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ABSTRACT: The 2 hemiketal (HK) eicosanoids HKD2 and HKE2 are the major products of the biosynthetic crossover of

the 5-lipoxygenase (5-LOX) and cyclooxygenase-2 (COX-2) pathways. HKs result from the rearrangement of a diendoperoxide intermediate formed in the COX-2-dependent oxygenation of 5S-hydroxyeicosatetraenoic acid (5SHETE). We analyzed HK biosynthesis in human leukocytes stimulated ex vivo and defined the biosynthetic roles of
5-LOX and COX-2, using inhibitors and incubations with exogenous substrates. Activation of leukocytes with LPS
followed by treatment with the calcium ionophore A23187 resulted in the formation of PGE2, 5-HETE, and LTB4 as
the principal metabolites of COX-2 and 5-LOX, respectively. The formation of HKD2 and HKE2 was highest after
15 min LPS treatment, and at that time, levels were similar to PGE2, but less than 5-HETE and LTB4. The time course
of HK formation paralleled that of 5-HETE and LTB4, implying the availability of the 5S-HETE substrate as a
limiting factor in biosynthesis rather than expression levels of COX-2. Specific inhibitors of COX-2 and 5-LOX
decreased formation of HKD2 and HKE2. Platelets did not form HKs from exogenous 5S-HETE, implying that COX-1
is not involved. HKs are early products during an inflammatory event and require cells that express 5-LOX and COX2 for their biosynthesis.—Giménez-Bastida, J. A., Shibata, T., Uchida, K., Schneider, C. Roles of 5-lipoxygenase and
cyclooxygenase-2 in the biosynthesis of hemiketals E2 and D2 by activated human leukocytes. FASEB J.
31, 000–000 (2017). www.fasebj.org
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5-Lipoxygenase (5-LOX) and cyclooxygenase (COX)-2 are
key enzymes in the biosynthesis of arachidonic acid–
derived eicosanoids (1). COX oxygenation of arachidonic
acid gives the prostaglandin (PG) endoperoxide PGH2
that is further transformed by specialized isomerases to
the 5 chief prostanoids PGE2, PGD2, PGF2a, PGI2 (prostacyclin), and TxA2 (thromboxane) (2, 3). PGs regulate a
myriad of physiologic and pathophysiological responses
at the sites of their formation (4). Inhibition of PG biosynthesis by nonsteroidal anti-inflammatory drugs has
anti-inflammatory, antipyretic, and analgesic effects
through inhibition of the inducible COX-2 isoform,
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whereas inhibition of the COX-1 isoform is responsible for
gastrointestinal side effects (5). Cardiovascular side effects
related to specific inhibition of COX-2 by the coxib class of
drugs are linked to the loss of PGI2 in the vascular endothelium (6).
5-LOX oxygenation of arachidonic acid gives rise to
5S-HPETE, which can undergo reduction to 5S-HETE
or oxidation to 5-oxo-ETE, a potent eosinophil chemoattractant and stimulant (7, 8). The major fate of 5SHPETE, however, is dehydration to the leukotriene
(LT) epoxide LTA4 in a second reaction catalyzed by 5LOX (9, 10). Enzymatic hydrolysis of LTA4 yields LTB4,
a proinflammatory neutrophil chemoattractant (11,
12). Conjugation of LTA4 with glutathione yields the
cysteinyl-LT (LTC4) that increases vascular permeability at sites of inflammation (13, 14). The signaling
pathways mediated by LTB4 and Cys-LTs are well defined, whereas much less is known about specific biologic activities of 5S-HETE (15).
5S-HETE can serve as an alternative substrate for
COX-2, thereby providing a biosynthetic link between the
5-LOX and COX-2 pathways (Fig. 1). A di-endoperoxide
has been identified as the major enzymatic product, with
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Understanding the biologic significance of the crossover of the 5-LOX and COX-2 pathways and its HK
products requires information about the sites, amount,
and temporal regulation of their biosynthesis. We describe
an approach for the quantitative analysis of HK biosynthesis, using charge reversal derivatization and liquid
chromatography-electrospray ionization-mass spectometry (LC-ESI-MS) detection in positive ion mode (23).
The method was used to quantify levels of HKs in human
leukocytes stimulated ex vivo in comparison to the 5-LOX
and COX-2 metabolites, 5-HETE, LTB4, and PGE2.
MATERIALS AND METHODS
Materials
5S-HETE was synthesized as described with minor modifications
(19, 24). Curcumin was synthesized as described (25). Recombinant human COX-2 was expressed in Sf9 insect cells (26). MK886,
NS398, PGE2, d4-PGE2, d4-LTB4, and N-(4-aminomethylphenyl)
pyridinium (AMPP) were from Cayman Chemical (Ann Arbor,
MI, USA). Dimethylformamide, AA861, 1-ethyl-3-(e-dimethylaminopropyl)carbodiimide, and N-hydroxybenzotriazole were purchased from Sigma-Aldrich, St. Louis, MO, USA). Lumiracoxib
was from ApexBio (Houston, TX, USA).
Synthesis of HKE2 and HKD2

Figure 1. The 5-LOX/COX-2 crossover pathway. Consecutive
transformation of arachidonic acid by 5-LOX and COX-2
yielded the HK eicosanoids HKD2 and HKE2 as well as the byproducts 5,11- and 5,15-diHETE. The oxygen atoms introduced in the enzymatic reactions are color-coded to illustrate
their origin and fate during the transformations.

5S-HETE (15 mg) was added to 1 ml 100 mM Tris-HCl buffer
(pH 8) containing COX-2 (25 nM), hematin (1 mM), and phenol
(0.5 mM), and the reaction was incubated at 37°C for the first 5 min
and then held at room temperature for 45 min (27). The sample
was acidified to pH 3 with 1 N HCl, spiked with 50 ml methanol,
and loaded on a 30-mg HLB cartridge (Waters, Milford, MA,
USA). The cartridge was washed with water, and products were
eluted using 1 ml methanol and evaporated under a stream of N2.
Leukocyte isolation and treatment

5S,11R- and 5S,15R,S-diHETE as minor products (16–18).
The di-endoperoxide is functionally equivalent to PGH2
and undergoes similar transformations (19, 20). Nonenzymatic rearrangement of the 2 endoperoxide moieties
results in two HK eicosanoids, HKE2 and HKD2, the latter
of which may also be formed by reaction with the hematopoietic type of PGD synthase (20). The two 5S,11R- and
5S,15R,S-diHETEs are the 5-hydroxy analogs of the 11RHETE and 15R,S-HETE by-products of the COX reaction
with arachidonic acid (21). Biosynthesis of 5,11- and 5,15diHETEs occurs in human leukocytes stimulated ex vivo,
and their formation is dependent on the activities of 5-LOX
and COX-2 (22).
HKs are recently discovered eicosanoids, and information is sparse about their biosynthesis in vivo and their
biologic role. Stemming from 5-LOX and COX-2 as their
key biosynthetic enzymes, a role in regulating the inflammatory process and possibly in tumorigenesis can
be predicted. Preliminary studies have shown that HKs
stimulate tube formation of primary pulmonary microvascular endothelial cells, implying a role in angiogenesis
and wound repair (20).
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Leukocytes were isolated from peripheral blood from healthy
human volunteers. The study was approved by the Vanderbilt
University Medical Center Institutional Review Board (Approval
091243), and written informed consent was obtained from the
donors before blood samples were obtained. Venous blood
(45 ml) was collected into a syringe containing 4.5 ml sodium
citrate and 10 ml of 6% (w/v) dextran (250 kDa, average molecular weight). Red blood cells were allowed to settle for 1 h, and
the top leukocyte-rich layer was collected and centrifuged. The
pelleted cells were washed with PBS, and the remaining red cells
were lysed by treatment with a 10-fold excess of deionized water
for 30 s followed by addition of 103 PBS to restore tonicity. The
leukocytes were centrifuged, washed, and diluted in PBS containing 5 mM glucose. Cells (5.0 3 106) were diluted to 1 ml in PBS
containing Ca2+ and Mg2+, LPS (10 mg/ml) was added, and the
cells were incubated at 37°C for various times (15 min to 48 h).
Calcium ionophore A23187 (5 mM) was added 15 min before the
end of LPS treatment. For termination, the samples were centrifuged at 1200 g for 5 min, and the supernatant was transferred to a
glass vial containing 1 ml of 0.1% acetic acid (pH 3). Deuterated
standards, d4-LTB4 and d4-PGE2, 10 ng each, were added, and the
samples were loaded onto 30 mg HLB cartridges (Waters). Cartridges were activated with 2 3 1 ml of methanol and washed
with 2 3 1 ml water before use. After sample loading, the cartridges were washed with 2 3 1 ml water, and products were
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eluted from the cartridge using 1 ml of methanol. To some of the
leukocyte samples, one of the following inhibitors was added
15 min before treatment with A23187: NS398 (1 mM), AA861
(10 mM), MK886 (5 mM), SC560 (1 mM), or lumiracoxib (0.1–1 mM).
COX-2 expression was analyzed by Western blot analysis after
separation on 10% SDS-polyacrylamide gels (20 mg of protein) and
transfer to nitrocellulose membranes. The membranes were
washed and incubated with monoclonal primary antibody
against COX-2 (72 kDa) (Cayman Chemical) at 1:1000, followed
by incubation with anti-mouse IgG (GE Life Sciences, Pittsburgh,
PA, USA ) horseradish peroxidase–linked secondary antibody at
1:1000. Membranes were developed with ECL Prime Western Blot
detection reagent (GE Life Sciences) and exposed to X-ray film.
Monoclonal antibody anti-GAPDH (36 kDa) (Abcam, Cambridge,
MA, USA) at 1:1000 was used as the control for protein loading.

Standard curves, limits of detection,
and quantification
Eicosanoids were quantified by preparing standard curves using
the pure compounds. The first point of the standard curve was a
stock solution containing 1 ng of PGE2 and 10 ng each of 5SHETE, LTB4, and HKE2. This solution was serially diluted. d4LTB4 and d4-PGE2 (10 ng of each) were added to each dilution.
The samples were evaporated under a stream of nitrogen and
derivatized with AMPP, as described in Derivatization with
AMPP. The samples were then diluted with water:acetonitrile
(1:1, v/v) to 80 ml. The calibration curves were calculated by
plotting the ratio between the peak area of each compound vs.
the peak area of the internal standard. Each point was the
average of 3 independent injections. Retention time, calibration range, linear range, limit of detection (LOD), and limit of
quantification (LOQ) are summarized in Table 1.

Derivatization with AMPP
The methanol eluates from the extraction cartridges were evaporated under a stream of nitrogen, and the following reagents
were added: 10 ml of ice-cold acetonitrile/dimethylformamide
(4:1, v/v), 10 ml of ice-cold 1-ethyl-3-(e-dimethylamino-propyl)
carbodiimide (640 mM in water), and 20 ml of a solution containing 5 mM N-hydroxylbenzotriazole and 15 mM AMPP (in
acetonitrile) (23). The sample tubes were briefly vortex mixed and
incubated at 60°C for 30 min. The samples were diluted with
40 ml of acetonitrile/water (1:1, v/v) and analyzed the same day
while maintained at 4°C in the autosampler during analysis.

Leukocyte isolation in the presence of curcumin
Venous blood (7.5 ml) was drawn into a syringe containing 750 ml
of sodium citrate and 1.67 ml of 6% (w/v) dextran (250 kDa,
average molecular weight). The solution was treated with 80 ml of
a 5 mM curcumin stock solution to a final concentration of 40 mM.
The isolation of the leukocytes was followed as described above.

PBS, deionized water, and 103 PBS used in the different steps
contained 40 mM curcumin. The cells were treated with LPS
(10 mg/ml) for 5 h at 37°C. A23187 (5 mM) was added 15 min
before the end of the incubation with LPS. Extraction, derivatization, and analysis of eicosanoids were performed as
previously described.

Incubations with platelet-rich plasma
Ten ml of blood was drawn from 2 volunteers (IRB 091243).
Platelet-rich plasma was obtained by centrifugation (28). Plateletrich plasma (995 ml; 2.5 3 108 platelets/ml) were treated with 5 ml
of 1 mM 5S-HETE or arachidonic acid to a final concentration of
5 mM. The samples were incubated at 37°C for 15 min. The reaction was stopped by addition of 3 volumes of ethanol and
centrifuged at 4700 g for 10 min. The supernatant was transferred
to a new vial and spiked with deuterated standards (d4-LTB4 and
d4-PGE2). The samples were evaporated under nitrogen to
remove ethanol and extracted using 30 mg Waters HLB cartridges as previously described. The samples were derivatized
with AMPP and analyzed by LC-MS.

LC-MS analyses
Samples were analyzed with a Thermo TSQ Vantage triple
quadrupole MS instrument (Thermo Fisher Scientific) equipped
with a heated electrospray interface operated in negative or
positive ion mode. A Zorbax Eclipse Plus C18 1.8-mm column
(2.1 3 50 mm; Agilent Technologies, Santa Clara, CA, USA)
was used for the separation of eicosanoids. Water:acetonitrile
(95:5, v/v) and acetonitrile:water (95:5, v/v) containing 0.1%
formic acid were the mobile phases (A and B, respectively) used at
a flow rate of 0.5 ml/min. Underivatized samples were analyzed
in negative ion mode, and a linear gradient was used starting with
100% of solvent A, reaching 100% of solvent B at 5 min, and held
for 1 min. The initial conditions were re-established at 6.01 min
and held until 7 min. AMPP-derivatized samples were analyzed
in positive ion mode. The initial solvent was 100% of A, reaching
50% of B at 4.5 min, 100% of B at 5 min, and held for 1 min. At
6.01 min, solvent A was 100% and held up to 7 min. The instrument parameters were optimized by infusion of a solution of
PGD2 in acetonitrile/water 1:1 (by vol.). The electrospray needle
was maintained at 4.0 kV. The ion transfer tube was operated at
300°C.
The following transitions were recorded in the selected reaction monitoring (SRM)–positive mode for AMPP-derivatized
compounds: LTB4, m/z 503→323 (+30 eV); d4-LTB4, m/z 507→325
(+35 eV); 5-HETE, m/z 487→283 (+37 eV); PGE2, m/z 519→239
(+40 eV); d4-PGE2, m/z 523→241 (+40 eV); HKE2, m/z 567→381
(+35 eV); HKD2, m/z 567→369 (+35 eV); and TxB2, m/z 567→337
(+35 eV). The ion transitions recorded for SRM in negative ion
mode were: LTB4, m/z 335→195 (+20 eV); d4-LTB4, m/z 339→197
(+20 eV); 5-HETE, m/z 319→115 (+20 eV); PGE2, m/z 351→271
(+15 eV); d4-PGE2, m/z 355→275 (+15 eV); HKE2, m/z 399→151
(+15 eV); and HKD2, m/z 399→183 (+15 eV).

TABLE 1. Calibration curves and LOD and LOQ for 5S-HETE, LTB4, HKE2, and PGE2

Compound

Retention
time (min)

5S-HETE
LTB4
HKE2
PGE2

4.88
3.91
2.31
3.01

Calibration
curve (ng)

y
y
y
y

=
=
=
=

24.24x
30.07x
3.27x
69.79x
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R2

Linear range
(ng)

LOD (pg)

LOQ (pg)

0.996
0.983
0.994
0.982

LOQ–0.156
LOQ–0.311
LOQ–1.250
LOQ–0.125

0.360
0.090
0.370
0.005

1.220
0.300
1.220
0.015
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Statistical analysis
Results are means 6 SD. Significant differences were analyzed
using Prism 5 (GraphPad, La Jolla, CA, USA). For normally
distributed data, 1-way ANOVA followed by Dunnett’s post hoc
test was used. A value of P , 0.05 indicated statistical
significance.

RESULTS
LC-ESI-MS quantification method
We compared detection of the fatty acid carboxylate
anion in negative ion mode LC-MS with charge-reversal
derivatization to a positively charged amide according
to the method developed by Bollinger and coworkers
(23). Authentic standards of HKD2, HKE2, and 5,15- and
5,11-diHETE were prepared by reacting 5S-HETE with
recombinant human COX-2 (20). Derivatization with
AMPP and positive ion detection resulted in an increase
in the signal-to-noise ratio for HKs by about 20–50-fold
compared to the underivatized eicosanoids analyzed in

negative ion mode (Fig. 2A–D). In contrast with HKE2,
we consistently found that HKD2 eluted as a poorly
defined peak in RP-HPLC analyses, regardless of
whether it was derivatized, and also when different
HPLC columns were used. Positive ion detection of
AMPP-derivatized PGE2, LTB4, and 5-HETE was also
significantly increased compared to negative ion detection of underivatized samples.
MS2 fragmentation of AMPP-derivatized HKD2 and
HKE2 was used to identify characteristic fragment ions
for SRM analyses (Fig. 2E, F). A major fragment of HKE2
was at m/z 381.2, equivalent to an AMPP-derivative of
the C-terminal fragment m/z 213 formed in the negative
ion MS2, which results from cleavage of the C-10/C-11
bond and of the hemiketal moiety (20). For HKD2
an equivalent fragment was observed at m/z 369.1
which is the AMPP-derivatized C-terminal fragment of
cleavage at C9/C10 (20). The 2 fragments enabled distinguishing the HKs by using different mass filters. The
SRM transitions for AMPP-derivatized PGE2, LTB4, and
5-HETE were taken from the original method by
Bollinger and coworkers (23).

Figure 2. LC-SRM-MS analysis
of underivatized and AMPPderivatized HK eicosanoids
formed in the reaction of 5SHETE with COX-2 in vitro.
HKE2 was analyzed directly in
negative ion mode (A) or after
derivatization with AMPP in positive ion mode (B). The same
analyses were performed with
HKD2 (C, D). LC-ESI-MS2 spectra of AMPP-derivatized HKE2
(E ) and HKD2 (F ).
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Deuterated analogs of the HKs were not available as
internal standards, and therefore, HKs were quantified
using calibration curves (Table 1). Calibration curves were
constructed to determine relative detection efficiencies for
HKE2 vs. d4-PGE2. HKD2 was quantified by using the same
calibration curve. 5-HETE and LTB4 were quantified using
d4-LTB4 as the internal standard. The LOD and LOQ were
determined to be 0.4 and 1.2 pg, respectively, of AMPPderivatized HKE2 injected into the column.
Time course of HK biosynthesis in
stimulated leukocytes
Biosynthesis of HKs in vitro requires consecutive
transformation of arachidonic acid by 5-LOX and COX2 (20). 5-LOX activity in peripheral blood leukocytes
can be stimulated using the calcium ionophore A23187
(29, 30), whereas COX-2 expression is induced in response to treatment with LPS (31). We first analyzed the
formation of HKs as a function of the length of incubation time with LPS, using time points at 15 min and
2, 5, 9, 24, and 48 h. Leukocytes were stimulated with
the calcium ionophore A23187 for 15 min before the end
of the LPS incubation, followed by acidification, C18
cartridge extraction, AMPP-derivatization, and LC-MS
analysis. In this pilot experiment, leukocytes from 3
volunteers were analyzed. The highest amounts of
HKE2 and HKD2 were present at 15 min incubation time

with LPS, followed by a decline over the next 8 h with
little to no formation from 9 to 48 h (Fig. 3A, B). The time
course of HK formation was parallel to the 5-LOX
products 5-HETE and LTB4 (Fig. 3C, D). In contrast,
formation of PGE2 steadily increased over the incubation time with LPS and was highest at 48 h (Fig. 3E). The
increase of PGE2 was compatible with induction of the
expression of COX-2 by LPS which was confirmed by
Western blot analysis (Fig. 3F). COX-2 was detected in
the leukocytes at the earliest time point (15 min), coinciding with the formation of HKE2 and HKD2. Eicosanoids were not increased without LPS and A23187
stimulation.
Time course of A23187 treatment
We next determined the levels of HKs as a function of the
incubation time with A23187. In vitro experiments have
shown that nonenzymatic rearrangement of the diendoperoxide to the HKs in vitro takes about 30–45 min
(20). On the other hand, because the HKs contain an electrophilic enone moiety, extensive incubation times in the
presence of activated cells could result in loss caused by
binding to protein or glutathione or by other metabolic
transformation (20). We found that the levels of HKE2 and
HKD2 were similar in leukocytes treated with A23187 for
5, 15, 30, and 60 min (Fig. 4). There was either little loss and
gain of HKs during the 1 h treatment with A23187 or a

Figure 3. Time course of eicosanoid biosynthesis in human leukocytes. HKE2 (A) and HKD2 (B), as well as 5-HETE (C ), LTB4
(D), and PGE2 (E ) were quantiﬁed using LC-SRM-MS analyses after derivatization with AMPP. (F ) Western blot analysis of COX-2
expression in leukocytes at 15 min and after 24 h stimulation with LPS. The central lane was loaded with protein molecular
weight markers. Leukocytes were isolated from peripheral blood and stimulated with LPS (10 mg/ml) at 37°C for the time
indicated (15 min, 2, 5, 9, 24, and 48 h) including treatment with A23187 (5 mM) during the ﬁnal 15 min. Open circles: LPStreated samples; closed circles: vehicle treated (unstimulated) controls. Error bars: SD of leukocyte samples obtained from
3 volunteers.
HEMIKETAL EICOSANOIDS IN HUMAN LEUKOCYTES
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Figure 4. Effect of incubation time with A23187
on HK biosynthesis. Human leukocyte samples
were treated with LPS for 1, 2, or 5 h, and
A23187 (5 mM) was added for the ﬁnal 15, 30,
45, or 60 min. The error bars indicate the SD of
the mean of 3 replicates using leukocytes from
1 volunteer.

possible loss through metabolism or adduction by cellular
nucleophiles was compensated by increased formation of
HKs.

Quantification of HKs in leukocytes
Peripheral venous blood samples were obtained from 10
normal healthy volunteers. Based on the initial time course
analysis, leukocytes were incubated with LPS for 15 min
and 2 and 5 h or with vehicle for 2 h. Biosynthesis of HKs as
well as PGE2, 5-HETE, and LTB4 was quantified by LC-MS
analysis of AMPP-derivatized samples. Formation of
HKE2 and HKD2 was readily detected in the stimulated
samples, with levels of ;10 ng/106 cells at 15 min (Fig. 5A,
B), which was 10- to 100-fold lower than 5-HETE and LTB4

(Fig. 5C, D). After a 15-min incubation with LPS, the HKs
were more abundant than PGE2 which showed the
expected increase at 2- and 5-h incubation with LPS (Fig.
5E). Formation of HKs was parallel to 5-HETE and LTB4,
confirming the initial LPS time course that was obtained
using fewer samples (Fig. 3).

Inhibition studies
Aliquots of the leukocyte samples were treated with inhibitors for COX-2 (NS398, 1 mM), 5-LOX (AA861, 10 mM),
and FLAP (MK886, 5 mM), to determine the contribution of
these enzymes to the biosynthesis of HKs. Leukocytes
were treated with LPS for 15 min or 5 h. In the case of 5 h
LPS stimulation, inhibitors were added 30 min, and

Figure 5. Quantiﬁcation of eicosanoid formation in human leukocytes. Leukocytes were isolated from peripheral blood and
stimulated with LPS (10 mg/ml) at 37°C for the time points indicated followed by treatment with A23187 (5 mM) for 15 min
before extraction, derivatization (AMPP), and LC-SRM-MS quantiﬁcation. Vehicle control samples (no LPS and A23187
stimulation) were incubated at 37°C for 2 h. HKE2 (A) HKD2 (B), 5-HETE (C ), LTB4 (D), and PGE2 (E ). The box plots indicate
the spread of the values between the 25th and 75th percentiles. Solid horizontal line: median; dashed horizontal line: the mean;
ﬁlled circles: the highest and lowest data points. Values were derived from 10 volunteers. Veh, vehicle.
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A23187 was added 15 min before the end of stimulation,
respectively. For the 15 min LPS incubation time, cells
were first treated with inhibitors for 15 min and then
stimulated with LPS and A23187 for an additional
15 min. LC-MS analyses showed a decrease of HKE2
and HKD2, in response to all 3 inhibitors (Fig. 6). As
expected, the peaks for 5-HETE and LTB4 were reduced
by AA861 and MK886. In addition, 20-hydroxy-LTB4 as
a metabolite of LTA4 and 5S,12S-diHETE, the platelet
12-LOX metabolite of 5S-HETE, were also decreased by
AA861 and MK886. The effect of the 3 inhibitors was
quantified in leukocyte samples from 7 volunteers (Fig.
7). NS398 at 1 mM reduced HK levels in most but not all
of the samples, but it had little effect on the other 5-LOX
products. NS398 reduced the levels of PGE2 by about
half, indicating that COX-2 is incompletely inhibited or
that COX-1 may contribute to the formation of PGE2.
The 5-LOX inhibitor AA861 and the FLAP inhibitor
MK886 were highly effective in reducing formation of
HKs, their precursor 5-HETE, and LTB4. Similar results
were obtained by inhibitor treatment of cells stimulated
with LPS for 5 h (data not shown).
Because NS398 did not completely inhibit HK biosynthesis in some of the leukocyte samples, we tested the
more specific COX-2 inhibitor lumiracoxib (32). With
lumiracoxib HKE2 was reduced by 37% at 15 min LPS
stimulation and 90% at 5-h stimulation, whereas inhibition
of PGE2 was reduced less (35% inhibition at 15 min and
70% at 5 h). Incomplete inhibition was similar to the effects
seen with NS398 and may be attributable to the fact that
lumiracoxib inhibits COX-2 activity to only approximately
half at elevated substrate concentrations (32), as would be
the case with 5S-HETE at the early time points (Figs. 3 and
5). Again, however, a role of COX-1 in formation of HKs
could not be excluded entirely, based on these results.

As an alternative to inhibition of COX-2, we
attempted to test the role of COX-1, using the COX-1specific inhibitor SC560 (33). SC560 unexpectedly reduced the formation of HKE2, HKD2, and PGE2 to
baseline levels (Fig. 8). Whether this inhibitory effect of
SC560 truly indicates a contribution of COX-1 to HK
biosynthesis was considered doubtful. It has been described that SC560 loses selectivity for COX-1 when the
inhibitor is used in intact cells (34). For example, in a
whole-blood assay, the IC50 for inhibition of LPSinduced PGE2 synthesis was reported to be 128 nM for
SC560, compared with 120 nM for rofecoxib (34) (i.e.,
SC560 was as potent in inhibiting COX-2, as the COX-2
selective inhibitor rofecoxib).
Incubation of platelets and leukocytes with
5S-HETE and arachidonic acid
The possibility that COX-1 contributes to HK biosynthesis was not ruled out based on the findings with
the inhibitors. Thus, we tested whether platelets as a
major cellular source of COX-1 (but not COX-2) were
able to form HKs upon incubation with exogenous 5SHETE. Platelet-rich plasma was prepared from 2 human
volunteers. Incubation of the platelets with 5S-HETE
resulted in the formation of 5S,12S-diHETE as the
abundant product of platelet 12-lipoxygenase (22),
whereas there was no formation of HKs (Fig. 9A). When
platelet-rich plasma was incubated with arachidonic
acid, there was increased formation of thromboxane B2
as the major COX-1 metabolite (Fig. 9B). The use of exogenous 5S-HETE and arachidonic acid as substrates by
12-LOX and COX-1, respectively, showed that the
platelets were biosynthetically active. The lack of conversion of exogenous 5S-HETE to HKs in platelets
Figure 6. LC-MS analysis of
eicosanoids formed by stimulated human leukocytes and
their inhibition. Human leukocytes were stimulated with LPS
(10 mg/ml for 5 h) and A23187
(5 mM; 15 min), and treated
with vehicle (A) or 1 mM NS398
(B), 10 mM AA861 (C ), or 5 mM
MK886 (D). AMPP-derivatized
samples were analyzed, using
LC-SRM-MS in the positive ion
mode. The signal intensities
for all ion chromatograms are
shown relative to the highest
peak in (A), set at 100%. The
peak eluting in front of PGE2
was identiﬁed as 20-hydroxyLTB 4 by coelution with an
authentic standard. The peak
eluting after LTB4 is 5S,12SdiHETE, formed by 12-LOX
reaction with 5S-HETE. The
absolute intensities for each
ion chromatogram are given,
and the insets show the elution of HKE2 and HKD 2 in an
expanded view.
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Figure 7. Effect of 5-LOX and COX-2 inhibitors on eicosanoid formation in human leukocytes. HKE2 (A) and HKD2 (B) as well as
5-HETE (C ), LTB4 (D), and PGE2 (E ) were quantiﬁed by using LC-SRM-MS analyses after derivatization with AMPP. Inhibitors
were added 15 min before stimulation with LPS (10 mg/ml) and A23187 (5 mM) at 37°C for 15 min. The inhibitors used were
NS398 (1 mM), AA861 (10 mM), or MK886 (5 mM). The box plots indicate the spread of the values between the 25th and 75th
percentiles. Solid horizontal line: median; dashed horizontal line: the mean; ﬁlled circles: the highest and lowest data points.
Leukocytes from 7 volunteers were used. Veh, vehicle. *P , 0.05; **P , 0.01; ***P , 0.001 in comparison to stimulated and
vehicle-treated sample.

indicated that COX-1 is not involved in the biosynthesis
of HKs ex vivo.
Control reactions with isolated leukocytes showed that
5S-HETE was used as an exogenous substrate for formation of HKE2 (1.0 ng/106 cells) and HKD2 (0.5 ng/106 cells),
whereas its transformation to LTA4/LTB4 via 5-LOX is
catalytically not possible (Fig. 9C). When leukocytes were
incubated with exogenous arachidonic acid and stimulated, all measured eicosanoids were increased, including
HKE2, (6.0 ng/106 cells) and HKD2, (7.0 ng/106 cells) (Fig.
9D).
Inhibition of HK formation by curcumin
Curcumin, the main bioactive ingredient in turmeric extract, inhibits the activities of 5-LOX and COX-2 but not
COX-1 (35, 36). In addition, it inhibits expression of COX-2
in monocytes by down-regulating NF-kB activity (37, 38).
Leukocytes were treated with curcumin to analyze
whether reduced expression of COX-2 and inhibition of
5-LOX would result in reduced formation of HKs by stimulated leukocytes (Fig. 10). Leukocyte samples from 5
volunteers were treated with 40 mM curcumin added to
the syringe during blood sampling and during all subsequent leukocyte isolation steps including washing and
treatment with LPS and A23187. Curcumin inhibited not
8
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only the formation of HKs but also formation of 5-HETE
and LTB4, as well as PGE2.
DISCUSSION
We have developed an LC-SRM-MS method for the
quantification of HKE2 and HKD2 in biologic samples.
Charge-reversal derivatization of extracted cell supernatants according to the method developed by
Bollinger and coworkers (23) resulted in a significant
increase in the signal-to-noise ratio for detection of
HKs and PGE2, 5-HETE, and LTB4. Although a similar
increase in signal to noise was obtained with the HK
biosynthetic by-products, 5,11- and 5,15-diHETE (17),
the actual leukocyte samples contained co- and closely
eluting contaminants that interfered with quantification of the diHETEs. Quantification of diHETEs
was better achieved with underivatized samples
and LC-MS analysis in negative ion mode (22). Before
using AMPP-derivatization of the carboxylate, we
had tested hydrazone derivatization of the carbonyl groups, using 2,4-dinitrophenylhydrazine and
pentafluorophenylhydrazine to form a negatively polarized derivative independent of the carboxylate and to
protect the electrophilic ketoene from further transformation. A major complication with these approaches
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Figure 8. Effect of SC560 on eicosanoid formation in human leukocytes. HKE2 (A) and HKD2 (B) as well as 5-HETE (C ), LTB4
(D), and PGE2 (E ) were quantiﬁed using LC-SRM-MS analyses after derivatization with AMPP. SC560 (1 mM) was added 15 min
before the stimulation with LPS (10 mg/ml) and A23187 (5 mM) for additional 15 min. Veh, vehicle. *P , 0.05 in comparison to
stimulated and vehicle-treated sample.

was the inconsistent formation of a mixture of mono- and
di-derivatized products, the latter stemming from reaction of the second carbonyl, present as the hemiketal
moiety, in HKD2 and HKE2. We did not further pursue
carbonyl derivatization strategies because derivatization of the hidden carbonyl appeared to be slow and
not quantitative. Beyond increased sensitivity, the

AMPP-derivatization approach offered the additional
advantage that biosynthetically related eicosanoids of
interest are derivatized similarly and detected in the
same LC-MS runs. The analytical method will be
useful for the detection and quantification of HK
biosynthesis in animal and human tissue samples to
further explore the (patho)physiologic roles of HKs.

Figure 9. Incubation of human
platelet-rich plasma and leukocytes with 5S-HETE and arachidonic acid. Platelet-rich plasma
was incubated with 5S-HETE
(A) or arachidonic acid (B).
Isolated leukocytes were incubated with 5S-HETE (C) or arachidonic acid (D). Extracted
eicosanoids were derivatized
and analyzed by LC-SRM-MS.
The ion chromatograms are
shown relative to the highest
peak in each panel, and the
absolute intensities are given.

HEMIKETAL EICOSANOIDS IN HUMAN LEUKOCYTES

Downloaded from www.fasebj.org to IP 129.59.122.148. The FASEB Journal Vol., No. , pp:, January, 2017

9

Figure 10. Curcumin inhibits formation of eicosanoids in activated human leukocytes. Leukocytes were isolated and processed in
the presence of curcumin (40 mM). LC-SRM-MS chromatograms for the analysis of AMPP derivatized eicosanoids are shown for
leukocytes isolated in the absence (A, B) or presence (C ) of curcumin (40 mM) and activated with LPS (10 mg/ml) for 15 min (A)
or 5 h (B, C ). All samples were treated with A23187 (5 mM) for 15 min before the end of incubation. The peak eluting after LTB4
is 5,12-diHETE, the peak eluting before PGE2 is 20-hydroxy-LTB4. The ion chromatograms are shown in relative intensity to the
highest peak in A. The absolute intensities for each ion chromatogram are given, and the insets show the elution of HKE2 and
HKD2 in an expanded view.

Biosynthesis of HKs in vitro requires 5-LOX and COX-2
to act in tandem on arachidonic acid (20). In the leukocyte
mixtures stimulated ex vivo, contribution of 5-LOX and
COX-2 was analyzed by use of specific inhibitors for both
enzymes. 5-LOX inhibition, as expected, completely
eliminated HK formation, and we then conducted a series
of experiments to determine whether only COX-2 or perhaps also COX-1 is involved in HK biosynthesis ex vivo.
We did not want to dismiss a role for COX-1 in leukocytes,
based simply on in vitro experiments where COX-1 is
clearly unable to react with 5S-HETE (16). For example, the
COX-2-specific substrate 2-arachidonyl-glycerol (2-AG) is
not oxygenated by COX-1 in vitro but there is evidence
from knockout animals that COX-1 may be involved in
oxygenation of 2-AG in vivo (39). There was residual biosynthetic activity with the COX-2-specific inhibitor NS398.
Incomplete inhibition of HK formation in some of the
samples could have been related to the use of a relatively
low concentration of NS398 (1 mM). Inhibition of LPSinduced PGE2 formation was also incomplete, indicating
that the remaining COX-2 activity is a likely explanation
(Fig. 7E), although expression of COX-1 by the leukocytes
is an alternative possibility (31). Additional experiments
using lumiracoxib did not provide clarification either, because this inhibitor has shown only incomplete, albeit
highly selective, inhibition of COX-2 (32). There had been a
but weak indication from the results with the COX-1specific inhibitor SC560 for a role of COX-1 in HK biosynthesis but, again, these findings were not unequivocal,
because SC560 loses selectivity and potently inhibits COX2 in intact cells (34). Thus, the experiments with specific
inhibitors confirmed a major role for COX-2, but did not
rule out a contribution of COX-1 in HK biosynthesis in or
ex vivo.
We attempted transcriptional inhibition of COX-2 expression in the leukocytes by using curcumin, but curcumin not only inhibited formation of HKs and PGE2 but also
of 5-HETE and LTB4. Thus, the contribution of COX-1 and
-2 to HK biosynthesis could not be differentiated by using
this approach.
As a final approach, we incubated platelet-rich plasma
and leukocytes from human volunteers with exogenous
10
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5S-HETE. Platelets contain only COX-1 as a source of
cyclooxygenase activity. Although leukocytes formed
HKs from exogenous 5S-HETE, the platelets did not, thus
arguing against a role for COX-1 in the biosynthesis of
HKs. Together, these experiments can be interpreted to
show that COX-2 is the only cyclooxygenase involved in
HK biosynthesis in leukocytes. Ultimately, analysis of
COX isoform–specific knockout animals should provide a
definitive answer to this question.
HK biosynthesis unexpectedly tracked in parallel with
the availability of the 5S-HETE substrate rather than with
the level of COX-2 activity (Figs. 3, 5). It is possible that
at the early time points of LPS treatment (less than 2 h) 5SHETE was more abundant or more readily available than
arachidonic acid as a substrate for COX-2. 5-LOX activity
does not require de novo protein synthesis; the enzyme is
present in neutrophils and other leukocytes without induction (40). 5-LOX is immediately activated upon
LPS-dependent Ca2+ influx, whereas COX-2 requires transcriptional activation, for example, by LPS acting as an
activator of TLRs (41, 42). COX-2 activity in forming HKs
at the early time point was already present in the leukocytes before induction of the PTGS-2 gene by LPS. Induction of COX-2 may have occurred by shear forces
during the cell-isolation process, in that leukocytes isolated in the presence of curcumin, which is a transcriptional and enzymatic inhibitor of COX-2 (35, 37, 38), did
not form HKs or PGE2.
When the incubation time with LPS was less than 2 h,
HK levels were similar to the levels of PGE2, implying that
HKs are abundant products of leukocytes in certain conditions. This ratio changed over time with levels of PGE2
steadily increasing, whereas HKs took the opposite turn.
Selective inhibition of COX-2 by the coxib class of analgesic and anti-inflammatory drugs is associated with
myocardial infarction and other significant cardiovascular
events (43). The side effects have been linked to a reduction
in PGI2 derived from endothelial COX-2, which counterbalances the proaggregatory effects of TxA2, a product of
platelet COX-1 (6). The discovery of ester and amide derivatives of arachidonic acid (2-AG and related endocannabinoids), as well as 5S-HETE, as selective substrates
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of COX-2 (16, 44, 45) has opened up the possibility that
selective inhibition of their oxygenation by coxibs plays a
role in the adverse cardiovascular effects of these drugs.
Animal studies of the inhibition of COX-2 dependent oxygenation of 2-AG have been linked to an increase in
endocannabinoid signaling that was associated with a
decrease in anxiety, whereas it was not related to overt
cardiovascular effects (46). It remains to be determined
whether the HKs formed by oxygenation of 5S-HETE by
COX-2 play a role in vascular homeostasis. If this role were
protective, then selective inhibition of HK formation by
coxibs may contribute to the adverse cardiovascular effects of this class of drugs.
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