
Comparing myotoxic effects of squalene synthase inhibitor, T-91485,
and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)

reductase inhibitors in human myocytes

Tomoyuki Nishimoto*, Ryuichi Tozawa, Yuichiro Amano, Takeo Wada,
Yoshimi Imura, Yasuo Sugiyama

Pharmacology Research Laboratories I, Pharmaceutical Research Division, Takeda Chemical Industries, Ltd.,

Yodogawa-ku, Osaka 532-8686, Japan

Received 3 May 2003; accepted 21 August 2003

Abstract

TAK-475 is a squalene synthase inhibitor, rapidly metabolized to T-91485 in vivo. We investigated the myotoxicities of T-91485 and 3-

hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors in a human rhabdomyosarcoma cell line, RD, and in human

skeletal myocytes. In differentiated RD cells, T-91485, atorvastatin (ATV) and simvastatin acid (SIM) inhibited cholesterol biosynthesis,

with IC50 values of 36, 2.8 and 3.8 nM, respectively. ATVand SIM decreased the intracellular ATP content, with IC25 values (concentrations

giving a 25% decrease in intracellular ATP content) of 0.61 and 0.44 mM, respectively. Although T-91485 potently inhibited cholesterol

synthesis in RD cells, the IC25 value exceeded 100 mM. In human skeletal myocytes, T-91485, ATV and SIM concentration-dependently

inhibited cholesterol biosynthesis, with IC50 values of 45, 8.6 and 8.4 nM, respectively. ATVand SIM decreased intracellular ATP content,

with IC25 values of 2.1 and 0.72 mM, respectively. Although T-91485 potently inhibited cholesterol synthesis, the IC25 value exceeded

100 mM. Myotoxicity induced by ATV was prevented by mevalonate or geranylgeranyl-PP, but not by squalene in skeletal cells.

Furthermore, T-91485 attenuated the myotoxicity of ATV. These findings suggest that TAK-475 and T-91485 may not only be far from

myotoxic, they may also decrease statin-induced myotoxicity in lipid-lowering therapy.
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1. Introduction

HMG-CoA reductase inhibitors, known as statins, are

widely used for the treatment of patients with hypercho-

lesterolemia [1–3]. Although statins have shown little

serious toxicity to date, some side effects, such as skeletal

myopathy or hepatotoxicity, have been reported [4]. These

are said to be due to the inhibition of mevalonate synthesis,

which likely reduces isoprenylated metabolites such as

ubiquinone, isopentenyl tRNA, dolichols and isopreny-

lated proteins [5–7]. Among these toxicities, myotoxicity,

albeit rarely [8], is the most serious adverse effect of

statins, reflected in increased serum levels of creatinine

phosphokinase and symptoms of muscle weakness and

myalgia, finally progressing to rhabdomyolysis and renal

failure [9,10]. Recently, the HMG-CoA reductase inhibi-

tor, cerivastatin, was withdrawn from the world market

because of its high frequency of rhabdomyolysis [11,12].

Squalene synthase converts farnesyl pyrophosphate to

squalene in the cholesterol biosynthesis pathway (Fig. 1).

Since squalene synthase inhibitors do not reduce the

synthesis of isoprenylated metabolites, they may not have

the toxicity of HMG-CoA reductase inhibitors, such as

myotoxicity. Flint et al. [6] indicated that BMS-187745, a

squalene synthase inhibitor, did not induce myotoxicity in

primary cultures of rat myotubes, whereas HMG-CoA

reductase inhibitors did.
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Recently, we discovered a novel squalene synthase inhi-

bitor, TAK-475, 1-[[(3R,5S)-1-(3-acetoxy-2,2-dimethyl-

propyl)-7-chloro-5-(2,3-dimethoxyphenyl)-2-oxo-1,2,3,5-

tetrahydro-4,1-benzoxazepin-3-yl]acetyl]piperidine-4-

acetic acid, which lowered plasma lipid levels in various

animals [13–15]. After oral administration to rats, TAK-

475 was absorbed and rapidly hydrolyzed into a pharma-

cological active metabolite, T-91485 (Fig. 2). In rat liver

and plasma, we could detect T-91485, but not TAK-475

[13]. In this study, we investigated the myotoxic effects of

T-91485 and statins in human rhabdomyosarcoma cell line

RD and in human skeletal myocytes.

2. Material and methods

2.1. Materials

TAK-475 and its pharmacologically active metabolite,

T-91485, were synthesized in our laboratories. The follow-

ing materials were purchased: atorvastatin calcium and

simvastatin in lactone form (Wako Pure Chemical Co.

Ltd.), DL-mevalonolactone (Sigma), [2-14C] sodium acet-

ate (Amersham Pharmacia Biotech Ltd.), FBS, DMEM

(Gibco-BRL Co. Ltd.), geranylgeranyl-PP, farnesyl-PP

(BIOMOL Co.), SkGM medium (Bio Whittaker Co.),

ATP-Lite M (Packard Co.), and Apo-ONETM homogenous

caspase-3/7 assay kit (Promega Co.). Other chemicals were

purchased from Wako Pure Chemical Co. Ltd. Simvastatin

in lactone form and DL-mevalonolactone were dissolved in

0.1 M NaOH to give the acid form, and neutralized with

0.1 M HCl [16,17].

2.2. Cell culture

Human rhabdomyosarcoma cell line RD was purchased

from the American Type Culture Collection. RD cells

were maintained in DMEM containing 10% FBS at 378
under 5% CO2. RD cell differentiation was initiated at

confluence by replacing the growth medium with DMEM

containing 1% FBS, and the cells were maintained in this

medium for 7 days [18,19]. Human skeletal muscle cells

were purchased from Bio Whittaker Co. The cells were

maintained in SkGM medium (Bio Whittaker Co.) at 378
under 5% CO2.

2.3. Measurement of cholesterol biosynthesis

RD cells were seeded into 96-well plates in DMEM

containing 10% FBS. After the cultures reached conflu-

ence, the medium was changed to DMEM containing 1%

FBS. After 7 days, the cells were treated with drugs for

1 hr, followed by the addition of [2-14C] sodium acetate

(57.0 mCi/mmol, 2 mCi per well) and incubated for 2 hr.

After saponification of the cell cultures, the non-saponified

lipid was extracted with petroleum ether, and the sterol

fraction was precipitated using digitonin solution accord-

ing to the method of Kuroda and Endo [20]. The radio-

activity of the digitonin-precipitable sterols was measured

with a liquid scintillation counter (Wallac 1414 Winspec-

tral v1.30). Human skeletal muscle cells were seeded into

96-well plates in SkGM medium. After the cultures

reached confluence, cholesterol biosynthesis was mea-

sured as above, except that SkGM medium was used.

2.4. Estimation of cytotoxicity

Cell viability was estimated by measuring intracellular

ATP concentrations with the firefly luciferin/luciferase

reaction (ATP-Lite M; Packard). RD cells were seeded

into 96-well plates in DMEM containing 10% FBS at 378
under 5% CO2. After the cultures reached confluence, the

medium was changed to DMEM containing 1% FBS. After

7 days, the cells were treated with drugs. After a further 3

days, intracellular ATP concentrations were measured. The

cytotoxicity to RD cells was also estimated by measuring

LDH and CPK levels in the culture medium. LDH and CPK

levels were measured enzymatically with a biochemical

autoanalyzer (Hitachi Auto Analyzer 7070). Human ske-

letal muscle cells were seeded into 96-well plates in SkGM

medium. After the cultures reached confluence, the cells

were treated with drugs. After a further 3 days, intracellular

ATP concentrations were measured as above. Apoptosis

was evaluated by measuring the activities of caspase-3

and -7 (Apo-ONETM homogenous caspase-3/7 assay kit;

Promega).
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Fig. 1. Cholesterol biosynthesis pathway and its inhibitors.
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Fig. 2. The chemical structures of squalene synthase inhibitors TAK-475

and T-91485.
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2.5. Statistical analysis

Statistical analysis was performed by two-way analysis

of variance (ANOVA), followed by Student’s t-test for

comparison with respective controls. To evaluate the

effects of T-91485 on ATV cytotoxicity, the concentra-

tion-dependent cytotoxicity of ATV was analyzed using

the one-tailed Williams’ test, and the effects of T-91485 on

reducing ATV cytotoxicity were analyzed by Student’s

t-test. If necessary, multiple comparisons were corrected

by Holm’s method. The IC50 and IC25 values for each drug

were determined from dose–response curves generated by

least-squares linear regression. Data are represented as the

mean � SEM.

3. Results

3.1. Effects of T-91485, ATV and SIM on cholesterol

biosynthesis in differentiated RD cells and human skeletal

myocytes

In differentiated RD cells, T-91485, ATV and SIM

inhibited cholesterol biosynthesis, with IC50 values of 36,

2.8 and 3.8 nM, respectively (Table 1). We also investi-

gated the effects of T-91485, ATV and SIM on cholesterol

biosynthesis in skeletal muscle cells. In these cells, T-

91485, ATV and SIM inhibited cholesterol biosynthesis,

with IC50 values of 45, 8.6 and 8.4 nM, respectively

(Table 2).

3.2. Cytotoxicity of T-91485, ATV and SIM in

differentiated RD cells

ATP is a marker for cell viability, because it is present in

all metabolically active cells. We, therefore, determined

the intracellular ATP levels in order to estimate cell

viability. In differentiated RD cells, ATVand SIM potently

decreased the intracellular ATP content, with IC25 values of

0.61 and 0.44 mM, respectively, whereas T-91485 did not

decrease the intracellular ATP content, even at 100 mM,

although it potently inhibited cholesterol synthesis in these

cells (Fig. 3). As shown in Fig. 4, we also measured CPK

and LDH levels in cultured medium as other markers of

cytotoxicity. These were increased by ATV and SIM even

at 0.1–0.3 mM, while T-91485 at 100 mM had no effect.

3.3. Cytotoxicity of T-91485, ATV and SIM in human

skeletal muscle cells

In human skeletal muscle cells, ATVand SIM decreased

the intracellular ATP content, with IC25 values of 2.1 and

0.72 mM, respectively (Fig. 5). Although T-91485 slightly

decreased the intracellular ATP content at 100 mM, the IC25

value exceeded 100 mM. We also confirmed that T-91485

was much less toxic than ATV and SIM by using WST-1, a

new water-soluble respiration indicator [21] (data not

shown). Since HMG-CoA reductase inhibitors have shown

to induce apoptosis in several types of cells [22–24], we

examined whether ATVand T-91485 induces apoptotic cell

death in these cells or not. As a result, ATV induced

apoptotic cell death even at 0.1 mM, while T-91485 at

100 mM did not induce it (data not shown).

3.4. Effects of mevalonate, geranylgeranyl-PP,

farnesyl-PP and squalene on statin cytotoxicity

in human skeletal myocytes

To clarify the mechanism of ATV and SIM myotoxicity,

we investigated the effects of mevalonate, geranylgeranyl-

PP, farnesyl-PP and squalene on statin cytotoxicity in

Table 1

Inhibitory effects of T-91485, ATV and SIM on cholesterol biosynthesis in

differentiated RD cells

Drugs IC50 (nM) 95% confidence interval

T-91485 36 12–120

ATV 2.8 2.0–3.7

SIM 3.8 2.6–5.6

Table 2

Effects of T-91485, ATV and SIM on cholesterol biosynthesis in human

skeletal myocytes

Drugs IC50 (nM) 95% confidence interval

T-91485 45 33–60

ATV 8.6 7.2–10

SIM 8.4 6.3–11
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Fig. 3. Effects of T-91485, ATV and SIM on intracellular ATP levels in

differentiated RD cells. Differentiated RD cells were incubated with drugs

in DMEM þ 1% FBS for 3 days, and the intracellular ATP content was

measured with the firefly luciferin/luciferase reaction. Data represent the

means � SEM (N ¼ 3).
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human skeletal myocytes (Fig. 6). As shown in Fig. 6A,

SIM (10 mM)- and ATV (10 mM)-induced decreases in

intracellular ATP content changed from 40.1 and 51.7% of

the control level to 89.0 and 83.3% of the control level,

respectively, by supplementation with 100 mM mevalo-

nate. As shown in Fig. 6B, SIM (10 mM)- and ATV

(10 mM)-induced decreases in intracellular ATP content

changed from 46.2 and 52.0% of the control level to

72.3 and 67.8% of the control level, respectively, by

supplementation with 10 mM geranylgeranyl-PP. As

shown in Fig. 6C, SIM (10 mM)- and ATV (10 mM)-

induced decreases in intracellular ATP content changed

from 44.7 and 53.8% of the control level to 54.1 and

58.0% of the control level, respectively, by supplementa-

tion with 10 mM farnesyl-PP. The effect of farnesyl-PP

at 30 mM on the ATV cytotoxicity (10 mM) was obscure

(data not shown). As shown in Fig. 6D, treatment

with 10 mM squalene did not affect the cytotoxicity of

ATV (10 mM) or SIM (10 mM). Treatment with squalene

even at 100 mM also did not attenuate the cytotoxicity

(data not shown).

3.5. Effects of T-91485 on ATV cytotoxicity in human

skeletal myocytes

As T-91485 inhibited squalene synthase, which

converts farnesyl-PP to squalene in the cholesterol bio-

synthesis pathway (Fig. 1), T-91485 may increase intra-

cellular farnesyl-PP and geranylgeranyl-PP levels.

Since the addition of geranylgeranyl-PP and farnesyl-

PP attenuated statin cytotoxicity as mentioned above,

we expected that T-91485 would also attenuate statin

cytotoxicity. We investigated whether or not T-91485

attenuated the ATV cytotoxicity in human skeletal myo-

cytes. First, we simultaneously added T-91485 (10 mM)

and ATV (10 or 100 mM) to cultured cells. As shown in

Fig. 7A, ATV (100 mM)- and ATV (10 mM)-induced

decreases in intracellular ATP content changed from

33.6 and 55.2% of the control level to 41.4 and 59.1%

of the control level, respectively, by supplementation with

10 mM T-91485.

Second, we investigated the pre-treatment effects of

T-91485 on ATV cytotoxicity. After the cultured cells were

incubated with T-91485 (10 mM) for 1 day, we removed

the old medium and added fresh medium containing ATV

(10 or 100 mM) without T-91485 to the cell cultures. As

shown in Fig. 7B, ATV (100 mM)-and ATV (10 mM)-

induced decreases in intracellular ATP content signifi-

cantly changed from 35.0 and 56.8% of the control level

to 45.0 and 76.3% of the control level, respectively, by pre-

treatment with 10 mM T-91485.
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Fig. 4. Effects of T-91485, ATV and SIM on medium LDH and CPK

levels in differentiated RD cells. Differentiated RD cells were incubated

with drugs in DMEM þ 1% FBS for 3 days, and medium LDH and CPK

levels were measured enzymatically. Data represent the means � SEM

(N ¼ 3).
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Fig. 5. Effects of T-91485, ATV and SIM on intracellular ATP levels in

human skeletal myocytes. Human skeletal muscle cells were incubated

with drugs in SkGM medium for 3 days, and the intracellular ATP content

was measured with the firefly luciferin/luciferase reaction. Data represent

the means � SEM (N ¼ 3).
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Fig. 6. Effects of mevalonate (MVA), geranylgeranyl-PP (GGPP), farnesyl-PP (FPP) and squalene (SQ) on statin cytotoxicity in human skeletal myocytes.

Human skeletal muscle cells were incubated with ATV supplemented with MVA (A), GGPP (B), FPP (C) or SQ (D) in SkGM medium for 3 days, and the

intracellular ATP content was measured with the firefly luciferin/luciferase reaction. Data represent the means � SEM (N ¼ 3). �P < 0:05 and ��P < 0:01 vs.

control without ATV or SIM by Student’s t-test. #P < 0:05 and ##P < 0:01 vs. the respective simvastatin-treated control by Student’s t-test. þþP < 0:01 vs.

the respective ATV-treated control by Student’s t-test.
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Fig. 7. Effects of T-91485 on ATV cytotoxicity in human skeletal myocytes. Human skeletal muscle cells were incubated with ATV and T-91485 in SkGM

medium for 3 days (A). Human skeletal muscle cells were preincubated with T-91485 in SkGM medium for 1 day, and then the medium was changed to a

fresh ATV-containing medium without T-91485 for 3 days (B). The intracellular ATP content was measured with the firefly luciferin/luciferase reaction. Data

represent the means � SEM (N ¼ 3). �P < 0:025 vs. control without ATV by the one-tailed Williams’ test, and #P < 0:05 and ##P < 0:01 vs. the respective

ATV-treated control by Student’s t-test.
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4. Discussion

In differentiated RD cells, the in vitro myotoxicity of

squalene synthase inhibitor T-91485 was at least 100-fold

less than that of ATV or SIM, although T-91485 inhibited

cholesterol synthesis 9–13-fold less than ATV or SIM.

Similarly, in human skeletal myocytes, the in vitro myo-

toxicity of T-91485 was at least 50-fold less than ATV or

SIM, although T-91485 inhibited cholesterol synthesis

about 5-fold less than ATV or SIM. Flint et al. [6] demon-

strated that another squalene synthase inhibitor, BMS-

187745, has a safety margin superior to those of pravastatin

and simvastatin in rat primary skeletal muscle cells. In this

study, the addition of mevalonate abrogated the myotoxi-

city of ATVand SIM in human skeletal myocytes, suggest-

ing that this toxicity was caused by the mechanism of

HMG-CoA reductase inhibition. On the other hand, squa-

lene did not ameliorate the myotoxicity of ATV or SIM,

suggesting that the reduction of downstream products of

squalene, such as cholesterol, is not involved in their

toxicity. Geranylgeranyl-PP effectively attenuated the

myotoxicity of HMG-CoA reductase inhibitors. These

findings suggest that the myotoxicity of HMG-CoA reduc-

tase inhibitors is caused by the reduced production of

geranylgeranyl-PP derivatives, such as ubiquinone or ger-

anylgeranyl proteins. Nakahara et al. [25] demonstrated

that the oral administration of simvastatin- or pravastatin-

induced myotoxicity, accompanied with decreased muscle

ubiquinone levels in rabbits. Although Laaksonen et al.

[26,27] indicated that the muscle ubiquinone concentration

did not change in patients after treatment with simvastatin,

they evaluated the ubiquinone concentration in the muscles

of only about 20 patients, which seems to be too small a

number to evaluate the low frequency of statin-induced

myotoxicities. It was also reported that supplementation

with ubiquinone ameliorated the myotoxicity of HMG-

CoA reductase inhibitors in patients [5]. Marked increases

in creatinine kinase levels following physical exertion have

been reported in some patients receiving HMG-CoA reduc-

tase inhibitors [28,29]. These results suggest that a lack of

muscular energy metabolism caused by ubiquinone deple-

tion may be related to statin-induced myotoxicity. The

inhibition of protein geranylgeranylation may also trigger

myotoxicity. Recently, fluvastatin was reported to decrease

RhoA protein in the cell membrane, and induced apoptosis

in rat neonatal cardiac myocytes [30]. Martin et al. [31]

reported that the inhibition of RhoGTPase geranylgerany-

lation by statins activates PPARa. It has been reported that

other lipid-lowering agents called fibrates, well-known

synthetic agonists of PPARa, also cause rhabdomyolysis

in patients [32,33]. Maiguma et al. [34] reported that both

statins and fibrates reduced the viability of human embry-

onal rhabdomyosarcoma cells. Although the mechanism of

myotoxicity induced by HMG-CoA reductase inhibitors

remains to be clarified, our results suggest that the depletion

of geranylgeranyl-PP derivatives may cause myotoxicity.

In this study, Farnesyl-PP also slightly attenuated the

myotoxicity of HMG-CoA reductase inhibitors. Farnesyl-

PP is not effectively converted to geranylgeranyl-PP in

the presence of HMG-CoA reductase inhibitors, because

they inhibit the supply of a required mevalonate meta-

bolite, isopentenyl-PP (Fig. 1). Flint et al. [6] demon-

strated that not only geranylgeraniol but also farnesol

effectively reduced statin-induced cytotoxicity in rat

primary skeletal myocytes. They speculated that the

metabolites of both geranylgeraniol and farnesol are

required to abrogate the toxicity. Since 50–100 mM far-

nesol effectively attenuated the pravastatin (742 mM)-

induced cytotoxicity in their results, high concentrations

of farnesyl-PP or farnesol may attenuate the cytotoxicity

more effectively. Ten to thirty micromoles farnesyl-PP

used in this study seems to be relatively low. In our

preliminary result, at a concentration of 5 mM, farnesol

had no effect on statin-induced myotoxicity, and farnesol

at 50 mM had potent cytotoxicity in our human cells (data

not shown). Further examination is needed to clarify

whether the depletion of farnesyl-PP derivatives causes

myotoxicity or not.

We also investigated the effect of T-91485 on ATV-

induced toxicity on human skeletal myocytes. As T-91485

inhibited squalene synthase, which converts farnesyl-PP to

squalene (Fig. 1), T-91485 may increase intracellular

farnesyl-PP and geranylgeranyl-PP levels in these cells.

In fact, squalestatin I, a squalene synthase inhibitor, was

reported to increase farnesyl-PP and geranylgeranyl-PP

levels in rat liver [35]. Our preliminary results also indi-

cated that the oral administration of T-91485 increased

geranylgeraniol levels in the muscles of rats (data

not shown). In co-treatment with T-91485 and ATV,

T-91485 slightly attenuated ATV-induced myotoxicity,

suggesting that T-91485 can increase farnesyl-PP and/or

geranylgeranyl-PP, even though ATV inhibits upstream of

the pathway. In pre-treatment with T-91485, ATV-induced

myotoxicity was effectively attenuated. Since pre-treat-

ment with T-91485 can substantially increase geranylger-

anyl-PP levels in human skeletal cells, T-91485 attenuates

cytotoxicity more effectively. TAK-475 at doses of

30–100 mg/kg lowered plasma non-high-density lipopro-

tein cholesterol levels by 23–43% in common marmosets

[14]. In these doses, the plasma maximum concentration of

T-91485 was estimated as about 2–8 mM (data not shown).

Therefore, the concentration of T-91485 used in this study

is not so different from levels in vivo.

We have demonstrated that a novel squalene synthase

inhibitor, T-91485, which is a pharmacologically active

metabolite of TAK-475, had little toxic effect on human-

derived muscle cells, although it potently inhibited cho-

lesterol biosynthesis. Furthermore, T-91485 attenuated the

in vitro myotoxicity of ATV. These findings suggest that the

squalene synthase inhibitors TAK-475 and T-91485 may

not only be far from myotoxic, but also decrease statin-

induced myotoxicity in lipid-lowering therapy.

2138 T. Nishimoto et al. / Biochemical Pharmacology 66 (2003) 2133–2139



Acknowledgments

We thank Drs. Zen-ichi Terashita, Masakuni Kori,

Hiroshi Mabuchi and Takashi Miki for their helpful advice.

References

[1] Olsson AG. Statin therapy and reductions in low-density lipoprotein

cholesterol: initial clinical data on the potent new statin rosuvastatin.

Am J Cardiol 2001;87:33B–6B.

[2] Hsu I, Sprinler SA, Johnson NE. Comparative evaluation of the safety

and efficacy of HMG-CoA reductase inhibitor monotherapy in the

treatment of primary hypercholesterolemia. Ann Pharmacother

1995;29:743–59.

[3] Brown AS, Bakker-Arkema RG, Yellen L, Henley Jr RW, Guthrie R,

Campbell CF, Koren M, Woo W, Mclain R, Black DM. Treating

patients with documented atherosclerosis to National Cholesterol

Education Program-recommended low-density-lipoprotein cholester-

ol goals with atorvastatin, fluvastatin, lovastatin and simvastatin. J Am

Coll Cardiol 1998;32:665–72.

[4] Ucar M, Mjörndal T, Dahlqvist R. HMG-CoA reductase inhibitors and

myotoxicity. Drug Saf 2000;22:441–57.

[5] Thibault A, Samid D, Tompkins AC, Figg WD, Cooper MR, Hohl RJ,

Trepel J, Liang B, Patronas N, Venzon DJ, Reed E, Myers CE. Phase I

study of lovastatin, an inhibitor of the mevalonate pathway, in patients

with cancer. Clin Cancer Res 1996;2:483–91.

[6] Flint OP, Masters BA, Gregg RE, Durham SK. Inhibition of choles-

terol synthesis by squalene synthase inhibitors does not induce

myotoxicity in vitro. Toxicol Appl Pharmacol 1997;145:91–8.

[7] Flint OP, Masters BA, Gregg RE, Durham SK. HMG CoA

reductase inhibitor-induced myotoxicity: pravastatin and lovastatin

inhibit the geranylgeranylation of low-molecular-weight protein in

neonatal rat muscle cell culture. Toxicol Appl Pharmacol 1997;145:

99–110.

[8] Omar MA, Wilson JP. FDA adverse event reports on statin-associated

rhabdomyolysis. Ann Pharmacother 2002;36:288–95.

[9] Blum CB. Comparison of properties of four inhibitors of 3-hydroxy-3-

methylglutaryl-coenzyme A reductase. Am J Cardiol 1994;73(Suppl):

3D–11D.

[10] Knopp RH. Drug treatment of lipid disorders. N Eng J Med 1999;

341:498–511.

[11] Pasternak RC, Smith Jr SC, Bairey N, Grundy SM, Cleeman JI,

Lenfant C. ACC/AHA/NHLBI clinical advisory on the use and safety

of statins. Circulation 2002;106:1024–8.

[12] Staffa JA, Chang J, Green L. Cerivastatin and reports of fatal rhabdo-

myolysis. N Engl J Med 2002;346:539–40.

[13] Miki T, Kori M, Mabuchi H, Tozawa R, Nishimoto T, Sugiyama Y,

Teshima K, Yukimasa H. Synthesis of novel 4,1-benzoxazepine

derivatives as squalene synthase inhibitors and their inhibition of

cholesterol synthesis. J Med Chem 2002;45:4571–80.

[14] Nishimoto T, Amano Y, Tozawa R, Ishikawa E, Imura Y, Yukimasa H,

Sugiyama Y. Lipid-lowering property of TAK-475, a squalene

synthase inhibitor, in vivo and in vitro. Br J Pharmacol 2003;139:

911–8.

[15] Amano Y, Nishimoto T, Tozawa R, Ishikawa E, Imura Y, Sugiyama Y.

Lipid-lowering effects of TAK-475, a squalene synthase inhibitor, in

animal models of familial hypercholesterolemia. Eur J Pharmacol

2003;466:155–61.

[16] Sadeghi MM, Collinge M, Pardi R, Bender JR. Simvastatin modulates

cytokine-mediated endothelial cell adhesion molecule induction:

involvement of an inhibitory G protein. J Immunol 2000;165:2712–8.

[17] Munro E, Patel M, Chan P, Betterridge L, Clunn G, Gallagher K,

Hufhes A, Schachter M, Wolfe J, Sever P. Inhibition of human vascular

smooth muscle cell proliferation by lovastatin: the role of isoprenoid

intermediates of cholesterol synthesis. Eur J Clin Invest 1994;24:

766–72.

[18] Vachon PH, Loechel F, Xu H, Wewer UM, Engvall E. Merosin and

laminin in myogenesis; specific requirement for merosin in myotube

stability and survival. J Cell Biol 1996;134:1483–97.

[19] Kroll TG, Peters BP, Hustad CM, Jones PA, Killen PD, Ruddon RW.

Expression of laminin chains during myogenic differentiation. J Biol

Chem 1994;269:9270–7.

[20] Kuroda M, Endo A. Inhibition of in vitro cholesterol synthesis by fatty

acids. Biochim Biophys Acta 1977;486:70–81.

[21] Ishiyama M, Shiga M, Sasamoto K, Mizoguchi M, He P. A new

sulfonated tetrazolium salt that produces a highly water-soluble for-

mazan dye. Chem Pharm Bull 1993;41:1118–22.

[22] Perez-Sala D, Mollinedo F. Inhibition of isoprenoid biosynthesis

induces apoptosis in human promyelocytic HL-60 cells. Biochem

Biophys Res Commun 1993;199:175–92.

[23] Guijarro C, Blanco-Colio LM, Ortego M, Alonso C, Ortiz A, Plaza JJ,

Diaz C, Hernandez G, Egido J. 3-Hydroxy-3-methylglutaryl coen-

zyme A reductase and isoprenylation inhibitors induce apoptosis of

vascular smooth muscle cells in culture. Circ Res 1998;83:490–500.

[24] Matzno S, Tazuya-Murayama K, Tanaka H, Yasuda S, Mishima M,

Uchida T, Nakabayashi T, Matsuyama K. Evaluation of the synergistic

adverse effects of concomitant therapy with statins and fibrates on

rhabdomyolysis. J Pharm Pharmacol 2003;55:795–802.

[25] Nakahara K, Kuriyama M, Sonoda Y, Yoshidome H, Nakagawa H,

Fujiyama J, Higuchi I, Osame M. Myopathy induced by HMG-CoA

reductase inhibitors in rabbits: a pathological, electrophysiological,

and biochemical study. Toxicol Appl Pharmacol 1998;152:99–106.

[26] Laaksonen R, Jokelainen K, Sahi T, Tikkanen MJ, imberg JJ. Decrease

in serum ubiquinone concentrations do not result in reduced levels in

muscle tissue during short-term simvastatin treatment in human. Clin

Pharmacol Ther 1995;57:62–6.

[27] Laaksonen R, Jokelainen K, Sahi T, Hörkönen M, Tikkanen MJ,

Himberg JJ. The effect of simvastatin treatment on natural antiox-

idants in low-density lipoproteins and high-energy phosphates and

ubiquinone in skeletal muscle. Am J Cardiol 1995;77:851–4.

[28] Thompson PD, Nugent AM, Herbert PN. Increases in creatinine kinase

after exercise in patients treated with HMG-CoA reductase inhibitors.

JAMA 1990;264:2992.

[29] Thompson PD, Zmuda JM, Domalik LJ, Staggers J, Guyton JR.

Lovastatin increases exercise-induced skeletal muscle injury. Meta-

bolism 1997;46:1206–10.

[30] Ogata Y, Takahashi M, Takeuchi K, Ueno S, Mano H, Ookawara S,

Kobayashi E, Ikeda U, Shimada K. Fluvastatin induces apoptosis in rat

neonatal cardiac myocytes: a possible mechanism of statin-attenuated

cardiac hypertrophy. J Cardiovasc Pharmacol 2002;40:907–15.

[31] Martin G, Duez H, Blanquart C, Berezowski V, Poulain P, Fruchart J-

C, Najib-Fruchart J, Glineur C, Staels B. Statin-induced inhibition of

the Rho-signaling pathway activates PPARa and induces HDL apoA-I.

J Clin Invest 2001;107:1423–32.

[32] Poels PJ, Gabreels FJ. Rhabdomyolysis: a review of the literature. Clin

Neurol Neurosurg 1993;95:175–92.

[33] Hodel C. Myopathy and rhabdomyolysis with lipid-lowering drugs.

Toxicol Lett 2002;128:159–68.

[34] Maiguma T, Fujisaki K, Itoh Y, Makino K, Teshima D, Takahashi-

Yanaga F, Sasaguri T, Oishi R. Cell-specific toxicity of fibrates in

human embryonal rhabdomyosarcoma cells. Naunyn-Schmiedeberg’s

Arch Pharmacol 2003;367:289–96.

[35] Keller RK. Squalene synthase inhibition alters metabolism of

nonsterols in rat liver. Biochim Biophys Acta 1996;1303:169–79.

T. Nishimoto et al. / Biochemical Pharmacology 66 (2003) 2133–2139 2139


	Comparing myotoxic effects of squalene synthase inhibitor, T-91485, and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors in human myocytes
	Introduction
	Material and methods
	Materials
	Cell culture
	Measurement of cholesterol biosynthesis
	Estimation of cytotoxicity
	Statistical analysis

	Results
	Effects of T-91485, ATV and SIM on cholesterol biosynthesis in differentiated RD cells and human skeletal myocytes
	Cytotoxicity of T-91485, ATV and SIM in differentiated RD cells
	Cytotoxicity of T-91485, ATV and SIM in human skeletal muscle cells
	Effects of mevalonate, geranylgeranyl-PP, farnesyl-PP and squalene on statin cytotoxicity in human skeletal myocytes
	Effects of T-91485 on ATV cytotoxicity in human skeletal myocytes

	Discussion
	Acknowledgements
	References


