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Abstract

Purpose Regulation of liver X receptors (LXRs) is

essential for cholesterol homeostasis and inflammation.

The present study was conducted to determine whether

oleic acid (OA) could regulate mRNA expression of LXRa
and LXRa-regulated genes and to assess the potential

promotion of oxidative stress by OA in neutrophils.

Methods Human neutrophils were treated with OA at

different doses and LXR target gene expression, oxidative

stress production, lipid efflux and inflammation state were

analyzed.

Results We describe that mRNA synthesis of both LXRa
and ABCA1 (a reverse cholesterol transporter) was induced

by OA in human neutrophils. This fatty acid enhanced the

effects of LXR ligands on ABCA1 and LXR expression,

but it decreased the mRNA levels of sterol regulatory

element-binding protein 1c (a transcription factor that

regulates the synthesis of triglycerides). Although OA

elicited a slight oxidative stress in the short term

(15–30 min) in neutrophils, it is unlikely that this is rele-

vant for the modulation of transcription in our experimental

conditions, which involve longer incubation time (i.e., 6 h).

Of physiological importance is our finding that OA

depresses intracellular lipid levels and that markers of

inflammation, such as ERK1/2 and p38 mitogen-activated

protein kinase phosphorylation, were decreased by OA

treatment. In addition, 200 lM OA reduced the migration

of human neutrophils, another marker of the inflammatory

state. However, OA did not affect lipid peroxidation

induced by pro-oxidant agents.

Conclusions This work presents for the first time evi-

dence that human neutrophils are highly sensitive to OA

and provides novel data in support of a protective role of

this monounsaturated acid against the activation of neu-

trophils during inflammation.

Keywords Oleic acid � LXRa � Transcriptional

regulation � Nutrition science � Inflammation �
MAP kinases

Introduction

The fine regulation of the transcription of genes encoding

liver X receptors (LXRs) a and b is an essential metabolic

adaptation to fluctuations in cholesterol and lipid ingest.

Dietary fatty acids (FAs) are a source of energy and

structural components for cells, but also serve as mediators

of signal transduction. FAs may regulate the activity and

expression of transcription factors, including peroxisome

proliferator-activated receptor (PPAR), hepatic nuclear

factor (HNF-4), LXR and the sterol regulatory element-

binding protein 1c (SREBP1c) [1]. LXRs are known to

positively regulate the expression of genes involved in
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essential aspects of cholesterol homeostasis, such as those

encoding the ATP-binding cassette transporters (ABC) A1

and G1, and SREBP1c [2]. In addition, LXR ligands

exhibit a significant anti-inflammatory activity and LXRa
plays an important role in native immunity [3, 4]. LXR

ligands may also reduce atherosclerosis by limiting the

production of inflammatory mediators in the artery wall in

response to bacteria, such as inducible nitric oxide synthase

(NOS2), cyclooxygenase 2 (COX2), interleukins IL-6, IL-

1b and monocyte chemoattractant proteins (MCP)-1 and -

3, [3]. Oleic acid (OA), a monounsaturated fatty acid

(MUFA), is of great interest in nutrition science due to its

prevalence in the Mediterranean diet and is generally

believed to be involved in the anti-atherogenic and bene-

ficial effects of this type of nutritional regimen [5]. In

addition to being a diet component, OA is released into the

blood from the endogenous conversion of stearate by ste-

aroyl-CoA desaturase, and it is the most important con-

stituent of plasma free fatty acids [6, 7], where it is present

at a concentration of ca. 914 mg/L [8].

Dietary constituents in general, and lipids in particular,

influence the function of the human immune system.

Although n-3 polyunsaturated fatty acids (PUFAs) have

been widely described as anti-inflammatory fats, the

studies focusing on the immunomodulatory properties of

MUFAs have, however, reported controversial results. In

this context, the exact role of OA on tissular inflammation

is far to be elucidated, and opposite data have been

reported. While some authors have presented evidence

that OA has the capacity to reduce inflammation elicited

by known oxidative stress-promoting agents, such as

cytokines, lipopolysaccharide (LPS) or phorbol esters [9–

13], others have proposed that OA may act as a pro-

inflammatory molecule through the generation of reactive

oxygen species (ROS), mitogen-activated protein kinase

(MAPK) phosphorylation and/or protein kinase C (PKC)

activation [7, 14–16]. In summary, there are two clear

opposite actions of OA in a variety of cells and metabolic

states.

The most abundant cell type in the immune system is

neutrophils [17], and increasing knowledge is accumu-

lating on the role that they play in the pathogenesis of

vascular diseases [18]. We have recently described that

LXRa mRNA is expressed by human neutrophils upon

their treatment with LXR agonists or oxysterols and that

this positive effect is modulated by the redox status in

these cells [19]. The present study was conducted to

determine whether OA could regulate transcription of

LXRa and LXRa-regulated genes and to prove the

potential influence of OA on intracellular redox status in

neutrophils.

Materials and methods

Chemicals and reagents

TO901317 was purchased from Cayman Chemical (Ann

Arbor, MI) and RPMI 1640 medium from Biomedical

(Boussens, France). Dextran T-500 and lymphocyte sepa-

ration medium (Ficoll-Paque) were obtained from GE

Healthcare (Barcelona, Spain) and polyvinylidene difluo-

ride membranes from Pall (Madrid, Spain). Rabbit poly-

clonal antibodies against phosphorylated Thr202/Tyr204

extracellular signal-regulated kinases 1 and 2 (ERK1/2)

and p38 were products of Cell Signalling (Danvers, MA),

and mouse monoclonal anti-glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was purchased from Chemicon

International (Madrid, Spain). Oleic acid–albumin, 22-R-

hydroxycholesterol, N-acetylcysteine (NAC), maleic acid

diethyl ester, luminol, lucigenin, phorbol myristate acetate

(PMA), FeSO4, CuSO4, protease inhibitor cocktail, diiso-

propyl fluorophosphate (DFP), LPS and ascorbate were

obtained from Sigma-Aldrich (Madrid, Spain). Fetal calf

serum, L-glutamine, streptomycin and penicillin were

obtained from BioWhittaker (Basel, Switzerland).

Ethics statement

Peripheral venous blood was drawn from healthy volun-

teers following standardized protocols approved by the

Research Ethics Committee of the Hospital Virgen Maca-

rena, Universidad de Sevilla. The investigation was

designed and conducted according to the ethical principles

for medical research stated in the Declaration of Helsinki.

Isolation and culture of human neutrophils

Human peripheral neutrophils were obtained from healthy

blood donors in fasting state, following their informed

consent. They were isolated from fresh heparinized blood

and cultured as described [20]. Then neutrophils were

resuspended at 20 9 106 cells per well in RPMI medium

supplemented with 10 % fetal bovine serum plus 2 mM L-

glutamine, 100 U/mL penicillin and 100 lg/mL strepto-

mycin and subjected to the drug treatments indicated in

each case. Before all stimulations, neutrophils were pre-

incubated at room temperature with 1 mM DFP (to mini-

mize proteolysis) for 5 min [21]. For experiments involv-

ing OA, serum oleic acid–albumin was used and the

amount of albumin corresponding to the sample receiving

the highest OA concentration was added to controls.

Finally, neutrophils were washed twice with ice-cold KR–

HEPES and immediately lysed.
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RT-PCR quantitation of mRNA levels

Real-time reverse transcription-polymerase chain reaction

(RT-PCR) analysis was performed using SYBR Green and

the ABI Prism 7300 Sequence Detection System from

Applied Biosystems (Foster City, CA) under the specific

thermocycler conditions recommended by the manufac-

turer for the primers used. PCRs were performed in trip-

licate. Each sample was also analyzed for b-actin transcript

levels to normalize for RNA input amounts. For the rela-

tive quantification of gene expression, the comparative

threshold cycle method was used as described in the ABI

Prism 7700 User Bulletin 2 [22]. Primers were designed

using the Primer Express software from Applied Biosys-

tems and synthesized by Roche, and their sequences were

as follows:

LXRa: forward, 50-AAGCCCTGCATGCCTACGT;

reverse, 50-TGCAGACGCAGTGCAAACA; ABCA1: for-

ward, 50-CCCTGTGGAATGTACCTATGTG; reverse, 50-
GAGGTGTCCCAAAGATGCAA; SREBP1c: forward,

50-CATGTCTTCGATGTCGGTCAG; reverse, 50-TCCTG

TTGCCCATATGAAATCA; HO-1: forward, AGAGCCT

GCAGCCCTCTCAGA; reverse, 50-TGGAGAGGAGCAG

TCATATG; b-actin: forward, 50-CCAGCTCACCATGGA

TGATG; reverse, 50-ATGCCGGAGCCGTTGTC.

Measurement of reactive oxygen species (ROS)

production

The production of reactive oxygen species (ROS) was ana-

lyzed by two separate methods, each with a different spec-

ificity forward the location and type(s) of ROS produced: (1)

the luminol-based luminescence correlated well with total

ROS produced by the cells, whereas (2) the lucigenin-based

luminescence method was specific for superoxide anions

(O2
-). These assays were carried out as described previously

[23]. Luminescence was measured on a Wallac 1420 Vic-

tor2 analyzer (PerkinElmer, Waltham, MA).

Chemotaxis assay

Neutrophil migratory activity was assessed in Transwell

migration chambers (6.5 mm diameter, 5 lm pore size;

Costar plates type 3421). Cells were pre-incubated with or

without OA during 5 h at 37 �C. Lipopolysacharide (LPS)

was deposited in the lower compartment in a final volume

of 0.6 ml of RPMI 1640 medium, and 106 neutrophils were

deposited on each detachable insert and incubated for 2 h

at 37 �C. Finally, cells were stained with fluorescent mouse

monoclonal antibodies against CD16 (Miltenyi Biotec,

Madrid, Spain) and counted on a flow cytometer, as

described [19]. The results are expressed as the percentage

of total neutrophils initially added to each chamber.

Measurement of lipid peroxidation

The iron/ascorbate system, modified by the addition of

H2O2, was employed to measure lipid peroxidation using

malondialdehyde (MDA) as a marker [24]. Neutrophils

were incubated with OA at the indicated concentrations for

5 h. Then, either 0.1 mM FeSO4, 1 mM ascorbate plus

0.1 lM H2O2 or 50 lM FeSO4, 0.5 mM ascorbate and 50

nM H2O2 were added, and the cells were incubated for

further 1 h at 37 �C. The amount of MDA formed during

the reaction was quantified spectrophotometrically using a

colorimetric method [25]. Lipid peroxidation was expres-

sed as lmol of MDA formed per mg of cell protein.

Western blotting analysis of phosphorylated ERK1/2

and p38

Western blotting analysis of activated ERK1/2 and p38

MAPK protein levels was performed on total cell lysates as

described [19]. Blots were probed with rabbit polyclonal anti-

phospho-ERK1/2, at a 1:1,000 dilution or anti-phospho-p38,

at a 1:2,000 dilution, in PBS plus 0.5 % BSA and 0.02 %

Tween-20. Then the membranes were incubated with horse-

radish peroxidase (HRP)-conjugated to anti-rabbit or anti-

mouse IgG used at a 1:5,000 dilution in PBS plus 0.5 %

casein, and detection was carried out by enhanced chemilu-

minescence [20]. To verify even protein loading, the blots

were subsequently stripped and reprobed with polyclonal

antibodies against GAPDH at a 1:5,000 dilution. Band

intensities were quantitated densitometrically using the Im-

ageQuant TL software (GE Healthcare Life Sciences, Upp-

sala, Sweden) and corrected for differences in GAPDH levels.

Oil red O staining

The Oil red O staining method was derived from a previ-

ously published protocol [26]. In brief, cells were fixed

with 2 % formaldehyde. Then they were washed with 60 %

isopropanol and stained with freshly prepared Oil red O

solution for 1 h at 37 �C. Finally, the cells were washed

with distilled H2O and lipid droplets were viewed under

microscopic examination.

Statistical analysis

mRNA levels measured by real-time PCR are expressed as

fold induction relative to untreated cells (mean ± SEM

from a minimum of 3 independent experiments performed

with similar results). Protein levels measured from Western

blots are expressed in arbitrary units. The results were

statistically analyzed using the Statgraphics Plus 5.0 soft-

ware (Manugistic Inc., Rockville, MD) by means of

ANOVA and the Student’s paired t test.
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Results

Effect of oleic acid on TO901317- or 22R-OH-

cholesterol-induced mRNA expression of LXRa and its

target genes in human neutrophils

We used two different stimuli to induce in human neutro-

phils the transcription of LXRa and its target genes,

ABCA1 and SREBP1c: either the synthetic LXRa ligand

TO901317 or its natural ligand 22R-OH-cholesterol.

Figure 1a, b illustrates that 50 or 200 lM OA by itself

induced a slight, but significant, activation of LXRa and

ABCA1 transcription. OA was found to potentiate the

ligand effect of TO901317, and a maximal enhancement

was observed at 200 lM OA. However, OA did not alter

by itself SREBP1c transcription. Instead, OA at 200 lM

(but not at 50 lM) clearly decreased ligand-induced

SREBP1c transcription (Fig. 1c). A similar effect of OA

was obtained when we used 22R-OH-cholesterol as the

LXRa ligand, which was positive on both LXRa and

ABCA1 expression, but negative on SREBP1c transcrip-

tion (Fig. 1d, e, f). To note, concentrations of OA lower

Fig. 1 Effect of OA on

TO901317-induced mRNA

expression of LXRa and its

target genes in human

neutrophils. Cells were

incubated at 37 �C with or

without 50 or 200 lM OA for

1 h. Then 1 lM TO901317 (a,

b, c) or 22R-OH-cholesterol (d,

e, f) was added, and cells were

cultured for additional 5 h. The

levels of LXRa, ABCA1 and

SREBP1c mRNAs were

analyzed by real-time RT-PCR,

corrected for differences in b-

actin mRNA levels, expressed

as fold induction. Control cells

were cultured for the same times

without any additions. Each

panel is representative of a set

of three experiments yielding

similar results. *p \ 0.01, for

OA-stimulated versus OA-

unstimulated. **p \ 0.01, for

OA-stimulated and TO901317-

treated versus OA-unstimulated

and TO901317-treated.

ep \ 0.01, for OA-stimulated

and 22R-OH-cholesterol-treated

versus OA-unstimulated and

22R-OH-cholesterol-treated

1710 Eur J Nutr (2014) 53:1707–1717
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than 50 lM did not affect the transcription of these three

genes, and higher than 200 lM (such as 500 lM and

1 mM) altered the integrity of cells and produced erratic

results in most of our experiments (data not shown).

Oleic acid elicits a slight oxidative stress in human

neutrophils

It has been recently reported that OA induces anion

superoxide production in bovine neutrophils [7]. Therefore,

subsequent experiments were designed to assay whether

OA did modify ROS (Fig. 2a) and O2
- (Fig. 2b) produc-

tion by human neutrophils. In both cases, it was found that

OA (10–200 lM) elicited a rapid production of these

species, reaching maximal values at ca. 3 min (ROS pro-

duction) or 9 min (O2
- production) after OA addition.

Subsequently, they decreased very quickly, and after

30–45 min, their values were similar to control cells. The

ROS increase promoted by OA treatment was slight com-

pared to that elicited by phorbol myristate acetate (PMA),

which was of ca. 10- or 20-fold (Fig. 2a, b, respectively).

Further studies were designed to evaluate the possible

effect of OA-mediated ROS derived from lipid peroxida-

tion. It was found that OA did not promote lipid peroxi-

dation by itself and that neither it enhanced that elicited by

a combination of FeSO4, ascorbate and H2O2 (Fig. 3a).

Also, to assess the possible cellular damage due to

OA-induced ROS production, we analyzed its effect on

hemoxygenase-1 (HO-1) gene expression, a well-known

marker of cytotoxic injury. It was found that OA had no

effect on HO-1 mRNA expression by human neutrophils

(Fig. 3b).

The effect of oleic acid on the expression of LXRa
and its target genes is not mediated by ROS elevation

Next, we studied whether the slight oxidative stress elicited

by OA was involved in the effect of OA on transcription of

LXRa and its target genes in human neutrophils. These

cells, given their high capacity to synthesize O2
-, offer a

natural approach to analyze the potential effect of ROS on

the transcriptional machinery. The next experiment was

designed using N-acetylcysteine (NAC) as a reducing agent

and the Fe2?/ascorbate/H2O2 system as oxidant. The pre-

sence of NAC exerted a stimulatory role on LXRa tran-

scription in neutrophils incubated subsequently with

TO901317 and 50 lM OA. By contrast, the combination of

oxidant agents Fe2?/ascorbate/H2O2 had no significant

effect on OA plus TO901317-induced LXRa gene tran-

scription (Fig. 4a). The effect of NAC on ABCA1 tran-

scription was similar, although less pronounced, than on

LXRa expression. However, the combination of the three

oxidants depressed ABCA1 expression. On the other hand,

neither NAC nor Fe2?/ascorbate/H2O2 had any significant

effect on OA plus TO901317-elicited SREBP1c mRNA

synthesis (Fig. 4a). When cells were incubated with

200 lM OA, the effects seen with NAC (Fig. 4b) were

similar to those observed at 50 lM OA for all these genes,

except for SERBP1c, whose mRNA levels were curiously

diminished. On the other hand, the oxidants combination

reversed the effect of 200 lM OA. The results obtained

when neutrophils were stimulated with 22-R-OH-choles-

terol were similar to those found with TO901317 (data not

shown).

Effect of OA on cell migration, ERK1/2 and p38

activation, and lipid levels in human neutrophils

We also investigated whether OA treatment altered par-

ticular inflammatory responses by neutrophils. We assessed

whether OA was able to alter the cell migration activity

Fig. 2 Effect of OA on ROS production. Neutrophils were cultured

with 10 lg/mL horseradish peroxidase (HRP) and 40 lM luminol

(a) or lucigenin (b) for 5 min at 37 �C. Then 10, 50 or 200 lM OA

was added, and the production of ROS was detected in a lumines-

cence analyzer (Wallac 1420 Victor2TM, PerkinElmer, Waltham,

MA). All experiments were repeated three times, yielding similar

results. *p \ 0.01, for OA-stimulated versus OA-unstimulated

Eur J Nutr (2014) 53:1707–1717 1711

123



promoted by LPS, a well-known neutrophil transmigration

inducer [27]. OA (at 50 or 200 lM) had no effect by itself

on these cells, but interestingly pre-incubation of neutro-

phils with 200 lM OA lowered their LPS-induced migra-

tion (Fig. 5a).

It is also well known that some mitogen-activated pro-

tein kinases (MAPKs), in particular ERK1/2 and p38, can

be considered as markers of cellular inflammation [28]. In

neutrophils treated with 50 or 200 lM OA for 3 h, it was

found that PMA, an activator of both MAPK-induced

ERK1/2 and p38 phosphorylation, was drastically dimin-

ished (Fig. 5b), whereas OA had no effect by itself on

phosphorylation of these MAPKs (Fig. 5b).

Additionally, we assessed whether OA modified lipid

levels in human neutrophils. With this purpose, we

analyzed cholesterol efflux by using the Oil red O staining

protocol. Neutrophils were incubated with 16 lg/mL cho-

lesterol for 4 h, and then the cells were treated with 1 lM

TO901317 and/or 200 lM OA in the presence of 7 lg/mL

apolipoprotein-A1 (apo-A1), which is required for

ABCA1-dependent cholesterol efflux. As shown in Fig. 5c,

TO901317 decreased intracellular lipid levels and OA

enhanced its negative effect.

Discussion

OA is considered an essential element in the Mediterranean

diet able to favor a decrease in body lipid levels. Despite its

beneficial effects are clear, the mechanisms of action of

Fig. 3 Effect of OA on lipid peroxidation and HO-1 mRNA

expression in human neutrophils. a The protective effect of OA

against the pro-oxidant capacity of FeSO4 plus ascorbate plus H2O2

was analyzed. Neutrophils were pre-incubated in presence of 50 or

200 lM OA for 4 h. Then FeSO4 plus ascorbate plus H2O2 were

added at the indicated concentrations, and cells were cultured for

further 1 h. Control cells were cultured for 5 h without any additions.

Then, malonaldehyde (MDA) levels were measured. b Cells were

incubated at 37 �C with or without 1 mM NAC and with FeSO4 plus

ascorbate plus H2O2 for 30 min. Then 50 lM OA was added, and the

cells were cultured for further 1 h. Finally, 1 lM TO901317 was

added, and cells were cultured for 5 h before harvesting. The levels of

HO-1 mRNA were analyzed by real-time RT-PCR, normalized to b-

actin mRNA levels and expressed as fold induction. Control cells

were cultured for the same times without any additions. Each panel is

representative of a set of three experiments yielding similar results.

*p \ 0.01, for NAC or FeSO4 plus ascorbate plus H2O2-treated and

TO901317 and OA-stimulated versus NAC or FeSO4 plus ascorbate

plus H2O2-unstimulated

1712 Eur J Nutr (2014) 53:1707–1717
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OA at the molecular level are poorly understood. The

potential effect of OA on the transcription of genes related

to the metabolism of lipids and cholesterol, namely LXRa,

ABCA1 and SREBP1c, in neutrophils constitutes the main

issue of the present study. Current data show that OA was

able by itself to increase the transcription of LXRa in

human neutrophils. Other natural products from microbial

and plant origins have been identified over the last decade

as inducers of LXRa expression in many cell types [29].

The expression of ABCA1 by neutrophils was also

enhanced upon their treatment with OA. This increase in

ABCA1 may be linked to the pivotal role played by this

transmembrane protein in mediating lipid efflux from cells

to apolipoproteins, which could reflect a positive function

of OA in the release of cholesterol out of cells. The

increased expression of ABCA1 may be related to the

lower lipid levels observed in neutrophils treated with OA

and TO901317. Activation of LXR induces the expression

of genes involved in cholesterol efflux, such as ABCA1,

this resulting in the transfer of excess cholesterol to

extracellular acceptors such as apo-AI. The pathophysio-

logical significance of the LXR-dependent cholesterol

efflux pathway is an amelioration of atherosclerosis [3].

However, other authors have described that OA promotes

downregulation of ABCA1 in the cell lines HepG2 and

RAW 264.7 [30, 31]. LXR activation leads to increased

hepatic lipogenesis and plasma triglyceride levels via the

induction of SREBP1c expression, which is limitant for the

therapeutical use of LXR agonists [32]. This led us to

analyze as well SREBP1c expression, with the finding that

its mRNA levels were reduced in the presence of OA.

Since LXRa expression was increased upon the simulta-

neous administration of OA and LXRa agonists, this fact

may indicate that the decrease in SREBP1c mRNA levels

occurs via an LXR-independent pathway. A suppression of

SREBP1c gene transcription has been described for PUFAs

in hepatic cells [33]. Moreover, it has been described that

MUFAs suppress the induction promoted by SREBP1c of

Fig. 4 Effect of the intracellular redox status on mRNA expression

of LXRa and its target genes in human neutrophils. Cells were pre-

incubated with 1 mM N-acetylcysteine (NAC) or 0.1 mM FeSO4 at

37 �C for 1 h. Then 50 lM (a) or 200 lM (b) OA was added for

further 1 h, and thereafter, the cells were stimulated or not with 1 lM

TO901317 for additional 5 h. Control cells were cultured for the same

times without any additions. Finally, the levels of mRNA were

analyzed by real-time RT-PCR and corrected for differences in b-

actin mRNA levels and are indicated as fold induction. Each panel is

representative of a set of three experiments yielding similar results,

and values are plotted as the mean ± SEM. Statistical data:

*p \ 0.01, for OA-stimulated versus OA-unstimulated. **p \ 0.01,

for OA-stimulated and TO901317-treated versus OA-unstimulated

and TO901317-treated. ep \ 0.01 for TO901317-stimulated, OA and

NAC or FeSO4-treated versus antioxidant- or pro-oxidant-untreated
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Fig. 5 Effect of OA on cell migration, ERK1/2 and p38 activation,

and levels of intracellular lipids in human neutrophils. a To measure

cell migration, neutrophils were incubated with 50 or 200 lM OA for

5 h at 37 �C. Then 1 lg/mL LPS was added for 1 h, and the cells that

had migrated into the bottom compartment of Transwell migration

chambers were collected, labeled with fluorescent antibodies against

CD16 and analyzed using a flow cytometer. Results are expressed as

the percentage of neutrophils with respect to total cells which had

migrated from the upper to the lower compartment. b Cells were

incubated with 50 or 200 lM OA for 5 h at 37 �C. Then, 100 nM

PMA was added, and the cells were cultured for further 5 min.

Phosphorylated ERK1/2 (p-ERK1/2) and p38 MAPK (p-p38) levels

were analyzed on cell lysates by Western blotting and are given in

arbitrary units. Control cells were cultured for the same times without

any additions. GAPDH bands are shown for the sake of loading

controls. The panel is representative of a set of three experiments

yielding similar results, and values are plotted as the mean ± SEM.

(C) Cells were incubated at 37 �C with or without 200 lM OA in

presence of 7 lg/mL apo-A1 for 1 h. Then, 1 lM TO901317 was

added or not, and cells were cultured for further 5 h before being

stained with Oil red O to visualize intracellular lipid droplets.

*p \ 0.01 for PMA or LPS and OA-treated versus OA-untreated

1714 Eur J Nutr (2014) 53:1707–1717
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lipogenic genes in adipose tissue [34]. These authors have

reported that PUFA supress SREBP1c expression by

inhibiting LXR binding to LXR response elements

(LXRRE) in the SREBP1c promoter, whereas saturated or

MUFAs have minimal effects on SREBP1c gene expres-

sion. However, Hsu et al. [35] have described that MUFAs

suppress expression of SREBP1c in adipose tissue. OA

downregulates at the mRNA and protein levels the

expression of Niemann-Pick C1-like protein 1 (NPC1L1),

which may play an important role in reducing intestinal

cholesterol absorption in CaCo-2 colorectal adenocarci-

noma cells [36]. It is thus inferred that treatment of neu-

trophils with OA and an LXR agonist results in a

differential effect on the promoter activities of ABCA1 and

SREBP1c. The D-9-desaturase is a rate-limiting enzyme in

the biosynthesis of MUFAs, and its expression is mediated

by SREBP1c [37]. In this context, OA has been reported to

downregulate mRNA expression of the D-9-desaturase

gene [38].

On the other hand, there is a great interest in the effects

of FAs on several aspects of the inflammation process. The

effects of long-chain FAs on ROS production by neutro-

phils have not been completely elucidated yet. Both

increased [39] and decreased [11] ROS production in

response to FA treatment have been reported in neutro-

phils. Recently, it has been found that OA stimulates ROS

production via activation of NADPH oxidase in fibroblasts,

although to a lesser extent than did linoleic and linolenic

acids [40]. In the present study, intra- and extracellular

levels of ROS were measured in neutrophils treated with

OA, and only a slight increase was observed compared

with that induced by PMA. This ROS increase after OA

treatment did not promote lipid peroxidation by itself, and

neither did it enhance that elicited by a combination of

FeSO4, ascorbate and H2O2. OA had no effect either on

HO-1 mRNA expression in human neutrophils. Induction

of HO-1 expression is currently considered as an important

mechanism to counteract intracellular oxidative stress [22].

Thus, the slight increase in ROS after OA treatment seems

not to be detrimental to cells. Moreover, the effect of oleic

acid on the expression of LXRa and its target genes is not

mediated by ROS elevation, since neither the presence of

antioxidant or pro-oxidant molecules reversed or increased,

respectively, the OA positive effect.

An important inflammatory event is chemotaxis induc-

tion. Present data show that pre-incubation with 200 lM

OA decreased LPS-induced neutrophil migration, sug-

gesting a protective role of OA against tissular inflamma-

tion induced by this component of the bacterial wall. OA

inhibited zymosan-activated serum-induced chemotaxis in

human neutrophils [41], and an intracellular OA-binding

protein has been isolated from these cells. Although it has

been concluded that OA is an inhibitor of chemotaxis in

plasma [42], it has also been reported in an opposite

fashion that neutrophil migration becomes elevated in rats

fed with OA, an effect that was associated with elevated

L-selectin expression [43]. Oral administration of OA

decreased the production of interleukins IL-1b, IL-6 and

other cytokines by resident macrophages, but the produc-

tion of O2
- anions was not affected [44].

We have previously found that OA strongly depressed

the phosphorylation of two MAPKs considered as inflam-

mation markers, ERK1/2 and p38, after PMA treatment of

neutrophils. It has been recently reported that OA-based

diets exert a noteworthy beneficial effect on chronic colitis

induced by dextran sodium sulfate in rodents by means of

p38 MAPK downregulation [45]. In contrast, other authors

have described that MAPK activity becomes significantly

enhanced by treatment with OA in rat intestinal epithelial

cells [46], lung epithelial cells [47] and breast cancer cells

[48]. In bovine neutrophils, it has been found that OA,

dissolved in dimethylsulfoxide, stimulates bovine neutro-

phil functions such as Ca2? mobilization, ERK1/2 activa-

tion, O2
- anion production and degranulation [7]. These

controversial data found in literature may be related to the

cell type studied, the dose of OA added or the solvent used.

To conclude, this work presents a new picture of neu-

trophils as circulating cells that are highly sensitive to OA

and provides novel evidence to support the view that the

OA forming an essential part of Mediterranean diet may

cooperate to remove cholesterol from tissues through the

enhanced transcription of genes encoding ABC transporters

and without exerting lipogenic effects. In addition,

increasing knowledge exists of OA being a biological

molecule exhibiting a number of anti-inflammatory

properties.
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