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ABSTRACT Antioxidants have been proposed to have an-
tiatherogenic potential by their inhibition of low density lipopro-
tein (LDL) oxidation. Here, we report an antioxidant, BO-653
(2,3-dihydro-5-hydroxy-2,2-dipentyl-4,6-di-fert-butylbenzofu-
ran), designed to exhibit antioxidative potency comparable to
that of a-tocopherol, but yet possess a high degree of lipophilicity
comparable to that of probucol. BO-653 exhibits a high affinity
for LDL and is well distributed in aortic vessels in vivo. In
atherosclerosis models of rabbits and mice, BO-653 has been
shown to be able to suppress the formation of atherosclerotic
lesions without untoward side effects. Specifically, there was no
reduction of high density lipoprotein levels. This antioxidant
provides additional evidence in support of the oxidized-LDL
hypothesis, and itself is a promising candidate antioxidant for
clinical use.

Oxidative stress, specifically the oxidation of low density lipopro-
tein (LDL), has long been suspected of having a critical role in the
development of atherosclerosis, in consequence of which anti-
oxidants have been expected to have potential as antiatherogenic
agents. Such agents would be able, in theory, to inhibit the
oxidative modification of LDL that leads to the accumulation of
cholesterol in atherosclerotic lesions (1-4). Unfortunately for
those actively working with these potential therapeutics, clinical
trials of antioxidants have given rise to a controversy regarding
their real clinical benefit (5-7). One well known antioxidant,
probucol, simultaneously has the untoward effect of lowering
levels of high density lipoprotein (HDL) (8). This was a contrary
effect because high HDL levels have been shown to bear an
inverse correlation with risks for atherosclerosis (9). Concerning
vitamin E, the most active species of the vitamin, a-tocopherol,
has a 10- or a 100-fold higher reactivity than probucol (10). The
antiatherogenic effect has been reported in various models,
though its effect is modest (11, 12), whereas others have reported
no effect of vitamin E high intake on spontaneous development
of atherosclerosis (13). Although Rimm et al. (14) reported that
high intake of vitamin E reduces the risk of coronary heart
disease, two large-scale trials failed to demonstrate the effect of
a-tocopherol on cardiovascular disease or cerebrovascular mor-
tality (15, 16). One characteristic of a-tocopherol is that it is not
able to exert its antioxidative effects in the core of LDL where
probucol is active, and thus, despite its apparently greater po-
tency, it has not shown more than a modest antiatherogenic
benefit.

In recognition of the situation described above, we set out to
design a compound that would be active against oxidation of LDL
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in the arterial wall in situ but would not lower HDL levels. For this
purpose we implemented a screening strategy that led to a
promising antioxidant compound, BO-653. This compound is
able to significantly suppress the formation of atherosclerotic
lesions in several animal models without any reduction of HDL.
These results add evidence in support of the oxidized-LDL
hypothesis and suggest that this compound is a promising anti-
oxidant for clinical use.

Drug Design. The design of this antiatherogenic antioxidant
was targeted to overcome certain weak points of the available
antioxidants. We wanted a unique combination of characteristics:
(¢) high reactivity against lipoprotein oxidation and (i7) localiza-
tion inside the hydrophobic core of the LDL particle. The high
reactivity is rationally designed by lowering the dissociation
energy of the phenolic O—H bond, that is, the oxygen atom
located para to the phenolic hydroxyl group can stabilize the
phenoxyl radical potently when it belongs to a 5-membered ring,
as described by Ingold et al. (17). Thus, we designed a hydroxy-
benzofuran structure to achieve the former characteristics. Pro-
bucol is well known for the latter characteristic (18), and is distinct
in this regard from an antioxidant such as a-tocopherol, which is
able to interact only with the surface lipids of LDL (19). In
addition, we sought a compound that would: (iii) show no side
effects, such as HDL reduction (8, 20), and (iv) show efficient
absorption and delivery to the arterial wall, a crucial site for LDL
oxidation.

Screening Strategy. From a library of 600 newly synthesized
antioxidants, according to the criteria mentioned above, we
screened for (i) the inhibition of macrophage degradation of
oxidized LDL after incubation with metal ions in the presence of
various compounds, (i) variant effect of oxidative initiators in
systems of LDL oxidation, (iif) reactivity with peroxyl radicals
after selecting for the first two criteria, and (iv) absorption and
distribution properties after oral administration in Watanabe
heritable hyperlipidemic (WHHL) rabbits.

METHODS

Experimental Animals. Male WHHL rabbits, 2-3 months old,
were purchased from Kitayama Labes (Ina, Japan). Female
C57BL/6J mice, 5 weeks old, were purchased from Clea Japan
(Tokyo, Japan). Male and female LDL-receptor knockout mice,
6 weeks old, and JW rabbits, 3 months old, were obtained from
CSK Research Park (Tokyo, Japan). Female ICR mice were
purchased from Charles River Japan (Atsugi, Japan) for perito-
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neal macrophage preparations. Peritoneal macrophages were
prepared according to the method of Adams (21) by using
Brewer’s thioglycolate medium (Difco). Rabbits and mice were
housed in animal rooms for at least 1 week before the experi-
ments, with free access to food and water. The animals were
treated in accordance with Chugai Pharmaceutical’s ethical
guidelines for animal care, handling, and termination. These
guidelines meet the generally accepted international criteria of
humane treatment, sparing the animals needless pain and suf-
fering and ensuring that the experiments conducted are of actual
scientific benefit to humankind.

Chemiluminescence Assay. Linoleic acid peroxyl radicals were
generated by autoxidation and detected by chemiluminescence
using a Cypridina luciferin analog [2-methyl-6-(p-methoxyphe-
nyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3-one (MCLA)] (22). A
solution of 1 mM linoleic acid in 1-butanol containing 10 uM
MCLA was incubated for 10 min at 37°C under air. The chemi-
luminescence was induced by the fast reaction of MCLA with
singlet oxygen generated by linoleic acid peroxyl radicals. The
quenching of the chemiluminescence was evaluated as the change
in chemiluminescence intensity after addition of the compound.

Oxidation of LDL. LDL (density 1.019-1.063 g/ml) was iso-
lated by sequential ultracentrifugation from rabbit plasma (23).
LDL (200 pg/ml) and the test compound were incubated at 37°C
for 24 hr with 10 uM CuSOy or 40 pg/ml soybean lipoxygenase.
Lipid peroxides were determined as thiobarbituric acid-reactive
substances (TBARS) (22). For the degradation assays, LDL was
labeled with Na'?I by using the iodine monochloride procedure
(24). 'I-LDL was incubated at 37°C for 24 hr with 10 pM
CuSOy, and the degradation was carried out by incubating mouse
peritoneal macrophages in RPMI 1640 medium containing 10
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png/ml LDL at 37°C for 5 hr, following which the trichloroacetic
acid-soluble non-iodide radioactivity was determined.

Diets and Administration of Compounds. The high-fat diet
(1.25% cholesterol) was prepared according to Nishina et al (25).
The diets used in this paper were made by Clea Japan, and the
indicated concentration of compound in the diet was confirmed
by HPLC as described below. C57BL/6J mice were maintained
for 28 weeks on a high-fat diet containing 0.5% of the test
compound or cellulose; LDL-receptor knockout mice were main-
tained for 13 weeks or 21 weeks on the diet. WHHL rabbits were
maintained for 6 months on a normal diet (CR3) without added
antioxidants or with 1% probucol or 0.2% or 0.5% BO-653.

Measurement of Lipoprotein Profile and Concentration of the
Compound. Plasma lipoprotein profiles were evaluated as cho-
lesterol concentrations of fractions by gel-permeation chroma-
tography (GPC). Ten microliters of blood was obtained from a
dorsal metatarsal vein and was quickly diluted into saline. Then
the diluted plasma sample was obtained by centrifugation and
analyzed by GPC for lipoprotein profile and by auto-analyzer
(COBAS FARAII, Hoffmann-La Roche) for lipid composition.
The concentrations in diets, plasma, and tissues were determined
by reverse-phase HPLC of the methanol-soluble fraction of diet,
plasma, and tissue homogenate samples.

Evaluation of Atherosclerotic Lesions and Xanthoma Score.
The atherosclerotic lesion area of WHHL rabbits was evaluated
as the area of fatty region on aortic inner surfaces. Frozen cross
sections of aortic valves or aortic arches were stained with Sudan
IV and counterstained with hematoxylin. The atherosclerotic
lesions were evaluated as the mean area of Sudan I'V-positive
regions in the aortic valve cross sections (26) or aortic cross
sections (four sections of 6-mm thickness at 1-mm intervals). All
areas were determined by SigmaScan Pro software (Jandel
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Properties of the antioxidant BO-653. (a) Structure of BO-653, 2,3-dihydro-5-hydroxy-2,2-dipentyl-4,6-di-tert-butylbenzofuran, and the

structures of the antioxidants probucol and a-tocopherol. (b) Inhibition of BO-653 on chemiluminescence induced by linoleic acid peroxyl radicals.
Linoleic acid peroxyl radicals were generated by autoxidation and detected by chemiluminescence using MCLA. (c) Inhibition of BO-653 on rabbit
LDL oxidation. LDL and the test compound were incubated at 37°C for 24 hr with CuSO4 or soybean lipoxygenase (LO) and the lipid peroxides
were determined as TBARS. (d) Inhibition by BO-653 of 12°I-LDL degradation induced by oxidation. 125I-LDL was incubated at 37°C for 24 hr
with CuSOj4 and the degradation was carried out by incubation with mouse peritoneal macrophages. All results are shown as mean = SD of triplicate

(b and c) or duplicate (d) samples. *, P < 0.05; **, P < 0.01.
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Table 1. Plasma cholesterol, VLDL + LDL, and HDL levels and LDL oxidizability in WHHL rabbits
WHHL rabbits

BO-653

Probucol Normal
Measurement Control 1% 0.5% 0.2% rabbits
Plasma cholesterol, mg/dl
Total
Start 951 £ 59 984 + 91 972 + 94 970 = 92 —
Six months 751 = 61 640 + 88 679 = 84 793 + 52 49 + 5%
VLDL + LDL cholesterol 723 + 67 630 = 78 608 = 70 747 = 47 11 = 0*
HDL cholesterol 8.6 = 0.6 5.6 +0.3 85+1.2 10.4 = 04 38 + 6*
TBARS content in LDL, nmol/mg protein
Unincubated 1.5+03 1.2+0.2 1.0 0.3 1.4+0.2 —
Incubated with Cu2* 833+ 6.2 35+0.3* 2.4 + 0.4* 34 +0.1% —
Incubated with lipoxygenase 379 £23 5.5 *0.5% 2.0 = 0.4* 10.5 = 5.3* —

The lipoprotein concentrations were evaluated as cholesterol concentrations of respective fractions by gel-permeation chromatography. LDL
samples were prepared individually from the plasma samples and the oxidizability was evaluated as the TBARS content generated by incubating
for 24 hr with Cu?" or lipoxygenase. All results are shown as mean = SE, N = 4 or 5.

*P < 0.01 compared with control.
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aortic valve, or aortic arch. Xanthomas, observed mainly in group was analyzed by Dunnett’s method of ANOVA.
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FiG. 2. Inhibitory effect of BO-653 on the atherosclerosis of WHHL rabbits. Male rabbits were maintained for 6 months on a diet containing
the indicated concentration of the compound. (a) Representative photographs of aortic inner surfaces of WHHL rabbits. The aorta of a wild-type
JW rabbit is presented as normal aortic inner surface. (b and c) Effect of BO-653 on intimal surface area with atherosclerotic lesions of aortic arch
(b) and whole aorta (c). (d) Tissue concentrations of the compounds in WHHL rabbits treated for 6 months. All results are shown as mean = SE.
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F1G. 3. Inhibitory effect of BO-653 on the atherosclerosis of high-fat-fed mice. Female mice were maintained on a high-fat diet containing 0.5%
of the compound for 28 weeks. (¢ and b) Serial changes of VLDL + LDL concentration (¢) and HDL concentration (b). The lipoprotein
concentrations were evaluated as cholesterol concentrations of respective fractions by gel-permeation chromatography. (c) Representative cross
sections of aortic valvesin hearts of high-fat-fed mice. Atherosclerotic lesions are shown by arrows. (X100.) (d) Effect of BO-653 on atherosclerotic
lesions in high-fat-fed mice. All results are shown as mean * SE, n = 5 (normal diet group) or 10 or 11. *, P < 0.05; =, P < 0.01.

benzofuran structure with potent activity as a hydrogen donor; (i)
a difert-butyl structure surrounding an antioxidant functional
site, thus able to exert effects on oxidation even in the hydro-
phobic core; and (iii) side chains able to modulate mobility and
hydrophobicity, enhancing absorption and distribution, and al-
lowing the exclusion of stereoisomers.

As theoretically expected (17), this benzofuran structure
showed the most potent activity as a hydrogen donor. It was
demonstrated by testing BO-653 against the autoxidation of
linoleic acid, and Fig. 1b shows the effect on MCLA-dependent
chemiluminescence during such autoxidation. The chemilumi-
nescence is generated by the peroxyl radicals produced by lipid
peroxidation, and was suppressed by BO-653 in a dose-dependent
manner similar to that of a-tocopherol. Details of the kinetic
results and theoretical analysis have been presented by Noguchi
et al. (27).

Activity in the lipid core was demonstrated by inhibition of lipid
peroxide generation in rabbit LDL oxidized by Cu?* or lipoxy-
genase, in which assay BO-653 was found to be more potent than
either probucol or a-tocopherol, especially against lipoxygenase

oxidation (Fig. 1c). BO-653 also inhibited degradation of LDL by
macrophages 3-fold more potently than did probucol (Fig. 1d).
Taken together, these results indicate that BO-653 potently
inhibits LDL oxidation.

Antiatherogenic Effect. Antiatherogenic potency was exam-
ined in three different animal models. First, we tested ina WHHL
rabbit model of atherosclerosis (28) that is reportedly suppressed
by probucol (29). Following the established protocol, we main-
tained the rabbits on a diet that contained probucol (1%) or
BO-653 (0.2% or 0.5%). As shown in Table 1, WHHL rabbits
showed high plasma very low density lipoprotein (VLDL) and
LDL level but a reduced HDL level compared with wild-type JW
rabbits. Plasma cholesterol level declined slightly throughout the
experiment, and that in the probucol group tended to be lower in
the first half of the experimental period than that in the other
groups. After 6 months, no decrease of HDL cholesterol level was
observed in the BO-653-treated group whereas it decreased in the
probucol-treated group. LDL was prepared individually at the
end of the experiment, and LDL oxidizability was examined by
incubating LDL with Cu?* or lipoxygenase. The administration
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F1G. 4. Inhibitory effect of BO-653 on the atherosclerosis of LDL-receptor knockout
mice. Male and female mice, 6 weeks old, were maintained on a high-fat diet containing
0.5% of the compound for 13 weeks (a, b, d—f) or 21 weeks (c). (a) Representative cross
sections of aortic arches of male LDL-receptor knockout mice fed a high-fat diet.
Atherosclerotic lesions are indicated by arrows. (X132.) (b) Effect of BO-653 on
atherosclerotic lesions in LDL-receptor knockout mice. (¢) Hind leg xanthoma of female
LDL-receptor knockout mice. (d) Effect of BO-653 on xanthoma. Xanthoma score was
evaluated by scoring appearances observed mainly in forelimbs. (e and f) Effect of BO-653
on serum a-tocopherol (¢) and TBARS (f) concentrations in LDL-receptor knockout
mice. All results are shown as mean = SE, n = 5 (female normal diet group) or 7-10. *,
P < 0.05; ==, P < 0.01.
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of either antioxidant compound suppressed TBARS generation
in either system (Table 1). An evaluation of atherosclerotic
lesions on the inner surface of the aorta revealed the control
rabbit aorta to be covered with opaque, white lipid plaques (Fig.
2a), with the most advanced lesions appearing in the aortic arch.
Both compounds reduced these lesions by approximately 30%
(Fig. 2b). In terms of the percentage of lesions over the total area,
BO-653 exhibited the same inhibitory effect as probucol at half
the dose (Fig. 2c). Plasma and organ concentrations of the
compounds were consistent with the high affinity of BO-653 for
LDL (Fig. 2d). The BO-653 levels were twice those of probucol
and were characteristically distributed in exactly these aortic
vessels.

C57BL/6J mice are well established as developing atheroscle-
rotic lesions when maintained on a high-fat diet (30). The effects
of BO-653 and probucol were compared in this model. Both
decreased VLDL/LDL levels (Fig. 3a). In the BO-653 group
there was a gradual increase of HDL to a final level of +40% over
a period of 2 months, whereas in the probucol group HDL there
was a decrease of 60% that started in the first week (Fig. 3b). At
7 months both the control and probucol groups had developed
distinct atherosclerotic lesions on their aortic valves (Fig. 3¢ for
representative cross sections), whereas the lesions in the BO-653
group were comparable to those in the normal diet group. Fig. 3d
highlights the contrasting effects of probucol and BO-653.

A further examination of atherosclerosis in an LDL-receptor
knockout mouse model fed a high-fat diet was carried out (31).
The serial lipoprotein changes were similar to those described in
the C57BL/6J model and reached quantitative significance in this
model (data not shown). Again, pronounced lesions were visible
only in the control and probucol groups, whereas in the BO-653
group they were noticeably less severe and in the normal diet
group there were none (Fig. 4a; total lesion area Fig. 4b).
Xanthomas were found throughout the body in the control group
and especially in the probucol group, most evident in the leg
joints. The probucol group exhibited grossly swollen hind legs
(Fig. 4c). BO-653 lowered the xanthoma score, but the converse
was true for probucol (Fig. 4d).

DISCUSSION

The theoretical design of a novel antioxidant was aimed at
achieving a combination structure that might overcome the
respective drawbacks of probucol and of a-tocopherol. The
optimal compound chosen from a newly synthesized library based
on these characteristics, BO-653, further exhibited good absorp-
tion and distribution into the target aortic vessels, the latter
characteristic being highly desirable in antiatherosclerotic agents.
Furthermore, this lipophilic antioxidant had no apparent toxic
effects as measured by serum biochemical values and autopsy
studies in three different animal models (data not shown),
whereas most potent antioxidants have shown some toxicity or
mutagenicity. This safety may be a property of highly lipophilic
antioxidants such as a-tocopherol.

Whereas probucol inhibited lesion formation in WHHL rab-
bits, it actually increased lesion severity in the mouse models, in
agreement with the findings of Zhang et al. (32) in the apoli-
poprotein-E-knockout mice. The reason may well be that mice
are less sensitive to exogenous antioxidants than are rabbits. In
both WHHL rabbits and LDL-receptor knockout mice, the
plasma concentrations of BO-653 were higher than those of
probucol, and they were 5-fold or more higher than those of
endogenous a-tocopherol. Although the kinetic constant for
reaction of probucol with peroxyl radicals is much lower than that
of either a-tocopherol (10) or BO-653 (27), it had less of a
lowering effect on endogenous a-tocopherol levels than did
BO-653 in mice (Fig. 4e). Thus, probucol administration para-
doxically leads to increased levels of lipid peroxides in serum (Fig.
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4f). BO-653, however, brings about a decrease in serum lipid
peroxides in line with its antioxidative potency. Although pro-
bucol has been linked to its observable diminution of HDL and
a-tocopherol levels (8, 33), the in vivo animal model results clearly
indicate that BO-653 reduces such diminution effect and is an
agent with potential clinical utility.

In summary, we have shown that a powerful lipophilic antiox-
idant that suppresses LDL oxidation without affecting HDL
levels in the case of WHHL rabbits has potential as an anti-
atherogenic agent. In the mouse models there was actually an
increase in HDL and an attenuation of VLDL/LDL, which may
have contributed to the observed antiatherogenic effects. An
interesting question to be explored is whether the effects of
BO-653 on lipoprotein levels are linked in any way to its antiox-
idant activity. Further studies will be needed to determine
whether BO-653 has therapeutic utility.
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