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Abstract

Human MCT4 (SLC16A3) is responsible for the efflux of L-lactic acid from skeletal muscle cells and is essential for muscle homeostasis.
However, the effects of monocarboxylate drugs, such as statins on the MCT4-mediated transport of L-lactic acid have not been elucidated.
Inhibition of L-lactic acid transport mediated by MCT4 might to lead to collapse of muscle homeostasis. The aim of this study was to establish
an MCT4 transfected cell line and to clarify the transport mechanism of L-lactic acid and the effects of statins on this transport system. Results
of Western blot analyses and immunohistochemistry studies indicated that the expression of CD147 and MCT4-FLAG protein were observed and
was displayed clear plasma membrane localization in CD147 and MCT4-FLAG co-transfected cell line (cm cells). Uptake of L-lactic acid in cm
cells was significantly greater than that in cells transfected with a vector alone. L-lactic acid uptake was concentration-dependent with a K,,, value
of 28.43 - 3.87 mM. The results of a previous study showing a K,,, value of 28.5 mM in hMCT4-expressed oocytes. Lipophilic statins significantly
inhibited ['*C] L-lactic acid uptake in a concentration-dependent manner. In contrast, the inhibitory effects of hydrophilic statins were very weak.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The monocarboxylate transporter (MCT) family now com-
prises 14 members, of which the first four (MCT1-MCT4)
subtypes have been demonstrated experimentally to catalyse
the proton-linked transport of metabolically important mono-
carboxylates, such as L-lactic acid, but the detailed kinetic
mechanisms of MCT2-MCT4 subtypes have not been eluci-
dated (Halestrap and Meredith, 2004).

At present, there is some evidence indicating that MCTs
play a role in the transport of some drugs, such as val-
proic acid and HMG-CoA reductase inhibitors (statins),
that have monocarboxylate structures within the molecules.
(Hosoya et al., 2001; Wu et al.,, 2000; Nagasawa et al.,
2000). Nagasawa et al. (2003) reported that lovastatin acid,
a statin, by rat mesangial cells is handled by proton-coupled
monocarboxylate transporter, and the involvement of MCT4
in the uptake was suggested. However, it has not been
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determined whether MCT4 contributes to the transport of
statins.

Statins are the most widely used cholesterol-lowering agents
for prevention of obstructive cardiovascular events (Havel and
Rapaport, 1995; Jukema et al., 1995; Downs et al., 1998). How-
ever, statins have been shown to induce various forms of skeletal
muscle abnormalities ranging from mild myopathy to myosi-
tis and occasionally rhabdmyolysis and even death (Evans and
Rees, 2002).

MCT4 is the major monocarboxylate transporter isoform
present in white skeletal muscle and is responsible for the
efflux of L-lactic acid (Manning Fox et al., 2000; Wilson et
al., 1998), and it is essential for muscle homeostasis. Since it
has been reported that over-accumulation of lactic acid led to
intracellular acidification and apoptosis (Jeong et al., 2001),
we hypothesized that inhibition of lactic acid transport medi-
ated by MCT4 leads to over-accumulation of lactic acid and
induction of intracellular acidification and apoptosis in skeletal
muscle.

In order to verify this hypothesis, we established a cell line
transfected with MCT4 and to clarify the transport mechanism
of L-lactic acid and the effects of statins on this transport system.
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2. Material and methods
2.1. Chemicals

['4C] L-lactic acid sodium salt was purchased from Amer-
sham Life Science (Buckinghamshire, UK). L-lactic acid sodium
salt was purchased from ICN Biomedicals Inc. Cerivastatin
Na, simvastatin, atorvastatin Ca, lovastatin, rosuvastatin Ca and
pravastatin Na were kindly donated by Sankyo (Tokyo, Japan).
Fluvastatin Na was kindly supplied by Novartis Pharma (Tokyo,
Japan). Simvastatin acid and lovastatin acid were prepared from
their lactone form by hydrolysis in a 0.05N NaOH solution,
with stirring at 20 °C for 30 min. The hydrolyzed solution was
adjusted to pH 7.4 with 0.2N HCI and then stored 4 °C until use.
All other reagents were of the highest grade available and used
without further purification.

2.2. Establishment of human MCT4-transfected cells

LLC-PK1 cells were cultured in medium 199 with 10% fetal
bovine serum and 1% penicillin—streptomycin in an atmosphere
of 5% CO;. Since CD147 interacts with MCT4 and assists
MCT4 expression at the cell surface, we established a CD147
and MCT4 co-transfected cell line. Firstly, human CD147 cDNA
was ligated into a pcDNA3.1/zeo(+) vector (pcDNA-CD147).
After culture for 1 day, LLC-PK1 cells were transfected with
pcDNA-CD147 and pSV2, a blasticidin S-resistance marker,
using the lipofection method (LLC-CD147 cells). As a con-
trol, a pcDNA3.1/zeo(+) vector and pSV2 were transfected in
the same way (LLC-pcDNA cells). The cells were cultured in
the above-described medium for another 2 days, and then the
culture medium was changed to the above-described medium
containing 2.0 pwg/mL blasticidin S for up to 3—4 weeks and
blasticidin S-resistant colonies were isolated. For expression in
LLC-PK1 cells, it was decided to append a FLAG epitope to
the 5’ terminus and c-myc, a His epitope, to the 3’ terminus
of MCT4 to enable detection of expression by Western blot-
ting and immunofluorescence microscopy. The MCT4-FLAG
insert was prepared using PCR with primers flanking the MCT4-
FLAG insert and containing suitable restriction sites for insertion
into the pSF-1 vector. Following successful PCR amplification,
the product was ligated into the pSF-1 vector digested with
the same restriction enzymes (pSF-FLAG-MCT4). The iden-
tity of the product was confirmed by sequencing. LLC-CD147
cells and LLC-pcDNA cells were transfected with pSF-FLAG-
MCT4 using the lipofection method (LLC-CD147/MCT4-
FLAG cells and LLC-pcDNA/MCT4-FLAG cells). As a control,
the pSF-1 vector were transfected in the same way (LLC-
CD147/pSF-1 cells and LLC-pcDNA/pSF-1 cells). These cells
were cultured in the above-described medium for another
2 days, and then the culture medium was changed to the
above-described medium containing 0.8 mg/mL G418 for up
to 3—4 weeks and G418-resistant colonies were isolated. LLC-
CD147/MCT4-FLAG cells (cm cells), LLC-pcDNA/MCT4-
FLAG cells (vm cells), LLC-CD147/pSF-1 cells (cv cells)
and LLC-pcDNA/pSF-1 cells (vv cells) were used for the
experiments.

2.3. Western blot analysis

Total protein extracts were prepared from cm, vm, cv and
vv cells. The cells were scraped and centrifuged at 4000 rpm
for 1 min at 4°C. The pellet was suspended in 1 mL of PBS
and centrifuged at 4000 rpm for 1 min at 4 °C. The resulting
pellet was suspended in a lysis buffer containing 1.0% Triton
X-100, 0.1% SDS and 4.5 M urea. The suspension was allowed
to stand for 5 min and was sonicated for 15 min at 4 °C. The
suspension was then centrifuged at 12,000 rpm for 15 min at
4 °C, and the protein concentration in the clear supernatant was
determined by the method of Lowry et al. (1951). The sam-
ples were denatured at 100°C for 3min in a loading buffer
containing 50 mM Tris—HCI, 2% SDS, 5% 2-mercaptoethanol,
10% glycerol, 0.002% BPB and 3.6 M urea and separated on
4.5% stacking and 10% SDS polyacrylamide gels. Proteins
were transferred electrophoretically onto nitrocellulose mem-
branes (Trans-Blot; BIO-RAD) at 15V for 90 min. The mem-
branes were blocked with PBS containing 0.05% Tween 20
(PBS/T) and 10% non-fat dry milk for 1h at room temper-
ature. After being washed with PBS/T, the membranes were
incubated with mouse anti-FLAG antibody (Sigma—Aldrich)
(diluted 1:1000) or goat anti-CD147 antibody (Santa Cruz
Biotechnology) (diluted 1:500) for 1h at room temperature
and washed three times with PBS/T for 10 min each time. The
membranes were subsequently incubated for 1 h at room temper-
ature with horseradish peroxidase-conjugated goat anti-mouse
secondary antibody (Santa Cruz Biotechnology) or donkey anti-
goat secondary antibody (Santa Cruz Biotechnology) at a dilu-
tion of 1:4000 and washed three times with PBS/T for 10 min
each time. The bands were visualized by enhanced chemilu-
minescence according to the instructions of the manufacturer
(Amersham).

2.4. Immunohistochemistry studies

Cells were washed once with PBS and fixed with 4%
paraformaldehyde for 5 min. The fixed cells were washed twice
with PBS and then 1% Triton X-100 was added and the cells
were incubated for 5 min. The cells were then reacted with pri-
mary antibodies (1:100 dilution) for 1h at 37 °C. Then, cells
were washed three times with PBS and treated with secondary
antibodies (Santa Cruz Biotechnology) (1:200 dilution) against
CD147 (FITC) and FLAG (Rhodamine) for 1h at 37°C in
the dark. After the cells had been washed three times with
PBS and once with water, they were incubated with PBS
containing 90% glycerol and DABCO. Then, the cells were
observed under a confocal laser scanning microscope (Carl
Zeiss).

2.5. Uptake experiments

Uptake of ['*C] L-lactic acid was performed as described pre-
viously (Kobayashi et al., 2004). After removal of the growth
medium, cells were washed with HEPES (pH 7.4) buffer (25 mM
D-glucose, 137 mM NacCl, 5.37mM KCl, 0.3 mM Na,HPOy4,
0.44 mM KHPO4,4.17 mM NaHCO3, 1.26 mM CaCly, 0.8 mM



M. Kobayashi et al. / International Journal of Pharmaceutics 317 (2006) 19-25 21

MgSO4 and 10mM HEPES) and preincubated at 37 °C for
10 min with 0.5mL of HEPES (pH 7.4) buffer. Uptake was
initiated by applying MES (pH 5.5-6.5) buffer (25mM bD-
glucose, 137mM NaCl, 5.37mM KCI, 0.3mM NayHPOy,
0.44 mM KH;,POy4,4.17 mM NaHCO3, 1.26 mM CaCl,, 0.8 mM
MgSO4 and 10 mM MES) or HEPES (pH 7.0-8.0) buffer con-
taining ['*C] L-lactic acid (0.2 nCi/mL). The uptake study
was performed at 37 °C. After a predetermined time period,
uptake was terminated by suctioning off the applied solu-
tion and immersing the plates in ice-cold HEPES (pH 7.4)
buffer.

To quantify the radioactivity of ['*C] L-lactic acid taken up by
the cells, the cells were solubilized in 1% SDS/0.2N NaOH. The
remainder of the sample was mixed with 8 mL of scintillation
cocktail (ASCII, Amersham) to measure the radioactivity in a
liquid scintillation counter (Packard, 1600TR).

The cellular protein content was determined by the method
of Lowry et al. with bovine serum albumin as a standard.

2.6. Data analysis

For kinetic studies, the Michaelis—Menten constant (Ky,)
and maximum uptake rate (Vmax) of L-lactic acid were esti-
mated from the follwing equation using a nonlinear least-squares
regression analysis:

V= Viax + §/(Km + 9),

where V and S are uptake rate of L-lactic acid and concentration
of L-lactic acid, respectively.

Unless otherwise indicated, all data are expressed as
means = S.D. of the mean. Student’s ¢-test was used to deter-
mine the significance of differences between two group means.
Statistical significance among means of more than two groups
was determined by one-way analysis of variance (ANOVA). Sta-
tistical significance was defined as P <0.05.

3. Results

3.1. Expression of CD147 and MCT4-FLAG in LLC-PK1
cells

To confirm the expression of CD147 and MCT4-FLAG
in transfected cells, we performed Western blot analyses and
immunohistochemistry studies. As shown in Fig. 1 (a), CD147
protein was detected at about 40 kDa in cm and cv cells. On the
other hand, MCT4-FLAG protein was detected at about 50 kDa
in cm and vm cells. No expression of CD147 or MCT4-FLAG
was observed in vv cells. As shown in Fig. 1 (b), CD147 and
MCT4-FLAG were stained near the nuclei of cv or vim cells,
respectively. On the other hand, cm cells showed intense CD147
and MCT4-FLAG staining and plasma membrane localization.
Moreover, MCT4-FLAG was located apical membrane (data not
shown). No staining of CD147 and MCT4-FLAG was observed
in vv cells.

A

MCT4-FLAG
CD147

(b)

Fig. 1. Expression (a) and localization (b) of CD147 and MCT4-FLAG in cm,
vm, cv and vv cells. (a) Proteins were separated by SDS-PAGE, and West-
ern blotting was performed with antibodies against CD147 and FLAG. (b)
Cells were treated with antibodies against CD147 (FITC-secondary) and FLAG
(rhodamine-secondary).

3.2. Characterization of MCT4-mediated L-lactic acid
uptake

To clarify whether MCT4-FLAG retains the fundamental
characteristics of MCT4, we examined transport activity. The
time profile of the uptake of ['*C] L-lactic acid via MCT4 is
shown in Fig. 2 (a). The intracellular accumulation of ['*C] L-
lactic acid was significantly greater in cm cells than thatin vm, cv
and vv cells. The ['*C] L-lactic acid uptake by cm cells was lin-
ear for 60 min. Fig. 2 (b) shows the concentration-dependence
of the uptake of [#C] L-lactic acid by cm cells. The uptake
was saturated at higher ['4C] L-lactic acid concentrations. The
K and Vi values were found to be 28.43 4+3.87 mM and
28.01 + 1.80 nmol/mg protein/min, respectively. On the other
hand, the uptake by vm, cv, and vv cells was not saturated at
higher ['*C] L-lactic acid concentrations. Moreover, the uptake
of ['*C] L-lactic acid by v, cv and vv cells at pH 6.0 and that at
pH 7.4 were not significantly different (data not shown). Fig. 3
shows the effects of a substrate and inhibitors of MCT4 on [14C]
L-lactic acid uptake by cm cells. a-Cyano-4-hydroxycinnamate
(CHC) and phloretin, typical MCT4 inhibitors, significantly
inhibited ['*C] L-lactic acid uptake. Moreover, CHC inhibited
[14C] L-lactic acid uptake in a concentration-dependent man-
ner. On the other hand, MCT4 inhibitors had a little effect
on ['*C] L-lactic acid uptake by vm, cv and vv cells. How-
ever, the inhibitory effect of MCT4 inhibitors by vm, cv and
vv cells was lower than that by cm cells (data not shown).
These observations (Figs. 1-3) demonstrate that CD147 and
MCT4 expressed in this study retain the fundamental charac-
teristics of MCT4 and are suitable for functional studies of
MCT4.
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Fig. 2. Uptake of L-lactic acid (3.3 wM) by cm, vm, cv and vv cells (a). Eadie-
Hofstee plot of uptake of L-lactic acid by cm cells (b). (a) ['*C] L-lactic acid
uptake by cm, vm, cv and vv cells was measured at pH 6.0. Each column
represents the mean with S.D. of three—six determinations. Asterisk (*): sig-
nificantly different from vm, cv and vv cells at P<0.05. (b) Uptake values
in the absence of an inwardly directed H*-gradient (extracellular pH 7.4) were
subtracted from those in the presence of an inwardly directed H*-gradient (extra-
cellular pH 6.0) for 30 min. Each point represents the mean 4 S.D. of three
determinations.

3.3. Inhibitory effects of statins on MCT4-mediated uptake
of L-lactic acid

To clarify whether there are interactions of L-lactic acid and
statins with MCT4, the effects of statins that have monocarboxy-
late structures within the molecules on [*C] L-lactic acid uptake
by cm cells was investigated. As shown in Fig. 4 (a), lipophilic
statins, fluvastatin, atorvastatin, lovastatin acid, simvastatin
acid and cerivastatin, significantly inhibited ['#C] L-lactic acid
uptake in a concentration-dependent manner and exhibited
strong potency with ICsy values of 32.4+3.19, 32.6 £2.09,
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Fig. 3. Inhibitory effects of a substrate and inhibitors of MCT4 (a) and
concentration-dependent inhibitory effect of CHC (b) on L-lactic acid (3.3 uM)
uptake by cm cells. The ['*C] L-lactic acid uptake by cm cells was measured at
pH 6.0 for 30 min. Each column represents the mean with S.D. of three—eight
determinations.

44.24+9.70, 79.4 +2.54 and 96.0 == 5.51 pM, respectively. On
the other hand, as shown in Fig. 4 (b), the inhibitory effects of
hydrophilic statins, rosuvastatin and pravastatin, were very weak
(Table 1).

Table 1
1Cs0 values of statins on the uptake of L-lactic acid (3.3 uM) by cm cells

Statins ICs0 values (nM)
Fluvastatin 32.44+3.19
Atorvastatin 32.6 £2.09
Lovastatin acid 44.2+9.70
Simvastatin acid 79.4 £2.54
Cerivastatin 96.0 £ 5.51
Rosuvastatin >100
Pravastatin >1000

Data were taken from Fig. 4. The effects of lipophilic and hydrophilic statins on
the uptake of ['4C] L-lactic acid by cm cells were examined.
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Fig. 4. Inhibitory effects of lipophilic (a) and hydrophilic (b) statins on L-lactic acid (3.3 wM) uptake by cm cells. ['#C] L-lactic acid uptake by cm cells was measured
at pH 6.0 for 30 min. Each point represents the mean & S.D. of three—six determinations.

4. Discussion

In the present study, we investigated the interactions of L-
lactic acid and statins with MCT4. Firstly, since CD147 interacts
with MCT4 and assists MCT4 expression at the cell surface, we
established a CD147 and MCT#4 co-transfected cell line. West-
ern blot analyses and immunohistochemistry studies indicated
that the expression of CD147 and MCT4-FLAG protein were
observed and was displayed clear plasma membrane localiza-
tion in CD147 and MCT4-FLAG co-transfected cell line (cm
cells) (Fig. 1). The uptake of ['*C] L-lactic acid into cm cells
was significantly greater than that into vm, cv and vv cells.
Although ['#C] L-lactic acid uptake by cm cells was linear for
60 min, this equilibrium time seems to be late as compared to
other MCT family. Further studies are needed to determine the
reasons. We examined pH- and temperature- dependence of L-
lactic acid uptake by cm cells. The effect of extracellular pH
on [*C] L-lactic acid uptake by cm cells was examined over
the pH range of 5.5-7.4. The uptake of L-lactic acid markedly
increased with a decrease in extracellular pH. The [1*C] L-lactic

acid uptake at acidic pH at 37 °C was greater than that at 4 °C,
supporting the speculation that ['*C] L-lactic acid uptake by cm
cells is dependent on pH (data not shown). The uptake by cm
cells was saturated at higher [14C] L-lactic acid concentrations.
The K, and Vih.x values were found to be 28.43 + 3.87 mM
and 28.01 &£ 1.80 nmol/mg protein/min, respectively (Fig. 2b).
These results are consistent with the results of a previous study
showing that the K, value in hMCT4-expressed oocytes was
28.5mM (Manning Fox et al., 2000). Moreover, a-cyano-4-
hydroxycinnamate and phloretin, typical MCT4 inhibitors, sig-
nificantly inhibited ['#C] L-lactic acid uptake. These observa-
tions (Figs. 1-3) demonstrate that CD147 and MCT4 expressed
in this study retain the fundamental characteristics of MCT4 and
are suitable for functional studies of MCT4.

Next, to clarify the inhibitory effects of statins on [14C]
L-lactic acid transport mediated by MCT4, we examined the
inhibitory effects of statins on ['4C] L-lactic acid uptake by
cm cells. Lipophilic statins, fluvastatin, atorvastatin, lovastatin
acid, simvastatin acid and cerivastatin, significantly inhibited
[14C] L-lactic acid uptake in a concentration-dependent manner
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and exhibited strong potency with ICsqy values of 32.4 £3.19,
32.6£2.09, 4424970, 79.4+£254 and 96.0+5.51 puM,
respectively. Lipophilic statins had little effect on ['*C] L-lactic
acid uptake by vv cells. Although lipophilic statins significantly
inhibited ['#C] L-lactic acid uptake by cm cells, the uptake of
lipophilic statins by cm cells and that by vv cells were not sig-
nificantly different (data not shown).

On the other hand, the inhibitory effects of hydrophilic
statins, rosuvastatin and pravastatin, were very weak (Fig. 4,
Table 1). We previously reported that L-lactic acid efflux is
mediated by MCT4 in RD cells, a prototypic embryonal rhab-
domyosarcoma cell line (Kobayashi et al., 2005). We examined
the effects of statins on the efflux of L-lactic acid from RD cells.
The efflux of L-lactic acid from RD cells was significantly inhib-
ited by lipophilic statins. On the other hand, hydrophilic statins
had little effect (data not shown). These results are consistent
with the results shown in Fig. 4.

Statins are the most widely used cholesterol-lowering agents
for prevention of obstructive cardiovascular events (Havel and
Rapaport, 1995; Jukema et al., 1995; Downs et al., 1998). How-
ever, severe adverse events, including myopathy and rhabdmyol-
ysis, associated with lipophilic statins sometimes limit the lipid-
lowering therapy with these agents (Hodel, 2002; Thompson
et al., 2003). It was previously reported that lipophilic statins
caused cell injury, while hydrophilic paravastatin had no effect
(Kubota et al., 2004; Matzno et al., 2003; Matsuyama et al.,
2002). Accordingly, we speculate that statin-induced cytotoxic-
ity is associated with the inhibitory effects of statins on L-lactic
acid transport mediated by MCT4. However, Takeda et al. (2004)
previously reported that therapeutically relevant plasma concen-
tration of fluvastatin and simvastatin are 2.30 and 0.5 wM. Ther-
apeutically relevant plasma concentration of drugs are defined as
five-fold of steady-state maximal plasma concentration of drugs
(Zhang et al., 2000). The therapeutically relevant plasma con-
centrations of fluvastatin and simvastatin were approximately
14- and 160-fold lower than ICsq values of these statins for
human MCT4. Further studies are required to reveal the reason.

Now, we showed that statin-induced cytotoxicity is associ-
ated with intracellular acidification (submitted to a journal).
Investigations to determine whether intracellular L-lactic acid
content is involved in statin-induced apoptosis and to determine
the inhibitory effects of statins on L-lactic acid transport medi-
ated by MCT4 are in progress.

In the present study, we have determined the trans-
port mechanism of L-lactic acid via hMCT4 and identified
the potent inhibitors, lipophilic statins. The rank order of
inhibitory effects of MCT4-mediated transport was fluvastatin =
atorvastatin >lovastatin acid >simvastatin acid > cerivastatin.
On the other hand, hydrophilic statins, rosuvastatin and pravas-
tatin, had very weak effects on MCT4-mediated transport.
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