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Abstract

We characterized the acute effects of oxidized low-density lipoproteins (oxidized-LDL) on vascular reactivity in isolated aorta from
wild-type C57BL /6J mice, and compared these with the chronic alterations in vascular function observed in apolipoprotein-E gene
knockout [ApoE(— / — )] mice fed a high-fat diet, which results in hyperlipidemia and atherosclerosis. In the abdominal (but not thoracic)
aorta, oxidized-LDL (100 pg/ml) reduced relaxations induced by acetylcholine (107° M—10"5 M), which are mediated entirely by
nitric oxide (NO). The relaxations induced by the NO donor S-nitroso-N-acetylpenicillamine (SNAP, 1078 M—10~4 M), the cyclic GMP
anaogue 8-bromo cyclic GMP (100 wM) and the nonspecific vasodilator papaverine (100 M) were not changed by oxidized-LDL.
Native LDL had no effect on vasorelaxations. The attenuation of endothelium-dependent relaxations caused by oxidized-LDL mimicked
the endothelial dysfunction found in ApoE(— /—) mice. These results are consistent with the suggestion that oxidized-LDL has an
important role in the pathogenesis of endothelial NO dysfunction associated with hyperlipidemia and atherosclerosis in these mice.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Endothelial cells have a pivota role in maintaining a
normal vascular tone by releasing several vasorelaxing
factors including nitric oxide (NO), prostacyclin and en-
dothelium-derived hyperpolarizing factor (EDHF) (Siegel
et a., 1989; Moncada et al., 1991; Feletou and Vanhoultte,
1999). Moreover, endothelium-dependent vasorelaxation is
attenuated by hyperlipidemia and in atherosclerotic vessels
in both animals and humans (Ludmer et al., 1986; Ver-
beuren et a., 1986; Jayakody et al., 1987; Golino et al.,
1991; Dusting et al., 1995). The causes of endothelial
dysfunction in these disorders are complex and the
pathogenic mechanisms have not yet been fully elucidated.
Several lines of evidence suggest that oxidized low-density
lipoproteins (oxidized-LDL) might have a causative role in
the development of the endothelia dysfunction in these
pathological conditions (for review, see Cox and Cohen,
1996). This suggestion is based on several in vitro studies
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showing that treatment with oxidized-LDL, but not unmod-
ified, native low-density lipoproteins (LDL), compromised
endothelium-dependent vasorel axations; this impairment of
endothelia function is similar to that observed in vessels
from animals and humans with hyperlipidemia or athero-
sclerosis (Jayakody et al., 1987; Shimokawa and Van-
houtte, 1989; Jacobs et a., 1990; Tanner et a., 1991;
Kamata et al., 1996).

Recently, apolipoprotein-E gene knockout [ApoE(— /
—)] mice, which lack the gene encoding apolipoprotein-E
(Plump et al., 1992), have been shown to develop hyper-
lipidemia and atherosclerosis similar to humans (Naka-
shima et al., 1994). Moreover, these mice develop hyper-
tension and show endothelia dysfunction (Plump et al.,
1992; Barton et ., 1998; Yang et al., 1999). However, the
importance of oxidized-LDL in the pathogenesis of en-
dothelial dysfunction in ApoE(— / —) mice has not been
clarified. We hypothezised that in vitro treatment of nor-
mal mouse vessels with oxidized-LDL should pharmaco-
logically mimic the endothelial dysfunction found in the
vessels from chronicaly hyperlipidemic and athero-
sclerotic animals. Furthermore, the effect of oxidized-LDL
on vascular reactivity has not previously been studied in
mouse blood vessels. We cannot find a study that systemi-
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cally characterizes and compares the vascular functional
changes induced by oxidized-LDL with those that occur in
hyperlipidemia or atherosclerosis in the same species and
tissue using common experimental protocols. Therefore,
we set out to characterize the acute vascular effects
of oxidized-LDL in mouse isolated aorta, and compare
these vascular functional changes with those found in
ApoE(— /—) mice. All experiments were carried out
under the same experimental settings.

2. Materials and methods

2.1. Animals and tissue preparations

ApoE(— /—) mice with >99% C57BL /6J back-
ground were purchased from the Animal Resource Centre
(Western Austrdia, Australia) when they were 4-5 weeks
old. To accelerate the development of hyperlipidemia and
atherosclerosis, they were immediately transferred to a
standardized high-fat chow containing 0.15% cholesterol
(Harlan Teklad, Madison, WI, USA). C57BL /6J mice
were used as wild-type control. All animals were killed at
28-30 weeks of age. For the study on the effects of LDL
or oxidized-LDL, C57BL /6J mice of around 15 weeks old
were used.

On the day of experimentation, animas were anes-
thetized by isoflurane inhalation and killed by decapitation.
This procedure was approved by the Animal Experimenta-
tion Ethics Committee of the University of Melbourne.
Blood samples were collected for plasma lipid assay.
Thoracic and abdominal aorta were removed to a physio-
logical salt solution at room temperature in a Petri dish and
the adventitial fat tissues were cleaned off. Segments of
1.5 mm long were obtained from both thoracic and abdom-
inal aorta avoiding the bifurcations of major arteries. For
functional studies in ApoE(— / —) mice, vessel segments
were used immediately after dissection; whereas to study
the effects of oxidized-LDL, the segments were incubated
overnight in Dulbecco’s modification of Eagle’'s medium
(DMEM, CSL Biosciences, Melbourne, Australia), which
was supplemented with 0.1% foetal calf serum and con-
tained either saine (vehicle control) or oxidized-LDL, in a
95% O,, 5% CO, environment at 37 °C. The concentra-
tion of oxidized-LDL used was 100 p.g/ml. Higher con-
centrations severely impaired the contraction responses
which would complicate analysis of vasorelaxation re-
sponses. This concentration was used by most previous
studies (Cox and Cohen, 1996).

2.2. Vascular functional studies

Aortic segments were transferred to a Mulvany myo-
graph (Model 610M, J.P. Trading, Denmark). Segments
were mounted onto two parallel stainless steel pins through

the lumen. One pin was fixed to a displacement microme-
ter and the other one was connected to an isometric tension
transducer. The tissue was placed in a chamber containing
6 ml physiological salt solution, which was maintained at
36 °C+ 1 and gassed with 5% CO, and 95% O,. The
isometric tension was displayed and recorded with a Pow-
erLab data recording system (AD Instruments, Austraia).
After a 20 min period of equilibration, the resting tension
was raised stepwise to 5 mN, then a further equilibration
period of 20 min was given.

Contractility of the vessels was initially tested with 123
mM high-K* physiological salt solution. Because K* did
not produce maximal contractions in these vessels, then the
tissues were maximally contracted with the thromboxane
analogue 9,11-dideoxy-9a ,11a-methanoepoxyprostaglan-
din F,, (U46619, 1 wM). Concentration—response curves
were obtained by cumulative addition of stock solutions of
various drugs into the chamber. The relaxations to acetyl-
choline (107°-10"° M) and S-nitroso-N-acetylpenicilla-
mine (SNAP, 10°8-10"* M) and contractions to 5-
hydroxytryptamine (5-HT, 1078-10"° M) were studied
sequentially in a single tissue. Relaxations were induced
after the tone had been raised with U46619 to 40 — 50% of
the maximum. Tissues were washed thoroughly and at
least 20 min of equilibration was alowed between two
curves. In some experiments, the tissues were preincubated
with the NO synthase inhibitor N ©-nitro-L-arginine methyl
ester (L-NAME, 100 wM) for 30—40 min before contrac-
tion.

2.3. Preparation of oxidized-LDL

Native LDL (5 mg protein/ml) purchased from Sigma
was dialysed against phosphate-buffer saline (pH 7.2) at 4
°C for 24 h and then oxidized by incubation with 10 uM
CuSO, at room temperature overnight. Then the reaction
was stopped by 1 mM EDTA and the mixture was dialysed
against phosphate-buffer saline again. The oxidation of
LDL was determined by the thiobarbituric acid reactive
substances assay (Yokode et al., 1988; Hein and Kuo,
1998) using a luminescence spectrometer (Perkin-Elmer)
with excitation at 515 nm and emission at 550 nm. CuSO,
incubation increased the thiobarbituric acid reactive sub-
stances content from 1.6 to 5.8 nmol malondialdehyde
equivalent /mg protein. Protein content was determined by
Lowry's assay (Lowry et al., 1951).

2.4. Quantification of atherosclerotic lesions

After the functional experiments in which the abdomi-
nal aortae from ApoE(— / — ) mice were tested, the vessel
segments were cut open and stained with oil red O (0.5%
in 60% isopropy! alcohol) for 10 min at room temperature.
The en face image of the lumen was pictured. The pictures
were digitised and the lesion area (red stained) was quanti-
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fied using MCID imaging analysis software (Imaging Re-
search, Canada). The results were expressed as % of the
total luminal surface area.

2.5. Measurement of plasma lipid levels

Heparinized blood samples were centrifuged at 14000
rpm for 10 min. Plasma was removed to 1.5 ml Eppendorf
vials and stored a¢ —80 °C to be assayed in 2 months.
Plasma total cholesterol, low-density lipoproteins (LDL),
high-density lipoproteins (HDL) and triglycerides were
measured with commercial biochemical assay kits from
Genzyme (MA, USA) (for LDL) or Beckman Instruments
(CA, USA) (for other lipids).

2.6. Histological examination of atherosclerotic lesions

Freshly dissected tissues were fixed in 4% paraformal-
dehyde for 24 h. Then the tissue blocks were embedded in
paraffin and transverse sections of 4 wm in thickness were
cut serially. Tissue sections were stained with haema
toxylin-eosin and examined by light microscope.

2.7. Drugs and solutions

The following drugs were used: acetylcholine perchlo-
rate, 8-bromo guanosine 3:5-cyclic monophosphate
(sodium salt, 8-bromo cyclic GMP), 5-hydroxytryptamine
(creatinine sulfate complex, 5-HT), N®-nitro-L-arginine
methyl ester hydrochloride (L-NAME), S-nitroso-N-
acetylpenicillamine (SNAP), papaverine hydrochloride,
9,11-dideoxy-9a ,11a-methanoepoxyprostaglandin  F,,,
(U46619). Acetylcholine was from BDH Chemicals (En-
gland); U46619 was from Calbiochem (CA, USA); other
drugs were from Sigma (St. Louis, MO, USA).

Stock solutions of the drugs were made by dissolving
them in distilled water, except for SNAP and U46619,
which were dissolved in dimethylsulphoxide (DMSO) and
diluted in physiological salt solution. The physiological
salt solution had the following composition (mM): NaCl
118.0, KCI 4.7, NaHCO, 25.0, MgSO, 1.2, KH,PO, 1.2,
CaCl, 2.5 and p-glucose 5.0. The isotonic high-K* (123
mM) physiological salt solution was prepared by replacing
NaCl in norma physiologica sat solution with equal
molar KCI.

2.8. Data and statistical analysis

The tension of the vessel wall was measured in mN.
Relaxations were expressed as percentage reductions of
U46619-produced tone. Contractions to 5-HT were ex-
pressed as percentages of 123 mM high-K* physiological
salt solution-induced contractions. The EC., (which is the
concentration required to produce 50% of the maximal
response) values were calculated using a GraphPad Prism
software. Data were presented as mean + standard error of
the mean (S.E.M.). The mean data were analysed with
one-way analysis of variance followed by Tukey's test. A
value of P < 0.05 was regarded as statistically significant.

3. Reaults

3.1. Hyperlipidemia and atherosclerosis in ApoE(— /—)
mice

At 28-30 weeks of age, ApoE(— /—) mice demon-
strated significantly elevated plasma levels of total choles-
terol, LDL, HDL and triglycerides, as compared to wild-
type C57BL /6J of the same age (Table 1). In C57BL /6J
mice, there was no atherosclerotic lesion detectable any-
where in the aorta. In ApoE(— /—) mice, most of the
lesions, identified as areas stained red by oil red O, were
found at the aortic sinus, the lesser curvature of the aortic
arch and the upper half of the abdominal aorta. Other
lesions were mainly located at the sites of bifurcations of
arteries. Light microscopic examination of transverse sec-
tions demonstrated that all pathological phases of athero-
sclerosis, namely fatty streaks, fibrofatty lesions and fi-
brous plagues, could be found along the aorta.

3.2. Contractile responses in isolated aorta

In both thoracic and abdominal aorta, the contractions
induced by 123 mM high-K* physiological salt solution
were significantly decreased in ApoE(— /—) mice com-
paring with C57BL /6J control (Fig. 1). Similarly, the
maximal contractions to U46619 (1 ..M) were also attenu-
ated in ApoE(—/—) mice (Fig. 1). In contrast, the
contractions to 5-HT (1078 M-10"° M), which were
expressed as % of high-K* physiological sdt solution-in-

Table 1
Plasma lipid levels in norma C57BL /6J mice (control) and apolipoprotein-E gene knockout mice [ApoE(— / — )]

Total cholesterol (mM) HDL (mM) LDL (mM) Triglycerides (mM)
Control (n= 14) 2.80 + 0.087 2.70 £ 0.082 undetectable 114+ 011
ApoE(—/—)(n=23) 27.1+ 1.242 5.79 + 0.262 6.92 + 0.38 3.79 + 0.422

HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol. LDL levels less than 0.3 mM were undetectable with the assay kit
used in the present study. Data are mean + standard error of the mean (S.E.M.).

&P < 0.001 vs. control, one-way analysis of variance.
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Fig. 1. Contractile responses induced by high-K* (123 mM) physiological sat solution (PSS), U46619 (1 wM) and 5-hydroxytryptamine (5-HT,
108-1075 M) in the thoracic (upper panel) and abdominal (Iower panel) aorta from normal C57BL /6J mice (C) and apolipoprotein-E gene knockout
[ApoE(— / — )] mice (A). Contractions to high-K * physiological salt solution and U46619 are expressed in mN; contractions to 5-HT are expressed as %
of those induced by high-K* physiological salt solution. Data are mean + standard error of the mean (SE.M.). * P < 0.05, one-way analysis of variance,

n=4-20.

duced contractions, were markedly enhanced in the tho-
racic, but not abdominal, aortain ApoE(— / — ) mice (Fig.
1). The ECy, and R, (maxima response) values of
5-HT-induced contractions were given in Table 2.

In tissues obtained from C57BL /6J mice, incubation
with oxidized-LDL (100 p.g protein/ml) had no effects on
the contractile responses to K* (123 mM) or U46619 (1
M) in either thoracic or abdomina aorta (Fig. 2). Also,
oxidized-LDL treatment did not change the contractions to
5-HT (108 M-10"° M) (Fig. 2 and Table 3).

Table 2

3.3. Relaxation responses in isolated aorta

In the thoracic and abdominal aorta from both control
and ApoE(— /—) mice, acetylcholine (10°° M-10"°
M) produced endothelium-dependent relaxations, which
were blocked by pretreatment with the NO synthase inhi-
bitor L-NAME (100 wM) (Fig. 3). In the abdomina
aorta, relaxations to acetylcholine were attenuated in
ApoE(— /—) as compared to control mice (Fig. 3). In
contrast, there were no differences between control and

ECg, and R, values of the relaxations to acetylcholine and SNAP, and the contractions to 5-HT in thoracic and abdominal aorta from normal

C57BL /6J (control) and ApoE(— / — ) mice

Thoracic aorta

Abdominal aorta

ECs (M) Rmax (%0) ECso (WM) Rinax (%0)
ACh
Control 0.074 + 0.022 (8) 66.1 + 4.3(8) 0.038 + 0.006 (8) 88.9+1.0(8)
ApoE(— /—) 0.15 + 0.054 (8) 77.7 + 6.4(8) 0.08 + 0.012%(8) 718+ 4.1° (8)
SNAP
Control 055+ 0.25(7) 97.0+1.0(7) 0.38+ 0.13(12) 96.6 + 0.6 (12)
ApoE(—/-) 0.45 + 0.24 (8) 95.6+0.9(8) 0.48 + 0.17 (12 936+ 1.3(12)
5-HT
Control 0.23+0.013(4) 114.4 + 85 (4) 0.34 + 0.041(8) 51.3+12.8(8)
ApoE(—/—) 0.15 + 0.026° (5) 3753+ 51.1° (5) 0.34 + 0.047 (8) 62.3+15.2(8)

ECs5,, the concentration required to produce 50% of the maximal response; R, maximal response; ACh, acetylcholine; SNAP, S-nitroso-N-acetylpeni-

cillamine; 5-HT, 5-hydroxytryptamine. Data are mean + SEE.M.

8P < 0.005 vs. control, one-way analysis of variance. Figures in brackets are the numbers of experiments.
PP < 0,01 vs. control, one-way analysis of variance. Figures in brackets are the numbers of experiments.
°P < 0.05 vs. control, one-way analysis of variance. Figures in brackets are the numbers of experiments.
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Fig. 2. Contractile responses induced by high-K ™ (123 mM) physiological salt solution (PSS), U46619 (1 wM) and 5-HT (10~8-10° M) in the thoracic
(upper panel) and abdominal (lower panel) aorta from wild-type C57BL /6J mice incubated overnight with either saline (C) or oxidized low-density
lipoprotein (oxidized-LDL, 100 pg protein/ml) (L). Contractions to high-K* physiological salt solution and U46619 are expressed in mN; contractions to
5-HT are expressed as % of those induced by high-K* physiological salt solution. Data are mean + SE.M. * P < 0.05, one-way anaysis of variance,

n=5-20.

ApoE(— /—) in the relaxations produced by the NO
donor SNAP (1078 M-10"* M) (Fig. 3), the cell perme-
able cyclic GMP analogue 8-bromo cyclic GMP (100 p.M)
[52.5% + 4.3 in ApoE(— / —) vs. 55.1% + 6.3 in control,
P > 0.05, n = 3-6] or the nonspecific vasodilator papaver-
ine (100 wM) [97.7% + 1.0 in ApoE(— / —) vs. 98.0% +
0.2 in control, P> 0.05, n= 3-6]. In the thoracic aorta,
on the other hand, acetylcholine-induced responses in con-
trol and ApoE(— /—) did not differ (Fig. 3). Nor was
there any difference between SNAP-induced relaxations in

Table 3

the thoracic aorta (Fig. 3). The ECy, and R, vaues of
acetylcholine-and SNAP-induced relaxations in these tis-
sues were summarized in Table 2.

In tissues from wild-type C57BL /6J, incubation with
oxidized-LDL (100 pg protein/ml) significantly reduced
the relaxations to acetylcholine in the abdominal aorta
while it had no effect in the thoracic aorta (Fig. 4 and
Table 3). However, the relaxations to SNAP were not
changed by oxidized-LDL (Fig. 4 and Table 3). Also,
oxidized-LDL did not change the relaxations produced by

ECy, and R, values of the relaxations to acetylcholine and SNAP, and the contractions to 5-HT in the aorta from C57BL /6J mice incubated overnight

with either saline (control) or oxidized-LDL

Thoracic aorta

Abdominal aorta

ECSO (}.LM) Rmax (%) EC5O (MM) Rmax (%)
ACh
Control 0.049 + 0.007 (7) 744+ 4.1(7) 0.16 + 0.097 (9) 84.4+4.6(9)
Oxidized-LDL 0.072 + 0.023(7) 59.4+ 6.2 (7) 0.11 + 0.025 (11) 56.6 + 3.72 (11)
SNAP
Control 0.46 + 0.15 (4) 983+ 1.2(4) 0.39 + 0.12 (6) 89.3+3.3(6)
Oxidized-LDL 041+ 0.11(4) 99.0 + 1.4 (4) 0.41+ 0.19 (6) 93.7+ 0.8(6)
5-HT
Control 0.12 + 0.015 (5) 120.4 + 9.0 (5) 0.21 + 0.03 (10) 60.7 + 6.5 (10)
Oxidized-LDL 0.16 + 0.02 (5) 121.0+9.2(5) 0.21 + 0.02 (10) 74.1+ 7.8 (10

Oxidized-LDL, oxidized low-density lipoprotein (100 w.g protein/ml). Data are mean + S.E.M.
8P < 0.001 vs. control, one-way analysis of variance. Figures in bracket are the number of experiments.
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Fig. 3. Relaxations induced by acetylcholine (ACh, 10~° M-10"5 M)
and the nitric oxide (NO) donor S-nitroso-N-acetylpenicillamine (SNAP,
1078-10"* M) in the thoracic (A) and abdominal (B) aorta from normal
C57BL /6J (control) and ApoE(— / —) mice. Acetylcholine-induced re-
laxations were blocked by the NO synthase inhibitor N ©-nitro-L-arginine
methyl ester (L-NAME, 100 wM) in al of these tissues. Relaxations are
expressed as % reductions of U46619-produced tone, which is equivalent
to 40-50% of the maximal response induced by U46619. Data are
mean+S.EM. “P < 0.005, one-way analysis of variance followed by
Tukey’'s test, n= 3-8.

8-bromo cyclic GMP (27.8% + 1.0 in oxidized-LDL-
treated vs. 28.1% =+ 4.5 in control tissues, P > 0.05; n=4)
or papaverine (96.4% + 0.4 in oxidized-LDL-treated vs.
96.5% + 2.3 in control tissues, P> 0.05, n=4). In al of
these tissues, acetylcholine-induced relaxations were abol-
ished by L-NAME (Fig. 4). Unlike oxidized-LDL, native
LDL at the same concentration did not significantly change
acetylcholine-induced relaxations in the abdominal aorta
(Fig. 5).

3.4. Relationship between endothelium-dependent relax-
ations and atherosclerotic lesion area

To determine whether the extent of atherosclerosis has a
significant impact on endothelium-dependent relaxations
induced by acetylcholine in the abdominal aorta from
ApoE(— /—) mice, the EC,, of acetylcholine and the
maximal relaxation were plotted against the total lesion
area for each individual preparation, and the results were
analysed by linear regression. There was no correlation
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Fig. 4. Relaxations induced by acetylcholine (ACh, 107° M-10"5% M)
and the NO donor SNAP (1078-10"* M) in the thoracic (A) and
abdominal (B) aorta from normal C57BL /6J mice incubated overnight
with either saline (control) or oxidized-LDL (ox-LDL, 100 pg
protein/ml). Acetylcholine-induced relaxations were blocked by L-NAME
(100 wM) in al of these tissues. Relaxations are expressed as %
reductions of U46619-produced tone, which is equivalent to 40-50% of
the maxima response induced by U46619. Data are mean+ S.E.M.
“P <0.001, one-way analysis of variance followed by Tukey's test,
n=4-11.
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Fig. 5. Effect of overnight incubation with native low-density lipoprotein
(LDL, 100 pg protein/ml) on acetylcholine (ACh)-induced relaxationsin
the abdominal aorta from normal C57BL /6J mice. Relaxations are
expressed as % reductions of U46619-produced tone. Data are mean +
SEM., n=4.



F. Jiang et al. / European Journal of Pharmacology 424 (2001) 141-149 147

907 r2=0.016
801 i
o
R 70 . o——
:
m 60 )
50 1 5
40 - - - -
0 10 20 30 40
Lesion area (%)
B
0.16
rz =0.032 A
0.14
=]
3 0.12
2 0.10 4 A
[0 0.08 /A“/A/
0.06 -
0.04

0 10 20 30 40
Lesion area (%)

Fig. 6. Relationship between (A) the R, (maximal response) and (B)
ECg, (the concentration required to produce 50% of the maximal re-
sponse) values of acetylcholine-induced relaxations and the athero-
sclerotic lesion areas in abdominal aortic rings from ApoE(— / —) mice.
Lesion areais expressed as % of the total endothelia surface. Thereis not
a significant correlation between the R, /ECs, values and the lesion
areas (P> 0.05, n=7).

between EC5, or R, and atherosclerotic lesion area
(Fig. 6).
4. Discussion

This study characterized the acute changes in vascular
function induced by oxidized-LDL in isolated mouse aorta,

and compared with those found in hyperlipidemic and
atherosclerotic ApoE(— /—) mice. Our results demon-
strate that in vitro treatment with oxidized-LDL mimicked
the endothelial NO dysfunction observed in ApoE(— / —)
mice. This is based on the following observations: (1)
oxidized-LDL produced a specific reduction of endothe-
lium-dependent relaxations, which was similar to that ob-
served in ApoE(— /—) aorta, whereas the NO donor
SNAP-and the nonspecific vasodilator papaverine-induced
endothelium-independent relaxations were not atered in
gither situation; (2) the endothelial dysfunction in
ApoE(—/—) mice exhibited an obvious distributional
variation (i.e. it was observed in abdomina aorta, but not
in the thoracic aorta), and similar heterogeneity was also
found with the effect of oxidized-LDL; (3) the effect of
oxidized-LDL on endothelium-dependent relaxations could
not be reproduced by native LDL at the same concentra
tion; (4) there was no correlation between endothelium-
dependent relaxations and the extent of atherosclerotic
lesions; and (5) dthough the plasma concentration of
oxidized-LDL has not been determined in atherosclerotic
mice, the concentration of oxidized-LDL used in this study
is in the range of the level of circulating oxidized-LDL
estimated in human plasma in vivo (Cox and Cohen,
1996). However, it should be noted that the endothelial
dysfunction in hyperlipidemia and atherosclerosisis a mul-
tiple factorial process, and the present study does not
exclude the involvement of other pathogenic factors (Bar-
ton et a., 1998).

The abdominal aorta appeared to be more susceptible to
the impact of oxidized-LDL and hyperlipidemia and
atherosclerosis than the thoracic aorta. Such regional het-
erogeneity of endothelial dysfunction has not been ob-
served in other hyperlipidemic or atherosclerotic models.
In ApoE and LDL-receptor double knockout mice, Bonthu
et a. (1997) demonstrated that the relaxation to acetyl-
choline was reduced to a greater degree in the proximal
segment than in the distal segment of thoracic aorta. It was
suggested that this difference might be due to the different
lesion density in these two regions. However, this appears
unlikely in our study because the lesion area did not
correlate with the impairment of acetylcholine-induced
relaxations in ApoE(— / —) abdomina aorta, suggesting
that this endothelial dysfunction is not simply a result of a
physical barrier effect. The mechanisms responsible for
this regional variation are unknown. However, we have
recently observed that in the abdomina aorta of
ApoE(— / —) mice, superoxide anion (O, ™) production is
significantly higher than in the thoracic aorta, suggesting
that there is a difference of oxidative stress status between
these two regions.

Our results showed that in control, atherosclerotic and
oxidized-LDL -treated vessels, acetylcholine-induced re-
laxations were abolished by the NO synthase inhibitor
L-NAME, indicating that in mouse aorta this endothelium-
dependent response is mediated by NO in both physio-
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logical and pathophysiological situations, while other en-
dothelium-derived mediators, such as EDHF (Feletou and
Vanhoutte, 1999) or prostacyclin (Siegel et al., 1989) are
unlikely to be involved. Brandes et a. (1997) have demon-
strated that the relaxation mediated by endothelium-depen-
dent hyperpolarizing mechanisms in renal arteries from
hyperlipidemic rabbits was increased, and they suggested
the increased EDHF component may compensate for the
impaired relaxation mediated by NO and contribute to the
maintenance of normal vascular function. However, this
mechanism clearly has a minimal role in mouse aorta
because hyperpolarizing mechanisms are not involved in
the endothelium-dependent relaxation in either hyperlipi-
demia or oxidized-LDL treatment. This is consistent with
the observation that EDHF has little role in large conduit
arteries, but may contribute more in resistance vessels
(Garland et a., 1995).

Precisely how oxidized-LDL suppresses endothelial
NO-mediated relaxations has not been well defined. How-
ever, it has been shown that oxidized-LDL stimulated
protein kinase C activity in endothelial cells (Li et al.,
1998). Protein kinase C, in turn, may activate a vascular
NAD(P)H oxidase, which has been identified as one of the
major sources of O, in vascular tissues, leading to an
overproduction of O, and a decreased bioavailability of
NO (Heitzer et a., 1999; Munzel et a., 1999). Moreover,
oxidized-LDL may stimulate phospholipase D activity in
vascular tissues, an effect which could aso activate
NAD(P)H oxidase activity (Natargjan et al., 1995; Cox and
Cohen, 1997; Touyz and Schiffrin, 1999). In separate
experiments, we demonstrated that the inhibition of acetyl-
choline-induced relaxations by oxidized-LDL was dimin-
ished by incubation with the superoxide dismutase mimetic
Mn(l1Dtetrakis(4-benzoic acid)porphyrin (data not shown),
suggesting that increased O, generation may be involved
in this process. This assumption is supported by the find-
ing that oxidized-LDL had no effect on 8-bromo cyclic
GMP-induced relaxations, indicating that the efficiency of
the signa transduction pathway of the NO/cyclic GMP
system (see Moncada et al., 1991) was not affected by
oxidized-LDL.

The effect of hyperlipidemia and atherosclerosis on
vascular contractile responses has been controversial
(Wroblewski and Witanowska, 1982; Freiman et al., 1986;
Ibengwe and Suzuki, 1986; Gdlle et a., 1991). In the
present study, it was shown that in both thoracic and
abdominal aortafrom ApoE(— / — ) mice, the contractions
to K* were significantly reduced as compared to wild-type
C57BL /6J mice, suggesting that the contractility of vascu-
lar smooth muscle cells was compromised in hyperlipi-
demia and atherosclerosis. Likewise, the contractions to
U46619 were aso reduced in ApoE(— /—) mice. This
might be due to the upregulation of inducible NO synthase
expression in atherosclerotic arteries (Arthur et al., 1997;
Wilcox et d., 1997). On the other hand, the contractile
responses to 5-HT were selectively increased in the tho-

racic aorta in ApoE(— /—) mice. Similar results were
also obtained in rabbit arteries with experimental hyperlipi-
demia or atherosclerosis (Dusting et al., 1990; Galle et 4.,
1991; Sobey et a., 1991). The mechanisms of the en-
hanced reactivity to 5-HT probably relate to the upregula-
tion of 5-HT receptor expression or the increase in recep-
tor-mediated Ca®* mobilization (Miwa et al., 1994).

In summary, in vitro treatment with oxidized-LDL
specifically attenuated NO-mediated relaxations induced
by acetylcholine in the abdomina aorta from wild-type
C57BL /6J mice. Thisimpairment of endothelial NO func-
tion mimicked the endothelial dysfunction found in
ApoE(— / —) mice fed a high-fat diet. These results sup-
port the hypothesis that oxidized-LDL has an important
role in the pathogenesis of endothelial NO dysfunction in
hyperlipidemia and atherosclerosis.

Acknowledgements

This work was supported by an institute block grant
(No. 983001) from the National Health and Medica Re-
search Council of Austraia. We aso would like to thank
Ms. Faye Docherty (Department of Anatomy and Cell
Biology, the University of Melbourne) for the histological
tissue processing and staining.

References

Arthur, JF., Yin, Z.L., Young, H.M., Dusting, G.J., 1997. Induction of
nitric oxide synthase in the neointima induced by a periarterial collar
in rabbits. Arterioscler., Thromb., Vasc. Biol. 17, 737—740.

Barton, M., Haudenschild, C.C., d'Uscio, L.V., Shaw, S., Munter, K.,
Luscher, T.F., 1998. Endothelin ET, receptor blockade restores
NO-mediated endothelial function and inhibits atherosclerosis in apo-
lipoprotein E-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 95,
14367-14372.

Bonthu, S., Heistad, D.D., Chappell, D.A., Lamping, K.G., Faraci, F.M.,
1997. Atherosclerosis, vascular remodeling, and impairment of en-
dothelium-dependent relaxation in genetically atered hyperlipidemic
mice. Arterioscler., Thromb., Vasc. Biol. 17, 2333-2340.

Brandes, R.P., Behra, A., Lebherz, C., Boger, R.H., Bode-Boger, SM.,
Phivthong-Ngam, L., Mugge, A., 1997. NC-nitro-L-arginine-and
indomethacin-resistant endothelium-dependent relaxation in the rabbit
renal artery: effect of hypercholesterolemia. Atherosclerosis 135, 49—
55.

Cox, D.A., Cohen, M.L., 1996. Effects of oxidized low-density lipopro-
tein on vascular contraction and relaxation: clinical and pharmacol ogi-
cal implications in atherosclerosis. Pharmacol. Rev. 48, 3-19.

Cox, D.A., Cohen, M.L., 1997. Relationship between phospholipase D
activation and endothelial vasomotor dysfunction in rabbit aorta. J.
Pharmacol. Exp. Ther. 283, 305-311.

Dusting, G.J., Curcio, A., Harris, P.J.,, Lima, B., Zambetis, M., Martin,
JF., 1990. Supersensitivity to vasoconstrictor action of serotonin
precedes the development of atheroma-like lesions in the rabbit. J.
Cardiovasc. Pharmacol. 16, 667—674.

Dusting, G.J., Hyland, R., Hickey, H., Makdissi, M., 1995. Angiotensin-
converting enzyme inhibitors reduce neointimal thickening and main-
tain endothelial nitric oxide function in rabbit carotid arteries. Am. J.
Cardiol. 76, 24E-27E.

Feletou, M., Vanhoutte, P.M., 1999. The third pathway: endothelium-de-
pendent hyperpolarization. J. Physiol. Pharmacol. 50, 525-534.



F. Jiang et al. / European Journal of Pharmacology 424 (2001) 141-149 149

Freiman, P.C., Mitchell, G.G., Heistad, D.D., Armstrong, M.L., Harrison,
D.G., 1986. Atherosclerosis impairs endothelium-dependent vascular
relaxation to acetylcholine and thrombin in primates. Circ. Res. 58,
783-789.

Galle, J, Busse, R., Bassenge, E., 1991. Hypercholesterolemia and
atherosclerosis change vascular reactivity in rabbits by different
mechanisms. Arterioscler. Thromb. 11, 1712—-1718.

Garland, C.J., Plane, F., Kemp, B.K., Cocks, T.M., 1995. Endothelium-
dependent hyperpolarization: a role in the control of vascular tone.
Trends Pharmacol. Sci. 16, 23—-30.

Goalino, P., Piscione, F., Willerson, J.T., Cappelli-Bigazzi, M., Focaccio,
A., Villari, B., Indolfi, C., Russolillo, E., Condorelli, M., Chiariello,
M., 1991. Divergent effects of serotonin on coronary-artery dimen-
sions and blood flow in patients with coronary atherosclerosis and
control patients. N. Engl. J. Med. 324, 641-648.

Hein, TW., Kuo, L., 1998. LDLs impair vasomotor function of the
coronary microcirculation: role of superoxide anions. Circ. Res. 83,
404-414.

Heitzer, T., Wenzel, U., Hink, U., Krollner, D., Skatchkov, M., Stahl,
R.A., MacHarzina, R., Brasen, JH., Meinertz, T., Munzel, T., 1999.
Increased NAD(P)H oxidase-mediated superoxide production in reno-
vascular hypertension: evidence for an involvement of protein kinase
C. Kidney Int. 55, 252—260.

Ibengwe, J.K., Suzuki, H., 1986. Changes in mechanical responses of
vascular smooth muscles to acetylcholine, noradrenaline and high-
potassium solution in hypercholesterolemic rabbits. Br. J. Pharmacol.
87, 395-402.

Jacobs, M., Plane, F., Bruckdorfer, K.R., 1990. Native and oxidized
low-density lipoproteins have different inhibitory effects on endothe-
lium-derived relaxing factor in the rabbit aorta. Br. J. Pharmacol. 100,
21-26.

Jayakody, L., Senaratne, M., Thomson, A., Kappagoda, T., 1987. En-
dothelium-dependent relaxation in experimental atherosclerosis in the
rabbit. Circ. Res. 60, 251-264.

Kamata, K., Kojima, S., Sugiura, M., Kasuya, Y., 1996. Preservation of
endothelium-dependent vascular relaxation in cholesterol-fed mice by
the chronic administration of prazosin or pravastatin. Jon. J. Pharma
col. 70, 149-156.

Li, D., Yang, B., Mehta, J.L., 1998. Oxidized-LDL induces apoptosis in
human coronary artery endothelial cells: role of PKC, PTK, bcl-2, and
Fas. Am. J. Physiol. 275, H568—H576.

Lowry, O.H., Rosebrough, N.J,, Farr, A.L., Randall, R.J., 1951. Protein
measurement with the Folin—Phenol reagents. J. Biol. Chem. 193,
265-275.

Ludmer, P.L., Selwyn, A.P., Shook, T.L., Wayne, R.R., Mudge, G.H.,
Alexander, RW., Ganz, P., 1986. Paradoxical vasoconstriction in-
duced by acetylcholine in atherosclerotic coronary arteries. N. Engl. J.
Med. 315, 1046-1051.

Miwa, Y., Hirata, K., Matsuda, Y., Suematsu, M., Kawashima, S,
Y okoyama, M., 1994. Augmented receptor-mediated Ca? " mobiliza-
tion causes supersensitivity of contractile response to serotonin in
atherosclerotic arteries. Circ. Res. 75, 1096—-1102.

Moncada, S., Paimer, R.M., Higgs, E.A., 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109-142.

Munzel, T., Hink, U., Heitzer, T., Meinertz, T., 1999. Role for NADPH /
NADH oxidase in the modulation of vascular tone. Ann. N. Y. Acad.
Sci. 874, 386—400.

Nakashima, Y., Plump, A.S, Raines, EW., Bresow, JL., Ross, R,
1994. ApoE-deficient mice develop lesions of al phases of athero-
sclerosis throughout the arterial tree. Arterioscler. Thromb. 14, 133—
140.

Natargjan, V., Scribner, W.M., Hart, C.M., Parthasarathy, S., 1995.
Oxidized low density lipoprotein-mediated activation of phospholi-
pase D in smooth muscle cells; apossible role in cell proliferation and
atherogenesis. J. Lipid Res. 36, 2005-2016.

Plump, A.S., Smith, J.D., Hayek, T., Adto-Setala, K., Walsh, A., Ver-
stuyft, J.G., Rubin, EMM., Breslow, JL., 1992. Severe hypercholes-
terolemia and atherosclerosis in apolipoprotein E-deficient mice cre-
ated by homologous recombination in ES cells. Cell 71, 343-353.

Shimokawa, H., Vanhoutte, P.M., 1989. Impaired endothelium-dependent
relaxation to aggregating platelets and related vasoactive substances
in porcine coronary arteries in hypercholesterolemia and athero-
sclerosis. Circ. Res. 64, 900-914.

Siegel, G., Schnalke, F., Stock, G., Grote, J., 1989. Prostacyclin, endothe-
lium-derived relaxing factor and vasodilatation. Adv. Prostaglandin,
Thromboxane, Leukotriene Res. 19, 267—-270.

Sobey, C.G., Dusting, G.J., Woodman, O.L., 1991. Enhanced vasocon-
striction by serotonin in rabbit carotid arteries with atheromarlike
lesions in vivo. Clin. Exp. Pharmacol. Physiol. 18, 367—370.

Tanner, F.C., Noll, G., Boulanger, C.M., Luscher, T.F., 1991. Oxidized
low density lipoproteins inhibit relaxations of porcine coronary arter-
ies. Role of scavenger receptor and endothelium-derived nitric oxide.
Circulation 83, 2012—2020.

Touyz, R.M., Schiffrin, E.L., 1999. Ang Il-stimulated superoxide produc-
tion is mediated via phospholipase D in human vascular smooth
muscle cells. Hypertension 34, 976—982.

Verbeuren, T.J., Jordaens, F.H., Zonnekeyn, L.L., Van Hove, C.E,
Coene, M.C., Herman, A.G., 1986. Effect of hypercholesterolemiaon
vascular reactivity in the rabbit: 1. Endothelium-dependent and en-
dothelium-independent contractions and relaxations in isolated arter-
ies of control and hypercholesterolemic rabbits. Circ. Res. 58, 552—
564.

Wilcox, J.N., Subramanian, R.R., Sundell, C.L., Tracey, W.R., Pollock,
JS, Harrison, D.G., Marsden, P.A., 1997. Expression of multiple
isoforms of nitric oxide synthase in normal and atherosclerotic ves-
sels. Arterioscler., Thromb., Vasc. Biol. 17, 2479—-2488.

Wroblewski, T., Witanowska, A., 1982. The contractile response of the
normal and atherosclerotic aortic strips to noradrenaline, and potas-
sium ions. Acta Physiol. Pol. 33, 353-360.

Yang, R., Powell-Braxton, L., Ogacawara, A.K., Dybdal, N., Bunting, S.,
Ohneda, O., Jin, H., 1999. Hypertension and endothelial dysfunction
in apolipoprotein E knockout mice. Arterioscler., Thromb., Vasc.
Biol. 19, 2762-2768.

Yokode, M., Kita, T., Kikawa, Y., Ogorochi, T., Narumiya, S., Kawai,
C., 1988. Stimulated arachidonate metabolism during foam cell trans-
formation of mouse peritoneal macrophages with oxidized low den-
sity lipoprotein. J. Clin. Invest. 81, 720-729.



