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Abstract

The oxidation of low-density lipoprotein (LDL) is an important event in the development of atherosclerosis. In the present study, the

antioxidant properties of two novel 2-biphenylmorpholine compounds (EP2306 and EP2302) were studied. Both compounds inhibited dose-

dependently the in vitro oxidation of LDL induced by copper ions. EP2306 and EP2302 increased significantly the lag phase of the oxidation

reaction at 0.1 and 10 AM, respectively, whereas they reduced the rate of the reaction at 1 and 10 AM, respectively. This inhibitory effect was

not due to a free radical scavenging or copper-chelating activity of EP2300 compounds. Moreover, EP2306 and EP2302 inhibited 12-

lipoxygenase activity dose-dependently with IC50 values of 454 and 318 AM, respectively, but had no effect on 15-lipoxygenase activity. In

hyperlipidaemic rabbits treated with EP2306 for 4 weeks, there was a decrease in thiobarbituric acid-reactive substance (TBARS) levels and a

significant increase in total peroxyl radical-trapping potential (TRAP) levels as compared to control animals. The present data suggest that

EP2300 compounds are effective inhibitors of copper-mediated LDL oxidation in vitro. Moreover, EP2306 acts as an antioxidant in

hyperlipidaemic rabbits, a property which could be beneficial in reducing atherosclerosis.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In early atherosclerotic lesions, monocyte-derived mac-

rophages accumulate cholesterol forming bfoam cellsQ in the

subendothelial space. As atherosclerosis progresses, most of

these cells die, generating fatty streaks that develop into

plaques (Esterbauer et al., 1993). The cholesterol that

accumulates in the fatty streaks originates primarily from

elevated levels of plasma LDL. Several theories have been

proposed to explain the initiating factors involved in the

fatty streak lesion. The oxidation hypothesis of atheroscle-

rosis suggests that the initiating event in the development of

atherosclerosis is an oxidative modification of LDL that

significantly increases its uptake into the arterial intima
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(Steinberg et al., 1989). Oxidative modification of LDL

starts in the polyunsaturated fatty acids in surface phospho-

lipids and then propagates to core lipids, resulting in

oxidative modification of the cholesterol moiety and of

phospholipids as well as in modification and degradation of

apolipoprotein B. The above hypothesis is supported by a

number of in vitro and in vivo studies demonstrating the

proatherogenic properties of oxidized LDL (Lehr et al.,

1995), the occurrence of oxidatively modified LDL in

atherosclerotic lesions (Yla-Herttuala et al., 1989) and the

reduction of atherosclerotic events by antioxidants (Chang

et al., 1995; Sparrow et al., 1992).

Metal-ion-mediated mechanisms have been the best-

studied models of LDL oxidation in vitro. The metal-ion-

dependent modification of LDL occurs primarily through

lipid peroxidation and subsequent derivatization of apoli-

poprotein B lysine residues by reactive, lipid hydroper-

oxide-derived aldehydes (Esterbauer et al., 1992). The most

common method for the initiation of LDL oxidation
logy 505 (2004) 213–221
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involves incubation with copper ions (reviewed by Burkitt,

2001). The susceptibility of LDL to oxidation is assessed by

determining the time before the oxidation products become

detectable (lag time), the rate of oxidation, and the

maximum amount of oxidation products (Esterbauer et al.,

1989).

Lipoxygenases form a family of enzymes capable of

mediating selective lipid oxidation. It has recently been

suggested by several investigators that both 12-lipoxyge-

nase and 15-lipoxygenase might participate in the develop-

ment of atherosclerosis (Cathcart and Folcik, 2000). 15-

Lipoxygenase is capable of oxidizing LDL in vitro to an

atherogenic form (Belkner et al., 1998). Moreover, 15-

lipoxygenase colocalizes with oxidized LDL in human

atherosclerotic lesions (Hiltunen et al., 1995) and lip-

oxygenase products have been demonstrated in such lesions

(Kuhn et al., 1997). Therefore, screening for 12/15-lip-

oxygenase inhibitors as potential antiatherosclerotic agents

is of interest, based on the evidence that these enzymes have

proatherogenic properties.

With increasing evidence that oxidation of LDL occurs in

vivo, and that lipid peroxidation is associated with the

development of atherosclerosis (Palinski et al., 1989; Yla-

Herttuala et al., 1989), it has been hypothesized that

antioxidant molecules which could slow or prevent the

oxidative process may be beneficial in reducing atheroscle-

rosis and coronary heart disease. However, clinical trials of

antioxidants are controversial regarding their real clinical

benefit (Steinberg, 1995). One well-known antioxidant,

probucol, not only failed to reduce atherosclerosis in

LDLR�/� mice, but actually enhanced it in a dose-depend-

ent manner (Bird et al., 1998). Furthermore in humans,

probucol lowers the high-density lipoprotein (HDL) choles-

terol levels (Johansson et al., 1995) which have been shown

to correlate inversely with the risk for atherosclerosis

(Miller, 1987). Hypolipidaemic drugs such as statins and

fibrates can reduce the increased propensity of LDL to

oxidation in hypercholesterolaemic patients (Aviram et al.,

1998; Hussein et al., 1997). These drugs could possess

direct antioxidant properties or their effect on LDL

oxidation could be indirect and result from an enhanced

removal of baged LDLQ which is more prone to oxidation.

Hitherto, only fluvastatin, bezafibrate and metabolites of

atorvastatin and gemfibrozil have been shown to possess

direct antioxidant properties.

Several novel 2-biphenylmorpholine derivatives have

been synthesized and shown to inhibit lipid peroxidation in

a heat-inactivated rat hepatic microsomal fraction in vitro

(Chrysselis et al., 2000; Chrysselis et al., 2002). The

antioxidant properties of two of these compounds, 2-(4-

biphenyl)-4-methyl-octahydro-1,4-benzoxazin-2-ol, hydro-

bromide (named EP2306) and 2-(4-biphenyl)-2-(3-nitro-

oxypropoxy)-4-methylmorpholine, hydrobromide (named

EP2302) were further investigated. Thus, the aims of the

present study were to: (a) further substantiate the in vitro

antioxidant activity of EP2306 and EP2302, (b) explore the
mechanism of their antioxidant activity, and (c) determine

whether EP2306 shows antioxidant activity in vivo, in the

hypercholesterolaemic rabbit animal model.
2. Materials and methods

2.1. Materials

2-(4-Biphenyl)-4-methyl-octahydro-1,4-benzoxazin-2-ol,

hydrobromide (EP2306) and 2-(4-biphenyl)-2-(3-nitrooxy-

propoxy)-4-methylmorpholine, hydrobromide (EP2302)

were synthesized as previously described (Chrysselis et al.,

2000; Chrysselis et al., 2002). CuSO4, hydrogen peroxide

and ethanol were purchased from Merck (Germany).

Soybean 12-lipoxygenase, sodium linoleate, eicosatetraynoic

acid (ETYA), 2,2V-diazobis (2-amidino-propane) dihydro-

chloride, dimethylsulphoxide, Tris, probucol, phosphate-

buffered saline (PBS), a-tocopherol, 1,1 diphenyl-2-picryl-

hydrazyl (DPPH) were purchased from Sigma-Aldrich

(Germany). 2,7-Dichlorofluorescein-diacetate (DCFH-DA)

and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic

acid (Trolox) were obtained from Fluka Chemie (Germany).

Human LDL and simvastatin were from Calbiochem

(through CN Biosciences, UK). For the in vivo experiment,

cholesterol was obtained from Dolder (Switzerland) and

simvastatin (Zocor) from Merck. The Lipoxygenase Screen-

ing Inhibitor kit was fromCayman (through Spi-Bio, France).

2.2. Animals

Male, New Zealand White rabbits (2.5–4.0 kg) were

housed individually in cages and acclimatized for a week

before experiments started. They were fed a standard chow

supplemented with 0.5% cholesterol and given water ad

libitum. Daily records of food intake did not show any

significant difference among animals. Animals were ran-

domly divided into groups for the pharmacological treatment,

which started 4 weeks after diet initiation. They were treated

daily by oral gavage with 10 mg/kg EP2306 suspended in 34

mMNaCl/71 mMHCl (vehicle) for another 4 weeks. Control

animals received an equal volume of vehicle only. At the end

of the experiments, animals were killed by exsanguination by

cardiac puncture while under phenobarbital anesthesia. The

protocol of this study complies with the European Commun-

ity guidelines for the use of experimental animals and it was

approved by the Department of Veterinary Services of the

Prefecture of East Attica (Greece).

2.3. Antioxidant assays

Lipid peroxides were determined in serum as TBARS

levels and expressed as malondialdehyde equivalents

(Fogelman et al., 1980).

The antioxidant capacity of the serum was measured as

TRAP by the method of Niculescu et al. (2001). Briefly,
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serum was incubated on ice with DCFH-DA and the

reaction started by adding 2,2V-diazobis (2-amidino-pro-

pane) dihydrochloride. The oxidation products were

detected at 504 nm with a Beckman DU640 spectropho-

tometer. The experimental curve contains two lag phases

and two propagation phases. The length of the two lag

phases was calculated using the intercepts of the tangents to

the two propagation phases. The TRAP values were

calculated as:

TRAP ¼ ðTserum=TTroloxÞ � serum dilution factor � 2

� Trolox½ � Amol=Lð Þ

where, Tserum is the length of the first lag phase, TTrolox is

the length of the second lag phase (due to Trolox) and 2 is

the number of the peroxyl radical molecules trapped by each

Trolox molecule. After 40–50 min, the propagation phase

was broken off by adding an internal standard, Trolox, an

antioxidant with known activity. The addition of this

compound induces a second lag phase (TTrolox). The

resulting TRAP values are expressed as free radicals, in

Amoles, trapped by 1 L of serum.

2.4. LDL oxidation in vitro

Human LDL (50 Ag protein/ml) in PBS was incubated at

37 8C in the absence or presence of various concentrations

of drugs (in ethanol) from 5 min before the start of

oxidation. Oxidation was initiated by the addition of a final

concentration of 10 AM CuSO4. The formation of con-

jugated dienes was determined in a Ultrospec 3100 pro

Ultraviolet/Visible spectrophotometer (Amersham Pharma-

cia Biotech) every 10 min as the increase in the absorbance

at 234 nm (Esterbauer et al., 1989). The absorption at the

beginning of the reaction was set to zero. Conjugated dienes

(AM) were calculated using an extinction coefficient of

29500. In this system, the oxidation of LDL is divided into

three phases, i.e., lag phase, propagation phase, and

decomposition phase. The speed of oxidation was expressed

by the maximum slope of the propagation phase. Lag times

were determined graphically as the time point at which the

tangent to the curve during the maximum slope of the

propagation phase intercepted the time axis.

2.5. Free radical scavenging assay

The free radical scavenging capacity of EP2300 com-

pounds was analyzed by the DPPH assay (Blois, 1958). Each

drug (50 AM–1 mM) was mixed with 0.1 mM DPPH (in

ethanol). The time course of the change in the absorbance at

517 nm was kinetically monitored for 5 min at 37 8C.

2.6. Lipoxygenase inhibition assays

The activity of 12-lipoxygenase was determined as

previously described with some modifications (Taraporewala
and Kauffman, 1990). The conversion of sodium linoleate to

13-hydroperoxylinoleic acid was followed by the appear-

ance of a conjugated diene absorption at 234 nm for 3 min at

room temperature. Each sample had a total volume of 1 ml,

containing 100 mM Tris–HCl buffer (pH 9), 2% ethanol,

100 AM sodium linoleate, and a dilution of lyophilized 12-

lipoxygenase in 0.9% NaCl to give satisfactory range of

initial absorbance (150–300 IU). Freshly prepared stock

solutions (100�) of EP2306, EP2302, and ETYA in 60%

ethanol were added to the reaction mixture to give final

concentrations as indicated. The enzymatic reaction mixture

with inhibitors was compared in each case with a control

containing the carrier. The reported IC50 values were

determined graphically from three concentrations of the

compounds as the mean of duplicate determinations for the

number of experiments indicated.

The Lipoxygenase Screening Inhibitor kit was used

according to the manufacturer’s instructions to assess

the inhibitory effect of EP2300 compounds on soybean

15-lipoxygenase.

2.7. Statistics

Values of P less than 0.05 were considered statistically

significant. The t-test was used to compare the lag time and

rate of the oxidation reaction between groups. In the rabbit

experiment, comparisons between treatment groups were

based on analysis of covariance (Vickers and Altman, 2001).
3. Results

3.1. Effect of EP2300 compounds on copper-induced

oxidation of human LDL

The same human LDL preparation was used in all

oxidation experiments. In control samples (vehicle added

instead of drug), the oxidation of LDL continued for about 2.5

h until the start of the decomposition phase (Fig. 1A and B).

LDL oxidation induced by 10 AM CuSO4 was inhibited

significantly by 0.1–50 AM EP2306 dose-dependently as

shown by an increase in lag time (Table 1). In addition, there

was a significant decrease in the rate of conjugated diene

formation with 1–50 AMEP2306 compared to control (Table

1). EP2302 inhibited significantly the conjugated diene

formation at a concentration range of 10–50 AM (Table 1).

At the same range, EP2302 also showed a significant

decrease in the rate of conjugated diene formation in the

propagation step (Table 1). EP2306 was a more potent

inhibitor of the formation of conjugated dienes than EP2302

as shown by the differences in lag time whereas the latter was

more potent in decreasing the rate of the reaction. Repre-

sentative curves of the oxidation reactions are shown in Fig.

1A for EP2306 and Fig. 1B for EP2302.

The antioxidant activity of EP2300 compounds was

compared with the activity of the antioxidant agent probucol



Fig. 1. The in vitro effect of EP2300 compounds on copper-induced

oxidation of human LDL. Human LDL (50 Ag of protein/ml) was incubated

with CuSO4 (10 AM) at 37 8C in the absence (control) or presence of

increasing concentrations of (A) EP2306 and (B) EP2302. The increase of

conjugated diene formation was measured by the absorbance at 234 nm.
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and the hypolipidaemic drug simvastatin (Table 1). At a

concentration of 0.1 AM, probucol increased significantly

the lag time compared to control (119 vs. 82 min, Pb0.05).

At this concentration, probucol was a more potent inhibitor

of conjugated diene formation than EP2306 (lag time 119

vs. 101 min). Furthermore, probucol lowered the rate of

oxidation compared to control (0.0081 vs. 0.0116) but this

effect was not statistically significant. At 10 AM, simvastatin

did not increase the lag time of the oxidation reaction.

However, it reduced significantly the rate of oxidation

compared to control (0.0096 vs. 0.0116, Pb0.001). This

reduction was comparable with the one achieved by either

30 AM EP2306 or 10 AM EP2302.

3.2. Free radical scavenging and copper-chelating activity

of EP2300 compounds

The inhibitory effect of EP2300 compounds on LDL

oxidation may be related to a free radical scavenging

activity. On using the DPPH assay, there was no time-
dependent reduction in the absorbance at 517 nm by either

EP2306 or EP2302 (50 AM–1 mM) (Fig. 2). In the same

assay, 20 AM of vitamin E resulted in 66% reduction in the

optical density, suggesting that unlike vitamin E, EP2300

compounds do not act as free radical scavengers.

In order to analyze whether the inhibitory effect of

EP2300 compounds on LDL oxidation is related to their

copper-chelating activity, we monitored LDL oxidation

induced by either 10 or 50 AM CuSO4 in the presence of

either EP2306 (10 AM) or EP2302 (30 AM) (Fig. 3). The lag

time of oxidation was decreased on using 50 AM CuSO4

compared to 10 AMCuSO4 both in the absence (control) and

presence of the compounds studied. However, EP2300

compounds increased the lag time of oxidation compared

to control to a similar extent at both concentrations of

CuSO4. Therefore, it appears that the antioxidant activity of

EP2300 compounds is not mediated by chelation of metal

ions.

3.3. Effect of EP2300 compounds on lipoxygenase activity

One possible explanation for the observed inhibition of

LDL oxidation by EP2300 compounds could be through the

inhibition of either 12-lipoxygenase or 15-lipoxygenase. We

investigated this possibility and found that there was no

significant inhibition of 12-lipoxygenase activity by both

EP2306 and EP2302 at concentrations up to 100 AM. At

higher concentrations, both compounds inhibited 12-lip-

oxygenase activity dose-dependently as shown in Fig. 4

(four experiments in total). The IC50 values were 454 AM
for EP2306 and 318 AM for EP2302. The nonspecific

lipoxygenase inhibitor ETYAwas used as a positive control.

ETYA inhibited 12-lipoxygenase activity by 49% and 68%

at 25 and 50 AM, respectively.

There was no effect of EP2306 (100 nM–300 AM) or

EP2302 (10–500 AM) on 15-lipoxygenase activity (data not

shown). However, ETYA inhibited 15-lipoxygenase activity

by 65% and 68% at 25 and 50 AM, respectively.

3.4. Effect of EP2306 on oxidative status in hyperlipidaemic

rabbits

In animals treated for 4 weeks with EP2306 (10 mg/kg),

TBARS levels were reduced (7.0 vs. 5.3 nmol eq

malondialdehyde/ml, before vs. after treatment) compared

with control animals (6.4 vs. 6.3 nmol eq malondialdehyde/

ml, before vs. after treatment) (Table 2, Fig. 5). However,

this difference did not reach significance marginally

(P=0.057). It appears that upon treatment with EP2306

the reduction of TBARS levels is positively associated with

the pretreatment TBARS values as indicated by the

intersection of the two fitted lines towards low levels

(Fig. 5).

There was a significant difference (P=0.015) in TRAP

levels between animals treated with EP2306 and control

animals (Table 2, Fig. 6). Treatment with EP2306 resulted in



Table 1

Effect of EP2300 compounds, probucol, and simvastatin on the lag time and the rate of conjugated diene formation

n Lag time (min) S.E.M. %

Control

Rate S.E.M. % Control

Control 9 82 1.8 0.0116 0.0002

EP2306 (AM)

0.1 3 101a 9.8 123 0.0117 0.0007 101

1 3 108b 4.9 132 0.0109c 0.0001 94

10 3 135b 3.5 165 0.0108c 0.0001 93

30 4 150a 9.7 183 0.0096b 0.0002 83

50 3 179c 12.1 218 0.0092b 0.0003 79

EP2302 (AM)

1 3 88 4.7 107 0.0087 0.0018 75

10 3 101b 2.9 123 0.0096b 0.0001 83

30 1 150 183 0.0042 36

50 2 157b 6.5 191 0.0042b 0.0002 36

0.1 AM Probucol 3 119c 11 145 0.0081 0.0015 70

10 AM Simvastatin 2 85 0.5 104 0.0096b 0.0002 83

a Pb0.01.
b Pb0.001.
c Pb0.05.
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a 7.5% increase in TRAP values (Table 2). This effect is

independent of TRAP levels before treatment, as indicated

by the two parallel lines (Fig. 6).
4. Discussion

Oxidation of LDL gives rise to modifications of the

molecule that render it atherogenic (Steinberg et al., 1989).

These changes include the formation of oxidized lipids that

act as chemotactic and mitogenic agents and the modifica-

tion of the charge on apolipoprotein B creating a ligand for

the scavenger receptors on macrophages. The results of this

study suggest that EP2300 compounds are not only potent
Fig. 2. Free radical scavenging activity of EP2300 compounds. DPPH (0.1

mM) was mixed with 50 AM–1 mM of either EP2306 or EP2302. a-

Tocopherol (20 AM) was used as positive control. The time course of the

change in the optical density was monitored at 517 nm. A representative

experiment is presented.
inhibitors of LDL oxidation in vitro but also act as

antioxidants in vivo.

The involvement of metal ions in atherosclerosis has

been questioned since there is no convincing evidence for

free metal ions in plasma or the arterial wall. However,

samples from atherosclerotic lesions have been shown to

contain both iron and copper in forms that can catalyze

free-radical formation (Smith et al., 1992) and cell-

mediated LDL oxidation appears to be metal-dependent

(Garner et al., 1997). Furthermore, it has been shown that

copper bound to ceruloplasmin may promote LDL oxida-

tion (Mukhopadhyay et al., 1997). The ability of several

compounds to prolong the lag phase or to decrease the rate

of accumulation of conjugated dienes during oxidation of

LDL has been used as a marker for their possible benefit as

antiatherogenic agents (O’Leary et al., 1996). In the present

study, the production of conjugated dienes was expressed
Fig. 3. Copper-chelating activity of EP2300 compounds. Human LDL (50

Ag of protein/ml) was incubated with 10 AM (open bars) or 50 AM (hatched

bars) of CuSO4 in the absence (control) or presence of either 10 AM
EP2306 or 30 AM EP2302. A representative experiment is presented.



Fig. 4. Inhibition of 12-lipoxygenase activity by EP2306 and EP2302. 12-

Lipoxygenase activity was determined in the absence and presence of

increasing concentrations of EP2306 and EP2302. The enzyme assay was

performed in duplicate determinations in four experiments (bars indicate

S.E.M.). The activity is expressed as percentage of control values.
Fig. 5. Effect of EP2306 on TBARS values in serum of hyperlipidaemic

rabbits. Pretreatment and post-treatment TBARS values showing fitted lines

in hyperlipidaemic rabbits. Animals were treated with vehicle (n=16) or

EP2306 (n=20) for 4 weeks before sacrifice.
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by the absorbance at 234 nm. This index of LDL oxidation

correlates highly with the TBARS production during the

reaction (Kleinveld et al., 1992). We found that EP2300

compounds are potent antioxidants even at a concentration

of 10 AM. During copper-induced oxidation of LDL, the

lag time is a reflection of the endogenous antioxidant

content of LDL. These antioxidants are gradually consumed

along with added phenolic antioxidants (e.g., a-tocopherol,

probucol) extending the lag time of oxidation but once

consumed they do not reduce the rate of oxidation during

the propagation phase. EP2300 compounds not only

increased significantly the lag time of the oxidation reaction

dose-dependently but also reduced the rate of the reaction

in the propagation step suggesting a different antioxidant

mechanism.

Among statins, fluvastatin sodium has been shown to

have a similar effect on LDL oxidation in vitro (Suazumura

et al., 1999). In ex vivo copper-induced oxidation of LDL in

hypercholesterolaemic subjects, both pravastatin and sim-

vastatin decreased the rate and the total amount of dienes

produced during the reaction (Kleinveld et al., 1993). In the

present in vitro study, simvastatin at a high dose (10 AM) did

not prolong the lag phase of the reaction whereas in

agreement with the study by Kleinveld et al. (1993) it

caused a decrease in the rate of the reaction which was

similar with the decrease achieved by EP2300 compounds.
Table 2

The effect of EP2306 on the antioxidant status in vivo

Treatment TBARS (nmol eq malondialdehyde/ml)

n Pretreatment Post-treatme

Control 16 6.4F0.4 6.3F0.7

EP2306 20 7.0F0.3 5.3F0.4

Hyperlipidaemic rabbits were treated with vehicle (control) or EP2306 for 4 wee

Values are meanFS.E.M.
Probucol was more potent than EP2300 compounds in

increasing the lag time of oxidation probably due to its

incorporation into the LDL molecule and its free radical

scavenging activity but its effect on the rate of oxidation was

not clear. EP2300 compounds seem to have an additive

antioxidant activity with the endogenous antioxidants in the

initiation step of oxidation but part of them may remain even

after the endogenous antioxidants are exhausted and there-

after diminish the rate of the reaction.

It has been hypothesized that lipoprotein oxidation

occurs primarily in the arterial wall following the influx of

lipoproteins into the subendothelial space and the intima

layer. Antioxidants incorporated within the lipoprotein

particle itself would be expected to be more effective in

protecting against oxidative modification of lipoproteins

(Steinberg et al., 1989). Under our experimental conditions,

preincubation of human LDL with EP2300 compounds for

90 min did not show an increase in the lag phase of the

reaction compared to the one observed in control samples

(data not shown). It is, therefore, possible that EP2300

compounds are not incorporated into the LDL molecule.

Under oxidative stress, LDL oxidation involves the action

of reactive oxygen species (Steinberg et al., 1989). How-
TRAP (AM)

nt n Pretreatment Post-treatment

18 762F12 792F10

25 755F8 812F7

ks before sacrifice.



Fig. 6. Effect of EP2306 on TRAP values in serum of hyperlipidaemic

rabbits. Pretreatment and post-treatment TRAP values showing fitted lines

in hyperlipidaemic rabbits. Animals were treated with vehicle (n=18) or

EP2306 (n=25) for 4 weeks before sacrifice.
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ever, based on our results, EP2300 compounds did not act as

antioxidants through a free radical scavenging activity. In

addition, increased copper ion concentration did not abolish

the inhibitory effect of EP2300 compounds on LDL

oxidation suggesting that these compounds do not act as

metal ion chelators. Other mechanism(s) should be respon-

sible for the protective effect of EP2300 compounds on

LDL oxidation.

Copper is believed to coordinate to the apolipoprotein B

component of LDL, with histidinyl residues serving as

ligands (Burkitt, 2001). It has been shown that interfering

with the interactions between apolipoprotein B and the lipid

moiety of LDL modifies the conformation of LDL and, as a

consequence, hinders copper binding to apolipoprotein B and

reduces oxidizability of LDL (Abuja et al., 1999). It is

possible that EP2300 compounds do not have a direct

antioxidant effect but their inhibitory effect on LDL

oxidation in vitro may be attributed to a mechanistic

protection of LDL due to binding and conformational

changes of the molecule. The different effect of EP2306

and EP2302 on the lag time and the rate of the oxidation

reaction could point to differences in binding of these

molecules to the apolipoprotein B moiety of LDL. Based

on the structural differences of the two molecules studied,

one could hypothesize that the hydroxyl group of EP2306

forms a complex with LDL more rapidly than EP2302

but is rather unstable whereas the side chain of EP2302

(–CH2CH2CH2ONO2) forms a complex with LDL more

slowly but once formed is more stable. This hypothesis

could explain the rapid action of EP2306 in extending the

lag time but reducing less efficiently the rate of the
oxidation reaction and the slower action of EP2302 which

is less effective in increasing the lag time but reduces more

efficiently the rate of the reaction.

The detailed mechanisms of cell-mediated oxidation of

LDL are unknown. Oxidative modification of LDL by rabbit

endothelial cells (Parthasarathy et al., 1989), human mono-

cytes (McNally et al., 1990), and mouse peritoneal macro-

phages (Rankin et al., 1991) was prevented by high

concentrations of nonspecific lipoxygenase inhibitors sug-

gesting a role of the lipoxygenase pathway in this process. In

the present study, based on the high concentrations of

EP2306 and EP2302 required for inhibition of 12-lip-

oxygenase activity in vitro, none of these compounds can

be characterized as a potent inhibitor of this enzyme.

Moreover, 15-lipoxygenase was not inhibited by either of

the compounds studied. The lack of inhibition of 15-

lipoxygenase by EP2300 compounds is not unexpected

since there are several compounds that inhibit 5- and 12-

lipoxygenase, but only a few of them can also inhibit 15-

lipoxygenase. It is unlikely that EP2300 compounds would

inhibit lipoxygenase-mediated LDL oxidation in a biological

system.

Animal models of atherosclerosis have demonstrated a

beneficial effect of antioxidant vitamins that correlates with

delayed progression or regression of atherosclerosis. In

cholesterol-fed rabbits, it has been shown that supplementa-

tion with antioxidants such as vitamin E and butylated

hydroxytoluene retards atherogenesis (Bjorkhem et al.,

1991; Wilson et al., 1978). Therefore, this animal model

was used to assess the in vivo antioxidant effect of EP2306.

It is not known whether the concentrations of EP2306 that

inhibit LDL oxidation in vitro correspond to the pharmaco-

logical levels achieved in rabbits treated with this agent.

However, this compound decreased circulating lipid per-

oxides and increased the capacity of serum to resist attacks

by free radicals indicating that EP2306 is an effective

physiological antioxidant. Whether this effect is solely due to

the antioxidant properties of EP2306 or it is also due to a

reduced residence time of LDL in the plasma awaits further

investigation. In addition, it remains to be established

whether EP2302 acts in a similar way to EP2306 in vivo.

Our findings with cholesterol-fed rabbits should be tested

in humans before any conclusions are drawn regarding the

potential clinical relevance of EP2306. Results from clinical

trials of vitamin E are controversial (for review, see Witztum

and Steinberg, 2001) and antioxidants so far have shown

little or no clinical efficacy in preventing or reversing

atherosclerotic disease in man. Explanations proposed for

the discrepancy in results between animal models and

humans include differences in patient characteristics, the

antioxidant content of their diets, and dose selection.

In conclusion, the present data suggest that EP2300

compounds are effective inhibitors of copper-mediated LDL

oxidation in vitro. Moreover, EP2306 acts as an antioxidant

in hyperlipidaemic rabbits, a property which could be

beneficial in reducing atherosclerosis in vivo.
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