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Background: Lipoxygenases (LOXs) generate eicosanoids in inflammation.
Results:Monocyte/macrophage LOXs generate novel phospholipid-esterified eicosanoids containing ketoeicosatetraenoic acid
or hydroperoxyeicosatetraenoic acid. They activate peroxisome proliferator-activated receptor-� transcriptional activity and
are found in cystic fibrosis bronchoalveolar fluid.
Significance: LOXs generate esterified eicosanoids in vitro and in vivo.
Conclusion: These new lipids represent new families of bioactive mediators.

12/15-Lipoxygenases (LOXs) in monocytes andmacrophages
generate novel phospholipid-esterified eicosanoids. Here, we
report the generation of two additional families of related lipids
comprising 15-ketoeicosatetraenoic acid (KETE) attached to
four phosphatidylethanolamines (PEs). The lipids are generated
basally by 15-LOX in IL-4-stimulated monocytes, are elevated
on calciummobilization, and are detected at increased levels in
bronchoalveolar lavage fluid from cystic fibrosis patients (3.6
ng/ml of lavage). Murine peritoneal macrophages generate
12-KETE-PEs, which are absent in 12/15-LOX-deficient mice.
Inhibition of 15-prostaglandin dehydrogenase prevents their
formation from exogenous 15-hydroxyeicosatetraenoic acid-PE
in humanmonocytes. Both human and murine cells also gener-
ated analogous hydroperoxyeicosatetraenoic acid-PEs. The
electrophilic reactivity of KETE-PEs is shown by their Michael
addition to glutathione and cysteine. Lastly, both 15-hydroxyei-
cosatetraenoic acid-PE and 15-KETE-PE activated peroxisome
proliferator-activated receptor-� reporter activity in macro-
phages in a dose-dependent manner. In summary, we demon-

strate novel peroxisome proliferator-activated receptor-�-acti-
vating oxidized phospholipids generated enzymatically by LOX
and 15-prostaglandin dehydrogenase in primary monocytic
cells and in a human Th2-related lung disease. The lipids are a
new family of bioactivemediators from the 12/15-LOXpathway
that may contribute to its known anti-inflammatory actions in
vivo.

Lipoxygenases (LOXs)2 are non-heme iron lipid-peroxidiz-
ing enzymes that catalyze the oxygenation of polyunsaturated
fatty acids to their corresponding hydroperoxy derivatives (1).
Although LOXs are best known for generation of free acid eico-
sanoids, we showed that they also generate four phospholipid-
esterified eicosanoids comprising hydroxyeicosatetraenoic
acid (HETE) attached to phosphatidylethanolamine (PE) that
regulate cytokine generated inmonocytes andmacrophages (2,
3). These lipids also act as regulators of PE-binding protein 1 to
inducemitogen-activated protein kinase activation in epithelial
cells and recently were shown to orchestrate clearance of apo-
ptotic cells during inflammation and maintain immunologic
tolerance (4, 5). Thus, phospholipid-esterified lipids from this
pathway are distinct from free eicosanoids and are significant
signaling molecules in their own right.
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In terms of free eicosanoids, LOXs generate hydroperoxyei-
cosatetraenoic acids (HpETEs) as primary products that are
reduced by cellular glutathione peroxidase to secondary prod-
ucts, including HETEs. These can be further oxidized to form
electrophilic ketoeicosatetraenoic acids (KETEs). This oxi-
dation of the primary alcohol to a carbonyl is catalyzed by
5-hydroxyeicosanoid dehydrogenase, generating 5-KETE in
neutrophils and 15-hydroxyprostaglandin dehydrogenase
(15-PGDH), which generates 15-KETE in monocytes (6–8)
Electrophilic eicosanoids are currently of significant interest
because they contain an �,�-unsaturated carbonyl and can
readily adduct to proteins via Michael addition, resulting in
transcriptional activation, e.g. of PPAR� and Nrf2 (9, 10).
Certain non-enzymatically generated oxidized phospholip-
ids, including hexadecyl azelaoyl phosphatidylcholine, also
undergo Michael addition (11). Thus, we sought to discover
whether LOXs could be a source of enzymatically generated
electrophilic phospholipid oxidation products specifically
containing KETEs as functional groups.
Herein, a targeted lipidomic strategy was used to identify,

characterize, and quantify four KETE-PE lipids generated by
human and murine monocytic cells. The lipids were observed
in vitro and in vivo in human lung disease, and along with
HETE-PEs, we also show that they can activate PPAR� tran-
scriptional activity. Thus, they represent a new class of oxidized
phospholipid generated enzymatically by primary cells that
could contribute to the immune regulatory actions of mamma-
lian LOXs in health and disease.

EXPERIMENTAL PROCEDURES

Materials—Human recombinant interleukin 4 (IL-4) was from
Promega. LymphoprepTM was from Axis-Shield, Oslo, Norway.
1-Stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine
was from Avanti Polar Lipids Inc., Alabaster, AL. 15-Hydroxy-
prostaglandin dehydrogenase inhibitor CAY10397, A23187,
TypeV soybean lipoxidase, triphenylphosphine, dichlorometh-
ane, and Dess-Martin periodinane were from Sigma-Aldrich.
HPLC grade hexane, methanol, chloroform, 2-propanol, and
water were from Fisher Scientific. HETE- and KETE-PEs were
generated as described (12). All other reagentswere fromSigma
unless otherwise stated.
Isolation and Activation of Murine Peritoneal Macrophages—

All animal experiments were performed in accordance with the
United KingdomHome Office Animals (Scientific Procedures)
Act, 1986. Wild-type female C57BL/6 mice (8–12 weeks) were
from Charles River, UK; kept in constant temperature cages
(20–22 °C); and given free access to water and standard chow.
Naïve peritoneal macrophages were isolated by lavage into 2ml
of ice-cold PBS. 4� 106 cells/ml of Krebs buffer (50mMHEPES,
100 mM NaCl, 5 mM KCl, 1 mM NaH2PO4, 1 mM CaCl2, 2 mM

glucose) were stimulated with A23187 (10 �M) at 37 °C for
15–180 min. For reduction reactions, cells were incubated at
room temperature with 1 mM SnCl2 for 10 min.
Peritonealmacrophages were also isolated fromPPRE-EGFP

transgenic mice generated as described previously (13); PPRE-
EGFP consists of three tandem consensus peroxisome prolif-
erator-response element sites (AGGACAAAGGTCA) coupled
to the gene encoding enhanced green fluorescent protein

(EGFP). Mice were injected intraperitoneally with 2 ml of ster-
ile thioglycolate (3%, w/v). Peritoneal exudates were collected
after 3 days by lavage as described above.
Isolation and Activation of Human Monocytes—The use of

healthy humanmonocytes was approved by the School ofMed-
icine Research Ethics Committee, Cardiff University. Human
monocytes were isolated from buffy coats (Welsh Blood Ser-
vice) as described previously (2). 4 � 106 cells/ml of Krebs
bufferwere stimulatedwithA23187 (10�M) at 37 °C for 15–180
min. For reduction, cells were incubated at room temperature
with 1 mM SnCl2 for 10 min. In some experiments, 15-LOX
induction was not required, and monocytes were recovered
by scraping following adhesion. For some experiments,
15-HpETE-PE or 15-HETE-PE (1 �M) and 15-PGDH inhibitor
CAY10397 (100 �M) were added to cells prior to or following
activation of cells. In some experiments, cells were homoge-
nizedwith amanual glass Teflon homogenizer using 10 strokes.
Analysis of Bronchoalveolar Fluid (BAL) from Patients with

LungDisease—Weobtained samples of BAL fluid frompatients
with cystic fibrosis, bronchiectasis, primary ciliary dyskinesia,
cystic fibrosis newborn screen, and persistent bacterial bron-
chitis who were undergoing a clinically indicated fiberoptic
bronchoscopy as described previously (14). The study was
approved by the local research ethics committee, and all proce-
dures were performed with informed, parental consent and
age-appropriate assent from the child where appropriate. Sam-
ples were stored at �80 °C until lipid extraction as detailed
below.
Lipid Extraction—1,2-Dimyristoyl-PE (10 ng) and 15-

HETE-d8 (10 ng) were added to each sample before extraction
as an internal standard. Where stated, hydroperoxides were
reduced to the corresponding alcohol by adding 1 mM SnCl2 or
1mM triphenylphosphine for 10min at room temperature. Lip-
idswere extracted by adding 1M acetic acid, 2-propanol, hexane
(2:20:30, v/v) to the sample at a ratio of 2.5 ml of solvent to 1ml
of sample; vortexing; and then adding 2.5ml of hexane. Follow-
ing vortexing and centrifugation (1500 rpm for 5 min), lipids
were recovered in the upper hexane layer. The samples were
then re-extracted by the addition of an equal volume of hexane
followed by further vortexing and centrifugation. The com-
bined hexane layers were then dried under vacuum and ana-
lyzed for HpETE-PE, HETE-PE, and KETE-PEs using
LC/MS/MS (as described below and in Ref. 12).
Precursor Scanning Tandem Mass Spectrometry—Lipids

were separated on aC18 Luna 3-�m, 150� 2-mmcolumn (Phe-
nomenex) using a gradient of 50–100% B over 10 min followed
by 30 min at 100% B (Solvent A, methanol:acetonitrile:water, 1
mM ammonium acetate, 60:20:20; Solvent B, methanol, 1 mM

ammonium acetate) with a flow rate of 200 �l/min. Precursor
scanning LC/MS/MS in negative mode for precursors of 317.2
was carried out using a 4000Q-Trap (AppliedBiosystems) from
650 to 850 atomicmass units over 6 swith a declustering poten-
tial of �130 to �140 V, a linear ion trap fill time of 200 ms, and
Q0 trapping.
KETE-, HETE-, and HpETE-PE Quantitation Using LC/

MS/MS—Samples were separated as above for precursor scan-
ning but in multiple reaction monitoring mode as described
recently (12). Transitions monitored were for parent ions of
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m/z 736.6, 762.6, 764.6, and 780.6 [M � H]� fragmenting to
daughter ions withm/z 317.2 (KETE) or 153.2 (12-KETE);m/z
738.6, 764.6, 766.6, and 782.6 [M �H]� fragmenting to daugh-
ter ions withm/z 219.2 (15-HETE) or 179.1 (12-HETE); orm/z
754.6, 780.6, 782.6, and 798.6 [M �H]� fragmenting to daugh-
ter ions withm/z 317.2 (HpETE). Standard curves were gener-
ated using internal standards (1,2-dimyristoyl-PE) and differ-
ent synthetic primary standards (12). Products were quantified
by LC/MS/MS electrospray ionization on an Applied Biosys-
tems 4000Q-Trap. Acquisition of product ion spectra was trig-
gered during elution of ions of interest with the instrument
operating in ion trap mode.
Free KETE Determination Using LC/MS/MS—Samples were

separated on a C18 Spherisorb ODS2 5-�m, 150 � 4.6-mm
column (Waters) using a gradient of 50–90% B over 10 min (A,
water:acetonitrile:acetic acid, 75:25:0.1; B, methanol:acetoni-
trile:acetic acid, 60:40:0.1) with a flow rate of 1 ml/min. Prod-
uctswere quantitated by LC/MS/MSelectrospray ionization on
an Applied Biosystems 4000 Q-Trap using parent-to-daughter
transitions of m/z 317.2 (KETE, [M � H]�) to m/z 113.2 (15-
KETE) and m/z 327.2 to 226.2 for 15-HETE-d8 with collision
energies of �20 to �30 V. Products were identified and quan-
tified by isotopic dilution mass spectrometry using standard
curves generated with 15-KETE and 15-HETE-d8 run in paral-
lel under the same conditions.
Reaction of 15-KETE-PE with Glutathione (GSH)—15-

KETE-PE (160 �M) was incubated with 62 mM GSH (final con-
centration; GSH stock made at 250 mM at pH 9 in water) in
methanol:dichloromethane:water (60:20:20). Samples were
separated on a Gemini 3-�m C18 20 � 2-mm110A mercury
column (Phenomenex) using a gradient of 50–100% B over 3
min followed by 1.5 min at 100% B (Solvent A, methanol:aceto-
nitrile:water, 1 mM ammonium acetate, 60:20:20; Solvent B,
methanol, 1 mM ammonium acetate) at a flow rate of 750
�l/min. Products were analyzed by LC/MS/MS electrospray
ionization on an Applied Biosystems 4000 Q-Trap in negative
mode using parent-to-daughter transitions of m/z 780.6 3
283.2 (15-KETE-PE fragmentation of the sn1 fatty acid stearic
acid) and anm/z of 543.5 fragmenting tom/z 283.2 (15-KETE-
PE-GSHadduct detected as a double charged ion) (declustering
potential, 70 V; collision energy, �45 eV).
Transfection and Reporter Gene Assays—HEK293 cells at

�85% confluence in 24-well plates were transiently co-trans-
fected using Lipofectamine 2000 (Invitrogen) with a plasmid
containing the luciferase gene under the control of three tan-
dem PPAR-response elements (3�PPRE TK-luciferase) in
pGL3-Basic vector (Promega, Madison, WI) and FLAG-
PPAR�1 in pcDNA3.1 vector (Invitrogen) (500 �g and 50 ng of
each, respectively). 50 ng of the Renilla luciferase control
reporter vector (pRL-TK) was used as an internal control.
Twenty-four hours after transfection, cells were serum-de-
prived (1% FBS) and then treated with various stimuli as indi-
cated for an additional 12 h. The reporterDual-Luciferase assay
kit (Promega)was used tomeasure the luciferase activity of cells
according to the manufacturer’s instructions (Victor II,
PerkinElmer Life Sciences).
Western Blot—Peritoneal macrophages isolated from PPRE-

EGFP mice were treated with 2.5 �M 15-HETE-PE, 15-KETE-

PE, SAPE, and their non-esterified derivatives for 12 h. Cell
extracts were separated on a 10% SDS-polyacrylamide gel, and
proteins were transferred to nitrocellulose membranes. Detec-
tion of EGFP was obtained by immunoblotting using an anti-
GFP antibody (Sigma). Membranes were probed with anti-
GAPDH antibody (Santa Cruz Biotechnology) to ensure equal
loading. Images were obtained using the Odyssey Imager (LI-
CORBiosciences). For CD36 expression on humanmonocytes,
4.5 � 106 cells/well were seeded in 24-well plates in culture
mediumand incubated at 37 °C for 2 h formonocytes to adhere.
Non-adherent cells were removed using medium. Cells were
stimulated for 6 h with SAPE, 15-HETE-PE, or 15-KETE-PE at
2.5 �M or vehicle control (methanol). Wells were washed two
times with PBS, and lysates were generated for each well indi-
vidually. Protein concentration was determined by nanodrop,
and 20 �g was loaded onto a 4–12% polyacrylamide gel. Pro-
teins were transferred to a nitrocellulose membrane; blocked
with 5% milk in PBS, 0.05% Tween; and incubated overnight
with anti-human CD36 (R&D Systems) or anti-human �-actin.
Blotswere incubatedwith the relevant secondary antibody con-
jugated to HRP and developed to film.
Statistical Analysis—Data were analyzed using Student’s t

test with p � 0.05 being considered significant (n � 3, mean �
S.E.). Experiments using monocytes and macrophages were
repeated at least three independent times on different cell
isolates.

RESULTS

Human Monocytes Generate Four 15-KETE-PEs—Lipid
extracts from IL-4-treated human monocytes activated for 15
min with calcium ionophore were analyzed using precursor
scanning LC/MS/MS for m/z 317.2, the carboxylate anion of
KETE [M � H]�. This revealed several major ions, including
m/z 780, 764, 762, and 736 (Fig. 1A). These correspond to the
predicted KETE adducts of PE analogous to 15-HETE-PEs
reported previously in terms of sn1 fatty acid composition,
namely 18:0a, 18:0p, 18:1p, and 16:0p/KETE-PE (Scheme 1)
where two are acyl-linked and two are plasmalogen-linked at
sn1 (2). A second series was also observed (m/z 754, 782, and
798) that corresponds to analogous HpETE-PEs because the
hydroperoxide group readily loses water during collision-in-
duceddissociation to yield an ionwithm/z 317.2 (not shown).A
fourth HpETE-PE is expected at m/z 780 isobaric with 18:0a/
KETE-PE. To confirm proposed KETE-PE structures, stand-
ards were synthesized (12). Both HPLC retention times and
product ion spectra of 18:0a, 18:0p, 18:1p, and 16:0p/15-
KETE-PE standards matched those of monocyte-derived prod-
ucts (Fig. 1, B–E). Multiple daughter ions arising from KETE
were detected, including 317.2, 219.2, 113.1, and 273.2 (15)
(Scheme 1 and Fig. 1). Furthermore,m/z 780.6 shows a daugh-
ter ion at 283 (18:0a), whereas sn1 fatty acids are absent in the
others consistent with their proposed plasmalogen structures
(Scheme 1 and Fig. 1). All spectra show ions generated by neu-
tral loss of the KETE carboxylate anion [M � 318]� or of the
KETE ketene [M � 300]�. These are observed as product ions
for parents withm/z 780.6 atm/z 762 andm/z 480, respectively,
and further confirm the predicted structures (Fig. 1 and
Scheme 1).
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SCHEME 1. Structures of 15-KETE-PEs generated by activated human monocytes (A) and 12-KETE-PEs detected in murine peritoneal lavage (B).

FIGURE 1. Human monocytes generate four 15-KETE-PEs. Human monocytes were isolated cultured with IL-4 as described under “Experimental Proce-
dures.” Cells were activated in Krebs buffer with 10 �M A23187 for 15 min at 37 °C. Lipids were extracted and analyzed using reverse phase LC/MS/MS as
described. A, precursor scan for [M � H]� 317.2 shows four major ions generated by activated human monocytes. Four prominent ions are circled. B–E,
representative chromatograms and MS/MS spectra of lipids detected as parent3 317.2 for the four lipids compared with synthetic standards. Standards were
made as described (12) and run under conditions identical to those used for human monocyte lipid extracts. MS/MS spectra were acquired in ion trap mode at
the apex of elution for each lipid. cps, counts/s.
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15-KETE-PEs were detected in human monocytes without
activation of 15-LOX with Ca2� ionophore causing significant
elevations within 15min and returning to base-line levels by 3 h
(Fig. 2, A–D). Non-esterified 15-KETE generation was also
observed on ionophore activation within 15 min (Fig. 2E). In
contrast to esterified 15-KETE, the free eicosanoid continued
to increase in concentration, reaching an average of 2.16� 0.12
ng/106 cells after 3 h (Fig. 2E). Notably, at 15 min, total esteri-
fied KETE levels (2.2 ng/106 cells) were higher than non-ester-
ified 15-KETE (1.2 ng/106 cells). Thus, esterified but not free

KETEs appear to be metabolized by the cells from 15 min
onward.
Murine Peritoneal Macrophages Generate 12-KETE-PEs—

Lipid extracts from murine peritoneal lavage were extracted
and analyzed using precursor scanning LC/MS/MS as for
human monocytes. This revealed four major ions atm/z 780.8,
764.8, 762.8, and 736.8 corresponding to the same m/z gener-
ated by human cells (Fig. 3A). As before, ions corresponding to
HpETE-PEs were also detected (754, 780, 782, and 798). To
confirm the identity of the KETE-PEs, 18:0a/-, 18:0p/-, 18:1p/-,

FIGURE 2. 15-KETE-PEs and 15-KETE are generated in response to ionophore by human monocytes. Monocytes were isolated and activated with 10 �M

A23187 for 15 min at 37 °C as described under “Experimental Procedures” for varying times before lipid extraction. A–D, generation of 15-HETE-PEs over time.
15-KETE-PEs were monitored as parent3 317.2 and quantified as described under “Experimental Procedures” using LC/MS/MS. E, generation of free 15-KETE
over time. 15-KETE was quantified as described in under “Experimental Procedures” using LC/MS/MS at m/z 317.23 113.1 (n � 3, mean � S.E.). Error bars
represent S.E.
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and 16:0p/12-KETE-PEs were generated as described (12). The
retention time (Fig. 3, B–E) and MS/MS spectra of the 18:0a/
18:0p/18:1p/16:0p/12-KETE-PE standards matched those of
murine macrophage-generated lipids (Fig. 3, B–E). In particu-
lar, several KETEdaughter ions are seen, including 273.2, 219.1,
179.1, and 153.1 (as identified by the Lipid Maps resource).
Them/z 179.1 ion was not always apparent as sensitivity was
limited by lack of material. The m/z 153.1 ion reflects frag-
mentation at the C12 ketone, indicating the 12-KETE-PE
positional isomer (Fig. 3, B–E). Finally, 12-KETE-PEs were
absent from lipid extracts of macrophages from 12/15-
LOX�/� mice (not shown).

Because purified single isomer 12-KETE-PEs were not avail-
able, a quantitative assay could not be established (12). Thus, we
used the parent3 317 daughter ion to compare -fold changes
on activation by plotting the analyte:internal standard ratio
(peak areas). As for 15-KETE-PEs in human monocytes,
12-KETE-PEs were basally present in peritoneal lavage prior to

cell activation with levels increasing 2–3-fold on ionophore
activation, reaching amaximum at 15–30min before returning
to base line by 3 h (Fig. 4, A–D).
15-PGDH in Human Monocytes Converts 15-HETE-PE to

15-KETE-PE—In monocytes, 15-PGDH catalyzes oxidation of
free 15-HETE to 15-KETE (7). To determine whether this
enzyme can oxidize intact phospholipids, monocyte lysates
were incubated with/without the 15-PGDH inhibitor
CAY10397 (100 �M) followed by addition of 18:0a/15-
HETE-PE (1 �M). Monocyte lysates were utilized because
HETE-PEs are not well incorporated into intact cells during
short time frames, and it was important to ensure access to
intracellular enzyme (data not shown). After 15min, lipidswere
extracted, and conversion of 18:0a/15-HETE-PE to 18:0a/15-
KETE-PE was determined (Fig. 5A). Unactivated monocytes
generated 251 pg of 15-KETE-PE/2 � 106 cells. 15-KETE-PE
levels were significantly enhanced by prior activation with cal-
cium ionophore, reaching 478 pg of KETE-PE/2 � 106 cells.

FIGURE 3. Murine macrophages generate four 12-KETE-PEs. Murine peritoneal macrophages were isolated from WT mice (8 –12 weeks) by lavage with
ice-cold PBS. Cells were activated at 37 °C for 15 min with 10 �M A23187, and then lipids were extracted and analyzed using LC/MS/MS as described under
“Experimental Procedures.” A, precursor scan for [M � H]� 317.2 shows four major ions generated by murine macrophages. Four prominent ions are circled.
B–E, representative chromatograms and MS/MS spectra of lipids detected as parent3 317.2 for the four lipids compared with synthetic standards. Standards
were made as described (12) and run under conditions identical to those used for murine macrophage lipid extracts. MS/MS spectra were acquired in ion trap
mode at the apex of elution for each lipid. cps, counts/s.

FIGURE 4. 12-KETE-PEs are generated in response to ionophore by murine macrophages. A–D, generation of 12-HETE-PEs over time. Peritoneal macro-
phages were isolated from WT mice by lavage and pooled. Cells were activated with 10 �M A23187, and at defined time points, lipids were extracted and
analyzed using LC/MS/MS. 12-KETE-PEs were monitored as parent3 317.2 as described under “Experimental Procedures” and are expressed as the ratio of
integrated area to internal standard (A/IS) (n � 3, mean � S.E.). Error bars represent S.E. cps, counts/s.
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Finally, 15-KETE-PE formation was partially inhibited by
CAY10397 (Fig. 5A).
15-KETE-PEs Are Detected in BAL Fluid from Cystic Fibrosis

Patients—BAL fluid was obtained from patients with a range of
lung diseases, including cystic fibrosis, bronchiectasis, primary
ciliary dyskinesia, cystic fibrosis (newborn screen), and persis-
tent bacterial bronchitis (Fig. 5,B–E). Little or noKETE-PEwas
detected in BAL from healthy volunteers; however, samples
from cystic fibrosis patients exhibited significantly elevated lev-

els of all four 15-KETE-PEs. Levels in BAL from patients with
bronchiectasiswere similar to healthy volunteers, whereas indi-
vidual BAL samples from other conditions revealed only mod-
est and inconsistent increases in 15-KETE-PEs (Fig. 5, B–E).
Reaction of 15-KETE-PE with GSH—15-KETE possesses an

�,�-unsaturated carbonyl, a functional group that can support
Michael addition with nucleophiles such as protein amines and
thiol functional groups (16, 17). Thus, the electrophilic reactiv-
ity of 15-KETE-PE was characterized by following the reaction

FIGURE 5. 15-KETE-PE can be generated by monocytes via 15-PGDH oxidation of 15-HETE-PE, and 15-KETE-PEs are detected in human disease
samples. A, generation of 15-KETE-PE via 15-PGDH. Human monocytes were isolated as described under “Experimental Procedures” and used immediately
without induction of 15-LOX. Cells were activated for 15 min at 37 °C with 10 �M A23187 and then homogenized. Samples were incubated with/without
15-PGDH inhibitor CAY10397 (100 �M) for 15 min at 37 °C, then 15-HETE-PE (1 �M) was added, and homogenates were incubated for 15 min (37 °C). Lipids were
then extracted and analyzed using LC/MS/MS following multiple reaction monitoring transitions with m/z 317.2 as a daughter ion quantified as described
under “Experimental Procedures” (n � 3, mean � S.E.). B–E, 15-KETE-PEs are detected in BAL fluids from cystic fibrosis patients. Lipids in BAL samples were
extracted as described under “Experimental Procedures” and analyzed for 15-KETE-PEs using LC/MS/MS using m/z 317.2 as a daughter ion. Samples are as
follows: control (n � 8), CF (n � 17), bronchiectasis (Bronch; n � 5), primary ciliary dyskinesia (PCD; n � 4), CF newborn screen (CF NBS; n � 9), and persistent
bacterial bronchitis (PBB; n � 12). The line indicates the mean. *, p � 0.05; **, p � 0.01 based on Student’s t test. Error bars represent S.E.
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with glutathione. The formation of thiol adducts with
15-KETE-PE were detected as double charged species withm/z
of 543.5 [M � 2H]2� with the parent phospholipid disappear-
ing onGSH reaction (Fig. 6A). Adducts also formedundermore
physiologically relevant conditions of pH 7.4 with 6 mM GSH;
however, this occurred more slowly and was incomplete at up
to 90 min (not shown). Although 15-KETE-PE has two electro-
philic centers at C11 and C13, double GSH adducts were not
detected, indicating a more favorable addition at the � carbon
or steric hindrance of addition at the � carbon after addition at
the � carbon (not shown). Fig. 6B shows the proposed structure
of the GSH-15-KETE-PE adduct. MS/MS spectra reveal frag-
ments characteristic of 15-KETE-PE, including 283.2, 317.2,
and 113.2, and a number of ions known to arise from GSH,
including 306.0, 128.0, 143.0, 160.0, 167.0, 177.0, 179.0, 210.1,
and 254.0 (Fig. 6C).
15-HETE-PE and 15-KETE-PEs Activate PPAR� in Macro-

phages and Induce CD36 in Human Monocytes—In macro-
phages, activation of 12/15-lipoxygenases generates PPAR�
ligands (18). Thus, it is of interest to study whether esterified
eicosanoids such as 15-KETE-PE and 15-HETE-PE similarly
elicit PPAR� transcriptional activity. PPRE-reporter assays in
HEK293 cells co-transfected with PPAR� showed a dose-de-

pendent activation of PPAR� transcriptional activity in
response to 15-KETE-PE or 15-HETE-PE (Fig. 7A). Equivalent
concentrations of 18:0a/20:4-PE were ineffective, indicating
that activation of PPAR� requires oxidation (Fig. 7A). PPAR�
activationwas alternativelymonitored in thioglycollate-elicited
peritoneal macrophages obtained from PPRE-EGFP transgenic
reporter mice (Fig. 7B). Western blot analysis indicated that
esterified 15-HETE and 15-KETE (2.5 �M) but not equimolar
concentrations of 18:0a/20:4-PE increased GFP intensity. The
thiazolidinedione rosiglitazone served as a bona fide positive
control for maximal PPAR� activation (Fig. 7, C and D). In
humanmonocytes,Western blot analysis indicated that 2.5 �M

15-HETE- or 15-KETE-PE for 6 h elevated the expression of the
PPAR�-inducible protein CD36 (Fig. 7, E and F).
HpETE-PE Is a Precursor for HETE-PE Generation by Mono-

cytes and Macrophages—Our previous studies showed that
human monocytes and murine macrophages generate
15-HETE- and 12-HETE-PE lipids, respectively (2, 3). How-
ever, in those studies, lipid extracts had been reduced using
SnCl2 so that the total flux of LOX-dependent esterified
H(p)ETE-PE was determined. To determine HpETE-PE versus
HETE-PE levels, temporal generation of HETE-PE by both
human and murine monocytic cells was compared with and

FIGURE 6. 15-KETE-PE forms a covalent adduct with glutathione in vitro. A, chromatograms showing formation of 15-KETE-PE-GSH with loss of 15-KETE-PE
over time. 15-KETE-PE (160 �M) was incubated at 22 °C in methanol:dichloromethane:GSH (GSH in water at pH 9) (60:20:20) with a final GSH concentration of
62 mM as described under “Experimental Procedures.” Sample was injected under flow onto a mercury LC column and monitored in negative mode using m/z
283.2 (18:0) as a daughter ion for both species. The disappearance of the parent phospholipid was determined by monitoring m/z 780.6 3 283.2. The
GSH-15-KETE-PE adduct (molecular weight, 1089) was detected as a doubly charged ion with the multiple reaction monitoring transition 543.53 283.2. B,
proposed structure of the 15-KETE-PE-GSH adduct with fragmentation pattern. C, MS/MS spectrum of 15-KETE-PE-GSH adduct. An MS/MS spectrum was
obtained at the apex of the peak in the negative mode for 15-KETE-PE-GSH in ion trap mode. cps, counts/s.
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without chemical reduction. Thus, HpETE-PE levels would be
indicated by the difference between levels before and after
SnCl2 treatment. Reduction caused a 2- or 4–5-fold increase in
HETE-PE for human monocytes or murine macrophages,
respectively (Fig. 8, A–H). Use of the hydroperoxide-specific
triphenylphosphine as the reductant in place of SnCl2 yielded
similar results (Fig. 9A).
Next, HpETE-PE was directly measured. First, 18:0a/15-

HpETE-PE was synthesized and found to be detected to a high
degree of sensitivity using m/z 798.6 3 317.2 by LC/MS/MS
(not shown). However, using this assay, very low and variable

levels of HpETE-PEs were detected in monocytes or macro-
phages that were considerably less than expected based on cal-
culations from data in Fig. 8 (not shown). To probe the reasons
for this discrepancy, 18:0a/15-HpETE-PE (360 ng) was added
either to Krebs buffer or monocytes (not IL-4-treated), and
then lipids were extracted and analyzed using LC/MS/MS.
When added to Krebs buffer, only �20 or 40 ng was recovered
in the absence or presence of chelators/antioxidants (diethyl-
enetriaminepentaacetic acid and butylated hydroxytoluene),
respectively (Fig. 9B). Furthermore, if added to cells during
extraction, virtually all the HpETE-PE decomposed (Fig. 9C).

FIGURE 7. Macrophage PPAR�-stimulating activity of 15-HETE-PE and 15-KETE-PE. A, HEK293 cells were transfected with 1 �g of 3�PPRE-luciferase (Luc),
50 ng of pRL-TK, and 50 ng of pcDNA-FLAG-PPAR� using Lipofectamine 2000 for 24 h. Cells were serum-deprived (1% FBS) and treated with the lipids for 12 h.
Rosiglitazone was used as positive control, and SAPE was used as an unoxidized lipid control (n � 4, mean � S.E.). n � 3– 4; *, p � 0.05; **, p � 0.01 versus SAPE
based on Student’s t test B, thioglycollate-elicited peritoneal macrophages were cultured from PPRE-EGFP reporter transgenic mice and treated with a 1 �M

concentration of each lipid for 12 h. The panels show representative fluorescent images. The bar chart shows the average pixel intensity of 10 different cells in
each photo calculated using ImageJ. C, EGFP expression in peritoneal macrophages from PPRE-EGFP transgenic mice was detected by Western blot. Protein
was extracted after 12-h treatment with a 2.5 �M concentration of the lipids using an anti-GFP antibody. The same membrane was analyzed with anti-GAPDH
antibody to confirm equal loading. The white line shows where other bands were removed for clarity, but the rosiglitazone (Rosi) lane was from the same gel
analyzed at the same time. D, GFP lanes were analyzed for pixel intensity using ImageJ and then normalized to GAPDH lanes. E, CD36 expression in primary
human monocytes was detected using Western blot after 6-h incubation with a 2.5 �M concentration of the lipids. Lysates were separately analyzed for actin
to confirm protein loading. F, CD36 lanes were analyzed for area of bands using ImageJ and then normalized to actin. Error bars represent S.E.
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FIGURE 8. Chemical reduction of cell extracts significantly increases detection of 15- or 12-HETE-PE in human monocytes and murine macrophages.
A–D, time course of 15-HETE-PE generation by activated human IL-4-treated monocytes with/without SnCl2 reduction of lipid extracts. Human monocytes
were isolated, cultured, and then activated at 37 °C with 10 �M A23187, and at defined time points (15–180 min), some samples were reduced by incubation
with 1 mM SnCL2 for 10 min at 22 °C followed by lipid extraction (n � 3, mean � S.E.). E–H, time course of 12-HETE-PE generation by activated murine peritoneal
macrophages with/without SnCl2 reduction of lipid extracts. Murine peritoneal macrophages were isolated from WT mice (8 –12 weeks) by lavage with ice-cold
PBS and pooled. Cells were activated at 37 °C with 10 �M A23187, and at defined time points (15–180 min), some samples were reduced by incubation with 1
mM SnCl2 for 10 min at 22 °C followed by lipid extraction (n � 3, mean � S.E.). Error bars represent S.E.
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Reduction using SnCl2 prior to extraction increased the levels
of HETE-PE detected, although these (around 90 or 120 ng
without or with diethylenetriaminepentaacetic acid/butylated
hydroxytoluene, respectively) were still only around 50% of
added hydroperoxide. Unreduced samples contained small

amounts of HETE-PE (Fig. 9C, left bar). While stored in meth-
anolic solution, our standard shows a total absence ofHETE-PE
(when scanning in Q1 for m/z 782.6); thus, decomposition
(including its conversion to the small amount of HETE-PE
noted herein) starts as soon as the lipid is added to aqueous
solvent (in the 2–5 min before reduction is initiated) and is
further accelerated during extraction, particularly in the pres-
ence of cellular material. These losses are unlikely to be due to
low extraction efficiency because HETE- and KETE-PEs are
extracted using this protocol with 94 and 78% efficiencies,
respectively (12). Instead, we suggest that HpETE-PE is unsta-
ble in aqueous medium and that its decay is further accelerated
by cell lysates. Thus, its direct measurement will significantly
underestimate the flux of HpETE-PE generation in immune
cells. In conclusion, we suggest that the SnCl2-reducible pool
generated on activation, which accounts for 50% of the total
HETE-PE detected, is instead HpETE-PE that does not survive
solvent extraction.

DISCUSSION

Herein, generation of four new oxidized phospholipids that
contain a KETE functional group attached to PE is shown
(Scheme 1 and Figs. 2 and 4) (19). Along with HETE-PEs, they
were found to activate PPAR� transcriptional activity in intact
cells. KETE-PEs are generated by human IL-4-treated mono-
cytes andmurine peritoneal macrophages and were detected in
bronchoalveolar lavage fromcystic fibrosis (CF) patients (Fig. 5,
B–E). Acute pulmonary inflammation in CF is associated with
neutrophil influx and proinflammatory cytokine generation
with bone marrow-derived and alveolar macrophages and
eosinophils exacerbating this inflammatory response (20, 21).
Both these cell types express 15-LOX and thus are potential
sources of 15-KETE-PEs in vivo (22). 15-LOX is also induced by
the Th2 cytokines IL-4 and IL-13, which are also elevated in CF
airways (23, 24). Recent studies indicate that activation of
PPAR�-dependent gene expression inCFmice ameliorates dis-
ease severity in mice, suggesting that electrophilic 15-LOX
products might potentially act to dampen down inflammation
in this disorder and that these or homologousmoleculesmay be
of therapeutic benefit in treating acute and chronic airway
inflammation (25). In our studies, esterified HETEs are almost
exclusively found in PE with little or none contained in phos-
phatidylcholine (2). This is likely due to the enzymatic nature of
their generation, which appears selective for one class of
phospholipid.
Our studies show that esterified eicosanoids are functionally

distinct from their free acid isomers; thus, characterization of
esterified KETEs as distinct to their free acid analogs is novel in
terms of understanding the immunomodulatory roles of LOXs.
Chemically, KETEs are very different from HETEs with the
potential to adduct to amino acid residues through Michael
addition. In the case of an esterified KETE, this could generate a
lipid capable of membrane anchoring. Thus, the identification
and characterization of esterified KETEs as a family of lipid
signaling mediators in their own right is relevant for macro-
phage biology and inflammation.
The requirement for 15- and 12/15-LOX in KETE-PE gener-

ation is indicated by their regiospecificity and their absence in

FIGURE 9. Identification of HpETE-PE as the SnCl2 reducible lipid; how-
ever, its decomposition is accelerated during lipid extraction from cells.
A, confirmation of 15-HpETE-PE generation by murine macrophages. Total
peritoneal cells were recovered by lavage from WT mice and activated for 15
min with 10 �M A23187 at 37 °C. Lipids were reduced with either 1 mM SnCl2
or 1 mg triphenylphosphine (PPh3) for 10 min at 22 °C and then extracted.
12-HETE-PEs were monitored as described under “Experimental Procedures.”
B and C, acceleration of HpETE-PE decomposition by cell extracts and protec-
tion using antioxidants. Human monocytes were isolated from buffy coats by
adhesion. 360 ng of 18:0a/15-HpETE-PE was added to either Krebs buffer (B)
or Krebs � cells (4 � 106 cells/ml) (C) in the presence or absence of 100 �M

butylated hydroxytoluene (BHT) and 100 �M diethylenetriaminepentaacetic
acid (DTPA). This was followed either by immediate organic extraction with-
out reduction (NR) or reduction with 1 mM SnCl2 (R) for 10 min at 22 °C fol-
lowed by organic extraction. Multiple reaction monitoring transitions 798.6
3 317.2 (15-HpETE-PE) and 782.63 219.1 (15-HETE-PE) were monitored, and
the lipid recovered was quantified as described under “Experimental Proce-
dures.” Error bars represent S.E.
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peritoneal lavage frommice deficient in 12/15-LOX (Figs. 1 and
3 and data not shown). The discovery of this new class of lipids
adds to the growing list of esterified eicosanoids generated by
LOXs that includes 5-, 12-, and 15-HETE-PEs and -phosphati-
dylcholines in neutrophils, platelets/murine macrophages,
and monocytes, respectively, and 14-hydroxydocosahexanoic
acid-PE from thrombin-stimulated human platelets (2, 3,
26–28). These lipid families display diverse bioactivities,
including enhancing coagulation, suppressing Toll-like recep-
tor signaling, dampening neutrophil responses, and as shown
herein for 15-KETE and 15-HETE-PE activation of PPAR� (Fig.
7) (3, 26, 28).
KETE-, HETE-, and HpETE-PEs generated by 12/15-LOXs

are basally detected in monocytes and macrophages but are
elevated by ionophore (Figs. 2, 4, and 8) (2, 3). In contrast, ester-
ified eicosanoids are not detected in neutrophils and platelets
prior to agonist activation (26, 28). Several lines of evidence
suggest that 12/15-LOXs are involved in homeostatic pro-
cesses, including wound healing and inflammation resolution
(29–32). Our observations of basal continuous enzyme turn-
over in resting cells along with PPAR� stimulation activity are
consistent with this.
Previously, we showed that HETE-PEs form via direct oxida-

tion of PE (3). To determine whether generation of KETE-PEs
was also via direct oxidation or required arachidonate release
and re-esterification of newly formed KETE, we examined its
generation in the presence of H2

18O, looking for analogs with
�2 atomic mass units. However, these are isobaric and were
found to co-elute with 15-[16O]HETE-PE of which a small
amount also forms onmacrophage activation (data not shown).
However, we note thatmacrophage activation inH2

18O did not
result in formation of less 12-[16O]KETE-PE. Thus, it is very
likely that the KETE-PEs form through direct oxidation of PE
without requirement for phospholipase A2 hydrolysis. Analo-
gous KETE-PEs were not detected in human platelets or neu-
trophils, indicating that these cells do not further oxidize ester-
ified 12- or 5-HETE-PE (26, 28) (data not shown). This infers
that the neutrophil 5-PGDH capable of oxidizing 5-HETE to
5-KETE may not be active in utilizing complex substrates such
as phospholipid adducts (6, 9). Herein, we showed that inhibi-
tion of 15-PGDH partially blocks generation of 15-KETE-PE
from exogenous 15-HETE-PE. This suggests that KETE-PEs
may form through oxidation of preformed HETE-PE by the
enzyme rather than esterification of newly generated KETE
(Fig. 5A). However, because inhibition was only partial, we can-
not rule out that at least some is generated via homolytic cleav-
age of the peroxide group via LOX-catalyzed hydroperoxidase
activity.We also note that conversion of HETE-PE to KETE-PE
is stimulated by ionophore activation of cells before lysis. The
mechanism is unknown but could include calcium-dependent
post-translational modification of PGDH.
The precursor for KETE-PE generation, HETE-PE, is gener-

ated through glutathione peroxidase-dependent reduction of
the primary LOX product, HpETE-PE. We previously found
that neutrophils and platelets efficiently convert themajority of
HpETE-PEs to the more stable HETE-PEs (26, 28). In contrast,
in monocytes/macrophages, up to 50% was not endogenously
reduced, suggesting slower rates of glutathione peroxidase

activity in these cells (Fig. 8). The difficulty in analyzing
HpETE-PEs due to their instability during extraction is a major
problem when trying to accurately estimate the levels gener-
ated (Fig. 9). In monocytes, HETE-PEs form by oxidation of
intact phospholipid, whereas in platelets and neutrophils, gen-
eration involves rapid esterification of a newly synthesized free
HETE into the phospholipid pool (26, 28).We also note that the
fate of esterified 12/15- or 15-LOX products in monocytic cells
is different from that formed by 12- or 5-LOX in platelets or
neutrophils. Specifically, 12- or 5-HETE-PEs are relatively long
lived species with little metabolism occurring up to 3 h follow-
ing generation (26, 28). In activated monocytes/macrophages,
HETE-, HpETE-, and KETE-PEs reach a maximal concentra-
tion for 30 min with levels returning close to base line by 3 h
(Figs. 2, 4, and 8). Potentialmetabolic events accounting for this
short half-life that were discounted included (i) conversion of
oxidized PE to phosphatidylcholine or phosphatidylserine via
headgroup interconversion, (ii) chain elongation of the sn2 acyl
group by addition of C2H4 groups (33), and (iii) hydrolysis of
esterified eicosanoid derivatives by endogenous phospho-
lipases (not shown). Levels of free 15-KETEs, which were
acutely generated by human monocytes within 15 min, contin-
ued to increase over 3 h of activation (Fig. 2). This indicates
distinct metabolic pathways for free versus esterified KETEs in
monocytes.
Recent studies have indicated an important role for electro-

philic free acid lipids in mediating anti-inflammatory signaling
through the formation of Michael adducts with proteins via
histidine or cysteine. Activation of transcription factors,
including PPAR� and Nrf2, by lipids such as 15-deoxyprosta-
glandin J2, nitrolipids, and carbonyl-containing short and long
chain species has been extensively characterized and is pro-
posed to be an important part of the cell response to oxidative
stress (11, 34–37). KETE-PEs contain an �,�-unsaturated
ketone in the sn2 fatty acid. Thus, a functionally significant
reaction that KETE-PE species can undergo isMichael addition
with cellular nucleophiles such as the thiol of GSH (Fig. 6) or
protein cysteine and histidine residues. Although 15-KETE-PE
readily adducted toGSH in vitro, wewere unable to increase the
rate of reaction at physiological pH using glutathione S-trans-
ferase (Fig. 6 and data not shown). Furthermore, in ex vivo test
systems, it did not activateNrf2 or PPAR� throughdirect ligand
binding (data not shown). This suggests that the electrophilic
centers may be inaccessible to cytosolic thiols or that phospho-
lipid esterification sterically limits interaction of the electro-
philic fatty acid with the multiple reactive thiols of Keap1 and
the ligand binding domain Cys-285 of PPAR�. This does not
exclude potential electrophilic reactions of KETE-PEs with
additional protein targets, notably those of integral membrane
or membrane-associated proteins.
Both 15-HETE-PE and 15-KETE-PE dose-dependently acti-

vated PPAR� when added to intact cells; thus, they may act
indirectly either through phospholipase A2 hydrolysis to
release free PPAR� ligands or through upstreammodulation of
PPAR� expression. Previous reports indicated that oxidized
free acid lipids generated by LOXs can activate PPAR� (18).
The current thinking is that a number of lipids can act as low
affinity physiological activators and that PPAR� steady state
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activity is a function of the total concentration of all ligands
present at any one time in the cell. PPAR� can be activated by
many fatty acids, eicosanoids, and other oxidized fatty acids
with the more potent lipid stimuli appearing to act via electro-
philic addition to the protein (e.g.nitrolipids and 15-deoxypros-
taglandin J2) and synthetic agonists (e.g. rosiglitazone) giving
the highest activation (38, 39). In the case of LOX, several
known activators could be present inmonocytes, including free
HETEs, hydroxyoctadecadienoic acids, and both HETE- and
KETE-PEs as shown here. We note that the negative control
(SAPE) did not activate PPAR�; thus, this was specific for the
oxidized analogs (Fig. 7A). Monocytes generate �2.2 ng of
KETE-PEs/106 cells. As average monocyte volumes are 250
�m3 (3, 40) and all the endogenously generated lipids remain
cell-associated, we calculate that this equates to a cellular con-
centration of up to 11 mM, which is clearly considerably higher
than that added to the cells. Several oxidized phospholipids,
including 15-HETE-PE, can attenuate inflammatory signaling
through inhibition of TLR4, a known inhibitor of PPAR�
expression and activity (3, 41, 42). The mechanism involves
binding to accessory proteins such as CD14 and LPS-binding
protein. In this way, dampening down TLR4 may result in ele-
vated PPAR� signaling as noted herein (Fig. 7).
In summary, this study identifies the cell and organ genera-

tion of novel families of esterified eicosanoids acutely generated
by 12/15-LOXs. The study highlights a new class of electro-
philic �,�-unsaturated ketone-containing phospholipids gen-
erated by immune cells that are expected to mediate adaptive
anti-inflammatory signaling actions, including the activation of
PPAR�-dependent gene expression.
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