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Abstract
Systemic inflammatory diseases enhance circulating oxidative stress levels, which results in the oxidation of circulating
high-density lipoprotein (oxHDL). Endothelial cell function can be negatively impacted by oxHDL, but the underlying
mechanisms for this remain unclear. Some reports indicate that the lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) is also a receptor for oxHDL. However, it is unknown if oxHDL induces increased LOX-1 expression at the plasma
membrane, as an event that supports endothelial dysfunction. Therefore, the aims of this study were to determine if oxHDL
induces plasma-membrane level changes in LOX-1 and, if so, to describe the underlying mechanisms in endothelial cells.
Our results demonstrate that the incubation of arterial or vein endothelial cells with oxHDL (and not HDL) induces the
increase of LOX-1 expression at the plasma membrane; effect prevented by LOX-1 inhibition. Importantly, same results
were observed in endothelial cells from oxHDL-treated rats. Furthermore, the observed oxHDL-induced LOX-1 expression
is abolished by the down-regulation of NOX-2 expression with siRNA (and no others NOX isoforms), by the
pharmacological inhibition of NAD(P)H oxidase (with DPI or apocynin) or by the inhibition of NF-κB transcription factor.
Coherently, LOX-1 expression is augmented by the incubation of endothelial cells with H2O2 or GSSG even in absence of
oxHDL, indicating that the NOX-2/ROS/ NF-κB axis is involved. Interestingly, oxHDL incubation also increases TNF-α
expression, cytokine that induces LOX-1 expression. Thus, our results suggest a positive feedback mechanism for LOX-1
receptor during inflammatory condition where an oxidative burst will generate oxHDL from native HDL, activating LOX-1
receptor which in turn will increase the expression of NOX-2, TNF-α and LOX-1 receptor at the plasma membrane. In
conclusion, oxHDL-induced translocation of LOX-1 to the plasma membrane could constitute an induction mechanism of
endothelial dysfunction in systemic inflammatory diseases.

Introduction

Cholesterol is distributed by various circulating lipoproteins
that have varying effects on health. Two major members of
the circulating lipoprotein group are low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) [1, 2]. LDL is

These authors contributed equally: Lorena Pérez, Alejandro Vallejos

* Felipe Simon
fsimon@unab.cl

1 Departamento de Ciencias Biologicas, Facultad de Ciencias de la
Vida, Universidad Andres Bello, Ave. Republica 239, 8370134
Santiago, Chile

2 Millennium Institute on Immunology and Immunotherapy, Ave.
Alameda 340, 8331150 Santiago, Chile

3 Facultad de Medicina, Universidad de Atacama, Copayapu 485,
1531772 Copiapo, Chile

4 Escuela de Química y Farmacia, Facultad de Ingeniería, Ciencia y
Tecnología, Universidad Bernardo OHiggins, Viel 1497, 8370993
Santiago, Chile

5 Programa de Fisiología y Biofísica, Instituto de Ciencias
Biomédicas, Facultad de Medicina, Universidad de Chile,
8380453 Santiago, Chile

6 Millennium Nucleus of Ion Channels-Associated Diseases
(MiNICAD), Universidad de Chile, Santiago, Chile

Supplementary information The online version of this article (https://
doi.org/10.1038/s41374-018-0151-3) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0151-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0151-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0151-3&domain=pdf
mailto:fsimon@unab.cl
https://doi.org/10.1038/s41374-018-0151-3
https://doi.org/10.1038/s41374-018-0151-3


correlated with adverse clinical outcomes and an increased
risk of several vascular diseases. By contrast, HDL is well
established as a protective factor to prevent the development
of several vascular diseases, including atherosclerosis and
coronary artery disease [3, 4]. HDL improves endothelial
function, preserves the integrity of vascular endothelium
and enhances the production of vasodilators, such as pros-
tacyclin by the endothelium. Additionally, HDL exhibits
antithrombotic activity, improves fibrinolytic capacity, and
plays a significant role in promoting antioxidant and anti-
inflammatory activities [2, 5, 6].

Several systemic inflammatory diseases, such as hyper-
tension, diabetes, arthritis, atherosclerosis, obesity, and sepsis,
are characterized by an over-activation of the immune system,
which triggers the activation of macrophages and neutrophils
and consequently increases the secretion of inflammatory
mediators, such as tumor necrosis factor-α (TNF-α), inter-
leukin-1β (IL-1β), IL-6, as well as reactive oxygen species
(ROS), generating pro-inflammatory and pro-oxidative reac-
tions into the bloodstream [7–10]. Congruently, systemic
inflammatory diseases are associated with severe alterations in
circulatory system function because circulating inflammatory
mediators act on vascular tissue. In fact, during systemic
inflammatory disease, interaction between inflammatory
mediators and vascular endothelial cells (ECs) is unavoidable
and triggers severe endothelial dysfunction [11, 12].

Thus, a highly oxidative environment is established
during systemic inflammatory disease which promotes
oxidative modifications to several macromolecules [13–15].
As a result, lipoproteins are oxidized through the action of
oxidative enzymes, and by non-enzymatic attacks by ROS
as well [16, 17]. Specifically, native HDL is extensively
converted into its oxidized form (oxHDL), which promotes
several detrimental effects on EC function [18, 19].

Lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) is the principal endothelial receptor for oxidized
low-density lipoprotein (oxLDL) [20, 21]. When LOX-1 is
translocated to the plasma membrane, it can bind oxLDL to
initiate multiple intracellular signaling cascades that induce
endothelial dysfunction [22, 23]. Additionally, it has been
shown that LOX-1 is the receptor for oxHDL, mediating its
actions on ECs [24, 25].

Interestingly, several factors can upregulate the expres-
sion of LOX-1, including TGF-β1 and pro-inflammatory
cytokines, such as TNF-α, IL-1β, and HDL3 modified by
15-lipoxygenase (15LO-modified HDL3) [25, 26]. The
15LO-modified HDL3 is able to increase LOX-1 expression
and binds LOX-1 with higher affinity when compared to
HDL3 in ECs [25]. These observations suggest that oxHDL
is able to bind LOX-1 and increases LOX-1 expression by
means of positive feedback.

However, it has not been determined whether such
an increase LOX-1 expression also promotes LOX-1

localization to the plasma membrane, thereby increasing
functional LOX-1. Additionally, the cellular mechanism by
which oxHDL induces LOX-1 expression has not been well
described. Therefore, the aim of this study was to determine
whether oxHDL induces changes in LOX-1 expression
at the plasma membrane and the underlying mechanism
in ECs.

Our results showed that oxHDL, but not HDL, increases
LOX-1 expression. More importantly, the intracellular
distribution of LOX-1 was modified by oxHDL, which
promoted a cellular distribution of LOX-1 to the plasma
membrane. In contrast, native HDL did not change dis-
tribution of LOX-1 in ECs. Moreover, our results suggest
that the mechanism by which oxHDL induces expression of
LOX-1 to the membrane is dependent on interaction with
LOX-1, and NOX-2/ROS/NF-κB pathway but independent
of cytokine receptor activation.

These results will be useful in understanding the cellular
effects of oxHDL on LOX-1 expression in ECs and have
implications for several systemic inflammatory diseases.

Materials and methods

Artery and vein endothelial cell culture

HUVEC-derived endothelial cell line: Endothelial cell line
EA hy926 (named here as HUVEC, ATCC, Manassas, VA,
USA), was cultured at 37 °C in a 5%:95% CO2:air atmo-
sphere in DMEM-low glucose (GIBCO, USA) supple-
mented with 10% FBS, 2 mM glutamine, and 50 U/ml
penicillin–streptomycin (Sigma-Aldrich) [27]. Human aor-
tic ECs (named here as HAEC, Lonza, Chicago, IL) were
cultured in EGM-2 medium supplemented with 2% FBS.
On the day before the study, the FBS concentration was
reduced to 1%.

Animals, lipoprotein administration, and primary
endothelial cell isolation

Male Sprague-Dawley rats weighing 100–120 g were used.
The experimental protocols were approved by the Com-
mission of Bioethics and Biosafety of the Universidad
Andres Bello. Rats were treated with saline solution
(vehicle), HDL (8 mg/kg), and oxHDL (8 mg/kg) by intra-
peritoneal (I.P.) injection (200 µL) for 24 h. Rats were
housed in individual cages with water and food ad libitum.
Rat mesenteric endothelial cells (RMECs) were isolated as
follows: after surgery, the mesenteric artery was occluded
on its distal end and cannulated from its proximal end with a
polyethylene tubing connected to a 21-gauge syringe. The
mesentery was surgically removed and washed with sterile
PBS. For the enzymatic isolation of RMECs, each
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mesenteric artery was slowly perfused in a culture hood
for 5 min with 5 ml M-199 medium supplemented with
40 μl Pen/Strep (10,000 U/ml/10,000 μg/ml), 20 μl fungi-
zone (250 μg/ml), and 12.5 mg collagenase type II. The
cell suspension was centrifuged at 3000 rpm for 7 min;
the pellet was reconstituted in 3 ml M-199 medium
supplemented with 8 ml/l of Pen/Strep (10,000 U/ml/
10,000 μg/ml), 4 ml/l of fungizone (250 μg/ml), 10% FBS,
and 10% CCS. Thereafter, the cells were subjected imme-
diately to experiments.

Oxidization of HDL

Native HDL was obtained commercially from Sigma-
Aldrich Inc. (St. Louis, MO, USA) and oxidized as pre-
viously described [24] with modifications. Briefly, HDL at a
final concentration of 0.5 mg/ml was incubated at 37 °C for
16 h in the presence of 50 μM CuSO4 in PBS. The reaction
was stopped by storing the oxHDL at 4 °C to prevent further
oxidation. The extent of lipoprotein oxidation was mon-
itored by measuring the thiobarbituric acid reactive sub-
stances (TBARS) formation [28] with the TBARS assay kit
(Cayman Chemical Company, Ann Arbor, MI USA) as
recommended by the supplier. For oxHDL, a total of
12.13 ± 1.04 μM MDA was obtained vs. 2.46 ± 0.65 μM
from native HDL, in a total of seven independent experi-
ments (P ≤ 0.001). To chelate copper from the reaction,
oxHDL was incubated for 5 min with 100 mg/ml CHELEX-
100 (Bio-Rad Laboratories Inc., Hercules, CA USA), cen-
trifuged at 4 °C for 1 min at 500 × g, and the pellet was
discarded [29].

Cytosol-rich and plasma membrane-rich fractions

Cells were cultured to 80% confluence and then subjected to
treatment. Cells were lysed in cold lysis buffer containing
protease inhibitors and subjected to centrifugation at 40 × g
for 5 min to remove whole cells. Supernatants were col-
lected and used to generate the plasma membrane-rich
fraction. Briefly, cells were collected, washed with ice-cold
PBS, and then suspended in buffer I (2 mM ethylenedia-
minetetraacetic acid (EDTA), 10 mM Tris–HCl, pH 7.5).
After incubation on ice for 10 min, an equal volume of
buffer II (0.5 M sucrose, 0.1 M KCl, 10 mM MgCl2, 2 mM
CaCl2, 2 mM EDTA, 10 mM Tris–HCl, pH 7.5) was added,
and cells were lysed. Cell lysate was transferred to an ice-
cold tube and subjected to centrifugation (1300 × g for
10 min) at 4 °C. The resulting pellet contained the nuclear-
rich fraction. The supernatant was then subjected to cen-
trifugation (17,000 × g for 15 min) at 4 °C. The resulting
pellet contained the mitochondria-rich fraction. The super-
natant was again subjected to centrifugation (80,000 × g for
60 min) at 4 °C. The resulting pellet contained the plasma

membrane-rich fraction. The supernatant was subjected to a
final centrifugation (150,000 × g for 3 h) at 4 °C. The
resulting pellet contained the ER/Golgi-rich fraction, and
the resulting supernatant contained the cytosol-rich fraction.
Enrichment control and contamination evaluation were
performed using specific markers for each fraction: Actin
for cytosol, Na+-pump for plasma membrane, UCP2 for
mitochondria, the chaperone BiP for ER-Golgi, and the
Histone H1 for nuclear-rich fraction.

Western blot procedures

HAEC and HUVEC treated with vehicle, HDL, and
oxHDL were lysed in cold lysis buffer, and then, proteins
were extracted. Supernatants were collected and stored in
the same lysis buffer. Protein extract and supernatant
were subjected to SDS–PAGE, and resolved proteins
were transferred to a nitrocellulose or PVDF membrane.
The blocked membrane was incubated with the primary
antibody against LOX-1, washed twice, and incubated
with a secondary antibody. Bands were revealed using a
peroxidase-conjugated IgG antibody. Tubulin and Na
+-pump were used as a loading controls. Peroxidase
activity was detected through enhanced chemilumines-
cence (Bio-Rad, CA) and images were acquired using
Fotodyne FOTO/Analyst Luminary Workstations Sys-
tems (Fotodyne, Inc., Hartland, WI). Protein content was
determined by densitometric scanning of immunoreactive
bands, and intensity values were obtained by densito-
metry of individual bands normalized against tubulin or
Na+-pump.

Fluorescent immunohistochemistry in fresh rat
blood vessels

Fluorescent immunohistochemistry was performed to blood
vessels (aorta, renal artery, renal vein, and hepatic vein)
obtained from rats treated with vehicle, HDL, and oxHDL.
Vessels were extracted, fixed with PFA 1% for 30 min at
room temperature (RT) to avoid permeabilization and then
blocked for 3 h at RT with 3% BSA in PBS. Samples were
subsequently washed and incubated with a primary anti-
body against LOX-1. Additionally, a primary antibody
against endothelial protein VE-Cadherin was used as an
endothelial marker. Then, cells were washed twice and
incubated with secondary antibodies. Nuclei were stained
with Hoechst (Sigma).

Small interfering RNA and transfection

SiGENOME SMARTpool siRNA (four separated siR-
NAs per NOX-1, NOX-2, and NOX-4) were purchased
from Dharmacon (Dharmacon, Lafayette, CO). In brief,
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HUVEC were plated overnight in 24-well plate and then
transfected with 5 nmol/L siRNA using DharmaFECT 4
transfection reagent (Dharmacon) according to the
manufacturer’s protocols in serum-free medium for 6 h.
After 24–48 transfection, experiments were performed.

RNA isolation and RT-qPCR

RT-qPCR experiments were performed to measure LOX-1,
NOX-1, NOX-2, NOX-4, and TNF-α in HAEC and
HUVEC, and Oct-1 and NF-κB-p50 mRNA levels in
RMEC. Total RNA was extracted with Trizol according to
the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
DNAse I-treated RNA was used for reverse transcription
using the Super Script II Kit (Invitrogen, Carlsbad, CA).
Equal amounts of RNA were used as templates in each
reaction. Quantitative-PCR was performed using the SYBR
Green PCR Master Mix (AB Applied Biosystems, Foster
City, CA). Assays were run using a Rotor-gene system
(Corbet Research) instrument. Data are presented as relative
mRNA levels of the gene of interest normalized to relative
levels of 28S mRNA.

ROS measurements

ROS production was measured in cells treated with HDL
and oxHDL for 6, 12, 18, and 12 h in the absence or pre-
sence of κ-carrageenan, DPI and apocynin, or with siRNA
against NOX-1, NOX-2, and NOX-4, using DCF, Amplex
Red, and DHE/HPLC methods. For DCF studies: Cells
were harvested with trypsin/EDTA, washed twice in ice-
cold PBS, resuspended and loaded with the cell permeant
ROS-sensitive dye 2′,7′-dichlorodihydrofluorescein diace-
tate (DCF, 5 μM) for 15–30 min at room temperature in the
dark. The labeled cells were then analyzed immediately by
flow cytometry (FACSCanto, BD Biosciences, San Jose,
CA). Fluorescence was measured in a microplate reader
(488/610 nm excitation/emission). A minimum of 10,000
cells/sample were analyzed. Cellular dye intensity analysis
was performed using FACSDiva software v4.1.1 (BD
Biosciences). For Amplex Red determination: intracellular
ROS was measured using the Amplex Red (Thermo Fisher
Scientific, Waltham, MA, USA)/HRP method according to
manufacturer’s protocol. ECs were lysed in 100 μM
Amplex Red solution supplemented with 2 mUnits/ml
horseradish peroxidase (HRP) and 200 mUnits/ml super-
oxide dismutase (SOD) and incubated in the dark for
30 min. Fluorescence was measured in a microplate reader
with 540/590 nm excitation/emission. For DHE/HPLC
assays: superoxide was measured using dihydroethidium
(DHE) and an HPLC-based (DHE/HPLC) assay according
to manufacturer’s protocol. ECs were incubated with 50 μM
DHE for 30 min. DHE oxidation was then assessed by

HPLC as described previously [30]. Data were normalized
relative to vehicle condition at 0 time.

Reagents and inhibitors

The following reagents and inhibitors were used: NF-κB
inhibitor (SC3060, 5 μM, Santa Cruz Biotechnology),
TNF-α receptor inhibitor (R7050, 5 μM, Tocris), LOX-1
inhibitor κ-carrageenan (250 μg/ml, Sigma-Aldrich),
neutralizing anti-LOX antibody (1:50, Abcam), NAD(P)
H oxidase inhibitor, diphenyleneiodonium (DPI, 10 μM,
Sigma-Aldrich), NAD(P)H oxidase inhibitor, apocynin
(Apo, 10 mM, Sigma-Aldrich), cell permeable anti-
oxidant N-Acetylcysteine (NAC, 5 mM, Tocris), and the
reduced (GSH, 1 mM) and oxidizing (GSSG, 2 mM)
form of glutathione (Sigma-Aldrich). All inhibitors were
added 1 h before and maintained throughout the treat-
ment. Buffers and salts were purchased from Merck
Biosciences.

Data analysis

All results are presented as mean ± SD. Statistical dif-
ferences were assessed by one-way analysis of variance
(one-way ANOVA) (or non-parametric method
Kruskal–Wallis) followed by Dunn’s post hoc test or
two-way analysis of variance (two-way ANOVA) fol-
lowed by Tukey post hoc test; differences were con-
sidered significant at p < 0.05. See the figure legends for
the specific test used.

Results

OxHDL increases LOX-1 expression at the cellular
plasma membrane through the activation of LOX-1
and NF-κB

First, we tested whether LOX-1 protein expression in vein-
derived and artery-derived ECs (HUVEC-derived
EAhy926 and HAEC, respectively) is modulated by oxHDL
exposure. HAEC and HUVEC were treated with oxHDL
(Fig. 1a, b) and HDL (Fig. 1c, d) for 12 and 24 h, and LOX-
1 expression was measured (Fig. 1a–d). OxHDL-treated
HAEC and HUVEC showed a significant increase in LOX-1
expression after 12 and 24 h of oxHDL exposure, respec-
tively (Fig. 1a, b), whereas HAEC and HUVEC treated with
the native form of the lipoprotein, HDL, show no mod-
ification in LOX-1 expression (Fig. 1c, d). These results
suggest that oxidized HDL, but not the native form, parti-
cipates in the control of LOX-1 expression. These findings
are concordant with results shown previously using 15LO-
modified HDL3 [30].
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Taking into account that plasma membrane localization
is required for LOX-1 receptor to be functional, we were
prompted to study whether oxHDL promotes the distribu-
tion of LOX-1 to the plasma membrane in HAEC and
HUVEC. After oxHDL and HDL treatment, ECs were
separated into cytosol-rich and plasma membrane-
rich fractions. Fraction enrichment and purity were

evaluated by measuring fraction-specific proteins, showing
a strong enrichment and purity of both fractions (Supple-
mentary Figure S1). Plasma membrane-rich fraction
showed a strong accumulation of LOX-1 expression
(Fig. 1e, f), whereas the cytosol-rich fraction exhibited
a weak but significant decrease in LOX-1 expression
at 24 h after oxHDL treatment in HUVEC, while HAEC

OxHDL controls LOX-1 expression and plasma membrane localization through a mechanism dependent on. . . 425



showed no differences (Fig. 1g, h). To assess whether
oxHDL increases LOX-1 at the mRNA level, we performed
real-time PCR experiments. OxHDL treatment increased
LOX-1 mRNA expression as early as 6 and 12 h after
oxHDL induction in HAEC and HUVEC, respectively
(Fig. 1i, j).

Because LOX-1 acts as a receptor for oxLDL, we won-
dered whether the oxHDL-induced LOX-1 expression
increase at the plasma membrane is also mediated by LOX-
1. To that end, HUVEC-derived ECs were exposed to
oxHDL and HDL in the presence of κ-carrageenan and
LOX-1 expression was measured in the plasma membrane-
rich fraction. Treatment with κ-carrageenan completely
abolished the increase in LOX-1 expression induced by
oxHDL (Fig. 1k, l). Similar results were obtained using
anti-LOX-1 as a neutralizing antibody (Fig. 1m, n). These
results confirmed that oxHDL-induced LOX-1 plasma
membrane accumulation is mediated by LOX-1 receptor
activity.

Considering that LOX-1 receptor signaling is mediated
by NF-κB activation, we tested whether NF-κB participates
in the LOX-1 plasma membrane accumulation induced by
oxHDL. The plasma membrane fraction obtained from
oxHDL-treated HUVEC-derived ECs in the presence of the
NF-κB inhibitor, SC3060, showed no significant increase of
LOX-1 expression (Fig. 1o, p), suggesting that NF-κB
activation is required for LOX-1 accumulation at the plasma
membrane induced by oxHDL.

The cytosol-rich fraction exhibited no detectable change
in LOX-1 level when HUVEC-derived ECs were exposed
to κ-carrageenan, anti-LOX-1, and SC3060 (data not
shown).

In vivo oxHDL administration increases LOX-1
expression at the endothelial cellular plasma
membrane

To demonstrate that oxHDL increases LOX-1 expression
in vivo, rats were treated with oxHDL, native HDL, and
saline solution (vehicle) for 24 h. After treatment, aorta,
renal artery, renal vein, and hepatic vein were extracted to
perform fluorescence immunohistochemistry to determine
LOX-1 expression in freshly prepared endothelium mono-
layers from those vessels (Fig. 2a–l, respectively). Our
results showed that LOX-1 expression was increased in
arteries and veins from oxHDL-treated rats compared with
those from HDL-treated or vehicle-treated rats. Because
experiments were performed in nonpermeabilized tissues,
the results showed principally LOX-1 changes at the cel-
lular plasma membrane. During treatment, rats were sub-
jected to systolic blood pressure determinations, and
oxHDL-treated rats showed no change in systolic blood
pressure compared with vehicle-treated rats. Furthermore,
HDL-treated rats showed decreased systolic blood pressure
compared with vehicle-treated and oxHDL-treated rats,
similar to results by Speer et al. [19] (Supplementary
Figure S2).

Additionally, we extracted primary mesenteric endothe-
lial cells (RMECs) from rats treated with oxHDL, native
HDL, and vehicle to determine changes in LOX levels in
the plasma membrane-rich fraction. In the extracted RMEC
samples, we performed western blotting to assess whether
oxHDL-treatment induced LOX-1 expression at the plasma
membrane level. The results showed that LOX-1 expression
was increased in RMECs from oxHDL-treated rats com-
pared with that in HDL-treated or vehicle-treated rats
(Fig. 2m, n). Because experiments were performed using
plasma membrane-rich fractions, the results correspond
principally to LOX-1 changes at the cellular plasma
membrane. Fraction enrichment and purity were evaluated
by measuring fraction-specific proteins (Supplementary
Figure S1).

Fig. 1 OxHDL increases LOX-1 expression at the cellular plasma
membrane through the activation of LOX-1 and NF-κB in EC. a–d
HAEC and HUVEC were exposed to oxHDL (a, b) and HDL (c, d) for
12 and 24 h, and LOX-1 expression was analyzed. Representative
images from western blot experiments for detection of LOX-1 in the
presence of oxHDL (50 μg/ml) (a) or HDL (50 μg/ml) (c). b and d
Densitometric analyses of the experiments shown in a and c, respec-
tively. Protein levels were normalized against tubulin, and data are
expressed normalized to 0 time (N= 5). Statistical differences for
HAEC and HUVEC samples were assessed by a one-way analysis of
variance (ANOVA) (Kruskal–Wallis) followed by Dunn’s post hoc
test. *P < 0.05, **P < 0.01, NS: non-significant. Graph bars show the
mean ± SD. LOX-1 expression was measured in HAEC and HUVEC
in the plasma membrane-rich (e, f) or cytosol-rich (g, h) fractions from
ECs exposed to oxHDL (50 μg/ml) and HDL (50 μg/ml) for 24 h.
Representative images from western blot experiments performed for
detection of LOX-1 in the EC membrane-rich (e) or cytosol-rich (g)
fractions, and densitometric analyses of (e) and (g) are shown in (f)
and (h), respectively. Protein levels were normalized against Na+

pump in the membrane-rich fraction and against tubulin in cytosol-rich
fraction. Data are expressed normalized to vehicle condition (N= 3).
Statistical differences for HAEC and HUVEC samples were assessed
by a one-way analysis of variance (ANOVA) (Kruskal–Wallis) fol-
lowed by Dunn’s post hoc test. *P < 0.05, **P < 0.01, NS: non-
significant. Graphs show the mean ± SD. Ox-HDL-induced LOX-1
mRNA expression was determined by RT-qPCR in HAEC (i) and
HUVEC (j). Data are expressed normalized to 0 time (N= 3). Sta-
tistical differences for HAEC and HUVEC samples were assessed by a
one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed by
Dunn’s post hoc test. *P < 0.05, **P < 0.01. Graph bars show the
mean ± SD. LOX-1 expression was measured in ECs in the absence (–)
or presence (+) of LOX-1 inhibitor κ-carrageenan (250 μg/ml) (k, l),
LOX-1 neutralizing anti-LOX (1:50) (m, n), or the NF-κB inhibitor
SC-3060 (5 μM) (o, p) (N= 4). All inhibitors were added 1 h before
and maintained throughout the treatment. Protein levels were nor-
malized against Na+ pump, and data are expressed normalized to
vehicle condition. Statistical differences were assessed by a two-way
analysis of variance (ANOVA) followed by Tukey post hoc test.
**P < 0.01. Graph bars show the mean ± SD
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To assess whether oxHDL-treated rats showed increased
LOX-1 activity, we measured mRNA levels of Oct-1 and
NF-κB, which are transcription factors induced by down-
stream LOX-1 activation [24, 25, 31]. The results showed
that the mRNA expression levels of both Oct-1 and NF-κB
were increased in RMECs from oxHDL-treated rats com-
pared with those from HDL-treated or vehicle-treated rats,
suggesting that LOX-1 is more active in ECs from oxHDL-
treated rats (Fig. 2o, p, respectively).

OxHDL increases LOX-1 expression at the cellular
plasma membrane through the ROS/NOX-2 oxidase
pathway

Taking into consideration that ROS are involved in several
processes of protein expression and cellular localization, the
involvement of these reactive molecules in the increase of

LOX-1 expression at the cellular plasma membrane was
analyzed. First, we assessed ROS generation induced by
oxHDL with three different approaches, DCF, Amplex Red,
and DHE/HPLC methods. HAEC and HUVEC exposed to
oxHDL showed a strong increase in oxidative stress after
6 h of treatment (Fig. 3a–k). OxHDL-treated HAEC and
HUVEC exposed to κ-carrageenan treatment abolished the
oxHDL-induced ROS generation, confirming that LOX-1 is
involved in this process (Fig. 3b–l). OxHDL-treated HAEC
and HUVEC incubated with the NAD(P)H oxidase inhibi-
tors DPI and apocynin showed an efficient inhibition of
oxHDL-induced ROS generation (Fig. 3c–m), suggesting
that NOX is involved.

To determine the participating of endothelial NOX iso-
form, we performed experiments using siRNA against the
endothelial isoforms of NOX; NOX-1, NOX-2, and NOX-4
[32–34]. The results showed that both HUVEC and HAEC

Fig. 2 In vivo oxHDL administration increases LOX-1 expression at
the endothelial cellular plasma membrane. Rats were intraperitoneally
treated with vehicle (a, d, g and j), HDL (b, e, h and k), and oxHDL
(c, f, i and l) for 24 h. After treatment, the aorta (a–c), renal artery (d–
f), renal vein (g–i), and hepatic vein (j–l) were extracted and subjected
to fluorescence immunohistochemistry to determine LOX-1 (green)
expression. Immunohistochemistry was also performed using the
endothelial protein VE-Cadherin (red). Nuclei were stained with
Hoechst (Sigma). Scale bar= 50 μm. Representative images from
western blot experiments performed to detect LOX-1 in the plasma
membrane-rich fraction in RMECs from vehicle-treated, HDL-treated,
and oxHDL-treated rats (m). Densitometric analyses of (m) are shown

in (n). The protein levels were normalized against the Na+ pump. The
data are expressed normalized to the vehicle condition (N= 3). Sta-
tistical differences were assessed using one-way analysis of variance
(ANOVA) (Kruskal–Wallis), followed by Dunn’s post-hoc test. **P <
0.01. Graph bars show the means ± SD. Ox-HDL-induced Oct-1 (o)
and NF-κB-p50 (p) mRNA expression was determined by RT-qPCR
in RMECs from vehicle-treated, HDL-treated, and oxHDL-treated rats.
The data are expressed normalized to the vehicle condition (N= 3).
Statistical differences for HAEC and HUVEC samples were assessed
by one-way analysis of variance (ANOVA) (Kruskal–Wallis) followed
by Dunn’s post-hoc test. **P < 0.01. Graph bars show the means ± SD
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exposed to oxHDL and transfected with siRNA against
NOX-2 failed to increase ROS levels. By contrast, oxHDL-
treated HUVEC (Fig. 3d–n) and HAEC (Fig. 3e–o) and
cells transfected with siRNA against NOX-1 and NOX-4
exhibited no change compared with the vehicle condition.

Experiments performed using a nontargeting siRNA were
used as a control and showed no differences compared with
the vehicle condition (data not shown). These results
showed that NOX-2, but not NOX-1 or NOX-4, participates
in oxHDL-induced ROS generation in HUVEC and HAEC.
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To investigate the participation of ROS in oxHDL-
induced LOX-1 accumulation at the plasma membrane, ECs
were exposed to oxHDL and HDL in the presence of the
antioxidant NAC and the reducing agent GSH, and LOX-1
expression was measured in the plasma membrane-rich
fraction. The plasma membrane fraction obtained from
oxHDL-treated ECs treated with NAC (Fig. 3p, q) and GSH
(Fig. 3r, s) showed a complete inhibition of oxHDL-induced
LOX-1 expression. These results indicate that oxHDL
increases LOX-1 expression at the plasma membrane by a
mechanism mediated by oxidative stress generation. In
addition to this, the plasma membrane-rich fraction obtained
from oxHDL-treated ECs in the presence of the NAD(P)H
oxidase inhibitors DPI (Fig. 3t, u) and apocynin (Fig. 3v–x)
failed to increase LOX-1 expression. The cytosol-rich
fraction exhibited no detectable change in the LOX-1
levels when HUVEC-derived ECs were exposed to NAC,
GSH, DPI, and apocynin or were transfected with siRNAs
against NOX isoforms (data not shown). These data suggest
that the oxHDL-induced expression and localization of
LOX-1 at the plasma membrane is dependent on NAD(P)H
oxidase activity.

Finally, we wondered whether oxHDL modulates the
mRNA expression of NOX isoforms. The results showed
that HAEC and HUVEC treated with HDL and oxHDL

increased the mRNA expression of NOX-2, but not NOX-1
and NOX-4 (Fig. 4a, b).

Oxidative stress increases LOX-1 expression at the
plasma membrane through the activation of NF-κB
but independent on LOX-1 interaction

Considering the results above, we were prompted to
investigate whether oxidative stress is able to modulate
LOX-1 expression and distribution. To that end, ECs were
exposed to several concentrations of the oxidants H2O2

and oxidized glutathione (GSSG), and LOX-1 expression
was measured. ECs showed a dose-dependent increase
in LOX-1 expression when cells were exposed to H2O2

(Fig. 4c, d) and GSSG (Fig. 4e, f). Next, we tested whether
oxidative stress promotes LOX-1 accumulation at the
plasma membrane. ECs were exposed to H2O2 and GSSG,
and then, LOX-1 expression was measured in the plasma
membrane-rich and cytosol-rich fractions. The plasma
membrane fraction obtained from ECs treated with H2O2

(Fig. 4g–i) and GSSH (Fig. 4h–j) showed an increase in
LOX-1 expression, whereas the cytosol-rich fraction
showed no change. These results indicate that both H2O2

and GSSG increase LOX-1 expression at the plasma
membrane in ECs.

As a next step, H2O2-treated and GSSG-treated ECs were
incubated with κ-carrageenan, and SC3060 to evaluate
whether LOX-1 and NF-κB were involved in the effects of
oxidative stress on LOX-1 expression at the cell plasma
membrane. As shown in Fig. 4k, l, incubation with κ-car-
rageenan did not modify either the H2O2-induced or GSSG-
induced LOX-1 increase at the plasma membrane, whereas
SC3060 treatment entirely abolished both the H2O2-induced
and GSSG-induced LOX-1 increase at the plasma mem-
brane (Fig. 4m, n). These data suggest that oxidative stress
increases LOX-1 expression at the plasma membrane
through the activation of NF-κB but is independent of LOX-
1 receptor interaction.

Because both oxidative stress and oxHDL increase LOX-
1 expression at the plasma membrane, we were prompted to
investigate the effects of oxidative stress and oxHDL
together on LOX-1 expression in the membrane fraction.
The membrane fraction from ECs exposed to H2O2 (Fig. 4o,
p) and GSSG (Fig. 4q, r) did not show differences when in
the presence or absence of oxHDL. The cytosol-rich frac-
tion exhibited no detectable change in the LOX-1 level
when HUVEC-derived ECs were exposed to H2O2 GSSG,
κ-carrageenan and SC3060 (data not shown). These find-
ings suggest that the mechanisms involved in the increased
LOX-1 expression and localization triggered by either
oxidative stress and oxHDL share the same intracellular
pathway.

Fig. 3 OxHDL increases LOX-1 expression at the cellular plasma
membrane through the ROS/NOX-2 pathway. Endothelial ROS were
determined by means of the ROS-sensitive dye, DCF (a), Amplex red
(f), and DHE/HPLC (k), in HAEC and HUVEC exposed to oxHDL
(50 μg/ml) and HDL (50 μg/ml) for 0, 6, 12, 18, and 24 h (N= 6).
Endothelial ROS were determined by means of the ROS-sensitive dye,
DCF (b), Amplex red (g) and DHE/HPLC (l), in HAEC and HUVEC
exposed to vehicle, oxHDL (50 μg/ml) and HDL (50 μg/ml) in the
absence (–) or presence (+) of κ-carrageenan (250 μg/ml) for 6 h (N=
6). Endothelial ROS were determined by means of the ROS-sensitive
dye, DCF (c), Amplex red (h), and DHE/HPLC (m), in HAEC and
HUVEC exposed to vehicle and oxHDL (50 μg/ml) in the absence or
presence of the NAD(P)H oxidase inhibitors DPI (10 μM) and
Apocynin (10 mM) for 0, 6, 12, 18, and 24 h (N= 6). Endothelial ROS
were determined by means of the ROS-sensitive dye, DCF (d and e),
Amplex red (i and j) and DHE/HPLC (n and o), in HAEC and
HUVEC exposed to vehicle and oxHDL (50 μg/ml) in the absence or
presence of transfection with a siRNA against NOX-1 (siNOX1),
NOX-2 (siNOX2), and NOX-4 (siNOX4) for 0, 6, 12, 18, and 24 h.
Data are expressed normalized to 0 time (N= 6). Statistical differences
for HAEC and HUVEC samples were assessed by a one-way analysis
of variance (ANOVA) (Kruskal–Wallis) followed by Dunn’s post hoc
test. *P < 0.05. Graph bars show the mean ± SD. LOX-1 expression
was measured in the membrane-rich fraction from ECs exposed to
HDL (50 μg/ml) and oxHDL (50 μg/ml) for 24 h in the absence (–) or
presence (+) of NAC (5 mM) (p and q), GSH (1 mM) (r–s), DPI
(10 μM) (t and u), and Apocynin (10 mM) (v–x) Data are expressed
normalized to vehicle condition (N= 3). Statistical differences were
assessed by a two-way analysis of variance (ANOVA) followed by
Tukey post hoc test. **P < 0.01. Graph bars show the mean ± SD
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Fig. 4 Oxidative stress increases LOX-1 expression at the cellular
plasma membrane through the activation of NF-κB. Ox-HDL-induced
NOX isoform mRNA expression was determined by RT-qPCR in
HAEC (a) and HUVEC (b). Data are expressed normalized to HDL
condition (N= 3). Statistical differences for HAEC and HUVEC
samples were assessed by a one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn’s post hoc test. *P < 0.05. **P <
0.01. Graph bars show the mean ± SD. HAEC and HUVEC were
exposed to H2O2 (0, 1, 10, 100 μM) (c and d) and GSSG (0, 0.02, 0.2,
2 mM) (e and f) for 24 h, and LOX-1 expression was analyzed. Data
are expressed normalized to 0 μM H2O2 or GSSG (N= 5). Statistical
differences were assessed by a one-way analysis of variance
(ANOVA) (Kruskal–Wallis) followed by Dunn’s post hoc test. *P <
0.05, **P < 0.01. Graph bars show the mean ± SD. LOX-1 expression

was measured in cytosol-rich and membrane-rich fractions from cells
exposed to H2O2 (100 μM) (g–i) and GSSG (2 mM) (h–j) for 24 h.
Protein levels were normalized against Na+ pump in the membrane-
rich fraction. Data are expressed normalized to vehicle condition in the
absence of stimuli (N= 4). LOX-1 expression was measured in the
plasma membrane-rich fraction from ECs exposed to H2O2 (100 μM)
and GSSG (2 mM) for 24 h in the absence (–) or presence (+) of the
LOX-1 inhibitor κ-carrageenan (250 μg/ml) (k, l), the NF-κB inhibitor
SC3060 (5 μM) (m, n), H2O2 (100 μM) (o, p) and GSSG (2 mM) (q,
r). Data are expressed normalized to vehicle condition in the absence
of stimuli (N= 4). Statistical differences were assessed by a two-way
analysis of variance (ANOVA) followed by Tukey post hoc test.
**P < 0.01. Graph bars show the mean ± SD
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TNF-α increases LOX-1 expression at the cellular
plasma membrane mediated by the TNF-α receptor

activity and the ROS/NOX pathway and NF-κB
activation

It has been reported that TNF-α increases the expression of
LOX-1 in ECs [35]. In concordance, Fig. 5a, b showed that
LOX-1 expression increases in a dose-dependent manner in
ECs treated with TNF-α. Notably, TNF-α increases LOX-1

expression at the plasma membrane. Plasma membrane
fraction obtained from ECs exposed to TNF-α showed a
strong accumulation of LOX-1 expression, whereas the
cytosol-rich fraction did not exhibit significant changes in
LOX-1 expression (Fig. 5c, d). To study whether TNF-α
receptor mediates the TNF-α-induced LOX-1 accumulation
at the plasma membrane, ECs were exposed to TNF-α in the
presence or absence of the TNF-α receptor inhibitor, SC-
7050, and LOX-1 expression was measured in the plasma
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membrane-rich fraction. Plasma membrane fraction
obtained from TNF-α-treated ECs with SC-7050 showed
inhibition of the LOX-1 expression increase (Fig. 5e, f),
indicating that TNF-α receptor is necessary for TNF-α-
induced LOX-1 accumulation at the plasma membrane.

Next, we wondered whether TNF-α modulates NOX
isoform mRNA expression. The results showed that HAEC
and HUVEC treated with TNF-α increased mRNA
expression of NOX-2, but not that of NOX-1 and NOX-4
(Fig. 5g, h).

To investigate the participation of oxidative stress in
TNF-α-induced LOX-1 accumulation at the plasma mem-
brane, ECs were exposed to TNF-α in the presence of NAC
and GSH, and then, LOX-1 expression was measured in the
plasma membrane-rich fraction. Plasma membrane fraction
obtained from TNF-α-treated ECs incubated with NAC
(Fig. 5i, j) and GSH (Fig. 5k, l) showed a complete inhi-
bition of the LOX-1 expression increase induced by TNF-α.
These results indicate that the TNF-α-induced LOX-1
increase in the plasma membrane fraction is mediated by
oxidative stress generation. Furthermore, plasma membrane
fraction from TNF-α-treated ECs treated with TNF-α and

incubated with the NAD(P)H oxidase inhibitors DPI
(Fig. 5m, n) and apocynin (Fig. 5o, p) failed to increase
LOX-1 expression. These data suggest that TNF-α-induced
expression and membrane localization of LOX-1 at the
plasma membrane are dependent on the NAD(P)H oxidase
activity.

Next, we studied whether NF-κB participates in LOX-1
plasma membrane accumulation induced by TNF-α.
Membrane fraction obtained from TNF-α-treated ECs in the
presence SC3060 failed into increase LOX-1 expression
(Fig. 5q, r), suggesting that NF-κB activation is required for
TNF-α-induced accumulation of LOX-1 at the plasma
membrane.

Cytosol-rich fraction exhibited no detectable change in
the LOX-1 levels when HUVEC-derived ECs were exposed
to Sc-7050, NAC, GSH, DPI, Apocynin, and SC3060 (data
not shown).

OxHDL increases TNF-α expression through the
activation of LOX-1 and NF-κB, but the TNF-α
receptor is not required for an increase in oxHDL-
induced LOX-1 at the plasma membrane

To test whether oxHDL exposure modulates TNF-α
expression, we performed RT-qPCR to determine changes
in TNF-α mRNA expression. OxHDL-treated ECs showed
an increased TNF-α mRNA expression compared to HDL-
treated or vehicle-treated ECs (Fig. 6a). Next, we wondered
whether the oxHDL-induced TNF-α mRNA expression
increase is mediated by LOX-1 receptor. To that end, ECs
were exposed to oxHDL in the presence or absence of
LOX-1 receptor blocker, κ-carrageenan, and TNF-α mRNA
expression was measured. Treatment with κ-carrageenan
completely abolished the TNF-α mRNA expression
increase induced by oxHDL (Fig. 6b). Then, we tested
whether NF-κB participates in the oxHDL-induced TNF-α
mRNA expression increase. ECs exposed to oxHDL in the
presence of NF-κB inhibitor, SC3060, failed to increase
TNF-α mRNA expression (Fig. 6c), suggesting that NF-κB
activation is required for TNF-α mRNA expression induced
by oxHDL. These results suggest that oxHDL challenge
increases TNF-α mRNA expression through the participa-
tion of LOX-1 receptor activity and NF-κB activation. To
demonstrate that oxHDL administration induces TNF-α
secretion, plasma samples from rats treated with HDL,
oxHDL, and vehicle were subjected to TNF-α determina-
tion. The results showed a significant increase in the plasma
TNF-α levels in oxHDL-treated rats compared with rats
treated with vehicle or native HDL (Fig. 6d). This finding
agrees with in vitro results showing increased TNF-α
mRNA expression under the oxHDL condition.

Finally, we wondered whether TNF-α mediates the
oxHDL-induced LOX-1 expression increase at the plasma

Fig. 5 TNF-α increases LOX-1 expression at the cellular plasma
membrane by a mechanism mediated by the TNF-α receptor activity
and the ROS/NOX pathway and NF-κB activation. Cells were exposed
to TNF-α and LOX-1 expression was analyzed. a Representative
images from western blot experiments performed for detection of
LOX-1 in the presence of TNF-α (0, 5, and 10 ng/ml) for 24 h. b
Densitometric analyses of the experiments shown in a. Protein levels
were normalized against tubulin, and data are expressed normalized to
the TNF-α 0 ng/ml condition (N= 4). Statistical differences were
assessed by a one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn’s post hoc test. *P < 0.05. **P <
0.01. Graph bars show the mean ± SD. c and d LOX-1 expression in
plasma membrane-rich and cytosol-rich fractions from ECs exposed to
TNF-α (10 ng/ml) for 24 h. Protein levels were normalized against Na+

pump in the membrane-rich fraction. Data are expressed normalized to
vehicle condition (N= 3). e and f LOX-1 expression in the plasma
membrane-rich fraction from ECs exposed to TNF-α (10 ng/ml) for
24 h in the absence (–) or presence (+) of the TNF-α receptor inhibitor,
R7050 (5 μM) (N= 3). Data are expressed normalized to vehicle
condition. Statistical differences were assessed by a two-way analysis
of variance (ANOVA) followed by Tukey post hoc test. **P < 0.01.
Graph bars show the mean ± SD. TNF-α-induced NOX isoform
mRNA expression was determined by RT-qPCR in HAEC (g) and
HUVEC (h). Data are expressed normalized to vehicle condition (N=
3). Statistical differences for HAEC and HUVEC samples were
assessed by a one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn’s post hoc test. *P < 0.05. **P <
0.01. Graph bars show the mean ± SD. LOX-1 expression was mea-
sured in the plasma membrane-rich fraction from cells exposed to
TNF-α 10 ng/ml for 24 h in the absence (–) or presence (+) of NAC
(5 mM) (i, j), GSH (1 mM) (k, l), the NAD(P)H oxidase inhibitor DPI
(10 μM) (m and n), NAD(P)H oxidase inhibitor Apocynin (10 mM)
(o and p) and the NF-κB inhibitor SC3060 (5 μM) (q and r) for 24 h
(N= 3). Statistical differences were assessed by a two-way analysis of
variance (ANOVA) followed by Tukey post hoc test. **P < 0.01.
Graph bars show the mean ± SD
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membrane. To test that issue, oxHDL-treated ECs were
incubated in the presence of TNF-α receptor inhibitor,
SC-7050, and LOX-1 expression was measured. SC-7050
treatment did not affect the increase in LOX-1 expression
in the plasma membrane fraction when ECs were exposed
to oxHDL (Fig. 6e, f). This result suggests that TNF-α
expression is not required for the increase in ox-HDL-
induced LOX-1 expression at the plasma membrane.
In addition to this, we explored the combined effect of
oxHDL and TNF-α challenge in LOX-1 expression. To that
end, oxHDL-treated ECs were exposed to TNF-α, and
LOX-1 expression was measured. Interestingly, the mem-
brane fraction from ECs exposed to oxHDL in combination
with TNF-α showed a significant increase in LOX-1
expression (Fig. 6g, h), suggesting that TNF-α potentiates

the oxHDL effect, but TNF-R participation is not required
for oxHDL-induced LOX-1 expression increase.

Discussion

Endothelial dysfunction is a key event in the progression of
several systemic inflammatory diseases [36]. Because cur-
rent treatments are often not satisfactory, understanding the
molecular pathways through which the crucial actors
involved in these pathogenetic processes exert their effects
is essential for improving treatments [37]. Here, we studied
the action of the oxidized lipoprotein oxHDL on the
expression of the plasma membrane receptor LOX-1, which
mediates numerous deleterious effects in ECs. There is

Fig. 6 OxHDL increases TNF-α expression through the activation of
LOX-1 and NF-κB. a TNF-α mRNA expression measured in ECs
exposed to HDL (50 μg/ml) and oxHDL (50 μg/ml) for 24 h. Data are
expressed normalized to vehicle condition (N= 3). Statistical differ-
ences were assessed by a one-way analysis of variance (ANOVA)
(Kruskal–Wallis) followed by Dunn’s post hoc test. **P < 0.01. Graph
bars show the mean ± SD. b and c TNF-α mRNA expression was
measured in ECs exposed to HDL (50 μg/ml) and oxHDL (50 μg/ml)
for 24 h in the absence (–) or presence (+) of the LOX-1 inhibitor κ-
carrageenan (250 μg/ml) (b) and the NF-κB inhibitor SC3060 (5 μM)
(c). Data are expressed normalized to vehicle condition in the absence
of stimuli (N= 3). Plasma TNF-α levels in rats treated with vehicle,

HDL and oxHDL for 24 h. Data are expressed normalized to vehicle
condition (N= 3). Statistical differences were assessed by a one-way
analysis of variance (ANOVA) (Kruskal–Wallis) followed by Dunn’s
post hoc test. **P < 0.01. Graph bars show the mean ± SD (d). LOX-1
expression was measured in the plasma membrane-rich fraction from
ECs exposed to vehicle, HDL (50 μg/ml) and oxHDL (50 μg/ml) for
24 h in the absence (–) or presence (+) of the TNF-α receptor inhibitor,
R7050 (5 μM) (e and f) and TNF-α 10 ng/ml (g and h) (N= 3). Sta-
tistical differences were assessed by a two-way analysis of variance
(ANOVA) followed by Tukey post hoc test. **P < 0.01. Graph bars
show the mean ± SD
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consensus that oxidized LDL is involved in the pathogen-
esis of various atherosclerosis-based cardiovascular dis-
eases; however, the roles of oxidized HDL remain poorly
understood.

In this study, we demonstrated that the oxidized form of
HDL, oxHDL, increases LOX-1 expression in the EC
plasma membrane. Interestingly, the native form of HDL
does not increase LOX-1 expression in ECs, indicating that
only the oxidized form is involved in modulating LOX-1
expression and promoting localization of LOX-1 at the
plasma membrane. Furthermore, our results indicate that the
increase in expression of oxHDL induced by LOX-1 is
dependent on NOX-2/ROS activity and activation of the
NF-κB pathway, which is potentiated by exposure to TNF-
α, but TNF-R participation is not required for oxHDL-
induced LOX-1 expression increase.

Control of LOX-1 cell localization by oxHDL is a
finding of remarkable interest [38, 39]. Most studies
showing LOX-1 expression increase do not describe chan-
ges in cellular localization upon stimulation [24, 25, 40].
Considering that LOX-1 is a membrane receptor, it is only
functional when it reaches the plasma membrane [38, 39].
As our results showed, oxHDL challenge promotes locali-
zation to the endothelial plasma membrane. The oxHDL-
induced LOX-1 plasma membrane localization could be a
crucial step in allowing it to reach the plasma membrane
and become a functional receptor. Changes in the dis-
tribution of LOX-1 could be correlated with detrimental
effects on specific endothelial functions, such as endothelial
monolayer permeability, hormone production, and nitric
oxide secretion [41–43]. Certainly, further studies are nee-
ded to investigate this issue.

Several systemic inflammatory diseases, such as hyper-
tension, diabetes, arthritis, atherosclerosis, obesity, and
sepsis are associated with severe alterations in circulatory
system function because circulating inflammatory mediators
act on vascular tissue, extensively damaging blood circu-
lation [7–10]. Systemic inflammatory diseases are char-
acterized by the presence of inflammatory mediators, such
as TNF-α, IL-1β, IL-6, transforming growth factor-β (TGF-
β), and bacterial endotoxins into the blood flow [35]. In fact,
during systemic inflammatory disease, interaction between
inflammatory mediators and ECs is unavoidable and trig-
gers severe endothelial dysfunction [7, 8, 10, 35, 44–46]. In
addition, during systemic inflammation the production of
ROS is also increased. The produced ROS modify several
proteins through oxidation, altering their functions [11, 12,
47, 48]. In line with this, it has been reported that 15LO-
modified HDL3 is also able to increase LOX-1 expression in
ECs [25, 49]. Our findings showed that oxHDL, but not the
native form HDL, is also able to increase the expression of
LOX-1 in the EC plasma membrane (Fig. 7, no. 1). Simi-
larly, as observed with oxLDL, oxHDL-induced LOX-1

increase is mediated by the interaction between oxHDL and
LOX-1. This was demonstrated using the nonspecific but
selective LOX-1 inhibitor, κ-carrageenan. Thus, it is pos-
sible that other mechanisms exist by which oxHDL could be
internalized and exert its effects in ECs. However, using κ-
carrageenan as a LOX-1 inhibitor is widespread and well
documented [25]. Considering the limited specificity of κ-
carrageenan, we were used the anti-LOX-1 blocking anti-
body, which is a specific strategy to inhibit LOX-1 [16, 21,
24, 50–53]. Thus, our results obtained using κ-carrageenan
were confirmed by experiments using the anti-LOX-1
blocking antibody, which is a more specific strategy for
LOX-1 inhibition.

Because oxidation levels increase robustly during sys-
temic inflammatory diseases, the participation of ROS in
pathological activity has been well accepted [54, 55]. It has
been reported that ROS can regulate gene expression and act
as signaling molecules to modulate protein function [56–61].
H2O2 and other reactive intermediates are involved in the
expression of a number of proteins, such as cyclooxygenase-
2 and prostaglandins [62, 63], the proto-oncogenes c-jun, c-
fos, and c-myc [64], TRP ion channels [65], the vascular cell
adhesion molecule-1, and intercellular adhesion molecule-1
[66, 67], and also control the regulation of cell proliferation
and survival, oncogene activation, immune response, apop-
tosis, and necrosis [67–69]. Here, ccontrol of LOX-1
expression is a ROS-dependent process since it was inhib-
ited when antioxidant/reducing agents was used (Fig. 7, no.
2). These results are in accordance with those described

Fig. 7 Proposed model of oxHDL actions modulating LOX-1
expression and localization in ECs. oxHDL interacts with LOX-1
receptor (1) inducing an increase in ROS production (3) via NAD(P)H
oxidase 2 isoform (2) and inducing downstream NF-κB activation (4).
NF-κB also promotes LOX-1 over-expression (5) in a positive feed-
back loop. LOX-1 over-expression is also induced by presence of
TNF-α (6) (through binding of TNF-α receptor), H2O2 (7) and GSSG
(8), via NF-κB pathway
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previously in HUVEC [70, 71]. However, our data indicate
that ROS production is an earlier event. On the other hand,
ECs express the NOX type -1, -2 and -4, which generate
superoxide anions. Experiments performed with siRNAs
against the endothelial NOX isoforms indicated that NOX-2
is the source of generated ROS (Fig. 7, nos. 3, 7, and 8). It is
well known that ROS support the activation and nuclear
translocation of the transcription factor NF-κB. In accor-
dance with this, oxHDL requires NF-κB activation for an
increase in LOX-1 expression, indicating that the oxHDL-
induced LOX-1 expression depends on gene expression
(Fig. 7, nos. 4 and 5).

Pro-inflammatory cytokines increase during systemic
inflammation and induce gene expression by NF-κB activa-
tion in ECs [72]. Inhibition of the cytokine receptor abolished
the TNF-α-induced LOX-1 expression increase (Fig. 7, no. 6),
which is accordance with the finding that pro-inflammatory
cytokines increase LOX-1 expression [73–75]. Interestingly,
TNF-α potentiates the effects of oxHDL, possibly by means
of enhanced generation of ROS and the subsequent increased
translocation of NF-κB to activate the LOX-1 gene tran-
scription. However, the inhibition of the TNF-α receptor,
TNF-R, did not modify the action of oxHDL in promoting the
increase of LOX-1 at the plasma membrane.

In the context of systemic inflammatory diseases, endo-
thelial dysfunction represents, at least in part, a suitable
explanation for organ dysfunction during these diseases.
Thus, translocation of LOX-1 to the plasma membrane could
constitute a suitable mechanism for the induction of endo-
thelial dysfunction by allowing ligand–receptor interaction. In
this way, the increase of LOX-1 expression and its redis-
tribution may work in a coordinated manner to localize a large
amount of the receptor to the plasma membrane.
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