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1 The aim of this study was to evaluate the potency of YM-53601 ((E)-2-[2-¯uoro-2-(quinuclidin-3-
ylidene) ethoxy]-9H-carbazole monohydrochloride), a new inhibitor of squalene synthase, in
reducing both plasma cholesterol and triglyceride levels, compared with 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor and ®brates, respectively.

2 YM-53601 equally inhibited squalene synthase activities in hepatic microsomes prepared from
several animal species and also suppressed cholesterol biosynthesis in rats (ED50, 32 mg kg71).

3 In guinea-pigs, YM-53601 and pravastatin reduced plasma nonHDL-C (=total cholesterol ± high
density lipoprotein cholesterol) by 47% (P50.001) and 33% (P50.001), respectively (100 mg kg71,
daily for 14 days). In rhesus monkeys, YM-53601 decreased plasma nonHDL-C by 37%
(50 mg kg71, twice daily for 21 days, P50.01), whereas the HMG-CoA reductase inhibitor,
pravastatin, failed to do (25 mg kg71, twice daily for 28 days).

4 YM-53601 caused plasma triglyceride reduction in hamsters fed a normal diet (81% decrease at
50 mg kg71, daily for 5 days, P50.001). In hamsters fed a high-fat diet, the ability of YM-53601 to
lower triglyceride (by 73%, P50.001) was superior to that of feno®brate (by 53%, P50.001), the
most potent ®brate (dosage of each drug: 100 mg kg71, daily for 7 days).

5 This is the ®rst report that a squalene synthase inhibitor is superior to an HMG-CoA reductase
inhibitor in lowering plasma nonHDL-C level in rhesus monkeys and is superior to a ®brate in
signi®cantly lowering plasma triglyceride level. YM-53601 may therefore prove useful in treating
hypercholesterolemia and hypertriglyceridemia in humans.
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Introduction

Squalene synthase (farnesyl-diphosphate:farnesyl-diphosphate
farnesyl-transferase, EC 2.5.1.21) is an enzyme vital for
cholesterol biosynthesis. It catalyzes the dimerization of two

farnesyl pyrophosphate molecules to form squalene, a key
cholesterol precursor (Popjak & Agnew, 1979). Unlike HMG-
CoA reductase inhibitors squalene synthase inhibitors do not

lower the levels of ubiquinone and dolicol in vivo (Ciosek et al.,
1993; Keller, 1996; McTaggart et al., 1996; Thelin et al., 1994),
both essential for cell growth and viability (Folkers et al., 1990;
Ghirlanda et al., 1993; Willis et al., 1990). Since they lower not

only plasma cholesterol but also plasma triglyceride levels in
rodents and marmosets (Amin et al., 1996; 1997; Bergstrom et
al., 1995; Ciosek et al., 1993), squalene synthase inhibitors

might prove better cholesterol lowering agents than the
currently used HMG-CoA reductase inhibitors. Recently,
YM-53601, a novel squalene synthase inhibitor was discovered

in a search of compounds able to reduce plasma cholesterol.
This is the ®rst report demonstrating a greater cholesterol
lowering e�ect of YM-53601 compared with that of a HMG-

CoA reductase inhibitor in rhesus monkeys, whose lipid
metabolism closely resembles that of humans (Nicolosi &
Zannis, 1984; Zannis et al., 1985). Although squalene synthase

inhibitors reduce plasma triglyceride levels in animals, their
e�cacies have not been directly compared with those of
®brates, the plasma triglyceride lowering agents in clinical use.

Therefore, this study also directly compares the plasma
triglyceride lowering e�cacy of YM-53601 with that of
feno®brate, the most potent ®brate in clinical use.

Methods

Materials

YM-53601 and Zeneca's squalene synthase inhibitor (3-[4'-
¯uoro-4-biphenylyl]-3-quinuclidinol) (FBQ) which was used as
reference compound were synthesized at the Chemistry
Laboratories, Yamanouchi Pharmaceutical Co., Ltd. (Tokyo,

Japan). Figure 1 shows the chemical structures of these
compounds. The HMG-CoA reductase inhibitor, pravastatin,
and feno®brate were purchased from Sankyo Co., Ltd.*Author for correspondence; E-mail: ugawa@yamanouchi.co.jp

British Journal of Pharmacology (2000) 131, 63 ± 70 ã 2000 Macmillan Publishers Ltd All rights reserved 0007 ± 1188/00 $15.00

www.nature.com/bjp



(Tokyo, Japan) and Sigma (MO, U.S.A.), respectively.
Farnesyl pyrophosphate (FPP), [3H]-FPP (15 Ci mmol71) and
[14C]-acetate (55 mCi mmol71) were obtained from American

Radiolabelled Chemicals Inc, (MO, U.S.A.). Aquasol-2,
scintillation ¯uid, was purchased from Packard (Groningen,
Netherlands). NB-598 (Horie et al., 1990), a squalene
epoxidase inhibitor, was synthesized at the Chemistry

Laboratories, Yamanouchi Pharmaceutical Co., Ltd.

Preparation of microsomes from the livers of several
species and HepG2 cells

Microsomes were prepared from the livers of rats, hamsters,

guinea-pigs, beagle dogs and a rhesus monkey as well as from
HepG2 cells, a human hepatoma cell line previously described
(Lindsey & Harwood, 1995). The tissues or harvested cells

were homogenized in 50 mM HEPES bu�er using a glass
homogenizer. Homogenates were centrifuged at 5006g for
5 min at 48C and the resulting supernatants were further
centrifuged at 80006g for 15 min at 48C. Microsomes were

then isolated from this second supernatant by ultra-centrifuga-
tion at 100,0006g for 60 min at 48C. The microsome
precipitates were suspended in HEPES bu�er (1 ± 5 mg ml71)

and stored in aliquots at 7808C for up to 2 months. Protein
was assayed by the method of Lowry et al. (1951).

Squalene synthase activities

Squalene synthase activities of these microsomes were assayed

using the technique of Amin et al. (1992) with modi®cations.
Brie¯y, the test compounds were dissolved in DMSO and the
assay carried out in 50 mM HEPES bu�er, pH 7.5, containing
(in mM): NaF 11, MgCl2 5.5, DTT 3, NADPH 1, FPP 5 mM,

[3H]-FPP (0.017 mM, 15 Ci mmol71), NB-598 10 mM and
sodium pyrophosphate decahydrate 1 mM. After pre-incuba-
tion of these components at 308C for 5 min, the reaction was

started by the addition of microsomes (10 mg protein). The
reaction was carried out at 308C for 20 min then terminated by
the addition of 100 ml of 1 : 1 solution of 40% (w v71)

KOH:ethanol. Synthesized [3H]-squalene was extracted in
petroleum ether and counted in Aquasol-2 using a Beckman
liquid scintillation counter.

Cholesterol biosynthesis in rats

De novo cholesterol biosynthesis was assayed as previously

described (Tsujita et al., 1986). Sprague-Dawley (SD) rats
weighing 150 ± 170 g were fed standard rodent diet (CE-2 from
CLEA Japan Inc., Tokyo, Japan). To increase hepatic

cholesterol biosynthesis in the daytime, rats were housed with
the lights o� from 07:30 h to 20:30 h for a week (Higgins et al.,
1971). YM-53601 and FBQ were suspended in 0.5%

methylcellulose. Rats were given a single oral administration

of YM-53601 or FBQ at 13:00 h (either 6.25, 12.5, 25 or
50 mg kg71, followed by an intraperitoneal injection of [14C]-
acetate (40.5 mCi per animal) 1 h later. The rats were

anaesthetized with diethyl ether and sacri®ced 2 h after the
drug treatment. One milliliter of the plasma was saponi®ed in
15% (w v71) KOH in EtOH at 758C for 2 h. Samples were
extracted with petroleum ether in alkaline conditions and the

amount of [14C]-cholesterol was measured by scintillation
counting following separation by thin layer chromatography in
petroleum ether:diethylether:acetate (80:20:1).

Plasma lipids lowering e�ect on various animal species

Rat study Five-week-old male SD rats (from SLC, Shizuoka,
Japan) were fed a high-fat diet consisting of CE-2 feed
supplemented with 1.5% cholesterol, 0.5% cholate and 10%

coconut oil for 7 days. The normal dietary group were fed CE-
2 without the high-fat supplements during the experiment.
Rats received YM-53601 or pravastatin orally once daily at
doses of 12.5, 25 and 50 mg per kg of body weights, and 50 mg

per kg of body weight, respectively. These compounds were
suspended in a 0.5% methylcellulose vehicle solution. Normal
dietary and no-treatment-high-fat diet control groups were

administered equal volumes of the 0.5% methylcellulose
vehicle solution.

Guinea-pig study Four-week-old male Hartley guinea-pigs
(from Charles River, Kanagawa, Japan) were fed GC-4 diet
(CLEA Japan Inc., Tokyo, Japan), and water ad libitum.

Guinea-pigs were orally given YM-53601 at doses of 10, 30
and 100 mg per kg of body weight, or pravastatin 100 mg per
kg of body weight once a day for 14 days. YM-53601 and
pravastatin were suspended in a 0.5% methylcellulose vehicle

solution. The no-treatment control group was given an equal
volume of the 0.5% methylcellulose vehicle solution.

Hamster study Male Syrian golden hamsters were purchased
from Hamri (Ibaraki, Japan). At the start of the study, the 8-
week-old animals weighed approximately 140 g. They were

kept for a week under reverse diurnal light cycles with the
lights o� from 07:30 h to 20:30 h. The animals were fed either
a standard low cholesterol diet (CE-2) or a high-fat diet (CE-2
supplemented with 0.5% cholesterol and 5% coconut oil).

Water was provided ad libitum. Animals fed the normal diet
were given a 12.5, 25 or 50 mg oral dose of YM-53601 per kg
of body weight once a day for 5 days. YM-53601 was

suspended in a 0.5% methylcellulose vehicle solution. The no-
treatment control group was given an equal volume of the
0.5% methylcellulose vehicle solution. Animals fed the high-fat

diet were placed on this diet for 11 days. Oral administration of
YM-53601 or feno®brate, at doses of 10, 30 or 100 mg per kg
of body weight once a day, started on day 5 and continued

throughout the study.

Figure 1 Chemical structures of YM-53601 and FBQ.
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Rhesus monkey study Adult male rhesus monkeys weighing
approximately 4 kg (from Hamri., Ibaraki, Japan) were
individually caged and fed a commercial diet (Primate Chow

No. 5048, from Oriental Yeast Co., Ltd., Tokyo, Japan). Each
monkey received approximately 100 g of banana each day as a
dietary supplement. In the ®rst experiment, YM-53601 at doses
of 12.5, 25 or 50 mg per kg of body weight was given twice a

day (09:00 h and 17:00 h) by diet admixture. Monkeys were
allotted to one of four groups depending on their plasma lipid
level measured over a 3-week period. YM-53601 was

administered for a further 3 weeks. Blood specimens were
obtained at 09:00 h after a 16-h fast before (at 72, 71 and 0
weeks), during (1, 2 and 3 weeks) and after the cessation of drug

treatment (1 and 2 weeks after, indicated in Figures 4 and 5 as
R1 and R2, respectively). In the second experiment, YM-53601
at doses of 25 or 50 mg per kg of body weight, or pravastatin at

a dose of 25 mg per kg of body weight was administered to
rhesus monkeys twice a day by diet admixture. In this
experiment, the stability of plasma lipid levels was con®rmed
for 2 weeks and drug treatment continued for 4 weeks. Blood

specimens were obtained at 09:00 h after a 16-h fast before (at
71 and 0 weeks), during (1, 2, 3 and 4 weeks) and after the
cessation of drug treatment (at 1 and 2 weeks after, indicated in

Figures 4 and 5 as R1 and R2, respectively). In both
experiments, the no treatment control group was fed the same
diet without YM-53601 or pravastatin for the same period.

Blood collection and analysis

In all experiments except those with the rhesus monkeys, blood
specimens were obtained 2 h after the last compound dose
from animals which had fasted 18 h. In rhesus monkeys, blood

was obtained from femoral 16 h after the last compound dose
as mentioned above. All plasma samples were analysed for
total cholesterol, HDL cholesterol, triglyceride and other

clinical parameters such as alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) using a Hitachi 7250
Automatic analyzer (Tokyo, Japan).

Statistical analysis

Results are presented as mean+s.e.mean. Figures in par-
entheses show the per cent decrease compared to the vehicle-
treated mean control value. For study of the e�ects of drugs on

plasma lipids, the drug-treatment values were compared with
the vehicle-treatment control values using Dunnett's multiple
comparison test. The e�ects of high-fat diet and the

comparisons between YM-53601 and the reference compound
in each experiment were analysed using Student's t-test. IC50

and ED50 values were calculated using linear regression

analysis by probit method in RS/1 computer program
(DOMAIN solutions corporation, U.S.A.). The statistical
di�erence in ED50 between compounds was estimated by
parallel line assay in Statistical Analysis System (SAS). In

rhesus monkey experiments, the e�ects of YM-53601 and
pravastatin were compared using two-way repeated analysis of
variance (ANOVA). P50.05 was considered to be signi®cant.

Ethical considerations

All experiments were performed in accordance with the
regulations of the Animal Ethical Committee of Yamanouchi
Pharmaceutical.

Results

YM-53601 inhibits in vitro squalene synthase activities
and in vivo cholesterol biosynthesis

YM-53601 inhibited squalene synthase activity in a dose-
dependent manner in microsomes from liver tissue and the
human hepatoma cell line HepG2 (Table 1). The degree of

inhibition was equal to or greater than that activated with
FBQ.

In the second experiment, rats were given a single p.o.

Treatment with YM-53601 or FBQ at doses of 6.25, 12.5, 25
and 50 mg kg71 followed by i.p. injection of [14C]-acetate 1 h
later. YM-53601 inhibited cholesterol biosynthesis from

acetate in a dose-dependent manner in rats (Figure 2). The
ED50 value for YM-53601 and FBQ cholesterol biosynthesis
inhibition is 32 and 18 mg kg71, respectively.

YM-53601 lowers plasma cholesterol in rats fed
a high-fat diet

In order to examine whether the inhibition of cholesterol
biosynthesis elicited by YM-53601 causes changes in plasma
lipid levels, YM-53601 was administered at doses of 12.5, 25 or

Table 1 Inhibition of squalene synthase activities by YM-
53601 in hepatic microsomes from several species of animals
and human-derived HepG2 cells

Inhibition of squalene synthase activities
IC50 (nM)

Rat Hamster Guinea-pig
Rhesus
monkey

HepG2
cell

YM-53601 90 170 46 45 79
FBQ 170 380 110 67 84

Data are represented as average IC50 values (n=2). IC50

values were calculated using the RS/1 program.

Figure 2 In vivo inhibition of de novo cholesterol biosynthesis from
acetate by YM-53601 in rats. Results are represented as mean+
s.e.mean (n=4) of per cent inhibition versus the untreated control
group. The ED50 values for YM-53601 and FBQ of 32 mg kg71 and
18 mg kg71 respectively, were calculated by RS/1 program. The
di�erence between these compounds was statistically signi®cant by
parallel line assay in the Statistical Analysis System (SAS).
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50 mg kg71, or pravastatin at a dose of 50 mg kg71, for 1
week to rats fed a high-fat diet. Table 2 shows that high-fat diet
caused increases in plasma nonHDL-C and triglyceride levels

of 23 and 2 times, respectively. However, there was almost no
change in plasma HDL-C level due to diet. The changes of
plasma nonHDL-C and triglyceride by administration of
50 mg kg71 YM-53601 compared to control values were

744% and 733%, respectively. In contrast, pravastatin
treatment had little e�ect on plasma lipid levels.

YM-53601 lowers plasma cholesterol in guinea-pigs fed a
normal diet

To con®rm the plasma cholesterol lowering e�cacy of YM-
53601, its e�ect was compared to that of pravastatin, a widely
used hypercholesterolemia treatment. Table 3 shows that

guinea-pigs treated for 2 weeks with YM-53601 at doses 10 to
100 mg kg71 had a signi®cant and dose-dependent reduction in
total and nonHDL-C concentration (c.f. 44% and 47%
reduction respectively at highest dose, compared with control

group). Animals treated with pravastatin (100 mg kg71) also
exhibited signi®cant reduction of 32 and 33%, respectively, in

total and nonHDL cholesterol compared to controls. YM-
53601 did not a�ect plasma HDL-C level, whereas pravastatin
signi®cantly decreased this level. However, the changes of

plasma triglyceride levels following administration of YM-
53601 or pravastatin at doses of 100 mg kg71 were 730% or
+17% respectively, compared with control value.

YM-53601 lowers plasma concentrations of cholesterol
and triglyceride in hamsters regardless of diet

Hamsters have a plasma lipid composition very similar to
humans (Spady & Dietschy, 1985). Therefore, in order to
assess the potential clinical e�cacy of YM-53601 in lowering

plasma cholesterol and triglyceride levels, the compound was
orally administered to hamsters fed a normal diet. YM-53601
markedly lowered plasma triglyceride levels at doses of 12.5 to

50 mg kg71 (Table 4). Indeed, YM-53601 at doses of 12.5 ±
50 mg kg71, lowered plasma concentrations of TC by 39 to
57% and nonHDL-C by 57 to 74%. In contrast, YM-53601
had a less pronounced e�ect on plasma HDL-C. FBQ lowered

both plasma cholesterol and triglyceride, although not as
profoundly as YM-53601.

Table 2 E�ects of YM-53601 and pravastatin on plasma cholesterol and triglyceride concentrations in rats fed a high-fat diet

Dose nonHDL cholesterol HDL cholesterol
Treatment (mg kg71) Total cholesterol (mg dl71) Triglyceride

Normal diet 52+4 2.4+1 50+4 33+4
Control 102+8### 46+7### 57+2 68+7###
YM-53601 12.5 99+8 (73%) 40+7 (713%) 59+2 (+5%) 60+6 (712%)

25 100+5 (72%) 38+4 (717%) 62+1 (+10%) 60+6 (712%)
50 79+2 (723%) 26+3 (744%) 53+2 (76%) 46+4 (733%)

Pravastatin 50 114+15 (+12%) 53+12 (+17%) 61+3 (+7%) 70+8 (+5%)

Data are represented as mean+s.e.mean (n=6 or 7). Each compound was administered once a day. All groups received a high-fat diet
except for the normal diet group. By feeding the high-fat diet, total cholesterol, nonHDL cholesterol and triglyceride were increased
signi®cantly (using Student's t-test, ###P50.01, ###P50.001) compared with the normal diet group. Per cent changes from the
respective control values are given in parentheses. There was no signi®cant change of any parameter in YM-53061 and pravastatin
groups by using Dunnett's multiple comparison test compared with control.

Table 3 E�ects of YM-53601 and pravastatin on plasma cholesterol and triglyceride concentrations in normal guinea-pigs fed a
normal diet

Treatment Dose Total cholesterol nonHDL cholesterol HDL cholesterol Triglyceride
(mg kg71) (mg dl71)

Control 54+10 50+4 4.5+0.2 59+6
YM-53601 10 47+7 (713%) 42+3 (715%) 3.5+0.2 (+5%) 75+26 (+27%)

30 43+8* (721%) 38+2* (722%) 4.7+0.5 (0%) 43+9 (726%)
100 30+8*** (744%) 26+1*** (747%) 4.5+0.2 (711%) 41+7 (730%)

Pravastatin 100 37+8*** (732%) 33+3*** (733%) 4.0+0.2* (722%) 69+11 (+17%)

Data are represented as mean+s.e.mean (n=7 to 10). Each compound was administered once a day. Per cent changes from respective
control values are given in parentheses. Statistical analysis was carried out using Dunnett's multiple comparison test. P50.05,
**P50.001 versus control. There were no di�erences of total cholesterol and nonHDL cholesterol between YM-53601 and pravastatin
at 100 mg kg71 by using Student's t-test.

Table 4 E�ects of YM-53601 and FBQ on plasma cholesterol and triglyceride concentrations in hamsters fed a normal diet

Dose nonHDL cholesterol HDL cholesterol
Treatment (mg kg71) Total cholesterol (mg dl71) Triglyceride

Control 191+11 122+13 70+2 87+19
YM-53601 12.5 116+6*** (739%) 53+6*** (757%) 63+2 (79%) 30+7** (765%)

25 88+8*** (754%) 37+5*** (769%) 51+3*** (727%) 22+4*** (775%)
50 83+2***### (757%) 32+3***### (773%) 50+2***# (728%) 17+2***## (781%)

FBQ 50 105+3*** (745%) 47+2*** (761%) 58+3* (716%) 35+5** (759%)

Data are represented as mean+s.e.mean (n=7 or 8). Each compound was administered once a day. Per cent changes from respective
control values are given in parentheses. Statistical analysis was carried out using Dunnett's multiple comparison test in order to
compare with control, or Student's t-test to compare between YM-53601 and FBQ at each 50 mg kg71. *P50.05, **P50.01,
***P50.001 versus control. #P50.05, ##P50.01, ###P50.001 versus FBQ.
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Inorder toassess the e�cacyofYM-53601 in loweringplasma
triglyceride levels of hamsters fed a high-fat diet, YM-53601 or
feno®brate was administered (Table 5 and Figure 3). YM-53601

at doses of 10 ± 100 mg kg71 reduced plasma triglyceride levels
in a dose-dependent manner, showing signi®cantly greater
e�ects than feno®brate. The e�ects of YM-53601 were also
upon plasma TC and nonHDL-C signi®cantly superior to those

of feno®brate. For YM-53601, a positive correlation
(r2=0.6393, P50.001) was seen between the percentage
reduction in plasma nonHDL-C and triglyceride; however

somewhat surprisingly, a negative correlation (r2=0.2976,
P50.05) was seen for feno®brate treatment (Figure 3).

YM-53601 lowers plasma cholesterol more than
pravastatin in rhesus monkeys fed a normal diet

In order to predict the e�cacy of YM-53601 in treating human
hypercholesterolemia, rhesusmonkeyswereused to compare the
e�ects of YM-53601 and pravastatin. Figure 4 shows the dose-
dependency curves for YM-53601, while Figure 5 shows a

comparisonwith pravastatin. Figure 4b shows that after 3weeks
treatment with YM-53601 at doses of 12.5, 25 and 50 mg kg71

plasma concentrations of nonHDL-C were reduced by 23%

(P50.05), 17% (not signi®cant) and 37% (P50.01) respectively
compared with untreated animals. The time-course shows
nonHDL-C levels decreased by 27, 27 and 37% at the end of

1-, 2- and 3-weeks in rhesus monkeys treated with YM-53601 at
50 mg kg71. TC levels also fell due to treatment withYM-53601
(Figure 4a) but to a lesser extent compared with nonHDL

cholesterol reduction. Plasma HDL-C levels were una�ected
(Figure 4c). To compare the e�cacies of YM-53601 and
pravastatin in lowering plasma cholesterol levels, each
compound was given to rhesus monkeys and the changes in

cholesterol levels were determined during a 4-week treatment
course. The e�cacy of YM-53601 (50 mg kg71) in lowering
plasma nonHDL-C was signi®cantly greater than that of

pravastatin (25 mg kg71) (P50.001), the former showing a
21% reduction and the latter 13% reduction after 4 weeks
compared with the non-treatment control (Figure 5b). Each

experiment showed that YM-53601 did not a�ect plasmaHDL-
C (Figures 4c and 5c).

Discussion

This study set out to evaluate two characteristics of the

squalene synthase inhibitor YM-53601. The ®rst was to assess

the e�ects of YM-53601 on plasma cholesterol in rodents and
rhesus monkeys, which are Old World monkeys whose lipid
metabolism is almost the same as humans (Nicolisi & Zannis,

1984; Zannis et al., 1985), the second was to compare the
e�cacies of YM-53601 and ®brates in lowering plasma
triglyceride levels.

Previous studies on squalene synthase inhibitors used

marmosets (Amin et al., 1996; 1997; Bergstrom et al., 1995),
which are New World monkeys with a lipid metabolism
somewhat dissimilar to that of humans. However, HMG-CoA

reductase inhibitors, which are in widespread clinical use in
treating hypercholesterolemia, were evaluated using Old
World monkeys (Corsini et al., 1995). Therefore, to assess the

actions of YM-53601 accurately and fairly, rhesus monkeys
were used in comparison tests with pravastatin, a widely used
HMG-CoA reductase inhibitor. YM-53601, at doses of

50 mg kg71 twice a day for 1 week, decreased plasma
cholesterol levels in rhesus monkeys. The e�ect was equal to
or greater than pravastatin at doses of 25 mg kg71 twice a day.
This dosage of pravastatin is at the upper safety limit since

increased plasma alanine aminotransferase, an indicator of

Table 5 E�ects of YM-53601 and feno®brate on plasma cholesterol and triglyceride concentrations in hamsters fed a high-fat diet

Dose nonHDL cholesterol HDL cholesterol
Treatment (mg kg71) Total cholesterol (mg dl71) Triglyceride

Normal diet 195+6 117+5 78+2 320+46
Control 387+17### 289+15### 99+2### 545+67#
YM-53601 10 295+9*** (724%) 199+8*** (731%) 96+2 (73%) 356+26** (735%)

30 207+9*** (746%) 110+8*** (762%) 97+1 (72%) 238+25*** (756%)
100 159+6*** (759%) 70+5*** (776%) 89+2* (710%) 145+24*** (773%)

Feno®brate 10 372+10 (74%) 276+9 (74%) 96+2 (73%) 463+35 (715%)
30 343+8* (712%) 241+9** (716%) 101+4 (+3%) 369+41* (732%)

100 295+12*** (724%) 185+10*** (736%) 110+4* (+12%) 256+27*** (753%)

Data are represented as mean+s.e.mean (n=7). Each compound was administered once a day. All groups received a high-fat diet
except for a normal diet group. ED50 values of YM-53601 were 49, 22 and 23 mg kg71 for total and nonHDL cholesterol and
triglyceride, respectively. Those of feno®brate were 2221, 297 and 84 mg kg71, respectively. These di�erences between compounds were
statistically signi®cant by using parallel line assay in SAS. By feeding high-fat diet, total cholesterol, nonHDL cholesterol, HDL
cholesterol and triglyceride were increased signi®cantly. Statistical analysis versus control was carried out using Dunnett's multiple
comparison test. *P50.05, **P50.01, ***P50.001 versus control. Student's t-test, #P50.05, ###P50.001 compared with normal diet
group. Per cent changes from respective control values are given in parentheses.

Figure 3 Correlation between the percentage reduction in plasma
nonHDL cholesterol and triglyceride in high-fat fed hamsters
administered YM-53601 and feno®brate. YM-53601; f(x)=1.24x ±
39.2, r2=0.6393 (P50.001), feno®brate; f(x)=71.03x+59.7,
r2=0.2976 (P50.05). Data were taken from Table 5.
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liver damage, was observed (data not shown). No indications
of liver damage were observed following administration of

YM-53601 at doses of 50 mg kg71. Therefore, YM-53601 has
superior safety to pravastatin with similar e�cacy.

The e�ects of YM-53601 were also examined in guinea-pigs

with a high nonHDL-C to HDL-C ratio. This is the only
rodent model which responds to administration of HMG-CoA
reductase inhibitors (Matsunaga et al., 1991) and therefore
suitable for comparison between YM-53601 and pravastatin.

In these animals YM-53601 lowered plasma cholesterol levels
much more e�ectively than pravastatin. A third set of
experiments used hamsters, which are commonly used in

preclinical studies of antihyperlipidemic drugs because their
plasma lipoprotein composition closely resembles that of
humans. In these animals YM-53601 drastically reduced

plasma cholesterol levels. The results of these three groups of
experiments clearly show YM-53601 has a high plasma
cholesterol lowering equal to or greater than pravastatin.

The study group of the European Atherosclerosis Society
recently issued guidelines that pay more attention to
hypertriglyceridemia as a risk factor for the development of
coronary heart disease, and proposed a stepwise approach to

treat patients with elevated triglyceride levels (Study group,
European Atherosclerosis Society, 1988; Pyorala et al., 1994).
Patients with elevated plasma cholesterol and triglyceride

levels can be classi®ed as type IIb or IV by the WHO

classi®cation of hyperlipidemia; these types of patients are
41% of the total hyperlipidemic patients (Yamanura et al.,
1990). It is known that HMG-CoA inhibitors generally have

little to no e�ect on plasma triglyceride level. Although
atorvastatin, a widely used inhibitor of this type, is more
e�ective in reducing plasma triglyceride levels in hyperlipi-

demic patients than existing HMG-CoA reductase inhibitors,
it is still less e�ective than that of ®brates (Ooi et al., 1997), the
primary hypertriglyceridemia treatment drugs to date. Conse-
quently, treatment with both an HMG-CoA reductase

inhibitor and a ®brate is commonly performed. However, this
type of therapy is occasionally accompanied by severe adverse
e�ects such as rhabdomyolysis and must be used carefully

(Naser et al., 1995). It would therefore be desirable if new
drugs were available that could reduce both plasma cholesterol
and triglyceride levels with less side-e�ects. YM-53601 was

found to lower not only plasma cholesterol but also plasma
triglyceride levels during initial screening in rodents, and to
have an e�ect on triglyceride greater than that of feno®brate,
the most potent ®brate, in hamsters (Nagayama et al., 1995).

However, the current study is the ®rst to report that a squalene
synthase inhibitor is superior to a ®brate in lowering plasma
triglyceride levels directly. In rhesus monkeys, this triglyceride

lowering e�ect could not be detected clearly because of

Figure 4 Time course for cholesterol lowering dose-dependent
e�ects by YM-53601 in rhesus monkeys. Results are represented as
mean+s.e.mean (n=5). Each compound was administered twice a
day. R1 and R2 are the values for 1 and 2 weeks after the cessation
of drug treatment, respectively. Statistical analysis versus control was
carried out using Dunnett's multiple comparison test. *P50.05,
**P50.01 versus control.

Figure 5 Time course for cholesterol lowering e�ects by YM-53601
and pravastatin in rhesus monkeys. Results are represented as
mean+s.e.mean (n=5). Each compound was administered twice a
day. R1 and R2 are the values for 1 and 2 weeks after the cessation
of drug treatment, respectively. Statistical analysis was carried out
using Dunnett's multiple comparison test versus control group in
each week. *P50.05 versus control. Resulted from two-way repeated
ANOVA between YM-53601 at dose of 50 mg kg71 and pravastatin
at dose of 25 mg kg71 about plasma total, nonHDL and HDL
cholesterol levels for 4 weeks treatment, all parameters were
statistically signi®cant (P50.001).
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unstable plasma triglyceride values, even in control group
(data not shown). One possible explanation for this may be
admixture administration of drugs, although the amount of

food intake was not signi®cantly di�erent among the groups.
Since there are few reports which clearly show the e�ect of
®brates in primates, YM-53601 appears to be as potent an
agent as ®brates indicating its ability to treat hypertriglycer-

idemia as well as hypercholesterolemia.
In order to explain the plasma triglyceride lowering e�ect by

YM-53601, Figure 3 shows the correlation curves between per

cent reduction of plasma nonHDL-C and triglyceride in YM-
53601- or feno®brate-treated hamsters fed a high-fat diet.
These individual data were taken from Table 3. It is known

that feno®brate has a strong inhibitory e�ect not on
cholesterol biosynthesis but on triglyceride directly (Kloer,
1987). Therefore, the triglyceride content of lipids particles

such as very low density lipoprotein (VLDL) would be lower
relative to cholesterol. If YM-53601 a�ects the biosynthesis of
both cholesterol and triglyceride, lipid particles would have a
much lower total lipid content. On the other hand, ®brates are

known to act on peroxisome proliferator-activated receptors
(PPARs) and beta-oxidation (Staels et al., 1998). Fibrates

lower hepatic apoC3 production and increase lipoprotein
lipase mediated lipolysis via PPAR-alpha, and reduce fatty
acid contents in liver by the beta-oxidation pathways. It has

not been examined whether YM-53601 acts on these pathways,
although Figure 3 shows the di�erent character between
feno®brate and YM-53601. The precise mechanism by which
YM-53601 acts remains unknown.

YM-53601 may belong to a novel class of lipid-lowering
agents which inhibit squalene synthase activity, leading to
reduced cholesterol biosynthesis in animals. Preclinical studies

in rats, guinea-pigs, hamsters and rhesus monkeys demon-
strated that YM-53601 signi®cantly reduced the plasma
concentrations of nonHDL cholesterol to a greater degree

than did pravastatin. These results also demonstrate that YM-
53601 has a more potent triglyceride lowering e�ect than
feno®brate. From these results, we conclude that YM-53601

holds promise as a lipid-lowering therapy for the treatment of
hypercholesterolemia and hypertriglyceridemia in humans.

We appreciate the assistance of Mr Steven E. Johnson and Dr Larry
Turner in the preparation of this manuscript.
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