culture
fibroblasts, the supernatant of the medium used for the
isolation of myofibres was collected and poured into a non-
coated dish. After 1 h, the medium was agitated and changed
to remove the satellite cells. Then the fibroblasts were
plated onto 12-well plates at 53.3 +5.6 cells per mm 2 (n=7).
FDB muscles, satellite cells and fibroblasts were plated in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and maintained at 37 °C in a humidified
atmosphere of 5% CO,/95% air.

Culture of L6 myoblasts

The L6 myoblast cell line originally derived from rat skeletal
muscle was obtained from Human Science Research Sources
Bank (Osaka, Japan). L6 myoblasts were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum and maintained at 37°C in a humidified
atmosphere of 5% CO,/95% air. The cells were plated onto
12-well plates at 21.1+2.5 cells per mm ™2 (n=4).

Cytotoxicity assays

To evaluate the cytotoxicity of the drugs, cell viability was
examined using 0.2% Trypan blue/phosphate-buffered saline
(Invitrogen, Carlsbad, CA, USA). FDB fibres were treated with
Trypan blue for Smin. Then the cells were washed three
times with Ringer’s solution and the Trypan blue stained
cells and non-stained cells were counted.

Total RNA isolation and RT-PCR

Total RNA was extracted from tissues and cells by the
acid-guanidine thiocyanate/phenol/chloroform method
(Chomczynski and Sacchi, 1987). First-strand cDNA primed
by random hexamers was prepared from total RNA (1 pg)
using Moloney murine leukaemia virus reverse transcriptase
in a final reaction volume of 20 uL. The cDNA was diluted
fivefold with water and was used as a template for PCR
analysis. The sequences of the primers and the predicted
lengths of the PCR products are summarized in the Table 1.
The primer sequences for Oatplal and Oatplb2 were
obtained from references (Ohtsuki et al., 2003; Serrano
et al., 2003). PCR was carried out with 35 amplification
cycles (Ohkubo et al., 2000) and annealing temperature at
59°C. The PCR products were separated by 1.5-2% agarose
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Table 1 Oligonucleotide primers used for PCR amplification of cDNAs
Protein Name Accession # Primer sequences Length References
(bp)
Oatplal NM_017111 Fw: 5-TGGGGAAGGTTGCTGGCCCAATTT-3' (688-714) 659 Ohtsuki et al., 2003
Rv: 5-GGTGGTTAATCCAGCAACTGCTGC-3' (1346-1323)
Oatpla4 NM_131906 Fw: 5'-ATGGCCTGGCATACATGTCA-3' (1485-1504) 517 —
Rv: 5'-GGGAACTGGAATGTCCTCGTA-3' (2001-1981)
Oatp1b2 NM_031650 Fw: 5’- GCCCAACCTTCACGATCAAA-3' (151-170) 624 Serrano et al., 2003
Rv: 5'-GCCAAGGATTGGTCCAATCAT-3' (774-754)
Oatp2b1 NM_080786 Fw: 5'-CCGCTACGACCACAGCA-3' (445-461) 558 —
Rv: 5'-CCAAGACCTTCTGCCTGA-3' (1002-985)
Oat3 NM_031332 Fw: 5'-GGAGCTGAAGTTCAACTTGCA-3' (1008-1028) 521 —
Rv: 5'-GTTCACCCGTGATTTTCACCA-3’ (1528-1508)
Mrp2 NM_012833 Fw: 5'-GTATCAGCCATGCTGGGAGA-3' (2123-2142) 219 —
Rv: 5'-TCTCAGCCATGTCTCCTCCA-3’ (2342-2323)
GAPDH X02231 Fw: 5-TGCTGAGTATGTCGTGGAGT-3' (338-357) 493 —

Rv: 5'-CATACTTGGCAGGTTTCTCC -3’ (831-812)

gel electrophoresis and visualized by ethidium bromide
staining.

Data analysis

Each experiment was repeated three to eight times. The data
were expressed as mean ts.e.m. The relationship between
the concentration of statins (Statin) and the cell viability
(CV) was fitted by the following equation:

CV = {(CV,p,c — CVimin)/1 + (LCsy/(Statin))™} + CV,in

where CV . is the maximum value of cell viability (which
equals cell viability under control conditions), CV ;, is the
minimum value of cell viability (which was calculated by
curve fitting software: Origin V6.1, OriginLab, Northampton,
MA, USA), LCsq is the median value of the concentration-
viability curve, (Statin) is the concentration of statins in the
medium, m is a Hill coefficient and C is a constant. Statistical
significance between two groups or among multiple groups
was evaluated using Student’s t-test, Scheffé’s and Dunnet’s
tests after the F-test or one-way ANOVA.

Drugs and materials

In this study, we used hydrophilic pravastatin and lipophilic
fluvastatin (Figure 1), because these statins were readily
available in our laboratory (Sakamoto et al., 2007). Most of
the pharmacological agents used were purchased from
Sigma-Aldrich (St Louis, MO, USA). Fluvastatin was a gift
from Novartis (Basel, Switzerland). Pravastatin was dissolved
in sterile phosphate-buffered saline. Other compounds were
dissolved in dimethyl sulphoxide. The concentration of the
vehicles was lower than 0.1% and had no significant effects.

Results

Cytotoxicity of pravastatin and fluvastatin on FDB fibres

We first compared the toxicity of pravastatin with that of
fluvastatin on FDB myofibres. In our previous study, both
pravastatin and fluvastatin induced vacuolation in FDB
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myofibres after 72 h treatment (Sakamoto et al., 2007). The
ECs of pravastatin and fluvastatin for the vacuolation were
18.5 and 0.3 uM, respectively (calculated from Figure 1c of
Sakamoto et al., 2007).

Figure 1Aa-c shows control myofibres cultured for 24,
72 and 120h. Pravastatin at 100um (Figure 1Ad-f) and
fluvastatin at 10puM (Figure 1Ag-i) both induced numerous
vacuoles in the myofibres after 72 h incubation (images with
greater magnifications are shown in Supplementary Figure
A). Figure 1B illustrates the time-dependent changes in the
viability of myofibres treated with 100 uM pravastatin or
10 pM fluvastatin (see also Figure 1d of Sakamoto et al., 2007).
At 120h, both statins dramatically increased the number of
Trypan blue staining myofibres. The concentration-viability
relationships of the statins were obtained at 120 h for various
statin concentrations (Figure 1c). The median lethal con-
centrations (LCso) of pravastatin and fluvastatin were 8.6
and 0.3pM, respectively (Figure 1c). When cell death
occurred, many blebs were observed on the surface of the
sarcolemma of the statin-treated myofibres (Figure 1Af
and i). This result clearly shows that not only lipophilic
fluvastatin but also hydrophilic pravastatin induces toxicity
in skeletal myofibres.

Cytotoxicity of statins in fibroblasts and satellite cells

As shown in Figure 1A, we noticed that pravastatin affected
myofibres, but not the background cells, whereas fluvastatin
affected both myofibres and background cells: the back-
ground cells appeared intact in pravastatin-treated cultures,
but had almost entirely disappeared after 72 and 120h of
incubation with fluvastatin (Figure 1Ad-i). To compare in
detail the effect of the statins on the background cells, we
separated fibroblasts from myofibres and selectively cultured
fibroblasts (Figure 2Aa-c) that comprised the majority of the
background cells. Pravastatin (100uM) did not affect the
viability of fibroblasts up to 120h (Figure 2Ad-f and
Figure 2B). However, fluvastatin (10uM) started to induce
morphological changes and cell death in fibroblasts within
24h (Figures 2Ag-i and B). The concentration-viability
relationship was obtained and is shown in Figure 2C. The
LCso value of fluvastatin against fibroblasts was 8.4 M
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Figure 1 Pravastatin and fluvastatin induced vacuolation and cell
death in FDB fibres. (A) Phase contrast micrographs. (a-c) A control
myofibre after 24 (a), 72 (b) and 120 h (c) in culture with fibroblasts
in the background. (d-f) A myofibre cultured with 100 um
pravastatin (Prv) for 24 (d), 72 (e) and 120h (f). Note that the
background cells remained intact whereas damage was prominent in
the skeletal myofibre. (g-i) A myofibre cultured with 10pum
fluvastatin (Flv) for 24 (g), 72 (h) and 120h (i). Note that the
background cells remained intact; whereas there was prominent
damage in the skeletal myofibre. Unlike pravastatin treatment, the
background cells disappeared after Flv treatment. Arrows indicate
vacuoles induced by the statin treatment (e, h). (B) Time-dependent
changes in the percentage of Trypan blue positive myofibres among
control, pravastatin- and fluvastatin-treated cultures. (C) Comparison
of cell death induced by Prv and Flv. Myofibres were incubated with
various concentrations of Prv (closed circles) or Flv (closed squares)
for 120 h. LCsq values for Prv and Flv are 8.6 and 0.3 pm, respectively
(**P<0.01, compared with the control).

(Figure 2C). In contrast, pravastatin was without effect on
fibroblasts even at 1mM for 120h (Figure 2C). Next, we
analysed the toxicity of the statins on the satellite cells. The
satellite cells were also resistant to pravastatin, but were
susceptible to fluvastatin (Supplementary Figure).

Cytotoxicity of pravastatin and fluvastatin on L6 myoblasts

L6 myoblasts are an immortalized cell line established from
neonatal rat skeletal myoblasts (Yaffe, 1968). We tested the
effects of pravastatin or fluvastatin on L6 cells for up to 120 h
(Figure 3A). Pravastatin did not induce any morphological
changes or cell death in L6 cells even at 1mM for 120h
(Figures 3Ad-f and B). However, fluvastatin prevented
proliferation and induced cell death in L6 myoblasts within
48 h of treatment (Figures 3Ag-i and B). Figure 3C shows the
concentration-viability relationships at 72h of the statin
treatment. The LCsq value for fluvastatin was 8.2uM in L6
myoblasts at 72h (Figure 3C).
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Figure 2 Fibroblasts isolated from flexor digitorum brevis (FDB)
muscles were injured by incubation with fluvastatin, but not with
pravastatin. (A) Phase contrast micrographs. (a—c) Fibroblasts after
24, 48 and 72h in the control condition. (d-f) Fibroblasts cultured
with 100 uM pravastatin (Prv) for 24-72 h. (g-i) Fibroblasts cultured
with 10pMm fluvastatin (Flv). (B) Time-dependent changes in the
percentage of Trypan blue positive fibroblasts in control, pravastatin-
and fluvastatin-treated cultures. (C) Comparison of cell death
induced by Prv and Flv. Fibroblasts (Fibro) were incubated with
various concentrations of Prv (closed circles) or Flv (closed squares)
for 72 h. LCsq value for Flv was 8.6 uM, whereas that for Prv was not
measureable (**P<0.01, compared with the control).

Drug transporter expressions

In the above experiments, lipophilic fluvastatin affected all
four types of cells we examined, but hydrophilic pravastatin
affected only the primary cultured skeletal myofibres. To
explain this difference, we hypothesized that drug transporters
for pravastatin uptake might be expressed in the myofibres,
but not in the other cell membranes. Alternatively,
transporters for pravastatin extrusion might be expressed
in all but the skeletal myofibres.

Four transporters have been so far reported to carry
pravastatin in rats: Oatplal (Hsiang et al., 1999), Oatpla4
(Tokui et al., 1999), Oatplb2 (Sasaki et al., 2004) and Oat3
(Hasegawa et al., 2002). In addition, Oatp2bl is the rat
orthologue of human OATP2B1, which mediates pravastatin
uptake across human intestinal apical membranes (Kobayashi
et al., 2003). We examined the mRNA expression levels of
these transporters in several rat skeletal muscles and
mononucleate cells of skeletal origin.

Skeletal muscles are composed of three different myo-
fibres: type I myofibres (red, slow and glycolytic muscles),
and types IIA and IIB (white, fast and aerobic muscles). The
soleus is a type I muscle, whereas the extensor digitorum
longus and the FDB are composed of predominantly type IIA
and type IIB muscle fibres. We examined the transporter
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Figure 3 L6 rat skeletal myoblasts were injured by incubation with
fluvastatin, but not with pravastatin. (A) Phase contrast micrographs.
(a—c) L6 myobilasts after 24 (a), 72 (b) and 120 h (c) in the control
condition. (d—f) L6 myoblasts cultured with 100 um pravastatin (Prv)
for 24 (d), 72 (e) and 120h (f). (g-i) L6 myoblasts cultured with
10 um fluvastatin (Flv) for 24 (g), 72 (h) and 120h (i). (B) Time-
dependent changes in the percentage of Trypan blue positive cells in
control, pravastatin- and fluvastatin-treated cultures. (C) Comparison
of cell death induced by Prv and Flv. L6 myoblasts were incubated
with various concentrations of Prv (closed circles) or Flv (closed
squares) for 72h. LCsq value for Flv is 8.2 uM, whereas that for Prv
was not measurable (**P<0.01, compared with the control).
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Figure 4 Expression of the genes of drug transporters which carry
pravastatin. Reverse transcriptase (RT)-PCR detection of transporters
in rat liver, kidney, soleus muscle, extensor digitorum brevis (EDL)
muscle, flexor digitorum brevis (FDB) muscle, L6 myoblasts (L6) and
fibroblasts isolated from FDB muscle (Fibro). PCR products were
generated through the use of gene-specific primers for Oatplal,
Oatpla4, Oatp1b2, Oatp2b1, Oat3 and Mrp2. A 100-bp molecular
weight marker (M) was used to estimate the size of the amplicon.

expression in the FDB, soleus and extensor digitorum longus.
We also checked the liver and the kidney as positive controls
for transporter expression. As shown in Figure 4, Oatpla4
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and Oatp2bl mRNAs were expressed in all three skeletal
muscles but not in fibroblasts and L6 myoblasts. Similar
results were obtained in all four female rats and one male rat.
We also examined the expression of Oat3 and the
multidrug-resistance associate protein 2, because OAT3 is
expressed in human skeletal muscles and is reported to be
involved in pravastatin uptake (Takeda et al., 2004) and
multidrug-resistance associate protein 2 excretes pravastatin
from the cell by consuming ATP (Yamazaki et al., 1997). Only
a faint band of multidrug-resistance associate protein 2
appeared in the soleus from one female rat (Figure 4), but
was undetectable in the muscle preparations from four other
rats. Other transporters such as Oatplal, Oatplb2 and Oat3
mRNA were expressed in the liver and/or kidney, but not in
the skeletal muscles, fibroblasts or in L6 myoblasts. This
result suggests that pravastatin affected skeletal myofibres
but not the mononuclear cells, because pravastatin
transporters Oatpla4 and Oatp2bl were expressed in the
skeletal muscle but not in fibroblasts and L6 myoblasts.

Effect of estrone-3-sulphate on pravastatin toxicity
We next tested whether Oatpla4 and Oatp2bl are function-
ally responsible for pravastatin toxicity in FDB myofibres.
Estrone-3-sulphate (ES) is a typical substrate for OAT/Oat
and OATP/Oatp (including Oatpla4 and Oatp2bl), whereas
p-aminohippuric acid (PAH) is a substrate for OAT/Oat, but
not for OATP/Oatp (Anzai et al., 2006). If Oatpla4 and
Oatp2bl were functionally responsible transporters for
pravastatin in FDB myofibres, then the effect of pravastatin
would be competitively inhibited by ES, but not by PAH.
We treated FDB myofibres with 300 um ES or 300 um PAH
for 6h before co-application of 100puM pravastatin. These
levels of ES or PAH alone had no effect on the morphology
and viability of myofibres (Figures 5a and b). At 120h, the
number of vacuoles induced by pravastatin in the presence
of PAH was similar to that with pravastatin alone. However,
it was dramatically reduced in the presence of ES (P<0.01,
n=20) (Figure 5a). At 120 h, the viability of FDB fibres was
also significantly improved by ES, but not by PAH (n=35;
P<0.01) (Figure Sb). As ES, but not PAH, inhibited the effect
of pravastatin, we conclude that Oatpla4 and Oatp2bl are
responsible for the uptake of pravastatin in FDB skeletal
myofibres.

Effect of ES on fluvastatin toxicity

The LCso value of fluvastatin was 0.3uM in myofibres
(Figure 1), but was 8.2-8.4uM in fibroblasts (Figure 2) and
L6 myoblasts (Figure 3 and Supplementary Figure for satellite
cells). This difference in the potency of fluvastatin between
myofibres and mononucleate cells suggests that not only
hydrophilic pravastatin but also lipophilic fluvastatin is
carried by the transporters in myofibres. Therefore, we
repeated the above experiment for fluvastatin.

Two different concentrations (1 or 10 uM) of fluvastatin
were tested. At 120h with 1uM fluvastatin, the number of
vacuoles was significantly reduced by ES (P<0.01, Figure 6a),
but not by PAH (P> 0.05). The viability of myofibres at 120 h
with 1pM fluvastatin was partially but significantly
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Figure 5 Effect of substrates of drug transporters on pravastatin-
induced vacuolation and injury in flexor digitorum brevis (FDB)
fibres. (a) Numbers of vacuoles averaged for a myofibre cultured for
72 h under control, with 300 pm estrone-3-sulphate (ES) alone, with
300 uM p-aminohippuric acid (PAH) alone, with 100 pM pravastatin
alone (Prv), with 100 um Prv and 300um ES (Prv+ES) and with
100 uMm Prv and 300 um PAH (Prv + PAH). **P<0.01, compared with
control. #P<0.01, compared with Prv. (b) Viability of FDB fibres
cultured for 120 h under the same treatments as in (a).

improved by ES (P<0.05), but not by PAH (P>0.05). At a
higher concentration of 10pM fluvastatin, ES did not
significantly improve vacuolation or cell viability (Figures
6a and b). These results demonstrate that Oatps are involved
in fluvastatin transport in rat skeletal muscles.

Discussion

In this study, we found that pravastatin induced vacuolation
and cell death in FDB fibres, but not in mononucleate cells
isolated from the skeletal muscle, including fibroblasts,
satellite cells and L6 myoblasts. This effect of hydrophilic
pravastatin is different from that of lipophilic fluvastatin,
because fluvastatin affected both the skeletal myofibres and
the mononucleate cells that we examined. RT-PCR analysis
revealed that the known transporters for pravastatin, namely
Oatpla4 and Oatp2bl, were expressed in the skeletal
muscles, but not in either fibroblasts or L6 myoblasts. The
vacuolation and cell death induced by pravastatin were
prevented by the presence of a high concentration of ES,
which is a substrate for Oatps. PAH, which is a substrate for
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Figure 6 Effect of substrates of drug transporters on fluvastatin-
induced vacuolation and injury in flexor digitorum brevis (FDB)
fibres. (a) Number of vacuoles averaged for a myofibre cultured for
72h under control, with 1uMm fluvastatin alone (Flvl), with 1pum
fluvastatin and 300 puM estrone-3-sulphate (Flvl +ES), with 1pum
fluvastatin and 300puM p-aminohippuric acid (Flvl +PAH), with
10 uM fluvastatin alone (FIv10), with 10 pMm fluvastatin and 300 pum
ES (FIV1I0O+ES) and with 10pm fluvastatin and 300um PAH
(FIv10 +PAH). *P<0.05, compared with control; **P<0.01,
compared with control. **P<0.01, compare with Flvl +ES. (b)
Viability of FDB fibres cultured for 120 h under the same treatments
as in (a). *P<0.05, compared with Flvl +ES.

Oats but not for Oatps, did not prevent the toxic effects of
pravastatin. These results suggest that the different sensitivi-
ties to pravastatin between the skeletal myofibres and the
mononucleate cells, including fibroblasts, satellite cells and
L6 myoblasts, are due to the different expression of the statin
transporters, that is, Oatpla4 and Oatp2bl, in the different
types of cells.

Contribution of drug transporters to statin myotoxicity in skeletal
muscles

We noticed that the cytotoxic potency of fluvastatin was
higher in skeletal myofibres than in mononucleate cells—the
LCsp value for fluvastatin was 0.3 pM in the myofibres and
about 8 uM in the latter cells. As the vacuolation and cell
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death induced by 1uM fluvastatin were inhibited by ES but
not by PAH, fluvastatin must also be carried by Oatps
expressed in skeletal fibres. Therefore, Oatpla4 and Oatp2b1
are statin transporters, and can carry both hydrophilic and
lipophilic statins. In agreement with our results, human
OATP2B1 recognized not only pravastatin but also fluvasta-
tin and atorvastatin as substrates: in recombinant studies,
the K,, values of OATP2B1 for fluvastatin and atorvastatin
are 0.7-0.8 and 0.2 pM, respectively (Grube et al., 2006; Noe
et al., 2007). These values are similar to the LCsq value for
fluvastatin (0.3 uM). These results suggested that the influx of
fluvastatin into myofibres was not only due to passive
diffusion but also occurred through Oatps expressed in
skeletal muscles. ES, however, failed to decrease the myo-
toxicity induced by 10um fluvastatin, indicating that at
higher concentration of fluvastatin, the passive diffusion
overwhelms the transporter function. This further indicates
that at therapeutically low concentrations, lipophilic statins
must be mainly carried into cells by membrane transporters
such as OATP/Oatp, and the contribution of passive diffu-
sion must be small, if there is any such contribution at all.

Comparison with clinical reports

Pravastatin and fluvastatin directly inhibit rat 3-hydroxy-3-
methylglutaryl-CoA reductase with similar ICs, values of 6.9
and 3.8nM, respectively (McTaggart et al., 2001). Further-
more, the therapeutic serum concentration, or the maximum
serum drug concentration value, of pravastatin is
65ngmL ™!, which is also not very different from that of
fluvastatin, which is 190ngmL™! at a 40 mgday ! oral dose
(Kivisto et al., 1998; Kyrklund et al., 2004). Furthermore, the
myotoxic risks in the clinical reports are not different
between pravastatin and other statins, including lipophilic
statins (Alsheikh-Ali et al., 2005; Bruckert et al., 2005). Yet, in
our study using rat FDB fibres, the LCso value of 0.3 uM for
pravastatin was about 30-fold less than that of fluvastatin
(LCso =8 uM). One possible reason for this discrepancy is the
species difference in the expression of drug transporters. It
has been reported that not only OATP2B1 (Nishimura and
Naito, 2005) but also OAT3 is expressed in human skeletal
muscle (Cha et al., 2001; Takeda et al., 2004), but not in the
rat (Kusuhara et al., 1999). Our results with rats agreed
with this finding. The affinity of pravastatin for OAT3
(Km =13.4 pM) is higher than that to Oatpla4 (K, =37.5 uM)
(Tokui et al.,, 1999; Hasegawa et al., 2002) and that to
OATP2B1 (K, =2.3mM) (Kobayashi et al., 2003). Therefore,
the uptake of pravastatin by human skeletal muscle may be
higher than that in rodent skeletal muscle. Another
possibility is due to the drug-drug interactions; the serum
concentration of pravastatin is sensitive to interactions with
other drugs and this sensitivity is greater for pravastatin than
for other statins. For example, co-administration of cyclo-
sporin A could alter the pharmacokinetics of statins, because
cyclosporin A inhibits OATP1B1, which is involved in the
uptake of statins in the liver (Shitara et al., 2003, 2004). In
humans, cyclosporin A has been reported to increase the area
under the curve and maximum serum drug concentration
of pravastatin by 5-7.9 times and 22.8 times, respectively
(Regazzi et al., 1994). In contrast, the area under the curve
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and maximum serum drug concentration of fluvastatin was
only slightly increased by 1.9-3.5 times and 1.3 times,
respectively (Spence et al., 1995; Goldberg and Roth, 1996).
Thus, the pharmacokinetics of pravastatin seems to be
markedly modified by interaction with cyclosporin A.

Potential physiological roles of OATP/Oatp in skeletal muscles
The physiological roles of OATP/Oatp have not been
identified yet, although they have been implicated in the
uptake of thyroid hormone, bile acid and prostanoids (Abe
et al., 1998; Mikkaichi et al., 2004). If this is so, the OATP/
Oatp expression in the skeletal muscles is not surprising,
because the metabolism and development of skeletal
muscles are highly regulated by thyroid hormones and bile
acids accelerate the conversion from tetra-iodothyronine to
tri-iodothyronine (Watanabe et al., 2006). Thus, Oatps may
be important for the growth, maturation and metabolism of
muscles.

Clinical significance of lipophilic statin-induced toxicity in
fibroblasts

There have been clinical reports that statins induced
tendinopathy (Chazerain et al., 2001). This adverse effect
was caused not only by lipophilic but also by hydrophilic
statins (Marie et al., 2008). Tendons consist of fibroblasts and
collagen excreted from fibroblasts. In our study, fluvastatin,
but not pravastatin, affected fibroblasts isolated from FDB
muscles. We propose two possible reasons that may account
for the discrepancy between the clinical reports and our
result. One is a culture condition for the fibroblasts. Unlike
skeletal myofibres, fibroblasts proliferate massively and
these were cultured on the flat bottom of the dishes in our
experiment. However, in physiological conditions, fibro-
blasts are quiescent and grow in extracellular cellular matrix.
Thus, there must be some difference in gene expression and
the character of fibroblasts between in vivo and culture
conditions. Another is a possible involvement of skeletal
myofibres in tendinopathy. In our study, as the statin-
induced damage progress, myofibres are separated from the
bottom of the laminin-coated dish and float in the medium.
This may suggest that statins weaken interaction between
skeletal myofibres and tendons. Currently, the mechanism of
statin-induced tendinopathy is unclear. Further studies are
required for elucidation of this problem.

Limitation of myoblasts as skeletal muscle models

Myogenic cell lines such as L6 myoblasts, C2C12 myoblasts
and primary cultures of neonatal myoblasts have been
used so far for the study of myotoxicity. Our results clearly
demonstrated that myogenic cell lines are different from
skeletal muscle myofibres in their susceptibility to statin-
induced myotoxicity. L6 myoblasts were initially used for the
study of myogenesis (Yaffe, 1968). More recently, they were
also used for in vitro studies on statin myotoxicity (Nakahara
et al., 1994; Kaufmann et al., 2006). As in fibroblasts isolated
from FDB, we could not detect the expression of the statin
transporters Oatpla4 and Oatp2bl in L6 myoblasts.



Conclusions

We compared the cytotoxicity of statins on rat FDB fibres,
fibroblasts and L6 skeletal myoblasts, and found that
pravastatin shows selective cytotoxicity in FDB fibres. RT-
PCR revealed that Oatp-type drug transporters are expressed
in rat skeletal muscle, but not in L6 myoblasts and
fibroblasts. Our present study is the first report of a
functional expression of Oatps or statin transporters in rat
skeletal muscle. This will provide new insights for the
contribution of skeletal muscles to drug distribution.
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