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To test the hypothesis that cholesterol might suppress the beneficial effect of olive oil in atherosclerosis, we fed apoE KO
ontaining extra virgin olive oil, either with or without cholesterol, for 10 weeks and assessed the development of atherosclerosis. W
ex, mice were assigned randomly to one of the following four experimental groups: (1) a standard chow diet, (2) a chow diet sup
ith 0.1% cholesterol (w/w) cholesterol, (3) a chow diet enriched with 20% (w/w) extra virgin olive oil and (4) a chow diet con
.1% cholesterol and 20% extra virgin olive oil. On the standard chow diet, average plasma cholesterol levels were higher in ma

emales. Olive oil- and cholesterol-enriched diets, separately or in combination, induced hypercholesterolemia in both sexes, an
he difference between the sexes in plasma cholesterol levels. The addition of cholesterol to chow or olive oil diets decreased apo
–I significantly in females and serum paraoxonase activities in males. The latter activity was higher in females than in males. In b

he size of aortic atherosclerotic lesions was similar in olive oil- and chow-fed animals and smaller than in cholesterol-supplement
ize of aortic lesions were positively correlated with circulating paraoxonase activity, particularly in males, and the relationship
fter adjusting for apolipoprotein A–I and HDL cholesterol levels. Our results demonstrate that the nutritional regulation of parao
n important determinant of atherosclerotic lesions dependent on sex. They also suggest that the mere inclusion of olive oil in W

s insufficient and the adoption of Mediterranean diet would be more effective in retarding the development of atherosclerotic lesio
2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

ApoE KO mice develop spontaneous atherosclerosis
mimics most of the features that characterize the hu
pathology of atherosclerosis, such as fatty streaks, ne
cores, fibrous caps[1,2] and plaque rupture[3,4]. Due to
the rapid onset and accelerated development of athero
rosis, apoE KO mice provide a unique animal model
studying the impact of environmental factors on the deve
ment of arteriosclerosis[5]. Among environmental factor
diet is essential because eating is essential for living.

021-9150/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.atherosclerosis.2005.01.050
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said—the definition of an appropriate diet for humans is far
from clearly understood[6]. Moreover, recent findings of di-
etary responses as a function of genetic make-up make it im-
possible to make broad recommendations for all subjects[7].

There is considerable interest in understanding the reasons
for the relatively low incidence of coronary heart diseases in
Mediterranean populations, and the Mediterranean diet might
be one of the factors involved in the phenomenon[8,9]. In-
deed, interventions using a Mediterranean-like diet reduce
cardiovascular-related mortality and exert a protective effect
in patients, even after the intervention is concluded[10]. The
Mediterranean diet is characterized by high fat, mainly from
olive oil, complex carbohydrates in the form of cereals and
legumes, high fiber in the form of fruit and vegetables and the
limited consumption of animal proteins[11], representing a
design tested by populations in the Mediterranean Basin for
more than 2000 years.

Dietary fat is one of the most important environmental
factors associated with the incidence of cardiovascular dis-
ease and, in this regard, considerable attention is being paid
to the potential benefits of olive oil. Studies report that hu-
man consumption of olive oil decreases low density lipopro-
teins (LDL) cholesterol with maintenance of high density
lipoproteins (HDL) that could generate a favorable lipid pro-
file [12]. Improved endothelial function in humans consum-
ing olive oil also has also been reported[13]. To improve
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plasma cholesterol and triglycerides, 43 male and 29 female
two-month-old mice were fasted overnight, anesthetized with
isofluorane and blood samples were obtained by retro-orbital
bleeding. For each sex, four random groups of mice hav-
ing similar plasma cholesterol and triglyceride levels were
housed in sterile filter-top cages in groups of three or four
animals per cage. Animals had ad libitum access to food
and water. Food consumption, which was determined us-
ing metabolic cages (Biosys, Barcelona, Spain), and body
weights were recorded weekly throughout the 10-week ex-
periment. The protocol was approved by the Ethical Com-
mittee for Animal Research of the University of Zaragoza.

2.2. Diets

Within each sex, apoE KO mice were assigned randomly
to one of the following four experimental groups: (1) a con-
trol group fed a standard chow diet, (2) a cholesterol group
fed a diet supplemented with 0.1% (w/w) cholesterol, (3) an
olive-oil group fed a diet enriched in (20%, w/w) extra vir-
gin olive oil and (4) a cholesterol + olive oil group fed a diet
containing 0.1% cholesterol and 20% extra virgin olive oil.
Standard mouse chow diet was supplied by B & K Univer-
sal Ltd. (Humberside, UK) and the sources of protein and
fat were vegetable grains. To avoid the potential confound-
ing effects of variation between batches of chow, 25 kg from
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ur understanding of the beneficial properties and me
isms of olive oil, analyses of specific components and

eractions through examination of experimental models
equired. Thus, the olive oil phenol, hydroxytyrosol, prev
moking-generated oxidative stress in rats[14]. A virgin olive
il-enriched diet with low cholesterol content stops the
ression of induced atherosclerosis in rabbits[15]. In a previ-
us study, we showed that virgin olive oil in a low cholest
iet decreased atherosclerosis in apoE-deficient female

16]; however, when apoE KO mice were fed a diet c
aining olive oil together with 0.2% cholesterol, atheros
osis lesion did not change[17]. These findings suggest
hat cholesterol might suppress the beneficial effect of
il in retarding the development of atherosclerosis. To

he hypothesis, we fed apoE KO mice diets containing o
il, either with or without cholesterol, for 10 weeks and
essed the extent of atherosclerosis. To determine the
nisms involved, we performed a detailed analysis of l

ipoproteins, lesions and serum paraoxonase activity. Th
er was included because genetic manipulations of pa
nase in mice decreased atherosclerosis lesions when P
as over-expressed[18] and increased atherosclerosis w

he PON-1 gene was eliminated[19,20].

. Material and methods

.1. Animals

Homozygous apoE KO mice were bred in the Uni
ixta de Investigation, Zaragoza, Spain. To estimate in
-

single batch were reserved and used to prepare die
eed experimental groups throughout the experiment. We
repared diets were stored in N2 at−20◦C and their compo
ition analyzed, as previously described[16]. The chemica
omposition of the diets is shown inTable 1. The nutritiona
ntervention lasted 10 weeks and was well tolerated by
ubjects.

.3. Blood determinations

After the 10-week experiment, overnight-fasted anim
ere sacrificed by suffocation in CO2 and a sample of bloo
as drawn from the heart. Total plasma cholesterol

riglyceride concentrations were measured using com
ial kits (Sigma Chemical Co., Madrid, Spain). HDL chol
erol concentrations were determined in a similar ma
ollowing phosphotungstic acid–MnCl2 (Roche, Barcelona
pain) precipitation of apoB-containing particles[21]. To-

al isoprostane 8-iso-PGF2� was measured by immunoa
ay (Cayman Chemical, Ann Arbor, MI). Paraoxonase
ssayed as arylesterase activity[22]. Initial rates of pheny

acetate hydrolysis at 37◦C were recorded spectropho
etrically at 270 nm. The reaction mixture contained 2�L
f sample in 800�L of 1.0 mM phenylacetate, 0.9 m
aCl2 and 20 mM Tris–HCl, pH 8.0. Nonenzymatic h
rolysis of phenylacetate and variation in absorbance i
bsence of substrate were subtracted from the tota
f hydrolysis. The value of the extinction coefficient
70 nm was 1310 mol (L cm)−1 and results are expressed
mol phenylacetate hydrolyzed (min L)−1(IU L−1). Plasma
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Table 1
Composition of the experimental diets provided to apoE knockout mice

Chow Cholesterol Olive oil Olive oil +
cholesterol

Energetic content (kJ/g) 13 13 18 18
Carbohydrate 57 57 46 46
Protein 16 16 13 13
Fat 3 3 22 22
Vitamin E (IU %) 13 13 12 12
Cholesterol (mg %) 31 125 29 125

Fatty acids
Laurie (12:0) 0.1 0.1 0.7 0.7
Myristic (14:0) 1.5 1.5 0.5 0.5
Palmitic (16:0) 21.6 21.6 11 11
Margaric (17:0) 0.1 0.1 0.2 0.2
Stearic (18:0) 7.0 7.0 4.5 4.5
Arachidic (20:0) 2.5 2.5 0.2 0.2
Behenic (22:0) 0.9 0.9 0.3 0.3
Lignoceric (24:0) 0.1 0.1 0.1 0.1
Palmitoleic (16:1) 2.2 2.2 0.9 0.9
Margaroleic (17:1) 0.4 0.4 0.3 0.3
Oleic (18:1) 32.2 32.2 69.5 69.5
Gadoleic (20:1) 0.4 0.4 0.2 0.2
Linoleic (18:2n− 6) 30.1 30.1 11.4 11.4
Linolenic (18:3n− 3) 0.3 0.3 0.1 0.1

Saturated 33.8 33.8 17.5 17.5
Monounsaturated 35.2 35.2 70.9 70.9

P/S ratio 0.9 0.9 0.6 0.6

Dietary components are expressed as g % (w/w). Other components of the
chow diet are crude fiber 4.5% and minerals 6.8%. A total dry matter of
87.5%. P/S ratio: polyunsaturated/saturated fatty acid ratio.

apoA–I concentrations were evaluated by immunoassay us-
ing immunopurified rabbit IgG as the primary antibody[23].
We determined plasma lipoprotein profiles in samples of
100�L from pooled plasma within each dietary group us-
ing fast protein liquid chromatography gel filtration (FPLC)
in a Superose 6B column (Amersham Pharmacia, Barcelona,
Spain), as described[16].

2.4. RNA preparation and analysis

Immediately after animals were sacrificed, livers were
removed and quickly frozen in liquid nitrogen. RNA was
isolated using Trigent reagent following the manufacturer’s
protocol (MRC, Cincinnati, OH, USA). Total RNA was sub-
jected to Northern blot analysis as described[24]. The mouse
clone for paraoxonase-1 (4158951 IMAGE Clone) was ob-
tained from The MGC Geneservice (Cambridge, UK). The
PON-1probe was a 1397 bpEcoRI/XbaI fragment and the
mouseApoa1probe was a 180 bpEcoRI/NheI fragment cor-
responding to the fourth exon of the gene. To normalize the
amount of RNA loaded onto the gel, we used a mouse 250 pb
KpnI/XbaI fragment of�-actin as a probe. Probes were la-
beled using [�-32P]-dCTP and Rediprime. Filters were ex-
posed to Biomax film (Kodak, Amersham) and the intensity
in film was quantified using a laser LKB 2202 densitometer
(

2.5. Evaluation of atherosclerotic lesions

The heart and arterial tree were perfused with phosphate-
buffered saline and, later, with phosphate-buffered formalin
(4%, pH 7.4, Panreac, Barcelona, Spain) under physiologi-
cal pressure. Hearts and aortas were removed, cleaned and
stored in neutral formaldehyde. Foren faceanalyses, aor-
tas were opened longitudinally and stained, as described by
Tangirala et al.[25]. For cross-sectional analyses, the base
of the heart and the aortic roots were embedded in paraffin.
Serial 4�m sections were stained with orcein[26]. The aver-
age lesion sizes from four cross-sectional sections were used
for morphometric evaluations using the method of Paigen et
al. [27]. Images were captured and digitized using a Nikon
microscope equipped with a Canon digital camera. Morpho-
metric analyses were performed using NIH Image software.

2.6. Statistical analysis

Mann–WhitneyU-tests and one-way ANOVAs, followed
by post hoc analyses, were used for comparisons. Differ-
ences were considered statistically significant whenP≤ 0.05.
Correlations between variables were tested using Spearman’s
rank-order correlation coefficient (rs). Tests were performed
using Instat 3.02 for Windows (GraphPad, S. Diego, CA,
USA). A two-way ANOVA to verify the variation of paraox-
o was
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erformed using StatView 5.0 (SAS Institute Inc. Cary, N
SA).

. Results

.1. Dietary characteristics

Table 1summarizes the chemical composition of the d
sed in this experiment. Vitamin E content was similar am
iets. Chow and cholesterol-enriched diets were isoca
s were olive oil and olive oil + cholesterol diets. Olive
nriched diets were lower in carbohydrates, higher in
entage of fat and had slightly lower protein content. C
nd cholesterol-enriched diets had a monounsaturated
cid content of 35.2% of total fat and almost equal amo
f polyunsaturated and saturated fatty acids (P/S ratio
live oil-enriched diets were high in monounsaturated
cids and the P/S ratio was 0.6, which indicates an impo
ecrease in polyunsaturated fatty acids.

.2. Changes in somatic and plasma parameters are
ex-specific

The effects of the experimental diets on female mice
hown inTable 2. After the 10-week experiment, animals
chow diet gained, on average, 5 g of body weight. Altho

here was no significant variation in food consumption am
roups of females (2.5± 0.5 g per day), all of the olive oil-fe
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Table 2
Effects of experimental diets on female apoE knockout mice

Chow (n= 7) Cholesterol (n= 7) Olive oil (n= 7) Olive oil + cholesterol (n= 8)

Body weight change (g) +5± 1 +3 ± 2 +8 ± 3† ,$ +6 ± 2#

Liver weight (g) 0.9± 0.1 0.9± 0.1 1.0± 0.1 1.2± 0.2* ,† ,#

Plasma cholesterol (mmol L−1) 10 ± 4 32 ± 9† 20 ± 5‡ ,$ 35 ± 4* ,¶

HDL cholesterol (mmol L−1) 1.4 ± 0.4 1.0± 0.4 1.9± 0.4$ 1.3 ± 0.7*

Plasma triglycerides (mmol L−1) 1.3 ± 0.3 1.5± 0.5 1.9± 0.3† 1.6 ± 0.4
Plasma apolipoprotein A–I (mg dL−1) 31 ± 9 24 ± 6‡ 43 ± 4‡ ,# 37 ± 12
8-iso-Prostaglandin F2� (pg mL−1)a 394 ± 100 262± 42 383± 58 257± 30

Results are expressed as mean + S.D. Mice were fed chow or experimental diets for 10 weeks and fasted overnight before blood was collected. Statistical
analyses to evaluate dietary responses were done using nonparametric one-way ANOVA and Dunn Multiple Comparisons test as post hoc.

a For the estimation of this parameter, two pools of three to four animals per group were used.
* P= 0.01 vs. olive.
# P= 0.05 vs. cholesterol.
† P= 0.01 vs. chow diet.
‡ P= 0.05 vs. chow diet.
¶ P= 0.001 vs. chow diet.
$ P= 0.01 vs. cholesterol.

groups gained significantly more weight than did the standard
chow-fed control group; however, only liver from females fed
the olive oil + cholesterol diet were heavier.

In females, the intake of cholesterol significantly increased
their plasma levels. Likewise, dietary supplementation with
olive oil also increased plasma levels of cholesterol in fe-
males (Table 2). In females, the addition of cholesterol + olive
oil to the diet induced levels similar increase to that of the
cholesterol-only group, but higher than in animals in the
olive oil-fed group. HDL cholesterol was lower in mice fed
a cholesterol-enriched diet, and significantly increased in fe-
males fed an olive oil-enriched diet. In females, this effect
was suppressed when cholesterol was added to the olive oil
diet. Plasma triglycerides tended to be higher in animals
fed olive oil-enriched diets, although there was considerable
inter-individual variation and the differences were only sta-
tistically significant for the olive oil-fed group.

Diets supplemented with olive oil increased plasma
apoA–I concentrations in females (Table 2). The addition
of cholesterol to chow and olive oil diets decreased apoA–I
concentrations, and this change was particularly significant

for the former group compared to the chow and olive oil-fed
groups. In females, plasma levels of 8-iso-prostaglandin F2�

did not vary significantly among dietary groups (Table 2).
The distribution of cholesterol among the plasma lipopro-

teins of females analyzed by FPLC is shown inFig. 1.
Dietary cholesterol increased very low density lipoproteins
(VLDL) and LDL cholesterol (Fig. 1c), and olive oil mainly
increased VLDL cholesterol (Fig. 1e). Females on the olive
oil + cholesterol diet experienced an increase in LDL choles-
terol (Fig. 1g). In agreement with the results obtained by a
precipitation method, HDL cholesterol increased in females
fed olive oil (Fig. 1e).

The effects of experimental diets on male mice are shown
in Table 3. After the dietary intervention, males fed a chow
diet gained on average 4 g of body weight. Despite no
significant variation in food consumption among groups
(3± 0.5 g), all of the olive oil-fed groups gained significantly
more weight than did the standard chow-fed control group
(Table 3). Accordingly, liver weight was significantly higher
in males that were fed one of the high olive oil-enriched di-
ets.

Table 3
Effects of experimental diets on male apoE knockout mice

Chow (n= 11) Cholesterol (n= 10) Olive oil (n= 11) Olive oil + cholesterol (n= 11)

B ± 1 † ,# #

L ± 0.1
P ± 6†

H ± 0.7†

P ± 0.3
P ± 2
8 ± 26

R ntal di tatistical
a one-w

mals pe
ody weight change (g) +4± 1 +3
iver weight (g) 0.9± 0.1 0.9
lasma cholesterol (mmol L−1) 19 ± 4 34
DL cholesterol (mmol L−1) 1.8 ± 0.5 0.8
lasma triglycerides (mmol L−1) 1.7 ± 0.7 1.5
lasma apolipoprotein A–I (mg dL−1) 17 ± 2 18
-iso-Prostaglandin F2� (pg mL−1)a 490 ± 143 287

esults are expressed as mean± S.D. Mice were fed chow or experime
nalysis to evaluate dietary response was done using nonparametric
a For the estimation of this parameter, two pools of three to four ani
* P= 0.01 vs. olive.
# P= 0.01 vs. cholesterol.
† P= 0.01 vs. chow diet.
‡ P= 0.05 vs. chow diet.
¶ P= 0.001 vs. chow diet.
+6 ± 1 +5 ± 2
1.2± 0.11¶ ,# 1.3 ± 0.2* ,¶ ,#

34 ± 6‡ 42 ± 3* ,#,¶

1.7 ± 0.7# 1.4 ± 0.7
2.0± 0.4 2.3± 0.6* ,†

25 ± 5‡ ,# 24 ± 2
419± 20 356± 13

ets for 10 weeks and fasted overnight before blood was collected. S
ay ANOVA and Dunn Multiple Comparisons test as post hoc.
r group were used.
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Fig. 1. FPLC plasma lipoprotein profile of apoE knockout mice following 10-week experimental diets. Results are presented as�g of cholesterol per fraction,
(a) and (b) female and male fed a chow diet; (c) and (d) female and male fed a cholesterol-enriched diet; (e) and (f) female and male fed an olive-enricheddiet;
(g) and (h) female and male fed an olive + cholesterol-enriched diet.

Among mice fed the standard chow diet, plasma choles-
terol levels were higher in males (Table 3) than in females
(Table 2). The intake of cholesterol significantly increased
plasma levels and abolished the difference between the sexes.
In males, dietary supplementation with olive oil increased
plasma levels of cholesterol and the addition of choles-
terol + olive oil to the diet had an additive effect on plasma
cholesterol (Table 3). HDL cholesterol was significantly
lower in mice fed a cholesterol-enriched diet and tended to be
lower when cholesterol was added to the olive oil diet. Plasma
triglycerides tended to be higher in animals fed fat-enriched
diets, and the differences were statistically significant fol-
lowing the dietary supplementation with cholesterol + olive
oil.

Plasma apolipoprotein A–I concentrations were lower in
males than in females (Tables 3 and 2). Diets supplemented
with olive oil increased plasma apoA–I concentrations also
in males, but the addition of cholesterol to chow or olive oil

diets did not result in a change in this parameter. In males,
plasma levels of 8-iso-prostaglandin F2� tended to be lower
in cholesterol-fed groups (Table 3).

The distribution of cholesterol among the plasma lipopro-
teins in males analyzed by FPLC is shown inFig. 1. Dietary
cholesterol increased VLDL and LDL cholesterol (Fig. 1d),
and olive oil mainly increased VLDL cholesterol (Fig. 1f).
Males on the olive oil + cholesterol diet experienced an in-
crease in both VLDL and LDL cholesterol (Fig. 1h). As with
the results obtained by a precipitation method, HDL choles-
terol decreased in response to the administration of choles-
terol in males (Fig. 1d).

3.3. Atherosclerotic lesion formation

Fig. 2is a representative image of an aortic root atheroscle-
rotic lesion in 18-week-old mice used in the present study.
The characteristics of lesions are shown inFig. 2a and b.
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Fig. 2. Cross-sectional analysis of aortic lesions. Panels (a) and (b) correspond to representative lesions displayed by the animals and panel (c) summarizes lesion
area in apoE knockout mice following different experimental diets. Data are mean± S.E.M. for each group. Statistical analyses are based on the Mann–Whitney
U-test; (*)P< 0.05 and (**)P< 0.02.

At the end of the 10-week experiment, the infiltration of
macrophages and the transformation into foam cells are the
characteristic features of the lesions. Quantitative analyses
revealed no significant differences between males and fe-
males in any of the experimental groups; therefore, the re-
sults for both sexes are combined (Fig. 2c). A cholesterol-
enriched diet induced a significant increase in the size of
lesions relative to those found in mice fed the control diet,
whereas mice fed an olive oil-enriched diet had lesions that
were similar to those of mice in the control group. Note,
however, animals fed the olive oil + cholesterol diet had le-
sions similar to those observed in animals of the cholesterol
group.

Fig. 3shows the results of theen faceanalysis. Dissection
of an arterial tree (Fig. 3a) of a representative animal used

in the present study showed lesions at the aortic arch and
the lumbar regions. In females, the amount of the aortic area
covered with plaques was not significantly greater in mice
fed cholesterol- or olive oil-enriched diets compared to the
control group; however, female mice fed a cholesterol + olive
oil-enriched diet showed significantly less plaques than the
group that received only the diet enriched in cholesterol
(Fig. 3b).

Response of plaque development to the different experi-
mental diets appears to differ in males from females. Thus,
the dietary supply of cholesterol, either with or without olive
oil, significantly increased the amount of the aortic area cov-
ered by lesions (Fig. 3c). Lesions in males fed an olive oil-
enriched diet were similar to those found in mice fed the
carbohydrate-based control diet.
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Fig. 3. Extent of atherosclerotic lesions in arterial trees from apoE KO mice fed different experimental diets. Panels show (a) the presence of atherosclerotic
foci (b), quantification of area covered by lesions in females and (c) in males. Values are mean± S.E.M. for each group. Statistical analyses are based on the
Mann–WhitneyU-test; (*)P< 0.05 and (**)P< 0.02.

3.4. Paraoxonase activity

Fig. 4a shows the arylesterase activity of paraoxonase.
In females, the serum catalytic activity concentration of the
enzyme was generally higher than in males and showed a re-
sistance to being modified by the dietary interventions. Thus,
only the female groups that received olive oil or cholesterol
showed a significant variation in its levels.

In contrast, the activity of arylesterase in males was
more likely to be influenced by differences in diet. Thus,
the administration of cholesterol induced a significant de-
crease in the arylesterase activity. The administration of
an olive oil-enriched diet caused a significant increase in

arylesterase activity compared to the cholesterol-enriched
diet, but not the standard chow diet. The inclusion of
cholesterol in the olive oil diet also significantly decreased
arylesterase activity compared to both the olive oil or chow
diets. PON activity and HDL cholesterol were positively
correlated (r = 0.34, P< 0.1 and r = 0.34, P< 0.05 in fe-
males and males, respectively). A stronger positive corre-
lation existed between PON activity and apoA–I concentra-
tion (r = 0.56,P< 0.005 andr = 0.63,P< 0.001 in females
and males, respectively). Those data corroborate the rela-
tionship between PON and apoA–I, and emphasize that this
relationship might exist in apoA–I HDL devoid of choles-
terol.
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Fig. 4. Serum paraoxonase activity in apoE KO mice fed one of four diets over a 10-week period. (a) PON activity determined as described in Section2. Values
are mean± S.E.M. for each group; (*)P< 0.01 and (**)P< 0.001. (b) Relationship between serum paraoxonase activity and cross-sectional aortic lesions in
individual mice from all diet groups.

Globally, serum arylesterase activity concentrations and
aortic atherosclerotic lesion areas were significantly and neg-
atively correlated (Fig. 4b). However, in this regard, males
showed a stronger relationship (r =−0.45, P< 0.01) than
did females (r =−0.33,P< 0.1), which suggests that mod-
ulation of paraoxonase by the different diets might influ-
ence the growth of aortic lesions in apoE-deficient mice
in a sex-dependent manner. A two-way ANOVA to ver-
ify the relationship between paraoxonase and aortic lesions,
with HDL cholesterol as a covariate, indicatedr =−0.4285
(P< 0.013) in males andr =−0.3346 (P< 0.128) in females.
With the sexes combined,r =−0.352 (P< 0.008). A simi-
lar analysis to demonstrate the relationship between paraox-
onase and aortic lesion area, with apoA–I as covariate in-
dicatedr =−0.4580 (P< 0.014) in males andr =−0.0866
(P< 0.7) in females. With the sexes combined,r =−0.261
(P< 0.06). Hence, the nutritional regulation of paraoxonase
is an important determinant of atherosclerotic lesions, inde-

pendent of HDL and apoA–I concentrations, particularly in
males.

3.5. RNA analysis

To determine whether hepatic mRNA was involved in
changes in serum paraoxonase activity and apolipoprotein
A–I concentrations, we determined apoA–I and PON-1 mes-
sage levels in liver using Northern blot analyses (Fig. 5). In
female and male mice fed a cholesterol-enriched diet, apoA–I
and PON-1 mRNA expressions were significantly lower than
in mice fed a chow diet. A similar effect was found in males
fed an olive oil-enriched diet. Likewise, when both fats were
combined in the diet, a further significant decrease was ob-
served in both sexes. Collectively, those data suggest that
cholesterol and olive oil act synergistically to decrease hep-
atic expression of both genes in male and female apoE KO
mice.
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Fig. 5. Differential effects of experimental diets on hepatic apoA–I and PON-1 mRNA expressions. Results are expressed as mean± S.E.M. in arbitrary
absorbance units normalized to the�-actin gene expression. Five micrograms of total RNA from animals in each group was subjected to Northern analysis.
Statistical analyses are based on the Mann–WhitneyU-test. Letters (a, b, c) denoteP< 0.05 versus control, cholesterol and olive oil diet group, respectively.

4. Discussion

The Mediterranean diet is characterized by a high fat con-
tent, mainly derived from olive oil, and low cholesterol[11].
An extrapolation of this diet to our present condition supposes
that the mere inclusion of olive oil in the human diet might
provide the beneficial effect of lowering the incidence of
coronary heart disease. To investigate this issue and to deter-
mine the mechanisms by which dietary fat regulates such pa-
rameters, we conducted a dietary experiment in which apoE
knockout mice were given one of four diets for 10 weeks. We
found that a dietary fat supplement of olive oil, in the absence
of dietary cholesterol, administered at a level comparable to
that of human energy intake did not result in an increase in
the size of atherosclerotic lesions either in male or female
apoE KO mice. The apparent protective effect of olive oil
disappeared when cholesterol was added at levels consumed
by Western human populations.

In an attempt to reproduce in mice the average intake of
fat in humans of Western society, we provided animals with
olive oil as 20% (w/w) of the diet. That oil supplement did
not increase the growth of pre-existing plaques (Fig. 2a) to an
extent greater that when mice consumed a low fat, standard
chow diet. That result was surprising in the light of a previous
study in which a 10% (w/w) virgin olive oil-enriched diet in-
duced a significant decrease in atherosclerotic lesions in apoE
K her
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i xam-
i no
e even
d s
v dy
w

Those and our previous results suggest a “therapeutic win-
dow” for olive administration to apoE KO mice because 10%
(w/w) olive oil content had a beneficial effect compared to
the chow diet and 20% (w/w) olive oil-supplemented diets.
Although a 20% olive oil supplement did not increase the size
of atherosclerotic lesions, this level of oil intake clearly influ-
ences parameters such as body weight and plasma lipid levels.
A similar phenomenon was reported by Asset et al.[28] who
did not observe a hypotriglyceridemic effect of 20% (w/w)
fish oil administered to apoE-deficient mice and suggested
that apoE might be necessary for fish oil to lower plasma
triglyceride concentrations. Indeed, hepatic apolipoprotein E
is known to play an intracellular role in cholesterol excretion,
and the absence of apoE contributes to the propensity for tis-
sue cholesterol deposition[29]. In LDL receptor-deficient
mice, an increase in cholesterol intake (higher than 0.15%,
w/w) contributed to an increase in cholesterol deposition in
liver [30]. Our results indicate that a combination of fat and
an even lower cholesterol supply (0.125%, w/w) induces sig-
nificant hepatomegaly (Tables 2 and 3). Collectively, those
results indicate that the absence of apolipoprotein E or the
LDL receptor in mice makes them highly susceptible to the
effects of higher levels of dietary triglycerides and choles-
terol, which might indicate a limitation of these models in
testing the effects at high levels of fat intake or, a possible cau-
tion regarding the hepatic handling of lipids in dyslipidemic
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O female mice[16]. The absence of a response at hig
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ned. Thus, virgin olive oil administered at 10% (w/w) had
ffect on body weight or plasma cholesterol levels, and
ecreased triglycerides in apoE-deficient mice[16], wherea
irgin olive oil administered at 20% (w/w) increased bo
eight, plasma cholesterol and triglycerides (Tables 2 and 3).
atients, who might be more sensitive to dietary changes
re healthy individuals.

The main finding of our study is that cholesterol sup
entation of diets enriched with olive oil significantly

reased the area of aortic lesions, independent of the s
he mouse. Our data partly corroborate another study
eported no change in aortic lesions in apoE KO mice
onsumed 20% olive oil or carbohydrates when both d
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were enriched in 0.2% cholesterol[17]. Our experimental
design, however, allows us to establish that the inclusion of
dietary cholesterol abolishes the ability of olive oil to re-
tard atherosclerotic lesions. This might convey a reflexion
regarding whether just an oil substitution in human nutrition
without other components of a Mediterranean profile that
reduce cholesterol sources might be more harmful than ben-
eficial. Indeed, in the regions of Spain where the most olive
oil and animal protein is consumed, the incidence of cardio-
vascular disease is higher than in other areas of Spain where
olive oil consumption is accompanied by more vegetables
and legumes and less animal protein[31].

Another important finding of our study is the sex-related
differences in the development of aortic lesions and the pres-
ence or extent of atherosclerotic foci along the aortic tree,
as estimated by theen faceprocedure. Thus, the pattern ob-
served in males, in which the cross-sectional lesion analyses
at aortic roots (Fig. 2c) is paralleled by the extent of lipid
staining on the surface of aortic vessels (Fig. 3c), was not
observed in females, where the addition of cholesterol to an
olive oil-enriched diet does not increase extension or appear-
ance of new foci (Fig. 3b). Consequently, our the overall cor-
relation between both methods is lower (r = 0.33) than that
obtained by Tangirala et al.[25] in apoE KO mice main-
tained on a chow diet (r = 0.77). When LDLr KO mice with
different genetic backgrounds were fed different amounts of
d nt
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f than
d
s effi-
c rol
d th
o , the
f re-
g ibed
[ nd-
i tudy
m Col-
l lop-
m ions
a e the
p vor
m

reg-
u hus,
f e ac-
t a
c RNA
( as
a ev-
e e
i ting
a n
2 od-
k vity.

Our results are partially in agreement with theirs, since olive
oil contains triolein in a high percentage, but we did not pro-
vide only this triglyceride so the effect is not as dramatic as
reported by them. In our study, when olive oil + cholesterol
was provided to male apoE-deficient mice, the decrease in
paraoxonase activity reflected a decrease in the expression of
PON-1 mRNA (Fig. 5). Similarly, Shih et al.[34] showed that
C57BL/6J mice fed a high saturated fat, cholesterol (1.25%,
w/w), and cholate (0.5%, w/w) diet exhibited reduced serum
PON-1 activities and hepatic PON-1 mRNA levels. In our
study, mice were given low cholesterol (0.1%, w/w) in the
absence of cholate. Our experimental dietary design using
females and males allows us to conclude that cholesterol ad-
ministration alone is able to reduce the circulating paraox-
onase, but this effect is clearly dependent on sex. Likewise,
association between apoA–I mRNA and plasma protein lev-
els in olive fed animals is more pronounced for males than
females. Therefore, the regulation of plasma P0N1 enzyme
and apolipoprotein A–I at several levels, including transcrip-
tional, translational, association with certain HDL particles,
kinetics and metabolic fate of these plasma particles, may be
complex and influenced by both dietary components and sex.

Another remarkable finding of our study is the nega-
tive correlation between serum paraoxonase activity and the
cross-sectional area of lesions in the aortic root (Fig. 4b),
which is stronger in males than in females. The reduction in
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iet (Fig. 3b) by a mechanism not effective to avoid grow
f existing plaques and specific for this sex. Recently

ractalkine knockout mice that show differences in the
ional distribution of atherosclerotic foci have been descr

32]. A hypothetical and plausible explanation for our fi
ngs might be that the dietary conditions used in our s

odified the expression of this protein and its receptor.
ectively, the data indicate that in the initiation and deve
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ositional expression of certain proteins that would fa
acrophage recruitment.
Our study demonstrates a sex-related difference in the
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ar et al.[33] described an increase in plasma PON-1 acti
araoxonase activity might lead to an increase in athero
otic lesions. In that regard, our results are consistent
hose observed in mice genetically manipulated for the P
gene[18–20]and emphasize that slight variations in se
araoxonase activity induced by diet appear to be impo

actor for atherosclerosis particularly in males. A poten
atho-physiological meaning of this association has to
ider that PON-1 is expressed in liver, so the circulating
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ain HDL particles. The stronger correlation observed
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araoxonase on endothelial cells to reduce MCP-1 produ
annot be excluded[36]. Collectively, our results demonstra
hat dietary factors interact with sex in determining the
ivity of paraoxonase and, therefore, the contribution of
ctivity in preventing the development of atherosclerosi

In conclusion, the administration of cholesterol with o
il abolishes the ability of olive oil to delay the progressio
therosclerosis in apoE KO mice. That is particularly im

ant when implementing Mediterranean diets into the n
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the reappraisal to convey into this diet might be more harm-
ful than beneficial based on the results of our study. Although
our findings from using apoE knockout mice might not be di-
rectly applicable to humans, the results suggest the existence
of a “therapeutic window” in which to obtain the benefits of
olive oil consumption and this should be considered when
modifying diets for humans. Furthermore, the extraordinary
sensitivity to fat intake of apoE KO mice and the development
of hepatic steatosis might indicate that dietary interventions
in subjects with severe dyslipemias should be more closely
monitored than in the general population.
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