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Abstract

Epidemiological studies have demonstrated the benefits of nut consumption on cardiovascular risk factors and CHD, attributed to their fatty

acid profile, rich in unsaturated fatty acids, and also to other nutrients. The effect of nuts on atherosclerotic lesions was studied in female

and male apoE-knockout mice fed a diet supplemented with 3 % (w/w) mixed nuts (mix: almonds, hazelnuts and walnuts in a proportion

of 0·25:0·25:0·50, respectively), and compared with mice receiving an isoenergetic diet of similar fat content provided as palm oil. After

12 weeks, plasma lipid parameters and aortic lesions were measured. Males receiving nuts had lower plasma cholesterol than the palm

oil group, and both sex groups had lower plasma non-HDL-cholesterol and lower content of reactive oxygen species in LDL than mice

receiving the palm oil diet, the latter decrease being more pronounced in females than in males. Females consuming the nut diet

showed a smaller aortic lesion area than those consuming palm oil, whereas no differences were observed in males. In females, hepatic

paraoxonase 2 (Pon2) mRNA increased, and no change was observed in prenylcysteine oxidase 1 (Pcyox1) expression after the consump-

tion of the nut-containing diet. In addition, aortic atherosclerotic lesions correlated directly with total plasma cholesterol and inversely with

hepatic Pon2 expression. The results suggest that the beneficial effect of nut intake in female apoE-deficient mice may be attributed to

reduced non-HDL-cholesterol levels and enhanced PON2 antioxidant activity.
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CVD, as a result of an atherosclerotic process, are the leading

cause of morbidity and mortality in developed countries, in

which the diet is one of the most important environmental fac-

tors associated with the atherothrombotic process. However,

epidemiological studies have shown a lower incidence of

CHD in populations of Mediterranean countries(1,2), a circum-

stance that could be attributed to the beneficial health effects

of the so-called Mediterranean diet(3), which is characterised

by a high intake of vegetables, legumes, fruits and nuts,

together with a widespread use of olive oil(4). Nowadays, it

is recognised that many of the nutrients in these foods have

some protective effects against the atherogenic process. In

the Mediterranean region, three nuts (walnuts, almonds and

hazelnuts) are used to constitute part of the dietary source

of energy, but have not been included in many dietary rec-

ommendations due to their high fat content(5–7). Nevertheless,

recent clinical evidence suggests that consumption of nuts

promotes a healthy lipid profile associated with a lower risk

of CVD(8–16). Several studies have attributed this quality to

their nutrients, mainly their MUFA and PUFA. Apart from

that, nuts are complex foods that are sources of other nutri-

ents: vegetable protein, fibre, vitamins, minerals and many

bioactive constituents such as antioxidants, phytosterols and

other phytochemicals(6,17). To provide an experimental under-

standing of the results of epidemiological studies in human

subjects and to tackle the possible beneficial mechanisms of
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nut intake in atherosclerotic lesions, apoE-deficient mice were

used in the present experimental study. The animals in this

model develop spontaneous atherosclerosis, even with low-

fat and low-cholesterol diets, and the disease features are

similar to those observed in humans and other species(18).

Therefore, the aim of the present study was to compare the

effect of supplementation with a mixture of three nuts on

the development of atherosclerotic lesions with that of an iso-

energetic diet containing palm oil in apoE-deficient mice.

Materials and methods

Animals

Female and male apoE-deficient mice (n 23 each group), aged

2·7 (SEM 0·03) months from a C57BL/6J £ Ola129 genetic back-

ground, were fasted for 6 h and anaesthetised with isoflurane

(Forane), and their blood was drawn from the retro-orbital

plexus. Then, plasma cholesterol was determined. For each

sex, two groups with similar plasma cholesterol concentrations

were established. The animals had free access to food and water

during the 12-week experimental period, and they were housed

in a temperature-controlled facility and handled observing the

criteria from the European Union for care and use of laboratory

animals in research. The protocol was approved by the Ethics

Committee for Animal Research of the University of Zaragoza.

Diets

In the present study, we established two study groups, one of

which received a chow diet (Teklad Mouse/Rat Diet no. 2014,

Harlan Teklad; Harlan Ibérica) supplemented with 3% (w/w)

ediblewholenuts (nutgroup) in amix composedof50%walnuts,

25% almonds and 25% hazelnuts (n 11 for both female and male

mice). This represents a daily dose of 3 g nuts/kg bodyweight per

mouse which, considering the higher metabolic rate of mice(19),

would translate into the dose of 30 g/d or 0·4 g nuts/kg used in

human interventions and the same proportion of nuts, so as to

reproduce in mice the effects observed in human subjects(20–22).

The other group received the same chow diet but was sup-

plemented with 2% (w/w) palm oil. Both diets were isoenergetic

and provided the same amount of fat and MUFA (Table 1). Diets

were prepared by milling the chow diet, adding the correspond-

ing supplement and 3·0% (w/w) of wheat starch as agglutinant to

facilitate pellet formation, and then drying at 608C for 48h. All

diets were prepared weekly and stored in an N2 atmosphere

at2208C. Fresh food was provided daily. Preparation of extracta-

ble and non-extractable phenolic compounds from the diets was

carried out according to Arranz et al.(23) and quantified using the

method of Singleton et al.(24). The contents of extractable pheno-

lic compounds and hydrolysable polyphenols were higher

(21 and 26%, respectively) in the nut diet than in the palm oil

diet (Table 1). The animals were fed the experimental diets for

12 weeks; both were well tolerated.

Experimental procedures

At 1 week before killing and after fasting, blood samples were

obtained for integrin aM (ITGAM) and integrin a4 (ITGA4)

expressions and paraoxonase activity. At killing, the animals

were euthanised by suffocation with CO2 and exsanguinated

by cardiac puncture. The liver was split; one piece was stored

in neutral buffered formaldehyde for histological analysis

and the remainder immediately frozen in liquid N2. The heart

and the arterial tree were perfused with 5 ml of cold PBS

(pH 7·4) under physiological pressure. After that, the heart was

removed, embedded in OCTTM (Tissue-Tek), frozen in dry ice-

cooled isopentane (Panreac) and stored at2808C until analysis.

Plasma analysis

Total plasma cholesterol and TAG concentrations were

measured in a microtitre assay, using Infinitye commercial

kits (Thermo Scientific). Plasma HDL-cholesterol was quantified

in the supernatant by a fluorometric enzyme assay (Amplex

Red; Molecular Probes) after precipitation of apoB particles

with phosphotungstic acid–MnCl2 (Roche). Paraoxonase was

assayed as arylesterase activity determined by the rate of

phenylacetate hydrolysis, as described previously(25). ApoA1

and apoA4 were quantified by ELISA using specific polyclonal

antibodies (Biodesign and Santa Cruz Biotechnology), as

described previously(26). Plasma lipoprotein profile was

determined in 100ml of pooled plasma samples from each

group by fast protein liquid chromatography gel filtration(27)

using a Superose 6B column (Amersham Pharmacia), and

the cholesterol in each fraction was measured with the

fluorescent method described above.

Table 1. Characteristics of the experimental diets

Nut Palm oil

Metabolisable energy (MJ/kg) 13·2 13·4
Total fat (% feed) 5·7 5·8
Fatty acid content (% fat)

SFA 15·0 27·7
MUFA 26·9 27·5
PUFA 58·1 44·9
P:S ratio 3·9 1·6

Phenolic compounds (mmol caffeic acid equivalents/g)
Extractable 17 14
Non-extractable proanthocyanidins 1300 1300
Hydrolysable polyphenols 335 266

P:S, polyunsaturated:saturated ratio.
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Blood cell analysis

Expression of ITGAM and ITGA4 proteins in blood cells

from samples taken 1 week before killing was analysed

using a fluorescence-activated cell sorter (Becton-Dickinson),

as described previously(28). The results are expressed as the

proportion (%) of the marker-positive cells recovered in the

region corresponding to monocytes.

LDL oxidation susceptibility

LDL oxidisability was assessed using modified procedures

of Navab et al.(29) to determine the presence of reactive

oxygen species by measuring the conversion of 20,70-dichloro-

fluorescein diacetate into fluorescent dichlorofluorescein.

Briefly, LDL fractions (5mg cholesterol) separated by fast pro-

tein liquid chromatography were incubated, at 378C with 2mg

dichlorofluorescein, in 25ml of 0·1 % sodium azide and 100ml

PBS, up to a total volume of 150ml. Fluorescence was

measured after 3 h of incubation at an excitation wavelength

of 485 nm and an emission wavelength of 535 nm(30).

Evaluation of atherosclerotic lesions

Sections of the proximal aorta from the frozen heart were sliced

on a cryostat (Microm HM505E; Thermo Scientific). From each

heart, four cryosections (6mm) were fixed with neutral buffered

formaldehyde, stained for lipids with Sudan IV and counter-

stained with haematoxylin and eosin (Harris solution; Sigma

Chemical Company). Images were captured by a digital camera

fitted to a Nikon microscope. Aortic lesion areas were blindly

quantified using Scion Image software (Scion Corporation).

Hepatic histological analysis

Liver samples stored in formaldehyde were embedded in para-

ffin. Then, sections (4mm) were stained with haematoxylin

and eosin and images were captured. Hepatic fat content was

evaluated by quantifying the lipid droplets in each liver section

with Adobe Photoshop CS2 (Adobe Systems Incorporated) and

expressed as a percentage of the entire liver section(31).

RNA isolation

RNA was isolated using TRI Reagent Solution (Ambion;

Applied Biosystems). Contaminant DNA was removed by

TURBO DNA-freee DNase treatment and removal reagents

from Ambion. RNA was quantified by absorbance at A260/280

(the A260/280 ratio was greater than 1·75). The integrity of

28S and 18S ribosomal RNA was verified by agarose gel elec-

trophoresis followed by ethidium bromide staining, and the

28S:18S ratio was greater than 2.

Quantification of mRNA

Equal amounts of DNA-free RNA from each sample of all ani-

mals were used in quantitative RT-PCR analyses. First-strand

complementary DNA synthesis and PCR were performed

using the First-Strand complementary DNA Synthesis Kit

(Fermentas) and Power SYBRwGreen PCR Master Mix (Applied

Biosystems) according to the manufacturers’ instructions and

as described previously(32). Primers were designed by Primer

Expressw (Applied Biosystems) and checked by BLAST analysis

(NCBI) to verify specificity and selective amplification of the

target gene, as well as to ensure amplification of complementary

DNA and not of genomic DNA. The sequences were as follows:

for Pla2g7 – sense, 50-GCG TTT GTA CTA CCC AGC TCA

AGA-30, antisense, 50-TGC AGG AGT TGT CAG AGA ACCA-30;

for prenylcysteine oxidase 1 (Pcyox1) – sense, 50-GGT TCA

GTC ATT CAC CCC CTA A-30, antisense, 50-TAC AAA CCA GCT

GCT CTC CTC A-30; for paraoxonase 2 (Pon2) – sense,

50-GCA CGC TGG TGG ACA ATT TATC-30, antisense, 50-TGT

CAC TGAT GGC TTC TCG GAT-30. Real-time PCR were per-

formed in an ABI PRISM 7700 Sequence Detector (Applied

Biosystems) following the standard procedure. The specificity

of the PCR was confirmed by observing a single dissociation

curve. The relative amount of all mRNA was calculated using

the comparative 22DDCq method. Ppib mRNA was used as the

reference gene(33).

Statistical analyses

Data were analysed by the Kolmogorov–Smirnov test to check

for the normal distribution of variables and by Bartlett’s test to

assess the homogeneity of variance. Student’s t test was used

when both tests satisfied the corresponding hypothesis,

and when either of these tests did not, differences between

pairs were tested using the Mann–Whitney U test. Unless

otherwise stated, results are presented as means with their

standard errors. Correlations between variables were tested

by calculating Spearman’s correlation coefficient using SPSS

software, version 15.0 (SPSS, Inc.). Differences were con-

sidered significant when P,0·05.

Results

Body and liver weight

Somatic variables in the animals are shown in Table 2. At

killing, males and females had significant differences in

body weight (P,0·001) and body-weight changes (P¼0·01).

However, we found no significant differences between the

two diets in terms of body-weight change, liver weight, feed

intake or energy intake.

Plasma lipid parameters

The effect of the different diets on plasma lipid parameters

after the 12-week experimental period is shown in Table 3.

The same-sex groups had similar initial cholesterol levels,

which were significantly higher in males than in females,

and this difference remained after the experimental period.

In females, no significant differences were observed between

the two diets in terms of total cholesterol. However, male mice

consuming the nut diet had significantly lower plasma

cholesterol than those in the palm oil group. There were no
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significant differences in plasma HDL-cholesterol in the two

dietary groups. VLDL þ LDL-cholesterol were significantly

lower in mice of both sexes receiving the nut diet. Plasma

TAG levels were higher (P,0·001) in males than in females,

but neither sex showed significant diet-related differences.

ApoA1, the principal protein in HDL particles, and in agree-

ment with the results for HDL-cholesterol, was not modified

by the dietary intervention. ApoA4 was significantly decreased

in males on the nut diet. A significant increase was observed

in arylesterase activity in female mice receiving the nut diet.

Monocyte activation

ITGAM and ITGA4 protein expressions of circulating

monocytes are also shown in Table 3. The percentages of

monocytes expressing ITGAM and ITGA4 showed no signifi-

cant differences between the diets in either sex.

Quantification of atherosclerotic lesion area

Fig. 1 shows the atherosclerotic lesion area in apoE-knockout

mice consuming the different diets. After consumption of

a diet supplemented with nuts or palm oil for 12 weeks, the

aortic atherosclerotic lesion areas tended to show higher

values in males than in females, although the difference did

not reach statistical significance (94·1 (SEM 12·0) v. 70·8

(SEM 7·3) £ 103mm2, P,0·11). A sex-related difference in the

pattern of response to the different diets was noted; while

female mice fed the nut diet showed significantly lower values

than those on the palm oil diet, this effect was not observed in

males receiving the same diets. Moreover, males consuming

the nut diet showed two types of response: one group of mice

(n 6) presented a marked reduction in lesion area (34·5 (SEM

8·4) £ 103mm2), while the other (n 5) showed a considerable

increase (158·5 (SEM 9·6) £ 103mm2), suggesting an individual

genetic response to nut supplementation.

Oxidative stress variables

As shown in Fig. 2(a), LDL prepared from the nut groups

showed significantly lower levels of reactive oxygen species

than LDL from palm oil-fed animals in both sexes. The

decrease was particularly important in females.

Table 3. Effect of dietary intervention on plasma parameters in apoE-knockout mice according to sex

(Mean values with their standard errors)

Female Male

Nut† (n 12)
Palm oil (n

11) Nut† (n 11)
Palm oil (n

12)

Mean SEM Mean SEM Mean SEM Mean SEM

Initial cholesterol (mmol/l) 12·9 0·6 12·1 0·7 17·3 1·2 16·5 0·9
Total cholesterol (mmol/l) 9·1 0·8 10·8 0·9 14·0 1·2 17·1 0·9*
HDL-cholesterol (mmol/l) 0·11 0·04 0·14 0·03 0·11 0·03 0·10 0·01
VLDL- þ LDL-cholesterol (mmol/l) 8·5 0·7 10·6 0·9* 13·9 1·2 17·0 0·9*
TAG (mmol/l) 2·0 0·2 1·9 0·1 3·0 0·3 3·2 0·2
ApoA1 (AU) 110 6 112 6 96 7 101 8
ApoA4 (AU) 41 3 37 4 30 3 39 3*
Arylesterase activity ( £ 103mmol/min per l) 12·2 0·5 10·3 0·8* 10·6 0·5 11·8 0·5
ITGAM‡ (% monocytes) 24·4 1·5 25·7 1·7 27·3 1·4 26·2 2·4
ITGA4‡ (% monocytes) 78·5 2·5 81·1 1·9 76·6 1·6 74·9 3·3

AU, arbitrary units; ITGAM, integrin aM; ITGA4, integrin a4.
* Mean values were significantly different from those of the nut diets (P,0·05; Mann–Whitney U test).
† Nut, diet supplemented with 3 % nuts, composed of 50 % walnuts, 25 % almonds and 25 % hazelnuts.
‡ ITGAM and ITGA4 protein levels are shown.

Table 2. Effect of the experimental diets on somatic variables in apoE-knockout mice

(Mean values with their standard errors)

Female Male

Nut* (n 12) Palm oil (n 11) Nut* (n 11) Palm oil (n 12)

Mean SEM Mean SEM Mean SEM Mean SEM

Final body weight (g) 20·2 0·5 20·3 0·7 22·4 0·4 22·0 0·6
Body-weight change (g) 3·2 0·4 3·4 0·3 2·3 0·4 2·8 0·2
Liver weight (g) 0·88 0·03 0·82 0·04 0·87 0·03 0·82 0·03
Liver:body weight (%) 4·4 0·1 4·0 0·1 3·9 0·1 3·7 0·1
Food intake (g/d) 3·2 0·1 2·9 0·1 3·6 0·1 3·5 0·1
Metabolisable energy intake (kJ/d) 42·7 2·7 38·7 2·8 47·8 1·5 47·7 2·2

* Nut, diet supplemented with 3 % nuts, composed of 50 % walnuts, 25 % almonds and 25 % hazelnuts. Statistical analysis was carried
out using Student’s t test.
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Since PON2 is a ubiquitous antioxidant enzyme(34), we

investigated whether the test diets induced any differential

hepatic mRNA expression. According to the results depicted

in Fig. 2(b), female mice consuming the nut diet showed

a significant increase in the hepatic expression of this mess-

age. On the other hand, the hepatic mRNA expression of

Pcyox1 (a pro-oxidant enzyme of LDL(35)) was also tested

(Fig. 2(c)), and no change was observed in females, while it

increased in males consuming the nut diet.

Association among parameters

In an association analysis including all animals, atherosclerotic

lesion areas showed a positive relationship with plasma

cholesterol concentrations (r 0·49, P¼0·001). When the two

sexes were analysed separately, this association was stronger

in females (r 0·71, P¼0·00; Fig. 3(a)). Likewise, a significant

inverse association was observed between atherosclerotic

lesion areas and hepatic Pon2 mRNA expression (r 20·55,

P¼0·02; Fig. 3(b)).

Discussion

Atherosclerotic lesions in female and male apoE-deficient

mice showed differential responses to a diet supplemented

with 3 % mixed nuts compared with a diet with a similar con-

tribution of fat provided by palm oil (saturated fat). In both

sexes, the addition of a small amount of nuts decreased

non-HDL-cholesterol and the content of reactive oxygen

species in LDL. However, an increase in serum paraoxonase

activity and in the hepatic expression of Pon2 was observed

only in females consuming the nut diet. The decrease in ather-

osclerotic lesion areas was significant and correlated positively

with plasma cholesterol and negatively with Pon2 expression.

These results indicate that female mice benefit from nut

intake, as it lowers their LDL and endows them with a

higher antioxidant defence through PON2.

The decreased non-HDL-cholesterol in males and females

on the nut diet compared with the saturated fat-enriched

diet, palm oil in this case, agrees with numerous human

clinical studies that have consistently shown a favourable

plasma lipid response to diets including almonds, hazelnuts

or walnuts(8,9,11–16). The beneficial effects of nuts on the lipid

profile are mainly attributed to their favourable fatty acid

composition – low in saturated and high in unsaturated

fatty acids. In the present experiment, the nut supplement con-

tributed to the increase in the PUFA content of this diet, leading

to a higher and more favourable polyunsaturated:saturated
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reactive oxygen species (ROS) content and hepatic paraoxonase 2 (Pon2)
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(a) Presence of ROS in LDL prepared from the different experimental groups

and assayed as described in the Materials and methods section. (b) Hepatic

Pon2 mRNA expression. (c) Hepatic Pcyox1 mRNA expression. Data are
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values were significantly different from those of the nut diet (P,0·05; Mann–

Whitney comparison between pairs).
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ratio than palm oil (3·9 v. 1·6, respectively; Table 1). The

decrease in plasma cholesterol produced by a high PUFA in

comparison with a saturated fat diet has also been reported in

male apoE-deficient mice(27), in both sexes in LDL receptor-

and apoE-deficient mice(36), in male rabbits(37) and in male

hamsters(38). Therefore, using this experimental design, non-

HDL-cholesterol in apoE-deficient mice fed nuts follows the

human pattern and could be attributed to the fatty acid compo-

sition of the diets.

With respect to the finding of a lack of effect on HDL-

cholesterol, or on its main apoA1, human studies involving

diets enriched in almonds, hazelnuts or walnuts have also

shown contradictory results, reporting increases(8,11,14),

decreases(12) or absence of changes(13,39). Furthermore, there

is no agreement on the effect of PUFA-containing diets on

plasma HDL-cholesterol in animal studies: PUFA tend to

reduce HDL-cholesterol in rabbits receiving a diet enriched

with maize oil compared with olive or avocado oil(37),

but tend to increase it in comparison with coconut oil.

Meanwhile in male hamsters, the substitution of maize oil as

a source of polyunsaturated fat for palm oil decreased

HDL-cholesterol(38). Moreover, a different HDL response to

diets has been reported in LDL receptor- and apoE-deficient

mice, two models of atherosclerosis(36). While apoE-deficient

mice consuming PUFA diets compared with diets containing

SFA showed decreased HDL-cholesterol in females as well as

in males, no differences were observed between these diets

in terms of plasma HDL in LDL receptor-deficient mice of

either sex. Overall, these results point to an interaction

among dietary composition, sex and genetic background

that makes dietary response complex.

In the present study, there were sex-related differences in the

response of atherosclerotic lesions to dietary nut supplemen-

tation, a circumstance that does not seem to be the case in

human studies dealing with risk factors(16,40) or in an interven-

tion analysing carotid atherosclerosis(41). Despite the fact that

we used the same proportion of nuts as the latter study, we

should point out the differences between the two reports,

including the analysis of different arteries and the particular

lipid metabolism in apoE-deficient mice(18), which, moreover,

exhibit clear differences between sexes(27,42). In females, the

nut-supplemented diet delayed the progression of aortic

lesions compared with palm oil, a finding that may be attributed

to a synergistic effect on plasma non-HDL-cholesterol levels, on

the one hand, and on increased antioxidant defence of LDL,

on the other hand. The latter could be executed through an

increase in Pon2 expression as an ubiquitous antioxidant

enzyme(34) and without any change in Pcyox1, the pro-oxidant

agent of these particles(35). In fact, PON2 has been shown to

protect against atherosclerosis development(43–46). In addition,

its expression could also be modified by sex as occurs with

Pon1, another member of the three-gene paraoxonase

family(47).

Favourable effects of nuts may be attributed to their fatty

acid profiles or the presence of other minor components.

One limitation of our experimental design using palm oil for

comparison is the inability to discriminate between the two

components, but a positive aspect is that it proposes a practi-

cal and reasonable combination to be recommended for

populations. Indirectly, the changes observed in hepatic

Pon2 gene expression cannot be explained by the different

fatty acid profile. In macrophages, this enzyme has been

induced by polyphenols from pomegranate(48), and some of

these substances are also present in walnuts, but not in hazel-

nuts or almonds(49). In fact, our nut diet provides a higher

amount of hydrolysable polyphenols. Therefore, the present

observation would represent an initial contribution to defining

a role for these compounds in the regulation of PON2 via its

mRNA and possibly in mediating LDL reactive oxygen species

content. Several observations suggest that nut antioxidants

have favourable effects on CVD(50). Indeed, ellagic acid and

polyphenol-rich extracts from walnuts were effective inhibi-

tors of in vitro plasma LDL oxidation(51,52), and flavonoids

from the almond peel protected LDL from oxidation in ham-

sters(53). However, other authors have found no differences

in plasma antioxidant status following walnut consumption,

despite an increase in thiols(49), nor have Bullo et al.(54)

observed differences between walnuts and walnut-skin

extracts. In this respect, despite the slightly high hydrolysable

polyphenol content of the nut diet, the different response

observed in females may also be attributed to possible differ-

ences in nut polyphenol species with respect to palm oil, and
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to combinations and interactions among them and with the

matrix. Phenolic compounds may exert both anti- and pro-

oxidant effects(55,56). In this respect, Acin et al.(57) reported

that the oral administration of hydroxytyrosol to apoE-

deficient mice increased the atherosclerotic lesion area,

suggesting that phenolic compounds, outside the original

matrix, could not only fail to be useful, but could even be

harmful. Another source of variation is introduced by sex,

which, in this species, modifies the response to exogenous

factors and genetic background(42,58). The clarification of

these aspects will require further studies.

In conclusion, the present results in apoE-deficient mice

show that, compared with consumption of a palm oil-enriched

diet, consumption of a mixed nut diet is associated with

decreased aortic atherosclerosis in females but not in males,

an effect that appears to be related to both a reduction in

non-HDL-cholesterol and an enhanced expression of Pon2

with protection of LDL from oxidation.
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