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Abstract

15(S)-Hydroxyeicosatetraenoic acid (15(S)-HETE), the major 15-lipoxygenase 1/2 (15-LO1/2) 

metabolite of arachidonic acid (AA), induces CD36 expression through xanthine oxidase and 

NADPH oxidase-dependent ROS production and Syk and Pyk2-dependent STAT1 activation. In 

line with these observations, 15(S)-HETE also induced foam cell formation involving ROS, Syk, 

Pyk2 and STAT1-mediated CD36 expression. In addition, peritoneal macrophages from Western 

diet-fed ApoE−/− mice exhibited elevated levels of xanthine oxidase and NADPH oxidase 

activities, ROS production, Syk, Pyk2, and STAT1 phosphorylation and CD36 expression 

compared to those from ApoE−/−:12/15-LO−/− mice and these events correlated with increased 

lipid deposits, macrophage content and lesion progression in the aortic roots. Human 

atherosclerotic arteries also showed increased 15-LO1 expression, STAT1 phosphorylation and 

CD36 levels as compared to normal arteries. Together, these findings suggest that 12/15-LO 

metabolites of AA, particularly 12/15(S)-HETE might play a crucial role in atherogenesis by 

enhancing foam cell formation.

INTRODUCTION

Atherosclerosis is a chronic inflammatory disease of blood vessels and is one of the major 

causes of death and disability in the world (1, 2). It is characterized by lipid-laden foam cell 

accumulation in the sub-endothelial space as well as calcification (2, 3). Since its discovery 

that epitopes of oxidized low-density lipoprotein (OxLDL) co-localized with 15-

lipoxygenase mRNA and protein and that the atherosclerotic arteries exhibited increased 15-
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lipoxygenase activity (4–7), a number of studies using genetic and pharmacological 

approaches have demonstrated that lipoxygeases (LOs), mainly 5- and 15-LOs, play a role in 

atherogenesis (8–11). In addition, the most appreciated mechanism of the role of LOs in 

atherogenesis was their apparent involvement in the oxidation of LDL (12, 13). LOs 

catalyze stereospecific insertion of molecular oxygen into cis-polyunsaturated fatty acids 

including arachidonic acid (AA) and linoleic acid (LA) resulting in the formation of 

hydroperoxyeicosatetraenoic acids (HpETEs) and hydroperoxyoctadecadienoic acids 

(HpODEs) (14–16). HpETEs and HpODEs are nonenzymatically converted to 

hydroxyeicosatetraenoic acids (HETEs) and hydroxyoctadecadienoic acids (HODEs), 

respectively. 15-LO1 and 15-LO2 metabolize AA mainly to 15(S)-HpETE (14–17), while 

the murine ortholog of 15-LO1, 12/15-LO, converts AA to 12/15(S)-HpETE (17) and 

atherosclerotic arteries upon incubation with AA produced more of 15-HETE compared to 

normal arteries (18, 19). Furthermore, many cardiovascular disease risk factors such as 

hypercholesterolemia, diabetes, obesity and smoking all have been shown to be associated 

with increased expression and/or activity of 12/15-LO (20–23). In addition, HETEs are 

prooxidants (24) and a convincing body of evidence links oxidant stress to the pathogenesis 

of a variety of diseases, including cardiovascular diseases, cancer and rheumatoid arthritis 

(25–28). Thus, while a mounting amount of data point out a pro-atherogenic role for 12/15-

LO (8–10), one study showed that this lipoxygenase exerts anti-atherogenic effects (29). 

Despite its controversial role in atherogenesis, no mechanisms supporting its pro or anti-

atherogenic effects were explored.

Since many studies have shown that cardiovascular risk factors such as 

hypercholesterolemia, diabetes, obesity and smoking increase 15-LO activity (20–23) and 

atherosclerotic arteries produce 15-HETE (18, 19), a major 15-LO1/2 metabolite of AA, we 

asked the question whether this eicosanoid has any influence in the pathogenesis of 

atherogenesis. Towards this end, we have previously reported that 15(S)-HETE by inducing 

IL-17A expression triggers inflammation (30). In this study, we report that 15(S)-HETE also 

enhances CD36 expression and foam cell formation. In addition, we show that 15(S)-HETE-

induced CD36 expression and foam cell formation require xanthine oxidase and NADPH 

oxidase-dependent ROS production and Syk and Pyk2-mediated STAT1 activation. 

Furthermore, peritoneal macrophages from Western diet (WD)-fed ApoE−/− mice exhibited 

substantially higher levels of xanthine oxidase and NADPH oxidase activities, ROS 

production, Syk, Pyk2, and STAT1 phosphorylation as well as CD36 expression as 

compared to those from ApoE−/−:12/15-LO−/− mice. These observations correlated with 

increased lipid deposits and plaque progression in aortic roots of ApoE−/− mice compared to 

ApoE−/−:12/15-LO−/− mice in response to WD feeding. Interestingly, human atherosclerotic 

arteries showed increased 15-LO1 levels, STAT1 phosphorylation and CD36 expression as 

compared to normal arteries. Thus, these findings provide additional evidence for the role of 

12/15-LO in foam cell formation and hence in the pathogenesis of atherogenesis.
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MATERIALS AND METHODS

Reagents

5(S)-HETE (34230), 12(S)-HETE (34570), 15(R)-HETE (34710), 15(S)-HETE (34720), 

anti-CD36 (100011), total cholesterol assay kit (10007640), and triglycerides assay kit 

(1001030) were obtained from Cayman Chemicals (Ann Arbor, MI). Anti-pJak2 (3771), 

anti-pPyk2 (3291), anti-pSrc (2101), anti-pSTAT1 (7649), anti-pSTAT3 (9133), anti-

pSTAT5 (9351), anti-pSTAT6 (9364) and anti-pSyk (2715) antibodies were purchased from 

Cell Signaling Technology (Beverly, MA). Anti-CD68 (SC-9139 & SC9154), anti-CREB 

(SC-58), anti-Mac3 (SC-19991), anti-p38MAPK (SC-538), anti-p47Phox (SC-14015), anti-

SR-A1 (SC-20660), anti-SR-B1 (SC-67098), anti-STAT1 (SC464), anti-STAT3 (SC-482), 

anti-STAT5B (SC-1656), anti-STAT6 (SC981), anti-Syk (SC-573), anti-β-tubulin 

(SC-9104), and anti-xanthine oxidase (SC-20991) antibodies and normal mouse serum 

(SC-45051) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Pyk2 

antibodies (ab32571), HDL assay kit, and LDL/VLDL cholesterol assay kit (ab65390) were 

purchased from Abcam (Cambridge, MA). Anti-hSTAT-5A (MAB2174) antibody was 

obtained from R&D Systems (Minneapolis, MN). Brewer-modified thioglycolate medium 

(21176) was purchased from BD Biosciences (San Jose, CA). Apocynin (A10809), 

allopurinol (A8003) and Oil-red-O (234117) were obtained from Sigma-Aldrich Chemicals 

(St. Louis, MO). Diphenyleneiodonium chloride (BML-CN240) was from Enzo Life 

Sciences (Farmingdale, NY). AG-490 (658401) was purchased from Calbiochem (Billerica, 

MA). Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies (A11034), CM-

H2DCFDA [5-(6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate] (C6827), 

Lipofectin transfection reagent (15596018) and TRIzol reagent were obtained from 

Invitrogen (Grand Island, NY). pGL3 basic vector and Luciferase assay system (E4530) 

were purchased from Promega (Madison, WI). Apolipoproteins (BT927), Dil-OxLDL 

(BT-920), and OxLDL (BT-910) were obtained from Biomedical Technologies (Stoughton, 

MA). Quick-change site-directed mutagenesis kit was purchased from Stratagene (La Jolla, 

CA). T4 polynucleotide kinase was obtained from New England Biolabs (Ipswich, MA). 

[γ32P]-ATP (S.A. 3000 Ci/mmol) was from MP Biomedicals (Irvine, CA). [3H]-Cholesterol 

(S.A. 53 Ci/mmol) was bought from PerkinElmer (Waltham, MA). The enhanced 

chemiluminescence (ECL) Western blotting detection reagents (RPN2106) were obtained 

from GE Healthcare. All the phosphorothioate-modified antisense oligonucleotides (ASOs) 

and primers were synthesized by IDT (Coralville, IA). The phosphorothioate-modified 

ASOs used in this study are as follows: hControl ASO, 5'-

GGGGGUTCTCTGCGTACGGTGCUAGU-3'; hCD36 (NM_000072) ASO, 5'-

CCACAGTTCCGGTCACAGCC-3'; hCREB (NM_004379) ASO, 5'-

GCUGCTTCCCTGTTCUUCAU-3'; hp47Phox (NM_000265) ASO, 5'-

GUUGGGCTCAGGGTCTTCCGUCUC-3'; hPyk2 (NM_173175) ASO, 5'-

CCUGUGTCCATAGCCCAGAGUACC-3'; hSTAT1 (NM_007315) ASO, 5'-

GGUCUCGTGTTCTCTGUUCU-3'; hSTAT5B (NM_012448) ASO, 5'-

GGUGCTCTGCCTTCTUCUGC-3'; hSyk (NM_001174168) ASO, 5'-

UUCCCTGTCTTGTCTUUGUC-3'; and hXO (NM_000379) ASO, 5'-

GCCUCCTCCCATTCTCTTCACUCG-3'.
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Cell culture

THP1 cell cultures were maintained in a humidified 95% air and 5% CO2 atmosphere at 

37°C as described previously (30).

ROS detection

Intracellular ROS generation was measured using membrane permeable 5-(6)-

chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) dye as described 

previously (30) and expressed as relative fluorescence units (RFU).

RT-PCR

Total cellular RNA was extracted from THP1 cells using TRIzol reagent according to the 

manufacturer's protocol. Reverse transcription was performed with a high capacity cDNA 

reverse transcription kit (Applied Biosystems). Complementary DNA (cDNA) was then 

used as a template for amplification using the following primers: human SR-A1 

(NM_002445), forward, 5'-CCTCGTGTTTGCAGTTCTCA-3' and reverse, 5'-

CCATGTTGCTCATGTGTTCC-3'; human SR-B1 (NM_001082959), forward, 5'-

CTGTGGGTGAGATCATGTGG-3' and reverse, 5'- GCCCTTCCTTTGGAGTAACC-3'; 

human CD36 (NM_000072), forward, 5'- ACAGATGCAGCCTCATTTCC-3' and reverse, 

5'- GCCTTGGATGGAAGAACAAA-3'; human β-actin (NM_001101), forward, 5'-

AGCCATGTACGTTGCTAT-3' and reverse, 5'-GATGTCCACGTCACACTTCA-3'. The 

amplification was performed using Gene AMP PCR system 2400 (Applied Biosystems). 

The amplified PCR products were separated on 1.5% agarose gels, stained with ethidium 

bromide and the images were captured using Kodak In Vivo Imaging System.

Western blotting

Western blotting was performed as described previously (30).

NADPH oxidase and XO activities

NADPH oxidase and XO activities were measured as described previously (30).

Transfections

Transfections using the indicated ASO was performed as described previously (30).

CD36 promoter cloning

Using HRMVEC genomic DNA as a template, CD36 promoter fragment from −724 

nucleotides (nt) to +83 nt was amplified by polymerase chain reaction using a forward 

primer, 5'-GGTACCTTTTGGTTGAAGAAATTTAAAGAGTT-3' incorporating a KpnI 

restriction enzyme site at the 5'-end and a reverse primer, 5'-

AGATCTTTCAATCAAATGCTCCAACA-3' incorporating BglII restriction site at the 5'-

end. The resulting 0.807 kb PCR product was digested with KpnI and BglII and cloned into 

KpnI and BglII sites of the pGL3 basic vector (Promega) to yield pGL3-hCD36. The 

underlined regions are KpnI and BglII sites in both the forward and reverse primers, 

respectively. Site-directed mutations within the STAT binding element at −107 nt were 

introduced by using the Quick-Change site-directed mutagenesis kit according to 
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manufacturer's instructions and using the following primers: forward, 5'-

CTTTCAATGCATCTAGGAAACAAACCA-3' and reverse, 5'-

TGGTTTGTTTCCTAGATGCATTGAAAG-3' to yield pGL3-hCD36m. The boldface 

letters indicate the mutated bases. The clones were verified by DNA sequencing using pGL3 

vector-specific primers.

Luciferase assay

THP1 cells were transfected with pGL3 empty vector or pGL3-hCD36 promoter with and 

without the indicated mutations using Lipofectamine transfection reagent. After growth 

arresting in serum-free medium for 12 hrs, cells were treated with and without 0.1 μM 

15(S)-HETE for 6 hrs, washed with cold PBS and lysed in 200 μl of lysis buffer. The cell 

extracts were cleared by centrifugation at 12,000 rpm for 2 min at 4⍛C. The supernatants 

were assayed for luciferase activity using luciferase assay system (Promega) and a single 

tube luminometer (TD20/20; Turner Designs, Sunnyvale, CA) and expressed as relative 

luciferase units (RLU).

Electrophoretic mobility shift assay

Nuclear extracts of THP1 cells with and without appropriate treatments were prepared as 

described previously (31). The protein content of the nuclear extracts was determined using 

micro BCA method. [32P]-labeled double-stranded oligonucleotides encompassing STAT-

binding element at −107 nt (5'-

ATTTTTTTTTTCTTTCAATTTCTCTAGGAAACAAACCACACACTG-3') were used as 

a probe. Protein-DNA complexes were formed by incubating 5 μg of nuclear extract in a 

total volume of 20 μl consisting 15 mM HEPES, pH 7.9, 3 mM Tris-HCl, pH 7.9, 60 mM 

KCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 4.5 μg of 

bovine serum albumin, 2 μg of poly (dI-dC), 15% glycerol and 100,000 cpm of [32P]-labeled 

oligonucleotide probe for 30 min on ice. The protein-DNA complexes were resolved by 

electrophoresis on a 6% polyacrylamide gel using 1X Tris-glycine-EDTA buffer (25 mM 

Tris-HCl, pH 8.5, 200 mM glycine and 0.1 mM EDTA). Double-stranded oligonucleotides 

were labeled with [γ-32P]-ATP using T4 polynucleotide kinase following the supplier's 

instructions. To perform supershift electrophoretic mobility shift assay, the complete 

reaction mix was incubated with the indicated antibodies for 1 hr on ice before separating it 

by electrophoresis. Normal serum was used as a negative control.

Chromatin immunoprecepitation (ChIP) assay

ChIP assay was performed on THP1 cells with and without the indicated treatments or the 

primary mouse peritoneal macrophages isolated from Apo E−/− and ApoE−/−:12/15-LO−/− 

mice fed with WD using a kit and following the supplier's protocol (Upstate Biotechnology 

Inc., Lake Placid, NY). STAT1-DNA complexes were immunoprecipitated using anti-

STAT1 antibodies. Preimmune mouse or rabbit serum was used as a negative control. The 

immunoprecipitated DNA was uncross-linked, subjected to Proteinase K digestion, purified 

using QIAquick columns (Cat. No. 28104, Qiagen, Valenica, CA), and used as a template 

for PCR amplification with primers, forward: 5'-GGGGAAACTCAGCAAGTCAG-3' and 

reverse: 5'-AGTGTCAGATCCCAGTGG-3' that would amplify 228 bp fragment 
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encompassing the STAT-binding site at −107 nt. The resulting PCR products were resolved 

on 1.8% agarose gels, stained with ethidium bromide and the images were captured using 

Kodak In Vivo Imaging System.

Isolation of peritoneal macrophages and collection of plasma and aorta

ApoE−/− and ApoE−/−:12/15-LO−/− mice were bred and maintained according to the 

Institutional Animal Care and Use facility guidelines. All the experiments involving the use 

of animals were approved by the Animal Care and Use Committee of the University of 

Tennessee Health Science Center, Memphis, TN. Six weeks old male ApoE−/− and ApoE−/−:

12/15-LO−/− mice were fed with WD (protein, 15.2%; carbohydrate, 42.7% and fat, 42%) 

(Harlan, Madison, WI, Cat. No. TD.88137) for 3 months and the peritoneal macrophages, 

plasma and aortas were collected as described previously (30).

Oil Red O staining

After fixing with 4% (v/v) paraformaldehyde, the aortic root sections were stained with Oil 

Red O and counter stained with hematoxylin. The sections were observed under Nikon 

Eclipse 50i microscope with 4X/0.10 or 10X/0.25 magnification and the images were 

captured with a Nikon Digital Sight DS-L1 camera.

Dil-OxLDL uptake assay

THP1 cells that were treated with and without the indicated doses of 15(S)-HETE or the 

indicated HETE (0.1 μM) for 6 hrs or the peritoneal macrophages isolated from ApoE−/− 

and ApoE−/−:12/15-LO−/− mice that were fed with WD for 12 weeks were incubated with 

Dil-OxLDL (10 μg/ml) for 6 hrs at 37°C. After incubation with Dil-OxLDL, cells were 

washed with PBS, re-suspended in PBS and analyzed by FACS calibur flow cytometer (BD 

Biosciences, San Jose, CA) with an acquired capacity of 10,000 cells. The data were 

analyzed using cellquest software and Dil-OxLDL uptake is presented as a percentage of the 

total cells.

Cholesterol efflux assay

THP1 cells and peritoneal macrophages were seeded into 12-well plates at a density of 6 × 

105 cells/well. Cells were labeled with [3H]-cholesterol (1 μCi/ml) for 24 hrs followed by 

extensive washings with PBS. Cells were then equilibrated in serum-free DMEM containing 

0.2% fatty acid free-bovine serum albumin (FAF-BSA) for 2 hrs. After equilibration, 

medium was replaced with fresh DMEM containing 0.2% FAF-BSA and 10 μg/ml of 

Apolipoprotein A-I and incubation was continued for 4 hrs at 37⍛C. An aliquot of the efflux 

medium (100 μl) was collected for radioactivity determination. Cells were then rinsed with 

PBS, dried and isopropanol was added for overnight extraction of cholesterol at room 

temperature. An aliquot of the extract (100 μl) was collected for radioactivity determination. 

Cholesterol efflux was determined as % of total cellular radioactivity released into the 

medium.
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Cell surface CD36 expression assay

THP1 cells that were treated with and without 0.1 μM 15(S)-HETE for 6 hrs or the 

peritoneal macrophages isolated from ApoE−/− and ApoE−/−:12/15-LO−/− mice that were 

fed with WD for 12 weeks were washed with cold FACS buffer (2% BSA, 0.1% sodium 

azide in PBS) and incubated with rabbit anti-human CD36 antibody or isotype control serum 

for 30 min on ice. After repeated washings with FACS buffer, cells were re-suspended in 

100 μl FACS buffer containing Alexa Fluor 488-conjugated goat anti-rabbit secondary 

antibodies for 30 min on ice, washed again with FACS buffer, re-suspended in 200 μl of 

fixation buffer (1% paraformaldehyde in FACS buffer) and analyzed by FACS.

Foam cell assay

THP1 cells that were treated with and without the indicated doses of 15(S)-HETE or the 

indicated HETE (0.1 μM) for 6 hrs or the peritoneal macrophages isolated from ApoE−/− 

and ApoE−/−:12/15-LO−/− mice that were fed with WD for 12 weeks were incubated with 

OxLDL (10 μg/ml) for 6 hrs at 37⍛C. Cells were then fixed with 4% paraformaldehyde for 

30 min, stained with Oil red O for 10 min and counterstained with hematoxylin. Cell 

staining was observed under a Nikon Eclipse 50i microscope with 40X/0.65 magnification 

and the images were captured with a Nikon Digital Slight DS-L1 camera. After capturing 

the images, the Oil red O stain was eluted by incubating the slides with isopropanol for 15 

min at room temperature and the optical density was measured at 500 nm in a SpectraMax 

190 spectrophotometer (Molecular Devices).

Plasma lipid profile

The concentration of total cholesterol, HDL, LDL and triglycerides in the plasma were 

measured using kits following the manufacturers' instructions.

Human normal and atherosclerotic artery specimens

Human normal and atherosclerotic artery samples were collected as described previously 

following the approved IRB protocols (32). The sections were deparaffinixed with xylene 

and the antigen was unmasked by treating the sections with antigen unmasking solution for 

30 min at 99⍛C. The sections after permeabilization in 0.5% Triton-X100 for 15 min and 

after blocking in normal goat serum were probed with mouse anti-human Mac3 antibodies 

(1:100) in combination with rabbit anti-human 15-LO1 antibodies (1:100), rabbit anti-

human pSTAT1 or rabbit anti-human CD36 antibodies followed by incubation with 

AlexaFluor 488-conjugated goat anti-mouse and AlexaFluor 568-conjugated goat anti-rabbit 

secondary antibodies. The sections were observed under Zeiss inverted microscope (Zeiss 

AxioVision Observer Z1; original magnification X40/NA 0.6) and the fluorescence images 

were captured by Zeiss AxioCam MRm camera using the microscope operating and image 

analysis software AxioVision 4.7. 2 (Carl Zeiss Imaging solutions GmbH).

Statistics

All the experiments were repeated three times and the data are presented as Mean ± SD. The 

treatment effects were analyzed by Student t test, and the p values <0.05 were considered 

statistically significant. In the case of RT-PCR and Western blotting, histochemistry, 
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immunohistochemistry and immunofluorescence staining, one representative set of data is 

shown. In the case of animals, each group consists of 6 animals.

RESULTS

15(S)-HETE induces foam cell formation via CD36 expression

Foam cell formation is a crucial event in the pathogenesis of atherogenesis (2, 33). To 

understand the role of 15-LO1 in atherogenesis, we studied the effects of 15(S)-HETE, a 

major AA metabolite of 15-LO1/2 and whose production has been reported to be increased 

in atherosclerotic arteries (17–19), on foam cell formation. 15(S)-HETE stimulated OxLDL 

uptake and foam cell formation in a dose-dependent manner with maximum effects at 0.1 

μM (Figure 1A & B). To determine the specificity, we compared its effects with those of 

5(S)-HETE and 12(S)-HETE, the 5-LO and 12-LO metabolites of AA, respectively. While 

5(S)-HETE has relatively little effect, 12(S)-HETE induced both OxLDL uptake and foam 

cell formation to ~70% of the capacity of 15(S)-HETE (Figure 1C & D). 15(R)-HETE, the 

enantiomer of 15(S)-HETE, although induced OxLDL uptake and foam cell formation, its 

effects were found to be much lower than those of 15(S)-HETE (Figure 1C & D). To 

understand the mechanisms of 15(S)-HETE-induced OxLDL uptake and foam cell 

formation, we examined its effects on scavenger receptor expression. 15(S)-HETE while 

having no effect on SR-A1 and SR-B1 expression induced the mRNA and protein levels of 

CD36 in a time-dependent manner with near maximum effects at 4 hrs (Figure 1E & F). In 

regard to specificity, 15(S)-HETE exhibited more potent effects on CD36 expression than 

5(S)-HETE, 12(S)-HETE or 15(R)-HETE (Figure 1G). Furthermore, FACS analysis showed 

that 15(S)-HETE-induced CD36 expression also led to an increase in its cell surface levels 

(Figure 1H). Since 15(S)-HETE induced CD36 expression, we examined its role in foam 

cell formation. ASO-mediated downregulation of CD36 levels attenuated 15(S)-HETE-

induced OxLDL uptake and foam cell formation (Figure 1I & J). These results suggest that 

15(S)-HETE induces OxLDL uptake and foam cell formation via enhancing CD36 

expression.

15(S)-HETE-induced CD36 expression and foam cell formation require ROS production 
and Syk & Pyk2 activation

Previously, we have shown that 15(S)-HETE induces ROS production in XO-dependent 

NADPH oxidase activation in monocytes (30). To explore the mechanisms of CD36 

expression, we examined the role of ROS. Pharmacological inhibitors of XO or NADPH 

oxidase (26–28) or ASO-mediated downregulation of XO or a NADPH oxidase component, 

p47Phox, levels suppressed 15(S)-HETE-induced CD36 expression (Figure 2A & B). ASO-

mediated downregulation of XO or p47Phox levels also blocked 15(S)-HETE-induced 

OxLDL uptake and foam cell formation (Figure 2C & D). These findings reveal that XO and 

NADPH oxidase-dependent ROS production is required for 15(S)-HETE-induced CD36 

expression, OxLDL uptake and foam cell formation. Our previous results showed that ROS 

production leads to activation of non-receptor tyrosine kinases (NRTKs) such as Syk and 

Pyk2 in monocytes in response to 15(S)-HETE (30). In order to test the role of NRTKs, we 

first studied the time course effects of 15(S)-HETE on tyrosine phosphorylation of various 

NRTKs. 15(S)-HETE stimulated the tyrosine phosphorylation of Jak2, Pyk2, Src and Syk in 
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a time-dependent manner (Figure 3A). Since there is a lack of correlation between the time 

courses of Src activation and CD36 expression, we only examined the role of Jak2, Pyk2 

and Syk in 15(S)-HETE-induced CD36 expression. ASO-mediated downregulation of XO or 

p47Phox while having little effect on Jak2 phosphorylation blocked 15(S)-HETE-induced 

Pyk2 and Syk phosphorylation (Figure 3B). Similarly, pharmacological inhibition Syk (34) 

or Pyk2 (35) but not Jak2 (36) attenuated 15(S)-HETE-induced CD36 expression (Figure 

3C). ASO-mediated downregulation of Syk or Pyk2 levels also inhibited 15(S)-HETE-

induced CD36 expression (Figure 3D). In line with these observations, while ASO-mediated 

downregulation of Syk or Pyk2 levels attenuated 15(S)-HETE-induced OxLDL uptake and 

foam cell formation, the inhibition of Jak2 had no effect (Figure 3E & F).

15(S)-HETE-induced CD36 expression and foam cell formation require STAT1 activation

Previously we have shown that Syk and Pyk2 mediate 15(S)-HETE-induced CREB 

activation in the induction of IL-17A expression (30). In order to identify the transcriptional 

factors involved in 15(S)-HETE-induced CD36 expression and thereby in OxLDL uptake 

and foam cell formation, we first tested the role of CREB. ASO-mediated downregulation of 

CREB levels had no effect on 15(S)-HETE-induced CD36 expression, OxLDL uptake or 

foam cell formation (Figure 4A & B). Since CREB had no role in 15(S)-HETE-induced 

CD36 expression, OxLDL uptake and foam cell formation, we next tested the time course 

effects of 15(S)-HETE on activation of STATs. 15(S)-HETE stimulated tyrosine 

phosphorylation of STAT1, STAT5 and STAT6 (Figure 4C, upper panel). To identify the 

subtype of STAT5 activated by 15(S)-HETE, we next performed an immunoprecipitation 

assay using PY20 antibodies. Immunoprecipitation of proteins from control and various time 

periods of 15(S)-HETE-treated THP1 cells with PY20 antibodies followed by 

immunoblotting for STAT5A and STAT5B showed that 15(S)-HETE activates 

predominantly STAT5B over STAT5A (Figure 4C, lower panel). The effects of 15(S)-

HETE on STAT5A and STAT6 phosphorylation are much lower as compared to STAT1 and 

STAT5B phosphorylation and their time courses of activation do not correlate with the 

sustained time course of CD36 expression. Therefore, we only examined the role of STAT1 

and STAT5B in 15(S)-HETE-induced foam cell formation. Despite the robust activation of 

both STAT1 and STAT5B by 15(S)-HETE, downregulation of STAT1 but not STAT5B 

blunted 15(S)-HETE-induced CD36 expression, OxLDL uptake and foam cell formation 

(Figure 4D & E). To find the upstream signaling of STAT1 activation, we examined the role 

of ROS and NRTKs. Pharmacological inhibition of XO or NADPH oxidase (26–28) or 

ASO-mediated downregulation of XO or p47Phox levels suppressed 15(S)-HETE-induced 

STAT1 phosphorylation (Figure 4F). Similarly, ASO-mediated downregulation of Syk or 

Pyk2 levels also blocked 15(S)-HETE-induced STAT1 phosphorylation (Figure 4G). To 

gain more insights into the mechanisms of STAT1 role in 15(S)-HETE-induced CD36 

expression, we cloned ~800 bp of its promoter and characterized it for TF binding sites by 

TRANSFAC analysis. One putative STAT-binding site was identified at −107 nt relative to 

the transcription start site (Figure 5A). EMSA using STAT-binding element at −107 nt as a 

[32P]-labeled probe showed that 15(S)-HETE induces nuclear protein binding to STAT-

binding site in the CD36 promoter (Figure 5B). Supershift EMSA showed the presence of 

STAT1 in 15(S)-HETE-induced protein-CD36 promoter DNA complexes (Figure 5B). In 

addition, ChIP assays showed that STAT1 binds to CD36 promoter in a time-dependent 
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manner in response to 15(S)-HETE (Figure 5C, upper panel). Furthermore, downregulation 

of XO, p47Phox, Syk or Pyk2 levels attenuated 15(S)-HETE-induced STAT1 binding to 

CD36 promoter (Figure 5C, middle and bottom panels). Cloning the ~800 bp CD36 

promoter region into pGL3 vector and transfection into THP1 cells resulted in a 3-fold 

increase in its activity upon treatment with 15(S)-HETE and this response was found to be 

sensitive to inhibition of XO, NADPH oxidase, Syk or Pyk2 (Figure 5D, upper and middle 

panels). To confirm the role of STAT-binding site in 15(S)-HETE-induced CD36 promoter 

activity, we next performed site-directed mutagenesis. Site-directed mutagenesis of STAT-

binding site at −107 nt attenuated 15(S)-HETE-induced CD36 promoter activity (Figure 5D, 

bottom panel). To validate the role of 15(S)-HETE in foam cell formation, we also studied 

its effects in peritoneal macrophages of wild type (WT) mice. 15(S)-HETE stimulated Pyk2, 

Syk and STAT1 tyrosine phosphorylation and CD36 expression in a time-dependent manner 

in these cells as well (Figure 6A). In addition, 15(S)-HETE enhanced the capacity of these 

cells to uptake OxLDL and become foam cells (Figure 6B).

Western Diet triggers STAT1 activation and its binding to CD36 promoter enhancing CD36 
expression, OxLDL uptake and foam cell formation in ApoE−/− but not in ApoE−/−:12/15-
LO−/− mice

To validate the in vitro findings in vivo, we used ApoE−/− mice, an experimental model of 

atherosclerosis, along with ApoE−/−:12/15-LO−/− mice. Peritoneal macrophages isolated 

from these mice fed with WD for 3 months were examined for ROS production, XO and 

NADPH oxidase activities, Syk, Pyk2 and STAT1 phosphorylation and CD36 expression. 

The ROS production, XO and NADPH oxidase activities and Syk, Pyk2 and STAT1 

phosphorylation were all found to be substantially higher in macrophages of ApoE−/− mice 

as compared to those of ApoE−/−:12/15-LO−/− mice (Figure 7A & B). CD36 expression as 

measured by its mRNA and protein levels was also found to be significantly higher in the 

peritoneal macrophages of WD-fed ApoE−/− mice as compared to those of ApoE−/−:12/15-

LO−/− mice (Figure 7C). Similarly, FACS analysis showed increased cell surface CD36 

expression in the peritoneal macrophages of WD-fed ApoE−/− mice as compared to those of 

ApoE−/−:12/15-LO−/− mice (Figure 7D). No differences were observed in the peritoneal 

macrophage cell surface CD36 expression between ApoE−/− and ApoE−/−:12/15-LO−/− mice 

that were fed with CD (Figure 7D). ChIP assay showed increased STAT1 binding to CD36 

promoter in the peritoneal macrophages of WD-fed ApoE−/− mice as compared to those of 

ApoE−/−:12/15-LO−/− mice (Figure 7E). In line with these observations, the peritoneal 

macrophages from WD-fed ApoE−/− mice exhibited increased capacity of OxLDL uptake 

and foam cell formation as compared to those of ApoE−/−:12/15-LO−/− mice (Figure 7F & 

G). Levels of the total cholesterol and cholesterol esters were also found to be 3-fold higher 

in the peritoneal macrophages of WD-fed ApoE−/− mice as compared to those of ApoE−/−:

12/15-LO−/− mice (Figure 7H). The plasma total cholesterol, LDL cholesterol and 

triglycerides levels were found to be higher in WD-fed ApoE−/− mice as compared to 

ApoE−/−:12/15-LO−/− mice; whereas the HDL cholesterol levels were observed to be more 

in ApoE−/−:12/15-LO−/− mice as compared to ApoE−/− mice (Figure 8A). Since the levels of 

total cholesterol and its esters were higher in the peritoneal macrophages of ApoE−/− mice as 

compared to those of ApoE−/−:12/15-LO−/− mice, we wanted to find whether 15(S)-HETE 

also affects cholesterol efflux. It is interesting to note that while 5(S)-HETE had little effect, 
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both 12(S)-HETE and 15(S)-HETE decreased cholesterol efflux substantially (Figure 8B). 

15(R)-HETE, the enantiomer of 15(S)-HETE, had no effect on cholesterol efflux (Figure 

8B). In agreement with these findings, the peritoneal macrophages from ApoE−/−:12/15-

LO−/− mice exhibited 2-fold higher cholesterol efflux as compared to those of ApoE−/− mice 

(Figure 8C). ATP-binding cassette transporters A1/G1 (ABCA1/G1) have been shown to 

play an important role in cholesterol efflux (37). Therefore, to find the cause for the 

decreased cholesterol efflux by 15(S)-HETE, we tested its effects on ABCG1 expression. 

Surprisingly, 15(S)-HETE decreased ABCG1 levels in a time-dependent manner in THP1 

cells and 12/15-LO deficiency led to its enhanced levels in peritoneal macrophages as 

compared to ApoE−/− mice (Figure 8D & E). In accordance with these findings, the lipid 

deposits in the aortic roots of WD-fed ApoE−/− mice were found to be substantially higher 

as compared to those of ApoE−/−:12/15-LO−/− mice (Figure 8F). To extrapolate and validate 

these findings in humans, we obtained normal and atherosclerotic human artery sections and 

performed immunofluorescence staining for 15-LO1, STAT1 phosphorylation and CD36 

expression. It is interesting to note that 15-LO1 levels, STAT1 phosphorylaion and CD36 

expression were all increased in human atherosclerotic arteries as compared to normal 

arteries (Figure 8G).

DISCUSSION

While a substantial body of literature suggests that 15-LO1 and its murine ortholog 12/15-

LO play a role in atherogenesis (8–10), a few reports indicated a protective role of this 

lipoxygenase against atherogenesis (29). However, besides its role in LDL oxidation (12, 

13), the molecular mechanisms supporting the pro or anti-atherogenic role of 15-LO1 are 

lacking. Since, some reports showed that atherosclerotic arteries generate 15-HETE, a major 

15-LO1 metabolite of AA, predominantly (18, 19), we asked if this molecule might be 

involved in the pro or anti-atherogenic role of 15-LO1. To address the role of 15(S)-HETE 

in atherogenesis, we have previously reported that it enhances neointima formation in 

response to injury (31, 38) and angiogenesis in response to ischemia (39, 40). Having 

observed that 15(S)-HETE possesses the capacity to stimulate smooth muscle cell and 

endothelial cell migration, we further reasoned that it might also promote monocyte/

macrophage migration, and thereby, atherogenesis. Towards this end, in our previous study 

we showed that 15(S)-HETE via activating CREB and enhancing IL-17A expression 

stimulates monocyte migration (30). In exploring additional mechanisms of its possible role 

in atherogenesis, in the present study, we show that 15(S)-HETE stimulates OxLDL uptake 

and foam cell formation. Among the many scavenger receptors, CD36 has been shown to be 

a major mediator of OxLDL uptake (41, 42). In line with this view, our findings show that 

15(S)-HETE induces CD36 expression in monocytes. Furthermore, since downregulation of 

CD36 expression substantially blocked 15(S)-HETE-induced OxLDL uptake, it is 

conceivable that this scavenger receptor plays a determinant role in 15(S)-HETE-induced 

foam cell formation. A substantial body of literature suggests that oxidant stress plays a 

crucial role in vascular diseases (25–28). Because some reports showed that 15-HpETE 

possess the pro-oxidant capacity and able to enhance LDL oxidation in the presence of 

copper (24), we asked the question whether 15(S)-HETE has any role in oxidant production. 

In this aspect, we have previously shown that 15(S)-HETE induces ROS production via 
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xanthine oxidase-mediated NADPH oxidase activation (30). In this study, we found that 

xanthine oxidase and NADPH oxidase-dependent ROS production is also required for 

15(S)-HETE-induced CD36 expression. In addition, 15(S)-HETE by stimulating ROS 

production might also enhance LDL oxidation, facilitating its uptake by CD36. Because the 

previous studies have shown that 15-HETE mediates LDL oxidation and our present results 

show that it induces CD36 expression, it might be conceivable that 15(S)-HETE by both 

mediating LDL oxidation and enhancing CD36 expression could exacerbate OxLDL uptake 

and foam cell formation. Foam cell formation may take place due to increased OxLDL 

uptake or decreased cholesterol efflux (43). In this aspect, other studies have reported that 

12/15-LO exerts an inhibitory effect on the expression of ABCG1 that plays a role in 

cholesterol efflux (44). Based on this information, it may be speculated that in addition to 

oxidation of LDL and its uptake, 15(S)-HETE might also prevent cholesterol and 

phospholipid efflux leading to their retention in the cell. In this context, it was interesting to 

note that 15(S)-HETE in addition to inducing the expression of CD36 inhibits ABCG1 

levels in macrophages. As ABCG1 by binding to cholesterol and phospholipids facilitates 

their efflux (43), its decreased expression by 15(S)-HETE might also enhance cholesterol 

retention in macrophages and facilitate foam cell formation.

Since ROS via inhibition of PTPs can influence the tyrosine phosphorylation of proteins, 

including receptor and non-receptor tyrosine kinases (45, 46), we examined and found that 

15(S)-HETE activates Jak2, Pyk2 and Syk. It is interesting to note that inhibition of XO or 

NADPH oxidase while blocking Syk and Pyk2 phosphorylation had no effect on Jak2 

phosphorylation, indicating a lack of a role for Jak2 in 15(S)-HETE-induced CD36 

expression, OxLDL uptake and foam cell formation. Indeed, inhibition of Jak2 did not affect 

CD36 expression, OxLDL uptake or foam cell formation. In contrast, inhibition of either 

Syk or Pyk2 reduced 15(S)-HETE-induced CD36 expression, OxLDL uptake and foam cell 

formation. These findings suggest that both Syk and Pyk2 are involved in 15(S)-HETE-

induced CD36 expression and foam cell formation. Syk and Pyk2 have been shown to play a 

role in atherogenesis (47, 48). Recently, we have shown that ROS production and Syk and 

Pyk2 stimulation are required for 15(S)-HETE-induced CREB activation in the regulation of 

IL-17A expression (30). Because Syk and Pyk2 are mediating 15(S)-HETE-induced CREB 

activation in the induction of IL-17A expression in macrophages, we suspected that CREB 

plays a role in 15(S)-HETE-induced CD36 expression and foam cell formation. However, 

downregulation of CREB had no effect on 15(S)-HETE-induced CD36 expression and foam 

cell formation, pointing to a role for other transcriptional factors in these effects. In this 

context, 15(S)-HETE activated STAT1, STAT5A, STAT5B and STAT6 in THP1 cells. 

However, its effects on STAT5A and STAT6 are marginal and their time course of 

stimulation do not correlate with the sustained time course of CD36 expression. Therefore, it 

may be unlikely that STAT5A or STAT6 play a role in 15(S)-HETE-induced CD36 

expression and foam cell formation. Similarly, STAT5B depletion had no effect on 15(S)-

HETE-induced CD36 expression, indicating a lack of a role for STAT5B in 15(S)-HETE-

induced foam cell formation. Instead, the findings that 15(S)-HETE activated STAT1 

robustly and its depletion attenuated 15(S)-HETE-induced CD36 expression suggest that 

STAT1 mediates 15(S)-HETE-induced foam cell formation. The promoter analysis and 

ChIP assay further confirm the role of STAT1 in 15(S)-HETE-induced CD36 expression. 
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Since downregulation of STAT1 also blocked foam cell formation, it may be suggested that 

CD36 might be the major mechanism of foam cell formation by 15(S)-HETE. A recent 

study showed that deletion of STAT1 leads to reduced CD36 expression and protects mice 

against atherogenesis in response to high-fat diet feeding; thus suggesting a possible link 

between STAT1 and CD36 expression (49). In this context, our results for the first time 

reveal a direct binding of STAT1 to CD36 promoter mediating its activity in monocytes in 

response to 15(S)-HETE in vitro. Previous studies have also shown that 15-HETE induces 

CD36 expression via activation of PPARγ (50). Based on these observations as well as the 

present findings, it may be inferred that 15(S)-HETE can induce CD36 expression and foam 

cell formation via different mechanisms, including STAT1 and PPARγ, alone or in 

combination and contribute in atherogenesis.

In evaluating the role of 15(S)-HETE in atherogenesis, we used ApoE−/− mice as an 

experimental model of atherogenesis (9). We found that deletion of 12/15-LO gene on 

ApoE−/− background diminishes ROS production, XO and NADPH oxidase activities, Syk, 

Pyk2 and STAT1 phosphorylation and CD36 expression as compared to their levels in 

ApoE−/− mice in response to WD feeding. In addition, the CD36 promoter in peritoneal 

macrophages of ApoE−/−:12/15-LO−/− mice exhibited less binding of STAT1 as compared 

to those of ApoE−/− mice in response to WD feeding. This observation further confirms the 

role of STAT1 in 12/15-LO-12/15(S)-HETE-induced CD36 expression in macrophages in 

response to WD feeding in vivo as well. In this context it should also be noted that WD 

induces 12/15-LO expression in the endothelium disrupting its permeability (51). In 

corroboration with these findings, peritoneal macrophages from ApoE−/−:12/15-LO−/− mice 

took up reduced amounts of OxLDL and exhibited attenuated foam cell formation as 

compared to those from ApoE−/− mice upon WD feeding. In accordance with these 

observations, the lipid deposits and the plaque sizes in aortic roots were more in ApoE−/− 

mice as compared to ApoE−/−:12/15-LO−/− mice and resulted in enhanced lesion formation. 

Since deletion of 12/15-LO gene diminished these effects leading to attenuation of lesions, it 

may be viewed that 15-LO via production of 15(S)-HETE contributes to the pathogenesis of 

atherogenesis. In addition, the findings that human atherosclerotic arteries show more 15-

LO1 expression, STAT1 phosphorylation and CD36 expression compared to age matched 

control subjects further exemplifies the role of 15(S)-HETE in atherogenesis. Together, 

these results for the first time show that 15(S)-HETE by both its ability to enhance OxLDL 

uptake via increased expression of CD36 and its capacity to decrease cholesterol efflux via 

inhibition of ABCG1 could play a major role in atherogenesis. As 15(R)-HETE, the 

enantiomer of 15(S)-HETE that can be produced by cytochrome P450 monooxygenase or 

aspirin-modified COX2-dependent conversion of AA (52), also induced CD36 expression, 

OxLDL uptake and foam cell formation, at least to some extent, besides 12/15-LO-12/15(S)-

HETE axis a role for other HETEs such as 5(S)-HETE and 15(R)-HETE in atherogenesis 

can not be excluded. Indeed, deletion of both 12/15-LO and 5-LO conferred enhanced 

protection against diet-induced atherogenesis (53).

In summary, the present observations as depicted in Figure 9 show that 12/15-LO-12/15(S)-

HETE enhances atherogenesis via XO-dependent ROS production, leading to Syk and Pyk2-

mediated STAT1 activation and CD36 expression.
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HIGHLIGHTS

• 15(S)-HETE induces CD36 expression and foam cell formation.

• 15(S)-HETE-induced CD36 expression and foam cell formation require 

xanthine oxidase and NADPH oxidase-dependent reactive oxygen species 

production leading to Syk and Pyk2-mediated STAT1 activation.

• 12/15-LO deletion attenuates xanthine oxidase and NADPH oxidase activities, 

reactive oxygen species production and Syk, Pyk2 and STAT1 phosphorylation 

in the peritoneal macrophages of ApoE−/− mice fed with Western diet.

• 12/15-LO deletion diminishes CD36 expression in the peritoneal macrophages 

of ApoE−/− mice fed with Western diet and lowers their capacity to uptake 

OxLDL and become foam cell.
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Figure 1. 
15(S)-HETE induces OxLDL uptake and foam cell formation via CD36 expression. A–D. 

Quiescent THP1 cells were treated with vehicle or the indicated doses of 15(S)-HETE or 0.1 

μM of the indicated HETE for 4 hrs and subjected to Dil-OxLDL uptake (panels A & C) and 

foam cell formation (panels B & D) as described in “Materials and Methods.” E–G. 

Quiescent THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE for the indicated 

time periods or 0.1 μM of the indicated HETE for 4 hrs and either RNA was isolated or 

protein extracts were prepared. The RNA and protein extracts were analyzed by RT-PCR 

and Western blotting for the indicated scavenger receptor mRNA (panel E) and protein 

(panels F & G) levels using their specific primers and antibodies, respectively, and 

normalized to β-actin mRNA and β-tubulin protein levels, respectively. H. After treatment of 

quiescent THP1 cells with vehicle or 15(S)-HETE (0.1 μM) for 4 hrs, the cell surface CD36 

expression was measured by FACS analysis. A representative histogram is shown in the 

upper panel and the quantitative analysis is shown as a bar graph in the lower panel. I & J. 

THP1 cells were transfected with the indicated ASO, quiesced, treated with vehicle or 0.1 

μM 15(S)-HETE for 4 hrs and subjected to Dil-OxLDL uptake (panel I) and foam cell 

formation (panel J) as described in “Materials and Methods”. The bar graphs represent Mean 

± SD values of three experiments. *, p<0.01 versus vehicle control or control ASO; **, 

p<0.01 versus 15(S)-HETE or control ASO + 15(S)-HETE.
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Figure 2. 
15(S)-HETE-induced CD36 expression and foam cell formation require XO and NADPH 

oxidase activities. A. Quiescent THP1 cells were treated with vehicle or 0.1 μM 15(S)-

HETE in the presence and absence of apocynin (100 μM), DPI (10 μM) or allopurinol (100 

μM) for 4 hrs and either RNA was isolated or protein extracts were prepared. RNA and 

protein extracts were analyzed by RT-PCR and Western blotting for CD36 mRNA (upper 

panel) and protein (lower panel) levels using its specific primers and antibodies, 

respectively, and normalized to β-actin mRNA and β-tubulin protein levels, respectively. B. 

THP1 cells were transfected with the indicated ASO and quiesced before subjecting to the 

indicated treatments and analyzing for CD36 mRNA (upper panel) and protein (lower panel) 

levels as described in panel A. The RNA was also analyzed by RT-PCR for β-actin mRNA 

levels for normalization. The CD36 Western blot was reprobed for p47Phox, XO or β-

tubulin levels to show the effects of ASOs on their target and off-target molecules. C & D. 

THP1 cells were transfected with the indicated ASO, quiesced, treated with vehicle or 0.1 

μM 15(S)-HETE for 4 hrs, and subjected to Dil-OxLDL uptake (panel C) and foam cell 

formation (panel D) as described in “Materials and Methods.” The bar graphs represent 

Mean ± SD values of three experiments. *, p<0.01 versus vehicle control or control ASO; 

**, p<0.01 versus 15(S)-HETE or control ASO + 15(S)-HETE.
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Figure 3. 
Syk and Pyk2 mediate 15(S)-HETE-induced CD36 expression and foam cell formation. A. 

Quiescent THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE for the indicated 

time periods and cell extracts were prepared. Cell extracts consisting of equal amounts of 

protein from control and each treatment were analyzed by Western blotting for pJak2, 

pPyk2, pSrc and pSyk levels using their phospho-specific antibodies and normalized to their 

total levels. B. After transfection with the indicated ASO and quiescence, THP1 cells were 

treated with vehicle or 0.1 μM 15(S)-HETE for 2 hrs, cell extracts were prepared and 

analyzed by Western blotting for phospho and total levels of Jak2, Pyk2, and Syk as 

described in panel A. Cell extracts were also analyzed by Western blotting for p47Phox and 

XO levels using their specific antibodies to show the effects of the ASOs on their target 

molecules. C. Quiescent THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE in the 

presence and absence of BAY61-3606 (10 μM), PF431396 (5 μM) or AG490 (25 μM), the 

Syk, Pyk2 and Jak2 inhibitors, respectively, for 4 hrs and either RNA was isolated or protein 

extracts were prepared. The RNA and protein extracts were analyzed by RT-PCR and 

Western blotting for CD36 mRNA (upper panels) and protein (lower panels) levels, 

respectively, followed by normalization to β-actin mRNA and β-tubulin protein levels, 

respectively. D. THP1 cells were transfected with the indicated ASO and quiesced before 

subjecting to the indicated treatments and analyzing for CD36 mRNA (upper panel) and 

protein (lower panel) levels as described in panel C. Cell extracts were also analyzed by 

Western blotting for Syk, Pyk2 and β-tubulin levels to show the effects of the ASOs on their 

target and off-target molecules. E. THP1 cells were transfected with the indicated ASO, 

quiesced, treated with vehicle or 0.1 μM 15(S)-HETE for 4 hrs and subjected to Dil-OxLDL 

uptake and foam cell formation as described in “Materials and Methods.” F. Quiescent 
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THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE in the presence and absence of 

AG490 (25 μM) for 4 hrs and Dil-OxLDL uptake and foam cell formation were measured as 

described in panel E. The bar graphs represent Mean ± SD values of three experiments. *, 

p<0.01 versus vehicle control or control ASO; †, p<0.01 versus 15(S)-HETE or control ASO 

+ 15(S)-HETE.
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Figure 4. 
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STAT1 mediates 15(S)-HETE-induced CD36 expression and foam cell formation. A & B. 

Cells were transfected with control or CREB ASO, quiesced, treated with vehicle or 0.1 μM 

15(S)-HETE for 4 hrs and either cell extracts were prepared and analyzed for CD36 

expression by Western blotting (panel A) or subjected to Dil-OxLDL uptake (upper panel B) 

and foam cell formation (lower panel B) as described in “Materials and Methods.” C. Equal 

amounts of protein from vehicle or various time periods of 0.1 μM 15(S)-HETE-treated 

THP1 cells were analyzed by Western blotting for phospho and total STAT1, STAT3, 

STAT5 and STAT6 levels using their phospho-specific and normal antibodies. Cell extracts 

were also immunoprecipitated with PY20 antibodies and the immunocomplexes were 

analyzed by Western blotting for STAT5A and STAT5B levels using their specific 

antibodies. D. THP1 cells were transfected with the indicated ASO, quiesced, treated with 

vehicle or 0.1 μM 15(S)-HETE for 4 hrs and either RNA was isolated or protein extracts 

were prepared. The RNA and protein extracts were analyzed by RT-PCR and Western 

blotting for CD36 mRNA (upper panel) and protein (lower panel) levels using its specific 

primers and antibodies, respectively, and normalized to β-actin mRNA and β-tubulin protein 

levels, respectively. The protein extracts were also analyzed by Western blotting for STAT1 

and STAT5B levels using their specific antibodies to show the effects of the ASOs on their 

target molecules. E. All the conditions were the same as in panel D except that after 

quiescence cells were subjected to OxLDL uptake (upper panel) and foam cell formation 

(lower panel) as described in “Materials and Methods.” F. Left panel: Quiescent THP1 cells 

were treated with vehicle or 0.1 μM 15(S)-HETE in the presence and absence of apocynin 

(100 μM), DPI (10 μM) or allopurinol (100 μM) for 2 hrs and cell extracts were prepared. 

An equal amount of protein from control and each treatment was analyzed by Western 

blotting for pSTAT1 using its phospho-specific antibodies and normalized to its total levels. 

Right panel: All the conditions were the same as in the left panel except that cells were 

transfected with the indicated ASOs and quiesced before subjecting to treatment with 

vehicle or 0.1 μM 15(S)-HETE and analyzing for phospho and total STAT1 levels. The 

protein extracts were also analyzed for p47Phox and XO levels to show the effects of the 

ASOs on their target molecules. G. All the conditions were the same as in panel F except 

that cells were transfected with the indicated ASOs and quiesced before subjecting to 

treatment with vehicle or 0.1 μM 15(S)-HETE and analyzing for phospho and total STAT1 

levels. The protein extracts were analyzed for Syk and Pyk2 levels to show the effects of the 

ASOs on their target molecules. The bar graphs represent Mean ± SD values of three 

experiments. *, p<0.01 versus vehicle control or control ASO; **, p<0.01 versus 15(S)-

HETE or control ASO + 15(S)-HETE.
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Figure 5. 
STAT1 mediates 15(S)-HETE-induced CD36 promoter activity. A. CD36 promoter 

encompassing from −724 nt to +83 nt was cloned and sequenced. B. Left panel: Nuclear 

extracts of control and various time periods of 0.1 μM 15(S)-HETE-treated cells were 

analyzed by EMSA for STAT binding using STAT binding site at −107 nt as a [32P]-labeled 

probe. Right panel: Nuclear extracts of control and 2 hrs of 15(S)-HETE (0.1 μM)-treated 

cells were analyzed for the presence of STAT1 in the STAT-DNA complex by supershift 

EMSA. C. Upper panel: Control and various time periods of 0.1 μM 15(S)-HETE-treated 

cells were analyzed for STAT1 binding to CD36 promoter by ChIP assay. Middle & bottom 

panels: The levels of p47Phox, XO, Syk and Pyk2 were downregulated using their 

respective ASOs, quiesced, treated with vehicle or 0.1 μM 15(S)-HETE for 2 hrs and 

analyzed for STAT1 binding to CD36 promoter by ChIP assay. D. Upper panel: The CD36 

promoter encompassing from −724 nt to +83 nt was cloned into pGL3 vector, transfected 

THP1 cells with the empty vector or pGL3-hCD36 promoter plasmid DNA, growth-arrested, 

treated with vehicle or 0.1 μM 15(S)-HETE for 6 hrs and the luciferase activities were 

measured. Middle panel: All the conditions were the same as in the upper panel except that 

after transfection and quiescence, cells were pretreated with Apocyanin (100 μM), DPI (10 

μM), Allopurinol (100 μM), PF431396 (5 μM) or Bay61-3606 (10 μM) for 30 min before 

subjecting to treatment with vehicle or 0.1 μM 15(S)-HETE for 6 hrs and analyzing for 

luciferase activity. Bottom panel: THP1 cells were transfected with empty vector or pGL3-

hCD36 promoter plasmid DNA with and without the mutated STAT-binding site (TTC was 

mutated to GCA), quiesced, treated with vehicle or 0.1 μM 15(S)-HETE for 6 hrs and 

luciferase activity was measured. *, p<0.01 versus vehicle control; **, p<0.01 versus 15(S)-

HETE.
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Figure 6. 
15(S)-HETE stimulates Pyk2, Syk and STAT1 activation, CD36 expression, OxLDL uptake 

and foam cell formation in the peritoneal macrophages of WT mice. A. Mouse peritoneal 

macrophages were treated with vehicle or 0.1 μM 15(S)-HETE for the indicated time 

periods and cell extracts were prepared. An equal amount of protein from control and each 

treatment was analyzed by Western blotting for pPyk2, pSyk, and pSTAT1 levels using their 

phospho-specific antibodies and normalized to their total levels. The same extracts were also 

analyzed by Western blotting for CD36 levels and normalized to β-tubulin levels. B. Mouse 

peritoneal macrophages were treated with vehicle or 0.1 μM 15(S)-HETE for 4 hrs and 

subjected to OxLDL uptake and foam cell formation as described in Materials and Methods. 

The bar graphs represent Mean ± SD values of three experiments. *, p<0.01 versus vehicle 

control.
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Figure 7. 
Deletion of 12/15-LO gene blunts OxLDL uptake and foam cell formation capacity of 

macrophages. A. Peritoneal macrophages from ApoE−/− and ApoE−/−:12/15-LO−/− mice that 

were fed with WD for 3 months were analyzed for ROS production, XO and NADPH 

oxidase activities. B. Peritoneal macrophages from ApoE−/− and ApoE−/−:12/15-LO−/− mice 

that were fed with WD for 3 months were analyzed by Western blotting for pPyk2, pSyk, 

and pSTAT1 levels using their phospho-specific antibodies and normalized to their total 

levels. C. CD36 mRNA and protein levels were measured by RT-PCR and Western blotting, 

respectively, in the peritoneal macrophages of ApoE−/− and ApoE−/−:12/15-LO−/− mice that 

were fed with WD for 3 months. The RNA was normalized for β-actin transcripts and the 

CD36 Western blot was reprobed for β-tubulin levels for lane loading control. D. Peritoneal 

macrophages isolated from CD and WD-fed ApoE−/− and ApoE−/−:12/15-LO−/− mice were 

analyzed for cell surface CD36 expression by FACS. Representative histograms are shown 

in the left panels and the quantitative analysis is shown as a bar graph in the right panel. E. 

Peritoneal macrophages from ApoE−/− and ApoE−/−:12/15-LO−/− mice that were fed with 

WD for 3 months were analyzed for STAT1 binding to CD36 promoter by ChIP assay. F & 

G. Peritoneal macrophages from ApoE−/− and ApoE−/−:12/15-LO−/− mice that were fed with 

WD for 3 months were analyzed for OxLDL uptake and foam cell formation as described in 

Materials and Methods. H. Peritoneal macrophages from ApoE−/− and ApoE−/−:12/15-LO−/− 

mice that were fed with WD for 3 months were analyzed for total cholesterol and its esters. 

*, p<0.01 versus ApoE−/− mice (n=6).
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Figure 8. 
Deletion of 12/15-LO gene decreases macrophage cholesterol efflux. A. Plasma lipid 

profiles were measured in ApoE−/− and ApoE−/−:12/15-LO−/− mice fed with WD for 3 

months. B. THP1 cells that were incubated with [3H]-cholesterol were treated with vehicle 

or 0.1 μM of the indicated HETE for 2 hrs and cholesterol efflux was measured. C. 

Peritoneal macrophages were isolated from ApoE−/− and ApoE−/−:12/15-LO−/− mice fed 

with WD for 3 months and subjected to cholesterol efflux assay. D. THP1 cells were treated 

with vehicle or 0.1 μM 15(S)-HETE for the indicated time periods and analyzed by Western 

blotting for ABCG1 levels followed by normalization to β-tubulin. E. ABCG1 levels were 

measured in peritoneal macrophages of ApoE−/− and ApoE−/−:12/15-LO−/− mice that were 

fed with WD for 3 months. F. Atherosclerotic lesion formation was assessed by Oil red O-

staining of the cryosections of the aortic roots from 12 wks of WD fed ApoE−/− and 

ApoE−/−:12/15-LO−/− mice. Left: Images of the representative sections; right: pooled data 

based on the staining intensities. G. Human normal and atherosclerotic artery sections were 

analyzed by double immunofluorescence staining for 15-LO1, pSTAT1 or CD36 along with 

Mac3. *, p<0.01 versus ApoE−/− mice (n=6) or vehicle control versus the indicated HETE.
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Figure 9. 
Schematic diagram that shows the explored signaling of 12/15-LO-12/15(S)-HETE on 

CD36 expression and foam cell formation.
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