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Liver X receptors (LXRs) are ligand-activated nuclear receptors involved mainly in the regulation of cholesterol
metabolism in many organs, including liver and intestine, as well as in macrophages and neutrophils. Besides,
both anti-inflammatory and pro-inflammatory properties have been ascribed to LXRs. The effect of the inflamma-
tory condition on the expression of LXRα and its target genes has not been previously addressed in human neu-
trophils. We have described that platelet-activating factor (PAF) and hydrogen peroxide (H2O2) are potent pro-
inflammatorymediators that link the haemostatic and innate immune systems. In this workwe report that H2O2

at low doses (1 pM-1 μM) exerts an inhibitory effect on TO901317-inducedmRNA expression of LXRα and of its
target genes encoding the ATP-binding cassette (ABC) transporters ABCA1 and ABCG1, and the sterol regulatory
element-binding protein 1c (SREBP1c). However, an opposite behaviour, i.e., a transcription-enhancing effect,
was found at higher H2O2 doses (100–500 μM) on most of these genes. A similar dual effect was observed
when the pro-inflammatory molecule PAF was used. Interestingly, H2O2 production separately elicited by
10 nM PAF or 1 μM H2O2 was similarly low, and analogously, H2O2 production levels elicited by 5 μM PAF or
100 μM H2O2 were similarly high when they were compared. On the other hand, low doses of PAF or H2O2 in-
duced phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK 1/2) and NF-κB activation, Howev-
er, PAF or H2O2 at high doses did not produce changes in NF-κB activation levels. In summary, our results show
that H2O2, either exogenous or PAF-induced, exerts a dual regulation onmRNA expression of LXRα and its target
genes.

© 2016 Published by Elsevier B.V.
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1. Introduction

Liver X receptors (LXRs) are nuclear receptors activated by
oxysterols which regulate cholesterol homeostasis by stimulating the
expression of a set of genes involved in virtually all aspects of
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cholesterol transport and metabolism, such as those encoding the
ATP-binding cassette (ABC) transporters ABCA1 and ABCG1, and the
sterol regulatory element-binding protein 1c (SREBP1c) [1,2]. These
genes are expressed in multiple organs, including liver and intestine,
as well as in pro-inflammatory cells such as macrophages [3] and neu-
trophils [4]. Moreover, they are involved in the modulation of other bi-
ological processes, such as fatty acid synthesis and metabolism, glucose
homeostasis, steroidogenesis and neuronal homeostasis [5].

LXRs may function to integrate metabolic and immune signals [3],
and are associated with the modulation of the inflammatory response
and innate immunity [6]. LXRα activation has also been related to a pos-
itive regulation of inflammation in human macrophages [7] and mice
neutrophils [8]. However, other authors have reported that LXRα in-
hibits the transcription of pro-inflammatory genes by antagonizing
the positive actions of transcription factors such as nuclear factor κB
(NF-κB) [9,10], and of inducible nitric oxide synthase, cyclooxygenase
2 and interleukin 6 in response to bacterial infection or
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lipopolysaccharide stimulation [11]. A novel role of LXRs in the oxida-
tive stress response has been recently proposed, because of positive reg-
ulation of the expression of antioxidant enzymes by these receptors
recently found [11].

Platelet-activating factor (PAF) is a powerful pro-inflammatory
agent that links the haemostatic and innate immune systems. This fac-
tor is modestly expressed under normal physiological conditions, and
some immune-system cell types such as neutrophils andmonocytes re-
lease significant amounts of PAF under particular conditions, such as ox-
idative stress [12]. PAF contributes to increasing permeability of the
vascular endothelium, induces the release of reactive oxygen species
(ROS) and contributes to low-density lipoprotein oxidation [13]. In
this context, PAF has been proposed as a key factor and initial trigger
in atherosclerosis. PAF is extracellularly released almost immediately
in response to pro-inflammatory stimuli and induces the activation of
NF-κB, a transcription factor that acts as a key modulator of the levels
of many proteins involved in the inflammatory process, such as recep-
tors, enzymes and cytokines [13]. Many of the genes whose expression
is inhibited by LXRs are established targets of NF-κB signalling [6], and
activation by PAF of this transcription factor is exerted through the gen-
eration of ROS [12]. Previous results from our group indicate that PAF at
low doses acts as an NF-κB activator in a manner dependent of phos-
phorylation of the MAP kinase, ERK1/2 [14].

H2O2 is also produced by pro-inflammatory and vascular cells and
induces oxidative stress, which may contribute to atherosclerosis and
endothelial dysfunction. Although its bactericidal function during in-
flammation is well established, a possible regulatory role of H2O2, either
by promoting or inhibiting inflammation, has been proposed [15,16]. At
low concentrations, H2O2 diffuses into a cell and reacts rapidly and spe-
cifically with a limited number of molecular targets, before it is reduced
by anti-oxidant defencemechanisms. Its diffusibility and relative stabil-
ity make H2O2 a candidate to constitute an intercellular signalling mol-
ecule, analogously to nitric oxide [17]. In contrast, H2O2 at a sufficiently
high concentration may act as an oxidant able to alter the overall redox
potential of the cell. It has been proposed that H2O2 exerts a fine-tuning
regulatory role, this involving both a pro-inflammatory control loop
that increases pathogen removal, and an anti-inflammatory control
loop that prevents an exacerbated, harmful inflammatory response [18].

Neutrophils constitute the principal circulating cells involved in in-
nate immunity, and increasing evidence suggests an implication of
this cell type in atherosclerosis [19,20]. In this work we have found
that PAF and H2O2 tested at different doses exert a dual modulatory
role on the expression of LXRα and its target genes in human neutro-
phils. We have addressed as well whether these effects are mediated
by ERK1/2 phosphorylation and/or NF-κB activation.

2. Materials and methods

2.1. Materials

TO901317 and PAF were purchased from Cayman Chemical (Ann
Arbor, MI, USA), and RPMI 1640 medium from Biomedia (Boussens,
France). Dextran T-500 and lymphocyte separation medium (Ficoll-
Paque) were obtained from GE Healthcare (Barcelona, Spain), and
polyvinylidene difluoride (PVDF) membranes from Pall (Madrid,
Spain). Rabbit polyclonal antibodies against phosphorylated (Thr202/
Tyr204) ERK1/2 were obtained from New England Biolabs (Beverly,
MA), and IκBα from Santa Cruz Biotechnology. Mouse monoclonal anti-
body to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)was pur-
chased from Chemicon International (Madrid, Spain). Mouse
monoclonal antibody to phospho-p65 was purchased from Cell Signal-
ing Technology, Inc. (Danvers, Massachusetts, USA). Horseradish perox-
idase (HRP)-conjugated goat anti-rabbit and anti-mouse IgG were
products of Promega (Madison,WI, USA). Human IL-8 ELISAKitwas pur-
chased from Raybiotech, Inc. (Norcross, Georgia, USA). 22-R-OH-choles-
terol, protease inhibitor cocktail, H2O2, 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), diisopropyl fluorophosphate (DFP) and 3-amino-
1,2,4-triazole (ATZ) were obtained from Sigma-Aldrich (Madrid,
Spain). NF-κB SN50 peptide was purchased from Enzo Life Sciences
(Ann Arbor, MI, USA). Fetal calf serum, L-glutamine, streptomycin, peni-
cillin and amphotericin B were obtained from BioWhittaker (Basel,
Switzerland).

2.2. Ethics statement

Peripheral venous bloodwas drawn fromhealthy volunteers follow-
ing standardized protocols approved by the Research Ethics Committee
of the Hospital Virgen Macarena, Universidad de Sevilla. This investiga-
tion was designed and conducted according to the ethical principles for
medical research stated in the Declaration of Helsinki.

2.3. Isolation and culture of human neutrophils

Human peripheral blood neutrophils were isolated from fresh hepa-
rinized blood of human donors by Dextran T-500 sedimentation,
followed by Ficoll-Paque gradient centrifugation and hypotonic lysis of
residual erythrocytes [21]. For experiments, 2 × 107 neutrophils were
cultured in RPMI 1640 completemedium from Life Technologies (Rock-
ville, MD, USA) containing 10% (v/v) heat-inactivated bovine serum,
2 mM L-glutamine, 100 μg/mL streptomycin, 100 IU/mL penicillin and
250 ng/mL amphotericin B. When indicated, 20 mM ATZ was included
in the assays. Before all stimulations, neutrophil suspensions were pre-
incubated at room temperature with 1 mM DFP (to minimize proteoly-
sis) for 5 min [22].

2.4. RT-PCR quantitation of mRNA levels

Real-time PCR analysis was performed in the presence of SYBR
Green using the ABI Prism 7300 sequence detection system from Ap-
plied Biosystems (Foster City, CA, USA) under the specific thermo-
cycler conditions recommended by the manufacturer for the primers
used. PCR reactions were performed in triplicate. Each sample was
also analyzed for β-actin transcript levels to normalize for RNA input
amounts. For the relative quantification of gene expression, the compar-
ative threshold cycle method was used as described in the ABI Prism
7700 User Bulletin 2 [23]. Primers were designed with Primer Express
(Applied Biosystems) and synthesized by Roche Diagnostics (Barcelona,
Spain), and their sequenceswere as follows: LXRα: forward, 5′-AAGCCC
TGCATGCCTACGT-3′; reverse, 5′-TGCAGACGCAGTGCAAACA-3′; ABCA1:
forward, 5′-CCCTGTGGAATGTACCTATGTG-3′;reverse, 5′-GAGGTGTCCC
AAAGATGCAA-3′; ABCG1: forward, 5′-CAGTCGCTCCTTAGCACCA-3′; re-
verse, 5’TCCATGCTCGGACTCTCTG-3′; SREBP1c: forward, 5′-CATGTCTT
CGATGTCGGTCAG-3′; reverse, 5′-TCCTGTTGCCCATATGAAATCA-3′; β-
actin: forward, 5’CCAGCTCACCATGGATGATG-3′; reverse, 5′-TGCCGG
AGCCGTTGTC.

2.5. Measurement of ROS production

The level of intracellular peroxides, taken as an indicator of the intra-
cellular redox state, was determined by treating cells with DCFH-DA.
This is a nonpolar compound that is converted into a membrane-
impermeable non-fluorescent polar derivative (DCFH) by cellular ester-
ase after its incorporation into cells. The trapped DCFH is rapidly oxi-
dized to fluorescent 2′,7′-dichlorofluorescein (DCF) by intracellular
H2O2 [24]. 106 cells were resuspended in 1 mL PBS 1×, supplemented
with 5 mM glucose and 20 mM ATZ, and preincubated with 10 μM
DCFH-DA at 37 °C for 45 min. Then, cells were washed twice and resus-
pended in 1 mL of PBS for flow cytometry analysis. Further, neutrophils
were incubatedwith orwithout the indicated concentrations of H2O2 or
PAF for 3 min. Emission of the trapped, oxidized DCF by these cells
(events), pretreated with or without stimulus, was assayed using a
flow cytometer (fluorescence-activated cell sorting, FACS, Becton-



Fig. 1. PAF exerts opposite concentration-dependent effects on TO901317-inducedmRNA
expression of LXRα and its target genes in human neutrophils. Cells were incubated at
37 °C with or without PAF at the indicated concentrations for 1 h. Then, 1 μM TO901317
was added and cells were incubated at 37 °C for further 5 h (A). In panel B the cells
were treated as in A, except that they were preincubated at 37 °C with or without
10 nM aPAF for 30 min prior to PAF addition. In panel C the cells were incubated at
37 °C with 20 mM ATZ for 30 min, and then with or without PAF at the indicated
concentrations for 1 h. Thereafter, 1 μM TO901317 was added and cells were incubated
at 37 °C for further 5 h. Control cells were cultured for the same times as treated cells,
but without any additions. Finally, the mRNA levels of genes indicated in each panel
were quantitated by RT-PCR, corrected for differences in β-actin mRNA levels and
expressed as fold induction. Values are plotted as the mean ± SEM, n = 3. Statistical
data: *p b 0.05 for PAF- and TO901317-treated versus PAF-untreated; **p b 0.05 for
aPAF, PAF- and TO901317-treated versus aPAF-untreated. ◊p b 0.05 for ATZ-, and
TO901317- with or without PAF-treated (panel A) versus ATZ-untreated (panel C).
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Dickinson, Mountain View, CA, USA). Data were analyzed using the
FlowJo software (http://www.flowjo.com).

2.6. Western blotting analysis of phosphorylated ERK1/2, IκB and phospho-
p65

107 neutrophils/mL were rinsed once with ice-cold PBS, resuspend-
ed in a lysis solution containing 50mMTris-HCl (pH 7.4), 10mMEDTA,
50 mM NaF, 10% glycerol, 1% Triton X-100, protease inhibitor cocktail,
and kept on ice for 30 min. Then the cells were disrupted by sonication
on ice and, after centrifugation at 12,000 ×g for 5 min at 4 °C, protein
concentration in the supernatant was determined by the Bradford
method [25], using BSA as a standard. Proteins were boiled in Laemmli
loading buffer, resolved by SDS-PAGE (10% polyacrylamide) and trans-
ferred to PVDF membranes as previously described [26]. The blots
were probed, without need of prior blocking, with rabbit polyclonal
anti-phospho-ERK1/2, at a 1:1000 dilution or rabbit polyclonal anti-
IκB, at a 1:2000 dilution or mouse monoclonal anti-phospho-p65, at a
1:1000 dilution in PBS plus 0.5% BSA and 0.02% Tween-20 [27]. Thereaf-
ter, HRP-conjugated antibodies to rabbit or mouse IgG were used at a
1:5000 or 1:20,000 dilution, respectively, in PBS plus 0.5% casein, and
detectionwas carried out by enhanced chemiluminescence [21]. To ver-
ify even protein loading, the blots were subsequently stripped and re-
probedwithmousemonoclonal antibodies against GAPDH at a 5000 di-
lution. Band intensities were measured by scanning densitometry anal-
ysis using the Scion Image software (Frederick, MD).

2.7. ELISA quantitation of IL-8 release

Cell culture supernatants were collected after treatments, and the
levels of secreted IL-8 were quantified using the Human IL-8 ELISA Kit
(Raybiotech, Norcross, GA). Plates were read on a Wallac 1420 Victor2
spectrofluorometer (Perkin Elmer, Madrid, Spain).

2.8. Statistical analysis

mRNA levelsmeasured by real-time PCR are expressed as fold induc-
tion relative to untreated cells (mean ± SEM from a minimum of 3 in-
dependent experiments performed with similar results). Protein levels
measured from Western blots were normalized to GAPDH levels and
are expressed in arbitrary units. The results were statistically analyzed
using the Statgraphics Plus 5.0 software (Manugistic Inc., Rockville,
MD) by means of ANOVA and the paired Student's t-test.

3. Results

3.1. PAF exerts opposite concentration-dependent effects on TO901317-
induced mRNA expression of LXRα and its target genes in human
neutrophils

Initial experiments were designed to analyze the PAF dose effect on
TO901317-induced mRNA expression of LXRα and its target genes in
human neutrophils. Relative quantification of LXRα and its target
genes mRNA levels in human neutrophils treated with TO901317 (a
synthetic LXRα agonist) by means of real time RT-PCR confirmed that
this agonist induced these genes expression (Fig. 1A). Treatment of neu-
trophils with low PAF concentrations (10 nM) inhibited the TO901317-
induced LXRα and its related genes mRNA expression (Fig. 1A). At PAF
100 nM this effect was only observed in LXRαmRNA expression. These
data confirmed previous results reported by our group [14]. Interesting-
ly, a new and opposite effect was observed when neutrophils were pre-
incubated with high doses of PAF (1–5 μM), which clearly enhanced
TO901317-induced LXRα and its target genes mRNA expression
(Fig. 1A). Similar results were observedwhen 22R-OH-cholesterol (nat-
ural LXRα agonist) was used instead of TO901317 (data not shown). No
effect was observed with PAF alone (data not shown).
In order to assess whether this effect wasmediated through the PAF
receptor (PAFR), the antagonist 1-O-hexadecyl-2-acetyl-sn-glycerol-3-
phospho-(N,N,N-trimethyl)hexanolamine (aPAF) was used [28]. Pre-
treatment of neutrophils with this compound prior to PAF addition de-
creased the enhancing effect of high PAF concentration (5 μM) on
TO901317-induced mRNA expression of LXRα and its target genes in
human neutrophils (Fig. 1B). As our group has previously reported,
aPAFwas also able to reverse the inhibitory effect of low PAF concentra-
tion [14].

3.2. Effect of 3-amino-1,2,4-triazole (ATZ) onmRNA expression of LXRα and
its target genes in PAF-treated human neutrophils

Recently, our group has described a relationship between the inhib-
itory effect of PAF at low concentration on the LXRα expression and the
related genes and cellular redox status in human neutrophils [14].
Moreover, PAF-mediated H2O2 production has been reported in other
immune-system cells, such asmacrophages [29].We thus set to address
the H2O2 effect on PAF-induced inhibition of LXRα and its target genes

http://www.flowjo.com
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in human neutrophils. To this effect, we promoted an increase of endog-
enous H2O2 levels by using a catalase inhibitor, 3-amino-1,2,4-triazole
(ATZ), and its effect was analyzed on TO901317-inducedmRNA expres-
sion of LXRα and its target genes which is represented in Fig. 1C. When
comparing these results with those shown in Fig. 1A we noted: i) ATZ
itself exerted a significant positive effect on TO901317-induced ABCA1
and ABCG1 mRNA expression, ii) in the presence of ATZ, PAF at a low
dose (10 nM) exerted a greater inhibition (although not statistically sig-
nificant) on TO901317-induced mRNA expression of the four genes,
than that obtained without ATZ treatment iii) however, the inhibitory
effect of 100 nM PAF on mRNA expression of LXRα, shown in Fig. 1A,
was prevented and a lesser inhibitory effect was observed with this
treatment on ABCG1 mRNA expression, iv) ATZ clearly enhanced the
high-PAF concentration (1–5 μM) effect on mRNA expression of the
four genes, although, this increase was not statistically significant in
1 μM PAF treatment on SREBP1c mRNA expression. These results sug-
gest that the H2O2 may play an important role on PAF effects of LXRα
and its target genes in human neutrophils.

3.3. Effect of PAF on intracellular H2O2 production

As above it has been indicated PAF treatment elicits H2O2 production
in macrophages [29]. Subsequent experiments were designed with the
aim of evaluating the PAF effects on intracellular H2O2 production in
neutrophils. Cells were incubated with different PAF concentrations
and intracellular H2O2 levels were analyzed by flow cytometry. We ob-
served that PAF induced H2O2 production was dose-dependent in
human neutrophils (Fig. 2A and B). Furthermore, as shown in Fig. 2C,
PAF effect was exerted through acting on its receptor, the PAFR, since
aPAF pretreatment reversed the PAF-induced H2O2 increase, shown in
Fig. 2A.

On the other hand, we performed a H2O2 calibration curve and the
most significant doses are shown in Figs. 2D–F. Interestingly, 1 μM
H2O2 (Fig. 2D) and 10 nM PAF treatment (Fig. 2A) induced a similar
low intracellular H2O2 level. Likewise, another calibration point,
Fig. 2. Effect of PAF on intracellular H2O2 production. Cells were preincubated at 37 °C with 10
concentrations of PAF (A–C) or H2O2 (D–F) for 3 min. In panel C, the cells were additional
addition. The levels of intracellularly oxidized DCF were measured by flow cytometry. The sha
representative of three independent experiments yielding similar results.
100 μM H2O2, (Fig. 2E), induced a similar intracellular H2O2 as 5 μM
PAF treatment (Fig. 2B).

3.4. Effect of catalase on mRNA expression of LXRα and its target genes in
PAF-treated human neutrophils

In an opposite approach, catalase at 400 or 800 U/mL was used in
order to decrease endogenous H2O2 levels and study its effect on PAF-
induced modulation of LXRα and its target genes mRNA expression. In
neutrophils pre-incubated with 800 U/mL catalase the inhibitory effect
of 10 nM PAF on TO901317-induced LXRα mRNA expression was par-
tially reduced (Fig. 3A) and totally reverted on the other target genes
(Fig. 3B–D). However, 400 U/mL catalase had no effect on TO901317-
induced mRNA expression of the four genes (Fig. 3A–D). In contrast,
neither 400 nor 800 U/mL catalase had any influence on the enhancer
effect of high PAF concentration (5 μM) on their mRNA expression
(Fig. 3A–D).

To elucidate the non-effect of catalase in high doses of PAF, we ana-
lyzed the catalase inhibitory effect over H2O2 intracellular levels pro-
duced by PAF. As Fig. 4 shows, we observed that the catalase
treatment totally reverted the 10 nM PAF-induced H2O2 intracellular
(Fig. 4A and B), but it was unable to inhibit the H2O2 intracellular levels
produced by PAF at a high concentration (Fig. 4C and D). This effectmay
explain that catalase had no influence on the positive effect of high PAF
concentration (5 μM) on their mRNA expression as observed above in
Fig. 3A–D.

3.5. Effect of H2O2 on LXRα and its target genes mRNA expression in human
neutrophils

We next analyzed the effect of exogenous H2O2 addition on
TO901317-induced expression of LXRα and its target genes in human
neutrophils. Fig. 5 shows that H2O2 also exerted opposite effects de-
pending on whether cells were incubated with low or high concentra-
tions, in similarity to PAF treatment. Thus, it was found that low H2O2
μM DCFH-DA and 20 mM ATZ for 30 min. Then the cells were treated with the indicated
ly preincubated at 37 °C with 10 nM aPAF, a PAFR antagonist, for 30 min prior to PAF
ded areas correspond to untreated controls, and unshaded areas to treated cells. Data are



Fig. 3. Effect of catalase onmRNA expression of LXRα and its target genes in PAF-treated human neutrophils. Cells were cultured at 37 °C with or without catalase (Cat.) at the indicated
concentrations for 2 h (A–D). Then, theywere treated or notwith PAF at the indicated concentrations for 1 h and thereafter 1 μMTO901317was added and neutrophils were incubated for
further 5 h at 37 °C (A–D). Control cells were cultured for the same times as treated cells, but without any additions. Finally, the mRNA levels of genes indicated in each panel were
quantitated by RT-PCR, corrected for differences in β-actin mRNA levels and expressed as fold induction. Values are plotted as the mean ± SEM, n = 3. Statistical data: *p b 0.05 for
PAF- and TO901317-treated versus PAF-untreated; **p b 0.05 for PAF- and TO901317- plus catalase-treated versus catalase-untreated.

Fig. 4. Effect of catalase on intracellular H2O2 production PAF-induced. Cells were preincubated at 37 °Cwith 10 μMDCFH-DA and 20mMATZ for 30min. Then the cells were treatedwith
800U/mL catalase for 2 h (B andD). Further, neutrophilswere incubatedwith 10nM(A and B) or 5 μM(CandD) PAF for 3min. The levels of intracellularly oxidizedDCFweremeasuredby
flow cytometry. The shaded areas correspond to untreated controls, and unshaded areas to treated cells. Data are representative of three independent experiments yielding similar results.
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Fig. 5. Effect of H2O2 on LXRα and its target genesmRNA expression in human neutrophils. Cells were incubated at 37 °C in the absence (white bars) or presence (grey bars) of 20mMATZ
for 30min. Then the cells were treatedwith the indicated concentrations of H2O2 for 1 h (A–D), and thereafter 1 μMTO901317was added and the cells were incubated at 37 °C for further
5 h (A–D). Control cells were cultured for the same times as treated cells, butwithout any additions. Finally, themRNA levels of genes indicated in each panel were quantitated by RT-PCR,
corrected for differences in β-actin mRNA levels and expressed as fold induction. Values are plotted as the mean ± SEM, n= 3. Statistical data: *p b 0.05 for ATZ- and TO901317-treated
versus ATZ-untreated; **p b 0.05 for H2O2- and TO901317-treated versus H2O2-untreated; ◊p b 0.05 for ATZ-, H2O2- and TO901317-treated versus H2O2-untreated.
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concentrations (1 pM–1 μM) elicited a clear inhibition of TO901317-
induced mRNA expression of LXRα and its target genes (Fig. 5A–D,
white bars). In contrast, when neutrophils were incubated with high
H2O2 concentrations (above 100 μM), TO901317-induced LXRα and
SREBP1c mRNA expression was enhanced (Fig. 5A and D, white bars),
Fig. 6. NF-κB involvement in PAF modulation of mRNA expression of LXRα and its target gene
30 min (A–D). Then the cells were incubated with or without PAF at the indicated concentratio
further 5 h at 37 °C (A–D). Control cells were cultured for the same times as treated cells, bu
quantitated by RT-PCR, corrected for differences in β-actin mRNA levels and expressed as fol
PAF- and TO901317-treated versus PAF-untreated; **p b 0.05 for SN50-, PAF- and TO901317-t
although it was unchanged in the case of ABCA1 and ABCG1 (Fig. 5B
and C, white bars). However, when neutrophils were pre-incubated
with ATZ, which should stabilize H2O2 levels, the results were clearer
(Fig. 5A–D, grey bars), in the sense that low H2O2 concentrations
(1 pM–1 μM) inhibited TO901317-induced expression of the four
s in human neutrophils. Cells were preincubated at 37 °C with or without 15 μM SN50 for
ns for 1 h, and thereafter 1 μM TO901317 was added and neutrophils were incubated for
t without any additions. Finally, the mRNA levels of genes indicated in each panel were
d induction. Values are plotted as the mean ± SEM, n = 3. Statistical data: *p b 0.05 for
reated versus SN50-untreated.
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genes and high H2O2 concentrations (100–500 μM) were found to en-
hance it.

3.6. NF-κB involvement in PAF andH2O2modulation of mRNA expression of
LXRα and its target genes in human neutrophils

PAF is known to act as an activator of NF-κB in vivo and in vitro by
promoting the phosphorylation of NF-κB-bound IκB inhibitory proteins
[14]. These then become ubiquitinated, releasing NF-κB which then
translocates to the nucleus to activate or repress its target genes [15].
In order to study whether the PAF effect on transcription of LXRα and
its target genes could be mediated by NF-κB, neutrophils were pre-
incubated with SN50, a specific NF-κB inhibitor. As shown in Fig. 6A–
D, SN50 was able to cancel the inhibitory effect of low PAF concentra-
tions (i.e., 10 nM) on TO901317-induced mRNA expression of these
genes, except for SREBP1c (Fig. 6A–D). However, the NF-κB inhibition
(by SN50 treatment) did notmodify positive effect by high PAF concen-
tration (i.e., 5 μM) (Fig. 6A–D). To note, SN50 itself did not exert any sig-
nificant effect on either basal levels or TO901317-induced mRNA levels
of LXRα and its target genes (Fig. 6A–D).

H2O2 has also been reported to activate NF-κB by promoting phos-
phorylation of IκB [30]. This also led us to analyze whether NF-κB inhi-
bition modified H2O2 effect as observed above. A similar behaviour to
that described above for PAF was found for H2O2. SN50was able to can-
cel the inhibitory effect of low H2O2 concentrations (i.e., 1 μM) on
TO901317-induced mRNA expression of these genes, except for
SREBP1c (Fig. 7A–D). However, the high H2O2 concentration
(i.e., 100 μM) positive effect on this process was not reversed by SN50
treatment (Fig. 7A–D).
Fig. 7. NF-κB involvement in H2O2 modulation of mRNA expression of LXRα and its target gene
30min. Then, the cells were incubated in the absence or presence of H2O2 at the indicated conc
incubated for further 5 h at 37 °C (A–D). Control cells were cultured for the same times as treate
were quantitated by RT-PCR, corrected for differences in β-actin mRNA levels and expressed as
H2O2- and TO901317-treated versus H2O2-untreated; **p b 0.05 for SN50-, H2O2- and TO90131
In addition, the effects of low and high PAF or H2O2 concentrations
on NF-κB activation were assessed by analyzing IκBα levels. Fig. 8A
and B show that low PAF (10 nM) or H2O2 (1 μM) concentrations elicit-
ed IκBα degradation, but high PAF (5 μM) or H2O2 (100 μM) concentra-
tions had no effect. On the other hand, the NF-κB activation was also
analyzed by NF-κB p65 phosphorylation levels. In this experiment we
observed that lowPAForH2O2 concentrations induced a clear p65 phos-
phorylation (Fig. 8C) but the treatment with high PAF or H2O2 concen-
trations were unable to induce p65 phosphorylation (Fig. 8C).
Therefore, high concentrations of these two compounds do not appear
to activate NF-κB in human neutrophils (Fig. 8A–C).

3.7. Possible involvement of MAP kinases in the modulation by PAF or H2O2

of mRNA expression of LXRα and its target genes in human neutrophils

LXRα is phosphorylated at Ser198 by MAP kinases [31], and our
group has recently described that the low-PAF negative effect on
mRNA expression of LXRα and its target genes is mediated by ERK1/2
activation in human neutrophils [14]. Subsequent experiments were
thus addressed to analyze the ERK1/2 involvement in transcriptional
modulation of these genes by low and high PAF or H2O2 concentration.
Fig. 9A and B show that ERK1/2 phosphorylation was induced by low
(10 nM) and high PAF (5 μM) or H2O2 (1 μM and 100 μM)
concentrations.

3.8. Effect of PAF or H2O2 treatment on IL-8 release in human neutrophils

To study the effects of different PAF orH2O2 concentrations on a neu-
trophils function, we analyzed the effect of (5 μM) PAF or (100 μM)
s in human neutrophils. Cells were preincubated at 37 °C with or without 15 μM SN50 for
entrations for 1 h (A–D), and thereafter 1 μM TO901317 was added and neutrophils were
d cells, but without any additions. Finally, themRNA levels of genes indicated in each panel
fold induction. Values are plotted as the mean± SEM, n= 3. Statistical data: *p b 0.05 for
7-treated versus SN50-untreated.



Fig. 8. Possible involvement of NF-κB in themodulation by PAF or H2O2 ofmRNA expression of LXRα and its target genes in human neutrophils. Cells were preincubatedwith 1 μg/mL LPS
for 30min (C). Then neutrophils were incubated with PAF (A, C) or H2O2 (B, C) at the indicated concentrations for 3 min. The levels of IκBα (A, B) or phosphorylated p65 (phospho-p65)
(C) and GAPDH (A–C)were assessed byWestern blotting and expressed as ratio IκB or phospho-p65/GAPDH levels. Control cells were cultured for the same timeswithout any additions.
Each panel is representative of a set of three experiments yielding similar results and values are plotted as the mean ± SEM. Statistical data: *p b 0.01 for PAF- or -H2O2 or -LPS treated
versus untreated cells.
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H2O2 on IL-8 release in human neutrophils stimulated with or without
N-formyl-methionyl-leucyl-phenylalanine (fMLP), a known neutro-
phils immune response stimulator [32]. Fig. 9C shows that high PAF or
H2O2 concentration treatment reversed fMLP-mediated IL-8 release. In
contrast, previous results have shown that IL-8 release was enhanced
by treatment with a low concentration of PAF [14] or H2O2 [33].

4. Discussion

The effects of oxidants as modulators of nuclear receptor activity
have been studied by a number of groups, often with conflicting results
because of the existence of a multi-step and complex regulation to oxi-
dative stress [34,35]. The present study proposes a possible signalling
pathway whereby a PAF-elicited increase in H2O2 levels modulates
LXRα-mediated transcriptional regulation.

Treatment of neutrophils with low PAF concentrations (10 nM)
inhibited the TO901317-induced LXRα and related genes mRNA ex-
pression. An opposite effect was found in neutrophils pretreated with
high doses of PAF (1–5 μM). These effects were mediated through the
PAFR. H2O2 production of by PAF has been reported in other immune-
system cells, such asmacrophages [29]. Hereinwe describe intracellular
H2O2 production in neutrophils induced by PAF which this is dose-
dependent. The alteration of H2O2 intracellular levels either by enhanc-
ing its content by ATZ treatment (a catalase inhibitor) [36] or by directly
lowering its levels with catalase, modified the effects of PAF on
TO901317-induced LXRα and related genes mRNA expression.

A rise in theH2O2 intracellular levels exerted: i) a slight inhibition in-
crease produced by PAF at low doses (10 nM) on TO901317-induced
mRNA expression of the four genes, ii) a clear enhancement increase
produced by PAF at high doses (1–5 μM) on TO901317-induced mRNA
expression of the four genes. However, a decrease in the H2O2
intracellular levels reverted the inhibition produced by low doses of
PAF, but it had no influence on the effects of high doses of PAF. This
might be because the catalase treatments were unable to reduce the
high intracellular H2O2 levels produced by PAF 5 μM as was verified by
flow cytometry.

Similar to PAF treatment, the exogenous H2O2 addition to human
neutrophils also exerted dual effects on TO901317-induced expression
of LXRα and its target genes depends on whether cells were incubated
with H2O2 at low or high concentrations. Our results suggest that the
LXRα signalling pathway is modulated in response to variations in in-
tracellular H2O2 levels, and support studies from other groups showing
that H2O2 is able to elicit dual effects depending on its concentration in
different cellular functions [37–39].

NF-κB is one of the first molecules to be expressed and activated by
ROS, and is known to be related to PAF [40] and H2O2 [30] signal trans-
duction mechanisms. The NF-κB inhibition reverted the effect of both
PAF and H2O2 in the range of low concentrations. In contrast, in the
presence of high concentrations of both PAF andH2O2, theNF-κB inhibi-
tion did not elicit changes on transcription of genes studied. Moreover,
NF-κB activation was assessed by analyzing IκBα levels and by p65
phosphorylation levels and a NF-κB inhibition at low PAF doses was
found, confirming previouswork from our lab [14] and others [41]. Sim-
ilar behaviour was found for as described by others [33]. Interestingly,
neither PAF nor H2O2 at a high dose produced NF-κB stimulation. The
no NF-κB stimulation by both molecules at high doses could represent
a mechanism potentially able to reduce the inflammatory process, as
has been suggested by other authors [37,42].

In addition to NF-κB, our results identify ERK1/2 as a candidate MAP
kinase to act as a mediator on LXRα signalling. The activation of stress
kinases such as ERK1/2 is thought to play a key role as mediators of
H2O2-associated effects. In this context, it has been recently



Fig. 9. Possible involvement of MAP kinases in the modulation ofmRNA expression of LXRα and its target genes by PAF or H2O2 in human neutrophils, and effects of these on IL-8 release.
Cells were incubatedwith PAF (A, C) or H2O2 (B, C) at the indicated concentrations for 3min (A, B) 5 h (C). Then cells were stimulatedwith 100 nM fMLP (C). The levels of phosphorylated
ERK1/2 (pERK1/2) and GAPDH were assessed byWestern blotting and expressed as ratio pERK1/2/GAPDH levels (A, B). Levels of IL-8 released were analyzed by ELISA. (C). Control cells
were cultured for the same times without any additions. Each panel is representative of a set of three experiments yielding similar results and values are plotted as the mean ± SEM.
Statistical data: *p b 0.01 for PAF- or H2O2- or fMLP- treated versus untreated cells. **p b 0.01 for PAF- or H2O2- plus fMLP-treated versus PAF- or H2O2-untreated.
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demonstrated that ERK1/2 becomes activated in response to H2O2 (by
20-fold), and molecules acting downstream of phosphorylated ERK1/2
[43].

We propose that the dual actions of either PAF or H2O2 on intracellu-
lar LXRα signalling are determined by the net balance between ERK1/2
andNF-κB activation. For instance, 10 nMPAF or 1 μMH2O2 significantly
elicited phosphorylation of ERK1/2 to low levels, and this induced a sig-
nificantNF-κB activation [44]. As a result of the sumof these two factors,
LXRα and its target genes expression become inhibited, suggesting that
activation of both factors ERK1/2 and NF-κB are necessary to such effect.
However, phosphorylation of ERK1/2 without NF-κB activation, an ef-
fect observed in this work at concentrations of 5 μM PAF or 100 μM
H2O2, might be enough to increase TO901317-induced LXRα pathway
expression in human neutrophils. Other authors have reported that
high H2O2 levels induce ERK1/2 phosphorylation in neutrophils [45].
Moreover, ERK1/2 acts as a negative regulator of NF-κB inmacrophages
treated with H2O2 [46]. The protective effect of PAF-induced high levels
H2O2 is in keeping with the enhanced expression of hemoxygenase 1
(HO-1) observed by us (data not shown). Some studies have described
that HO-1 exerts an important protective function as an inhibitor of
hypoxia-induced vasoconstrictory and pro-inflammatory pathways
[47], as well as an antioxidant role [48].

On the other hand we have described that dual LXRα modulation
may affect a proinflammatory property in neutrophils, as IL-8 release.
High PAF or H2O2 levels inhibited fMLP-mediated IL-8 release. However,
low PAF or H2O2 doses induced IL-8 release as described by us [14] and
others [33].

In conclusion, this study suggests that intracellular H2O2 levels
might be a modulator of the LXRα signalling pathway. To our knowl-
edge, the present work is the first to demonstrate the dual effects of
H2O2 on the LXRα pathway and its target genes. Further research on
the modulation of this pathway exerted by the PAF/H2O2 interplay
may lead to the development of novel anti-oxidative therapies to selec-
tively counteract oxidative stress, and thereby the symptoms of cardio-
vascular diseases.
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