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Abstract: Cardiovascular disease as a result of atherosclerosis is a leading cause of death world-
wide. Atherosclerosis is primarily caused by the dysfunction of vascular endothelial cells and the
subendothelial accumulation of oxidized forms of low-density lipoprotein (LDL). Early observations
have linked oxidized LDL effects in atherogenesis to the lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1) scavenger receptor. It was shown that LOX-1 is upregulated by many inflam-
matory mediators and proatherogenic stimuli including cytokines, reactive oxygen species (ROS),
hemodynamic blood flow, high blood sugar levels and, most importantly, modified forms of LDL.
Oxidized LDL signaling pathways in atherosclerosis were first explored using LDL that is oxidized
by copper (Cuox-LDL). In our study, we used a more physiologically relevant model of LDL oxi-
dation and showed, for the first time, that myeloperoxidase oxidized LDL (Mox-LDL) may affect
human aortic endothelial cell (HAEC) function through the LOX-1 scavenger receptor. We report that
Mox-LDL increases the expression of its own LOX-1 receptor in HAECs, enhancing inflammation
and simultaneously decreasing tubulogenesis in the cells. We hypothesize that Mox-LDL drives
endothelial dysfunction (ED) through LOX-1 which provides an initial hint to the pathways that are
initiated by Mox-LDL during ED and the progression of atherosclerosis.

Keywords: atherosclerosis; Mox-LDL; endothelial dysfunction; LOX-1; inflammation; tubulogenesis

1. Introduction

Atherosclerosis is a clinical condition for which multiple genetic and environmental
causal factors have been proposed. A key process in the development of the disease is the
accumulation of foam cells, macrophages that have engulfed large amounts of modified
low-density lipoprotein (LDL) particles, which will result in the thickening of the arterial
wall [1,2]. Myeloperoxidase (MPO) is a protein secreted by immune cells and a major phys-
iological player in the generation of modified LDL molecules [3,4] via the production of
hypochlorous acid (HOCl) from H2O2 and chloride [5]. LDL molecules that are modified by
the latter enzymatic products were shown to be expressed in atherosclerotic lesions, both in
vascular cells and in extracellular spaces [3]. Many studies have reported that patients with
MPO-deficiency have a reduced risk of cardiovascular disease [4,6]. Other studies have
also shown a correlation between myeloperoxidase oxidized LDL (Mox-LDL) and different
levels of endothelial cell dysfunction (ED) [7]. As far as atherosclerosis is concerned, ED
and circulating endothelial cells are associated with plaque rupture, stroke, and myocar-
dial infarction [8]. It is already known that dysfunctional endothelial cells have reduced
motility, which could affect their ability to undergo angiogenesis, an essential physiological
mechanism seen in health and diseases including atherosclerosis [9–12]. On that same note,
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many studies have reported that dysfunction in endothelial cells, that leads to a disorgani-
zation in their regular cobblestone arrangement and an increase in their permeability, is
considered as a causative condition that may predispose to atherosclerosis [13–15]. It has
been also described that endothelial cell denudation is frequently observed at atheroma
plaque locations and a failure to locally regenerate the endothelium is suspected to be
deleterious in the context of atherosclerosis [16]. Furthermore, many post-acute myocardial
infarction interventions were seen to be inefficient due to the inability of the endothelium
to regenerate and heal the denuded regions [17]. As far as Mox-LDL is concerned, we had
previously reported [18,19] that Mox-LDL induces ED by reducing both the fibrinolytic
capacity of endothelial cells as well as their ability to migrate and undergo wound healing
in vitro. Thus, our previous results suggested that high Mox-LDL levels in patients would
impair the potential of endothelial cells to cope with the damaged endothelium, negatively
contributing to the progression of the atheroma plaque. Despite the significance of the
finding, we did not link this observation to any signaling transduction pathway, including
the receptor that can bind to Mox-LDL and mediate its effects in the cell.

Initially, LOX-1 was identified as the major receptor for copper oxidized LDL (Cuox-
LDL) in endothelial cells. LOX-1 is a type II membrane protein with a typical C-type lectin
structure at the extracellular C-terminus. It is converted into a soluble form by proteolytic
cleavage at the extracellular juxtamembrane region [20]. The lectin domain of LOX-1 is
the functional domain that binds to its respective ligands, including Cuox-LDL; the latter
binds to the receptor through the C-terminal end residues and several conserved positively
charged residues spanning the lectin domain [21]. LOX-1 activation by Cuox-LDL leads
to an increase in reactive oxygen species’ (ROS) production and the induction of nuclear
factor-kappaB (NF-kB), subsequently upregulating the expression of adhesion molecules
on the surface of endothelial cells. In vitro, LOX-1 is upregulated by many inflammatory
factors including oxidative stress, cytokines, and Cuox-LDL. In vivo, LOX-1 expression is
shown to be increased due to multiple proatherogenic stimuli such as hemodynamic blood
flow, high blood sugar levels, hypertension, and hyperlipidemia. Immunohistochemical
analyses have also confirmed that LOX-1 is upregulated in atherosclerotic lesions [22–24].

Yet, there is absolutely no information with respect to the role of the Mox-LDL receptor
in cell models of atherosclerosis. Therefore, a dissection of the molecules involved in signal
transmission of Mox-LDL effects is crucial in order to better understand the importance of
this particular type of modified LDL in ED and atherogenesis. Accordingly, our hypothesis
was the following: Mox-LDL drives ED through the LOX-1 scavenger receptor by mainly
increasing the inflammatory state in endothelial cells. In the present work, we propose an
initial model that delineates the first step in the molecular mechanism pertaining to the
role of Mox-LDL in the progression of the atherosclerotic disease.

2. Results
2.1. Validation of LOX-1 Knockdown in HAEC

LOX-1 expression was assessed in HAECs that were either left untreated or trans-
fected with negative control or LOX-1 siRNA. Figure 1A shows representative images
of HAECs in those conditions; LOX-1 knockdown had no effect on HAECs morphology.
Besides, LOX-1 expression decreased significantly after transfection (p < 0.05) as assessed
by qPCR (Figure 1B). These results validate that LOX-1 knockdown was successfully
achieved in HAECs.
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Figure 1. The effect of LOX-1 knockdown on HAECs. (A) Representative images of LOX-1 expression
in HAECs that were left non-transfected or transfected with negative control or LOX-1 siRNA
(scale bar: 200 µm); (B) Bar graph representing LOX-1 mRNA expression in HAECs that were left
untreated (control) or treated with either negative control or LOX-1 siRNA, as detected by qPCR and
normalized to GAPDH from three independent experiments. Data are presented as the mean ± SEM
(n = 3) fold change in mRNA expression. Statistically significant differences were determined by one-
way ANOVA followed by Tukey’s multiple comparison post hoc test (* p < 0.05, ns: not significant).

2.2. The Effect of Mox-LDL and siRNA Treatment on Cell Morphology

It was already reported that Mox-LDL does not affect cell morphology, viability, or
death in human umbilical vein endothelial cells (HUVECs) [19]. In order to confirm that
treatment with Mox-LDL and siRNA had no effect on HAECs morphology, cells that were
transfected with either negative control or LOX-1 siRNA and treated with mock medium
(CTL) or Mox-LDL (MOXLDL) medium were then visualized under bright field microscopy.
As expected, HAECs showed no change in cell morphology in all treatment conditions.
However, treatment with Mox-LDL relatively affected HAECs’ confluency compared to
control (Figure 2).
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Figure 2. Representative bright field inverted microscopy images of HAECs under different treatment
conditions. HAECs showed no change in morphology upon treatment with Mox-LDL, negative
control siRNA or LOX-1 siRNA (scale bar: 200 µm).

2.3. The Effect of Mox-LDL on LOX-1 Expression

Many studies reported that the LOX-1 scavenger receptor is expressed on endothelial
cells and is responsible for binding to oxidized LDL particles, ED, and the subsequent
progression of atherosclerotic disease. It has been also shown that Cuox-LDL upregulates
LOX-1 expression by binding to this receptor which leads to an increase in vascular dys-
function [25,26]. LOX-1 expression was assessed in HAECs that were treated with mock
medium (CTL) or Mox-LDL (MOXLDL). In addition, in order to evaluate the possibility of
Mox-LDL exerting its effect on LOX-1 in a positive feedback loop, cells were either trans-
fected with negative control or LOX-1 siRNA and then treated with mock medium (CTL)
or Mox-LDL (MOXLDL) and assessed for LOX-1 expression. Figure 3 shows that LOX-1
was highly upregulated (p < 0.001) in Mox-LDL-treated HAECs that were transfected with
negative control siRNA. On the other hand, LOX-1 knockdown cells increased their expres-
sion of LOX-1 after Mox-LDL treatment, but still to a lesser extent as compared to their
counterpart control cells. These results validate that Mox-LDL increases the expression
of the LOX-1 scavenger receptor, and its mode of action might be in part related to an
interaction with the scavenger receptor itself.
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Figure 3. The effect of Mox-LDL on LOX-1 expression in HAECs. Bar graph representing LOX-1
mRNA expression in HAECs transfected with negative control or LOX-1 siRNA and then treated with
mock medium (CTL) or Mox-LDL (MoxLDL), as detected by qPCR and normalized to GAPDH from
three independent experiments. Data are presented as the mean ± SEM (n = 3) fold change in mRNA
expression. Statistically significant differences were determined by one-way ANOVA followed by
Tukey’s multiple comparison post hoc test (* p < 0.05; ** p < 0.01).

2.4. The Effect of Mox-LDL Treatment and LOX-1 Knockdown on IL-8 and NF-kB Expression

Chemokines, such as IL-8, contribute to inflammation and dysfunction in endothelial
cells and are initiated through activation of the classical NF-kB pathway. In addition, it has
been reported that IL-8 is upregulated in endothelial cells when treated with physiological
concentrations of Mox-LDL [27,28]. Thus, the expression of IL-8 was first assessed in
HAECs using immunofluorescence and was used as a readout in order to study the effect
of Mox-LDL in association with LOX-1 expression. As predicted, immunofluorescence
analysis showed that treatment with physiological concentrations of Mox-LDL increased
the expression of IL-8 in cells transfected with negative control siRNA. However, HAECs
that were transfected with LOX-1 siRNA and treated with Mox-LDL did not express IL-8
to the same extent as in their counterpart control cells, as shown in Figure 4A, as the
expression of IL-8 was restricted to only some discrete parts of the cells as compared to
the control condition. To verify the effect of LOX-1 knockdown on both IL-8 and NF-kB,
their expression was assessed using qPCR and Western blotting analyses, respectively.
In line with the immunofluorescence results, the level of mRNA expression of IL-8 was
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significantly increased when HAECs were treated with Mox-LDL (MOXLDL) compared to
cells that were treated with mock medium (CTL) (p < 0.05). Similarly, LOX-1 knockdown
HAECs did not upregulate IL-8 expression to the same extent as in the cells that were
transfected with a negative control siRNA as shown in Figure 4B. As for NF-kB expression,
cultured HAECs in normal conditions showed very minimal NF-kB activation. However,
treatment of cells with Mox-LDL markedly enhanced the activation of NF-kB in comparison
with untreated cells (p < 0.01). On the other hand, treatment of cells with LOX-1 siRNA
before the cells were exposed to Mox-LDL significantly (p < 0.01) reduced Mox-LDL–
mediated activation of NF-kB (Figure 5). Overall, these data suggest that Mox-LDL exerts
its pro-inflammatory effects by binding to the LOX-1 scavenger receptor.

Figure 4. The effect of LOX-1 knockdown and Mox-LDL treatment on Il-8 expression. (A) Represen-
tative immunofluorescence images of IL-8 expression in HAECs that were transfected with either
negative control or LOX-1 siRNA and subsequently treated with mock medium (CTL) or Mox-LDL
(MOXLDL) for 24 h before visualization using fluorescence microscopy (scale bar: 50 µm); (B) Bar
graph representing IL-8 mRNA expression in HAECs subjected to the same treatment conditions,
as detected by qPCR and normalized to GAPDH from three independent experiments. Data are
presented as the mean ± SEM (n = 3) fold change in mRNA expression. Statistically significant
differences were determined by one-way ANOVA followed by Tukey’s multiple comparison post hoc
test (* p < 0.05, ns: not significant).
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Figure 5. Identification of NF-kB protein by Western blot analysis. Incubation of HAECs with
Mox-LDL leads to a significant increase in the activation of NF-kB (p < 0.01, negative control
siRNA; MOXLDL vs. negative control siRNA; CTL). Treatment of HAECs with LOX-1 markedly
decreases Mox-LDL-induced activation of NF-κB, negative control siRNA; MOXLDL vs. LOX-1
siRNA; MOXLDL). AU indicates arbitrary units. Data are representative of four separate experi-
ments. Statistically significant differences were determined by one-way ANOVA followed by Tukey’s
multiple comparison post hoc test (*** p < 0.001).

2.5. The Effect of Mox-LDL and LOX-1 Knockdown on IL-8 Secretion

To further determine the outcome of LOX-1 silencing on the capacity of Mox-LDL to
activate inflammation in HAECs, we characterized the IL-8 pro-inflammatory cytokine
secretion profiles of Mox-LDL-treated (MOXLDL) or untreated HAECs (CTL) that were
either transfected with negative control siRNA or LOX-1 siRNA. Analysis of cytokine
release profiles clearly demonstrated that Mox-LDL significantly (p < 0.001) increases the
secretion of IL-8 in HAECs (Figure 6). Remarkably, LOX-1-silenced cells that were treated
with Mox-LDL exhibited significantly (p < 0.001) reduced secretion levels of IL-8 when
compared to cells that were treated with the negative control siRNA (Figure 6). These results
were in accordance with immunofluorescence and qPCR analyses and clearly reflected the
importance of the LOX-1 receptor in the Mox-LDL-mediated pro-inflammatory pathway.
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Figure 6. Measurement of IL-8 secreted by Mox-LDL treated HAECs that were transfected with
LOX-1 siRNA. IL-8 levels (fold/control) in the culture supernatants of HAECs that were transfected
with either negative control or LOX-1 siRNA and subsequently treated with mock medium (CTL) or
Mox-LDL (MOXLDL) for 24 h, as measured by ELISA. Column bars represent mean values of three
independent experiments. Error bars represent SEM. One-way ANOVA followed by Tukey’s multiple
comparison post hoc test was used to calculate statistical significance. *** p < 0.001, ns: not significant.

2.6. The Effect of Mox-LDL Treatment and LOX-1 Knockdown on Tubulogenesis

A preponderance of studies has linked LOX-1 to angiogenesis in both cancer and
atherosclerosis models. It has been equally reported that Mox-LDL interferes with cell
motility and wound healing in endothelial cells [19,29]. Thus, in order to investigate
the dual effect of Mox-LDL treatment and LOX-1 silencing on HAECs’ ability to build
a vascular bed network, an in vitro tubulogenesis assay was performed. HAECs that
were treated with mock medium (CTL) formed a characteristic capillary-like network,
as expected. Conversely, LOX-1 knockdown and Mox-LDL treatment decreased to a
large extent the ability of HAECs to build vascular projections compared to control cells,
whereby the effect was additive and the HAECs that were both treated with Mox-LDL
(MOXLDL) and knocked down for LOX-1 demonstrated the largest degree of inability
to undergo tubulogenesis (Figure 7A). Quantification analysis showed that this decrease
was significant (p < 0.001) and the reduction in tubule formation was in the range of 40 to
60% in all treatment conditions: negative control siRNA; MOXLDL, LOX-1 siRNA; CTL,
LOX-1 siRNA; MOXLDL whenever we compared them to the negative control siRNA; CTL
condition; of note, Mox-LDL with LOX-1 siRNA treatments exhibited the highest reduction
in tubulogenesis (Figure 7B).
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Figure 7. The effect of Mox-LDL treatment on HAECs’ tubulogenesis. (A) Representative fields of
HAECs plated on Matrigel (scale bar: 200 µm). HAECs that were transfected with either negative con-
trol or LOX-1 siRNA were subsequently seeded on Matrigel supplemented with mock medium (CTL)
or Mox-LDL (MOXLDL) and incubated overnight; (B) Quantification of tubule formation in HAECs.
After overnight incubation in different treatment conditions, pictures were taken from multiple fields
of view and the cumulative tubule length was assessed using the Image J program. The data are
expressed as total tubule network length for each treatment condition normalized to the untreated
control taken at 100%. Data are representative of three separate experiments. Statistically significant
differences were determined by one-way ANOVA followed by Tukey’s multiple comparison post hoc
test (*** p < 0.001).

3. Discussion

In our study, we investigated, for the first time, the interaction between Mox-LDL and
LOX-1 in endothelial cells. Our data indicate that Mox-LDL may affect HAEC function
through the LOX-1 scavenger receptor. Our results must be discussed in light of previously
published studies on the effects of oxidized LDL in ED, where authors explored oxidized
LDL signaling pathways related to inflammation and atherogenesis, using the Cuox-LDL
model [30]. Conversely, very little is known about the Mox-LDL molecular pathways
and processes in the context of atherosclerosis. LDL that is modified by MPO is the more
physiologically relevant model of LDL oxidation; in fact, Daugherty et al. and others
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conducted many immunohistochemical analyses that have confirmed the presence of
the MPO enzyme with some of its modified amino acids derivatives (in the ApoB100
moiety of LDL), such as chlorotyrosine, within the atheroma plaques of patients with the
disease [5,31,32]. Therefore, in the present work, we aimed to briefly examine the role of
Mox-LDL in ED using both the HAEC and Mox-LDL pathophysiological models.

We had previously reported that Mox-LDL treatment does not change the morphology
or reduce the viability in both HUVECs and HAECs. Nevertheless, we have documented
that Mox-LDL might interfere with endothelial cell behavior, mainly cell adhesion [19,33].
Those data come in line with the results of our present study where we have confirmed that
physiological concentrations of Mox-LDL do not affect cell morphology but cell density
only, an observation that could mostly be related to a decrease in cell adhesion after
treatment. Overall, these results are in contrast with previous reports that pointed to a
strong effect of Cuox-LDL on cell morphology and on reducing the viability of vascular
endothelial cells [34,35]. This discrepancy could be principally related to the model for LDL
oxidation or the treatment concentration used in those studies. The oxidation model and
the concentrations that were used in our study are both pathophysiologically relevant and
they reflect what could happen in in vivo environments. On that same note, it is imperative
to state here that the widely used Cuox-LDL model requires very high concentrations that
are unlikely to be available in vivo in order to sufficiently generate observable oxidized
LDL concentrations.

LOX-1, a lectin-like receptor that has been proposed as a receptor for oxidized LDL,
is expressed on endothelial cells and has been identified in the atherosclerotic arteries of
human and several animal models. In vivo, this receptor was shown to be induced by
oxidized LDL itself, as well as many pro-atherogenic factors such as shear stress, diabetes,
dyslipidemia, endothelin and angiotensin II. In vitro, LOX-1 is upregulated by hemody-
namic stimuli and a multitude of inflammatory cytokines, and by the copper oxidized form
of LDL. Since LOX-1 binds to a variety of ligands that are crucial in the pathogenesis of
atherosclerosis, it was proposed as an exciting target for drug therapy [20,23,36]. The latter
drugs may include naturally occurring antioxidants with anti-inflammatory functions that
have been demonstrated to inhibit LOX-1 expression and activity in vascular cells [37].
Food that is rich in polyphenols and flavonoids was shown to have strong antioxidant and
anti-inflammatory activity [38,39]. Indeed, procyanidins were reported to significantly de-
crease oxidized LDL uptake in LOX-1 expressing cells in vitro by inhibiting the binding of
the scavenger receptor to its modified LDL ligand. In vivo, procyanidins also demonstrated
atheroprotective properties in hypertensive rats fed with a high fat diet by suppressing
lipid accumulation in the walls of blood vessels [40].

The LOX-1 scavenger receptor was previously shown to be expressed on the surface
of bovine aortic endothelial cells in the intima of the normal bovine aorta. The receptor
was also shown to be induced by Cuox-LDL in vitro in this animal cell model and its
upregulation was dose- and time-dependent [41]. Those results are in contrast to another
study which showed that neutralizing anti-LOX-1 antibodies was not able to interfere with
oxidized LDL signal transduction; it is important to mention here that in the latter study, the
authors used a different model of oxidized LDL generation as well as a different endothelial
cell model, which was the human EA.hy926 cell line [18]. Here again, this disagreement
could be partly related to the model for LDL oxidation, as well as the cell model that was
used in order to produce the data. Interestingly, in the same study of Zouaoui et. al, the
authors analyzed the effect of LDL that was modified by MPO on a battery of putative
receptors that might be implicated in MPO-modified LDL signaling transduction pathways.
The receptors were of the scavenger receptors’ family and included SRB, SRD, and SRF
which were shown not to be expressed in the EA.hy926 endothelial cell model.

A preponderance of evidence has linked the LOX-1 scavenger receptor to ED, induction
of inflammation, and initiation of atherosclerosis [25,26]. Cuox-LDL was shown to bind
to LOX-1 receptor increasing its expression at the transcriptional level. Intracellularly,
this will induce the activation of membrane-bound NADPH oxidase leading to a rapid
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increase in ROS generation and exacerbation of the inflammatory response [42]. Although
enough evidence had been accumulated to link Cuox-LDL to its respective receptor LOX-1,
no research at this level was conducted on endothelial cells, mainly the HAEC model,
using Mox-LDL.

Yet again, the oxidation theory proposes that LDL oxidation is an early event in
atherosclerosis and that oxidized LDL contributes to atherogenesis by triggering inflam-
mation through its interaction with the main scavenger receptor, LOX-1, expressed on
the surface of endothelial cells [30]. Accordingly, we aimed to investigate the molecular
pathways that are promoted by Mox-LDL in HAECs by inhibiting the expression of the
LOX-1 receptor and detecting the outcomes. The results showed that LOX-1 knockdown
was able to interfere with Mox-LDL signal transduction, as monitored by IL-8 induction.

It has been previously reported that MoxLDL triggers inflammatory pathways in both
macrophages and endothelial cells [7] and that Mox-LDL treatment was found to induce
IL-8 release in endothelial cells in a dose dependent manner [43]. IL-8 plays a crucial
role in atherogenesis where it acts as a chemoattractant to inflammatory cells and also to
smooth muscle cells where it is involved in their migration to the intima and the formation
of the fibrous cap [28,44]. Delporte et al. has also linked Mox-LDL to IL-8 production in
endothelial cells [28]. Besides, several studies have shown that IL-8 is involved in regulating
endothelial cell permeability and is related to the vascular dysfunction associated with
many vascular diseases including atherosclerosis [26,45].

In our study, we reported that Mox-LDL treatment in HAECs greatly increases LOX-1
mRNA levels (~16-fold) when compared to control untreated cells. Similarly, LOX-1 was
also induced after Mox-LDL treatment in LOX-1 knockdown cells, but still to a lesser
extent as in their counterpart control cells, which proves that the Mox-LDL mode of action
might be in part related to an interaction with the scavenger receptor itself. Thus, our
results suggest that Mox-LDL binds to LOX-1, increasing transcriptional activation of
LOX-1 mRNA synthesis, entering in a positive feedback loop that exacerbates endothelial
cell dysfunction.

On the other hand, we have shown that upregulation of IL-8 by Mox-LDL in our
model is mediated by LOX-1 and NF-kB activation, since inhibition of LOX-1 by its specific
siRNA reduced the expression and activation of IL-8 and NF-kB respectively, which was
shown to be elicited by Mox-LDL. Immunofluorescence, qPCR, ELISA and Western blot
analyses that we have conducted showed that treatment of HAECs with physiological
concentrations of Mox-LDL significantly increased the expression of IL-8 and the activation
of NF-kB, and that LOX-1 silencing interfered with this inflammatory response. This also
points to the important role that the scavenger receptor LOX-1 might play in initiating the
inflammatory signaling pathway in endothelial cells when treated with pathophysiological
concentrations of Mox-LDL. These observations come in line with what had been previously
reported about the relationship between Cuox-LDL and LOX-1 in endothelial cell models
of atherosclerosis. As far as LOX-1 is concerned, our results are in perfect agreement with
many studies that have shown that this scavenger receptor plays an important role in
inflamed microenvironments and atherosclerotic lesions, where it mediates endothelial cell
activation when the latter is exposed to proinflammatory and proatherogenic stimuli [46].

Regarding the effect of Mox-LDL on the in vitro capacity of endothelial cells to undergo
angiogenesis, we were the first to show that Mox-LDL induces significant changes in
HAECs at this level. Thus, in our hands, physiological concentrations of Mox-LDL were
able to interfere with tubule formation in HAECs, a property which is mainly associated
with in vivo angiogenesis. Our results are once again similar to those that have been
reported on the effect of Mox-LDL regarding in vitro tubulogenesis [19]. On the other hand,
Cuox-LDL has been linked to contradictory effects that are related to angiogenesis-like
endothelial growth, where it was shown that Cuox-LDL might play a proangiogenic role
at low concentrations, yet an inhibitory effect at higher concentrations [34,47,48]. In our
results, we revealed that Mox-LDL treatment tremendously decreased HAECs’ ability
to build a vascular network. More importantly, this effect was exacerbated by LOX-1
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silencing whereby cells that were both knocked down for LOX-1 and treated with Mox-LDL
demonstrated the largest anti-angiogenic effect. Our data point to a dual role of Mox-LDL
in relation to its direct and indirect anti- and pro-angiogenic effects, respectively, reflecting
the complexity of the processes that regulate the growth of the plaque and the mechanisms
of extra- and intra-neo-angiogenesis in vivo. Once again, it is important to mention that
we used an oxidation agent and a cell model which are both considered to perfectly reflect
what happens in vivo situations.

Recent studies have linked LOX-1 to angiogenic mechanisms in both atherosclerosis
and cancer models. In atherosclerosis, LOX-1 has been found to promote angiogenic
processes [30]. Regarding the onset of cancer, LOX-1 was shown to be upregulated in
different tumors and has been linked to their progression and metastasis through the
upregulation of VEGF, the activation of HIF-1alpha, and the induction MMP-9/MMP-2,
subsequently leading to neo-angiogenesis [49]. Similarly, it was reported in one study
that LOX-1 is over-expressed in stage III and IV of human prostatic adenocarcinomas [50].
Another study has also shown that LOX-1 expression correlates with the aggressiveness of
human colon cancer in vitro [51]. These findings underline the importance of the LOX-1
scavenger receptor as a promising therapeutic target in anticancer treatment strategies as
well as a potential aim for anti-atherosclerosis studies.

In summary, Mox-LDL upregulates the expression of its own receptor in HAECs. Mox-
LDL also induces inflammation in HAECs via LOX-1 in concert with the upregulation of this
receptor, and last, Mox-LDL and LOX-1 have a dual role in affecting in vitro angiogenesis
in HAECs. These observations may have important implications with regard to Mox-
LDL-driven ED. Overall, our results provide an updating knowledge of the role of LOX-1
and Mox-LDL in endothelial cell activation by giving initial insights into the scavenger
receptor that binds to this type of modified LDL and the possible signaling transduction
pathways that are promoted by it. In this study, we have ultimately revealed that Mox-
LDL acts through the LOX-1 receptor, which is the same receptor for Cuox-LDL. More
generally, and in the context of the altered angiogenesis phenotype, high oxidized LDL
levels could also impact the progression of many pathologies, including cancer. Recently,
a strong correlation between metabolic disorders and the progression of cancer has been
demonstrated, directing new therapeutic strategies on novel targets including LOX-1 for its
important role in angiogenesis and inflammation.

Finally, in light of the importance of oxidized LDL-LOX-1 signaling pathways in the
onset and progression of atherosclerosis, anti-atherogenic strategies that target Mox-LDL-
LOX-1 interaction could be promoted as an exciting and promising avenue in developing
therapeutic agents to alleviate the atherosclerotic process in humans. Therefore, the LOX-1
receptor may represent an attractive therapeutic target for the prevention and management
of atherosclerosis and its related diseases. On that same note, other inflammatory markers
besides IL-8 are still essential to tackle when dissecting the Mox-LDL signaling pathways
in detail; this might be considered as a limitation in the current study. Nonetheless, the
results that we are reporting pave the way to ongoing research where the effect of LOX-1
knockdown is studied on a battery of inflammatory markers in order to better understand
the mechanism of action of Mox-LDL. Further elucidation of signaling pathways and novel
functions of LOX-1 and Mox-LDL will definitely advance our understanding of the role of
both players in the pathogenesis of atherosclerosis.

4. Materials and Methods
4.1. Cell Culture

Human aortic endothelial cells (HAEC) (kindly provided by Dr. Marwan El-Sabban,
American University of Beirut) were cultured in EBM-2 Basal Medium supplemented with
EGM-2 SingleQuots™ Kit supplements and growth factors (Lonza). Cells were incubated
at 37 ◦C in a humidified incubator (95% air, 5% CO2).
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4.2. Oxidation of LDL

The enzymatic oxidation of LDL was performed by mixing HCl (1 M, 8 µL), MPO
(11.11 × 10−6 M, 45 µL), 1.6 mg LDL (pH 7.4, 0.8 mg/mL in PBS, 200 µL), and H2O2
(0.05 M, 40 µL). The volume was completed with PBS (pH 7.4) containing 1 g/L of
EDTA to reach a final volume of 2 mL. The oxidant/lipoprotein molar ratio is 625:1 in
this condition [52].

4.3. Transfection

20,000 cells/cm2 were transfected with 5 nM LOX-1 specific OLR1-siRNA (Silencer
Select Validated siRNA ID s9843, Ambion Applied Biosystems, Austin, TX, USA) or with a
non-target siRNA (Silencer Select Negative Control, Ambion Applied Biosystems, Austin,
TX, USA) using Hiperfect Transfection Reagent (Qiagen, The Netherlands) as per the
manufacturer’s protocol. Briefly, 30,000 cell/cm2 were seeded in 24-well plates on the
day of transfection in 100 µL complete media containing FBS and antibiotic and incubated
under normal conditions (37 ◦C and 5% CO2). Then, 37.5 ng of siRNA were diluted in
100 µL of serum-free medium, and 3 µL of transfection reagent were added and mixed
by vortexing. Samples were incubated for 5–10 min at room temperature to allow the
formation of transfection complexes. After the incubation, complexes were added drop-
wise onto the cells and mixed gently to ensure uniform distribution of the transfection
complexes. Cells were then incubated under normal growth conditions and monitored for
gene silencing after 24 h of transfection before proceeding with subsequent treatments.

4.4. Mox-LDL Treatment

Normal and LOX-1 knockdown HAECs were seeded in two 6-well plates 30,000 cell/cm2.
One row of each plate was either treated with Mox-LDL (100 µg/mL) or left untreated. Cell
morphology was monitored after treatment and images (10× magnification) were captured
using inverted light microscopy.

4.5. RNA Extraction and Quantitative PCR

Total RNA was isolated from cells in culture using Nucleospin® RNA II Kit (Machery-
Nagel, USA). Total RNA concentrations and A260/A280 were measured using Nanodrop.
First 1µg of total RNA was reverse transcribed to cDNA using iScript™ cDNA Synthesis
Kit (ThermoFisher, Vilnius, Lithuania). Quantitative PCR (qPCR) was performed using iQ
SYBR Green Supermix in a CFX96 system (Bio-Rad Laboratories, Hercules, CA, USA) using
the primers listed in Table 1. The standard cycling condition was 95 ◦C for 5 min, followed
by 40 cycles of 95 ◦C for 10 s, 60 ◦C for 30 s and 72 ◦C for 30 s. The results were analyzed
using SDS 2.3 relative quantification manager software. The comparative threshold cycles
values were normalized for GAPDH reference genes. The qPCR was performed in triplicate
to ensure quantitative accuracy. The 2-∆∆Cq method was applied to calculate the relative
fold change in gene expression after normalization.

Table 1. List of primers.

Gene Primer Sequence

LOX-1 F:CCACCAGAATCTGAATCTCCAAGAA
R:ACTTGGCATCCAAAGACAAGCAC

IL-8 F:GAGAGTGATTGAGAGTGGACCAC
R:CACAACCCTCTGCACCCAGTTT

GAPDH F:TGGTGCTCAGTGTAGCCCAG
R:GGACCTGACCTGCCGTCTAG

4.6. Immunofluorescence

HAECs that were either treated with Mox-LDL (100 µg/mL) or left untreated, were
seeded onto coverslips and fixed with 4% PFA at 4 ºC. Cells were washed with PBS (1X)
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3 times. Then, they were blocked for 1 h with PBS (1X) and 3% normal goat serum (NGS)
and incubated again for 3 h with interleukin-8 (IL-8) antibody (abcam, USA) prepared
in PBS (1X) and 1% NGS. Cells were further incubated with Alexa fluor 488 secondary
antibodies (Invitrogen, USA) prepared in PBS (1X) and 1% NGS for 1 h. Nuclei were
counterstained with Hoechst 33,324 (Thermo Fisher, Molecular Probes, Eugene, OR, USA).
Coverslips were mounted onto glass slides using Prolong Antifade (Molecular Probes) and
slides were observed under the LSM 710 microscope at 40× magnification.

4.7. Western Blot Analysis

Protein extraction was performed using the Nuclear and Cytoplasmic Protein Ex-
traction kit (Thermo Scientific, Pierce Biotechnology, IL, USA) according to the manu-
facturer’s instructions. The samples were separated using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred onto PVDF membranes (Bio-Rad,
Hercules, CA, USA). Subsequently, the membrane was blocked in TBST (20 mM Tris base
pH 7.6, 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat milk for 4 h at room tempera-
ture. Then, the membrane was incubated with NF-kB (Invitrogen, Cat number MA5-15160)
and Lamin B1 (Invitrogen, Cat number 33-2000) primary antibodies that were added to
the blocking solution at 3 µg/mL, and the membrane was incubated at 4 ◦C overnight.
After overnight incubation, the membrane was washed and then incubated with goat anti-
rabbit immunoglobulin G HRP conjugated secondary antibodies (Invitrogen, Cat number
G-21234) and goat anti-mouse immunoglobulin G HRP conjugated secondary antibodies
(Invitrogen, Cat number PA1-86015) for an additional hour at room temperature. After
washing three times with TBST (30 min each wash), proteins were detected by chemilu-
minescence and protein bands were analyzed by densitometry using ImageLab software
(Bio-Rad 6.1, Hercules, CA, USA).

4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatants from HAEC cultures, that were transfected with the negative control
siRNA or LOX-1 siRNA and that were either left untreated or treated with Mox-LDL,
were collected and stored at −80 ◦C for later cytokine analysis. IL-8 levels in the HAEC
culture supernatants were measured using a commercially available sandwich ELISA kit
(Invitrogen). The samples were processed according to the manufacturer’s instructions in
duplicates and measured at 450 nm on a micro-plate reader (Biotek, Winooski, VT, USA).

4.9. Tubulogenesis

The Matrigel tube formation assay, or tubulogenesis assay, was performed to assess
the ability of HAECs to form tubules involved in vessel formation (angiogenesis). Tubulo-
genesis was initiated using HAECs that were transfected with a negative control or LOX-1
siRNA and that were either left untreated or treated with Mox-LDL (100 µg/mL) for a
period of 24 h. Briefly, Matrigel Basement Membrane (BD, Biosciences; Cat number 356234)
was allowed to polymerize after incubating it for 2 h in a 24-well plate at 37 ◦C. Afterwards,
the plate containing the now polymerized Matrigel was incubated for a supplementary 1 h
after further addition of 250 µL of complete EBM medium to each well. Then, 5 × 104 of
HAECs (+negative control siRNA; LOX-1 siRNA/±Mox-LDL) were added to each well in
duplicates. After an overnight incubation period, cells were inspected for tubule formation
and pictures were taken from three fields of views using inverted light microscopy at
10× magnification. The tubule networks’ lengths were measured using the Image J pro-
gram, averaged between the fields of views and duplicates, and expressed as a percentage
of control untreated cells. Experiments were reproduced three times independently.

4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 6.0; Graph-
Pad Software, Inc., San Diego, CA, USA). Data are expressed as the mean ± standard error
mean (SEM) and p < 0.05 was considered to show a statistically significant difference. The
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statistical significance study of the results of qPCR, the Western blot for the validation of
LOX-1 knockdown, the analysis of the effect of MPO-oxidized LDL on LOX-1 expression,
the effect of MPO-oxidized LDL and LOX-1 knockdown on IL-8 and NF-kB expression, as
well as tubulogenesis, were conducted using one-way ANOVA followed by Tukey’s multi-
ple comparison post hoc test. All the experiments were repeated three independent times.

Author Contributions: All authors participated in the design, interpretation of the studies and
analysis of the data and review of the manuscript; L.E.-H., J.H. and R.A. conducted the experiments;
L.E.-H., J.H., R.A., M.E.-S. and J.D. helped in the writing of the manuscript; M.E.-S. and J.D. helped in
the conceptualization of the research work and edited the final version of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This project has been jointly funded with the support of the National Council for Scientific
Research in Lebanon CNRS-L and University of Balamand (CNRS/UOB Grant ref. 1849-18).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declared no potential conflict of interest with respect to the research,
authorship, and/or publication of this article.

References
1. Moore, K.J.; Tabas, I. The Cellular Biology of Macrophages in Atherosclerosis. Cell 2011, 145, 341–355. [CrossRef]
2. Woollard, K.J.; Geissmann, F. Monocytes in atherosclerosis: Subsets and functions. Nat. Rev. Cardiol. 2010, 7, 77–86. [CrossRef]

[PubMed]
3. Malle, E.; Waeg, G.; Schreiber, R.; Gröne, E.F.; Sattler, W.; Gröne, H.J. Immunohistochemical evidence for the myeloperoxidase/

H2O2/halide system in human atherosclerotic lesions: Colocalisation of myeloperoxidase and hypochlorite-modified proteins.
Eur. J. Biochem. 2000, 67, 4495–4503. [CrossRef] [PubMed]

4. Zhang, R.; Brennan, M.-L.; Fu, X.; Aviles, R.J.; Pearce, G.L.; Penn, M.S.; Topol, E.; Sprecher, D.L.; Hazen, S.L. Association Between
Myeloperoxidase Levels and Risk of Coronary Artery Disease. JAMA J. Am. Med. Assoc. 2001, 286, 2136–2142. [CrossRef]
[PubMed]

5. Daugherty, A.; Dum, J.L.; Rateri, L.; Heinecke, J.W. Myeloperoxidase, a catalyst for lipoprotein oxidation, is expressed in human
atherosclerotic lesions. J. Clin. Investig. 1994, 94, 437–444. [CrossRef]

6. Buyukates, M.; Kandemir, O.; Gun, B.D.; Aktunc, E.; Kurt, T. Consequence of total and subtotal myeloperoxidase deficiency:
Risk or benefit? Acta Haematol. 2000, 104, 10–15.

7. Daher, J. Other forms of oxidized LDL: Emerging functions (Review). World Acad. Sci. J. 2020, 2, 1–3. [CrossRef]
8. Ghosh, P.K.; Vasanji, A.; Murugesan, G.; Eppell, S.J.; Graham, L.M.; Fox, P.L. Membrane microviscosity regulates endothelial cell

motility. Nat. Cell Biol. 2002, 4, 894–900. [CrossRef]
9. Goff, S.G.; Wu, H.D.; Sauvage, L.R.; Usui, Y.; Wechezak, A.R.; Coan, D.E.; Arnell, R.E.; Walker, M.W. Differences in reendothelial-

ization after balloon catheter removal of endothelial cells, superficial endarterectomy, and deep endarterectomy. J. Vasc. Surg.
1988, 7, 119–129. [CrossRef]

10. Lindner, V.; Majack, R.A.; Reidy, M.A. Basic fibroblast growth factor stimulates endothelial regrowth and proliferation in denuded
arteries. J. Clin. Investig. 1990, 85, 2004–2008. [CrossRef]

11. Murugesan, G.; Fox, P.L. Role of lysophosphatidylcholine in the inhibition of endothelial cell motility by oxidized low density
lipoprotein. J. Clin. Investig. 1996, 97, 2736–2744. [CrossRef] [PubMed]

12. Murugesan, G.; Chisolm, G.M.; Fox, P.L. Oxidized low density lipoprotein inhibits the migration of aortic endothelial cells in vitro.
J. Cell Biol. 1993, 120, 1011–1019. [CrossRef] [PubMed]

13. Qi, J.; Kerutzer, D.L. Fibrin activation of vascular endothelial cells. J. Immunol. 1995, l155, 867–876.
14. Schleef, R.R.; Birdwell, C.R. Biochemical changes in endothelial cell monolayers induced by fibrin deposition in vitro. Arter. Off. J.

Am. Hear. Assoc. Inc. 1984, 4, 14–20. [CrossRef]
15. Dang, C.V.; Bell, W.R.; Kaiser, D.; Wong, A. Disorganisation of cultured vascular endothelial cell monolayers integrity of cultured

vascular endothelial cells by fibrinogen fragment D. Science 1985, 1487–1490. [CrossRef]
16. Lamalice, L.; Le Boeuf, F.; Huot, J. Endothelial Cell Migration During Angiogenesis. Circ. Res. 2007, 100, 782–794. [CrossRef]

[PubMed]
17. Damani, S.; Bacconi, A.; Libiger, O.; Chourasia, A.H.; Serry, R.; Gollapudi, R.; Goldberg, R.; Rapeport, K.; Haaser, S.; Topol, S.; et al.

Characterization of Circulating Endothelial Cells in Acute Myocardial Infarction. Sci. Transl. Med. 2012, 4, 126ra33. [CrossRef]

http://doi.org/10.1016/j.cell.2011.04.005
http://doi.org/10.1038/nrcardio.2009.228
http://www.ncbi.nlm.nih.gov/pubmed/20065951
http://doi.org/10.1046/j.1432-1327.2000.01498.x
http://www.ncbi.nlm.nih.gov/pubmed/10880973
http://doi.org/10.1001/jama.286.17.2136
http://www.ncbi.nlm.nih.gov/pubmed/11694155
http://doi.org/10.1172/JCI117342
http://doi.org/10.3892/wasj.2020.45
http://doi.org/10.1038/ncb873
http://doi.org/10.1016/0741-5214(88)90385-0
http://doi.org/10.1172/JCI114665
http://doi.org/10.1172/JCI118728
http://www.ncbi.nlm.nih.gov/pubmed/8675684
http://doi.org/10.1083/jcb.120.4.1011
http://www.ncbi.nlm.nih.gov/pubmed/8432723
http://doi.org/10.1161/01.ATV.4.1.14
http://doi.org/10.1126/science.4038818
http://doi.org/10.1161/01.RES.0000259593.07661.1e
http://www.ncbi.nlm.nih.gov/pubmed/17395884
http://doi.org/10.1126/scitranslmed.3003451


Int. J. Mol. Sci. 2022, 23, 2837 16 of 17

18. Zouaoui Boudjeltia, K.; Daher, J.; Van Antwerpen, P.; Moguilevsky, N.; Delree, P.; Ducobu, J.; Raes, M.; Badran, B.;
Vanhaeverbeek, M.; Brohee, D.; et al. Exposure of endothelial cells to physiological levels of myeloperoxidase-modified LDL
delays pericelllular fibrinolysis. PLoS ONE 2012, 7, e38810. [CrossRef]

19. Daher, J.; Martin, M.; Rousseau, A.; Nuyens, V.; Fayyad-Kazan, H.; Van Antwerpen, P.; Courbebaisse, G.; Martiat, P.; Badran, B.;
Dequiedt, F.; et al. Myeloperoxidase oxidized LDL interferes with endothelial cell motility through miR-22 and heme oxygenase 1
induction: Possible involvement in reendothelialization of vascular injuries. Mediat. Inflamm. 2014, 2014, 134635. [CrossRef]

20. Chen, M.; Masaki, T.; Sawamura, T. LOX-1, the receptor for oxidized low-density lipoprotein identified from endothelial cells:
Implications in endothelial dysfunction and atherosclerosis. Pharmacol. Ther. 2002, 95, 89–100. [CrossRef]

21. Chen, M.; Narumiya, S.; Masaki, T.; Sawamura, T. Conserved C-terminal residues within the lectin-like domain of LOX-1 are
essential for oxidized low-density-lipoprotein binding. Biochem. J. 2001, 355 Pt 2, 289–296. [CrossRef]

22. Aoyama, T.; Fujiwara, H.; Masaki, T.; Sawamura, T. Induction of Lectin-like Oxidized LDL Receptor by Oxidized LDL and
Lysophosphatidylcholine in Cultured Endothelial Cells. J. Mol. Cell. Cardiol. 1999, 31, 2101–2114. [CrossRef] [PubMed]

23. Kume, N.; Kita, T. Roles of lectin-like oxidized LDL receptor-1 and its soluble forms in atherogenesis. Curr. Opin. Lipidol. 2001, 12,
419–423. [CrossRef] [PubMed]

24. Kume, N.; Kita, T. Lectin-Like Oxidized Low-Density Lipoprotein Receptor-1 (LOX-1) in Atherogenesis. Trends Cardiovasc. Med.
2001, 11, 22–25. [CrossRef]

25. Chen, X.P.; Xun, K.L.; Wu, Q.; Zhang, T.T.; Shi, J.S.; Du, G.H. Oxidized low density lipoprotein receptor-1 mediates oxidized
low density lipoprotein-induced apoptosis in human umbilical vein endothelial cells: Role of reactive oxygen species. Vascul.
Pharmacol. 2007, 47, 1–9. [CrossRef]

26. Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al.
An endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73–77. [CrossRef]

27. Kempe, S.; Kestler, H.; Lasar, A.; Wirth, T. NF-κB controls the global pro-inflammatory response in endothelial cells: Evidence for
the regulation of a pro-atherogenic program. Nucleic Acids Res. 2005, 33, 5308–5319. [CrossRef] [PubMed]

28. Delporte, C.; Van Antwerpen, P.; Vanhamme, L.; Roumeguère, T.; Zouaoui Boudjeltia, K. Low-density lipoprotein modified by
myeloperoxidase in inflammatory pathways and clinical studies. Mediat. Inflamm. 2013, 2013, 1–18. [CrossRef]

29. Jiang, J.; Yan, M.; Mehta, J.L.; Hu, C. Angiogenesis is a Link Between Atherosclerosis and Tumorigenesis: Role of LOX-1.
Cardiovasc. Drugs Ther. 2011, 25, 461–468. [CrossRef]

30. Barter, P. Lipoprotein metabolism and CKD: Overview. Clin. Exp. Nephrol. 2014, 18, 243–246. [CrossRef]
31. Hazell, L.J.; Baernthaler, G.; Stocker, R. Correlation between intima-to-media ratio, apolipoprotein B-100, myeloperoxidase, and

hypochlorite-oxidized proteins in human atherosclerosis. Free Radic. Biol. Med. 2001, 31, 1254–1262. [CrossRef]
32. Michel, J.B.; Virmani, R.; Arbustini, E.; Pasterkamp, G. Macrophage myeloperoxidase regulation by granulocyte macrophage

colony-stimulating factor in human atherosclerosis and implications in acute coronary syndromes. Am. J. Pathol. 2001,
158, 879–891.

33. El Samad, G.; Bazzi, S.; Karam, M.; Boudjeltia, K.Z.; Vanhamme, L.; Daher, J. Effect of myeloperoxidase modified LDL on bovine
and human aortic endothelial cells. Exp. Ther. Med. 2019, 18, 4567–4574. [CrossRef]

34. Li, R.; Mittelstein, D.; Fang, K.; Beebe, T.; Quigley, K.; Berliner, J.; Hsiai, T.K. Angiopoeitin-2 modulates survivin expression in
OxLDL-induced endothelial cell apoptosis. Biochem. Biophys. Res. Commun. 2012, 417, 619–622. [CrossRef]

35. Mattaliano, M.D.; Huard, C.; Cao, W.; Hill, A.A.; Zhong, W.; Martinez, R.V.; Harnish, D.C.; Paulsen, J.E.; Shih, H.H. LOX-1-
dependent transcriptional regulation in response to oxidized LDL treatment of human aortic endothelial cells. Am. J. Physiol.
Physiol. 2009, 296, C1329–C1337. [CrossRef]

36. Mehta, J.L.; Chen, J.; Hermonat, P.L.; Romeo, F.; Novelli, G. Lectin-like, oxidized low-density lipoprotein receptor-1 (LOX-1):
A critical player in the development of atherosclerosis and related disorders. Cardiovasc. Res. 2006, 69, 36–45. [CrossRef]

37. Xu, S.; Ogura, S.; Chen, J.; Little, P.J.; Moss, J.; Liu, P. LOX-1 in atherosclerosis: Biological functions and pharmacological modifiers.
Cell. Mol. Life Sci. 2012, 70, 2859–2872. [CrossRef] [PubMed]

38. Della Valle, A.; Dimmito, M.P.; Zengin, G.; Pieretti, S.; Mollica, A.; Locatelli, M.; Cichelli, A.; Novellino, E.; Ak, G.;
Yerlikaya, S.; et al. Exploring the Nutraceutical Potential of Dried Pepper Capsicum annuum L. on Market from Altino in Abruzzo
Region. Antioxidants 2020, 9, 400. [CrossRef]

39. Mollica, A.; Scioli, G.; Della Valle, A.; Cichelli, A.; Novellino, E.; Bauer, M.; Kamysz, W.; Llorent-Martínez, E.J.; Córdova, M.L.F.-D.;
Castillo-López, R.; et al. Phenolic Analysis and In Vitro Biological Activity of Red Wine, Pomace and Grape Seeds Oil Derived
from Vitis vinifera L. cv. Montepulciano d’Abruzzo. Antioxidants 2021, 10, 1704. [CrossRef]

40. Nishizuka, T.; Fujita, Y.; Sato, Y.; Nakano, A.; Kakino, A.; Ohshima, S.; Kanda, T.; Yoshimoto, R.; Sawamura, T. Procyanidins
are potent inhibitors of LOX-1: A new player in the French Paradox. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2011, 87, 104–113.
[CrossRef]

41. Aoyama, T.; Chen, M.; Fujiwara, H.; Masaki, T.; Sawamura, T. LOX-1 mediates lysophosphatidylcholine-induced oxidized LDL
uptake in smooth muscle cells. FEBS Lett. 2000, 467, 217–220. [CrossRef]

42. Neri Serneri, G.G.; Coppo, M.; Bandinelli, M.; Paoletti, P.; Toscano, T.; Micalizzi, E.; Chiostri, M.; Boddi, M. Exaggerated
myocardial oxLDL amount and LOX-1 receptor over-expression associated with coronary microvessel inflammation in unstable
angina. Atherosclerosis 2013, 226, 476–482. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0038810
http://doi.org/10.1155/2014/134635
http://doi.org/10.1016/S0163-7258(02)00236-X
http://doi.org/10.1042/bj3550289
http://doi.org/10.1006/jmcc.1999.1041
http://www.ncbi.nlm.nih.gov/pubmed/10640439
http://doi.org/10.1097/00041433-200108000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11507327
http://doi.org/10.1016/S1050-1738(01)00079-2
http://doi.org/10.1016/j.vph.2007.01.004
http://doi.org/10.1038/386073a0
http://doi.org/10.1093/nar/gki836
http://www.ncbi.nlm.nih.gov/pubmed/16177180
http://doi.org/10.1155/2013/971579
http://doi.org/10.1007/s10557-011-6343-3
http://doi.org/10.1007/s10157-013-0866-9
http://doi.org/10.1016/S0891-5849(01)00717-1
http://doi.org/10.3892/etm.2019.8109
http://doi.org/10.1016/j.bbrc.2011.12.018
http://doi.org/10.1152/ajpcell.00513.2008
http://doi.org/10.1016/j.cardiores.2005.09.006
http://doi.org/10.1007/s00018-012-1194-z
http://www.ncbi.nlm.nih.gov/pubmed/23124189
http://doi.org/10.3390/antiox9050400
http://doi.org/10.3390/antiox10111704
http://doi.org/10.2183/pjab.87.104
http://doi.org/10.1016/S0014-5793(00)01154-6
http://doi.org/10.1016/j.atherosclerosis.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23237633


Int. J. Mol. Sci. 2022, 23, 2837 17 of 17

43. Boudjeltia, K.Z.; Legssyer, I.; Van Antwerpen, P.; Kisoka, R.L.; Babar, S.; Moguilevsky, N.; Delree, P.; Ducobu, J.; Remacle, C.;
Vanhaeverbeek, M.; et al. Triggering of inflammatory response by myeloperoxidase-oxidized LDL. Biochem. Cell. Biol. 2006,
84, 805–812. [CrossRef] [PubMed]

44. Claise, C.; Edeas, M.; Chalas, J.; Cockx, A.; Abella, A.; Capel, L.; Lindenbaum, A. Oxidized low-density lipoprotein induces the
production of interleukin-8 by endothelial cells. FEBS Lett. 1996, 398, 223–227. [CrossRef]

45. Sprague, A.H.; Khalil, R.A. Inflammatory cytokines in vascular dysfunction and vascular disease. Biochem. Pharmacol. 2009,
78, 539–552. [CrossRef]

46. Pirillo, A.; Norata, G.D.; Catapano, A.L. LOX-1, OxLDL, and Atherosclerosis. Mediat. Inflamm. 2013, 2013, 1–12. [CrossRef]
47. Khaidakov, M.; Mitra, S.; Wang, X.; Ding, Z.; Bora, N.; Lyzogubov, V.; Romeo, F.; Schichman, S.A.; Mehta, J.L. Large Impact of

Low Concentration Oxidized LDL on Angiogenic Potential of Human Endothelial Cells: A Microarray Study. PLoS ONE 2012,
7, e47421. [CrossRef]

48. Calay, D.; Rousseau, A.; Mattart, L.; Nuyens, V.; Delporte, C.; Van Antwerpen, P.; Moguilevsky, N.; Arnould, T.; Boudjeltia,
K.Z.; Raes, M. Copper and Myeloperoxidase-Modified LDLs Activate Nrf2 Through Different Pathways of ROS Production in
Macrophages. Antioxid. Redox Signal. 2010, 13, 1491–1502. [CrossRef]

49. Murdocca, M.; De Masi, C.; Pucci, S.; Mango, R.; Novelli, G.; Di Natale, C.; Sangiuolo, F. LOX-1 and cancer: An indissoluble
liaison. Cancer Gene Ther. 2021, 28, 1088–1098. [CrossRef]

50. González-Chavarría, I.; Cerro, R.P.; Parra, N.P.; Sandoval, F.A.; Zuniga, F.A.; Omazábal, V.A.; Lamperti, L.I.; Jiménez, S.P.;
Fernandez, E.A.; Gutiérrez, N.A.; et al. Lectin-Like Oxidized LDL Receptor-1 Is an Enhancer of Tumor Angiogenesis in Human
Prostate Cancer Cells. PLoS ONE 2014, 9, e106219. [CrossRef]

51. Murdocca, M.; Capuano, R.; Pucci, S.; Cicconi, R.; Polidoro, C.; Catini, A.; Martinelli, E.; Paolesse, R.; Orlandi, A.; Mango, R.; et al.
Targeting LOX-1 Inhibits Colorectal Cancer Metastasis in an Animal Model. Front. Oncol. 2019, 9, 927. [CrossRef] [PubMed]

52. Delporte, C.; Boudjeltia, K.Z.; Noyon, C.; Furtmüller, P.G.; Nuyens, V.; Slomianny, M.-C.; Madhoun, P.; Desmet, J.-M.; Raynal, P.;
Dufour, D.; et al. Impact of myeloperoxidase-LDL interactions on enzyme activity and subsequent posttranslational oxidative
modifications of apoB-100. J. Lipid Res. 2014, 55, 747–757. [CrossRef] [PubMed]

http://doi.org/10.1139/o06-061
http://www.ncbi.nlm.nih.gov/pubmed/17167545
http://doi.org/10.1016/S0014-5793(96)01255-0
http://doi.org/10.1016/j.bcp.2009.04.029
http://doi.org/10.1155/2013/152786
http://doi.org/10.1371/journal.pone.0047421
http://doi.org/10.1089/ars.2009.2971
http://doi.org/10.1038/s41417-020-00279-0
http://doi.org/10.1371/journal.pone.0106219
http://doi.org/10.3389/fonc.2019.00927
http://www.ncbi.nlm.nih.gov/pubmed/31608230
http://doi.org/10.1194/jlr.M047449
http://www.ncbi.nlm.nih.gov/pubmed/24534704

	Introduction 
	Results 
	Validation of LOX-1 Knockdown in HAEC 
	The Effect of Mox-LDL and siRNA Treatment on Cell Morphology 
	The Effect of Mox-LDL on LOX-1 Expression 
	The Effect of Mox-LDL Treatment and LOX-1 Knockdown on IL-8 and NF-kB Expression 
	The Effect of Mox-LDL and LOX-1 Knockdown on IL-8 Secretion 
	The Effect of Mox-LDL Treatment and LOX-1 Knockdown on Tubulogenesis 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Oxidation of LDL 
	Transfection 
	Mox-LDL Treatment 
	RNA Extraction and Quantitative PCR 
	Immunofluorescence 
	Western Blot Analysis 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Tubulogenesis 
	Statistical Analysis 

	References

