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Naringin, the major grapefruit flavonoid, specifically affects atherosclerosis
development in diet-induced hypercholesterolemia in mice☆
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Abstract

Naringin (NAR) from grapefruit has exhibited potential protective effects against atherosclerosis development. However, specific mechanisms responsible for
such effects are poorly understood. Thus, we aimed to investigate the antiatherogenic effects of NAR in different mouse models of hypercholesterolemia and
decipher its molecular targets in the aorta using transcriptomic approach. Two mouse models of hypercholesterolemia, wild-type mice fed a high-fat/high-
cholesterol diet and apolipoprotein E-deficient mice fed a semisynthetic diet, were studied. Mice were fed a respective control diets supplemented or not for 18
weeks with 0.02% of NAR, that is, nutritional supplementation. NAR supplementation reduced plaque progression only in wild-type mice fed the high-fat/high-
cholesterol diet (−41%). Consistent with this protective effect, NAR reduced plasma non-high-density lipoprotein cholesterol concentrations as well as
biomarkers of endothelial dysfunction. Microarray studies performed on aortas demonstrated differentially expressed genes encoding proteins involved in cell
adhesion, actin cytoskeleton organization and cell division. Thus, the changes in gene expression induced by NAR could suggest a limited atherosclerosis
progression by preventing immune cell adhesion and infiltration in the intima of vascular wall, as well as smooth muscle cell proliferation. Furthermore, this
hypothesis was strengthened by in vitro experiments, which showed the ability of naringenin to reduce monocyte adhesion to endothelial cells and smooth
muscle cell proliferation. In conclusion, this study revealed the antiatherogenic effect of NAR supplemented at a nutritionally achievable dose, specifically toward
diet-induced atherosclerosis, and depicted its multitarget mode of action at the vascular level.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Atherosclerosis is a multifactorial disease of the large arteries and
the leading cause of cardiovascular disease (CVD). Hypercholesterol-
emia, that is, increased plasma levels of low-density lipoprotein
cholesterol (LDL-C), is a well-known risk factor involved in the
induction of endothelial dysfunction, a key event in the pathogenesis
of atherosclerosis. This endothelial dysfunction is initiated by an
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increase in the expression of chemotactic and adhesion molecules
leading to recruitment of circulating cells to vascular endothelium
and their migration into the arterial wall [1]. Moreover, smooth
muscle cells (SMCs) migrate from media to intima and proliferate.
Monocytes, which differentiate into activated macrophages, and
SMCs, take up oxidized lipoproteins via scavenger receptors leading
to the formation of foam cells. Gradual accumulation of foam cells in
the intima results in fatty-streak formation corresponding to early-
stage atherosclerotic lesions [1].

While there is a huge body of evidence on the positive association
between high consumption of fruits and vegetables and a reduced risk
of CVD [2], the specific role of the numerous plant bioactivemolecules
in these health effects is still under investigation. Among these
phytochemicals, polyphenols, which constitute the most abundant
dietary antioxidants, seem of particular interest regarding epidemi-
ology. The Zutphen elderly study revealed an inverse association
between mortality from CVD and the intake of flavonoids [3], a major
subgroup of polyphenols. More recently, a prospective study yielded
convincing results for an association between the dietary intake of
flavanones as well as flavanone-rich foods and reduced risk of death
due to coronary heart diseases [4]. Flavanones constitute a flavonoid
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subclass abundantly and specifically found in citrus [5], which could
largely contribute to the total daily flavonoid intake [6].

Naringin (NAR), the glycosidic form of naringenin, constitutes the
major flavanone found in grapefruit. In animal experiments,
antiatherogenic effects of NAR or naringenin have been reported in
hypercholesterolemic rabbits [7,8] and low-density lipoprotein (LDL)
receptor knockout mice (LDLR−/−) fed a high-fat diet [9]. These
studies also found that NAR or naringenin consumption was
associated with lipid-lowering effects, reduced plasma markers of
endothelial dysfunction and improved insulin sensitivity [7–9]. Such
improvements have also been associated with changes in the
activities of hepatic enzymes involved in cholesterol synthesis
(3-hydroxy-3-methylglutaryl-coenzyme A [HMGCoA] reductase)
and esterification acyl-coenzyme A-cholesterol acyltransferase
(ACAT) in response to NAR [7,10], as well as changes in the
expression of hepatic genes implicated in fatty acid oxidation and
lipogenesis in response to naringenin [11,12]. Moreover, in vitro
studies on HepG2 cells showed that naringenin, the aglycon
compound released from NAR prior to its intestinal absorption, can
inhibit apolipoprotein B (apoB)-containing lipoprotein secretion by
reducing microsomal triglyceride transfer protein (MTTP) expression
and activity and can increase the expression and activity of the LDLR
[13,14]. Some of these effects might be mediated by the interaction of
naringenin with the insulin signaling pathway [15,16]. Together with
the impact on lipid metabolism, several in vivo and in vitro studies
using various dietary flavonoids have shown their capacity to
modulate vascular cell function through modulation of gene
expression and intracellular signaling pathways [17–19].

Regarding NAR, even if animal studies suggested potential
antiatherogenic effects, the physiological relevance of these studies
is nevertheless arguable because most of them have been carried out
using supranutritional doses [8,9]. Furthermore, the molecular
mechanisms underlying the action of NAR have been mainly
investigated through cell-culture experiments on targeted genes.
However, the extrapolation of these mechanisms toward what is
relevant in vivo is not directly possible. In this context, the aims of the
present work were to evaluate the effects of NARwhen supplemented
in diets at a nutritional dose (0.02% wt/wt), on atherosclerosis
development using two mouse models of hypercholesterolemia
leading to atherosclerosis [wild-type (WT) mice fed a high-fat/high-
cholesterol (HF-HC) diet, a model of diet-induced atherosclerosis
[20,21] and apolipoprotein E knockout mice (apoE-/-) fed a standard
diet], and to investigate the potential cellular and molecular
mechanisms involved using microarray technology in the aorta. To
support potential cellular targets of NAR revealed from microarray
data, we also investigated the impact of its absorbable form,
naringenin, on vascular cell function in vitro. In this way, we studied
the effect of a nutritionally relevant concentration of naringenin
on capacity of endothelial cells (ECs) to adhere monocytes and on
SMCs proliferation.

2. Materials and methods

2.1. Mice and diets

As susceptibility to atherosclerosis is determined by both environmental and
genetic factors, we used two dyslipidemic C57BL/6J mouse models of atherosclerosis:
WTmice (Charles River Laboratories, L'Arbresle, France) on an HF-HC diet [22] and one
spontaneous atherosclerotic mouse model, apoE−/− (Jackson Laboratories, Bar
Harbor, MN, USA). Male mice were housed in a temperature-controlled (22±0.8°C)
pathogen-free environment on a 12-h light/dark cycle, with free access to food and
water. All animal experiments were performed according to the French Ministry of
Agriculture Section of Health and Animal Protection (approval number 33-04476), the
Institutional Ethics Committee of the french national institute for agricultural research
(INRA) (decree number 87-848) and approved by Valorization Unit of the University of
Bordeaux 2 under the agreement number R-45GRETA-F1-04. All procedures were
carried out in compliance with the standards for use of laboratory animals. Mice were
fed a standard breeding diet A03 (Safe, Epinay-sur-Orge, France) before the beginning
of the experiment. After a 3-week adaptation period, 8-week-old mice from each
mouse model were randomly divided into two groups and fed ad libitum for 18 weeks
either an HF-HC diet (15% fat, 1.25% cholesterol, 0.5% cholic acid in cocoa butter diet
with 75% Purina Mouse Chow #5015, TD.90221; Harlan Teklad, Tampa, FL, USA) or a
standard semipurified diet [23], both of them supplemented or not with 0.02% of NAR
(wt/wt) (Sigma, Saint-Quentin L'Abresles, France). At the end of the 18-week period,
mice were killed under pentobarbital anesthesia.

2.2. Determination of plasma lipids, lipoproteins as well as markers of inflammation and
endothelial dysfunction

Mice were fasted for 4 h, and blood was drawn from retro-orbital veins in the
morning in tubes containing EDTA. Plasma samples were obtained by centrifugation at
2400g for 20 min at 4°C, separated and divided into aliquots, then stored frozen
(−80°C) until analyzed.

Total cholesterol (TC) and triglycerides (TG) concentrations were measured using
commercial enzymatic kits (bioMérieux, Marcy l'Etoile, France) as previously described
[24]. High-density lipoprotein (HDL) were isolated from the supernatant obtained after
selective precipitation of apoB-containing lipoproteins with phosphotungstic acid in the
presence of magnesium ions and centrifugation. HDL cholesterol (HDL-C) was then
quantified by enzymatic determination as above. To obtain a plasma lipoprotein profile,
500 μl of pooled fresh mice plasma was applied to a fast protein liquid chromatography
(FPLC) system with two Superose columns connected in series (Pharmacia LKB, Orsay,
France). Lipoproteinswere eluted, collected and analyzed as previously described [24]. TC
and TGwere quantified in each fraction to establish an FPLC profile. Circulatingmarkers of
inflammation [interleukine-6 (IL-6)] and endothelial dysfunction [soluble vascular cell
adhesion molecule-1 (sVCAM-1), soluble intercellular adhesion molecule-1 (sICAM-1)
and soluble E-selectin (sE-selectin)] were determined by quantitative sandwich enzyme
immunoassay technique (R&D Systems, Lille, France).

2.3. Determination of plasma antioxidant capacity and urinary isoprostanes

The ferric reducing ability of plasma (FRAP) was determined in fasted plasma
collected on EDTA using the Benzie and Strain method with slight modifications [25].
Briefly, 20 μl of plasma diluted one fourth with bidistilled water was allowed to react
with 200 μl of freshly made FRAP solution [300 mM acetate buffer (pH = 3.6), 8 mM
tripyridyltriazine, 20 mM FeCl3] in a 96-well microplate. The complex formed between
reduced ferrous ions and tripyridyltriazine was quantified at 593 nm (Bio-Tek
Instruments, Winooski, VT, USA), and the reaction was monitored for up to 4 min. In
addition, 24-h urine 15-isoprostane F2t, a marker of lipid peroxidation, was measured
using a commercial ELISA kit (Oxford Biomedical Research, Oxford, MI, USA). Urinary
15-isoprostane F2t concentrations were corrected for urinary creatinine levels. Briefly,
urine was diluted 20 times, and the creatinine content was determined using an
automated chemical analysis kit following the manufacturer's instructions (Kone
Instruments Oyj, Espoo, Finland).

2.4. Analysis of aortic lesions

Atherosclerotic lesions were quantified as previously described [26,27]. Specimens
were embedded in gelatin (Sigma) and sectioned with a cryostat at −20°C (Microm
HM 560, Francheville, France). Serial sections of the aortic root and ascending aorta
were performed at a thickness of 10 μm and stained with Oil red O and a hematoxylin
counterstain (Sigma). Lesion size was then quantified using image analysis software
starting from the aortic root and proceeding throughout the whole mount.

2.5. Microarray analysis

Aortas frommice were washedwith physiologic saline solutionmaintained at 37°C
by direct injection in the heart's left ventricle before collection. Each aorta from WT
mice was collected in RNAlater (Sigma), and transcriptomic analysis was performed
using pangenomic oligonucleotide Op Arrays (Operon, Cologne, Germany).

RNA extraction and fluorescent labeling. Aortas were placed in RNAlater to remove
the surrounding adventitial fat tissue under an Olympus SZ40 Zoom Stereo Microscope
(Olympus, Tokyo, Japan). Total RNA extraction was obtained from eight aortas: four
aortas frommice that received the control diet and four aortas frommice that received
the diet supplemented with NAR. RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA quality and quantity were checked by agarose gel
electrophoresis and by the determination of the absorbencies at 260 and 280 nm on
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
RNA was amplified using Amino Allyl MessageAmp II aRNA Kit (Ambion, Austin, TX,
USA) according to the manufacturer's instructions. Briefly, first-strand synthesis was
carried out by reverse transcription using 1 μg of total RNA and T7 oligo(dT) primer.
The aminoallyled antisense RNA amplification by T7 in vitro transcription was achieved
at 37°C overnight. Amplified RNAs (aRNAs) were purified by application to an
equilibrated filter cartridge and a second round of amplification was conducted (2 μg).
Purified aRNAs (10 μg) from the second round of amplification were then fluorescently
labeled with a Cy 5- or Cy 3-reactive dye (Cy Dye Post-Labeling Reactive Dye Pack;
Amersham GE Healthcare, Buckinghamshire, UK) for 30 min at room temperature in
the dark. The labeled aRNAs were purified by applying to equilibrated filters from an
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Fig. 1. Size of atherosclerotic lesions after an 18-week supplementation periodwith 0.02%
NAR in WT mice fed an HF-HC diet (n=12; A) or in apoE-/- on a standard semisynthetic
diet (n=12; B). Values are means±S.E.M., ⁎Pb.05 versus control.

471A. Chanet et al. / Journal of Nutritional Biochemistry 23 (2012) 469–477
RNeasy Mini kit (Qiagen). Quantities and labeling efficiencies of labeled aRNAs were
determined by measuring the absorbencies at 260, 550 and 650 nm using a NanoDrop
ND-1000 spectrophotometer.

Hybridization. Hybridization was carried out on the Operon mouse microarray
(Operon). Array-Ready OligoSet Mouse Genome version 4.0 contains 35,852 longmer
probes representing approximately 24,000 genes. Eight microarrays were used for a
total of four independent comparisons. Hybridization was carried out in a Ventana
hybridization system (Ventana Medical Systems, S.A, Illkirch, France) at 42°C for 8 h.
Slides were subsequently washed twice in 2× and 0.1× saline sodium citrate at room
temperature. The buffer remaining on the slide was removed by rapid centrifugation
(4000g, 15 s). The fluorescence intensity was scanned using an Agilent Micro Array
Scanner G2505B (Agilent Technologies, Inc., Santa Clara, CA, USA).

Image and data analysis. The signal and background intensity values for each spot in
both channels were obtained using ImaGene 6.0 software (Biodiscovery, Inc.,
Proteigene, Saint-Marcel, France). Data were filtered using the ImaGene “empty spot”
option, which automatically flags low-expressed and missing spots to remove them
from the analyses. After base-2 logarithm transformation, data were corrected for
systemic dye bias by Lowess normalization using GeneSight 4.1 software (BioDiscovery,
Inc, Proteigene). Ratios were then filtered in accordance with their variability among
the four comparisons, and genes with high variability were removed from the
analysis. Statistical analyses were performed using the free R 2.1 software (http://
www.r-project.org). The log ratio between NAR-supplemented and control samples
was analyzed with Student's t tests to detect differentially expressed genes in the two
nutritional conditions, and probability values were adjusted using a Bonferroni
correction for multiple testing at 1% to eliminate false positives. Genes selected by
these criteria are referred to as “differentially expressed genes.” All data are MIAME
(Minimum Information About a Microarray Experiment) compliant with raw data
being deposited in the ArrayExpress database at the European Bioinformatics Institute
under accession number E-MEXP-2932.

Gene ontology (GO) annotations of biological processes for differentially expressed
genes were conducted using GOstat (http://gostat.wehi.edu.au) [28]. The program
determines all annotated GO terms for all the genes and Fisher's Exact Test is
performed to evaluate whether the observed difference is significant or not. The
Benjamini and Hochberg correction is also performed to control the false discovery
rate. To extract maximum biological information of differentially expressed genes,
together with GO, genes were also classified according to their role(s) in cellular or
metabolic pathways using both Kyoto Encyclopedia of Genes and Genome (KEGG)
pathway tool (http://www.genome.jp/kegg/tool/color_pathway.html) and Ingenuity
Pathway Analysis (IPA) (https://analysis.ingenuity.com).

2.6. Naringenin effects on HUVECs in vitro

Primary human umbilical vein ECs (HUVECs; Lonza, Walkersville, MD, USA) were
used at passage 5 or 6 and were cultured in a phenol red-free endothelial growth
medium supplemented with 2% fetal bovine serum, 0.4% fibroblast growth factor, 0.1%
vascular endothelial growth factor, 0.1% heparin, 0.1% insulin-like growth factor, 0.1%
ascorbic acid, 0.1% epidermal growth factor and 0.04% hydrocortisone (all from Lonza).

A monocytic cell line (U937) (ATCC, Manassas, VA, USA) was cultured in an RPMI
medium (Pan Biotech, Aidenbach, Germany) supplemented with 2% fetal bovine serum
(Sigma). Monocytes adhesion to HUVECs was investigated, as previously described
[29]. Briefly, HUVECs were seeded in 24-well tissue culture plates and were allowed to
proliferate until they reached 60%–70% confluence. The medium was then replaced to
expose HUVECs for 24 h to an experimental medium containing vehicle (ethanol 0.5‰,
control wells) or physiological concentrations of naringenin (1μM; Extrasynthèse,
Genay, France). At the end of this period, the confluent monolayer was stimulated for
4 h with tumor necrosis factor α (TNF-α; 0.1 ng/ml; R&D Systems). Then 50 μl of a
5×106 U937 cell suspension was added to each well, and cells were further incubated
for 1 h. The nonadherent U937 cells were rinsed off, and the wells were fixed with
crystal violet in methanol (Sigma). The number of attached U937 cells was counted for
each well in three random microscopic fields defined by an eyepiece. Triplicates for
each condition were performed in three independent experiments.

2.7. Naringenin effects on mouse ASMCs in vitro

Aortic SMCs (ASMCs) were isolated from WT mice fed an HF-HC diet without
supplementation in NAR. At sacrifice, a fragment of aorta was immediately placed at
37°C in a Dulbecco's modified Eagle's medium (DMEM; Sigma) containing 20% fetal calf
serum (FCS) (Sigma) for ASMCs isolation as previously described [30]. After three
passages, the cells were characterized by positive staining with antismooth muscle α-
actin, and cells were subcultured in DMEM supplemented with 20% FCS and used
between passages 4 and 12. To examine naringenin's effect on cell proliferation, ASMCs
were plated and maintained for 24 h in a DMEM containing 20% FCS. The medium was
replaced for 24 h with a phenol red-free medium supplemented with 2.5% charcoal-
stripped FCS (experimental medium). Then the medium was replaced by an
experimental medium containing vehicle (ethanol 0.1‰, control wells) or naringenin
(1 μM). Proliferation was assessed by determining cell number at days 1, 3 and 5 with a
Coulter cell counter. Proliferation was determined on two different primary cell lines
obtained from twoWTmouse aortas. For each line, assays were performed in duplicate
in three independent experiments.
2.8. Statistical analyses

A one-way analysis of variance coupled with a multiple comparison test was used
to compare effects of diets between them. Pb.05 was taken to imply statistical
significance.

3. Results

3.1. Effects of NAR on atherosclerosis development

The extent of atherosclerotic lesions differed greatly between the
two mouse models, with apoE−/− animals having a lesion area ten
times higher compared with WT mice fed the HF-HC diet (Fig. 1). A
significant reduction in atherosclerotic lesions after NAR supplemen-
tationwas only observed inWTmice fed the atherogenic diet (−41%).

3.2. Effects of NAR on plasma lipid profile

Compared with WT mice on a standard mouse diet (n=15), those
on an HF-HC diet (n=15) showed a marked increase in plasma non
HDL-C concentrations (+274%; Pb.0001) associated with a significant
decrease in plasma HDL-C (−45%; Pb.001), as expected [31]. The
increase in non-HDL-C reflected that of very-low-density lipoprotein
(VLDL) and IDL(intermediate-density lipoprotein)/LDL when ana-
lyzed by FPLC (data not shown). This diet also induced a decrease in
plasma TG (−40%; Pb.001), as observed elsewhere [20]. Compared
with WT mice on the HF-HC diet, apoE−/− mice displayed a 1.9-fold
increase in plasma concentrations of TC and TG (Table 1).

InWTmice on theHF-HC diet, NAR decreased plasma TC by 13% and
improved TC/HDL-C ratio due to a 20% reduction of non-HDL-Cwithout
affecting HDL-C concentrations (Table 1). Furthermore, analysis of the
plasma lipoproteins by FPLC demonstrated that NAR-treated mice
presented less VLDL (Fig. 2). Overall, the supplementation with NAR at
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Table 1
Plasma lipid concentrations after an 18-week supplementation period with 0.02% NAR
in WT mice fed an HF-HC diet or in apoE-/- on a standard semisynthetic diet

WT on HF-HC diet ApoE−/− on
semisynthetic diet

Control NAR Control NAR

TG (mg/dl) 46±5 41±4 88±7 85±3
TC (mg/dl) 151±21 132±13 ⁎ 279±14 281±11
HDL-C (mg/dl) 36±5 39±7 22±1 26±3
Non-HDL-C (mg/dl) 116±20 93±9 ⁎ 257±13 255±11
TC/HDL-C 4.3±0.8 3.5±0.5 ⁎ 13.0±1.1 12.5±1.5

Values are means±S.E.M. (n=15 per group for WT mice on the HF-HC diet, n=12 per
group for apoE−/− mice).
⁎ Pb.05 versus control.

Table 2
Markers of cardiovascular risk after an 18-week supplementation period with 0.02%
NAR in WT mice fed an HF-HC diet

Control NAR

Endothelial dysfunction
sVCAM-1 (ng/ml) 1230±84 1128±107
sICAM-1 (ng/ml) 1263±170 989±133 ⁎

sE-selectin (ng/ml) 54±11 33±6 ⁎⁎

Inflammation: IL-6 (pg/ml) 18±8 12±5
Oxidative stress/ antioxidant status
FRAP (μM) 487±38 527±35
Urinary isoprostanes (pg/μg of creatinin) 15.9±1.5 14.8±1.1

Values are means±S.E.M. (n=15 per group).
⁎ Pb.001.
⁎⁎ Pb.0001 versus control.
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a nutritional dose resulted in a less atherogenic plasma lipid profile in
WT mice on the HF-HC diet. In contrast, in apoE−/− mice, NAR did
not modify plasma lipids (Table 1).

3.3. Effects of NAR on plasma markers of endothelial dysfunction and
inflammation as well as oxidative stress parameters in WT mice fed the
HF-HC diet

Quantification of soluble forms of adhesion molecules in plasma
showed that NAR decreased sE-selectin concentrations by 39% and
sICAM-1 concentrationsby22% inWTmice fed theHF-HCdiet (Table 2).
By contrast, no changes in plasma levels of IL-6 or plasmatic antioxidant
capacity (FRAP) or urinary 15-isoprostane F2 concentrations were
observed in response to NAR supplementation (Table 2).

3.4. Impact of NAR on gene expression in the aorta of WT mice fed the
HF-HC diet

To identify potential molecular mechanisms of NAR in vivo,
transcriptomic analysis of the aorta was performed. Using this
approach, expression of 1417 genes was identified as differentially
expressed following NAR supplementation (Supplemental Table 1).
Fig. 2. TC and TG distribution in the plasma lipoproteins fromWT mice fed an HF-HC diet supp
elution positions of VLDL, IDL/LDL and HDL lipoproteins are indicated.
Among these 1417 genes, 714 genes were identified as up-regulated
and 703 genes were down-regulated after NAR consumption, with
magnitude of FC ranging from 1.24 to 3.66 and −1.22 to −3.66,
respectively. For selected genes involved in cell adhesion and
cytoskeleton organization, microarray results were confirmed by
real-time reverse transcriptase polymerase chain reaction amplifica-
tion (data not shown).

To decipher biological processes affected by NAR supplementa-
tion, the list of differentially expressed genes was subjected to gene-
annotation enrichment analysis using GOstat bioinformatics re-
sources. The list of GO groups of biological processes, which are
highly represented, is presented in Table 3. This analysis revealed that
differentially expressed genes are implicated in different processes,
such as metabolic processes, signaling cascade or cell cycle process.
Among the processes identified, several of them had genes implicated
in cell adhesion, regulation of actin polymerization/depolymerization,
regulation of actin filament length, regulation of actin cytoskeleton
organization and biogenesis, as well as genes implicated in cell cycle,
mitosis and cell division. To further refine biological function in which
differentially expressed genes are implicated, we placed the genes
according to their role(s) in cellular or metabolic pathways. We used
the KEGG and Ingenuity System to carry out analyses for both up- and
lemented with 0.02% of NAR (treated mice, n=15) or not (untreated mice, n=15). The



Table 3
Functional enrichment analysis based on GO biological process terms of differentially
expressed genes in aorta of WT mice fed an HF-HC diet supplemented with 0.02%
of NAR

GO accession
no.

GO name P

GO:0044237 Cellular metabolic process .0001
GO:0044238 Primary metabolic process .0001
GO:0065007 Biological regulation .0052
GO:0050794 Regulation of cellular process .0069
GO:0000279 M phase .0069
GO:0007264 Small GTPase-mediated signal transduction .0093
GO:0043170 Macromolecule metabolic process .0093
GO:0007608 Sensory perception of smell .0093
GO:0007606 Sensory perception of chemical stimulus .0093
GO:0006259 DNA metabolic process .0109
GO:0022402 Cell cycle process .0109
GO:0043283 Biopolymer metabolic process .0131
GO:0051128 Regulation of cellular component organization and biogenesis .0131
GO:0007600 Sensory perception .0149
GO:0050789 Regulation of biological process .0149
GO:0006139 Nucleobase. nucleoside. nucleotide and nucleic acid metabolic

process
.0149

GO:0007049 Cell cycle .0149
GO:0051261 Protein depolymerization .0174
GO:0007067 Mitosis .0174
GO:0009165 Nucleotide biosynthetic process .0174
GO:0007186 G-protein-coupled receptor protein signaling pathway .0174
GO:0051246 Regulation of protein metabolic process .0174
GO:0000087 M phase of mitotic cell cycle .0175
GO:0045785 Positive regulation of cell adhesion .0175
GO:0022403 Cell cycle phase .0175
GO:0007166 Cell surface receptor linked signal transduction .0197
GO:0051129 Negative regulation of cellular component organization and

biogenesis
.0197

GO:0051301 Cell division .0197
GO:0000278 Mitotic cell cycle .0244
GO:0016043 Cellular component organization and biogenesis .0251
GO:0045598 Regulation of fat cell differentiation .0251
GO:0006753 Nucleoside phosphate metabolic process .0251
GO:0006754 ATP biosynthetic process .0251
GO:0045595 Regulation of cell differentiation .0297
GO:0006818 Hydrogen transport .0412
GO:0050877 Neurological system process .0416
GO:0015986 ATP synthesis coupled proton transport .0416
GO:0015985 Energy-coupled proton transport. Down-electrochemical

gradient
.0416

GO:0008064 Regulation of actin polymerization and/or depolymerization .0416
GO:0022607 Cellular component assembly .0416
GO:0008154 Actin polymerization and/or depolymerization .0416
GO:0046034 ATP metabolic process .0416
GO:0030832 Regulation of actin filament length .0462
GO:0032535 Regulation of cellular component size .0462
GO:0032956 Regulation of actin cytoskeleton organization and biogenesis .0462
GO:0003008 System process .0462
GO:0019222 Regulation of metabolic process .0490
GO:0007242 Intracellular signaling cascade .0490
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down-regulated genes. Pathways identified from KEGG database are
presented in Fig. 3. Pathways implicated in cell adhesion/communi-
cation, cellular signaling pathways and cellular metabolic pathways
were identified. Similar pathways were also obtained using IPA (data
not shown).
3.5. Modulation of monocyte adhesion to ECs and ASMCs proliferation
by naringenin in vitro

The ability of naringenin, the absorbable form of NAR, to modulate
ECs (HUVECs) function was assessed through in vitro adhesion assay
experiments. Results showed that a 24-h pretreatment of HUVECs
with 1 μM naringenin significantly reduced the adhesion of mono-
cytes to TNF-α-stimulated HUVECs (−16%; Fig. 4). Moreover, a 72-h
treatment of isolated ASMCs with 1 μM naringenin significantly
decreased cell number when compared with the control medium
(−25%; Fig. 5).

4. Discussion

The objectives of this study were to evaluate the effects of a
nutritional supplementation in NAR on atherosclerosis development
in two mouse models of hypercholesterolemia and to identify its
molecular targets by using microarray technology. It should be
highlighted that the dose of NAR daily consumed bymice corresponds
to a human equivalent dose of 100 mg NAR. According to the Food
Standard Agency, this amount of NAR may be provided by the
consumption of 1.5 servings of grapefruit juice or by half a fruit. This
supplementation level led to plasma naringenin concentrations in
mice (Supplemental Table 2) that are close to those observed in
humans consuming citrus juice [32,33].

Our study showed that different mouse models of atherosclerosis
differ noticeably in their response to nutritional NAR supplementa-
tion particularly with regard to hyperlipidemia and atherosclerotic
lesion extent. In WT mice fed the HF-HC diet, NAR led to a less
atherogenic lipoprotein profile and to an atheroprotective effect,
whereas NAR did not demonstrate any effect in apoE−/− mice. Such
findings could reveal that NAR interferes with the hepatic removal of
VLDL and VLDL remnants from plasma by mechanisms that involved
apolipoprotein E (apoE) receptors as LDLR. In agreement with this
assumption, previous works have shown that naringenin was able to
increase the expression and activity of the LDLR in HepG2 cells
[13,15,16]. By contrast, Mulvihill et al. [9] demonstrated an ather-
oprotective effect of naringenin in LDLR−/− mice. However, this last
study had an experimental design markedly different from ours: first,
the diet was supplemented with naringenin, which is the aglycon
form of NAR, and second, naringenin was used at a pharmacological
dose (300 times higher than ours). Also, previous studies indicated
that LDLR is not rate limiting for the clearance of VLDL and their
remnants [34] and that backup clearance of these lipoparticules could
be mediated by LRP (LDL-related protein), which binds apoE-
enriched remnant lipoproteins [35]. These observations, together
with results obtained in our study, suggest that NAR might modulate
the LRP pathway. Finally, as reported by others, reduced plasma
lipemia after NAR supplementation might also originate from a
decreased apoB-containing lipoprotein secretion [11,13,14]. As a
matter of fact, it has been demonstrated that the inhibition of
microsomal TG transfer protein activity by naringenin represents the
primary mechanism responsible for the dramatic reduction in apoB
lipidation and secretion [13,14]. The ability of NAR to modulate apoB
secretion could also be related to its insulin-like action [11]. This latter
hypothesis could be corroborated by our data showing that NAR
corrected the insulin resistance induced by the high-fat component of
the atherogenic diet (data not shown).

During the course of atherosclerosis, alteration of endothelial
function is characterized by a rise in ECs adhesion molecule
expression (E-selectin, VCAM, ICAM), leading to increased adhesion
of immune cells to the endothelium, which facilitates their migration
into the subendothelial space [1]. Previously, an atherogenic diet,
similar to the one used in our study, has been shown to induce an
increase in plasma levels of soluble forms of cell adhesion molecules
in WT mice indicating an endothelial dysfunction [21]. In the present
study, in mice on the HF-HC diet, NAR lowered plasma concentrations
of soluble forms of cell adhesionmolecules. This result is in agreement
with another study in which NAR has been shown to reduce adhesion
molecule expression despite the absence of changes in lipemia in HC-
fed rabbits [7]. These observations suggest that NAR could attenuate
endothelial dysfunction induced by an atherogenic diet. Furthermore,
the transcriptomic analysis performed in the aorta revealed that NAR
modulated the expression of genes involved in cell adhesion



Fig. 3. Pathways affected by an 18-week supplementation period with 0.02% NAR in the aorta of WT mice fed an HF-HC diet. Differentially expressed genes were analyzed across
pathways from KEGG database.
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processes. GO analysis of microarray data pointed out 32 genes
involved in this process. Among these genes, we observed a
significant down-regulation of leukocyte adhesion molecule 1 (0.8)
or Von Willebrand factor (0.76) known to be involved in initiation of
adhesion of circulating white blood cells [36,37]. Together with genes
coding for adhesion molecules, we also identified modulation of
expression of genes coding for chemokines, small cytokine proteins
involved in recruitment of leukocytes into vasculature [38]. Among
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Fig. 4. Effect of naringenin on TNF-α-induced adhesion of monocytes (U937) to
HUVECs. HUVECs were pretreated with vehicle (ethanol 0.5‰, control) or naringenin
(1 μM) for 24 h and then stimulated or not with TNF-α (0.1 ng/ml) for 4 h before U937
addition. Values are means±S.D. from three independent experiments performed in
triplicates, ⁎Pb.05 versus TNF-α-stimulated control.
these genes, a significant down-regulation was observed for chemo-
kine ligand 8 (0.72), S100 calcium binding protein A9 (0.74) or
chemokine-like factor 3 (0.8). Taken together, regarding the decrease
of soluble cell adhesion molecules as well as expression of genes
coding for cell adhesion molecules and chemokines, we can
hypothesize that NAR supplementation may directly affect the
activity of ECs, leading to a reduction of leukocyte adhesion to
endothelium. This hypothesis was supported by our in vitro
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Fig. 5. Effect of naringenin on ASMCs number. ASMCs isolated from controlWTmice fed
an HF-HC diet were exposed for 72 h to vehicle (ethanol 0.1‰, control) or naringenin
(1 μM). Values are means±S.D. from three independent experiments performed in
duplicate, on two different primary cell lines, ⁎Pb.05 versus control.
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experiment showing that the exposure of HUVECs to naringenin
significantly reduced the adhesion of monocytes to ECs. The capacity
of NAR to decrease monocyte adhesion may result in lowering
monocyte accumulation in intima of aorta and, in consequence,
leading to a lesser extent of lesion development, as we observed in
aortic roots of mice supplemented with NAR.

Leukocyte adhesion to ECs induces cytoskeletal changes of these
cells by forming “docking structures,” or actin-rich membrane
extensions that surround the adherent cells, this latter being
regulated by ezrin/radixin/moesin proteins [39]. These cytoskeleton
modifications could facilitate transendothelial migration either
through or in-between ECs [40]. In addition, to facilitate migration,
increased endothelial permeability will be driven by the rearrange-
ment of the actin cytoskeleton and also by the activation of
endothelial acto-myosin contractile machinery induced by myosin
light chain (MLC) phosphorylation [41]. MLCs phosphorylation leads
to stress fiber formation and subsequently to cell contraction that
causes adjacent cells to retract from each other, increasing inter-
cellular gaps and facilitating the entry of inflammatory cells [42]. Our
microarray analysis has revealed that NAR supplementation modu-
lated expression of numerous genes implicated in these steps of
transendothelial migration (Table 3). Notably, NAR supplementation
decreased the expression of genes coding for members of the arp2/3
complex (0.80) and radixin (0.79), both involved in actin filament
organization. As described previously [43], a decreased expression of
ezrin/radixin/moesin genes was associated with reduced endothelial
permeability, a change that could reduce leukocyte infiltration. We
also observed that nutritional dose of NAR decreased the expression of
Fig. 6. Actin cytoskeleton signaling pathway, the top canonical pathway, determined by Ingen
HF-HC diet supplemented with 0.02% NAR. Color coding: red, up-regulated genes; green, dow
one of the genes encoding MLCs, myosin regulatory light chain 2-B
(MYLC2B) (0.79). Blood cell adhesion to ECs has also been shown to
activate the small GTP-binding protein Rho which can activate Rho-
associated kinase, which in turn phosphorylates MLCs and induce
stress fiber formation [44]. In our study, Rho guanine nucleotide
exchange factor (Arhgef12) was observed to be down-regulated
(0.69). Similarly, cdc42, a key gene belonging to Rho GTPase family,
was also down-regulated by NAR supplementation. It has been
previously reported that a decrease in cdc42 in ECs may strengthen
the endothelial barrier function [45] and reduce leukocyte migration
[46]. Modulation of expression of genes coding for small GTPase by
NAR could be associated with lower MLCs activation, stress fiber
formation and subsequent cell contraction. These genes implicated in
actin cytoskeleton, small GTP-binding protein and MLCs form
network in cell cytoskeleton pathway as presented in the Fig. 6. This
pathway was identified as the most significantly overrepresented by
IPA analysis, making it an interesting molecular target of NAR. Taken
together, these results suggest that NAR supplementation, by altering
gene expression, may improve vascular integrity by attenuating blood
cell adhesion and strengthening endothelial barrier. Such processes
could be associated with limited atherosclerosis progression by
preventing immune cell infiltration in the intima of vascular wall.

Recruitment of circulating inflammatory cells into the vascular wall
triggers vascular SMCs proliferation and their migration into the intima
where they differentiate and secrete extracellular matrix proteins [1].
Interestingly, among the different identified GO processes, several
processes are also implicated in control of cell division, such as genes
involved in M phase, cell cycle process, cell cycle, cell division and
uity Pathway Analysis from differentially expressed genes in aorta of WT mice fed an
n-regulated genes.
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mitotic cell cycle (Table 3). Among the genes identified in cell cycle, we
observed a down-regulation of expression of gene coding for signal
transducer and activator of transcription 5B (STAT5B). This transcrip-
tion factor has been shown to play a role in vascular SMCs growth and
proliferation, and suppression of its expression has been shown to
block growth and mobility of these cells [47]. In addition to STAT5B,
NAR supplementation at nutritional dose also repressed expression of
three genes coding for cyclins: cyclin B2 (0.73), cyclin-dependent
kinase 9 (0.71) and cyclin A2 (0.67). Cyclins are a family of proteins that
control the progression of cells through the cell cycle. A decrease in
high-glucose-induced expression of cyclins in human ASMCs has been
associated with a decreased cell proliferation [48]. Together with the
down-regulation of expression of genes coding for proteins controlling
the progression of cells through the cell cycle, we also observed an
increase in the expression of wee1 (1.24), gene coding for a protein
known to inhibit the entry intomitosis. It has been previously observed
that suppression of WEE1 expression induced rat ASMCs proliferation
[49]. Furthermore, expression of gene coding for fibroblast growth
factor receptor 2 (FGFR2) was also identified as down-regulated by
NAR in the aorta. fgfr2 is expressed in the vascular SMCs of the media
and thickened intima of atherosclerotic arteries and is potentially
involved in the proliferation of these cells [50]. Taken together, the
observed expression profile for these genes suggests a decrease in
proliferation of vascular SMCs in aorta of mice that regularly
consumed NAR through the diet. This hypothesis could be corrobo-
rated by the observed in vitro ability of naringenin to reduce
proliferation of SMCs isolated from WT mice fed the HF-HC diet.
Overall, a reduction of SMCs proliferation by NAR would reduce
vascular wall thickening and atherosclerosis development as observed
in WT mice fed the HF-HC diet.

In conclusion, the present study demonstrates that NAR supple-
mentation within a nutritional range specifically reduces diet-
induced atherosclerosis inWTmice fed an HF-HC diet. This protective
effect could be attributed to improved dyslipidemia and biomarkers
of endothelial dysfunction, but also to changes in gene expression that
may lead to preservation of the vascular wall, as shown by the aorta
transcriptomic analysis. Our results highlighted molecular mecha-
nisms brought into play by NAR in ECs and in SMCs, which could
underlie its antiatherogenic effect. These latter mechanisms appear
closely related to processes involved in leukocyte adhesion and
transendothelial migration together with SMCs proliferation. In a
future work, it would be of interest to evaluate if NAR exposure may
lead to persistent effects after stopping the supplementation, as well
as to determine if NAR supplementation might allow regression of
established atherosclerotic lesions.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.jnutbio.2011.02.001.
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