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Abstract 

 

Macrophages play a pivotal role in the early stages of atherosclerosis development; they 

excessively accumulate cholesterol in the cytosol in response to modified Low Density 

Lipoprotein (mLDL). The mLDL are incorporated through scavenger receptors. CD36 is a high-

affinity cell surface scavenger receptor that facilitates the binding and uptake of long-chain fatty 

acids and mLDL into the cell. Numerous structurally diverse ligands can initiate signaling 

responses through CD36 to regulate cell metabolism, migration, and angiogenesis. Nitro-fatty 

acids are endogenous electrophilic lipid mediators that react with and modulate the function of 

multiple enzymes and transcriptional regulatory proteins. These actions induce the expression of 

several anti-inflammatory and cytoprotective genes and limit pathologic responses in 

experimental models of atherosclerosis, cardiac ischemia/reperfusion, and inflammatory diseases. 

Pharmacological and genetic approaches were used to explore the actions of nitro-oleic acid 

(NO2-OA) on macrophage lipid metabolism. NO2-OA dose-dependently increased CD36 

expression in RAW264.7 macrophages and this up-regulation was abrogated in BMDM from 

Nrf2-KO mice. Ligand binding analysis revealed that NO2-OA specifically interacts with CD36 

limiting the binding and uptake of mLDL. Docking analysis shows that NO2-OA establishes a 

low binding energy interaction with the alpha helix containing Lys164 in CD36. NO2-OA also 

restored autophagy flux in mLDL-loaded macrophages, thus reversing cholesterol deposition 

within the cell. In aggregate, these results indicate that NO2-OA reduces cholesterol uptake by 

binding to CD36 and increases cholesterol efflux by restoring autophagy. 
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Introduction 

 

Hyperlipidemia exacerbates oxidative stress and increases inflammatory responses in the arterial 

intima, leading to atherogenesis [1]. In this context, monocyte-derived macrophages play a 

critical role in the uptake of modified Low Density Lipoprotein (mLDL) through the expression 

and activity of scavenger receptors [2]. The scavenger receptor CD36 recognizes, binds, and 

internalizes mLDL, oxidized (oxLDL), and acetylated (acLDL) [3], to initiate a positive feedback 

loop enhancing the receptor expression [4,5]. 

CD36 or fatty acid translocase (FAT) is a member of the scavenger receptor class B family. This 

multi-ligand receptor has a hairpin-like topology with two transmembrane domains and 

cytoplasmic -NH2 and -COOH termini [6]. The extracellular domain is heavily glycosylated and 

contains the binding sites for diverse ligands such as long-chain fatty acids (LCFA) [7–9], 

oxLDL [10], phospholipids [11], Plasmodium falciparum-infected erythrocytes [12], and 

thrombospondin [13] among others. The structure of CD36 facilitates the access of LCFA to a 

binding pocket rich in hydrophobic amino acids, also named entrance 1, that channels fatty acids 

to the cell membrane or the cytoplasm. 

The ionic interactions between Lys164, in the binding pocket of CD36, and fatty acid 

carboxylates induce the necessary conformational changes in the receptor to support 

internalization [6]. Both lipid uptake and CD36–dependent signaling responses are inhibited by 

targeting Lys164 with site-directed mutagenesis or by reaction with the amine-reactive sulfo-N-

succinimidyl oleate (SSO) [14–16]. In macrophages, the regulation of CD36 expression is mainly 

controlled by activation of the nuclear receptor PPARγ and Nrf2-regulated antioxidant gene 

expression. Rosiglitazone, a full agonist for PPARγ, and nitro-linoleic acid, a partial PPARγ 
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agonist bind PPARγ with high affinity (Rosiglitazone) and covalently (nitro-linoleic acid) to 

increase CD36 expression on RAW264.7 macrophages, a response partially inhibitable by 

PPARγ antagonists [17]. Nevertheless, these ligands recruit different sets of co-regulators that 

define their responses in downstream events such as adipogenesis, lipid metabolism, or renal 

fluid regulation [17].  

Nitro-fatty acids (NO2-FA) are endogenous signaling mediators formed upon reaction of nitric 

oxide- and nitrite-derived nitrogen dioxide with unsaturated fatty acids, preferentially those 

containing conjugated double bonds [18,19]. NO2-FA are normally present in plasma and urine 

of healthy individuals (~1-3 nM and 20 pg/mg creatinine respectively), and their local formation 

in tissues increases during inflammation and ischemia-reperfusion events [20–24]. The 

electronegativity of the nitro group present on the nitroalkene double bond renders the β-carbon 

electron-deficient and chemically reactive (electrophilic). In cells and tissues, NO2-FA react with 

nucleophilic moieties found in proteins and small molecules through Michael addition reactions. 

These reactions are key to the anti-inflammatory and antioxidant responses induced by NO2-FA 

in different preclinical disease models, including atherosclerosis, ischemia and reperfusion injury, 

diabetes and metabolic syndrome. These reactions are involved in their activation of PPARγ-

dependent metabolic responses [25], Keap1/Nrf2 antioxidant gene expression [26], and 

downregulation of pro-inflammatory signaling through NF-κB and STING inhibition [25,27,28]. 

Despite advances in understanding the roles of NO2-FA in the modulation of inflammatory 

responses, the impact on macrophage lipid metabolism remains undefined. The subcutaneous 

administration of NO2-OA to ApoE-KO mice fed with a high-fat diet (HFD) reduced the 

development of atherosclerotic plaque in the arterial intima and decreased inflammation, lipid 

content and plaque volume [29]. The mechanism of this protective effect remains poorly 
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understood and a role for CD36 modulation or other macrophage responses has not been 

addressed.  

Numerous mechanisms have been proposed to participate in plaque reversion, with intracellular 

lipid removal emerging as a significant regulator of lipid metabolism in different cell types, 

including macrophage foam cells, hepatocytes, adipocytes, and others [30–32]. In particular, the 

inflammatory profile of foam cells is promoted by increased lipid uptake and cholesterol and 

cholesteryl ester accumulation in lipid droplets (LD). While a reduction of LD content is 

desirable,  lipophagy, the autophagic flux key to lipid droplet clearance, is impaired in foam cells 

[31,33,34]. Thus, mechanisms that restore autophagy to reduce cholesterol content in foam cells 

are highly desirable. Herein, we reveal that NO2-OA restores the autophagy flux of macrophage 

lipids. 

In this work, we also describe the regulation of CD36 expression by NO2-OA via activation of 

Keap1/Nrf2 and provide biochemical and in silico evidence that NO2-OA binds to CD36, 

reducing mLDL uptake and cholesterol and cholesteryl esters accumulation. We show that this 

mechanism is operative in foam cells, where NO2-OA reduces the lipid load by restoring the 

autophagy flux. These findings provide a molecular mechanism for the reduction of cholesterol 

content in lipid-loaded macrophages and the athero-protective effects of NO2-OA described in 

animal models [35,36]. 

 

Materials and methods 

 

Materials: RAW264.7 macrophages were purchased from American Type Culture Collection 

(ATCC®). Nitro-oleic acid (NO2-OA) and biotin-labeled NO2-OA (B-NO2-OA) were 
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synthesized as previously [37,38]. Macrophage colony-stimulating factor (M-CSF) was 

purchased from Gibco. CDDO-Me (Nrf2 activator), GW9662 (PPAR-γ antagonist), rosiglitazone 

(PPARγ agonist), Compound C (AMPK inhibitor), SSO or sulfo-N-succinimidyl oleate (CD36 

inhibitor), were purchased from Cayman Chemical Company. Bicinchoninic acid protein reaction 

kit (BCA) was sourced from Thermo Scientific. The lipophilic and fluorescent dye, DiI or 1,1′-

dioctadecyl-3,3,3′,3′-tetramethyl indocarbocyanine perchlorate was purchased from Sigma-

Aldrich, and recombinant CD36 (rCD36) was obtained from Abcam. Solvents used for 

extractions and mass spectrometric analyses were of HPLC grade or higher from Burdick and 

Jackson (Muskegon, MI). 

 

Cell culture and BMDM differentiation 

RAW264.7 macrophages were maintained in complete media Dulbecco`s Modified Eagle`s 

Medium (DMEM) high glucose containing 10% fetal bovine serum (FBS), 

streptomycin/penicillin 100 U/ml (Invitrogen) at 37 ºC and 5% CO2. All murine model studies 

were performed using protocols approved by the University of Pittsburgh Institutional Animal 

Care and Use Committee. Nrf2-/- male mice on a BALB/c background (provided by M. 

Yamamoto) and wild type BALB/c male mice were maintained under specific pathogen-free 

conditions. Bone marrow cells were obtained according to [39]. For Western blot and RT-qPCR 

analyses, 1x106 cells/well were seeded on 6-well plates after 7 days of differentiation with 

macrophage colony-stimulating factor (M-CSF, Gibco). 

 

Isolation and modification of LDL 
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LDL were isolated from plasma of healthy volunteers (signed consent and approval) by 

ultracentrifugation [40]. After blood collection using EDTA as anticoagulant, KBr was added to 

reach a concentration of 0.29 g/ml plasma. Then, an equal volume of NaCl 0.15 M was added and 

samples centrifuged at 65.000g for 1 h at 4 °C in a Beckman Coulter UltraCentrifuge (Optima 

DE-80K). After centrifugation, the middle band (orange color) was recovered, kept under 

nitrogen at 4 °C and protected from light. LDL protein content was determined using BCA. 

Native-LDL was obtained by adding 20 μM of BHT per each mg/ml of LDL and oxidation was 

performed with CuSO4 (10 μM per each 0.2 mg/ml of LDL) to obtain the oxLDL/mLDL fraction 

for 8 h at 25 °C. Oxidation was confirmed by LDL mobility changes in agarose gel. Native- and 

oxLDL were labeled with the fluorescent lipophilic dye, DiI. Briefly, 1 mg of LDL protein was 

mixed with 4 μL of DiI (30 mg/ml diluted in DMSO) for 16 h at 37 °C, filtered through 0.45 μm 

filters, and purified on a C-10 desalting column to eliminate unbound DiI. For cell culture 

studies, all LDL were sterilized using a 0.22 μm filter.  

 

Flow cytometry 

For cell surface antigen staining, cells were washed with cold PBS 3 times and then re-suspended 

in cold Accutase Enzyme Cell Detachment Medium (Invitrogen). Single-cell suspensions were 

washed twice with FACS buffer (PBS containing 2% calf serum, 1mM EDTA, 0.1% sodium 

azide) and incubated with fluorochrome-labeled antibodies during 20 min at 4 °C. Data was 

collected on a FACSCanto II (BD Biosciences) and analyzed with FlowJo software (ThreeStar). 

 

Immunoblotting 
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Cells (1x106/well) were seeded on a 6-well plate in complete media and serum-deprived for 2 h 

prior to treatment with 5 μM of NO2-OA, 5 μM oleic acid (OA), 300 nM CDDO-Me, 10 μM 

GW9662, 10 μM rosiglitazone, or 3.3 μM Compound C. All incubations were performed in 

DMEM containing 2% FBS. To evaluate signaling responses downstream of CD36, cells were 

serum-deprived in DMEM for 5 h and pretreated for 30 min with 50 μM SSO. Cells were 

stimulated with 5 μM NO2-OA, or 300 μM PA. Cells were lysed in 1% Triton-X-100 in PBS 

supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM sodium ortho-vanadate 

and protease inhibitor cocktails (Sigma-Aldrich). BCA protein assay kits were used for protein 

quantification. Total cell lysates were resolved on 10 or 15% SDS-PAGE and transferred onto 

nitrocellulose membranes (Bio-Rad). Membranes were probed with specific primary antibodies 

according to the antibody manufacturer´s specifications and normalized using housekeeping 

proteins (actin or GAPDH). The following primary antibodies were used: rabbit monoclonal anti-

CD36 (1/500; Abcam), anti-HO-1(1/1000; Enzo Life Science), anti-NQO1 (1/2000; Cell 

Signaling), anti-GAPDH (1/2000; Cell Signaling), rabbit monoclonal anti-βActin (1/2000; Sigma 

Aldrich), anti-pAMPK (1/1000; Cell Signaling), anti-pSrc (1/2000; Cell Signaling), anti-p62 

(1/1000; Abcam), anti-LC3 (1/1000; Sigma Aldrich). Secondary antibodies were: IRDye 800 CW 

donkey anti-rabbit IgG or IRDye 800 CW donkey anti-mouse IgG antibodies (1:15000 in 1% 

BSA TBST). Membranes were visualized and quantified using the Odyssey Infrared Imaging 

System (LI-COR, Inc., Lincoln, NE, USA). 

 

Real time qPCR 

Cells were seeded in 6-well plates 24 h before analysis. After treatments, cells were washed 3 

times with cold PBS and total RNA was extracted using TRIzol® (Invitrogen), according to the 
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manufacturer’s instructions [41]. Briefly, 1 µg of total RNA was reverse-transcribed in a total 

volume of 20 µL using random primers (Invitrogen) and 50 U of M-MLV reverse transcriptase 

(Promega Corp). For qPCR, cDNA was mixed with 1x SYBR Green PCR Master Mix (Applied 

Biosystems) and forward and reverse primers: CD36 forward: 

TCCTCTGACATTTGCAGGTCTATC/reverse: AAAGGCATTGGCTGGAAGAA, MAP1 

forward: CGCTTGCAGCTCAATGCTAAC/reverse: TCGTACACTTCGGAGATGGG, ABCA1 

forward: AGTGATAATCAAAGTCAAAGGCACAC/reverse: 

AGCAACTTGGCACTAGTAACTCTG, ABCG1 forward: 

TCACCCAGTTCTGCATCCTCTT/reverse: GCAGATGTGTCAGGACCGAGT. qPCR was 

carried out on an Applied Biosystems 7500 real-time PCR System with Sequence Detection 

Software v1.4. The cycling conditions included a hot start at 95 °C for 10 min, followed by 40 

cycles at 95 °C for 15 sec and 60 °C for 1 min. Specificity was verified by melting curve 

analysis. Relative gene expression was calculated according to the 2-ΔΔCt method with GAPDH 

as the housekeeping gene (forward: AAATGGTGAAGGTCGGTGTG/reverse: 

TGAAGGGGTCGTTGATGG). Each sample was analyzed in triplicate. No amplification was 

observed in PCRs using diethylpirocarbonate (DEPC) treated water as template or RNA samples 

incubated without reverse transcriptase during the cDNA synthesis. 

 

Immunoprecipitation of CD36 

RAW264.7 macrophages were incubated with 0.1 μM B-NO2-OA for 1 h at 4 °C to avoid 

endocytosis in the presence or absence of 0.1 μM SSO. After incubation, cells were washed 3x 

with cold PBS and then lysed with 1% Triton-X-100 in PBS supplemented with 1 mM PMSF, 

PhosSTOPTM phosphatase inhibitor, and a protease inhibitor cocktail (Sigma-Aldrich). Next, total 
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protein was quantified with BCA, and 500 μg of protein were incubated overnight at 4 °C with 

rabbit monoclonal anti-CD36 antibody (1/50, Abcam). Then, 20 μL of Protein AG (Santa Cruz) 

was added and incubated during 2 h at 4 °C. Samples were centrifuged 5 min at 2500 rpm and 

washed 3 times with 1% TritonX-100. Pellets were re-suspended in Sample Buffer (1x) 

containing 2 mM TCEP (tris-2-carboxyethyl-phosphine). β-mercaptoethanol was replaced by 

TCEP as reducing agent to reduce loss of B-NO2-OA-CD36 adducts [26]. After heating for 5 min 

at 40 °C, samples were electrophoresed, transferred to a nitrocellulose membrane,  incubated with 

HRP-Streptavidin (Thermo-Fisher) 1 h at RT and analyzed by a ChemiDoc MP System (Bio-

Rad).  

  

In vitro CD36 interaction analysis  

rCD36 (0.1 μg) was incubated with B-NO2-OA in the presence of NO2-OA, OA, or GSH at molar 

ratios ranging from 1:1, 1:10 and 1:100 for 30 min at 37 °C. After incubation, samples were 

treated with 1x sample buffer containing TCEP as reducing agent to avoid the loss of protein-

NO2-OA adducts and incubated 5 min at 40 °C before western blot analysis. To evaluate 

reversibility, rCD36 and B-NO2-OA were incubated for 30 min, and then the interaction was 

competed with SSO for 30 min at 37 °C and assessed by western blotting. 

  

Immunofluorescence studies  

For uptake assays, RAW264.7 cells (5x 105 cells) were seeded on glass covers and incubated or 

coincubated with 5 μM NO2-OA,50 μM SSO, or 50 μM OA according to what is indicated on 

each experiment, for 15 min on ice (4°C) to avoid endocytosis followed by 30 min DiI-oxLDL 
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(50 μg/ml) incubation for CD36 binding also at 4 ºC. Excess of DiI-oxLDL was washed, and 

cells incubated at 37 ºC for 30 min. For cholesterol efflux assays, RAW264.7 macrophages were 

seeded on glass covers and treated with 100 μg/ml of DiI-oxLDL for 24h. After 16 h of recovery, 

cells were treated with vehicle, 5 μM NO2-OA or 5 μM OA (non-electrophile control) for 24 h. 

Cells were washed 3 times with PBS, fixed with 4% paraformaldehyde, and mounted on glass 

slides with Mowiol (Merck, Darmstadt, Germany). Fluorescent images were acquired using 

confocal microscopy (Olympus FV 1200).  

 

In vitro CD36-oxLDL interaction analysis 

rCD36 (10 µg) was adsorbed in a 96-well black plate in 200 µl of 50 mM NaCO3 pH 9.6. Plates 

were kept overnight at 4 °C, washed 3 times with PBS, and incubated with 12.5 µg/ml of NO2-

OA, OA and SSO for 15 min at 37 °C. After incubation, 70 µg/mL of DiI-oxLDL were added for 

2 h at 37 °C. Plates were washed 3 times with PBS 0.1% Triton-X100 and fluorescence 

(excitation 530/25, emission 590/35) measured using a Biotek Synergy HT plate reader. A 

reaction blank where rCD36 was incubated in buffer without DiI-oxLDL and a reagent blank 

using buffer in the absence of reagent and rCD36 were used as controls.  

 

Lipid extraction for MS analysis 

For uptake assays, RAW264.7 macrophages were seeded in a 6-well plate to evaluate LDL 

cholesterol uptake. Macrophages were incubated in complete media in the presence or absence of 

50 μg/ml of mLDL for 2, 4, 8 and 24 h. After treatment, supernatants and cells were washed and 

collected. Before lipids extraction, internal standards for cholesterol (Cholesterol-d7; Avanti 



12 
 

Polar Lipids, Inc.), cholesteryl esters (16:0-cholesteryl ester; Avanti Polar Lipids, Inc.) were 

added to a final concentration of 500 nM. Lipids were extracted by adding 500 μl of solvent 

mixture [1 mol/L formic acid/isopropanol/hexane (2:20:30, v/v/v)] followed by 1 ml of hexanes. 

The organic phase (upper) was transferred to a clean vial, dried under nitrogen and reconstituted 

in 100 μl of chloroform/methanol (20/80, v/v). Samples were dried under nitrogen, resuspended 

in chloroform/methanol, and subjected to LC-MS analysis. 

Cells loaded for 24 h with 50 μg/ml of mLDL in DMEM 2 % BSA, were preincubated with 5 μM 

NO2-OA and 50 μM SSO during 20 min at 37 °C in the presence of ACAT1 inhibitor to reduce 

cholesterol efflux and allow for influx analysis. Lipids were extracted and cholesterol and 

cholesteryl esters quantified by LC-MS. 

For cholesterol efflux assays, cells were seeded in a 24 well plate the day before the experiment. 

RAW264.7 were treated with oxLDL for 24 h. After 16 h of recovery, 5 μM NO2-OA or vehicle 

were added, and supernatant aliquots obtained at different endpoints. At the end of the 

experiment, cells were harvested and lipids extracted and quantified by LC-MS. 

 

LC-MS measurement of cholesterol and cholesteryl esters 

Cholesterol and cholesteryl esters were chromatographically resolved on a Vanquish UHPLC 

(Thermo Scientific), the flow splitted post-column and simultaneously detected on a QExactive 

mass spectrometer (Thermo Scientific) and a triple quadrupole mass spectrometer (API 5000, 

Sciex). The samples were resolved using a C18 reverse-phase column (100 x 2,1 mm, 1,7 μm 

particle size; Thermo-Fisher Scientific) at a 200 μl/min flow rate with a gradient solvent system 

consisting of solvent A: 50% water/50% acetonitrile/0.1% formic acid and solvent B: 90% 

isopropanol/10% acetonitrile/0.1% formic acid. Samples were applied to the column at 65% B 
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and eluted with a linear increase in solvent B over 6 min (65%-100% B). The gradient was held 

at 100% B for 9 min and then returned to starting conditions for 2 min.  

The QExactive mass spectrometer was equipped with a HESI electrospray source and operated in 

positive ion mode using the following parameters: Aux gas heater temperature 300 °C, capillary 

temperature 380 °C, sheath gas flow 38, auxiliary gas flow 11, sweep gas flow 2, spray voltage 

4.5 kV, S-lens RF level 70 (%), full MS scans were obtained between 300–950 m/z window. For 

the API 5000, the following parameters were used: electrospray ionization in the positive-ion 

mode with the collision gas set at 5 units, curtain gas at 40 units, ion source gas number 1 at 55 

units and number 2 at 50 units, ion spray voltage at 5000 V, and temperature at 600 °C. The 

declustering potential was 90 eV, entrance potential 5 eV, collision energy 35 eV, and the 

collision exit potential 10 eV. The following MRM transitions were used: 369.3/147.3 and 

376.3/147.3 for Cholesterol or Cholesteryl esters and d7-Cholesterol or d7-cholesteryl ester, 

respectively as ionization in the API5000 source hydrolyzes cholesterol esters (Fig. S1). The 

cholesterol and total cholesteryl esters were determined from analyte/internal standard area ratios 

and content normalized to proteins.  

  

Molecular docking modeling  

For in silico studies, ligand charges were obtained with antechamber module at am1-bbc level. 

The crystal structure for CD36 was retrieved from the Protein Data Bank database (PDB ID: 

5LGD). The portion of CD36-binding PfEMP1 protein domain was removed as well as all the 

hetero-atoms present in the crystallized structure followed by all the appropriate modifications 

and charge addition to the protein as previously [42]. CD36 protein was considered as a rigid 

entity with no flexible chains and both water and glycerol molecules were eliminated followed by 
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hydrogen addition with H++ server (biophysics.cs.vt.edu/H++). Smina 

(biophysicis.cs.vt.edu/H++), a fork of AutoDock Vina [43], was used for the docking studies with 

two different scoring functions; Autodock-4 [44] and Vinardo [45], both afforded similar results. 

For simplicity, results with Autodock-4 were included in the main text. An exhaustiveness 

criteria of 1000 was used. Three regions of the protein around Lys164 were explored at 4, 6 and 8 

Å of this residue. VMD (www.ks.uiuc.edu/Research/vmd/), Maestro (Schrödinger Release 2019-

2: LigPrep, Schrödinger, LLC, New York, NY, 2019.) and PLIP servers (PLIP web service, 

provided by TU Dresden/Redivia, last access 09/26/2019) were used for the analysis of the 

results. 

Statistical analysis was performed using the GraphPad Prism 5.0 software. After confirmation of 

normality and homoscedasticity, data was analyzed using one-way or two-way ANOVA with a 

Bonferroni test for post hoc analysis of multiple comparisons. p-values < 0,05 were considered to 

be significant. All experiments were repeated at least three independent times. Figures show 

mean ± standard error (SEM) of experimental conditions replicated at least 3 times. 

 

Results 

 

NO2-OA regulates CD36 expression in macrophages 

Since nitrated fatty acids activate PPARγ and Nrf2-dependent pathways, we examined the role of 

NO2-OA on CD36 expression in macrophages [4,46]. Flow cytometry analysis of NO2-OA 

treated RAW264.7 macrophages showed dose-dependent (0-5.0 μM) and a statistically 

significant increase in the percentage of cells expressing CD36 from 25.7 ± 5%, in macrophage 
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control, to 32.9 ± 10.9%, 46.6 ± 9.84% and 53.8 ± 5.14 % in cells treated with 1.0; 2.5 or 5.0 μM, 

respectively; with OA (5.0 μM) having not effect on CD36 expression (21.9 ± 13.73%) after 8 h 

of treatment (Fig. 1A). The response of CD36 expression to NO2-OA was further confirmed in 

primary cell cultures of BMDM obtained from wild-type C57BL/6 mice. In these cells, the non-

electrophilic OA slightly increased CD36 expression as previously described (Fig. S2) [47,48]. 

To gain insight into the mechanism, NO2-OA induction of CD36 expression was evaluated at 

both the transcriptional and translational levels. Upon incubation of RAW264.7 cells with 5.0 µM 

NO2-OA, CD36 mRNA expression significantly increased at 2 and 4 h and returned to basal 

levels at 6 h after treatment (Fig. 1B). OA had no significant impact on CD36 transcript levels at 

the evaluated concentration. This dose-dependent increase in CD36 transcript levels in 

RAW264.7 macrophages stimulated with NO2-OA correlated with increases in CD36 and HO-1 

protein expression, in agreement with previous results from our group (Fig. 1C) [26]. CDDO-Me, 

a positive control for Nrf2 activation, also induced the expression of CD36 and its target gene 

HO-1 (Fig. 1C). To evaluate the role of PPARγ in CD36 expression, the PPARγ agonist 

rosiglitazone was used. No significant changes in CD36 expression were observed in RAW264.7 

macrophages (Fig. 1D), and the up-regulation induced by NO2-OA was not inhibited by PPARγ 

antagonist GW9662. This suggests that the activation of the PPARγ receptor is not involved in 

CD36 expression (Fig. 1D). To further validate the role of NO2-OA on Keap1/Nrf2 activation of 

CD36 expression, BMDM from Nrf2-KO and wild type mice were evaluated. The induction of 

CD36 expression by NO2-OA and CDDO-Me was significantly reduced in Nrf2-KO 

macrophages when compared to those derived from wild type mice. Similar observations were 

made for other Nrf2 targets genes such as HO-1 and NQO1 (Fig. 1E). These effects observed at 

the transcriptional level were also confirmed at the protein level (Fig. 1F). In aggregate, these 
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results provide new evidence of the role of the Nrf2 pathway on the NO2-OA-dependent CD36 

expression. 

NO2-OA inhibits cellular uptake of mLDL 

The fatty acid translocase CD36 is a key receptor involved in the cellular uptake of mLDL and 

LCFA. The increased CD36 expression induced by NO2-OA motivated the evaluation of the role 

of NO2-OA in the CD36-dependent mLDL uptake in macrophages. LC-MS-based quantification 

of cholesterol and cholesteryl ester accumulation in mLDL treated RAW264.7 cells showed that 

NO2-OA had an inhibitory effect (Fig. 2A). Fluorescence microscopy using DiI-labeled mLDL 

showed that 15 min pre-incubation of cells with either NO2-OA or the CD36 antagonist SSO 

inhibited mLDL binding and uptake by macrophages (Fig. 2B and C). These results were further 

confirmed using an ELISA-like assay where pre-treatment with NO2-OA or SSO for 15 min 

significantly decreased the binding of DiI-labeled mLDL to rCD36 (Fig. 2D). In addition, we 

tested the effect of CCDO-Me on lipid uptake, and in agreement with the activation of the 

Keap1/Nrf2/CD36 axis, CCDO increased DiI-mLDL accumulation. In contrast, NO2-OA 

treatment counterbalanced the activation of Keap1/Nrf2/CD36 axis by reducing DiI-mLDL 

incorporation in the macrophages (Fig. S3).Thus, the reduced incorporation and accumulation of 

cholesterol in macrophages suggest an inhibitory role for NO2-OA in mLDL binding to CD36.  

 

NO2-OA interacts with CD36 

 

Since NO2-OA was shown to interfere with CD36-dependent binding and uptake of mLDL, we 

further investigated a direct interaction between NO2-OA and CD36. Thus, co-
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immunoprecipitation of CD36 in RAW264.7 macrophages incubated with B-NO2-OA revealed a 

molecular association between CD36 and B-NO2-OA (Fig. 3A). Furthermore, this interaction was 

disrupted when macrophages were pretreated with SSO (Fig. 3A), suggesting that SSO and NO2-

OA were competing for the binding site. Analysis of the in vitro reaction of rCD36 and B-NO2-

OA showed a dose-dependent association at the investigated mole ratios (ranging from 1:0.5 to 

1:10, Fig. 3B). Given the robust interaction observed at the 1:2 mole ratio, this condition was 

used for the following experiments. To compete the binding of B-NO2-OA to CD36, non-

biotinylated NO2-OA and OA were incubated at ratios ranging from 1 to 100 fold excess over B-

NO2-OA. Both NO2-OA and OA effectively competed with B-NO2-OA for binding to CD36 

(Fig. 3C). Strikingly, 10 fold excess of OA demonstrated a better competition than higher 

concentrations of OA (100 fold) [49,50]. Finally, GSH depleted B-NO2-OA interaction with 

rCD36 in a dose-dependent manner by inhibiting nitroalkene electrophilic reactivity (Fig. 3D). 

To evaluate the reversibility of the alkylation reaction between B-NO2-OA and rCD36, 

displacement assays were performed with SSO. After allowing the B-NO2-OA/rCD36 complex 

formation for 20 min, SSO was added to assess displacement. A molar ratio of 1:10 was 

necessary to induce a significant displacement of B-NO2-OA from rCD36 (Fig. 3E). These 

findings support our previous results with RAW264.7 macrophages and confirm the reversible 

nature of the binding of NO2-OA to CD36, which may involve the critical residue Lys164 [14]. 

Consistent with the rCD36 experiments showing competition of NO2-OA by OA, GSH, and SSO, 

excess of OA restored binding and uptake of DiI-oxLDL in the presence of NO2-OA in 

RAW264.7 macrophages. On the other hand, SSO, as expected, abolished binding and uptake of 

DiI-oxLDL independently of NO2-OA (Fig. S4). However, GSH, per se, interfered with the 

fluorescence measurement independent of NO2-OA treatment (Fig. S4).  
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NO2-OA interaction with the CD36 binding pocket is revealed by molecular docking analysis 

Based on experimental data showing that SSO blocks the interaction of NO2-OA with CD36, we 

proposed that both ligands could share the same binding site (containing the Lys164). Hence, the 

region around Lys164 was modeled to explore the formation of a complex between CD36 and 

NO2-OA. OA was used as a non-electrophilic fatty acid control. The search included three 

regions at 4, 6 and 8 Å around Lys164. The most stable complexes were obtained at 6 Å, analysis 

of bigger exploration boxes (>8 Å) found no new complexes in other areas of the protein. Both 

ligands, NO2-OA and OA bind to the same region of the protein (Fig. 4A and Fig. S5A), although 

the complexes formed with the nitroalkene present lower energies than those with the OA (Table 

1). Figure 4A displays all the geometries obtained for NO2-OA and Fig. 4B and C show the 

representation of the two most stable geometries. The main difference between these two 

structures is the position of the nitro group, with both structures showing the aliphatic chains 

located in the same region (Fig. 4B and C) and the carboxylate group forming an H-bond with the 

hydroxyl group of Ser168 (2.63 and 3.62 Å respectively). In the first geometry, the nitro group 

forms a strong H-bond with Lys166 (~ 2.55 Å) (Fig. 4B), and the second geometry with the 

amide group of Asn163 (3.19 Å) (Fig. 4C). The 3D-view of these interactions is represented in 

Fig. 4D, left and right panel, respectively. No strong interactions were established with the amine 

of Lys164, instead this group moved freely and became available for nucleophilic reaction with 

the activated double bond in the nitroalkene (at 7.8 and 8.1 Å of the C-C double bond). Thus, the 

H-bond may be working as an anchor for the nitroalkene and Lys164 would move as a scorpion 

tail to reach the electrophilic β-carbon. It should be noted that while the geometries obtained for 

OA were similar to those for NO2-OA (Fig. S5B and S5C), the OA complex can not be further 

stabilized with a covalent bond (Fig. S5D). This binding dissimilarity may explain the functional 
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differences between OA and NO2-OA in mLDL binding and the subsequent uptake through 

CD36. 

 

NO2-OA modulate lipid metabolism via activation of autophagy in RAW264.7 

Given that lipid storage in macrophage foam cells has been associated with the deregulation of 

cholesterol efflux, we evaluated whether NO2-OA could alter lipid metabolism in lipid-loaded 

macrophages. Hence, macrophages were incubated with mLDL and sampling at different 

endpoints was used to determine that 24 h was, in our model, the best experimental condition to 

load macrophages with lipids (Fig. S6A). Interestingly, lipid-loaded macrophages with DiI-

labeled mLDL showed decreased immunofluorescence in NO2-OA treated cells compared to OA 

or vehicle (Fig. 5A). The expression of ABCA1 and ABCG1 transporters did not show any 

significant changes in the presence or absence of NO2-OA by qPCR (Fig. 5B). Cholesterol and 

cholesteryl esters were measured in the supernatant of lipid-loaded macrophages and efflux rate 

was calculated for the first 4 h as this timeframe presented the highest cholesterol release (Fig. 

S6B). Therefore, assessment of cholesterol export from lipid-loaded macrophages using HDL (50 

µg/ml) as a cholesterol acceptor showed increased export for NO2-OA treated cells when 

compared to vehicle (Fig. 5C). These results suggest that the efflux of cholesterol and cholesterol 

esters in macrophages is regulated by NO2-OA independently of the transcriptional expression of 

fatty acid transporters ABC. To confirm this finding, we explored whether NO2-OA impacted 

other mechanisms involved in the regulation of cellular lipid storage and cholesterol efflux. The 

autophagosomal markers LC3II and p62 were used in lipid-loaded macrophages as a 

measurement of autophagic flux. An increase in LC3II and p62 protein was observed in lipid-

loaded macrophages, supporting previous reports indicating an inhibition of the autophagic flux 
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(Fig. 5D). In contrast, incubation with 5 µM of NO2-OA for 8 h, resulted in significantly 

decreased levels of LC3II and p62, denoting restoration of a defective autophagic flux (Fig. 5D). 

Neither oxLDL nor NO2-OA changed the transcriptional regulation of MAP1 (gene encoding 

LC3 protein) (Fig. S7). The action of the inducer of autophagic flux rapamycin on depletion of 

autolysosome markers LC3II paralleled the effect of NO2-OA (Fig. S8), while chloroquine, an 

inhibitor of the autophagy flux, showed accumulation of LC3II caused by the fusion failure of 

autophagosomes and lysosomes (Fig, S8). In aggregate, these results indicate that in lipid-loaded 

macrophages, NO2-OA improves the efflux of cholesterol and recovery of the autophagic flux.  

Given that a link between AMPK and mTOR inhibition had been previously established and that 

NO2-OA induced the phosphorylation of Src and AMPK (Fig. S9), we studied the role of AMPK 

activation in the restoration of autophagic flux [51,52]. We found that the treatment with the 

AMPK inhibitor Compound C abolished the beneficial effect on autophagy flux of NO2-OA (Fig. 

5D). Thus, the regulation of the lipid metabolism by NO2-OA in lipid-loaded macrophages is, at 

least, partially mediated by AMPK phosphorylation and activation of autophagy. 

 

Discussion 

 

The present study shows that the electrophilic fatty acid nitroalkene NO2-OA limits macrophage 

mLDL incorporation and cholesterol accumulation despite increasing CD36 expression. 

Macrophages are important mediators in the pathogenesis of atherosclerosis because of a central 

role in the propagation of chronic inflammation, lipid accumulation, and differentiation to 

atherogenic foam cells [1]. Upon loss of the endothelial barrier function, the extravasation of 
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humoral and cellular pro-inflammatory components into the arterial intima leads to enhanced 

rates of nitro-oxidative reactions that further exacerbate inflammation and oxidative stress in the 

local intima. Modified lipoproteins are incorporated by macrophages through cell surface 

scavenger receptors such as CD36, SR-A1, LOX-1, and LRP-1, disrupting macrophage lipid 

metabolism and promoting foam cell formation that propagates inflammation, lipid accumulation, 

and allied atherogenic responses. A strong correlation has been established both clinically and in 

experimental models between the expression levels of CD36 in vascular cells and atherosclerosis 

[53–55].  

Relevant to the present study, the administration of NO2-OA in ApoE-/- mice fed a high-fat diet 

(HFD) protected aorta from atherosclerotic plaque development, reduced inflammatory cell 

infiltration, lipid deposition and both plaque size and stability [29]. The anti-inflammatory 

actions of NO2-FA inhibit cytokine production (IL-1 and IL-6), expression of vascular adhesion 

molecules (VCAM) and TLR4 activation in inflammatory macrophages, thus both limiting and 

facilitating the resolution of inflammatory processes [56]. While NO2-FA modulate inflammatory 

responses in macrophages in vitro and in vivo, an impact on macrophage lipid uptake and 

metabolism has not been previously explored. 

NO2-OA strongly modulated macrophage lipid metabolism via the activation of CD36-mediated 

mLDL incorporation and cholesterol efflux. While NO2-OA induced the expression of CD36 via 

activation of Nrf2-dependent gene expression, this effect was counterbalanced by a direct 

interaction and covalent binding of NO2-OA with CD36, the net effect being a reduction of total 

macrophage cholesterol and cholesteryl ester accumulation. These findings are consistent with 

responses to other CD36 ligands that modulate mLDL binding and internalization [57–59]. For 

NO2-OA, covalent binding with CD36 via Michael addition is reversible, with NO2-OA 
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competing for binding with other non-covalent ligands such as OA. This indicates well-integrated 

mechanisms of post-translational protein modification and signaling responses that both regulate 

cholesterol uptake and CD36 expression. 

We had previously reported the PPARγ–dependent regulation of CD36 expression by 

nitroalkenes, specifically nitro-linoleic acid (NO2-LA), another member of the family, but did not 

explore the participation of Keap1/Nrf2 signaling responses [17]. 4-Hydroxynonenal (4-HNE), 

another electrophilic lipid peroxidation byproduct, also up-regulates the expression of CD36; 

however, 4-HNE strongly promotes, rather than limits, macrophage foam cell formation [60]. 

These starkly contrasting actions of NO2-OA, 4-HNE and the Nrf2 agonist CDDO-Me may be 

attributed to the inhibition of CD36-dependent mLDL uptake induced by fatty acid nitroalkenes. 

These beneficial effects on lipid metabolism further translate to in vivo models, since the 

administration of NO2-FA to high fat diet-induced obese mice normalized hepatic triglyceride 

levels, limited indices of hepatic inflammation and reversed established hepatic steatosis [61]. 

Similarly, nitroalkene-containing α-tocopherol derivatives reduce inflammation and limite 

atherosclerotic lesion formation in ApoE-/- mice [36].  

Oxidized LDL and FA bind to an α-helix at the membrane-exposed distal tip of CD36, a lipid 

binding pocket which contains the critical Lys164 to either initiate downstream signaling or 

facilitate FA binding and internalization [62–64]. Herein, a CD36-selective lysine alkylating 

agent (SSO) revealed that NO2-OA interacts with a region vicinal to Lys164 in CD36 (Fig. 4A), 

displaying lower binding energies than OA and forming strong H-bonds with the carboxylate and 

nitro groups (Fig. 4 and Table 1). Upon initial binding, the nucleophilic Lys164 is free to move 

and access the electrophilic β-carbon of the nitroalkene substituent to initiate Michael addition. 

For the most stable complexes modeled in silico, the distances from Lys164 to the β-carbon were 
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7.8 and 8.1 Å. This modeling reveals that the H-bonds are working as anchors for the nitroalkene 

and Lys164 can in turn access the β-carbon. This role for Lys164 is supported by our findings, 

including the inhibition of mLDL interaction with CD36 by NO2-OA, the inhibition of binding 

and downstream signaling by SSO, and a lack of regulation by OA. 

In atherosclerosis, the regulation of lipid homeostasis in macrophages is crucial to prevent the 

formation of foam cells. Thus, macrophages in early atherosclerotic lesions exhibit accumulation 

of CE in lipid droplets, which are degraded at lysosomal levels in a process associated with 

autophagy (lipophagy). However, in advanced lesions, accumulation of cholesterol and 

cholesteryl esters impair macrophage lipophagy, blocking cholesterol efflux. Here, we 

demonstrated that NO2-OA improves cholesterol efflux in oxLDL-loaded macrophages. 

Significant increases in cholesterol and cholesteryl esters efflux were observed during the first 4 

h of treatment, a time frame corresponding to the highest rates of cholesterol release. This effect 

was unrelated to changes in expression levels of ATP-binding cassette transporter A1 o G1. 

Based on the finding that oxLDL impairs the autophagic pathway in lipid-loaded macrophages 

[33,65,66], the present results provide multiple lines of evidence supporting that NO2-OA 

stimulates autophagy. NO2-OA reduced cholesterol and LD accumulation and reversed 

autophagic flux, as evidenced by reductions in LC3II and p62 protein levels.  

Activation of AMPK-dependent signaling induces autophagic flux by inhibiting mTOR [51,52]. 

In macrophages, NO2-OA induced the activation Src and AMPK, an effect that can also lead to 

restoration of the autophagy flux.  

Beneficial effects of NO2-OA on lipid metabolism have been extensively studied in the context of 

liver diseases, but a role in cardiovascular diseases and atherosclerosis is less understood. NO2-

OA protects the vasculature from neointimal hyperplasia induced by arterial injury and the 
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development of atherosclerotic plaque [67]. Until now, the underlying metabolic mechanisms and 

the role of modulation of macrophage function by NO2-OA have not been addressed. In this 

study, we reveal that NO2-OA not only reduces oxLDL uptake but also reduces macrophage foam 

cell formation through the regulation of the macrophage autophagy flux.  

 

Conclusion 

 

Our data reveals that NO2-OA is a novel ligand for CD36 that inhibits mLDL binding, uptake, 

and LD formation in macrophages. NO2-OA induces the Nrf2-dependent expression of CD36 in 

macrophages. This pro-atherogenic effects are counterbalanced by the inhibition of mLDL 

incorporation by macrophages through binding and covalent modification of CD36 that results in 

a net increase in lipid efflux. The modulation of this pathway provides a novel target for 

therapeutic approaches that restore cell function and reduce pro-inflammatory status under 

pathological conditions. 
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Fig. 1. NO2-OA regulates CD36 expression in RAW 264.7 macrophages and BMDM. 

A. Density plots of CD36 in RAW264.7 macrophages stimulated with increasing concentrations of NO2-

OA (0-5.0 µM) for 8 h (Side Scatter-A vs CD36-APC fluorescence). B. Time course effect of NO2-OA or 

OA (5 µM) on CD36 mRNA expression in RAW264.7 macrophages. C. CD36 and HO-1 expression in 

macrophages incubated with NO2-OA (0-5 µM) or CDDO-Me (300 nM) for 8 h. GAPDH was used as a 

loading control. D. NO2-OA induction of CD36 expression. Macrophages were pre-incubated with 10 µM 

of the PPARγ antagonist GW9662 or 10 µM of the agonist rosiglitazone during 10 min or 20 min with the 

Nrf2 activator CDDO-Me (300 nM) before NO2-OA addition. E and F. CD36 expression in BMDM from 

Nrf2-KO mice. Protein (HO-1, NQO1 and CD36) and mRNA levels (CD36) of BMDM obtained from 

WT and Nrf2-KO mice were treated with 5 µM of NO2-OA, 5 µM OA or 300 nM of CDDO-Me (8 h for 

Western blot analysis and 4 h for RT-qPCR analysis). The data is a representative experiment selected 

from at least 3 independent experiments, n=3- for each determination showing mean ± SEM. * p<0.05, ** 

p<0.01, *** p<0.001. 

Fig. 2. NO2-OA inhibits mLDL incorporation by macrophages. 

A. Cholesterol and cholesteryl ester levels were reduced in RAW264.7 macrophages co-incubated with 

NO2-OA (5µM) and mLDL for 24 h as assessed by LC-MS-MS. Analysis were performed using 

deuterated cholesterol and cholesteryl palmitate as internal standards. B and C. Immunofluorescence 

images and quantification of fluorescence from RAW264.7 cells incubated with NO2-OA (5 µM) and SSO 

(50 µM) for 15 min follow by treatment with DiI-labeled oxLDL (50 µg/uL) for 2 h at 4°C and then 

washed and incubated at 37 ºC for 30 min. Quantification of fluorescence was performed on at least 20 

cells per condition. D. NO2-OA but not OA preincubation (15 min) with recombinant CD36 protein 

inhibits binding of DiI-labeled oxLDL (50 µg/µL). Binding was assessed after incubation for 2 h at 37 °C. 
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The data is obtained from a representative experiment selected from at least 3 independent experiments. 

Mean ± SEM are represented in graphs (* p<0.05, ** p<0.01, *** p<0.001). 

Fig. 3. NO2-OA binds reversibly and covalently to CD36.  

A. RAW264.7 macrophages were incubated with B-NO2-OA for 15 min at 4 °C to limit receptor 

endocytosis. Immunoprecipitation of CD36 was blotted for B-NO2-OA using HRP-Streptavidin. B. 

Recombinant CD36 was incubated with different mole ratios of B-NO2OA and the complexes B-NO2-OA-

rCD36 revealed by SDS-PAGE using HRP-Streptavidin. C. Competition of B-NO2-OA with NO2-OA or 

OA for rCD36 binding. D. GSH inhibits B-NO2OA interaction with rCD36. E. SSO displacement of B-

NO2-OA from B-NO2-OA-rCD36 adduct. The data is from a representative experiment selected from at 

least 3 independent experiments, n=3 for each determination showing mean ± SEM. * p<0.05, ** p<0.01, 

*** p<0.001.  

Fig. 4. In silico CD36-NO2-OA docking studies reveal the interaction of NO2-OA in the region of 

Lys164.  

A. Superimposed conformations obtained from docking simulation for searches performed at 4 (red), 6 

(blue) and 8 Å (yellow) around Lys164. B and C. Representation of the two most stable complexes 

obtained for NO2-OA around Lys164. Ligand atoms are represented with balls and sticks and Lys164 and 

166 of the receptor with bold sticks. The non-polar hydrogens of the ligand were included in the figures 

for a better representation. D. Three-dimensional (3D) representation of the CD36-NO2-OA complexes 

nearby Lys164 showed interactions with relevant residues of CD36. Left panel: CD36-NO2-OA complex 

represented in Fig. 5B and Right panel: CD36-NO2-OA complex represented in Fig. 5C. The carbons of 

the ligand are represented in orange while the carbons of the amino acids from the receptor are in cyan. 

Blue is used for nitrogen atoms, red for oxygen and white for hydrogen. 

Fig. 5. NO2-OA regulates cholesterol metabolism. 
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A. RAW264.7 macrophages loaded with DiI-oxLDL (100 µg/ml/24 h) were incubated with vehicle, NO2-

OA or OA during 24 h. Images were obtained in a Leica DMi8 microscope. At least 20 cells per condition 

were randomly analyzed. The data is from a representative experiment selected from at least 3 

independent experiments. B. ABCG1 and ABCA1 mRNA expression in RAW264.7 macrophages treated 

with 5 µM of NO2-OA during 2, 4 and 8 h. At least 3 independent experiments were carried out. C. 

Cholesterol efflux in RAW 264.7 macrophages loaded with oxLDL 100 µg/ml/24 h. Macrophages were 

treated with vehicle or NO2-OA (5 µM), cholesterol release was evaluated in the cell culture supernatant 

by MS. The graph shows the data obtained from at least 3 independent experiments. D. RAW 264.7 

macrophages loaded with oxLDL 100 µg/ml for 24 h. Then cells were treated with vehicle or NO2-OA (5 

µM) for 8 h in presence or absence of AMPK inhibitor CompC (3,3 µM). Macrophages were harvested in 

lysis buffer and samples analyzed by Western blot. The data is from a representative experiment selected 

from at least 3 independent experiments. Each quantification shows mean ± SEM. * p<0.05, ** p<0.01, 

*** p<0.001. 

 

Graphical abstract  

At the onset of atherosclerosis, inflammation, and ROS production in the artery intima favors the redox 

modification of LDL, which is incorporated via CD36 receptor into macrophages. In the presence of NO2-

OA, the binding and incorporation of mLDL to CD36 in macrophages is limited, decreasing intracellular 

lipids store, despite the induction of CD36 expression via Keap1/Nrf2 pathway. 

In contrast, once the accumulation of lipids has taken place and the macrophages differentiated to foam 

cells, NO2-OA favors lipid efflux by a mechanism dependent on activation of AMPK and stimulation of 

the autophagic flux. In the autophagosomes, the red and blue balls represent the LC3II and p62 proteins, 

respectively. 
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Graphical Abstract 

 



NO2-OA induces CD36 expression via Keap1/Nrf2 

NO2-OA is a new ligand for CD36 

NO2-OA decreases the uptake of mLDL in macrophages 

NO2-OA increases the cholesterol efflux in lipid-loaded macrophages  
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