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Role of Monocarboxylate Transporter in Statin-induced Cytotoxicity
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Although exercise and drug therapy are important to prevent progression of arteriosclerotic disease, exercise leads
to an increase in muscular disorder induced by HMG-CoA reductase inhibitors (statins) . Elucidation of this mechanism
is needed to prevent the occurrence of muscular disorders. Since exercise induces expression of monocarboxylate trans-
porter (MCT) 4, we focused on the association between MCT4 function and statin-induced muscle injury. First, we ex-
amined the transport of L-lactate via MCT4 using MCT4 cRNA-injected Xenopus laevis oocytes. L-lactate uptake by
MCT4-expressing oocytes was markedly reduced by alkalizing the buffer pH and saturated at higher L-lactate concentra-
tions. On the other hand, AMP-activated protein kinase (AMPK) and protein kinase C (PKC) are activated by exer-
cise. We next examined whether AMPK and PKC activation affects the expression and function of MCT4 in rat skeletal
muscle and RD cells as an in vitro skeletal muscle model. AMPK and PKC activation increased MCT4 expression level
and lactate efflux by MCT4. Finally, we examined the association between MCT4 function and statin-induced cytotoxici-
ty. Statins inhibited transport of L-lactate vie MCT4 in a concentration-dependent manner. Statin-induced cytotoxicity
was associated with intracellular acidification and caspase-3/7 activation. On the other hand, bicarbonate suppressed
statin-induced pH alteration, caspase activation, and morphological change. The results suggest that statin-induced
muscle injury exacerbated by exercise is associated with intracellular acidification and that the effects of statins on L-lac-

tate transport are mediated by MCT4.
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Fig. 1. Time Course (A), pH (B) and Concentration (C) Dependence of L-lactate Uptake by hMCT4-expressing Oocytes

(A) Oocytes were incubated for various periods at 25°C with transport buffer of pH 5.5 or pH 7.5 containing 0.1 mm L-lactate. Control oocytes were injected
with the same volume of water instead of MCT4 cRNA. Each point represents the mean+S.E. of 3-5 experiments. (B) Uptake by oocytes was assayed for 10 min at
25°C in the presence of 0.1 mm L-lactate. Each point represents the mean+S.E. of 3-5 experiments. The background uptake values of water-injected oocytes were
subtracted. (C) Uptake of L-lactate was measured with 10-min incubation at 25°C in transport buffer of pH 5.5 or pH 7.5 in the presence of an increasing concentra-
tion of L-lactate. MCT4-specific uptake was calculated by subtracting the uptake in water-injected oocytes from the uptake in MCT4 cRNA-injected oocytes. Only
the MCT4-specific uptake was used for kinetic analysis. The inset shows an Eadie-Hofstee plot of L-lactate transport activity. Each point represents the mean +S.E.

of 3-5 experiments. Reproduced from Ref. 8).
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Fig. 2. Changes in Lactate Contents in the Culture Medium (A), MCT4 mRNA (B) and Protein (C) Levels after Treatment of RD

Cells with PMA

(A) RD cells were incubated in the absence or presence of 0.1 um PMA for various periods time (6, 12 and 24 h) . Lactate was determined in the condition me-
dia at the indicated times. Each column represents the mean = S.D. of 3 determinations. Untreated (control) and PMA-treated cells are indicated by a white symbol
and a black symbol, respectively. ***significantly different from control at p<0.05, p<{0.01. (B) RD cells were exposed to PMA (0.1 um) for 6, 12 and 24 h.
MCT4 mRNA levels were determined using quantitative real-time reverse transcription-PCR. Each column represents the mean with S.D. of 6 determinations. *sig-
nificantly different from control at p<<0.01. (C) RD cells were exposed to PMA (0.1 um) for 6, 12 and 24 h. Whole cell extracts were prepared from the cells and
resolved using SDS-PAGE. Western blotting was carried out with antibodies to MCT4 or f-actin. Two separate experiments gave similar results. Reproduced from

Ref. 13).
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Fig. 3. Total Phospho-ACC (P-ACC) and MCT4 Levels in Muscles of Rats (A) and RD Cells (B) Treated with AICAR

(A) Rats were injected subcutaneously with AICAR (0.5 mg/g) or saline (control) . White gastrocnemius (WG), red gastrocnemius (RG), and soleus (SOL)
muscles were removed from rats at 1 h (upper) or 5 days (lower) after AICAR injection. Each column represents the mean with S.D. of 3 determinations. (B) RD
cells were treated with AICAR (0.1-1 mm) for 1 h (upper) or 5 days (lower) . Data shown are typical results of three independent experiments. Reproduced from

Ref. 14).
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Fig. 4. Expression and Localization of MCT4-FLAG and CD147 in cm, vm, cv and vv Cells (A) and Inhibitory Effects of Statins on

L-lactate Uptake by cm Cells (B)

(A) Western blotting and immunohistochemistry were performed with antibodies against CD147 and FLAG. (B) L-lactate uptake by cm cells was measured at
pH 6.0 for 30 min. Each point represents the mean=+S.D. of 3-6 determinations. Reproduced from Ref. 17).
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Effects of Statins on Cell Viability (A) and Effects of Cerivastatin on Caspase-3/7 Activity Ratio (B) and Intracellular pH

(A) Cell viability was measured by the MTT assay. RD cells were exposed to various concentrations of all statins for 48 h. Each point represents the mean+
S.D. of 3-18 determinations. (B) RD cells were exposed to various concentrations of cerivastatin for 24—48 h, and the cell lysate was used to determine the caspase-3
/7 activity ratio. Each column represents the mean with S.D. of 3 determinations. ***significantly different from control (no addition) at p<{0.05, p<0.01. (C) In-

tracellular acidification was measured with BCECF-AM at 48 h. Each column represents the mean with S.D. of 3—-6 determinations.

control (no addition) at p<{0.05. Reproduced from Refs. 18, 22).
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Fig. 6. Effects of Sodium Bicarbonate on Acidification (A), Caspase-3/7 Activity Ratio (B) and Morphological Degeneration (C) in

Cerivastatin-treated RD Cells

(A) RD cells were exposed to cerivastatin (1 um) in the absence or presence of 25 mm sodium bicarbonate (pH 7.4) for 48 h. Each column represents the mean
with S.D. of 3—6 determinations. *significantly different from control (no addition) at p<{0.05, *significantly different from cerivastatin alone at p<{0.05. (B) RD
cells were exposed to cerivastatin (1 um) in the absence or presence of 25 mm sodium bicarbonate (pH 7.4) for 48 h. Each column represents the mean with S.D. of
3 determinations. *significantly different from control (no addition) at p<{0.01, *significantly different from cerivastatin alone at p<{0.05. (C) RD cells were ex-
posed to cerivastatin (1 um) in the absence or presence of 25 mm sodium bicarbonate (pH 7.4) for 48 h. Reproduced from Ref. 22).
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