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membrane translocation of the NADPH oxidase cytosolic 
components, p47phox and p67phox. On the other hand, 
HO-1 expression, a cytoprotector enzyme, is inhibited 
in human neutrophils upon oxysterols treatment. Moreo-
ver, both oxysterols were associated with high lysozyme 
enzyme secretion at 5 and 18 h of incubation.
Conclusions The present paper describes for the first time 
that two oxysterols (7-k-chol and 25-OH-chol) enhance the 
ROS production within a short period of time in human 
neutrophils, stimulate the translocation of the cytosolic 
components of NADPH oxidase to the cellular membrane 
and increase lysozyme secretion. These data suggest that 
both oxysterols are able to activate pro-inflammatory 
effects in human neutrophils which contrasts with the role 
assigned to the oxysterols when they act through LXR at 
long time of incubation.

Keywords Oxysterols · Neutrophils · Radical oxygen 
species · Lipid metabolism · Hemoxygenase-1

Introduction

Oxysterols constitute an important family of cholesterol-
oxygenated derivatives generated in the organism by enzy-
matic or non-enzymatic mechanisms [1] and also obtained 
by cholesterol-rich foods [2]. Although in vitro cholesterol 
oxidation was described in the nineteenth century, its local-
ization in tissues was not described until 1970s. Oxysterols 
are potent regulatory molecules which have been shown to 
possess very important and diverse biochemical activities; 
however, their role in physiology is controversial [3].

Oxysterols have an accepted role as potential modula-
tors of gene expression and those have been identified as 
natural ligands of liver X receptors (LXRs), transcription 

Abstract 
Purpose Oxysterols are cholesterol-oxygenated deriva-
tives generated in the organism and also present in foods 
because of cholesterol oxidation during processing and 
storage. They are the natural ligands of liver X receptors 
(LXRs) and are generally recognized as hypocholester-
olemic and anti-inflammatory molecules although this lat-
ter property is still controversial. Most oxysterol studies 
have been performed in macrophages, whereas the effects 
of oxysterols in neutrophils are poorly known. In this study, 
human neutrophils were exposed to two different oxyster-
ols, 7-keto-cholesterol (7-k-chol) and 25-hydroxy-cho-
lesterol (25-OH-chol), and their possible participation in 
inflammatory process was evaluated.
Methods Human neutrophils were incubated with 
7-k-chol and 25-OH-chol, and ROS production, transloca-
tion of the NADPH oxidase cytosolic components, hemox-
ygenase-1 (HO-1) expression and lysozyme secretion were 
analyzed.
Results An increase in ROS production was observed 
within a short period of time (minutes) with both mol-
ecules. These oxysterols also stimulated the cellular 
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factors involved in cholesterol homeostasis. LXRs decrease 
cholesterol levels contrary to the sterol-responsive element-
binding proteins (SREBPs) [4].

Besides the hypocholesterolemic function, oxysterols are 
also considered as anti-inflammatory molecules [5, 6]. The 
first oxysterols property is well defined, but its anti-inflam-
matory ability is still under discussion. Both pro-inflamma-
tory and anti-inflammatory effects have been reported. Pro-
inflammatory effect has been described in endothelial cells 
[7], monocytes/macrophages [8], human colonic epithelial 
cells [9] and Caco-2 human enterocyte-like cells [10]. In 
contrast, recent work has provided evidence that 25-hydroxy-
cholesterol (25-OH-chol) suppresses interleukin-1-driven 
inflammation downstream of type I interferon [11].

Oxysterols are formed by oxidation of dietary cho-
lesterol during food storage and processing. One of the 
most commonly detected oxysterols in processed foods 
is 7-keto-cholesterol (7-k-chol) [3], which, together with 
25-OH-chol, are major components of oxidized low den-
sity lipoprotein (oxLDL), which are found at high levels 
in atherosclerotic lesions, and in patients´ plasma with car-
diovascular diseases [8]. In macrophages, it has recently 
been observed that dietary oxysterols up-regulate the CD36 
scavenger receptor [12].

Neutrophils are the main cells in innate immunity. They 
represent the first line of defense against invading microor-
ganisms and have been implicated in the pathogenesis of 
a high number of human diseases. Neutrophils are charac-
terized by a strong respiratory burst mediated by NADPH 
oxidase enzyme, which generates superoxide that pro-
duces secondary products such as hydrogen peroxide and 
hydroxyl radicals, which participate in microbial killing. 
NADPH oxidase is a multicomponent electron-transfer 
complex composed of membrane-bound subunits such as 
cytochrome b558 (gp91phox and p22phox) and cytosolic 
components p67phox, p47phox, p40phox and rac. Upon 
activation, the cytosolic components translocate to the 
plasma membrane, where they associate with cytochrome 
b558 and form active NADPH oxidase [13].

The main goal of present paper was to test the effect 
of oxysterols over neutrophils, and we described for the 
first time that two oxysterols (7-k-chol and 25-OH-chol) 
enhance the ROS production at short time in human neutro-
phils. These molecules also stimulate the translocation of 
the cytosolic components of NADPH oxidase to the cellu-
lar membrane. The activation of neutrophils by these oxys-
terols was also linked to an increase in lysozyme secretion. 
Moreover, the expression of hemoxygenase-1 (HO-1) is 
altered in human neutrophils upon oxysterols treatment. 
These results suggest that oxysterols are able to activate the 
pro-inflammatory response in human neutrophils.

Materials and methods

Materials

RPMI 1640 medium were obtained from Biomedia 
(Boussens, France); dextran T-500 and lymphocyte sepa-
ration medium (Ficoll-Paque) were obtained from GE 
Healthcare (Barcelona, Spain). Oxysterols (7-k-chol 
and 25-OH-chol), diisopropyl fluorophosphate (DFP), 
luminol, red phenol and Micrococcus lysodeikticus 
were obtained from Sigma-Aldrich (Madrid, Spain). 
Fetal calf serum, l-glutamine, streptomycin, penicillin 
and amphotericin B were obtained from BioWhittaker 
(Basel, Switzerland). Polyvinylidene difluoride (PVDF) 
membranes were purchased from Pall (Madrid, Spain). 
Horseradish peroxidase (HRP)-conjugated rabbit anti-
goat, goat anti-rabbit and anti-mouse IgG were products 
of Promega (Madison, WI), and mouse monoclonal anti-
GAPDH was purchased from Chemicon International 
(Madrid, Spain). Goat antisera raised against p47phox, 
p67phox and p22phox were kindly donated by Dr T. Leto 
(National Institutes of Health [NIH], Bethesda, MD). 
2′,7′-Dichlorofluorescein diacetate (DCFH-DA) was 
obtained from Molecular Probes, anti-HO-1 IgG from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and 
scopoletin (7-hydroxy-6-methoxy-coumarin) from Fluka 
A. G., Switzerland.

Isolation and culture of human neutrophils

Human peripheral blood neutrophils were isolated from 
fresh heparinized blood of human donors by dextran T-500 
sedimentation, followed by Ficoll-Paque gradient centrifu-
gation and hypotonic lysis of residual erythrocytes [14]. 
Neutrophils were cultured in RPMI complete medium sup-
plemented with 1 mM DFP as described previously [15, 
16]. In all the experiments, cell viability ranged between 90 
and 97 %, which was estimated from the lactic dehydro-
genase release assay after treatment [17]. Neutrophils were 
incubated with different treatments. The oxysterols were 
dissolved in ethanol, and controls with this vehicle were 
carried out.

Ethics statement

Peripheral venous blood was drawn from healthy volun-
teers following standardized protocols approved by the 
Research Ethics Committee of the Hospital Virgen Mac-
arena, University of Seville. The research was designed and 
conducted according to the ethical principles for medical 
research stated in the Declaration of Helsinki.
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Measurement of reactive oxygen species (ROS) 
production

Cells were incubated with or without TO901317 for 4 h at 
37 °C. Then, they were treated with 10 μg/mL HRP and 
40 μM luminol, and ROS assay was carried out as indi-
cated previously [18].

For flow cytometric measurement of reactive oxygen 
species production, cells (5 × 105 cells/mL) were incu-
bated for 1 h at 37 °C in darkness with 10 mmol/L DCFH-
DA (Molecular Probes), as described previously [19]. 
Then, cells were incubated with a different treatment, and 
a positive control was performed with H2O. Fluorescence 
was measured in FACScan flow cytometer (Becton–Dick-
inson) at excitation and emission wavelengths of 488 and 
524 nm, respectively.

Lysozyme release

Lysozyme assay was performed as previously described 
[20]. Neutrophils (2.5 × 106) in 1 mL PBS (pH 7.4) were 
cultured at different times between 1 and 18 h. Then, 
200 μL culture supernatant was incubated with 800 μL 
Micrococcus lysodeikticus (0.3 mg/mL) solution for 
15 min at 37 °C. Then, 500 μL absolute ethanol was added 
to terminate the reaction, and lysozyme release was ana-
lyzed at 450 nm in Wallac 1420 Victor2™ spectrofluorim-
eter (Perkin Elmer Hispania, Barcelona, Spain).

Mobilization of p47phox and p67phox

The neutrophil plasma membrane fraction was prepared as 
previously reported [21] and subjected to SDS-PAGE and 
electroblotted onto PVDF membranes as indicated above. 
Antibody probing was carried out overnight, without the 
need for prior blocking [22], with goat anti-p47phox or 
anti-p67phox IgG (1:2000 dilution) and detected as indi-
cated above [14]. The membrane levels of the p22phox 
subunit of NADPH oxidase were monitored as a loading 
control, as previously described [23].

Western blotting analysis of HO‑1 protein levels

Total cell lysates and nuclear extracts were prepared basi-
cally as described [14]. Western blotting analysis of 
HO-1 protein levels was performed on total cell lysates as 
described [24].

Detection of cellular apoptosis

Apoptosis, measured as DNA fragmentation, was tested 
using the Cell Death Detection ELISAplus kit from Roche 
Applied Science (Barcelona, Spain), according to the 

manufacturer’s instructions. No evidence of apoptotic death 
was found in the cells, even after 15 h of incubation in our 
experimental conditions.

Statistical analysis

Data were expressed and represented as mean ± SD. The 
results were statistically analyzed using the Statgraphics 
Plus 5.0 software (Manugistics Inc., Rockville, MD) by 
means of t test (for two group comparisons) or one-way 
ANOVA (for more than two groups). If the ANOVA dem-
onstrated a significant interaction between variables, post 
hoc analyses were performed by the multiple-comparison 
Bonferroni correction test.

Results

Oxysterols enhance ROS production in human 
neutrophils

Human neutrophils were exposed to two different oxyster-
ols, 7-k-chol and 25-OH-chol, and ROS production was 
measured. Using the luminol plus horseradish peroxidase-
derived chemiluminescence technique, the ROS production 
exerted by 7-k-chol was only observed when neutrophils 
were treated with phorbol 12-myristate 13-acetate (PMA), 
a ROS enhancer, after oxysterol treatment. Significant sta-
tistical results were found when these cells were preincu-
bated with this oxysterol for 10–15 min (Fig. 1). This effect 
was lost about 10 min after ROS induction by PMA. Oxys-
terols by themselves were not able to induce detectable 
ROS levels by this chemiluminescence technique (data not 
shown).

Flow cytometry is a more sensitive technique than 
chemiluminescence, so we analyzed ROS production by 
this method using the 2′,7′-dichlorofluorescin diacetate 
dye prior to oxysterols treatment (Fig. 2). The fluorescence 
in 7-k-chol or 25-OH-chol-treated cells was higher than 
in untreated cells, being more pronounced after treatment 
with 7-k-chol. These data confirmed that oxysterols clearly 
induced pro-oxidant properties in human neutrophils within 
a short period of time.

Oxysterols enhance the p67phox/p47phox membrane 
translocation in human neutrophils

NADPH oxidases are major ROS sources under physiologi-
cal and pathological conditions [13]. Subsequent experi-
ments were conducted to analyze the effect of oxysterols on 
the mobilization of the NADPH oxidase subunits p47phox 
and p67phox, from the cytosol to the plasma membrane 
(Fig. 3).
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Western blot studies were performed at indicated 
times to corroborate that cytosolic subunits p47phox and 
p67phox were activated by 7-k-chol or 25-OH-chol treat-
ment. As shown in Fig. 3, cells treated with 7-k-chol and 
25-OH-chol, both the above subunits were co-located in 
membrane confirming neutrophils activation. This activa-
tion was oxysterol-treated time dependent. 7-k-chol effect 

Fig. 1  Effect of oxysterols, 7-keto-cholesterol and 25-OH-choles-
terol, on ROS production in human neutrophils. Neutrophils were 
preincubated at 37 °C with oxysterols 20 μM 7-k-chol for 5, 10 and 
15 min. Then, the cells were treated with or without 100 nM PMA 
for 7 min and luminol at a 40 μM concentration. ROS production 
response was recorded for the times shown. Control experiments 
without additions were carried out in parallel, giving negligible levels 
(not shown). Plotted values are the mean ± SEM from three separate 
experiments in which each measurement was performed in triplicate. 
Statistical data: *p < 0.01 for oxysterols and PMA-treated cells ver-
sus oxysterols-untreated cells

Fig. 2  Effect of oxysterols on intracellular ROS production in human 
neutrophils. Cells were preincubated at 37 °C with 10 μM DCFH-
DA for 30 min. Then the cells were treated with 20 μM 7-k-chol and 
20 μM 25-OH-chol for 3 min. The level of intracellular peroxides 
was determined by flow cytometry. These data are representative of 
three independent experiments yielding similar results

Fig. 3  Effect of 7-keto-cholesterol and 25-OH-cholesterol on p67 
and p47 membrane translocation in human neutrophils. Cells were 
pretreated at 37 °C with or without 20 μM 7-k-chol and 20 μM 
25-OH-chol for 15 and 30 min. Then, the cells were treated with 
or without 100 nM PMA for 7 min, and membrane fraction was 
obtained as materials and methods shows. NADPH subunits, p67, 
p47 and p22 were assessed by western blotting. Control cells were 
cultured for the same time without any additions. Each panel is 
representative of a set of three experiments yielding similar results, 
and values are plotted as the (p47 or p67)/p22 ratio mean ± SEM. 
*p < 0.01 for oxysterols or PMA-treated cells versus untreated cells. 
⋄p < 0.05 for oxysterols-treated cells for 15 min versus treated cells 
for 30 min. #p < 0.05 for 7-k-chol-treated cells versus 25-OH-chol-
treated cells
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was faster than 25-OH-chol, reaching action maximum at 
15 min while the maximum for 25-OH-chol was observed 
at 30 min. These data clearly suggested that oxysterols are 
able to elicit the activation of phagocytic NADPH oxidase.

Oxysterols inhibits hemoxygenase‑1 expression 
in human neutrophils

Hemoxygenase-1 (HO-1) is now recognized as a ubiquitous 
and inducible cytoprotector enzyme which exerts a greater 
role in cellular oxidative defense. To investigate the effect 
of oxysterols on HO-1 expression in human neutrophils, 
these were incubated with two oxysterols prior to treat-
ment with two well-known inducers of HO-1 expression, 
either 15dPGJ2 (Fig. 4a) or NaAsO2 (Fig. 4b). When cells 
were stimulated in vitro with 15dPGJ2, HO-1 synthesis was 
clearly induced. Both assayed oxysterols prevented HO-1 
protein expression induced by 15dPGJ2. This inhibition 
was less pronounced for the 25-OH-chol at the same doses. 
After 2 h of treatment, the 7-k-chol at 20 μM showed a 
50 % reduction in HO-1 protein expression, reaching maxi-
mum inhibition after 8 h of 7-k-chol treatment. However, 
25-OH-chol treatment inhibited HO-1 expression 15dPGJ2 
stimulated three times lesser than 7-k-chol treatment over 
the same time span (Fig. 4a). The oxysterols effect on HO-1 
protein expression induced by 15dPGJ2 was time dependent.

NaAsO2 is a more potent HO-1 inductor than 15dPGJ2 
[25]. Therefore, inhibition of the induction of HO-1 by 
7-k-chol is lower when NaAsO2 is used as inductor agent 
(Fig. 4b). Even no inhibition was observed for 25-OH-
chol when HO-1 induction was performed with NaAsO2 
(Fig. 4b).

Oxysterols stimulated lysozyme release in human 
neutrophils

To confirm inflammatory activities of 7-k-chol and 25-OH-
chol treatment in human neutrophils, we measured levels 
of lysozyme secretion. Lysozyme is a bactericidal granule 
enzyme which is also present in leukocytes and secretory 
fluids. Lysozyme secretion was not increased when neu-
trophils were incubated with 7-k-chol for 1 h, while the 
lysozyme secretion was highly stimulated when incubated 
for 5 and 18 h so that the lysozyme levels were raised about 
fourfold when compared to non-treated levels. Treatment 
with 25-OH-chol was linked to high lysozyme secretion at 
5 and 18 h. Noteworthy was that 25-OH-chol was able to 
induce the lysozyme release in neutrophils treated only for 
1 h (Fig. 5). These findings suggest that these oxysterols 
were able to activate neutrophils. No cytotoxic effects were 
identified with these oxysterols when apoptosis was tested 
(data not shown).

Fig. 4  Effect of 7-keto-choles-
terol and 25-OH-cholesterol on 
HO-1 expression in human neu-
trophils. Cells were pretreated 
at 37 °C with or without 20 μM 
7-k-chol and 20 μM 25-OH-
chol for 2, 4 and 8 h (a) or 4 h 
(b). Then, the cells were treated 
with or without 10 μM 15dPGJ2 
(a) or NaAsO2 (b). HO-1 levels 
were assessed by western blot-
ting and expressed as HO-1/
GAPDH ratio (a, b). Control 
cells were cultured for the same 
time without any additions. 
Each panel is representative 
of a set of three experiments 
yielding similar results, and 
values are plotted as the HO-1/
GAPDH ratio mean ± SEM. 
*p < 0.01 for 15dPGJ2 or 
NaAsO2-treated cells versus 
untreated cells. ⋄p < 0.01 for 
oxysterols and 15dPGJ2 or 
NaAsO2-treated cells versus 
oxysterols-untreated cells. 
#p < 0.001 for oxysterols and 
NaAsO2-treated cells versus 
NaAsO2-untreated cells
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Discussion

Oxysterols, products of enzymatic or non-enzymatic cho-
lesterol oxidation, are formed when cellular cholesterol 
rises, and they can act as LXRs ligands. Oxysterols have 
been generally recognized as hypocholesterolemic and 
anti-inflammatory molecules, but currently this last prop-
erty is being disputed. A potential oxysterols role as a 
trigger for pro-oxidative and pro-inflammatory reactions 
is documented in several cell types [8, 9]. Here, we study 
the possible pro-oxidative and pro-inflammatory action 
exerted in human neutrophils by two oxysterols, 7-k-chol 
and 25-OH-chol.

First, we measured ROS production by human neutro-
phils treated with 7-k-chol or 25-OH-chol using several 
techniques. The flow cytometry with DCF showed that 
after oxysterols treatment, the fluorescence in 7-k-chol or 
25-OH-chol-treated cells was higher than in untreated cells; 
it even responded very quickly after oxysterol addition, 
while it was more pronounced after 7-k-chol treatment. In 
macrophages, a prompt ROS production after treatment 
with 7-k-chol has been reported [26]. Other authors have 
also described a high ROS production induced by 7-k-chol 
measured by flow cytometry in U937 cells [27]. Hydro-
gen peroxide production was also measured in human 

neutrophils when incubated with oxysterols by two differ-
ent methods, red phenol and scopoletin; a greater hydrogen 
peroxide production in cells treated with PMA and oxyster-
ols when compared with the positive control of PMA alone 
was observed. This result agrees with other groups, for 
example administration of 7-k-chol increased intracellular 
hydrogen peroxide levels in human aortic smooth muscle 
cells [28]. A time-course analysis of ROS formation in vas-
cular smooth muscle cells (VSMC) revealed a significant 
increase in ROS levels 6 h after treatment with 25-hydroxy-
cholesterol, which reached a maximum value after 18 h 
[29].

ROS production is mediated by NADPH oxidase in 
human neutrophils. The following experiments were 
designed to analyze the effect of oxysterols on the mobi-
lization of the NADPH oxidase subunits p47phox and 
p67phox, from the cytosol to the plasma membrane. 
We found that both oxysterols were able to activate the 
NADPH oxidase, which was also described in other cells, 
reporting that NADPH oxidase activation is responsible for 
the ROS overproduction in 7-k-chol treated murine mac-
rophages [30]. Studies performed in Caco-2 cells showed 
that ROS production after oxysterol treatment seems to be 
mediated by enhanced NOX1 activation, because it is pre-
vented by pretreatments of cells with DPI (diphenylenei-
odonium), a selective inhibitor of this oxidase [10].

Recently, 7-k-chol and 25-OH-chol have been described 
to enhance pro-inflammatory cytokine secretion and its 
mRNA levels in a dose-dependent manner in THP-1 mac-
rophages. These effects were associated with an increased 
ROS production mediated by NADPH oxidase expression 
enhancement [8]. Moreover, a phosphorylation net incre-
ment of extracellular regulated kinase 1/2, p-38 and Jun 
N-terminal kinase and nuclear binding of nuclear factor 
kB (NF-κB) were observed. These oxysterols up-regulate 
different inflammatory mediators in a wide variety of cell 
types [10, 30–33] although their underlying mechanisms 
remain unclear.

HO-1 is an inducible isoform, whose expression is up-
regulated by different stimuli [32]. In human neutrophils 
and lymphocytes, we have shown that HO-1 expression 
is induced by two strong stimulators of HO-1 expression, 
15dPGJ2 or NaAsO2 [25]. Using both inductors, present 
data show that HO-1 protein synthesis was down-regulated 
in oxysterol-treated human neutrophils. We have previously 
found that HO-1 is down-regulated in human neutrophils 
from healthy patients under treatment with angiotensin II, 
as well as in neutrophils from hypertensive patients without 
treatment. We showed evidence that in both circumstances 
neutrophils displayed a reduced HO-1 expression at mRNA 
and protein levels, together with a decreased enzyme activ-
ity [25]. Induction of HO-1 expression is currently consid-
ered as an important mechanism to counteract intracellular 

Fig. 5  Effect of 7-keto-cholesterol and 25-OH-cholesterol on exo-
cytosis in human neutrophils. Neutrophils were pretreated at 37 °C 
with 20 μM 7-k-chol and 20 μM 25-OH-chol under the conditions 
described above, for 1, 5 and 18 h. Afterward, levels of lysozyme 
secretion were measured. Control cells were cultured for the same 
time 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 < 0.01 for oxysterols-treated 
cells for 1 h versus untreated cells. **p < 0.01 for oxysterols-treated 
cells for 5 h versus untreated cells. ⋄p < 0.01 for oxysterols-treated 
cells for 18 h versus untreated cells
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oxidative stress. HO-1 overexpression has been reported to 
exert an inhibitory role on the cascade of host inflammatory 
responses mediated by neutrophils and macrophages [33]. 
Lee and Chau [34] observed that IL-10 anti-inflammatory 
effects are dependent on HO-1 expression and CO release 
by p38 mitogen-activated protein kinase pathway.

Neutrophils employ a combination of oxidative and non-
oxidative microbicidal mechanisms to kill the phagocytised 
microbes, including cytotoxic enzymes production such as 
lysozyme. We have analyzed the oxysterols effect on a neu-
trophils bactericidal activity, respiratory burst independent, 
such as lysozyme release. We found a higher liberation of 
this granular enzyme in cells treated with oxysterols than 
in untreated ones. As far as we know, there are no previous 
data concerning the relationship between oxysterols and 
lysozyme, although there are authors that have described 
that antioxidants strongly inhibited β-glucuronidase and 
lysozyme release in rat neutrophils stimulated with formyl-
Met-Leu-Phe/cytochalasin B [35]. Besides, anti-inflamma-
tory molecules decrease lysozyme release [36].

Aye et al. [37] indicate that oxysterols most likely acti-
vate both pro- and anti-inflammatory pathways in the pla-
centa. We suggest in present work that oxysterols might have 
a pro-inflammatory response within a short period of time. 
The anti-inflammatory response previously observed, at long 
time treatment, by us [16] and others [38] may be medi-
ated by LXR activation, because LXR activation represses 
transcription of NF-κB-dependent genes. Thus, the conse-
quences of eating foods rich in oxysterols may produce oxi-
dative cell damage and pro-inflammatory effect in first term.
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