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Abstract

A newly synthesized benzoic acid derivative, (+)-(S)-p-[1-(p-tert-butylphenyl)-2-oxo-4-pyrrolidinyl]methoxybenzoic acid (S-2E), has the

capacity to inhibit the biosynthesis of both sterol and fatty acids. Here, we report the mechanism by which S-2E lowers blood cholesterol and

triglyceride levels. In the liver, S-2E was converted into its active metabolite, S-2E-CoA. S-2E-CoA noncompetitively inhibited the

enzymatic activities of both 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase and acetyl-CoA carboxylase at Ki = 18.11 AM
and Ki = 69.2 AM, respectively. Interestingly, pharmacokinetic experiments in rats showed that the concentration of S-2E-CoA in the liver

was sufficient to inhibit the activities of HMG-CoA reductase and acetyl-CoA carboxylase, for example, when orally given to rats at 10 mg/

kg. Indeed, S-2E (3–30 mg/kg) given orally suppressed the secretion rate of very-low-density lipoprotein (VLDL)-cholesterol and

triglyceride in Triton WR-1339-injected rats. Furthermore, S-2E lowered the blood total cholesterol and triglyceride levels simultaneously in

Zucker fatty rats. Collectively, S-2E may be useful in the treatment of familial hypercholesterolemia and mixed hyperlipidemia.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hypercholesterolemia and hypertriglyceridemia are inde-

pendent major risk factors that, alone or together, can

accelerate the development of coronary artery disease and

the progression of atherosclerotic lesions (McKenney,

2001). The cause of hyperlipidemia has been thought to

be related to increased lipid synthesis, decreased lipid

clearance from the blood or a combination of these two

processes. Consequently, one method to lower blood lipid

levels would be to inhibit the synthesis of cholesterol or

triglyceride. Such agents have been developed and currently

serve as therapeutics for hyperlipidemia. Inhibitors of the

rate-limiting enzyme of sterol synthesis, 3-hydroxy-3-meth-

ylglutaryl coenzyme-A (HMG-CoA) reductase, include pra-
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vastatin-Na, simvastatin and atorvastatin: These drugs

effectively lower the serum cholesterol levels and are widely

used to treat patients with hypercholesterolemia (Moghada-

suan et al., 2000). These drugs lower blood cholesterol by

decreasing its hepatic synthesis. Moreover, they up-regulate

the hepatic low-density lipoprotein (LDL) receptor, thus

increasing cholesterol clearance (Goldstein and Brown,

1984). However, the effects of HMG-CoA reductase inhib-

itors on blood triglyceride levels in mixed hyperlipidemia

are still less effective (McKenney, 2001). Bezafibrate, a

fibrate derivative, has been shown to lower the blood

triglyceride level mainly by up-regulation of lipoprotein

lipase and then degradation of fatty acids (Staels et al.,

1998), while exerting no inhibition on increased levels of

cholesterol (Monk and Todd, 1987). It is interesting, there-

fore, to note the efficacy of therapeutics capable of lowering

both blood cholesterol and triglyceride. In the lowering of

blood total cholesterol and triglyceride, the production and

secretion of very low-density lipoprotein (VLDL) particles,

which are rich in lipid components such as cholesterol and
ed.



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

butylphenyl)-2-oxo-4-pyrrolidinyl]methoxybenzoic acid; molecular weight

367.445]. Lower: S-2E-CoA.
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triglyceride, are expected to be suppressed. As such an

agent, an inhibitor of microsomal triglyceride transfer pro-

tein (MTP) shows remarkable properties. It has been

reported that an inhibitor of MTP, compound 9, shows

remarkable lowering of the blood total cholesterol and

triglyceride levels in the blood in Watanabe heritable hyper-

lipidemic rabbits (Wetterau et al., 1998). In that study, the

blockage of MTP by this inhibitor was caused by an

accumulation of hepatic lipid levels such as triglyceride.

Such an accumulation may increase the risk of hepatic

dysfunction after long-term therapy. Therefore, an anti-

hyperlipidemic agent to lower blood total cholesterol and

triglyceride simultaneously is required that has the capacity

to inhibit synthesis of the lipid components such as sterols

and fatty acids of VLDL particles.

It has previously been reported that a newly synthesized

benzoic acid derivative, (+)-(S)-p-[1-(p-tert-butylphenyl)-2-

oxo-4-pyrrolidinyl]methoxybenzoic acid (S-2E, Fig. 1),

inhibits the biosynthesis of both sterols and fatty acids

(Watanabe et al., 1994; Ohno et al., 1999). Although sterols

and fatty acids are synthesized through independent path-

ways, the cholesterol and triglyceride produced by these

pathways form VLDL particles, which are the principal

vehicles involved in the transport of lipids from the liver to

the bloodstream (Olofsson et al., 1999). In the present study,

the mechanism of action of S-2E was examined using in

vitro and in vivo methods. The results indicate that S-2E

taken up by the liver may be efficiently converted to its

active metabolite, which allows S-2E to lower the blood

cholesterol and triglyceride levels simultaneously by sup-

pressing the production of VLDL particles.
2. Materials and methods

2.1. Chemicals

S-2E was synthesized at Taiho Fine Chemical (Japan).

Pravastatin-Na was extracted from commercial tablets

(Mevalotin, Sankyo, Japan). S-2E-CoA was synthesized by

Taiho Pharmaceutical Co. Ltd. (Tokyo, Japan). For in vitro

assay, S-2E was dissolved in dimethylsulfoxide (DMSO) or
0.1 N NaOH. Pravastatin-Na was dissolved in DMSO or

distilled water.

S-2E ground in an agate mortar was suspended in 0.5%

hydroxypropylmethylcellulose (HPMC, code 60SH50,

Shin-Etsu Chemical, Japan) aqueous solution, and a uniform

suspension was obtained by ultrasonication. Triton WR-

1339 (Tyloxapol, Sigma, USA) was dissolved in physio-

logical saline at a concentration of 80 mg/ml.

2.2. Animals

Male Sprague–Dawley rats (4–6 weeks old) were pur-

chased from Clea Japan. Male Zucker fatty rats (fa/fa) were

purchased from Charles River (USA). Diet and water were

provided ad libitum under a 12-h light–dark cycle (light

period: 6:00–18:00) throughout the experimental period.

2.3. Measurement of sterol and fatty acid biosyntheses in rat

liver slices

The biosyntheses of sterol and fatty acid were assayed by

the method of Endo et al. (1977). Briefly, the rats were

sacrificed by decapitation, and then the liver was excised and

perfused with Krebs–Ringer bicarbonate buffer (118 mM

NaCl, 4.8 mM KCl, 1.3 mM CaCl2, 1.2 mM KH2PO4, 1.3

mM MgSO4, 10 mM NaHCO3, 10 mM HEPES, 5 mM

glucose, pH 7.4). Liver slices (100 mg) were incubated with

[14C]acetic acid (74 kBq/2 Amol/50 Al, Amersham, UK) in

Krebs–Ringer bicarbonate buffer at 37 jC for 2 h with

shaking (140 rpm). Saponification was performed by the ad-

dition of 15% KOH–ethanol solution (w/v) at 75 jC for 2 h.

The sterol and fatty acid fractions were extracted by the

method of Kuroda and Endo (1977). After drying under a

nitrogen gas stream, sterol fractions were dissolved in 1 ml

of acetic acid, and fatty acid fractions were dissolved in 1 ml

of chloroform–methanol (2:1, v/v). Aliquots of 0.5 ml from

these fractions were transferred into scintillation vials, and

mixed with 10 ml of scintillator (ACS II, NACS204,

Amersham). The incorporated radioactivity of sterol and

fatty acid was determined using a liquid scintillation counter

(2000 Tri-CARB Liquid Scintillation Analyzer, Packard,

USA). The biosynthetic activities of sterol and fatty acid

were estimated as the percentages relative to control values.

The 50% inhibition concentration (IC50) was calculated

from the inhibition rate (%) for each compound.

2.4. Measurement of HMG-CoA reductase activity

The rats were given a powder diet (CE-2, Clea Japan) for

2 weeks, and then HMG-CoA reductase activity was

induced by powder diets (CE-2, Clea Japan) containing

5% (w/w) cholestyramine resin for 3.5 days. After decapi-

tation, the livers were excised and perfused with physio-

logical saline. The HMG-CoA reductase enzyme solution

was prepared as microsomes (holoenzymes) by the method

of Vermilion and Schroepfer (1990). The enzyme was
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suspended in 50 mM Tris–HCl buffer (250 mM sucrose, 50

AM leupeptin, 1 mM EDTA, 1 mM dithiothreitol, pH 7.4)

and stored at � 80 jC until use. The protein contents of the

microsomes were determined with a Bio-Rad Protein Assay

Kit (Bio-Rad Laboratories, Tokyo, Japan).

The assay mixture contained 100 Ag of HMG-CoA

reductase protein, 0.2% (v/v) of polyoxyethylene ether W-

1, 50 mM phosphate buffer (pH 6.8) and alkaline phospha-

tase (10 U) to obtain maximum HMG-CoA reductase

enzyme activity (Brown et al., 1979). After the addition of

HMG-CoA as a substrate and NADPH, the reaction mixture

was incubated for 3 min at 37 jC with shaking at 50 rpm.

The enzyme activity was estimated as the decrease in

NADPH content (Darnay et al., 1992). After preincubation

with the enzyme solution for 3 min in the presence of test

compounds, their inhibitory activities were estimated.

The Michaelis constant (Km) and maximum reaction rate

(Vmax) were estimated from Lineweaver–Burk plots. In the

case of the noncompetitive inhibition, the inhibition con-

stant of enzyme-inhibitor complex (Ki) was estimated by the

method of Cornis-Boweden (1974).

2.5. Measurement of acetyl-CoA carboxylase activity

Acetyl-CoA carboxylase was induced according to the

method of Thampy and Wakil (1985). The rats were given

commercial chow (CE-2, Clea Japan) for 1 week. After

fasting for 48 h, they were given a low fat diet (Clea Japan)

for 3 days to induce acetyl-CoA carboxylase enzyme. After

decapitation, the livers were excised, and perfused with ice-

cold physiological saline.

The acetyl-CoA carboxylase solutions were prepared

from rat livers by the method of Winder and Hardie (1996).

The acetyl-CoA carboxylase-containing fractions were reco-

vered by avidin-Sepharose affinity chromatography (Prom-

ega SoftLink Soft Release, Fisher Scientific) by production

of [14C]malonyl-CoA from acetyl-CoA and [14C]NaHCO3

(NEN, USA). After salting out by addition of an equal

volume of saturated ammonium sulfate, the precipitate was

recovered and dialyzed against 100 mM Tris–HCl buffer

(0.5 M NaCl, 1 mM EDTA, 0.1 mM dithiothreitol, 5%

glycerol, pH 7.5) overnight. This acetyl-CoA carboxylase

enzyme solution was stored at � 80 jC until use.

The enzyme activity was assayed by the method of

Thampy and Wakil (1985) with some modifications. The

assay mixture contained 2.8 Ag of acetyl-CoA carboxylase

protein, 50 mM Tris–HCl buffer, pH 7.5, 1.5 mM MgSO4,

2 mM dithiothreitol, 0–0.1235 mM acetyl-CoA (Sigma), 4

mM ATP, 12.5 mM [14C]NaHCO3 (74 kBq), 0.75 mg/ml

fatty acid-free bovine serum albumin (Sigma), 10 mM

citrate and 10 mM Mg-acetate in a total volume of 200 Al.
After addition of acetyl-CoA carboxylase, the assay was

carried out at 37 jC for 3 min. The reaction was stopped by

the addition of 50 Al of 5 N HCl. After centrifugation

(1800� g, 5 min), 150 Al of supernatant was transferred into
a scintillation vial and evaporated at 80 jC. After dissolu-
tion in 400 Al of distilled water, 10 ml of scintillator (ACS

II, NACS204, Amersham) was added, and the radioactivity

was determined in a liquid scintillation counter (1500 Tri-

CARB Liquid Scintillation Analyzer, Packard).

Km, Vmax and Ki were estimated by the same method as

HMG-CoA reductase.

2.6. Estimation of S-2E and S-2E-CoA in plasma and rat

liver

S-2E at 10 mg/kg was given orally by gavage to the rats.

Blood was collected from the inferior vena cava under

diethylether anesthesia 0.5, 1, 2, 4, 8 and 24 h after S-2E

administration (each point: n = 5). After decapitation, the

livers were excised and perfused with cold physiological sa-

line. Plasma and livers were stored at � 80 jC until use.

Next, S-2E was extracted from the plasma (250 Al) by addit-
ion of 500 Al of acetonitrile and 250 Al of distilled water. S-

2E and S-2E-CoAwere extracted from the livers (250 mg) by

addition of 500 Al of acetonitrile–acetone (450:50, v/v) and
250 Al of distilled water. The supernatants were filtrated, and
S-2E and S-2E-CoA were measured by high-performance

liquid chromatography (Shimadzu LC-6B, Inertsil ODS-2

column) at 254 nm. ATBA (0.5 mM tetra-n-butylammonium

hydroxide, pH 7.0)/acetonitrile gradient (45–55%) was used

as the eluent solution. The area under the curve (AUC) was

calculated with Multistaff (version 5.61).

2.7. Estimation of VLDL-cholesterol and triglyceride

secretion rate

Rats were fasted throughout this experiment period,

although water was provided ad libitum. The rats were

divided into five groups (each group: n = 8) by body weight:

nontreated group, control (Triton WR-1339-treated) group

and S-2E-treated group (3, 10 and 30 mg/kg). Blood from

the nontreated group was collected from the inferior vena

cava under diethylether anesthesia. Immediately after oral

administration of S-2E to rats by gavage, Triton WR-1339 at

400 mg/kg was injected intravenously except in the non-

treated group. Four hours after the injection of Triton WR-

1339, blood was collected from the inferior vena cava under

diethylether anesthesia. Serum was obtained by centrifuga-

tion.

2.8. Evaluation of blood total cholesterol and triglyceride

levels in Zucker fatty rats

For Zucker fatty rats, there was a pretreatment period of 3

weeks. During treatment, to monitor the blood lipid levels,

150 Al of blood was collected from the caudal vein with a

capillary blood collection tube (Terumo, Japan) by venisec-

tion once a week under diethylether anesthesia, and diluted

with 300 Al of physiological saline to recover blood effec-

tively. Then the diluted plasma was obtained by centrifuga-

tion. Based on the diluted plasma total cholesterol values



Table 1

Inhibition of in vitro synthesis of sterols and fatty acids by S-2E and

pravastatin in rat liver slices

Content compound Concentration Synthetic activity (%)

(AM)
Sterols Fatty acids

Experiment 1 Control 100F 15.2 100F 27.8

S-2E 1 78.3F 6.3 61.4F 1.2

3 62.9F 11.8 67.0F 7.6

10 35.0F 3.4 13.8F 1.9

Experiment 2 Control 100F 2.0 100F 19.8

Pravastatin 0.01 70.1F12.3 89.9F 11.5

0.03 46.0F 10.3 91.4F 11.5

0.1 26.4F 6.2 80.2F 15.2

The synthetic activity of sterols and fatty acids in rat liver slices was

determined by incorporation of [14C]acetic acid. In each assay (each point:

n= 3), S-2E was used at a concentration range of 1–100 AM, and

pravastatin was at 0.01–100 AM. In experiment 1, the synthetic activities

on sterol and fatty acids in the absence of the compounds were

22,165F 3775 and 138,778F 38,512 dpm/100 mg liver, respectively. In

experiment 2, they were 10,751F 217, 21,997F 4365 dpm/100 mg liver,

respectively. Data are indicated as meansF S.D. of the percentage relative

to the values in the absence of the compound. In this table, S-2E is indicated

at a concentration of 1–10 AM, and pravastatin is at 0.01–0.03 AM.
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and triglyceride values during the pretreatment period, the

rats were divided into two groups (control group, S-2E 5

mg/kg group). S-2E was given orally by gavage to rats for 4

weeks and the dosing time was set at 16:00–17:00. To

evaluate the efficacy of S-2E, at 16 h after the final

administration, blood was collected from the inferior vena

cava vein under diethylether anesthesia with heparinized

syringes. Then plasma was obtained by centrifugation.

2.9. Fractionation of lipoproteins by the ultracentrifugation

Lipoprotein fractionation in the plasma was performed

by ultracentrifugation (optima TLX Ultracentrifuge, Beck-

man, USA) following the method of Hatch and Less (1968).

According to their method, solution 1 (density = 1.006 g/l)

was prepared with NaCl. Then, according to the specific

gravity of each, VLDL fractions were isolated at 20 jC as

described below. That is, 490 Al of solution 1 was layered

over the surface of 980 Al of plasma in a Quick seal 11� 25

mm ultracentrifuge tube (Beckman), using a TLA 120.2

rotor (Beckman). After ultracentrifugation (26,000� g, 30

min), the chylomicron fraction, which floated to the top of

the tube, was removed. Then, the 980-Al fraction solutions

were again overlaid with 490 Al of solution 1 and centri-

fuged for 3 h at 436,000� g. The 490-Al top fraction was

separated as the VLDL fraction (density < 1.006 g/l). The

cholesterol level in its lipoprotein fraction was measured by

the same method with an automatic analyzer (7170, Hitachi,

Japan), as described below.

2.10. Measurement of blood lipids

Total cholesterol, low-density lipoprotein (LDL)-choles-

terol, HDL-cholesterol and triglyceride in the serum and

plasma were measured by enzymatic methods [total choles-

terol: L-CHO S, Wako (Japan); LDL-cholesterol: cholestest

LDL-C, Fujirebio (Japan); HDL-cholesterol: cholestest

HDL-C, Fujirebio; triglyceride: L-TG H, Wako] with an

automatic analyzer (7170, Hitachi).

VLDL-cholesterol, VLDL-cholesterol secretion rate

(VCSR) and triglyceride secretion rate (TGSR) were calcu-

lated as follows:

VLDL-cholesterol = total cholesterol� (LDL-cholester-

ol +HDL-cholesterol)

VCSR=[(VLDL-cholesterol 4 h after the injection of

Triton WR-1339)� (mean VLDL-cholesterol in the

nontreated group)]/4 h

TGSR=[(triglyceride 4 h after the injection of Triton

WR-1339)� (mean triglyceride in the nontreated

group)]/4 h.

2.11. Statistical analysis

Data are basically expressed as the mean value (mean)

and standard deviation (S.D.). Statistical analysis was per-
formed with the Dunnett’s test (JMP, SAS Institute). Aster-

isks are used to denote a significant difference at the level of

p < 0.05. Results are expressed as follows: *p < 0.05,

**p< 0.01.
3. Results

3.1. Effects of S-2E on the synthesis of sterols and fatty

acids in rat liver slices

As reported previously, S-2E was selected due to its

capacity to inhibit the synthesis of sterols and fatty acids in

rat liver slices (Ohno et al., 1999). First, to confirm the

ability of S-2E to inhibit the synthesis of sterols and fatty

acids, rat liver slices (a part of the liver) were incubated for

2 h in the presence of various concentrations of S-2E (1, 3,

10, 30 and 100 AM) (each point: n = 3). The extracts from

the assay tube, which contained both the liver slices and

incubation medium, were analyzed for sterols and fatty

acids. S-2E inhibited the synthesis of both sterols and fatty

acids (Table 1). IC50 of S-2E on the synthesis of sterols and

fatty acids were 5.32 and 3.05 AM, respectively. Note that

the HMG-CoA reductase inhibitor pravastatin inhibited the

synthesis of sterols (IC50: 0.03 AM), but not that of fatty acid

in a concentration range of 0.01–100 AM (each point:

n = 3).

3.2. Inhibition of HMG-CoA reductase activity

To determine the mechanism by which S-2E inhibited

sterol synthesis, we first investigated the effects of S-2E on

the catalytic activity of enzymes including HMG-CoA



Fig. 2. Lineweaver–Burk plots for HMG-CoA reductase and acetyl-CoA

carboxylase inhibition by S-2E-CoA. As described below, data are

indicated as mean (each point: n= 3). For reasons of clarity, S.D. is not

given. Panel A: Inhibition of HMG-CoA reductase. Km and Vmax for HMG-

CoA reductase were 10.32 AM and 18.32 nmol/min/mg protein,

respectively. In the presence of S-2E-CoA at 0 (o), 4.721 (E), 9.44 (n)

and 47.21 AM (.), HMG-CoA reductase activity was determined. S-2E

showed noncompetitive inhibition of HMG-CoA reductase activity. Ki was

18.11 AM. Panel B: Inhibition of acetyl-CoA carboxylase. Km and Vmax

were 36.7 AM and 0.693 Amol/min/mg protein, respectively. In the presence

of S-2E-CoA at 0 (o), 50.3(E), 100.7 (n) and 201.3 AM (.), acetyl-CoA
carboxylase activity was determined. S-2E showed noncompetitive

inhibition of acetyl-CoA carboxylase activity. Ki was 69.2 AM.

Fig. 3. Time course of changes in the levels of S-2E and S-2E-CoA in rat

livers after oral administration at 10 mg/kg. S-2E at 10 mg/kg was given

orally by gavage to Sprague–Dawley rats. Livers were sampled at 0.5, 1, 2,

4, 8 and 24 h (each point: n= 5). S-2E (o) and S-2E-CoA (., the major

metabolite) in the rat liver were measured. Data are expressed as means.
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reductase, which is the rate-limiting enzyme in sterol

synthesis. In this experiment, we used the membrane-

bound enzyme of HMG-CoA reductase as the enzyme,

because S-2E may bind to the catalytic domain, regulatory

domain or both. S-2E, however, showed no inhibitory

effect even at 100 AM (data not shown), suggesting that

the active metabolite(s) of S-2E may have an inhibitory

effect on sterol synthesis. A series of metabolites of S-2E

identified in the liver homogenates from rats that received

S-2E administration were tested for their inhibitory effects

on the enzymatic activity of HMG-CoA reductase. S-2E-

CoA (Fig. 1) was finally found to have an inhibitory effect

on HMG-CoA reductase. As shown in Fig. 2, panel A, S-

2E-CoA showed noncompetitive inhibition of HMG-CoA

reductase; Ki value of HMG-CoA reductase by S-2E-CoA

was 18.11 AM. Note that pravastatin showed competitive

inhibition of HMG-CoA reductase activity (Ki = 21.05

nM).
3.3. Inhibition of acetyl-CoA carboxylase activity

We next examined the effects of S-2E on fatty acid

synthesis, using the prepared enzymes. Similar to the case

of sterol synthesis, S-2E itself had no inhibitory effect on the

catalytic activities of enzymes involved in fatty acid syn-

thesis (data not shown). However, as shown in Fig. 2, panel

B, S-2E-CoA noncompetitively inhibited the rate-limiting

activity of acetyl-CoA carboxylase (Ki = 69.2 AM).

3.4. Detection of S-2E and its metabolite, S-2E-CoA, in the

rat

The results described above indicated that S-2E-CoA

may be the active metabolite of S-2E in terms of suppres-

sion of sterol and fatty acid synthesis. To determine whether

S-2E-CoA is generated in vivo, we performed a pharmaco-

kinetic study in rats. Fig. 3 shows the changes in concen-

tration of S-2E in the plasma and S-2E-CoA in the liver.

When S-2E was given orally at 10 mg/kg, their concen-

trations reached maximum levels after 4 h. The concen-

tration of S-2E-CoA was approximately eightfold higher

than that of S-2E (Cmax: S-2E 11.5 Ag/g liver vs. S-2E-CoA

89.2 Ag/g liver, Table 2).

3.5. Effect of S-2E on VLDL particle secretion rate

To clarify whether S-2E inhibited the production and

secretion of VLDL particles, Triton WR-1339 was injected

intravenously. As shown in the study by Goldfarb (1978),

the accumulation of VLDL particles was at least linear

following injection of Triton WR-1339 up to a 4-h period.

Four hours later, the VLDL-cholesterol and triglyceride le-

vels were significantly increased to 135F 11 and 1609F154

mg/dl, compared with 29F 5 and 152F 84 mg/dl in the

nontreated group, respectively. VCSR was significantly

reduced at doses of 3 and 10 mg/kg ( p < 0.05, p < 0.01)

(Fig. 4). TGSR was also significantly reduced at doses of

Pharmacology 471 (2003) 69–76 73



Fig. 5. The anti-hyperlipidemic effects of S-2E on the total cholesterol,

triglyceride and VLDL-cholesterol levels in Zucker fatty rats. After

monitoring the total cholesterol and triglyceride levels for pretreatment

Table 2

Pharmacokinetic parameters of S-2E and S-2E-CoA in rats

Content AUC0– 24 h

(Ag�Eq�h/ml)

Cmax

(Ag/ml)

Tmax

(h)

S-2E (plasma) 9.0 1.4 2

S-2E (liver) 136.0 11.5 4

S-2E-CoA (liver) 1493.5 89.2 4

S-2E at 10 mg/kg was given orally to Sprague–Dawley rats (n= 5). S-2E

and S-2E-CoAwere measured at 0.5, 1, 2, 4, 8 and 24 h in plasma and liver.

AUC0– 24 h (area under the curve), Cmax (maximum concentration) and Tmax

(time of maximum concentration) are indicated.
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10 and 30 mg/kg ( p < 0.01). These results showed that S-

2E inhibited the production and secretion of VLDL par-

ticles.

3.6. Effects of S-2E on the blood total cholesterol and

triglyceride levels in Zucker fatty rat

To clarify the hypolipidemic actions of S-2E by inhib-

ition of VLDL particle production, we further investigated

whether S-2E improved the blood lipid profiles in Zucker

fatty rats, which exhibit the hyperlipidemia by the over-

production of VLDL particles (Bray, 1977). Here, we used 5

mg/kg as dose of S-2E, because in a preliminary results

using Zucker fatty rats, S-2E at 5 mg/kg suppressed the

blood levels of total cholesterol and triglyceride after a week

(data not shown). Here, during the experiment, the food

consumption of the control and S-2E-treated groups for 4

weeks was similar (data not shown). In the caudal vein of

control group, total cholesterol and triglyceride levels in the
Fig. 4. Effects of S-2E on the VLDL-cholesterol and triglyceride secretion

rates. Rats were divided into five groups [non-treated group, control (Triton

WR-1339-treated) group, S-2E 3 mg/kg group, S-2E 10 mg/kg group and

S-2E 30 mg/kg group] (n= 8). Immediately after oral administration of S-

2E, Triton WR-1339 was injected intravenously at 400 mg/kg. Four hours

after Triton WR-1339 injection, blood was collected. Total cholesterol,

LDL-cholesterol, HDL-cholesterol and triglyceride in the obtained serum

were measured. VLDL-cholesterol and triglyceride secretion rates were

calculated (VCSR: open column; TGSR: stripped column). Data are

expressed as meansF S.D. Significance of differences was determined by

Dunnett’s test relative to the control group. Results are expressed as

follows: *p< 0.05, **p< 0.01.

period, the rats were divided into two groups: control (n= 9) group and S-2E

5 mg/kg group (n= 10). S-2E was orally given to the rats for 4 weeks. Blood

was collected 16 h after the final administration. To evaluate the efficacy of

S-2E, total cholesterol and triglyceride in the obtained plasma were

measured. Furthermore, cholesterol levels in VLDL fractions were measured

after fractionation by ultracentrifugation. Panel A: Total cholesterol (open

column); panel B: triglyceride (stripped column); panel C: VLDL-

cholesterol (hatched column). Data are expressed as meansF S.D.

Significance of differences was determined by Dunnett’s test relative to

the control group. Results are expressed as follows: *p< 0.05, **p< 0.01.
diluted plasma were maintained from the start of adminis-

tration to 4 weeks (total cholesterol: 99.3–120.5 mg/dl,

triglyceride: 544.0–599.7 mg/dl as mean, respectively).

After 4 weeks, the values in the plasma were 165.4F 65.6

and 911.2F 434.9 mg/dl, respectively. In the S-2E-treated

group after 4 weeks, S-2E significantly lowered the total

cholesterol and triglyceride levels against the control group

(Fig. 5, panels A and B). Furthermore, S-2E significantly

lowered VLDL-cholesterol levels (Fig. 5, panel C). In

addition to the results above, these results suggested that

S-2E may inhibit the production of VLDL particles.
4. Discussion

In the present study, we first confirmed a previous

observation that S-2E inhibited the biosynthesis of sterols
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and fatty acids in rat liver slices (Watanabe et al., 1994;

Ohno et al., 1999). The sterols and fatty acids are synthe-

sized by independent pathways (Gruffat et al., 1996), raising

questions about the mechanism by which S-2E inhibits the

synthesis of these two factors simultaneously. As for sterol

synthesis, a number of compounds have been reported to

inhibit it by inhibition of the enzymatic activity of HMG-

CoA reductase in a substrate-competitive manner (Ucar et

al., 2000). We found in preliminary experiments that S-2E

itself at a concentration of up to 100 AM did not inhibit the

activity of this enzyme or of other enzymes involved in

sterol synthesis (data not shown). It is reasonable, therefore,

to assume that S-2E may be converted to active metabo-

lite(s) during incubation with liver slices. In fact, S-2E-CoA

was identified as the major metabolite in liver homogenates

from rats that had been administered S-2E, and this metab-

olite inhibited the enzymatic activity of HMG-CoA reduc-

tase in a noncompetitive manner. Interestingly, S-2E-CoA

also inhibited the enzymatic activity of acetyl-CoA carbox-

ylase, which is the rate-limiting enzyme in fatty acid syn-

thesis, in a noncompetitive manner. These results showed

that S-2E-CoA generated in hepatocytes inhibited the rate-

limiting enzymes of both sterol and fatty acid synthesis.

HMG-CoA reductase is a transmembrane protein with

seven membrane-spanning helices that anchor the amino-

terminal portion in the membrane (Vermilion and Schroep-

fer, 1990). Its catalytic domain (53 kDa) lies in the hydro-

philic domain located in the cytosol, and the inhibitors

mentioned above were shown to bind to its catalytic site

(Moghadasian, 1999). However, little is known about the

mechanism by which noncompetitive inhibitors such as S-

2E-CoA regulate the enzymatic activity of HMG-CoA

reductase. Similar to our observations, Lippe et al. (1985)

reported that CoA esters noncompetitively inhibit this

enzyme. Recent analysis of crystallized HMG-CoA reduc-

tase by Istvan et al. (2000) showed that the ADP moiety of

CoA binds to a positively charged pocket near the enzyme

surface. CoA derivatives including S-2E-CoA may modu-

late the enzyme activity of HMG-CoA reductase by inter-

acting with this pocket. On the other hand, acetyl-CoA

carboxylase activity has been reported to be inhibited in a

noncompetitive manner by final products of fatty acid

biosynthesis (Faergeman and Knudsen, 1997). For instance,

in the presence of citrate, acetyl-CoA carboxylase monomer

is activated and change to the active form, that is, acetyl-

CoA carboxylase polymer. This polymer is dissociated by

long chain acyl-CoA to acetyl-CoA carboxylase protomer,

resulting in a decrease in acetyl-CoA carboxylase activity

(Winder and Hardie, 1996). Although we did not determine

whether S-2E-CoA causes dissociation of the acetyl-CoA

carboxylase polymer, it is reasonable to assume that S-2E-

CoA inhibits acetyl-CoA carboxylase activity partly by such

a feedback mechanism.

The Ki values of S-2E-CoA for HMG-CoA reductase and

acetyl-CoA carboxylase were 18.11 and 69.2 AM, respec-

tively. These values were too low to explain the inhibitory
effects of S-2E at the AM order on sterol and fatty acid

synthesis in liver slices. However, a pharmacokinetic study

using rats showed that the S-2E-CoA concentration in liver

was much higher than that of S-2E in plasma. This finding

suggested that S-2E taken up into the liver may be easily

converted to S-2E-CoA, and that this active metabolite

accumulates in the hepatocytes to a greater extent than in

the extracellular fluid. When 10 mg/kg of S-2E was given

orally, the concentration of S-2E-CoA in the liver reached

78.7 AM after 4 h (Tmax). Taken together with the above

results, it is reasonable to predict that this dose of S-2E may

suppress blood total cholesterol and triglyceride by inhibit-

ing the biosynthesis of sterol and fatty acids.

Alternatively, it is thought the possibility that S-2E may

express anti-hyperlipidemic effect by modulating the activ-

ities of MTP or peroxisome proliferator-activated receptor

(PPAR) a. Their modulation influences hepatic triglyceride

levels (Wetterau et al., 1998; Shiomi and Ito, 2001; Roglans

et al., 2002). However, S-2E treatment did not change

hepatic triglyceride levels (data not shown). This suggests

that S-2E may not influence the activities of MTP and

PPARa. Further studies are required to clear whether S-2E

may modulate the activities of MTP or PPARa.

Indeed, S-2E at doses of 3–30 mg/kg significantly sup-

pressed the blood levels of VLDL-cholesterol and triglycer-

ide in rats injected with Triton WR-1339. Triton WR-1339

is known to inhibit the degradation of VLDL particles by

blocking lipoprotein lipase (Otway and Robinson, 1967),

causing the accumulation of blood VLDL particles formed

in the liver. S-2E may interfere with the process of VLDL

particle secretion in a similar manner to bezafibrate (Kusaka

et al., 1988). However, this is unlikely because no increase

in the triglyceride pool was seen in the liver of S-2E-treated

rats (data not shown). Alternatively, since the formation of

mature VLDL particles requires the supply of cholesterol

and triglyceride (Olofsson et al., 1999), S-2E suppression of

VLDL particle secretion may be explained by the inhibition

of sterol and fatty acid synthesis. In contrast to S-2E,

however, it has been reported that pravastatin did not

suppress VLDL-cholesterol secretion in Triton WR-1339-

injected rats (Fujioka et al., 1995). This can be explained by

the findings that a decrease in the cholesterol pool by

pravastatin results in the induction of HMG-CoA reductase

transcription (Goldstein and Brown, 1984). To clarify the

differences in terms of the HMG-CoA reductase-inducible

effect between competitive and noncompetitive inhibitors of

HMG-CoA reductase, further studies are required to deter-

mine whether S-2E treatment induces enzyme activity.

S-2E lowered the blood levels of total cholesterol,

triglyceride and VLDL-cholesterol in Zucker fatty rats,

which exhibit hyperlipidemia by the overproduction of

VLDL particles (Bray, 1977). This finding implies that S-

2E expresses the anti-hyperlipidemic effects in in vivo

study. Furthermore, S-2E suppression of VLDL-cholesterol

in Zucker fatty rats suggests that S-2E may suppress the

overproduction of VLDL particles. In addition to the finding
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described above, it is reasonable, therefore, to assume that

S-2E may inhibit the production of VLDL particles, but not

impair the secretion of them.

In conclusion, S-2E may be effectively converted to the

active metabolite S-2E-CoA in the liver. S-2E-CoA may

suppress the production and secretion of VLDL particles by

inhibiting the synthesis of sterols and fatty acids. These

abilities may allow S-2E to become a useful agent for the

treatment of patients with familial hyperlipidemia and

mixed hyperlipidemia.
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