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Abstract

Bioactive lipids govern cellular homeostasis and pathogenic inflammatory processes. Current 

dogma holds that bioactive lipids, such as prostaglandins and lipoxins, are inactivated by 15-

hydroxyprostaglandin dehydrogenase (15PGDH). In contrast, the present results reveal that 

catabolic “inactivation” of hydroxylated polyunsaturated fatty acids (PUFAs) yields electrophilic 

α,β-unsaturated ketone derivatives. These endogenously produced species are chemically reactive 

signaling mediators that induce tissue protective events. Electrophilic fatty acids diversify the 

proteome through post-translational alkylation of nucleophilic cysteines in key transcriptional 

regulatory proteins and enzymes that govern cellular metabolic and inflammatory homeostasis. 

15PGDH regulates these processes as it is responsible for the formation of numerous electrophilic 

fatty acids including the arachidonic acid metabolite, 15-oxoeicosatetraenoic acid (15-oxoETE). 

Herein, the role of 15-oxoETE in regulating signaling responses is reported. In cell cultures, 15-

oxoETE activates Nrf2-regulated antioxidant responses (AR) and inhibits NF-κB-mediated pro-

inflammatory responses via IKKβ inhibition. Inhibition of glutathione S-transferases using 

ethacrynic acid incrementally increased the signaling capacity of 15-oxoETE by decreasing 15-

oxoETE-GSH adduct formation. This work demonstrates that 15PGDH plays a role in the 

regulation of cell and tissue homeostasis via the production of electrophilic fatty acid signaling 

mediators.
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1. Introduction

15-hydroxyprostaglandin dehydrogenase (15-PGDH, EC 1.1.1.141) is a cytosolic, NAD+-

dependent member of the short-chain dehydrogenase/reductase family (1-3). 15PGDH is 

found in most mammalian tissues with the highest activities in lung, kidney and placenta (4). 

15PGDH has been recognized as a key enzyme in the metabolism of prostaglandins and 

other fatty acid signaling mediators, thus involving 15PGDH in processes of inflammation 

and proliferation. 15PGDH was identified as a high affinity enzyme responsible for the 

conversion of pro-proliferative prostaglandin E2 (PGE2) to its oxidized, “inactive” product, 

15-ketoPGE2 (4-6). This inactivation is accomplished by the ∼103-fold lower affinity of 15-

ketoPGE2 for the PGE2 G-protein coupled receptors (GPCRs), the EP receptors (7). While 

15PGDH's role in the conversion of PGE2 to 15-ketoPGE2 has been studied in great detail in 

the context of cancer, the significance of other substrates has only recently emerged. For 

example, 15(S)-hydroxyeicosatetraenoic acid (15(S)-HETE) and 11(R)-HETE are substrates 

for 15PGDH, yielding 15-oxoETE and 11-oxoETE, respectively (8,9). Also, the tri-hydroxy 

containing fatty acid derivatives termed lipoxin A4 and resolvin E1 are putatively inactivated 

by 15PGDH catalyzed conversion to oxo metabolites (10-12). The inactivation of PGE2 by 

15PGDH is a critical step in halting tumor cell proliferation; however, not only is PGE2 

reduction important, but its 15PGDH oxidation product 15-ketoPGE2 associates with the 

peroxisome proliferator activator receptor γ (PPARγ), up-regulates p21WAF1/Cip1, the 

cyclin-dependent kinase inhibitor, and inhibits cell proliferation via p53-independent 

mechanisms in hepatocellular carcinoma (13,14). Similar to 15-ketoPGE2, both 15-oxoETE 

and 11-oxoETE display anti-proliferative properties in cell culture (8,9). Treatment of 

human umbilical vein endothelial cells (HUVECs) resulted in growth inhibition with an IC50 

for 11-oxoETE of 2.1 µM (8). 11-oxoETE was also dose-dependently inhibitory to the 

proliferation of human colonic adenocarcinoma lines (LoVo, HCA-7) and lung 

brochoalveolar adenocarcinoma cells (A549) in the low µM range (15).

Significantly, these 15PGDH-derived products all contain an α,β-unsaturated carbonyl that 

confers electrophilicity, thus generating a chemically reactive product. 15PGDH-generated 

electrophiles such as 15-ketoPGE2 and 15-oxoETE are similar in structure to the 

electrophilic cyclopentenone prostaglandin, 15-deoxy-prostaglandin J2 (15d-PGJ2) (Fig. 1a). 

Electrophilic fatty acids (EFA) primarily include nitro-alkenes and α,β-unsaturated 

carbonyls, both of which have been studied in the context of their potent pleiotropic anti-

inflammatory signaling actions (16). EFA signal through GPCR-independent mechanisms 

by forming a Michael addition adduct with functionally significant nucleophilic cysteines of 

transcriptional regulatory proteins and enzymes (17). EFA modulate the Keap1-Nrf2 (18), 

NF-κB (19), PPARγ (20), and heat shock factor pathways (21), as well inhibiting pro-

inflammatory enzymes including xanthine oxidoreductase (22), matrix metalloproteinases 

(23) and soluble epoxide hydrolase (24).

The metabolic pathway for 15-oxoETE formation from arachidonic acid has been well 

described in cell lines expressing cyclooxygenase-2 (COX-2), 15-lipoxygenase (15-LO), and 

15PGDH (9,25) (Fig. 1b). Thus, an understanding of the regulatory functions of 15PGDH in 

inflammation via the generation of bioactive metabolites are of interest in a number of 
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inflammatory settings where COX or LO enzymes are expressed. We report evidence of 15-

oxoETE as a mediator of inflammatory signaling by showing that 15-oxoETE up-regulates 

antioxidant response element (ARE) genes under Nrf2 transcriptional regulation and inhibits 

pro-inflammatory NF-κB-mediated signaling via IKKβ inhibition. The modulation of these 

mechanisms of inflammatory signaling is attributed to the electrophilic properties of 15-

oxoETE.

2. Materials and Methods

2.1 Materials

15-oxoeicosatetraenoic acid (15-oxoETE) was purchased from Cayman Biochemical (Ann 

Arbor, MI). Ethacrynic acid and secondary antibodies were purchased from Santa Cruz 

Biotechnologies (Dallas, TX). LPS derived from E.coli 0127:B8, phorbol myristoyl acetate 

(PMA), actin primary antibody, wedelolactone and diethyl ether were purchased from 

Sigma-Aldrich (St. Louis, MO). Primary HO-1 and the IKKβ Kinase assay kit were 

purchased from Cell Signaling (Beverly, MA). The NQO1 primary antibody was purchased 

from Abcam (Cambridge, MA), GCLM from Proteintech (Chicago, IL), and GAPDH from 

Trevigen (Gaithersburg, MD). Solvents for liquid chromatography mass spectrometry (LC-

MS) including pure water and acetonitrile were purchased from Burdick and Jackson 

(Morristown, NJ). Glacial acetic acid, Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), Optima grade methanol and chloroform were purchased from Fisher Scientific 

(Pittsburgh, PA). The luciferase reporter assay was purchased from Promega (Madison, WI) 

and the human recombinant TNFα was purchased from Life technologies (Grand Island, 

NY).

2.2 Cell culture

THP-1 cells were purchased from American Type Culture Collection (ATCC, Manassas, 

VA) and grown per ATCC instructions. HEK293T cells stably expressing 5x-NF-κB driven 

firefly luciferase were a kind gift of the laboratory of Dr. John Hogenesch. THP-1 cells were 

grown in RPMI 1640 media and HEK293T cells were grown in DMEM, both with 10% 

FBS and 1% penicillin/streptomycin. Both cell lines were maintained at 37°C in 5% CO2.

2.3 15-oxoETE Treatment

THP-1 cells were cultured in 6 or 12 well dishes. At confluency, THP-1 cells were treated 

overnight with 100 nM of PMA. After PMA differentiation, THP-1 cells were treated with 

increasing concentrations of 15-oxoETE (1-50 µM) for 6 hr or with 25 µM 15-oxoETE at 

various time points between 1.5 and 24 hr. In some experiments THP-1 cells were pretreated 

for 1 hr with 100 µM ethacrynic acid (EA) to inhibit GST activity before treatment with 15-

oxoETE (25 µM). For all experiments, media was replaced with RPMI containing 1% FBS 

and penicillin/streptomycin and THP-1 cells were differentiated.

2.4 Protein extraction and Western blotting

For western analyses, cells were scraped into RIPA buffer and protein was extracted. Protein 

concentrations were measured by the Pierce BCA assay (Thermo, Rockford, IL). The blots 

were probed for HO-1, NQO1, and GCLM expression. Actin was used for normalization of 
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protein expression. Western blot densitometry was analyzed on a BioRad Imager (Hercules, 

CA).

2.5 RT-PCR

Relative quantitation of TNFα, IL-1β and IL-6 mRNA was determined on an Applied 

Biosystems StepOnePlus System (Life Technologies, Grand Island, NY) using their Taqman 

gene expression assay system. Briefly THP-1 cells were collected in 250 µL of Triazol and 

RNA was extracted. RNA was reversed transcribed to cDNA for RT-PCR analysis. Actin 

was used for normalization and mRNA is reported as relative expression.

2.6 NF-κB luciferase reporter assay

HEK293T cells stably expressing firefly luciferase driven by a 5x-κB reporter were 

incubated with 15-oxoETE (100 nM to 1 µM) for 5 minutes before treatment with 40 ng/mL 

TNFα for 6 hr. Treatment media was the same as maintenance media with 0.25% DMSO. 

For indicated samples, a pretreatment of 100 µM of EA was used 1 hr before treatment with 

15-oxoETE. Cells were then assayed using the Promega luciferase assay system according 

to the manufacturer's instructions and luminescence was read in a Viktor 3 plate reader 

(Perkin Elmer. Akron, OH).

2.7 IKKβ Inhibition

HTScan IKKβ Kinase assay kit was used as directed with a minor modification to screen for 

IKKβ inhibition. Briefly, recombinant IKKβ was incubated with 15-oxoTE (2, 10, and 100 

µM) or 100 µM wedelolactone (26) for 15 min in 1X kinase buffer prepared separately from 

the kit using the reducing agent TCEP instead of DTT. Biotin-tagged IκBα (1.5 mM) and 

ATP (200 mM) were added and the mix was incubated for 30 min at room temperature. The 

reaction was quenched with 50 mM EDTA, pH 8. The cocktail was loaded into streptavidin 

coated clear 96-well plates, allowed to bind for 2 hr at room temperature, and washed with 

PBS/T three times. The plate was incubated with 100 mL 1:1000 anti-phospho-IκBα 

antibody in TBS/T with 5% BSA for 2 hr, and washed three times with 200 mL PBS/T. 

Finally, the plate was incubated with 100 mL of secondary anti-rabbit antibody (1:1000) 

coupled to HRP for 1 hr at room temperature, developed, and read in a UV-Vis 

spectrophotometer.

2.8 Liquid chromatography mass spectrometry

15-oxoETE and 15-oxoETE-GSH were measured using reversed-phase liquid 

chromatography mass spectrometry in THP-1 cell lysate and media. Briefly, free fatty acid 

metabolites were extracted from the media and cell lysate using a chloroform methanol 

mixture (2:1). Before the extraction 20 ng of 5-oxoETE-d7 internal standard was added to 

each sample. The samples were allowed to equilibrate for 5 min before shaking for 10 min. 

Next, samples were centrifuged at 2800 × g for 10 min. Internal standard was added to the 

aqueous phase and it was desalted using Oasis HLB (1 cc) solid phase extraction (SPE) 

cartridges. The SPE was conditioned with one volume of methanol followed by one volume 

of water. The sample was washed with one volume of water and analytes were eluted with 

one volume of methanol. Organic and aqueous extracts were transferred to a clean vial and 
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dried under a stream of nitrogen. Samples were reconstituted in 100 µL methanol before 

analysis. A Shimadzu HPLC (Columbia, MD) coupled to a CTC PAL autosampler (Leap 

Technologies, Carrboro, NC) and an AB Sciex (Framingham, MA) 5000 triple quadrupole 

mass spectrometer was used for the quantification of fatty acids. Sample (10 µL) was 

separated on a Waters X-bridge C18 (2.1 × 150 mm, 3.5 µ pore size). The solvent system 

employed aqueous 0.1% acetic acid (A) and 0.1% acetic acid in acetonitrile (B). For the 

organic phase analysis, the 60 min gradient with a flow rate of 0.25 mL/min started at 35% 

B and ramped to 90% B over 46 min. This was followed by a wash using 100% B for 6 min. 

The gradient then returned to starting conditions at 35% B for 8 min. The aqueous phase 

analysis was also run with a 60 min gradient starting at 10% B, which was held for 5 min 

before increasing to 98% B at 46 min. The column was washed with 100% B for 2 min and 

equilibrated at starting conditions. MS analyses by electrospray ionization were run in 

negative mode for 15-oxoETE and positive mode for GSH adducts. Selected reaction 

monitoring was used for sample analysis and quantification. The following transitions were 

used: 15-oxoETE 319.2 → 219.2, 5-oxoETE-d7 324.2 → 210.2, and 15-oxoETE-GSH 626.2 

→ 308.2 and 626.2 → 497.2. 15-oxoETE and 15-oxoETE-GSH were quantified using a 15-

oxoETE standard curve. 15-oxoETE-GSH was characterized as previously described (8,25). 

Media and intracellular concentrations are reported in mol/L, and intracellular 

concentrations have been normalized to a THP-1 cell volume of 3 µL/106 cells (27).

A product ion spectrum of 15-oxoETE-GSH was obtained using an LTQ mass spectrometer 

(Thermo Scientific, Waltham, MA). The LC conditions were the same as described above 

for the quantification of 15-oxoETE-GSH, but the injection volume was 20 µL Full MS2 

scans were performed in positive ion mode with an acquisition time of 30 ms, an ActQ of 

0.25, and collision energy of 35. The ion spray voltage was maintained at 4 kV and the 

heater and capillary temperatures were set to 300°C and 270°C, respectively. The sheath, 

auxiliary and sweep gases were adjusted to 20, 18, and 12 arbitrary units.

2.9 Statistical analyses

Results are representative of an average of 3 individual experiments and statistical 

significance was determined by student t-test or one-way ANOVA with a Bonferroni post-

test as indicated in the figure legend.

3. Results

3.1 15-oxoETE induces heme oxygenase-1 protein expression in THP-1 cells

To optimize protein expression analyses, THP-1 cells were treated with increasing 

concentrations of 15-oxoETE (1 to 50 µM) for 6 hr. HO-1 expression was used as a marker 

of Nrf2-mediated gene transcription and was significantly increased with 25 and 50 µM 15-

oxoETE with no observed cytotoxicity (Fig 2a). Since 25 µM 15-oxoETE significantly 

increased HO-1 protein expression this concentration was chosen to perform a time course 

for HO-1 protein expression. While HO-1 expression is significantly increased over control 

treatment at 6 hr with sustained induction until 24 hr, the highest expression can be seen at 

12 hr (Fig. 2b).
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3.2 15-oxoETE activates Nrf2-dependent gene expression in THP-1 cells

THP-1 cells were treated with 25 µM 15-oxoETE for 12 and 18 hr to examine HO-1, 

NADPH-quinone oxidoreductase (NQO1) and glutamate-cysteine ligase modifier (GCLM) 

protein expression (Fig. 3a-b). At 12 hr, only HO-1 protein expression was significantly 

induced compared to control while at 18 hr, both HO-1 and NQO1 expression was 

significantly induced compared to control. GCLM expression increased at 18 hr compared to 

its expression at 12 hr; however, this increase is not statistically significant (Fig 3a-b).

3.3 15-oxoETE bioavailability increases with GST inhibition

15-oxoETE concentrations were measured in media and cell lysate. After the addition of 25 

µM 15-oxoETE, approximately 20 µM was recovered from the media after 12 hr of 

treatment. The intracellular concentration of free 15-oxoETE was 1.59 ± 0.18 µM (Fig. 4a). 

15-oxoETE signaling actions are derived from its ability to form Michael adducts with 

reactive nucleophilic cysteines in transcription factors and pro-inflammatory enzymes. An 

abundant nucleophile that is readily available for 15-oxoETE to react with is GSH, with 15-

oxoETE-GSH adduct formation catalyzed by glutathione S-transferases (GSTs) (25). 15-

oxoETE-GSH adduct levels were determined to be 45.9 nM ± 3.35 nM in the media fraction 

while 15-oxoETE-GSH was not detectable in the cell lysate at 12 hr after the addition of 25 

µM 15-oxoETE (Fig. 4b). THP-1 cells were pretreated with the GST inhibitor ethacrynic 

acid (EA, 100 µM) for 1 hr before treatment with 25 µM 15-oxoETE for 1.5 hr. Intracellular 

15-oxoETE and 15-oxoETE-GSH adduct levels were measured. The inhibition of GSTs 

with EA incrementally increased the free intracellular 15-oxoETE pool that is readily 

available for adduction from 2.92 ± 0.36 µM to 3.24 ± 0.14 µM whereas the 15-oxoETE-

GSH adduct was not detectable (Fig. 4c-d). The small change in free 15-oxoETE is 

consistent with results recently published by Codreanu et al. showing that differentiation of 

THP-1 cells resulted in a substantial decrease in GSH content from 1 mM to 0.02 mM and 

that electrophile addition did not further reduce GSH concentration (28). The 15-oxoETE-

GSH adduct was identified using an LTQ mass spectrometer by its product ion spectra in 

positive ESI mode. Product ions representing MH+-H20 (m/z 608), loss of glutamate (m/z 

497), loss of glutamate-H2O (m/z 479), 15oxoETE-H+ (m/z 319), GSH+ (m/z 308), and 

cysteinylglycine (m/z 179) are represented (Fig. 4e).

3.4 15-oxoETE inhibits NF-κB via IKKβ inhibition

In addition to up-regulation of anti-inflammatory signaling pathways, the inhibition of NF-

κB-mediated pro-inflammatory signaling was investigated. The mechanism accounting for 

15-oxoETE inhibition of NF-κB was explored using an in vitro luciferase reporter and IKKβ 

binding assays. HEK293T cells stably expressing a 5x—κB driven firefly luciferase reporter 

were treated with increasing doses of 15-oxoETE from 100 nM to 1 µM. 15-oxoETE dose-

dependently suppressed tumor necrosis factor α (TNF α)-induced luciferase expression in 

the presence of the glutathione S-transferase inhibitor ethacrynic acid (Fig. 5a). With EA 

pre-treatment, 1 µM 15-oxoETE reduced luciferase activity by 80% versus control.

To probe potential mechanisms of NF-κB inhibition, the effects of 15-oxoETE on the 

signaling kinase IKKβ were examined with a recombinant kinase assay using antibody based 

detection of the phosphorylated substrate peptide. Increasing concentrations of 15-oxoETE 
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from 2 to 100 µM resulted in decreased IKKβ kinase activity, with an inhibition greater than 

50% at 100 µM. Wedelolactone was used as a positive control (26), yielding comparable 

inhibition to the equivalent concentration of 15-oxoETE (Fig. 5b).

3.5 15-oxoETE inhibits pro-inflammatory cytokine expression

To further explore the actions of 15-oxoETE inhibition of NF-κB-mediated signaling, pro-

inflammatory cytokine gene expression was examined. THP-1 cells were treated with LPS 

(100 ng/mL) with and without 25 µM 15-oxoETE for 6 hr. LPS stimulation and qRT-PCR 

analysis showed increased TNFα, interleukin (IL)-6 and IL-1β mRNA expression compared 

to vehicle control and cells treated with only 15-oxoETE (Fig. 6). Simultaneous treatment of 

THP-1 cells with LPS and 15-oxoETE resulted in significant abrogation of LPS-mediated 

cytokine induction with decreases of 86%, 98% and 61% in the relative expression of 

TNFα, IL-6 and IL-1β (Fig. 6). Interestingly, 15-oxoETE decreased TNFα, IL-6 and IL-1β 

message compared to control with a significant decrease in TNFα expression.

4. Discussion

The present data reveal that a putatively “inactive” prostaglandin metabolite and oxidation 

products of other hydroxylated fatty acids (e.g., lipoxins, resolvins) will be conferred with 

additional pleiotropic anti-inflammatory signaling properties by 15PGDH. Central to this 

effect is the enzymatic oxidation of the hydroxyl-fatty acid to an electrophilic α,β-

unsaturated carbonyl species. 15PGDH is a crucial enzyme in the regulation of 

prostaglandin metabolism, because of its inactivation of PGE2-dependent signaling. The 

implications of this reaction are especially critical in cancer, as 15PGDH expression is often 

lost with a concomitant increase in COX-2 and microsomal prostaglandin E synthase protein 

expression and activity (29-32). This loss of 15PGDH expression aberrantly increases PGE2 

production and leads to unchecked tumor cell proliferation.

Notably, the unique biological activity of the 15PGDH-derived 15-ketoPGE2 has not been 

appreciated until the recent recognition of its potent PPARγ ligand activity (13,14). This 

new perspective indicates that 15-ketoPGE2 is conferred with its own biological activity that 

opposes the physiological effects of the parent PGE2, consistent with the loss of pro-

inflammatory signaling after PGE2 dehydrogenation. Studies in hepatocellular carcinoma 

and cholangiocarcinoma indicate that 15-ketoPGE2 formation inhibits cell growth via 

PPARγ activation and downstream association with cyclin dependent kinases. In the case of 

the cholangiocarcinoma model, 15-ketoPGE2 generation also facilitates Smad 2/3 

dissociation from PPARγ, promoting a Smad 2/3 complex with transforming growth factor β 

(13,14).

15-oxoeicosatetraenoic acid, similar in structure to 15-ketoPGE2, is also a product of 

15PGDH that contains a bioactive α,β-unsaturated carbonyl. The precursor to 15-oxoETE, 

15-HETE, mediates both salutary and pathogenic actions in atherosclerosis (33-35), asthma 

(36-39) and other inflammatory disorders (40-42). Again, the generation and independent 

signaling actions of the oxidized metabolite of 15-HETE has not been appreciated, as 

previous studies did not examine 15PGDH activity or the formation of 15-oxoETE. It is 

postulated that some of the beneficial effects attributed to 15-HETE could be due to 15-
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oxoETE formation and signaling. Recent studies have defined the pathway of 15-oxoETE 

formation (9,25) and at the very least, 15-oxoETE displays anti-proliferative actions towards 

endothelial cells in culture (9).

The concentrations of an electrophilic signaling mediator needed to recapitulate an in vivo 

response under in vitro conditions are typically 102 to 103-fold greater (43). This is 

particularly the case for lipophilic prostaglandins and chemically-reactive species such as 

oxo- and nitro-fatty acids, which can absorb to the walls of culture flasks and associate with 

medium constituents before interacting with the plasma membrane and gaining intracellular 

access via diffusion or active transport. Once intracellular, electrophilic fatty acids will 

adduct low and high molecular weight nucleophile-containing constituents, become 

esterified to complex lipids and undergo further metabolism via double bond reduction, β-

oxidation and glucuronidation (17). In spite of this gauntlet of signal suppressing reactions, 

the activation of the nuclear lipid receptor PPARγ by oxo- and nitro-fatty acids is detectable 

within hours (20,44,45). This latter event raises another important point about electrophilic 

lipid signaling, as ligand-target protein interactions do not conform to saturation kinetics. 

Reports of the physiological levels in humans under normal conditions have found that free 

15-oxoETE levels ranged between 47 and 738 pM in bronchoalveolar lavage fluid with a 

median of 101 pM (46) and 69 to 749 pM in blood (47,48). Similarly, low levels of 15d-

PGJ2 (low pM in media and pg/106 cells) have been reported in 3T3-L1 adipocytes, which is 

below the concentration necessary for PPARγ activation (49). However, the covalent 

adduction of electrophiles to protein targets, such as the reaction of EFA with the Cys285 in 

the ligand binding domain of PPARγ, allows for the accumulation of electrophile-protein 

target adducts over time to have a profound impact on signaling pathways. The results in 

Fig. 1b support this concept, as the induction of HO-1 expression increases over time, likely 

due to the cumulative formation of the 15-oxoETE-Keap1 adduct. A separate study 

monitoring 15d-PGJ2 induction of endothelial cell HO-1 expression revealed that as much as 

99% of exogenous 15d-PGJ2 did not enter the cell, yet HO-1 expression was induced (43). 

In the present study, intracellular levels of 15-oxoETE were 2.92 ± 0.36 µM at 1.5 hr and 

1.59 ± 0.18 µM after 12 hr of incubation despite the addition of 25 µM 15-oxoETE to the 

THP-1 cells. A comparable study using Q-3-derived oxo-fatty acids to modulate Nrf2 and 

NF-κB signaling in RAW264.7 cells revealed that 18 hr after the addition of 5, 10 and 20 

µM oxo-fatty acid, intracellular concentrations of 112 to 760 nM were detected (18). 

Incubation of rat intestinal epithelial cells with 1 µM calcium ionophore (A-23187) resulted 

in endogenous 15-oxoETE levels of 0.84 ± 0.06 pmol/106 cells (25). Measurement of a 

specific covalent electrophile-protein target can provide a more accurate assessment of 

concentrations required to initiate signaling. For example, when µM concentrations of biotin 

tagged 15d-PGJ2 are added to endothelial cells, only pM amounts of protein adducts are 

detected (43). In aggregate, these observations affirm that reactive lipid species present in 

vivo at pM to nM concentrations can impact the activity of electrophile-sensitive enzymes 

and signaling networks.

Unlike many autacoids, the α,β-unsaturated carbonyl-containing electrophiles are not known 

GPCR ligands. Instead, these electrophilic species are pleiotropic in their signaling actions 

by virtue of the broad spectrum of enzymatic and transcriptional regulatory mechanisms that 
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have electrophile-reactive, functionally significant nucleophilic centers (50). Targets with 

susceptible redox-reactive cysteines that undergo Michael addition with electrophiles 

include the Cys273 and Cys288 in KEAP1 (Kelch-like ECH-associated protein 1) (21,50,51). 

This sensor protein is responsible for sequestering Nrf2 in the cytosol and regulating its 

proteasomal degradation (51). Electrophilic lipid adduction facilitates the release of Nrf2 

and its translocation to the nucleus, where it promotes antioxidant response element (ARE) 

gene expression, including up-regulation of HO-1, NQO1, and GCLM amongst others 

(51,52). While Cys151 is a critical target for sulforaphane, tert-butyl hydroquinone, and N-

iodoacetyl-N-biotinylhexylene-diamine, there are 26 other cysteines in Keap1 that are also 

potential sites for Michael addition (51). Additional studies of electrophilic fatty acid 

responses have shown that Nrf2 activation can also occur through Cys151-independent 

mechanisms (53,54). For example, nitro-oleic acid (NO2-OA) reaction with Cys273 and 

Cys288 is responsible for ∼50% of nitroalkene-dependent Nrf2-activation. These responses 

are consistent with those induced by the cyclopentenone prostaglandins PGA2 and 15d-PGJ2 

(53,54). Moreover, Cys151-independent translocation of Nrf2 by NO2-OA also increased 

binding between Keap1 and the Cul3, promoting the Nrf2 escape from proteasomal 

degradation (51). It therefore seems likely that 15-oxoETE activates Nrf2 translocation 

through similar Cys151-independent pathways; however, the exact site(s) of 15-oxoETE 

alkylation remains to be determined through proteomic analysis. Recent work in developing 

novel tools for proteomic analysis of adducts, such as ω-alkynyl arachidonic acid, may 

prove useful in these future studies (55).

Electrophiles also induce heat shock factor-dependent heat shock protein expression and 

potently suppress pro-inflammatory cytokine and adhesion molecule expression through 

inhibition of NF-κB (17,21,45,51). Consistent with this, electrophilic fatty acids such as 

nitroalkene derivatives and 15d-PGJ2 inhibit multiple aspects of canonical NF-κB signaling 

(17,56). Both 15d-PGJ2 and nitroalkenes form Michael adducts with Cys38, located in the 

DNA binding domain, of the p65 subunit of NF-κB (19,57). Similarly, the p50 subunit DNA 

binding domain also contains a reactive cysteine at position 61 (58). Upstream of NF-κB, 

15d-PGJ2, the A4 and J4 series neuroprostanes, and 4-hydroxynonenal have been shown to 

covalently adduct C179 in the activation loop of IKKβ, resulting in IKK inhibition, IκBα 

stabilization, and inhibition of NF-κB translocation (59-61). Results from this study suggest 

that 15-oxoETE may also target C179 of IKKβ, and thus potentially inhibit NF-κB at other 

redox sensitive levels of signaling including modification of the transcription factors; 

however, proteomic analysis is required for confirmation.

5. Conclusion

The data reported herein support that 15-oxoETE and other oxo-fatty acids are functionally-

significant signaling mediators that have been conferred with an electrophilic character via 

the dehydrogenase activity of 15PGDH. 15-oxoETE activates anti-inflammatory Nrf2 

signaling and down-regulates NF-κB-mediated pro-inflammatory signaling (Scheme 1). The 

pleiotropic nature of 15-oxoETE bioactivity warrants further investigation of anti-

proliferative and anti-inflammatory signaling actions in specific disease models where 15-

oxoETE may have therapeutic potential.
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Abbreviations

15d-PGJ2 15-deoxy-prostaglandin J2

15PGDH 15-hydroxyprostaglandin dehydrogenase

15-HETE 15-hydroxyeicosatetraenoic acid

15-oxoETE 15-oxoeicosatetraenoic acid

15-ketoPGE2 15-keto-prostaglandin E2
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EFA electrophilic fatty acids

EA ethacrynic acid

GSH glutathione

GSTs glutathione S-transferases

IL interleukin

PGE2 prostaglandin E2
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Highlights

• 15PGDH metabolism of 15-HETE results in the formation of 15-oxoETE

• 15-oxoETE contains an α,β-unsaturated ketone and is electrophilic

• Electrophilic fatty acids are bioactive, pleiotropic signaling mediators

• 15-oxoETE modulates inflammatory signaling via Nrf2 and NF-κB
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Fig 1. 
Structures of electrophilic fatty acids and 15-oxoETE formation. (A) Chemical structures of 

15-oxoETE, 15-ketoPGE2 and 15d-PGJ2 provided for comparison. (B) The currently 

elucidated COX-2/15-LOX and 15PGDH dependent pathway for generation of 15-oxoETE. 

Arachidonic acid (AA) is converted by cyclooxygenase-2 (COX) or 15-lipoxygenase (LOX) 

to 15-hydroperoxyeicosatetraenoic acid (15-HpETE) which is reduced by a peroxidase to 

15-HETE. 15PGDH oxidizes 15-HETE to 15-oxoETE, which contains an α,β-unsaturated 

ketone that confers 15-oxoETE with electrophilic properties.
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Fig. 2. 
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15-oxoETE up-regulates hemeoxygense-1. (A) THP-1 cells were incubated with increasing 

concentrations of 15-oxoETE for 6 hr (B) THP-1 cells were incubated with 25 µM 15-

oxoETE from 3 to 24 hr. HO-1 expression was used as a marker of activation of the Nrf2-

mediated antioxidant response. One way ANOVA with a Bonferroni post-test was used for 

statistical analysis.
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Fig. 3. 
15-oxoETE up-regulates the Nrf2-mediated anti-oxidant response. THP-1 cells were 

incubated with 25 µM 15-oxoETE for 12 hr (A) and 18 hr (B). Student's t-test was used for 

statistical analysis.
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Fig. 4. 
Intracellular 15-oxoETE levels are low. 15-oxoETE (A) and 15-oxoETE-GSH adduct (B) 

levels were measured in media and cell lysate after a 12 hr incubation with 25 µM 15-

oxoETE. Pre-treatment of THP-1 cells with 100 µM ethacrynic acid before 25 µM 15-

oxoETE treatment for 1.5 hr resulted in an incremental increase in free intracellular 15-

oxoETE (C) and a decrease in 15-oxoETE-GSH adduct formation (D). (E) Product ion 

spectrum of 15-oxoETE-GSH.
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Fig. 5. 
15-oxoETE inhibits NF-κB activity. (A) HEK293T cells stably expressing a 5x-κB driven 

firefly luciferase reporter were pre-treated with or without 100 µM of the GST inhibitor 

ethacrynic acid for 1 hr then treated with 15-oxoETE for 5 min at increasing doses followed 

by TNFα (40 ng/mL) for 6 hr. Luciferase activity was determined in a luminometer then 

normalized to the vehicle (0.25% DMSO) treated control. (B) Recombinant human IKKβ 

was incubated with increasing concentrations of 15-oxoETE or wedelolactone (100 µM), 

followed by addition of biotin tagged substrate (IκBα) and ATP.
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Fig. 6. 
15-oxoETE inhibits NF-κB cytokines. THP-1 cells were treated with 15-oxoETE (25 µM), 

LPS (100 ng/mL) and LPS + 15-oxoETE for 6 hr. Relative expression of TNFα, IL-6 and 

IL-1β mRNA was determined. One way ANOVA with a Bonferroni post-test was used for 

statistical analysis.
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Scheme 1. 
An illustration of 15-oxoETE-mediated modulation of inflammation via Nrf2 and NF-κB 

signaling pathways.
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