Redox Biology 15 (2018) 1–11

Contents lists available at ScienceDirect

Redox Biology
journal homepage: www.elsevier.com/locate/redox

Research paper

Oxidized LDL triggers changes in oxidative stress and inﬂammatory
biomarkers in human macrophages

T

Oscar J. Lara-Guzmána, Ángel Gil-Izquierdob, Sonia Medinab, Edison Osorioc,
Rafael Álvarez-Quinteroc, Natalia Zuluagaa, Camille Ogerd, Jean-Marie Galanod,
⁎
Thierry Durandd, Katalina Muñoz-Durangoa,
a

Vidarium, Nutrition, Health and Wellness Research Center, Nutresa Business Group. Calle 8 Sur No. 50-67, Medellín, Colombia
Research Group on Quality, Safety and Bioactivity of Plant Foods, Department of Food Science and Technology, CEBAS (CSIC), P.O. Box 164, 30100 Campus University
Espinardo, Murcia, Spain
c
Grupo de Investigación en Sustancias Bioactivas, Facultad de Ciencias Farmacéuticas y Alimentarias, Universidad de Antioquia, Calle 70 No. 52-21, Medellín, Colombia
d
Institut des Biomolécules Max Mousseron (IBMM), UMR 5247, CNRS, University of Montpellier, ENSCM, Faculty of Pharmacy, Montpellier, France
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Macrophages
OxLDL
Oxylipins
Isoprostanes
Prostaglandins
Foam cells

Oxidized low-density lipoprotein (oxLDL) is a well-recognized proatherogenic particle that functions in atherosclerosis. In this study, we established conditions to generate human oxLDL, characterized according to the
grade of lipid and protein oxidation, particle size and oxylipin content. The induction eﬀect of the cellular
proatherogenic response was assessed in foam cells by using an oxLDL-macrophage interaction model. Uptake of
oxLDL, reactive oxygen species production and expression of oxLDL receptors (CD36, SR-A and LOX-1) were
signiﬁcantly increased in THP-1 macrophages. Analyses of 35 oxylipins revealed that isoprostanes (IsoP) and
prostaglandins (PGs) derived from the oxidation of arachidonic, dihomo gamma-linolenic and eicosapentaenoic
acids were strongly and signiﬁcantly induced in macrophages stimulated with oxLDL. Importantly, the main
metabolites responsible for the THP1-macrophage response to oxLDL exposure were the oxidative stress markers
5-epi-5-F2t-IsoP, 15-E1t-IsoP, 8-F3t-IsoP and 15-keto-15-F2t-IsoP as well as inﬂammatory markers PGDM, 17-transPGF3α, and 11β-PGF2α, all of which are reported here, for the ﬁrst time, to function in the interaction of oxLDL
with THP-1 macrophages. By contrast, a salvage pathway mediated by anti-inﬂammatory PGs (PGE1 and 17trans-PGF3α) was also identiﬁed, suggesting a response to oxLDL-induced injury. In conclusion, when THP-1
macrophages were treated with oxLDL, a speciﬁc induction of biomarkers related to oxidative stress and inﬂammation was triggered. This work contributes to our understanding of initial atherogenic events mediated by
oxLDL-macrophage interactions and helps to generate new approaches for their modulation.

1. Introduction
Macrophage foam cells play an important role in atherosclerosis
development. They induce reactive oxygen species (ROS) production,
inﬂammatory responses and accumulation of lipids, which lead to fatty
streak formation in the vascular wall [1]. Hypercholesterolemia is directly linked to key events in plaque progression, during which oxidative stress (OS) and inﬂammation are relevant [2]. An increase in

circulating oxLDL is considered to be a primary contributor to the induction of foam cells in the arterial intima, where massive uptake of
oxLDL by macrophages occurs via scavenger receptors (i.e., SR-A and
CD36) and lectin-like oxLDL receptor-1 (LOX-1) [3,4]. OxLDL also activates SR/Toll-like receptor cooperative signaling pathways in macrophages, leading to the induction of pro-inﬂammatory downstream
signaling cascades, ROS production and IL-1β maturation via NLRP3
inﬂammasomes [5,6]. In atherosclerosis-related inﬂammation,
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Scheme 1. Oxylipins derived from arachidonic acid C20:4 (AA), dihomo-gamma-linolenic acid C20:3 (DGLA) (omega-6 fatty acids) and eicosapentaenoic acid C20:5 (EPA) (omega-3
fatty acid). In gray: via cyclooxygenase (COX); in white: via reactive oxygen species (ROS). (= =) stereoisomers.

information concerning the features of oxLDL [15–17]. Related to
oxylipin determination, the most suitable technique for simultaneous
assessment of PGs and IsoPs in biological samples is UPLC/MS/MS [18];
through targeted lipidomics, hundreds of lipids in foam cells have been
determined [18,19]. This analytical strategy has expanded the understanding of the eﬀects of lipid mediators in the regulation of diverse
cellular processes [20], as well as the role of oxylipins in macrophages
and foam cells during the atherogenic process [19,21].
Despite the extensive literature concerning oxLDL-macrophage interactions and foam cell formation, both the induction eﬀect of oxLDL
on oxylipin production in macrophages as well as its association with
biomarkers related to atherosclerotic lesions are poorly understood. To
investigate the relationship between OS, inﬂammation and foam cell
formation, we utilized a targeted lipidomic approach to perform functional analyses on THP-1 macrophages treated with human oxLDL. The
aim of this study was to generate oxLDL under controlled conditions
and to fully characterize and assess its eﬀects on THP-1 macrophage
oxylipin proﬁles. A total of 35 oxylipins related to inﬂammation and OS
were screened by UHPLC–QqQ–MS/MS [22]. Remarkably, we report
for the ﬁrst time the induction of 8 PGs and 8 IsoPs as a result of oxLDLTHP-1 macrophage interactions, two of which have anti-inﬂammatory
activity.

macrophages are regulated by numerous cytokines and chemokines,
and the balance between pro- and anti-inﬂammatory signals determines
plaque stability [1,5].
In the complex inﬂammatory context of atherosclerosis, macrophages also produce several lipid mediators known as oxylipins (isoprostanes and prostaglandins), which usually have negative eﬀects [7].
Isoprostanes (IsoPs) are prostaglandin-like compounds that are produced in vivo by free radical-induced peroxidation of arachidonic acid
(AA) [8]. They are generally considered to be OS markers and potentially mediate several of the adverse eﬀects associated with oxidant
injury [8]. These compounds are produced in situ in membrane phospholipids and are then released in their free form into circulation [9].
Prostaglandins (PGs), by contrast, are bioactive signaling molecules
derived from cyclooxygenase (COX) and subsequent PG synthase activity on AA [7]. Several oxylipins are recognized as biomarkers of
acute or chronic inﬂammation and are related to several pathologies,
such as atherosclerosis, diabetes, ischemia-reperfusion, hypertension
and obesity, as well as smoking [7,10,11]. Therefore, assessment of PGs
and IsoPs in biological samples oﬀers an opportunity to understand
lipid metabolism, determine potential targets and characterize the relationship between oxidative stress and inﬂammation in atherogenesis
[12,13].
In macrophage foam cells, a full physicochemical characterization
of oxLDL is fundamental to understanding the biology of the cell.
OxLDL may exist in multiple forms with diﬀerent degrees of oxidation
under physiological and in vitro conditions [14]. However, the previous
diﬀerences in results obtained using this model can be primarily attributed to the heterogeneity in oxLDL preparation. Therefore, it is
imperative to standardize conditions, such as the oxidants used, time,
exposure, concentration and LDL source, for oxLDL generation and
subsequent characterization [14]. Lipid and protein LDL modiﬁcations
can be monitored by thiobarbituric acid-reactive substances (TBARS),
relative electrophoretic mobility (REM) and particle size, which provide

2. Material and methods
2.1. Chemicals and reagents
All LC–MS grade solvents, sodium acetate, trichloroacetic acid and
FeCl3 were obtained from J.T. Baker (Phillipsburg, New Jersey, USA).
Formic acid was purchased from Panreac (Castellar Del Vallés,
Barcelona, Spain). 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ), 2,2′-azobis
(2-methylpropionamidine) dihydrochloride (AAPH), ( ± )−6-hydroxy2,5,7,8-tetramethylchromane-2-carboxylicacid
(Trolox),
22
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2.5. LDL oxidation and physicochemical characterization

thiobarbituric acid (TBA), 1,1,3,3-tetramethoxypropane (malondialdehyde (MDA) standard), 37% HCl, BIS–TRIS (Bis-(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane), zinc sulfate and β-glucuronidase from Helix pomatia (type H-2) were obtained from
Sigma–Aldrich (St. Louis, Missouri, USA). The solid phase extraction
(SPE) cartridges (Strata X and X-AW, 100 mg, 3 mL−1) were from
Phenomenex (Torrance, California, USA).
Thirty-ﬁve oxylipins (Scheme 1), including seven isoprostanes (15F2t-IsoP; 15-keto-15-F2t-IsoP; PGF2α; 9-epi-15-F2t-IsoP; 15-keto-15-E2tIsoP; 15-E1t-IsoP; 15-F1t-IsoP), twenty prostaglandins (PGE2; tetranorPGEM (tetranor-PGE-metabolite); tetranor-PGAM (tetranor-PGA-metabolite); 20-OH-PGE2; 15-keto PGF2α; tetranor PGFM (tetranor-PGFmetabolite); 20-OH-PGF2α; 19(R)-OH-PGF2α; PGD2; 11β-PGF2α; 2,3dinor-11β-PGF2α; PGDM (PGD-metabolite); tetranor-PGDM (tetranorPGD-metabolite); tetranor-PGJM (tetranor-PGJ-metabolite); tetranorPGJM lactone; 9,11-dideoxy-9α,11α-methanoepoxy PGF2α (U-46619);
9,11-dideoxy-9α,11α-epoxymethano PGF2α (U-44069); PGE1; PGF1α;
and 17-trans-PGF3α) and one thromboxane (11-dehydro thromboxane
B2 (TXB2)) were from Cayman Chemicals (Ann Arbor, Michigan, USA).
Seven additional isoprostanes (2,3-dinor-15-F2t-IsoP; 2,3-dinor-15-epi15-F2t-IsoP; 5-F2t-IsoP; 5-epi-F2t-IsoP; 15-epi-15-E2t-IsoP; 8-F3t-IsoP and
8-epi-8-F3t-IsoP) were synthesized by Durand´s Team at the Institut des
Biomolécules Max Mousseron (IBMM), (Montpellier, France) according
to previous published procedures [23–27].

2.5.1. Oxidation
Two diﬀerent oxidants were used to establish the optimal conditions
for LDL oxidation. LDL at 500 μg mL−1 was incubated between 3 and
18 h at 37 °C with two diﬀerent oxidants: CuSO4 at 1.0, 5.0 and 10 μM,
and AAPH at 1.0, 5.0 and 10 mM. The oxidation was stopped by the
addition of 1% EDTA. The extent of lipid peroxidation was determined
by the TBARS method, and the values are expressed as nM of MDA [30].
2.5.2. Relative electrophoretic mobility (REM)
The changes in the net charge of the LDL protein fraction (Apo B
100) were determined by REM according to Vieira et al., with minor
modiﬁcations [31]. The electrophoresis was carried out using agarose
gel (0.8%), performed at 120 V and 500 mA in 0.05 M barbital buﬀer
(pH 8.6) for 1 h. The bands were ﬁxed for 30 min in a solution containing ethanol: glacial acetic acid (60:10). The gel was stained with
Sudan black B (0.1% w/v in 60% ethanol) for lipids or Coomassie blue
for proteins (0.125% w/v in 60% methanol and 10% glacial acetic acid).
2.5.3. Size of the particles
The size of the LDL and oxLDL particles was determined by dynamic
light scattering (DLS) with a Nano-ZS instrument (Malvern, Worcs. UK)
equipped with a 4 mW He–Ne laser (633 nm) operating at a 90° angle
and 25 °C. The LDL and oxLDL at 100 μg mL−1 were diluted in PBS. The
experiments were performed in triplicate, and the results were analyzed
in Zetasizer software.

2.2. LDL sample
The LDL were obtained from 15 volunteers (6 men and 9 women)
aged between 19 and 30 years old with body mass indexes (BMI) between 19.0 and 27.9 kg/m2, who participated in a clinical trial approved by the CES University Ethics Committee (Act 47; 50 project code
142; registered at registroclinico.sld.cu as RPCEC00000168). Speciﬁc
characteristics of volunteers were described in a previous report [28].
The blood samples were collected in EDTA (1 mg mL−1) and centrifuged at 600xg for 15 min at 4 °C. All plasma samples were mixed and
stored at −80 °C until use. An aliquot of plasma from each subject was
reserved for biochemical analysis.

2.6. THP-1 macrophage culture and treatments
2.6.1. Culture
THP-1 monocytes (ATCC® TIB-202™) were cultured in RPMI-1640
medium (with GlutaMAX™ and 25 mM Hepes) supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 μg mL−1 penicillin and
100 μg mL−1 streptomycin. The cell culture was maintained in a humidiﬁed atmosphere containing 5% CO2 at 37 °C. THP-1 diﬀerentiation
was induced with 100 nM phorbol 12-myristate-13-acetate (PMA) for
72 h. Non-adherent cells were removed by aspiration of the supernatant
followed by two washes with PBS and replacement with fresh medium
supplemented without PMA at least 24 h before the experimental procedure. Cells were seeded in 96-well plates (0.5–1.5 × 105 cells/well)
for colorimetric and spectroﬂuorometric analysis; 48-well plates
(3×105 cells/well) for ﬂow cytometry analysis; and 24-well plates (1 ×
106 cells/well) for UHPLC–QqQ–MS/MS analysis. Three treatment
groups of macrophages were used: a control group (no treatment) and
two treatment groups – one with oxLDL and the other with native LDL.
The oxLDL-treated group was cultured in cell media containing three
diﬀerent concentrations of oxLDL (31.25 to 100 μg mL−1). The length
of exposure to oxLDL depended on the assay as follows: (a) 36 h for cell
viability and oxLDL membrane receptor experiments; (b) 6 h for the
uptake of DiI-oxLDL experiments; (c) 1 h for ROS production experiments; and (d) 1, 6 and 12 h for targeted lipidomic analysis. The LDLtreated group was stimulated with 12.5–100 μg mL−1 LDL depending
on the assay.

2.3. Biochemical analysis
The concentration of oxLDL was measured by ELISA (Mercodia kit;
Uppsala, Sweden). The antioxidant capacity of the plasma was determined by ferric reducing antioxidant power assay (FRAP), according
to Lara-Guzmán et al. [29]. The FRAP reaction was monitored in a
microwell plate assay, and the Trolox calibration solutions
(31.25–1000 mM) were prepared in PBS. The results are expressed as
μmol TE L−1 of plasma. The ELISA and FRAP measurements were
performed at 450 nm and 593 nm, respectively, using a Synergy HT
Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski,
USA).

2.4. LDL isolation

2.6.2. Cell viability
To evaluate cell viability, LDH activity was determined in the culture medium collected after the treatment period using a commercial
viability test (LDH assay kit; Promega, Madison, WI) at 340 nm using a
synergy HT multi-mode microplate reader (BioTek Instruments, Inc.;
Winooski, Vermont, USA). The results are expressed as percentage cell
viability. Three independent assays were performed in triplicate.

LDL was puriﬁed from pooled plasma via discontinuous density
gradient centrifugation using a Beckman XL-100 ultracentrifuge (Brea,
CA, USA) according to Jiménez et al., with minor modiﬁcations [30].
The LDL fraction was collected and desalted by ultraﬁltration with
Amicon® Ultra 0.5 mL, Ultracel 3 K (Tullagreen, Cork, IRL) against ﬁvefold PBS at 16,000×g for 10 min at 4 °C. The concentrated LDL was
diluted in PBS, ﬁltered (0.22 µm, sterile) and stored at 4 °C until use.
The puriﬁcation of the LDL fraction was conﬁrmed by SDS/PAGE, and
the protein concentration was measured by a commercial kit using bicinchoninic acid (Pierce BCA Protein Assay Kit; Rockford, Illinois,
USA).

2.6.3. ROS production
The control group was incubated with PBS and the treated groups
were incubated for 1 h with 100 µg mL−1 of LDL or oxLDL
3
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(6.25–100 µg mL−1). Cells were then simultaneously incubated with
2 µM of the ﬂuorescent ROS-sensitive substrate CM-H2DCFDA
Invitrogen™ (Carlsbad, California, USA) for 1 h at 37 °C, washed twice,
re-suspended in PBS, and analyzed by ﬂow cytometry.

sulfate (0.1 M) and spun centrifuged at 10,000×g for 5 min. The supernatants were hydrolyzed using ~5000 UE mL−1 of β-glucuronidase
type H2 from Helix pomatia in 0.1 M acetate buﬀer (pH 4.9) for 2 h at
37 °C. Methanol/HCl 200 mM (500 µL) was added to the mix and
centrifuged at 10,000×g for 5 min to precipitate the proteins. Supernatants (1 mL) were mixed with 1250 µL methanol and 2 mL bis-tris
buﬀer 0.02 M HCl (pH 7.0) and subjected to solid-phase extraction
(SPE) using a Strata X-AW cartridge (100 mg 3 mL−1). For the extraction of oxylipins from LDL and oxLDL (400 µL at 500 µg mL−1) the
same procedure was applied. Target compounds were eluted with 1 mL
methanol and dried using a SpeedVac concentrator before injection.
The sample volume injected was 20 µL (model Savant, ThermoFisher
Scientiﬁc, USA) [34]. This method evaluates oxylipins after the phospholipase action (free and glucuronidated) but not those linked to
phospholipids [35].

2.6.4. OxLDL uptake
To generate DiI-oxLDL, LDL was labeled with the DiI Vybrant®
Multicolor Cell-Labeling Kit (Carlsbad, California, USA) as described
previously, with slight modiﬁcations [32]; 1 mg mL−1 of LDL was incubated with 0.1 μg mL−1 DiI or DiO for 12 h at 37 °C under a nitrogen
atmosphere in the dark. The DiI-LDL complex (0.5 mg mL−1) was then
oxidized (Cu2S04 5 μM; 6 h; 37 °C). Unbound dye in DiI-oxLDL or DiOLDL particles and copper ions from the oxidation step were removed
through ultraﬁltration with Amicon® as previously described. The uptake of DiI-oxLDL by macrophages was analyzed by ﬂow cytometry.
Cells were incubated with DiI-oxLDL at 6.25–25 µg mL−1 for 6 h. To
test the speciﬁcity of uptake, the macrophages were treated with
10 µg mL−1 DiI-oxLDL and a 10-fold excess of unlabeled oxLDL for 6 h.
After treatments, the cells were washed three times with PBS and
harvested with trypsin solution (0.25% trypsin, 0.02% EDTA). Then,
the macrophages were centrifuged at 300xg for 5 min, washed once
with RPMI 1640/10% FBS at 37 °C and twice with PBS at 300xg for
5 min at 4 °C.
The expression of oxLDL receptors at the cell surface was evaluated
by ﬂow cytometry. CD14, CD36, SR-A and LOX-1 were the cell-surface
protein markers analyzed. The macrophage cultures were stimulated
with oxLDL (6.25–50 µg mL−1) for 12, 24 and 36 h, washed and harvested with 0.2% EDTA in PBS at 37 °C. Nonspeciﬁc binding of antibodies was blocked by incubating cells in 10% FCS-PBS. Cells were
incubated with puriﬁed human monoclonal antibodies (R&D Systems;
Minneapolis, Minnesota, USA), CD36/SR-B3 ﬂuorescein (clone 255606;
Cat#FAB19551F, RRID:AB_1026194), SR-A/MSR1 phycoerythrin
(clone 361615; Cat#FAB2708P, RRID:AB_2044631), LOX-1/OLR1
PerCP (clone 331212; Cat#FAB1798P, RRID:AB_10718092), CD14
Alexa Fluor (clone 134620; Cat#FAB3832N, RRID:AB_1097193) or the
isotype control rat IgG2B ﬂuorescein (clone 141945; Cat# IC013F,
RRID:AB_357258), mouse IgG2B phycoerythrin (clone 133303;
Cat#IC0041P, RRID:AB_357249, mouse IgG2B PerCP (clone 133303;
Cat#IC0041C, RRID:AB_1207938) and mouse IgG1 Alexa Fluor
(clone11711; Cat# IC002N, RRID:AB_10972478), using 1 µL per
100,000 cells, and analyzed by ﬂow cytometry.

2.8. UHPLC-QqQ-MS/MS analyses
The separation of IsoPs (14), thromboxane (Tx) (1), and PGs (20) in
macrophages and supernatants was performed using UHPLC coupled
with 6460 QqQ-MS/MS (Agilent Technologies; Waldbronn, BadenWürttemberg, Germany) using the set-up described by Medina et al.
[22] with modiﬁcations. The chromatographic separation was performed on an Acquity UPLC BEH C18 column (2.1 × 150 mm, 1.7 µm;
Waters), the column temperatures were 6 °C. The mobile phases employed were solvent A (H2O/acetic acid; 99.99:0.01, v/v) and B
(MeOH/acetic acid; 99.99:0.01, v/v). The ﬂow rate was 0.15 mL min−1
using a linear gradient scheme (minutes; %B): (0.00; 60), (7.00; 60),
(7.01; 73), (10.00; 73), (10.01; 80), (18.00; 100), (19.00; 100), and
(19.01; 60). The MS analysis was applied in the MRM (multiple reaction
monitoring) quantiﬁcation mode using negative ESI (MS optimized
parameters are detailed in Table S1). The internal standards were 11dehydro TXB2d4 (fragmentor: 120; collision energy: 10) and 8-isoPGF2αd4 (fragmentor: 130; collision energy: 22). The operating conditions for the MS parameters were as follows: gas ﬂow: 8 L min−1,
nebulizer: 30 psi, capillary voltage: 4000 V, nozzle voltage: 2750 V, gas
temperature: 325 °C and jetstream gas ﬂow: 8 L min−1. The acquisition
time was 19.01 min for each sample, with a post-run time of 3.0 min for
column equilibration. The MS fragmentor parameters (ion optics; capillary exit voltage) and collision energy of the new analytes were optimized for each compound to generate the most-abundant product
ions. The MS parameters ranged from 50 to 160 V and the collision
energy ranged from 0 to 24 V. The quantiﬁcation of IsoPs, PGs, and TX
detected was performed using authentic markers (section 2.1.1c. The
PGs, IsoPs, and TX) calculated from the area ratio of the ion peak of
each compound to that of the corresponding standard. Data acquisition
and processing were performed using MassHunter software version
B.04.00 (Agilent Technologies).

2.6.5. Flow cytometry analysis
ROS production (DCF), DiI-oxLDL uptake and oxLDL receptors in
macrophages were analyzed with a FACS Canto II ﬂow cytometer
(Beckton Dickinson; San José, California, USA) for all acquisitions (at
least 10,000 events). Analysis was performed with FlowJo software. For
the analysis of DiI-oxLDL and ROS, the data were calculated by subtracting the cell auto-ﬂuorescence from the ﬂuorescence of the treated
samples and expressed as the mean ﬂuorescence intensity (MFI) and
positive cell percentage for DiI+ or DCF+. The oxLDL receptors were
reported as the positive cell percentages of CD36+, SR-A+, or LOX-1+
and their respective MFIs.

2.9. Statistical analysis
Data are reported as the means ± SD. P values ≤ 0.05 were considered statistically signiﬁcant. One-way analysis of variance (ANOVA)
was used to evaluate the eﬀect of the treatments on oxylipins production. When diﬀerences were observed, Dunnet's and Bonferroni's multiple comparison tests were used. Statistical analysis was performed
using Graph Pad Prism® version 6.00 for Windows (GraphPad Software,
Inc., San Diego, CA). The principal component analysis (PCA) projection was performed using the R software package muma (Metabolics
Univariate and Multivariate analysis), R-statistical open source software (R Core Team (2014). R refers to a language and environment for
statistical computing (R Foundation for Statistical Computing, Vienna,
Austria. URL http://www.R-project.org/).

2.7. Extraction of oxylipins from cells, culture medium, LDL and oxLDL
Oxylipins were assessed in cells and in culture media of THP-1
macrophages stimulated with oxLDL or LDL (12.5, 25 and 50 µg mL−1)
at 1, 6 and 12 h, according to a previous report [33]. After the treatments, the culture medium was collected and supplemented with BHT
(0.05% v/v). The monolayer (1 × 106 cells/well) was incubated with
500 µL of lysis buﬀer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton
X-100, containing 0.005% BHT and EDTA 1 mM) for 1 h at 0 °C and
harvested. Culture medium and lysate samples were kept at −80 °C
until the oxylipin extraction. To precipitate proteins, 500 µL of culture
medium or lysate samples for analysis was mixed with 500 µL zinc
4
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Fig. 1. Physicochemical characterization of oxLDL. A) OxLDL levels are in units per liter (U L−1), and antioxidant capacity is in μmol Trolox equivalents per liter of plasma (μmol TE
L−1); n=15 plasma samples. B) SDS-PAGE of chylomicrons + VLDL (CM+VLDL) and LDL fractions isolated from the plasma pool. C) LDL concentrations in μg mL−1 as evaluated by the
bicinconinic acid (BCA) method, and LDL size evaluated by dynamic light scattering (DLS). D) nmol MDA mg−1 of LDL under copper and AAPH-induced oxidation evaluated by TBARS
method1. E) Relative electrophoretic mobility (REM) analysis of copper-induced oxLDL expressed as the percentage of electromobility1. F) Diameter in nm of oxLDL produced with copper
by DLS measurements2. Error bars represent the SD. 1 One-way ANOVA; Diﬀerent letters indicate signiﬁcant diﬀerences in the change values between treatments at the same timepoint
(Bonferroni's multiple comparison test, P < 0.001). 2 One-way ANOVA; Bars labeled without a common letter diﬀer signiﬁcantly compared with the control (black bar) (Dunnet's multiple
comparison test, P < 0.001).

3. Results and discussion

observed with 5 µM CuSO4 at 3 or 6 h (p > 0.001) (Fig. 1D). Furthermore, reactions longer than 6 h at both concentrations of CuSO4
showed a decrease in TBARS values. By contrast, oxLDL with 1 µM
CuSO4 or AAPH (1, 5 and 10 mM) incubated between 0 and 18 h
showed only a slight increase in TBARS value, which may correspond to
a minimally modiﬁed LDL (mmLDL), which is undesirable [43].
Regarding the size, there were no diﬀerences in LDL samples treated
with 5 µM or 10 µM CuSO4 at all of the time points evaluated
(P > 0.001) (Fig. 1E). However, more than 6 h of incubation endangered the structural integrity of both the lipids and apoB100 in LDL,
as conﬁrmed by staining with Sudan black (lipids) and Coomassie blue
dyes (proteins) (Fig. 1S). From the results mentioned above, we highlight the importance of having a complete oxidation of LDL, as well as
guaranteeing the integrity of the particles, to replicate the in vivo
physiological conditions; an extensive oxidation could produce degradations that make oxLDL not comparable with its in vivo analogues.
As expected, LDL treated with 1 µM CuSO4 had signiﬁcantly less relative electrophoretic mobility than LDL treated with 5 µM CuSO4
(P < 0.001) without compromising the integrity of LDL, at least over
15 h. In terms of particle size, we observed that oxLDL obtained over
9 h was signiﬁcantly larger than native LDL and LDL oxidized for 3 and

3.1. LDL oxidation and physicochemical characterization
The average plasma antioxidant capacity of 15 subjects according to
the FRAP method was 210.55 ± 43.59 μmol TE L−1, and the average
oxLDL concentration was 61.76 ± 4.99 U L−1 (Fig. 1A). According to a
previous study, oxLDL concentrations between 51.5 and 76.5 U L−1
represent a risk factor for cardiovascular disease (CVD) [36,37]. Currently, there are not clinical reference values for oxLDL in healthy populations; furthermore, the values in the literature diﬀer among the
studies [36–38]. The isolated LDL fraction (Fig. 1B) was compared with
the chylomicrons + VLDL fraction, demonstrating its purity by the
presence of a unique apolipoprotein constitutive to LDL, ApoB-100
[39]. Additionally, the concentration of protein evaluated by the BCA
method was ~ 500 mg mL−1, and the particle size by DLS was ~ 26 nm
(Fig. 1C), indicating LDL stability and integrity [40,41].
OxLDL was generated with CuSO4 and AAPH, the most common
oxidants used in vitro [14,42]. The ﬁnal selected conditions were 5 µM
CuSO4 for 6 h. Although at 10 µM CuSO4 for 3 h, TBARS values were
higher (47 nmol MDA mg−1 of LDL) and no signiﬁcant diﬀerences were
5
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Fig. 2. Oxylipins within LDL and oxLDL expressed as pmol mg−1 of protein; A) isoprostanes (IsoPs) and B) prostaglandins (PGs). Bars labeled with * diﬀer signiﬁcantly (Mann Whitney
test, ***P < 0.0001). Error bars represent the SD.

6 h (P < 0.001) under the optimal conditions. By contrast, oxLDL
generated at 12 h with 1 µM CuSO4 did not show structural changes
compared to native LDL (Fig. 1F). Our results are consistent with those
of Oliveira et al., who found that LDL oxidized over 6 h with 10 µM
CuSO4 did not show any changes in the dispersity of oxLDL compared
with native LDL. Nevertheless, oxLDL obtained by this group at 18 h
demonstrated an increase in the size polydispersity of particles [16]. We
found polydispersity at 9 and 12 h of oxidation with 5 µM CuSO4, indicating that oxLDL could have formed aggregates, which are artifacts
that do not represent real conditions.

were observed. The authors suggest that the undetectable levels of 8iso-PGF2α were due to a nearly exclusive generation of PGE2 and other
ketone products by spontaneous rearrangement of the endoperoxide
intermediates. This does not reﬂect the in vivo conditions, where a reducing environment and enzymes increase the levels of F2-prostaglandins and F2-isoprostanes [47]. Therefore, the analysis of 8-isoPGF2α/PGF2α ratio would be suitable for further studies. Several studies
have previously reported the presence of F2- and E2-IsoPs in plasma
[48,49], but data for LDL and oxLDL are limited. To date, previous
studies have reported only one epoxyisoprostane (1-palmitoyl-2-(5, 6epoxyisoprostane E(2))-sn-glycero-3-phosphocholine) associated with
phospholipids in mmLDL [50], as well as 8-iso-PGF2α in both oxLDL
and LDL [44,45,51].
The IsoPs assessed could have vascular properties related to the proatherogenic eﬀects of oxLDL. Indeed, Scholz et al. observed that 8-isoPGF2α augmented oxLDL-induced lipid accumulation of THP-1 macrophages, inducing expression of SRA-1 (at both the mRNA and protein
level). Moreover, they also showed that 8-iso-PGF2α counteracted
oxLDL-induced apoptosis of macrophages and increased oxLDL-induced
gene expression of MMP-9 [52]. These ﬁndings further support a role
for 8-iso-PGF2α not only as a marker of oxidative stress in patients with
atherosclerotic disorders but also as a mediator in atherogenesis and
plaque destabilization. Our results provide further evidence supporting
the generation of IsoPs in macrophages after OS injury caused by
oxLDL.
By contrast, of the 20 PGs evaluated in LDL, four PGE and three PGD
metabolites from enzymatic oxidation of AA were quantiﬁed (Fig. 2B).
Among the PGD metabolites, only PGD2 and those formed by PGF
synthesis (PGFS) pathway (the 11β-PGF2α and 2,3-dinor-11β-PGF2α
[53]) were detected. In the same way, PGE2 and its metabolites, such as
tetranor-PGEM and tetranor-PGAM [33], as well as 15-keto-PGF2α were
detected (the latter was produced from PGE2 and PGF2α through the
hydroxyprostaglandin dehydrogenase (HPGD) pathway [54]). Additionally, among the PGs related to DGLA and EPA enzymatic oxidation, only PGE1, a well-known anti-inﬂammatory PG derived from
DGLA, was detected [55]. The concentration of the majority of the PGE

3.2. Oxylipin proﬁles in LDL vs. oxLDL
Of the 14 IsoPs evaluated in native LDL, six F2-IsoPs and one E2-IsoP
derived from AA were quantiﬁed (Fig. 2A). We found that 5-F2t-IsoPs
(5-F2t-IsoP and 5-epi-5-F2t-IsoP) were the most abundant IsoPs, while
15-epi-15-E2t-IsoP was the only E2-IsoP detected. Previous studies have
shown that LDL constitutively includes 15-F2t-IsoP (8-iso PGF2α) in response to normal physiological exposure to oxidative degradation of
PUFAs by free radicals in circulation [44,45]. As expected, as a result of
oxidation, oxLDL had increased levels of F2t-IsoPs (15-keto-15-F2t-IsoP,
5-F2t-IsoP and 5-epi-5-F2t-IsoP) and E2-IsoPs (15-epi-15-E2t-IsoP and 15keto-15-E2t-IsoP) compared to native LDL (P < 0.0001). Despite the
marked increase in IsoPs levels in oxLDL due to oxidation, we observed
that levels of 15-F2t-IsoP (8-iso PGF2α) and 2,3-dinor-15-F2t-IsoP were
not detected in oxLDL, apparently due to the strong copper-based oxidation, which triggered the formation of new metabolites. Once 15-F2tIsoP is β-oxidized, it forms an intermediate compound, 2,3-dinor-15F2t-IsoP that can further undergo reduction to 2,3-dinor-5,6-dihydro15-F2t-IsoP [46], this compound was not analyzed in our work. However, copper oxidation could lead the formation of 15-keto-15-E2t-IsoP
(Scheme 1) which was detected and quantiﬁed in oxLDL. Recently,
Van’T Erve et al. quantiﬁed the formation of 8-iso-PGF2α by enzymatic
lipid peroxidation; the in vitro experiments were performed with puriﬁed prostaglandin-endoperoxide synthases (PGHS) and AA. In the incubations of puriﬁed PGHS-1 or −2, no detectable levels of 8-iso-PGF2α
6
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Fig. 3. Cell viability, ROS production, and DiI-oxLDL uptake and expression of proatherogenic receptors on THP-1 macrophages. A) Cell viability. LDH in the media was
measured and expressed as a percentage of cell viability. B) Intracellular production of ROS was monitored with a ROS-sensitive ﬂuorescent dye and expressed as MFI1. C) DiI-oxLDL
uptake by ﬂow cytometry; DiI-oxLDL is reported as the percentage of DiI-oxLDL+ cells and MFI2. D and E) Flow cytometry analysis of the oxLDL receptor expression levels in
macrophages treated with oxLDL. The levels of receptors are expressed as: D) MFI and E) percentage of CD36+, SR-A+ and LOX-1+ cells1. Treatments without oxLDL or DiI-oxLDL are
the negative controls. Error bars represent the SD. 1 One-way ANOVA; bars labeled with * diﬀer signiﬁcantly compared with the negative control (Dunnet's multiple comparison test,
*P < 0.05, **P < 0.001 and ***P < 0.001). 2 One-way ANOVA; Diﬀerent letters or symbols indicate signiﬁcant diﬀerences in the change values (Bonferroni's multiple comparison test,
P < 0.001).

shown in Fig. 3C. DiI-oxLDL is incorporated by THP-1 macrophages in a
concentration-dependent fashion. After incubation with 3.125, 6.25,
12.5, 25 and 50 μg mL−1, oxLDL uptake by macrophages signiﬁcantly
increased (664.3 ± 23.86, 1260.80 ± 100.60, 2566.00 ± 80.13,
4993.00 ± 247.00, 10,111.00 ± 1083.13 MFI) compared to the control
group (or autoﬂuorescence; 4.0 ± 1.1 (P < 0.001)). However, when
only cells positive for DiI-oxLDL uptake were evaluated, we did not
observe signiﬁcant diﬀerences between 25 μg mL−1 and 50 μg mL−1.
Finally, the capacity of DiI-oxLDL uptake by macrophages was veriﬁed
by a competitive assay with unlabeled oxLDL. Co-treatment with DiIoxLDL and oxLDL decreased the uptake of DiI-oxLDL, indicating that
oxLDL was appropriately labeled (Fig. S2A).
CD36, SR-A and LOX-1 are responsible for approximately 90% of
oxLDL uptake by macrophages [3,4]. Compared to the basal state, expression of CD36 signiﬁcantly increased after 24 h (P < 0.05) except at
50 µg mL−1 and 36 h (P < 0.001) of treatment with oxLDL (Fig. 3D).
This receptor expression increased in a time-dependent manner but was
independent of the oxLDL concentration. Despite the increase in CD36
expression, the percentage of CD36-positive cells only increased signiﬁcantly after 36 h at low concentrations of oxLDL (Fig. 3E; CD36+).
In contrast to CD36, compared to the basal state, SR-A expression signiﬁcantly increased after 36 h of oxLDL treatment (P < 0.05) (Fig. 3D).

and PGD metabolites did not change signiﬁcantly when comparing LDL
with oxLDL (P > 0.05). The total PGs levels in oxLDL were lower than
in LDL (20% and 100% less for tetranor-PGAM and 15-keto-PGF2α,
respectively; P < 0.0001), most likely due to the oxidation mediated by
copper. Additionally, PGE1 did not show diﬀerences between both
particles, indicating that the original composition of this anti-inﬂammatory prostaglandin was not altered regardless of the oxidation
status of LDL.

3.3. OxLDL induces ROS production and increases expression of oxLDL
receptors in THP-1 macrophages
THP-1 macrophages treated with oxLDL for 1 h, at concentrations
that did not alter cell viability (6.25–100 μg mL−1) (Fig. 3A), increased
ROS production by approximately 16% and 92% compared with their
basal state in a concentration-dependent fashion (P < 0.05). By contrast, LDL treatment did not increase ROS generation in these macrophages (Fig. 3B). Previous studies have conﬁrmed this behavior in
murine macrophages [32,56,57], showing that ROS production increased over a period of 1–4 h, reaching a plateau at 8 h of oxLDL exposure [56].
The results related to oxLDL uptake by THP-1 macrophages are
7
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The percentage of SR-A-positive cells remained unaltered with oxLDL
treatment (P > 0.05) (Fig. 3E). On the other hand, induction of LOX-1
expression by oxLDL on THP-1 macrophages was signiﬁcantly higher
compared to the basal state at all timepoints and concentration treatments (P < 0.001) (Fig. 3D and E). However, the percentage of LOX1+ macrophages only increased signiﬁcantly after 36 h of treatment.
Similar to CD36 analysis, the LOX-1 levels increased in a time-dependent manner but were independent of the oxLDL concentration. In
general, oxLDL strongly induced oxLDL receptors after 36 h, according
to both their expression levels and the percentages of cells with these
receptors.
Previous studies have also shown the induction eﬀect of oxLDL on
CD36, SR-A and LOX-1 in macrophages [58,59]. However, only CD36
and SR-A were induced in murine macrophages (RAW264.7) by using
commercial oxLDL for 24 h [58], whereas in human macrophages,
oxLDL at 18 h induced both CD36 and LOX-1, with a positive correlation with proinﬂammatory mediators and negative correlation with SRA [59]. Our results showed a signiﬁcant induction of SR-A mediated by
oxLDL after 36 h of exposure. Finally, contrary to the induction eﬀect of
oxLDL, native LDL signiﬁcantly attenuated CD36, SR-A and LOX-1
protein expression (P < 0.001) (Figs. S2B and S2C). Our results conﬁrm
that native LDL is not involved in foam cell formation.
3.4. LDL/oxLDL-macrophage interactions and oxylipin proﬁles
Incubation of THP-1 macrophages with LDL and oxLDL triggered
substantial changes in oxylipin proﬁles; the overall results after treatment with LDL or oxLDL, both in cells and in culture supernatants, at 1,
6 and 12 h are summarized in Fig. S3. Of the 34 oxylipins evaluated, 20
were detected: ten PGs (PGE2, tetranor–PGEM, tetranor–PGAM, 15keto-PGF2α, PGD2, 11β-PGF2α, PGDM, tetranor-PGDM, PGE1 and 17trans-PGF3α), and ten IsoPs (15-F2t-IsoP, 15-keto-15-F2t-IsoP, 2,3-dinor15-F2t-IsoP, 9-epi-15-F2t-IsoP, PGF2α, 5-F2t-IsoPs, 5-epi-5-F2t-IsoP, 15epi-15-E2t-IsoP, 15-E1t-IsoP and 8-F3t-IsoP).
3.4.1. Oxylipin levels in supernatants
Regarding prostaglandins, PGDM, tetranor-PGDM, 17-trans-PGF3α
were produced exclusively after macrophages were stimulated with
oxLDL and were not detected either in the control (macrophages at
basal state with no treatment) or after treatment with LDL. All PGE
metabolites released into the medium were strongly increased by oxLDL
treatment. The IsoPs not linked to phospholipids produced exclusively
from oxLDL treatment were 15-keto-15-F2t-IsoP, 15-E1t-IsoP and 8-F3tIsoP. Although 15-F2t-IsoP, 5-F2t-IsoP, epi-5-F2t-IsoP and 15-epi-15-E2tIsoP were highly produced after oxLDL treatment, they were also generated with LDL stimulation, albeit in lesser amounts (Tables S2 and
S3).

Fig. 4. Oxylipins in culture medium after oxLDL and LDL stimulation of THP-1
macrophages. A) Principal component analysis (PC1 vs. PC2) of the THP-1 macrophage
response to oxLDL and LDL treatments (12.5, 25 and 50 µg mL−1 for 1, 6 and 12 h), and
B) the corresponding loading plot. The combination of PC1-PC2 analysis shows clustering
of macrophages related to their ability to produce and excrete oxylipins. Five replicates
for each sample were used. Filled black circles indicate P values < 0.05.

3.4.2. Cellular oxylipin levels
Regarding prostaglandins, the levels of PGDM, tetranor-PGDM, 17trans-PGF3α were measured exclusively in macrophages after oxLDL
stimulation and were not detected in the controls or after LDL treatment. PGE2 and PGD2 were not detected in cells. By contrast, all of the
PGE2 and PGD2 metabolites were quantiﬁed at high concentrations in
cells after oxLDL treatment. Regarding IsoPs, 15-epi-15-E2t-IsoP, 15-E1tIsoP, and 8-F3t-IsoP were quantiﬁed exclusively after macrophages were
stimulated with oxLDL. Although high concentrations of 15-F2t-IsoP, 5F2t-IsoP and 5-epi-5-F2t-IsoP were detected after oxLDL treatments,
these were also detected to a lesser extent with LDL stimulation and in
the basal state.

labeled as: C1, macrophages treated with LDL at all concentrations and
time points; C2, macrophages in the basal state (control) and after exposure to oxLDL at diﬀerent concentrations but only in experiments at
1 h; and C3, macrophages stimulated with oxLDL at 6 and 12 h
(Fig. 4A). The three diﬀerent zones resulted from plotting principal
components 1 and 2, which accounted for approximately 56.4% of the
total variation. The loading plots of the ﬁrst principal components show
that the oxidative stress markert5-epi-5-F2t-IsoP, 15-E1t-IsoP, 8-F3t-IsoP
and 15-keto-15-F2t-IsoP, as well as the inﬂammatory markers PGDM,
17-trans-PGF3α, and 11β-PGF2α, are the main metabolites responsible
for the THP-1-macrophage response to oxLDL exposure (C3) at high
concentrations and after 6 and 12 h of treatment (P < 0.05) (Fig. 4B).
Remarkably, 5-epi-5-F2t-IsoP was the oxidative stress marker with the
highest level of production in macrophages with oxLDL exposure for 6
and 12 h. The concentration of PGDM after stimulation by oxLDL (6 and
12 h) was between 57% and 90% of the total PGs quantiﬁed. On the
other hand, tetranor-PGAM, tetranor-PGEM and PGE1 were produced

3.5. Biomarkers of oxidative stress and inﬂammation
The oxylipin composition of macrophages treated with LDL and
oxLDL were comprehensively examined using PCA (Fig. 4A). The Score
plot revealed three discrete clusters, which have been circled and
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mainly with oxLDL treatment for 1 h (P < 0.05) (C2), while PGE2,
PGD2, 15-keto-PGF2α 15-epi-15-E2t-IsoP and 5-F2t-IsoP were the main
metabolites responsible for the THP-1-macrophage response to LDL
exposure (P < 0.05) (C1).
Similar to our results, previous studies have reported an induction
eﬀect of LDL on PGE2, PGD2 and PGF2α [60,61], suggesting a possible
contribution to the inﬂammatory process in the arterial wall related to
native LDL. Additionally, PGE1 and 17-trans-PGF3α (a double-bond
isomer of PGF3α), which are recognized as anti-inﬂammatory molecules
[62,63], were also detected and quantiﬁed in supernatants. PGE1 was
not signiﬁcantly induced by LDL treatment, but was signiﬁcantly induced by oxLDL (Fig. 4B), which suggests an anti-inﬂammatory response to injury caused by oxLDL after 1 h of exposure. On the other
hand, 17-trans-PGF3α was only detected when macrophages were exposed to oxLDL. This anti-inﬂammatory response suggests that the foam
cells express salvage pathways to alleviate the cytotoxicity and inﬂammation generated by cholesterol-loading in macrophages [5,64]. As
shown in Fig. 4, the PCA loading plot indicates that 17-trans-PGF3α
alone is the main prostaglandin with an anti-inﬂammatory proﬁle responsible for the macrophage response to high concentrations and
prolonged exposure to oxLDL (Fig. 4; 6 and 16 h; C3), whereas PGE1 is
closely related to short oxLDL treatment (Fig. 4; 1 h; C2). PGE1 is a
potent vasodilator and inhibitor of platelet aggregation and is recognized as a smooth muscle relaxant [65], whereas the beneﬁcial effects of the 3-series oxylipins have been more gradually clariﬁed. PGF3α
has demonstrated anti-inﬂammatory eﬀect [63,66], and 17-trans-PGF3α
is an indicator of its production.
The biological eﬀects of IsoPs are still a matter of active research; in
general, they are consistently described as pro-inﬂammatory and vasoconstriction mediators [11] as well as biomarkers of clinical pathologies, including asthma, CVD, risk factors of atherosclerosis, chronic
obstructive pulmonary diseases, diabetes, ischemia-reperfusion, rheumatic diseases and aseptic shock [10,11]. Additionally, several may
have regulatory eﬀects [67]. To date, our study is the ﬁrst to analyzing
IsoPs individually and that result from oxLDL-mediated OS injury in
THP-1 macrophages.
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