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Effects of a Novel Antihyperlipidemic Agent, S-2E, on the Blood Lipid
Abnormalities in Homozygous WHHL Rabbits

K. Ohmori, H. Yamada, A. Yasuda, A. Yamamoto, N. Matsuura, and M. Kiniwa

o improve mixed hyperlipidemia in the low-density lipoprotein (LDL) receptor–deficient state, suppression of very-low-

ensity lipoprotein (VLDL) particle production may be an important approach. We previously reported that S-2E, (�)-(S)-p-

1-(p-tert-butylphenyl)-2-oxo-4-pyrrolidinyl] methoxybenzoic acid, suppressed VLDL particle production by inhibiting the

iosynthesis of both sterol and fatty acids in the liver. We therefore examined whether S-2E lowered the blood cholesterol

nd triglyceride (TG) levels simultaneously in homozygous Watanabe heritable hyperlipidemic (WHHL) rabbits, which

orrespond to human familial hypercholesterolemia. S-2E given orally at doses of 30 to 300 mg/kg significantly lowered

erum total cholesterol (TC) levels at 1 week as well as TG at 2 weeks, and the lowering of TC and TG levels by S-2E reached

maximum at 3 to 4 weeks. In contrast, oral administration of pravastatin at doses of 10 to 100 mg/kg resulted in a significant

uppression of TC levels (100 mg/kg) but not TG levels. Further analysis of the TC content in fractionated serum of control

nd S-2E–treated animals showed that suppression of TC level by S-2E is attributable to a decrease in the proportions of

LDL, intermediate-density lipoprotein (IDL), and LDL. It is, therefore, reasonable to assume that S-2E may be useful to

mprove the blood lipid abnormalities in the LDL receptor–deficient state.
2004 Elsevier Inc. All rights reserved.
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N PATIENTS with mixed hyperlipidemia such as hypertri-
glyceridemia and homozygous familial hypercholesterol-

mia, and especially in low-density lipoprotein (LDL) receptor
ull type cases, therapy using inhibitors of 3-hydroxy-3-meth-
lglutaryl coenzyme A (HMG-CoA) reductase (EC 1.1.1.34)
as almost no effects, because their cholesterol-lowering ef-
ects are dependent on the elevated LDL receptor function in
iver by competitive inhibition of cholesterol biosynthesis.1-3

o reduce the blood cholesterol and triglyceride (TG) levels in
hese patients, the supply of lipids or lipoprotein particles into
he blood should be suppressed. Therefore, reduction in the
roduction of very-low-density lipoprotein (VLDL) particles in
he liver may be an important approach.

Because of this target, microsomal triglyceride transfer pro-
ein (MTP) has been considered to play an important role in the
ssembly of VLDL particles in the liver and chylomicron
articles in the intestine.4,5 When MTP inhibitors such as
ompound 9 and Implitapide (Bayer, Leverkusen, Germany)
uppress the assembly of VLDL particles, secretion of the
ipoproteins is reduced.6,7 Indeed, in homozygous Watanabe
eritable hyperlipidemic (WHHL) rabbits, which correspond to
uman familial hypercholesterolemia,8,9 its blockage reduced
lood cholesterol and TG levels, but caused hepatic accumu-
ation of TG.6,7 This accumulation may influence hepatic func-
ion. Therefore, another target to enable suppression of VLDL
article production is the limiting of synthesis of necessary
omponents such as cholesterol, fatty acids, and TG.5 To ef-
ectively inhibit synthesis of both sterols and fatty acids, both
he rate-limiting enzymes of synthesis for sterols and fatty
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cids, that is, HMG-CoA reductase and acetyl-CoA carboxy-
ase (EC 6.4.1.2), are notable targets. However, at present, there
re no antihyperlipidemic drugs that have the capacity to lower
lood total cholesterol (TC) and TG levels simultaneously by
nhibition of synthesis of sterols and fatty acids. However,
-2E, (�)-(S)-p-[1-(p-tert-butylphenyl)-2-oxo-4-pyrrolidinyl]
ethoxybenzoic acid (Fig 1) has been reported to inhibit in

itro synthesis of both sterols and fatty acid in rat liver slices.10

e previously reported that S-2E noncompetitively inhibited
oth activities of HMG-CoA reductase and acetyl-CoA carbox-
lase.11 In that study, S-2E suppressed the secretion of VLDL-
holesterol (VLDL-C) and TG from the liver. Furthermore, it
howed that S-2E lowered the blood TC and TG levels by
uppression of the new production of VLDL particles.

In the present study, we examined whether an inhibitor of the
ynthesis of both sterols and fatty acids, S-2E, could lower the
lood TC and TG levels in homozygous WHHL rabbits.

MATERIALS AND METHODS

hemicals

S-2E was synthesized at Taiho Fine Chemical Co (Tokyo, Japan).
ravastatin-Na (PRV), an HMG-CoA reductase inhibitor, was ex-

racted from a commercially available tablet (Mevalotin; Sankyo, To-
yo, Japan). S-2E ground in an agate mortar was suspended in 0.5%
ydroxypropylmethylcellulose (HPMC, Code 60SH50; Shin-Etsu
hemical Co, Tokyo, Japan). PRV was weighed and dissolved in
PMC aqueous solution.

nimals

Two-month-old male WHHL rabbits were purchased from Kitayama
ABES (Ina, Nagano, Japan). Throughout the experimental period, the
HHL rabbits were given restricted feeding according to their body
eight (BW) (100 g: �2 kg BW; 110 g: 2 kg � BW � 2.5 kg; 120 g:
2.5 kg BW). Chow (LRC4; Oriental Yeast Co, Tokyo, Japan) con-

ained 7.1 % water, 18.6 % protein, 3.6 % lipid, 14.2 % fiber, 8.1 % ash,
nd 48.3 % nitrogen-free extracts. Water was supplied ad libitum and
he animals were subjected to a light-dark cycle of 12 hours (light
eriod: 6 AM to 6 PM).

dministration of Test Agents

Vehicle and test agents were given orally by gavage to the rabbits

etween 9 AM and 10:30 AM. The treatment period was set for 4 weeks.

Metabolism, Vol 53, No 5 (May), 2004: pp 680-685
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681ANTIHYPERLIPIDEMIC EFFECTS OF S-2E
fter administering vehicles and test agents, the rabbits were given
how. During the experiments, the rabbits’ body weight and food
ntakes were similar in the control and test agents–treated groups (data
ot shown).

n Vivo Study in WHHL Rabbits

For homozygous WHHL rabbits, there was a pretreatment period
f 4 weeks. During this period, blood was collected from the aural
ein once per week between 8 AM and 10 AM before administration
f vehicle and test agents. Serum was then obtained by centrifuga-
ion. Based on the serum TC and TG values during the pretreatment
eriod, the rabbits were divided into 4 groups (control group, S-2E
0 mg/kg group, S-2E 100 mg/kg group, and S-2E 300 mg/kg
roup). S-2E was given orally to the rabbits for 4 weeks. During the
reatment period, blood was collected from the aural vein once per
eek, in a manner similar to the measurements and blood sampling

onducted during the acclimation period. Serum was then obtained
y centrifugation.
The antihyperlipidemic actions of PRV (10, 30, and 100 mg/kg)

ere evaluated and compared with those of S-2E by the same exper-
mental protocol, using homozygous WHHL rabbits, which were pur-
hased separately.

easurement of Lipids

TC and TG in the obtained serum were measured by an enzymatic
ethod with an automatic analyzer (7170, Hitachi, Tokyo Japan) (TC:
-CHO S, Wako Pure Chemical Industries, Osaka, Japan; TG: L-TG H,
ako].

ractionation of Lipoproteins by Ultracentrifugation

Lipoprotein fractionation was performed by ultracentrifugation (Op-
ima TLX Ultracentrifuge; Beckman, Fullerton, CA) employing the
ethod of Hatch and Lees.12 According to their method, 4 solutions—

olution 1 (density � 1.006 g/L), solution 2 (density � 1.045 g/L),
olution 3 (density � 1.151 g/L), and solution 4 (density � 1.504
/L)—were prepared with NaCl and KBr. Then, according to the
pecific gravity of each, 5 fractions were isolated at 20°C as described
elow. That is, 490 �L of solution 1 was layered over the surface on
80 �L of serum in a Quick-seal 11 � 25-mm ultracentrifuge tube
Beckman), using a TLA 120.2 rotor (Beckman). After ultracentrifu-
ation (26,000 � g, 30 minutes), the fraction that floated to the top of
he tube was separated as chylomicron. Then, the 980-�L infractant
olutions were again overlaid with 490 �L of solution 1 and centri-
uged for 3 hours at 436,000 � g. The 490-�L top fraction was
eparated as the VLDL fraction (density � 1.006 g/L). The bottom
80-�L fraction was transferred to a clean tube, and 490 �L of solution
was added. After ultracentrifugation at 436,000 � g for 3 hours, the

90-�L top fraction contained intermediate-density lipoprotein (IDL,

Fig 1. Chemical structure of S-2E: (�)-(S)-p- [1-(p-tert-butylphe-

yl)-2-oxo-4-pyrrolidinyl] methoxybenzoic acid. Molecular weight

67.445.
.006 � density � 1.019 g/L). Using a similar procedure, LDL frac- e
ions (1.019 � density � 1.063 g/L) were separated by ultracentrifu-
ation at 627,000 � g for 2 hours after the addition of solution 3. The
igh-density lipoprotein (HDL) fraction (1.063 � density � 1.210 g/L)
as separated at 627,000 � g for 2 hours after the addition of solution
from the bottom fraction (density �1.210 g/L). The cholesterol

ontent of each lipoprotein fraction was measured by the same method
ith the automatic analyzer (7170, Hitachi), as described above.

tatistical Analysis

Data were expressed as mean values and standard deviations (SD).
tatistical analysis was performed by Dunnett’s test or Student’s paired
test (JMP; SAS Institute, Cary, NC, ) against the control group or the
retreatment levels with a P value of less than .05 taken to indicate a
tatistically significant difference.

RESULTS

ypolipidemic Action of S-2E and PRV in WHHL Rabbits

The homozygous WHHL rabbit is an animal model of
amilial hypercholesterolemia, having elevated levels of TC
nd TG. Indeed, homozygous WHHL rabbits used in the
ontrol group exhibited elevated levels of TC and TG (Fig
). TC and TG levels in the WHHL rabbits (N � 11) were
aintained from at least 2 months to 4 months after birth, as

hown in Fig 2. From 3 months (0 week), the animals were
iven S-2E orally at doses of 30, 100, and 300 mg/kg for 4
eeks. We examined whether the S-2E treatment decreased

he blood TC or TG levels, or both. As shown in Fig 3A,

Fig 2. Changes in serum (A) TC and (B) TG in WHHL rabbits by

-2E administration. WHHL rabbits (N � 11) underwent a pretreat-

ent period (4 weeks) and a treatment period (4 weeks). Blood was

ollected once per week and serum lipids were measured. Data are
xpressed as means and SD.
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682 OHMORI ET AL
-2E significantly lowered the serum levels of TC at 1 week
n a dose-dependent manner. Decreases in the TC levels
nduced by the S-2E treatment reached a maximum at 3 to 4
eeks, and the reduction rate of TC levels by S-2E at the
oses of 30, 100, and 300 mg/kg after 4 weeks of treatment
ere 26.7% � 8.0%, 29.3% � 7.6%, and 35.3% � 5.9%,

espectively, compared with the control group. Furthermore,
hen compared with pretreatment levels of the same ani-
als, S-2E significantly lowered serum TC levels, at least,

fter 2 weeks. Similar to the effect on TC levels, S-2E
ignificantly lowered serum levels of TG at 2 weeks (Fig
B), and this also reached maximum inhibition at 3 to 4
eeks. The reduction rates of TG levels by S-2E at the doses
f 30, 100, and 300 mg/kg after 4 weeks of treatment were
7.6% � 16.0%, 35.0% � 12.0%, and 44.6% � 19.0%,
espectively. Moreover, when compared with the pretreat-
ent levels of the same animals, S-2E significantly lowered

erum TG levels from 1 week, except for 3 weeks at 30
g/kg. The results clearly indicated that S-2E treatment

owered both serum TC and TG levels.

Fig 3. Changes in serum TC and TG in WHHL rabbits by S-2E an

control group [n � 6], S-2E 30 mg/kg group [n � 7], S-2E 100 mg/kg g

rally to WHHL rabbits. Blood was collected once per week and serum

-2E-treatment period (4 weeks). Data are expressed as % change a

ame experimental protocol, PRV was given orally to WHHL rabbits

g/kg group) (all groups: n � 5). Blood was collected once per week

eriod (4 weeks) and the PRV treatment period (4 weeks). (C) Serum

roup were evaluated by Dunnett’s test: *P < .05, **P < .01. For rea
To compare the hypolipidemic effects of S-2E with those c
f PRV, the animals were given PRV orally at doses of 10,
0, and 100 mg/kg for 4 weeks. Figure 3C and D shows
he changes in the serum levels of TC and TG in the
ehicle-treated control group and those in the PRV-treated
roups. It was found that the PRV treatment at 100 mg/kg
ignificantly lowered TC levels to an extent similar to the
-2E treatment group (100 mg/kg) at 1 to 4 weeks (4 weeks:
9.5% � 10.6%), compared with the control group (Fig 3C).
urthermore, when compared with the pretreatment levels of

he same animals, PRV significantly lowered serum TC
evels at 30 and 100 mg/kg from 1 week to 4 weeks.
owever, it showed no inhibitory effects on TG levels by 4
eeks in all experiments, compared with the control group,

lthough PRV significantly changed the serum TG levels at
ome individual points within that of periods, when com-
ared with the pretreatment levels in the same animals
Fig 3D).

ffect of S-2E on Lipoprotein Cholesterol Levels

To analyze in greater detail the changes in serum lipoprotein

vastatin administration. WHHL rabbits were divided into 4 groups

[n � 7], and S-2E 300 mg/kg group [n � 7]). HMPC or S-2E was given

s were measured during the pretreatment period (4 weeks) and the

against the control group. (A) Serum TC. (B) Serum TG. Using the

rol group, PRV 10 mg/kg group, PRV 30 mg/kg group, and PRV 100

measured for lipids in the obtained serum, during the pretreatment

(D) Serum TG. Significant difference in comparison for the control

of clarity, the results of Student’s t test are not given.
d pra

roup

lipid

nd SD

(cont

and

TC.

sons
holesterol levels following S-2E treatment, the serum of the
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683ANTIHYPERLIPIDEMIC EFFECTS OF S-2E
ontrol group and the S-2E 300 mg/kg group, which lowered
C and TG levels most potently, sampled at 4 weeks after the
tart of administration, was subjected to lipoprotein fraction-
tion by ultracentrifugation. In the S-2E–treated group, choles-
erol levels in chylomicron, VLDL, IDL, and LDL fractions
ere significantly reduced (Fig 4). Of these fractions, the

holesterol content of the IDL and VLDL fractions was sup-
ressed very potently by 77.1% � 8.9% and 63.1% � 10.0%,
espectively, followed by the chylomicron fraction (42.4% �
6.2%), and then the LDL fraction (23.7% � 9.9%), while the
DL fraction approximately doubled. These results showed

hat the decrease in TC levels in the S-2E–treated groups was
ased on the significant decrease in the chylomicron, VLDL,
DL, and LDL fractions. Furthermore, these data showed that
he decreased levels of VLDL particles led to decreases of IDL
articles and LDL particles.

DISCUSSION

Inhibition of the synthesis of both sterols and fatty acids is an
mportant target to improve mixed hyperlipidemia in the LDL
eceptor–deficient state. The present study was conducted to
larify whether such inhibitor(s) could lower the blood choles-
erol and TG levels even in an LDL receptor–deficient state, for
xample, in homozygous WHHL rabbits, which are an LDL
eceptor–deficient animal model for human familial hypercho-
esterolemia.6,7 We used a novel benzoic acid derivative, S-2E,
hich inhibits the synthesis of sterols and fatty acids in rat liver

lices by noncompetitive inhibition of HMG-CoA reductase
nd acetyl-CoA carboxylase.11 S-2E lowered blood TC levels
nd TG levels in homozygous WHHL rabbits at a dose of 30
g/kg (Fig 3). Therefore, inhibitor(s) of synthesis of both

Fig 4. Changes in the serum lipoprotein cholesterol levels of

HHL rabbits with S-2E administration. After oral administration for

weeks, serum lipoproteins in the control group (n � 6) and S-2E 300

g/kg group (n � 7) were fractionated by ultracentrifugation. Data

re shown as the mean values of each lipoprotein. Significant differ-

nces in comparison for the control group were evaluated by Dun-

ett’s test: *P < .05, **P < .01.
terols and fatty acids including S-2E may improve human t
amilial hypercholesterolemia and mixed hyperlipidemia even
n the LDL receptor–deficient state.

HMG-CoA reductase inhibitors cause the lipid-lowering ef-
ects by the induction of the hepatic LDL receptor13,14 and by
he decrease of VLDL secretion from the liver as secondary
esponses to the inhibition of cholesterol biosynthesis.15-17 Fur-
hermore, the TG-lowering effect of HMG-CoA reductase in-
ibitors may be dependent on the increase of LDL receptor–
ediated clearance of VLDL particles, rather than the

eduction of hepatic secretion of VLDL particles.18 These data
uggest that in homozygous WHHL rabbits, which exhibit
mpaired clearance of lipoproteins by mediating defective LDL
eceptor,6,7 HMG-CoA reductase inhibitors have little or no
ffects, in particular on blood TG. Indeed, it has been reported
hat HMG-CoA reductase inhibitors including PRV did not
lter the blood TG levels.19-24 Similar results were observed in
he present study (Fig 3). Therefore, the mechanism through
hich S-2E lowred the blood TC and TG levels seems to be

ndependent of the LDL receptor–mediated pathway.
Blood lipid abnormalities in the LDL receptor–deficient

tate may be improved by suppressing MTP activity or through
eroxisome proliferator–activated receptor (PPAR)��. Indeed,
TP inhibitors reduced the blood cholesterol and TG levels by

owering VLDL particle secretion in homozygous WHHL rab-
its, but caused hepatic TG accumulation.8,9 In contrast, S-2E
reatment did not change hepatic lipid levels, including TG, in
ucker fatty rats, although it lowered blood TC and TG lev-
ls.11 Therefore, the lipid-lowering mechanism of S-2E seems
o be different from that of MTP inhibitors. While it is known
hat fibrate derivatives such as bezafibrate express lipid-lower-
ng effects by activating PPAR-�,25-27 it has been reported that
ezafibrate was not effective in homozygous WHHL rabbits.18

urthermore, similar results by bezafibrate treatment even at
00 mg/kg for 4 weeks were observed in our study (reduction
ate after 4 weeks: TC by �5.2% � 10.7%, TG by �13.8% �
7.8%, unpublished data). Therefore, it is thought that the
ipid-lowering effect of S-2E may not be mediated by PPAR-�
ctivation, unlike that of fibrate derivatives.25-27

The anti-atherogenic lipoprotein, HDL particle, plays an
ssential role in the transport of excess cholesterol from extra-
epatic tissues, for example, atherosclerotic lesions, to the
iver,28 resulting in reduction of the risk factor of coronary
rtery disease. In the present study, lipoprotein analysis showed
hat S-2E significantly increased HDL-C levels at 300 mg/kg.
his finding suggests the possibility that S-2E may be able to

ncrease HDL-C levels. Further analysis is necessary to clarify
his possibility, using rats, which are another species, beside
umans, in which the antihyperlipidemic agents predictably
levate HDL-C levels.

Hepatic lipid levels such as cholesterol, fatty acid, and TG in
omozygous WHHL rabbits may be basically dependent on the
iosynthetic potencies of their lipids in liver, because the rab-
its exhibit impaired uptake of IDL, LDL, and VLDL particles
nto liver by the defective LDL receptor.6,7 When the biosyn-
hesis of hepatic lipids is limited, the formation of the VLDL
articles is suppressed.5 These facts suggest that S-2E may
uppress the production of VLDL particles by limiting the
ynthesis of their lipids, because S-2E showed inhibitory ac-

ivity on synthesis of sterols and fatty acids in rat liver
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684 OHMORI ET AL
lices.10,11 In fact, S-2E decreased the cholesterol contents of
LDL fraction and blood TG levels in homozygous WHHL

abbits (Fig 4). Furthermore, our previous study showed that
-2E lowered blood TC and TG levels by suppressing the new
roduction of VLDL particles in Zucker fatty rats,11 which
xhibit hyperlipidemia by overproduction of VLDL particles.29

herefore, it is thought that S-2E may lower blood TC and TG
evels even in an LDL receptor–deficient state by suppressing
LDL particle production.
Furthermore, S-2E reduced the cholesterol content of chylo-
icron fraction (Fig 4). This finding suggests the possibility

hat S-2E may influence the production of chylomicron parti-
les in the intestine. However, the chylomicron lipid compo-
ents are basically of dietary origin in the intestine, unlike
LDL particles in the liver.30 It has been reported that human

rypt intestinal epithelial cells and rat intestine are capable of
production during treatment of cholesteryl ester storage disease with
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holesterol synthesis,31,32 and the hamster intestine can synthe-
ize cholesterol and fatty acids.33 It is therefore reasonable to
ssume that S-2E may partly suppress chylomicron formation
n the intestine by limiting the synthesis of necessary lipid
omponents.

In conclusion, S-2E lowered TC and TG levels in the blood
imultaneously, unlike PRV, in homozygous WHHL rabbits.
hus, S-2E may be useful to improve blood lipid abnormalities

n the LDL receptor–deficient state.
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