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Abstract

The influence of native low-density lipoprotein (LDL) on the inhibition of endothelium-dependent relaxation previously induced by
oxidized LDL was investigated with intact rabbit aortic rings. We also tried to assess oxysterol involvement in the native lipoprotein
effects. Lipoprotein fractions (1 mg protein/ml) were tested for their ability to inhibit the vasorelaxation induced by acetylcholine in
aorta rings previously precontracted by noradrenaline vs. that in control strips in Krebs buffer. Co-incubation of oxidized and native LDL
reinforced the oxidized LDL-induced inhibition, compared to the impairment evoked by oxidized LDL aone (E,,,, = 43.3 + 6.7% and
61.4 + 5.4%, respectively; P < 0.05). Finally, smaller amounts of 7-oxy-cholesterols were recovered in organ baths after co-incubation of
native and oxidized LDL than after incubation of oxidized LDL alone. Conversely, more oxy-clholesterols were found in the strip vessels
under the same conditions (% of oxysterol incorporation: 0.05158 vs. 0.10199, r = 0.703). Together these results suggest that the
strengthening of oxidized LDL-induced inhibition by native LDL is dependent on an oxysterol effect on arterial wall cells. Mechanisms

involved in this phenomenon remain to be investigated. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is now well established that endothelium-dependent
relaxation is impaired in atherosclerotic arteries. The im-
pairment of vasoreactivity predisposes coronary arteries to
vasospasm. The oxidized form of low-density lipoproteins
(oxidized LDL) is involved in numerous atherogenic ac-
tions (Tanner et al., 1991; Kugiyama et al., 1990; Galle et
al., 1991; Steinberg et al., 1989; Y oung and Parthasarathy,
1994) and its presence in atherosclerotic arteries has been
demonstrated (Yl&Herttuala et al., 1989). Even if native
LDL has undefined effects, it is known that oxidized LDL
induce a decrease of endothelium-dependent relaxation
(Andrews et al., 1987; Tomita et al., 1990; Simon et al.,
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1990; Tanner et al., 1991; Lewis et a., 1997). Oxidation of
LDL is associated with a decrease of compounds like
cholesterol, phospholipids or antioxidants and with an
increase of cholesterol oxides, lysophospholipids or
lipoperoxides. Whereas experiments demonstrated that
lysophosphatidylcholine does not mimic the inhibitory ef-
fect of oxidized LDL in porcine coronary arteries (Tanner
et al., 1991), there are differences in results among studies
(Mangin et al., 1993; Kugiyama et al., 1990). However,
cholesterol oxides, especialy derivatives in position 7, are
directly connected with the inhibition of endothelium-de-
pendent relaxation (Deckert et a., 1997).

High-density lipoproteins (HDL) play an important pro-
tective role in atherogenesis by promoting cholesterol re-
verse transport (Glomset, 1968; Pieters et al., 1994). They
also protect LDL from oxidation (Mackness et a., 1993)
and moreover, it has been proposed (Matsuda et al., 1993)
that the inhibition of relaxation induced by oxidized LDL
could be reversed by HDL by remova of lysophosphati-
dylcholine from oxidized LDL, thus preventing it from
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acting on the endothelium. Consistent studies (Mackness et
al., 1993; Watson et al., 1995) suggested that the HDL role
was mediated via enzymatic processes such as paraox-
onase. But nothing is known of the effects of co-incubation
of native lipoprotein fractions such as LDL and very
low-density lipoprotein (VLDL) with oxidized LDL on
endothelium-dependent relaxation.

The aim of the present study was to determine the role
of different native lipoprotein fractions in the inhibitory
effect of oxidized LDL. Therefore, lipoproteins (VLDL,
LDL and HDL) were isolated from several normolipidemic
human plasmas and were kept native whereas other LDL
were oxidized. We tested their ability to eliminate the
inhibition of acetylcholine-mediated endothelium-depen-
dent relaxation on rings pre-incubated with oxidized LDL.
Moreover, we investigated whether native lipoprotein frac-
tions could prevent the potent inhibitory effect of oxidized
derivatives in position 7 of cholesterol on endothelium-de-
pendent relaxation. Finally, we assessed, especialy regard-
ing co-incubation of native and oxidized LDL, the amounts
of 7-oxy-cholesterol present in the organ baths and in the
vessel wall to determine the part they may play in the
co-incubation of native and oxidized LDL.

2. Materials and methods

2.1. Chemical compounds

Acetylcholine, 5-cholestene-33-ol-7-one (7-keto-
cholesterol), noradrenaling, sodium nitroprusside, fatty
acid-free bovine serum abumin and butylated hydroxy-
toluene were purchased from Sigma. As indicated by the
supplier, cholesterol oxides were at least 98% pure. We
confirmed the high degree of purity by capillary gas
chromatography of cholesterol oxides.

2.2. Preparation of lipoproteins

Lipoproteins were prepared by sequential ultracentrifu-
gation from fresh citrated plasma drawn from normo-
lipidemic donors (Havel et a., 1955). Informed consent
was obtained from donors. Densities were adjusted by
addition of KBr. The different fractions were prepared
from 300 ml of plasma in a 70.Ti rotor on an XL-90
ultracentrifuge (Beckman). The d < 1.006 g/ml fraction
was obtained after an 8-h 50,000 rpm run. LDL (1.019 < d
< 1.063 g/ml) were isolated after a 15-h 45,000 rpm run
a the lowest density and a 24-h 45,000 rpm run at the
highest density. Finally, HDL (1.063<d<1.21 g/ml)
were prepared by a 40-h 50,000-rpm run at 1.21 g/ml
density. All the different fractions were dialysed overnight
against a 10 mmol /I Tris, 150 mmol /I NaCl, pH 7.4
buffer (TBS buffer).

2.3. Oxidative modification of LDL

Oxidative modification of LDL was performed, accord-
ing to Esterbauer et al. (1989), by incubation of freshly
prepared LDL adjusted to a final concentration of 1.2 g
protein/l in TBS, with a copper sulfate solution (final
concentration, 5 wmol /1) for 24 h at 37°C. At the end,
oxidation was stopped by the addition of EDTA (final
concentration, 200 pwmol /1) and butylated hydroxy-toluene
(final concentration, 20 wmol /1) and LDL were kept at
4°C. Similarly, the native lipoproteins (VLDL, LDL and
HDL, 1 g protein/I) were supplemented with EDTA (fina
concentration, 200 wmol /1) and butylated hydroxy-toluene
(final concentration, 20 wmol /1) at 4°C.

2.4. Electrophoretic analysis

Native and oxidized LDL electronegativity was deter-
mined by agarose gel electrophoresis (Paragon Lipokit,
Beckman) as previously described (Sparks and Phillips,
1992). Briefly, migration was performed in a barbital
buffer pH 8.6. After 45-min electrophoresis at 100 V, gels
were fixed with ethanol /acetic acid/water (90:15:45;
v/Vv/V), stained with Sudan Black (0.07%) and de-stained
with ethanol (45%). Electronegativity was then assessed
with a Bio-Rad GS-670 imaging densitometer, using
Molecular Analyst Software (Lab Bio-Rad, Hercules,
USA). The degree of oxidation was quantified by using as
an index, the relative mobility of oxidized LDL compared
with that of native LDL.

2.5. Assay of cholesterol oxides

Total lipids from aorta cells or medium baths were
extracted with the method of Folch et al. (1957). The
extract was saponified at 60°C for 60 min with potassium
hydroxide (13.2 g/I), followed by esterification at 60°C
for 60 min with boron trifluoride (BF;)—methanol to give
fatty acid ethyl esters. Cholesterol oxides were analyzed by
capillary gas chromatography (Park and Addis, 1985) on a
Hewlett-Packard 12.5-m long fused silica, crossed-linked
methylsilicone column with a Hewlett-Packard 5890 gas
chromatograph attached to a 5971A mass detector
(Hewlett-Packard). Concentrations of cholesterol and
cholesterol oxides were determined from the ratio of the
peak area corresponding to one given molecule, to the
peak area corresponding to the internal standard (epi-
coprostanol).

2.6. Preparation of blood vessels

Thirty New-Zealand White rabbits of either sex weigh-
ing 2.8—3.4 kg were killed by an overdose of pentobarbital
sodium via the marginal ear vein. The descending aorta
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was rapidly removed and transferred into a Krebs solution
(composition in mmol /I: NaCl 119, KCl 4.7, KH,PO,
1.18, MgSO, 1.17, CaCl, 2.5, EDTA 0.027, glucose 11
and NaHCO, 25) bubbled with 95% O,—5% CO, gas. The
aorta was cut into 3-mm rings and suspended horizontally
between two wire hooks in 5-ml jacketed organ baths
containing oxygenated Krebs solution maintained at 37°C.
One hook was connected to a force transducer (model
UF1, Pioden) and the other was fixed to the support.
Changes in isometric tension were monitored continuously
on a Mac Lab 8 system (ADInstruments). The resting
tension of the rings was set to 2 g and was similar to the
resting tension used in many previous studies with rabbit
aortic rings (Jacobs et al., 1990; Yokoyama et al., 1990;
Andrews et al., 1987). After a 30-min equilibration period,
the contractile response to KCl (30 mmol /) was first
obtained to check the contractile response of the vascular
smooth muscle cells. This response to KCl constantly
ranged between 8 and 10 g with all the arterial segments
used in the present study. After washout and equilibration,
the aortic rings were contracted with 0.3 pmol /I nor-
adrenaline, a concentration giving 75% of the maximal
contraction evoked by KCl. The contractile response to
noradrenaline constantly ranged between 6 and 9 g with all
the arterial segments used in the present study, and as
determined by analysis of variance (ANOVA), no signifi-
cant differences in the initial contraction in response to
noradrenaline were observed after the various incubation
protocols. After precontraction with noradrenaline, the rings
were relaxed by cumulative additions of acetylcholine in
the 1 nmol /I to 0.01 mmol /I concentration range. After
washout and a 30-min recovery period, aortic rings were
incubated for 2 h with native lipoproteins, oxidized LDL,
or cholesterol oxides. The fina concentration of lipopro-
teins in the organ bath (native or oxidized) was constantly
1 g protein/I and the final concentration of cholesterol
oxides was 60 png,/ml. Control segments were incubated
in paralel in Krebs buffer. At the end of incubation period,
aortic segments were again contracted with noradrenaline
and progressively relaxed with acetylcholine or with
sodium nitroprusside.

2.7. Preparation of lipid solutions

5-Cholestene-33-ol-7-one (7-keto-cholesterol) was first
dissolved in ethanol (20 wl) and then mixed in a 1:1 molar
ratio with a solution of fatty acid-free bovine serum albu-
min dissolved in Krebs buffer (7-keto-cholesterol final
concentration 60 pg,/ml).

2.8. Chemical analysis

All chemical assays were performed on a COBAS-BIO
centrifugal analyser (Roche). Proteins were assayed with
bicinchoninic acid reagent (Pierce) according to the method
of Smith et al. (1985).

2.9. Data analysis

The maximal relaxation (E,,) induced by either
acetylcholine or sodium nitroprusside and expressed as a
percentage of the contraction with noradrenaline (0.3
pwmol /1), was determined from experimental data. pD,
values, corresponding to the negative logarithm of the
concentration required to produce a haf-maximum relax-
ing effect (ECy,), were determined after fitting each curve
to a sigmoidal equation form Y =P, + P,/[1 + eP,(log x
—Pp)] in which x is the agonist concentration; P,, the
lower plateau response; P,, the range between the lower
and the maximum plateau of the concentration—effect
curve; P;, a negative curvature index indicating the slope
independently of the range; P,, logEC,, (Deckert et al.,
1994). E,, and pD, values obtained with arteria rings
pretreated with either oxidized LDL, native lipoproteins or
cholesterol oxides were compared with corresponding E,
and pD, vaues obtained with control rings incubated in
paralel only with Krebs solution.

Data are expressed as means + S.E. Statistical compari-
son of means was performed with an ANOVA. Values of
P < 0.05 were taken as statistically significant.

3. Results

3.1. Effects of oxidation on the composition of LDL parti-
cles

It is well established that oxidation changes the compo-
sition of LDL, especially the decrease of lipid components
and antioxidants, was associated with an increase in
cholesterol oxides, lipoperoxides and lysophosphatidyl-
choline (data not shown). The cholesterol derivatives oxi-
dized in position 7 were the major products from choles-
terol oxidation. Therefore, we have reported in Table 1 the
amounts of these derivatives in native and oxidized LDL.
Table 1 shows that only oxysterol traces were recovered in
native LDL whereas oxidized LDL had high levels of
cholesterol oxides, mainly 7B-hydroxy- and 7-keto-
cholesterol. Before each experiment, the oxidation level

Table 1

Measurement of oxidation-derived oxysterols in LDL particles
Native LDL Oxidized LDL

7-a-Hydroxy-cholesterol 0.904+0.83 2.344+0.65

(mg/g LDL protein)

7-B-Hydroxy-cholesterol 3.0+0.48 55.70+15.73

(mg/g LDL protein)

7-Keto-cholesterol 4.55+0.94 105.42+32.70

(mg/g LDL protein)

LDL particles were either kept at 4°C (native LDL) or incubated for 24 h
at 37°C in the presence of CuSO, (final concentration 5 wmol /1)
(oxidized LDL). Cholesterol oxides were assayed by capillary gas chro-
matography (n= 5).
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Fig. 1. Agarose gel electrophoresis of native and oxidized LDL. Elec-
trophoresis was evaluated by scanning Bio-Rad with a GS-670. Each
sample applied (5 wl) on agarose gel was run 45 min at 100 V. After
separation, protein bands were visualized by Sudan Black staining.

was checked by measuring the change in electrophoretic
mobility of oxidized LDL as shown in Fig. 1. The relative
mobility of oxidized LDL (as index of oxidation) was 1.7
compared with that of native LDL.

3.2. Effects of oxidized LDL and native lipoproteins on
endothelium-dependent relaxation

3.2.1. Effects of oxidized LDL alone
In accordance with results of previous experiments,
oxidized LDL inhibited the endothelium-dependent relax-
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Fig. 2. Effect of oxidized LDL on endothelium-dependent relaxation of
rabbit aorta induced by acetylcholine. Mean concentration—response
curves for acetylcholine-induced relaxation of aorta rings contracted with
0.3 pmol /I noradrenaline and pre-incubated 2 h with either oxidized
LDL (—@—) (1 g protein/l) or Krebs buffer (—O—) (control).
Values represent means+ S.E. of 20 determinations.

ation to acetylcholine, compared with control segments
(Fig. 2) (E,,, 61.4 4+ 5.4% vs. 96.9 + 1.9%, respectively,
P < 0.001). It is noteworthy that the difference was aways
observed although the inter-individual variations of aortas
within the E,,, were from 15.2 to 73.3 and pD, values
ranged from 6.1 to 7.3 (data not shown).

3.2.2. Effects of native lipoproteins alone

When segments were pre-incubated with native VLDL,
LDL or HDL (Fig. 3), the maximum relaxation with
acetylcholine was dlightly but significantly reduced by all
the lipoproteins when compared with the relaxation of
control aorta rings incubated in parallel in Krebs buffer
(respectively 87.4+ 7.1%, P <0.05; 914+ 3.0%, P<
0.05; and 91.6 + 1.0%, P < 0.01 vs. 96.9 + 1.9%). How-
ever, these changes were not associated with any changes
in the sensitivity to acetylcholine since pD, values were
not significantly affected (Table 2).
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Fig. 3. Influence of oxidized LDL with or without native lipoproteins on
the endothelium-dependent relaxation in rabbit aorta rings. Graphs show
mean concentration—response curves for acetylcholine in aortas con-
tracted with 0.3 pmol /I noradrenaline and pre-incubated 2 h with
oxidized LDL (—@—) (1 g protein/I) either alone or with native
VLDL, LDL and HDL (—a —) (1 g protein/I). Native lipoprotein
(—DO—). Values represent means+ S.E. of 4-20 determinations.
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Table 2
Compared effects of the different native (n) lipoproteins with /without
oxidized LDL or with/without 7-keto-cholesterol (7-keto) on maximal
relaxation (E,,,) and sensitivity (pD,) of rabbit aortic rings to acetyl-
choline

Enmnax P pD; P
Control 96.94+1.9% 6.9+0.1
Ox-LDL  6144+54% P<0001(a) 65+02 P<0.05()
n-VLDL 874+71% P<005(@ 69+01 NS(@

n-LDL 91.4+3.0% P <0.05(a)
n-HDL 91.6+1.0% P <0.01(

6.7+0.1 NS(a
7.2+01 NS(a

n-VLDL 68.6+9.0% NS(b) 6.6+02 P<0.05(b)
+ox-LDL

n-LDL 433+6.7% P<005(b) 61+03 P<0.001(b)
+ox-LDL

n-HDL 809+65% P<005() 67+05 NS(b)
+ox-LDL

7-Keto 745+35% P<0001(@ 7.0+01 NS@
nVLDL  93.9408% P<005(c) 7.0+0.1 NS(c
+ 7-keto

n-LDL 958+1.7% P<0001(c) 69+0.1 NS(c
+ 7-keto

n-HDL 86.84+29% P <0.05(c)
+ 7-keto

72401 NS(o)

Aortic segments were incubated for 2 h with native lipoproteins
with/without oxidized LDL or with/without 7-keto-cholesterol. The
final concentration of 7-keto-cholesterol and proteins was respectively, 60
rg/ml and 1 g/I. Before and after the incubation period, a concentra-
tion—response curve to acetylcholine was made with noradrenaline-
contracted aortas. Values represent means+ S.E. of 4—20 determinations.
Stetistical significance of the difference from control (a), from oxidized
LDL (b) or from 7-keto-cholesterol (c) ANOVA.

3.2.3. Effects of native lipoproteins on the inhibition of
relaxation induced by oxidized LDL

The effects of the different native lipoprotein fractions
on oxidized LDL-induced inhibition of endothelium-de-
pendent relaxation are presented in Fig. 3. As previously
shown, co-incubation of native HDL (1 mg protein/ml)

100
80 - _T N .
. NS

60 |

Emax

40

20 -

0 . . .
0 30 60 90 120
[7-keto cholesterol] (pg/ml)

Fig. 4. Influence of 7-keto-cholesterol with or without native lipoproteins
on the endothelium-dependent relaxation in rabbit aorta rings. Graphs
show mean concentration—response curves for acetylcholine in aortas
contracted with 0.3 pwmol /I noradrenaline and pre-incubated 2 h with
7-keto-cholesterol (60 pg/ml) (—@—) alone, with/without native
VLDL, LDL and HDL (— A —) (1 mg protein/ml), native lipoprotein (
— 0O —). Values represent means+ S.E. of 4—20 determinations.

with oxidized LDL reduced the inhibitory effect of oxi-
dized LDL on maximum relaxation when pre-incubated
simultaneously (E,,, HDL + oxidized LDL 80.9 + 6.5%
vs. oxidized LDL 61.4 + 5.4% P < 0.05) (Table 2). How-
ever, as shown in Table 2, the reversal was not total and
depended on the HDL dose (data not shown), moreover the
sensitivity to acetylcholine was not significantly affected.

Native VLDL did not significantly influence the maxi-
mum inhibition induced by oxidized LDL (Table 2 and
Fig. 3) (68.6 + 9.0% vs. 61.4 + 5.4%, respectively). How-
ever, they dlightly decreased the sensitivity to acetyl-
choline since pD, were significantly lowered (6.6 + 0.2
vs. control 6.9+ 0.1, P < 0.05).

In contrast to HDL, native LDL reinforced the in-
hibitory effect of oxidized LDL on maximum relaxation
(4334 6.7% vs. 61.4 +5.4%, P <0.05 (Table 2). In
addition, the pD, value of segments pre-incubated with
LDL plus oxidized LDL were significantly lowered, com-
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Fig. 5. Effect of 7-keto-cholesterol concentration on maximal endothe-
lium-dependent relaxation. Aorta rings were incubated for 2 h with
7-keto-cholesterol, from 30 to 120 pn.g/ml, and effects were compared
with those of aorta rings incubated in Krebs buffer. E,,, histograms for
acetylcholine were obtained after contraction with 0.3 wmol /1 noradrena
line. Statistical significance compared with control (ANOVA): %P <
0.001.
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pared to the control value (6.1 + 0.3 vs. 6.9 + 0.1, respec-
tively, P < 0.001) but not significantly when compared to
the oxidized LDL values (6.1 + 0.3 vs. 6.5 + 0.2, respec-
tively). Native LDL pD, values, however, were not signif-
icantly modified (Table 2).

3.3. Effects of the various native lipoprotein fractions on
the inhibition of the endothelium-dependent relaxation in-
duced by 7-keto-cholesterol

Strips were pre-incubated with 7-keto-cholesterol (60
wmol /1 final concentration) with /without the different
native lipoprotein fractions. Compared to the control incu-
bation in Krebs buffer, 7-keto-cholesterol inhibited en-
dothelium-dependent relaxation (Fig. 4) in a dose-depen-
dent manner (Fig. 5). At a find concentration of 60
pmol /1, it induced a significant inhibition of the endothe-
lium-dependent relaxation (74.5 + 3.5% vs. 96.9 + 1.9%
for control bath, P < 0.001). When aorta rings were pre-
incubated with 7-keto-cholesterol plus native lipoproteins,
the inhibition induced by cholesterol oxides was aways
reversed by each native lipoprotein fraction (Fig. 5): the
E.ax Of theringsin the presence of 7-keto-cholesterol plus
VLDL, LDL and HDL were, respectively 93.9 4+ 0.8%
P <0.05 958+ 1.7% P <0.001 and 86.84+2.9% P <
0.05 vs. 74.5 + 3.5% for 7-keto-cholesterol alone (Table
2). No significant difference in pD, was observed.

3.4. Incubation of native lipoproteins with oxidized LDL:
amount of oxidized derivatives in position 7 of cholesterol
in the organ bath and in the vessel wall cells

Table 3 shows the assessment of 7-oxysterol amountsin
the vessels and in the organ baths after a 2-h incubation. It
appeared that, in three experiments, the rate of incorpora
tion of the oxidized components was greater (0.09615,

Table 3
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Fig. 6. Effect of co-incubation of native and oxidized LDL on indepen-
dent and dependent endothelium relaxation induced respectively by
sodium nitroprusside and acetylcholine. Graph shows concentration—re-
sponse histograms for sodium nitroprusside (full bars) on aorta rings
contracted with 0.3umol /I noradrenaline and incubated for 2 h with
native and oxidized LDL compared with relaxation evoked by acetyl-
choline (hatched bars) in the same conditions. Each bar represents the
mean of two experiments.

0.13213 and 0.07769%, respectively, mean value: 0.10199)
during the co-incubation of native and oxidized LDL,
compared to incubation of oxidized LDL alone (0.03283,
0.07195 and 0.04996%, respectively, mean value: 0.05158)
(r =0.703). Moreover, the endothelium-dependent relax-
ation mediated by acetylcholine was correlated with the
level of total 7-oxy-cholesterol incorporation in the wall
cels (r = —0.805).

3.5. Comparison of native plus oxidized LDL co-incuba-
tion on aorta rings for endothelium-independent and -de-
pendent relaxation

As shown in Fig. 6, co-incubation of native and oxi-
dized LDL did not modify the endothelium-independent

Measurement of total oxidized derivatives in position seven- of cholesterol in organ baths (1) and in arterial wall cells (2) after 2 h (T,) of incubation with
either particles or Krebs buffer (control) and consecutive endothelium-dependent relaxation after contraction with 0.3 p.mol /1 noradrenaline (3)

(1) Tota 7-0S (2) Total 7-0S Q)% (4) % 7-0S
amounts (@) in amounts (ng) in Relaxation incorporated
organ-bath at T, aorticwall T, inwall cells
Control no. 1 10.60 190 95.54
Control no. 2 0.4 51 93.28
Control no. 3 0.19 73 97.61
Oxidized LDL no. 1 833.0 460 35.88 0.03283
Oxidized LDL no. 2 76.7 60 10.49 0.07195
Oxidized LDL no. 3 508.6 327 52.06 0.04996
Mean 0.05158
n-LDL + ox-LDL no. 1 405.65 570 594 0.09615
n-LDL + ox-LDL no. 2 86.6 119 0.45 0.13213
n-LDL + ox-LDL no. 3 452 424 7.84 0.07769
Mean 0.10199

Data obtained from three different experiments. The rate of incorporation of total 7-oxy-cholesterols (7-OS) was calculated from: (Total 7-OS in
lipoproteins — Total 7-OS in control) in aortic wall cells/(Total 7-OS in lipoproteins-T — Total 7-OS in control) in organ baths. Cholesterol oxides were

assayed by capillary gas chromatography.
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relaxation when compared with the relaxation evoked by
acetylcholine. In the two experiments presented mean val-
ues of E., for sodium nitroprusside reached 87.2%
whereas they only reached 26.2% for acetylcholine-in-
duced relaxation.

4. Discussion

The major new finding from this study was that the
inhibitory effect induced by oxidized LDL on endothe-
lium-dependent relaxation, could be reinforced when aorta
strips were incubated simultaneously with oxidized and
native LDL. Moreover, this reinforcement is associated
with oxysterol uptake by the arterial wall.

Many risk factors for the development of athero-
sclerosis have been identified and there is much evidence
to indicate that oxidized LDL can lead to a decrease of
endothelium-dependent relaxation through inhibition of
production and /or release of endothelium-derived relaxing
factor (EDRF-nitric oxide NO) (Galle et al., 1991). On
rabbit aorta rings (Tanner et al., 1991; Jacobs et al., 1990;
Kugiyama et al., 1990; Galle et al., 1991; Deckert et al.,
1997), the inhibitory effects of oxidized LDL are mediated
the oxidized lipids produced. In the current study, LDL
were oxidized by using copper. The oxidized particles
obtained in this case had chemical and biological proper-
ties similar to those of cell-modified LDL (Steinbrecher et
al., 1984). It should be noted that the increase in elec-
trophoretic anionic mobility, because of the more impor-
tant net negative charge of oxidized LDL, was used to
evaluate oxidation (Fig. 1).

The effects of the different native lipoprotein fractions
on vasorelaxation are very controversial. Previous experi-
ments have shown that all native lipoparticles could impair
vasorelaxation (Andrews et a., 1987; Takahashi et a.,
1990; Tomita et al., 1990; Jacobs et al., 1990; Galle et dl.,
1991; Lewis et d., 1997; Grieves et d., 1998). The
differences between our results and those of others are
probably due to oxidation possibly taking place in the
organ bath. In our study, the lipoproteins were protected
from oxidative processes by butylated hydroxy-toluene
which is a free-radical scavenger, whereas EDTA isonly a
metal chelator and consequently only prevents metal-in-
duced oxidation.

As in previous studies (Matsuda et al., 1993; Galle et
al., 1994ab), we verified that native HDL co-incubated
with oxidized LDL in the organ bath, were protective for
vessels by alowing relaxation, probably through removal
of lysophosphatidyl choline from oxidized LDL (Matsuda
et al., 1993) and/or through an enzymatic process, possi-
bly paraoxonase (Mackness et al., 1993). Incubation of
vessel rings with VLDL plus ox-LDL led to heterogenous
E,.x (from 10.2% to 84.6%, mean 68.6 + 9%). The wide
range of the results could be explained by two phenomena.
(i) In genetically hyperlipidemic rabbits, only small VLDL

could be taken up and trapped in the inner arterial media
intima. In this case, VLDL are at least as atherogenic as
LDL (Nordestgaard et al., 1995). (ii) Moreover, Vogel et
al. (1997) have shown that post-prandial hypertriglyceri-
daemia transiently impairs endothelium-dependent flow-
mediated vasodilatation.

In contrast to native HDL, native LDL did not reverse
the oxidized LDL-induced inhibition of endothelium-de-
pendent vasodilatation: co-incubation of oxidized LDL
plus native LDL induced a more potent inhibition of
endothelium-dependent relaxation (Fig. 3).Through which
pathways could native LDL reinforce the oxidized LDL
induced-inhibition of endothelium-dependent vasorelax-
ation is the question.

Recently, cholesterol oxides, and more precisely, oxi-
dized derivatives in position 7 of cholesterol, were demon-
strated to be the main factor of oxidized LDL-induced
inhibition of endothelium-dependent vasodilatation (De-
ckert et al., 1997). Moreover, cytotoxic properties associ-
ated with 7-keto-cholesterol and 7-hydroxy-cholesterol
(Hughes et d., 1994) have been shown, particularly on
endothelial cells (Lizard et al., 1996). The oxygenated
derivatives of cholesterol can originate in different ways,
one possibility being from LDL oxidation; oxidized deriva-
tives in position 7 of cholesterol are the first oxysterols
formed during LDL in vitro oxidation and found in human
atherosclerotic femoral arteries (Patel et a., 1996;
Bjorkhem et al., 1994; Carpenter et al., 1993).

To determine whether oxidized derivatives in position 7
of cholesterol could be the factors involved in reinforce-
ment of vasorelaxation inhibition, two kinds of experi-
ments were performed: first, co-incubation of 7-keto-
cholesterol plus native lipoproteins to assess the influence
on endothelium-dependent vasorelaxation and second, co-
incubation of native particles with oxidized LDL to esti-
mate the total oxidized derivatives in position 7 of choles-
terol entry in the arterial wall.

As already reported (Deckert et al., 1997), 7-oxysterols
inhibit endothelium-dependent relaxation (Fig. 4) in a
dose-dependent manner (Fig. 5) compared with the control
values. However, co-incubation of 7-keto-cholesterol with
native lipoproteins, including LDL and VLDL, eliminated
the inhibitory effect. It could be hypothesized that during
incubation, 7-oxysterols are taken up by native lipoproteins
and therefore could protect them from toxicity. Native
LDL could reverse the inhibition induced by 7-keto-
cholesterol (Fig. 4) but, on the contrary, reinforce the
inhibition when they are incubated with oxidized LDL
(Fig. 3). It can be supposed that native LDL could pick up
oxysterols when they are linked to particles in the organ
bath which are not lipoproteins (albumin, for example), but
not when they are already present in oxidized LDL (Table
3.

Measurement of total 7-oxy-cholesterols in the organ
bath and in the aorta rings at the end of incubation (Table
3) has shown that native LDL favour their uptake by the
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inner part of the aorta ring. Moreover, their incorporation
is increased when native LDL are incubated with oxidized
LDL compared to the incorporation induced by oxidized
LDL alone. It also appeared that the level of inhibition
seems to be correlated with 7-oxysterol incorporation rate
(Table 3). Our results are in good agreement with those
obtained by Rong et a. (1998). They demonstrated that
cholesterol oxidation products gradually increased after
70-day injection period, and accumulated in the inner half
of the media of rabbit thoracic aorta. Moreover, neither
7-oxy-cholesterol incubation (Deckert et d., 1997), nor
native plus oxidized lipoprotein co-incubation (Fig. 6)
could affect the arterial relaxation mediated by sodium
nitroprusside. These results indicate that the inhibition was
due to endothelial mechanisms rather than to a direct effect
on smooth muscle cells. It could be hypothesized that
7-oxy-cholesterol incorporated in the vessel wall cells
could induce nitric oxide release or alter its production, a
hypothesis which could be corroborated by the study of
Deckert et al. (1998) which showed that 7-oxy-cholesterols
could reduce the histamine-activated nitric oxide release in
human umbilical vein endothelial cells.

In conclusion, the data now presented demonstrate that
co-incubation of different native lipoprotein fractions with
oxidized LDL produce opposite effects on atherogenesis.
The especialy interesting finding is that native LDL rein-
forces the inhibitor effect of oxidized LDL and therefore
could play an atherogenic role. The strengthening effects
of native LDL seem to be associated with cholesterol
oxide uptake by the arteria wall and to their possible
action on nitric oxide metabolism.
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