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ABSTRACT
5-Oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid (5-oxo-ETE) is a me-
tabolite of the 5-lipoxygenase (5-LO) product 5S-hydroxy-
6E,8Z,11Z,14Z-eicosatetraenoic acid (5-HETE), formed by the mi-
crosomal enzyme 5-hydroxyeicosanoid dehydrogenase (5-
HEDH). 5-oxo-ETE is a chemoattractant for neutrophils and
eosinophils, both in vitro and in vivo. To examine the substrate
selectivity of 5-HEDH and to search for potential inhibitors, we
prepared a series of 5S-hydroxy fatty acids (C12 to C20 containing
zero to four double bonds) by total chemical synthesis and exam-
ined their metabolism by microsomes from monocytic U937 cells.
Although most of these fatty acids were oxidized to their 5-oxo
metabolites by 5-HEDH, 5-HETE seemed to be the best substrate.
However, substrates containing less than 16 carbons, a methyl-
ated �-carboxyl group, or a hydroxyl group at the �-end of the
molecule were not substantially metabolized. Some of the fatty

acids tested were fairly potent inhibitors of the formation of 5-oxo-
ETE by 5-HEDH, in particular 5-hydroxy-6-octadecenoic acid and
5-hydroxy-6-eicosenoic acid. Both substances selectively inhib-
ited 5-oxo-ETE formation by human peripheral blood mononu-
clear cells incubated with arachidonic acid and calcium ionophore
without affecting the formation of leukotriene B4, 12-HETE, or
12-hydroxy-5,8,10-heptadecatrienoic acid. We conclude that the
requirements for appreciable metabolism by 5-HEDH include a
chain length of at least 16 carbons, a free �-carboxyl group, and
a hydrophobic group at the �-end of the molecule. 5-Hydroxy-�6

C18 and C20 fatty acids selectively inhibit 5-HEDH without inhib-
iting 5-LO, leukotriene A4 hydrolase, 12-lipoxygenase, or cycloox-
ygenase. Such compounds may be useful in defining the role of
5-oxo-ETE and its mechanism of synthesis.

The 5-lipoxygenase (5-LO) pathway results in the forma-
tion of a series of products with potent proinflammatory
effects, including leukotrienes (LTs) B4, C4, and D4, and
5-oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid (5-oxo-ETE).

LTB4 acts principally via the BLT1 receptor and has potent
stimulatory effects on neutrophils, monocytes, and lympho-
cytes, whereas LTD4 acts through the cysLT1 and cysLT2

receptors and is an important mediator in asthma (Funk,
2001). 5-oxo-ETE is a potent activator of eosinophils, neutro-
phils, and monocytes, inducing cell migration, calcium mobi-
lization, and actin polymerization (Norgauer et al., 1996;
Sozzani et al., 1996; Powell and Rokach, 2005). It also stim-
ulates degranulation and activates the respiratory burst,
especially after priming with cytokines such as granulocyte
macrophage–colony-stimulating factor (O’Flaherty et al.,
1996a,b). It induces transendothelial migration of eosino-
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phils in vitro (Dallaire et al., 2003) and elicits tissue infiltra-
tion of eosinophils into the lungs (Stamatiou et al., 1998) and
eosinophils and neutrophils into the skin (Muro et al., 2003).
5-oxo-ETE has also been reported to promote the survival of
prostate tumor cells (Ghosh and Myers, 1998; Sundaram and
Ghosh, 2006). Its actions are mediated by the OXE receptor
(Hosoi et al., 2002), which is a G protein-coupled receptor
that is highly expressed by eosinophils, neutrophils, and
monocytes (Jones et al., 2003) and prostate tumor cells
(Sundaram and Ghosh, 2006).

The formation of the above products is initiated by the oxi-
dation of arachidonic acid (AA) to LTA4 and 5S-hydroperoxy-
6,8,11,14-eicosatetraenoic acid (5-HpETE) by 5-LO (Borgeat
and Samuelsson, 1979), which is abundant in most types of
inflammatory cells. LTA4 is converted by LTA4 hydrolase and
LTC4 synthase to LTB4 and LTC4, respectively, with the latter
being further metabolized to LTD4 by �-glutamyl transpepti-
dase (Funk, 2001). 5-HpETE is rapidly reduced to 5S-hydroxy-
6E,8Z,11Z,14Z-eicosatetraenoic acid (5-HETE), which is oxi-
dized by 5-hydroxyeicosanoid dehydrogenase (5-HEDH) to
5-oxo-ETE (Powell et al., 1992).

5-HEDH is a microsomal enzyme that requires the cofactor
NADP�, which is normally present at only low concentra-
tions within cells, thus limiting the synthesis of 5-oxo-ETE
under basal conditions. However, the oxidation of 5-HETE to
5-oxo-ETE is strongly stimulated when intracellular NADP�

levels are increased after exposure of cells to oxidative stress
or, in phagocytic cells, activation of the respiratory burst
(Powell and Rokach, 2005). 5-HEDH selectively oxidizes ei-
cosanoids containing a hydroxyl group in the S configuration
followed by a 6-trans double bond. Although LTB4 has a
5S-hydroxyl group, it is not a substrate for this enzyme
because the double bond in the 6-position is in the cis config-
uration. The impact of chain length and the number of double
bonds of the substrate on metabolism by 5-HEDH are not
known. Because such information is vital for the design of
both 5-HEDH inhibitors and reagents for the purification of
the enzyme, which has not yet been cloned, we prepared a
series of 5-HETE analogs with different numbers of carbon
atoms and double bonds (Fig. 1) and determined whether
these compounds could serve as substrates for 5-HEDH
and/or inhibit the conversion of 5-HETE to 5-oxo-ETE by this
enzyme.

Materials and Methods
Materials. 5-HETE (Zamboni and Rokach, 1983), 5-oxo-ETE

(Khanapure et al., 1998), and 5S,18-dihydroxy-6E,8Z-octadecadien-
oic acid (5,18-diOH-18:2) (Cossette et al., 2008) were prepared by
total organic synthesis. 5-HETE methyl ester was prepared by treat-
ment of 5-HETE with diazomethane and was purified by reversed-
phase high-performance liquid chromatography (RP-HPLC). 13S-
Hydroxy-9Z,11E-octadecadienoic acid (13-HODE) was prepared by
incubating linoleic acid (Nu-Chek Prep, Inc., Elysian, MN) with
soybean lipoxygenase (Sigma-Aldrich, St. Louis, MO) (Hamberg and
Samuelsson, 1967). 5h-20:5 (5-HEPE) and NADP� were purchased
from Cayman Chemical (Ann Arbor, MI) and Roche Diagnostics
(Indianapolis, IN), respectively. Phorbol 12-myristate 13-acetate
(PMA) and t-butyl hydroperoxide (tBuOOH) were obtained from
Sigma-Aldrich, whereas A23187 was purchased from Calbiochem
(San Diego, CA).

Chemical Synthesis of 5-HETE Analogs. Except for 5-HETE
and 5h-20:5 (see above), all of the 5-hydroxy fatty acids used in this

study were prepared by total chemical synthesis by methods that
will be described separately. All structures were confirmed by NMR
and high-resolution mass spectrometry. The purity of all products
was checked by HPLC before use, and if any degradation products
were present, they were repurified by RP-HPLC.

Differentiated U937 Cells. U937 cells were obtained from Amer-
ican Type Culture Collection (Manassas, VA) and were cultured in
RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% heat-
inactivated fetal bovine serum, L-glutamine (2 mM), sodium bicar-
bonate (2.5 g/l), penicillin (100 U/ml), and streptomycin (100 �g/ml).
To induce differentiation into macrophage-like cells, 106 cells/ml
were incubated with PMA (18 nM) for 4 days (Erlemann et al., 2007).
At this time, the medium was replaced by PBS, and the cells were
suspended by scraping with a rubber policeman. After washing by
centrifugation, the cells were resuspended in PBS.

Preparation of Microsomal Fractions. Differentiated U937
cells (2 � 108) or human neutrophils, prepared as described below,
were suspended in 20 ml of PBS supplemented with 1 mM phenyl-
methylsulfonyl fluoride and disrupted by sonication at a setting of 40
cycles/s (model 4710 ultrasonic homogenizer; Sonics & Materials,
Inc., Newtown, CT) on ice for 4 � 8 s with 1-min intervals for cooling.
The disrupted cells were successively centrifuged at 4°C at 1500g for
10 min, 10,000g for 10 min, and 150,000g for 120 min, and the final
pellet was resuspended in 20 mM sodium phosphate buffer, pH 7.4.
Protein was measured with the Bio-Rad (Hercules, CA) DC protein
assay kit.

Preparation of Neutrophils and Peripheral Blood Mononu-
clear Cells. Blood from healthy subjects was treated with Dextran
500 (Sigma-Aldrich) for 45 min at 4°C, followed by centrifugation
over Ficoll-Paque (GE Healthcare, Piscataway, NJ). Peripheral blood
mononuclear cells, which were present at the interface, were washed
by centrifugation and resuspended in PBS at a concentration of 5 �
106 cells/ml. Neutrophils were obtained by resuspending the pellet in
PBS and washing by centrifugation. CaCl2 (1.8 mM) and MgCl2
(1 mM) were added to intact peripheral blood mononuclear cells
(PBMCs) 5 min before incubation with AA.

Fig. 1. Metabolism of 5-hydroxy fatty acids by 5-HEDH. A, conversion of
5-HETE to 5-oxo-ETE by 5-HEDH. B, structures of 5S-hydroxy fatty
acids that were tested for substrate and/or inhibitor activity with respect
to microsomal 5-HEDH.
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Measurement of Oxo-Eicosanoids by Precolumn Extrac-
tion-RP-HPLC. Incubations with 5-hydroxy fatty acids were termi-
nated by the addition of 0.65 ml of methanol (microsomes) or 0.65 ml
of methanol containing 0.15% trifluoroacetic acid (intact cells) and
cooling to 0°C. The concentration of methanol in each sample was
then adjusted to 30% by addition of water and 13-HODE (100 ng)
was added as an internal standard. In the cases of 5h-12:2 and
5h-14:2, the final concentration of methanol was 15%. Eicosanoids
were analyzed by precolumn extraction/RP-HPLC (Powell, 1987)
using a modified Waters Alliance system (Waters, Milford, MA). The
stationary phase was a column (150 � 3.9 mm) of octadecylsilyl-silica
(4-�m particle size Novapak C18 column; Waters). The mobile phases
used are indicated in Table 1 and the legend to Fig. 6. Products were
identified on the bases of their UV spectra and comparison of their
retention times (tRs) with those of authentic standards (Table 1).
They were quantitated by comparing the areas of their peaks of UV
absorbance at their �max with that of the internal standard, 13-
HODE, and were corrected for differences in extinction coefficients.
The extinction coefficients used were as follows: 13-HODE, 23,000;
5-HETE, 27,000; 5-oxo-ETE, 22,000; and 5-oxo-18:1 and 5-oxo-20:1,
13,800. The extinction coefficients of other 5-oxo-fatty acids were
assumed to be identical to that of 5-oxo-ETE. All solvents were of
HPLC grade.

Results
Metabolism of 5-Hydroxy Fatty Acids by 5-HEDH in

U937 Cell Microsomes. We examined the ability of
5-HEDH to metabolize a series of analogs of 5-HETE in the
presence of NADP� (100 �M). To obtain an approximation of
the maximal rates of metabolism of these compounds, a rel-
atively high substrate concentration (3 �M) was used in the
presence of a relatively low concentration of microsomal pro-
tein (15 �g/ml protein). The 5-oxo metabolites could readily
be detected on the bases of their UV absorbance and chro-
matographic properties. With the exception of 5h-12:2, all of
the analogs containing the conjugated �6,8-diene chro-
mophore were converted to the corresponding �6,8-dienones,
resulting in increases in the �max from �235 to �280 nm and

increased retention times (Table 1). The identities of the
5-oxo products were all confirmed by comparison of their
chromatographic properties and UV spectra with those of
authentic chemically synthesized compounds. The retention
times of the synthetic 5-hydroxy fatty acids and their 5-oxo
metabolites are shown in Table 1.

Among the compounds tested, 5-HETE was the best sub-
strate for 5-HEDH. 5h-20:5 and �6,8,11-5h-20:3 were also
good substrates, being metabolized to approximately 80% the
extent of 5-HETE (Fig. 2). �6,8,14-5h-20:3 was metabolized at
a somewhat lower rate than �6,8,11-5h-20:3 (approximately
55% the extent of 5-HETE). Among the series of �6,8 5-hy-
droxy-dienoic acids tested, those with chain lengths between
16 and 20 were oxidized by approximately 40 to 50% the
extent of 5-HETE. Further reduction of the chain length of
the fatty acid to 14 carbons (5h-14:2) considerably reduced
the degree of metabolism by 5-HEDH to approximately 14%
that of 5-HETE, whereas little or no metabolism was ob-
served for the 12-carbon analog 5h-12:2.

It is somewhat surprising that 5h-18:1 was a somewhat
better substrate for 5-HEDH than 5h-18:2. Although 5h-18:1
and 5h-20:1 did not contain a UV chromophore, the 5-oxo-
products could readily be quantitated because of their UV
absorbance at 225 nm because of the 5-oxo-6-ene chro-
mophore. Because we were successful in synthesizing a rel-
atively large amount of 5-oxo-18:1, it was possible to reliably
determine its molar extinction coefficient, which was calcu-
lated to be 13,800.

We further investigated the metabolism of those 5-hydroxy
fatty acids that could be formed from endogenous substrates,
including 5h-18:2, �6,8,11-5h-20:3, and 5h-20:5, which can be
formed from sebaleic acid (Cossette et al., 2008), Mead acid
(Patel et al., 2008), and 5,8,11,14,17-eicosapentaenoic acid
(Powell et al., 1995), respectively. We also included 5h-16:2
because it is the shortest 5-hydroxy-fatty acid that was ap-

Fig. 2. Metabolism of 5-hydroxy fatty acids by microsomal 5-HEDH.
Microsomal fractions (15 �g/ml) from PMA-differentiated U937 cells were
incubated with 5-hydroxy fatty acids (3 �M) in the presence of NADP�

(100 �M) for 10 min at 37°C. The amounts of 5-oxo products formed were
determined by RP-HPLC (Table 1). The values are means � S.E. of four
independent experiments.

TABLE 1
Chromatographic properties of 5-hydroxy fatty acids and their 5-oxo
metabolites
Fatty acids were analyzed by automated precolumn extraction/RP-HPLC as de-
scribed under Materials and Methods. All of the analogs contain a �6 trans-double
bond and either a 5S-hydroxyl or a 5-oxo group as indicated. The tR values for the
5-oxo products were confirmed by comparison with authentic standards.

Analog
tR Precolumn Solvent

(% MeOH)a Gradientb

5-Hydroxy 5-Oxo

min

12:2 5.8 7.05 15 1
14:2 8.3 9.6 15 1
16:2 10.8 11.8 30 1
18:1 14.1 15.4 30 2
18:2 13.3 14.2 30 1
20:1 17.6 18.4 30 2
20:2 15.7 16.5 30 1
�6,8,14-20:3 13.9 14.8 30 1
�6,8,11-20:3 14.3 15.2 30 1
20:4 12.8 13.7 30 1
20:5 11.5 12.4 30 1
20:4-Me 11.9 13.1 30 3
18h-18:2 5.6 6.8 15 4

a The solvent used to equilibrate the precolumn was MeOH/water containing 2.5
mM H3PO4.

b All mobile phases were linear gradients between two solvents: gradient 1 	25–
92% solvent B (acetonitrile/acetic acid (100/0.02)
 in solvent A 	water/acetic acid
(100:0.02)
 over 16 min; gradient 2 (40–95% B over 20 min); gradient 3 (45–99%
acetonitrile in water over 16 min); and gradient 4 (35–75% B over 15 min).
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preciably metabolized. The Km and Vmax values for the above
substrates were determined by nonlinear regression (Fig. 3;
Table 2). The Vmax values for 5-HETE and 5h-20:5 were
significantly higher than those for the other three compounds
tested, which were in the order �6,8,11-5h-20:3 � 5h-18:2 �
5h-16:2. The Km value for 5h-18:2 was significantly lower
than those of all of the other compounds tested, which were in
the order 5h-16:2 � �6,8,11-5h-20:3 � 5-HETE 5h-20:5.
Overall, 5-HETE was the best substrate, whereas 5h-16:2
was the poorest substrate among this series of compounds.

Inhibition of 5-oxo-ETE Formation by 5-Hydroxy
Fatty Acids. We investigated the capability of 5-hydroxy
fatty acids (0.3 �M) to inhibit the oxidation of 5-HETE (1 �M)
to 5-oxo-ETE (Fig. 4). The use of a low inhibitor concentration
permitted better discrimination of the abilities of these com-
pounds to inhibit 5-HETE oxidation. It is interesting that the
relative abilities of 5-hydroxy fatty acids to inhibit 5-oxo-ETE
formation were quite different from their abilities to act as
substrates for 5-HEDH. The best 5-HEDH substrates (5h-
20:5 and �6,8,11-5h-20:3) exhibited little or no inhibitory ac-
tivity under these conditions, although at higher concentra-
tions, they did inhibit 5-oxo-ETE formation. Likewise, the
poorest substrates for 5-HEDH (5h-12:2 and 5h-14:2) did not
display any detectable inhibitory activity. The most active
5-HEDH inhibitors were 5h-18:1, 5h-20:1, and 5h-20:2, which
all inhibited 5-oxo-ETE formation by approximately 40 to
45% when present at a concentration less than one-third that
of the substrate 5-HETE.

To investigate in more detail the inhibitory effects of some
of the 5-HETE analogs, different concentrations were prein-
cubated for 5 min with U937 cell microsomes, followed by
incubation with 5-HETE (1 �M) in the presence of NADP�

for 10 min. Concentration-response curves for these 5-hy-
droxy fatty acids are shown in Fig. 5. 5h-20:1 (IC50, 0.37 �
0.08 �M) and 5h-18:1 (IC50, 0.47 � 0.08 �M) had similar
potencies in inhibiting 5-oxo-ETE formation, whereas 5-hy-
droxy-20:2 (IC50, 0.67 � 0.13 �M) seemed to be slightly less
potent. 5h-20:0 (IC50, 2.1 � 1.1 �M) and �6,8,11-5h-20:3 (IC50,
2.9 � 1.0 �M) were less potent 5-HEDH inhibitors.

Effects of 5h-18:1 and 5h-20:1 on Eicosanoid Forma-
tion by PBMCs. To determine whether 5h-18:1 and 5h-20:1
could selectively block 5-oxo-ETE formation in intact cells,
we incubated human PBMCs with AA (20 �M) and A23187 (5
�M) in the presence of tBuOOH (100 �M) and different

Fig. 3. Effects of substrate concentration on the amounts of 5-oxo prod-
ucts formed by microsomal 5-HEDH. Microsomal fractions from PMA-
differentiated U937 cells were incubated with different concentrations of
5h-16:2 (Œ), �6,8,11-5h-20:3 (E), or 5-HETE (F) as described in the legend
to Fig. 2, and the amounts of 5-oxo products formed were determined by
RP-HPLC (Table 1). The values are from a single experiment and are
representative of five independent experiments with similar results.

TABLE 2
Km and Vmax values for the metabolism of some 5S-hydroxy fatty acids
by 5-HEDH-containing U937 cell microsomes
Various concentrations of 5-hydroxy fatty acids were incubated with U937 cell
microsomes (15 �g/ml protein) for 10 min at 37°C. The amounts of 5-oxo products
formed were determined by RP-HPLC as shown in Table 1. The values were deter-
mined by nonlinear regression using GraFit software and are means � S.E. (n � 5).

Substrate Km Vmax

nM pmol/min/mg

5h-16:2 435 � 114 383 � 42
5h-18:2 275 � 99 445 � 59
�6,8,11-5h-20:3 436 � 158 608 � 66
5-HETE 516 � 190 1062 � 147
5h-20:5 679 � 151 872 � 146

Fig. 4. Inhibition of 5-HEDH by 5-hydroxy fatty acids. Microsomal frac-
tions (15 �g/ml) from PMA-differentiated U937 cells were incubated with
5-HETE (1 �M) in the presence of various 5-hydroxy fatty acids (0.3 �M)
and NADP� (100 �M) for 10 min at 37°C. The amounts of 5-oxo-ETE
formed were determined by RP-HPLC. The values are means � S.E. of
four independent experiments.

Fig. 5. Concentration-response curves for the inhibition by 5-hydroxy
fatty acids of 5-oxo-ETE formation by microsomal 5-HEDH. Microsomal
fractions (15 �g/ml) from PMA-differentiated U937 cells were preincu-
bated with various concentrations of 5h-18:1 (Œ), 5h-20:1 (F), 5h-20:2 (E),
5h-20:0 (ƒ), and �6,8,11-5h-20:3 (5h-20:3, �) for 5 min followed by incu-
bation with 5-HETE (1 �M) in the presence of NADP� (100 �M) for 10
min. The amounts of 5-oxo-ETE formed were determined by RP-HPLC.
The values are means � S.E. (n � 4).
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concentrations of the above �6 5-hydroxy fatty acids (Fig. 6).
Neither 5h-18:1 (Fig. 6A) nor 5h-20:1 (Fig. 6B) inhibited the
formation of the 5-LO product LTB4, the 12-LO product 12-
HETE, or the cyclooxygenase product 12-hydroxy-5,8,10-hep-
tadecatrienoic acid (12-HHT). In contrast, formation of the
5-LO/5-HEDH product 5-oxo-ETE was inhibited in a concen-
tration-dependent manner by both of the above hydroxy-fatty
acids, whereas the amounts of its endogenously generated
substrate, 5-HETE, increased correspondingly. The IC50 val-
ues for the inhibitory effects of 5h-18:1 and 5h-20:1 on 5-oxo-
ETE formation were 2.7 � 0.6 and 2.3 � 0.5 �M, respectively.

Metabolism of 5-HETE Methyl Ester by 5-HEDH. To
determine whether a free carboxyl group is required for me-
tabolism by 5-HEDH, we examined the metabolism of the
methyl ester derivative of 5-HETE (5-HETE-Me). Although
only very small amounts of 5-oxo-ETE methyl ester (5-oxo-
ETE-Me) were formed from 5-HETE-Me by U937 cell micro-
somes, substantial amounts of unesterified 5-oxo-ETE and
5-HETE were detected (data not shown), presumably be-
cause of hydrolysis of 5-HETE-Me by esterase(s), followed by
oxidation of free 5-HETE to 5-oxo-ETE. The high esterase
activity of U937 cells complicated interpretation of the re-
sults because we could not exclude the possibility that at
least part of the large amount of 5-oxo-ETE that we detected
was formed by hydrolysis of 5-HEDH-derived 5-oxo-ETE-Me
rather than from esterase-derived 5-HETE.

In contrast to U937 cell microsomes, neutrophil micro-
somes displayed relatively little 5-HETE-Me esterase activ-
ity, so we used neutrophils as a source of 5-HEDH to inves-
tigate the metabolism of this substrate. The time courses for
the oxidation of 5-HETE and 5-HETE-Me are compared in
Fig. 7A. 5-HETE-Me is a very poor substrate for 5-HEDH,
with only approximately 4% being converted to 5-oxo-
ETE-Me after 60 min, compared with approximately 60%
conversion of free 5-HETE to 5-oxo-ETE. Only small amounts
of free 5-oxo-ETE (�2.7%) and 5-HETE (�0.3%) were formed
from 5-HETE-Me under these conditions (data not shown).

We also investigated the possibility that 5-HETE-Me could
inhibit the formation of 5-oxo-ETE from 5-HETE by
5-HEDH. As shown in Fig. 7B, when 5-HETE (1 �M) was
incubated with a 5-fold excess of 5-HETE-Me, there was
actually an increase in 5-oxo-ETE formation (p  0.01), pos-
sibly because of the hydrolysis of 5-HETE-Me and oxidation
of the resulting free 5-HETE by 5-HEDH as noted above.

Effect of �-Oxidation on 5-HEDH-Catalyzed Oxida-
tion. To investigate the effect of �-oxidation on metabolism
by 5-HEDH, we used 5,18-diOH-18:2, which we had prepared
previously by total chemical synthesis in connection with a
study on the metabolism of sebaleic acid (5,8-octadecadienoic
acid) (Cossette et al., 2008). Because preliminary experi-
ments suggested that it is a very poor substrate for 5-HEDH,
we examined the time course of its metabolism by U937 cell
microsomes (Fig. 7C). In agreement with the data shown in
Fig. 2, 5h-18:2 is converted to 5-oxo-18:2 at approximately
one-half the rate of 5-HETE. However, 5,18-diOH-18:2 is
oxidized by 5-HEDH (to 5-oxo-18-HODE) at only approxi-
mately one-sixth the rate of 5h-18:2. The ability of 5,18-
diOH-18:2 to inhibit the formation of 5-oxo-ETE from
5-HETE was also determined by adding increasing concen-
trations of the dihydroxy compound to a fixed concentration
(1 �M) of 5-HETE (Fig. 7B). At the highest concentration
tested (5 �M), 5,18-diOH-18:2 inhibited the formation of
5-oxo-ETE by approximately 50%.

Discussion
We previously showed that the presence of a polar hydroxyl

group at either C12 (6-trans isomers of LTB4) or C15 (5,15-
diHETE) does not dramatically reduce metabolism by
5-HEDH (Powell et al., 1992), which initially suggested that
the �-end of the substrate may not be important for binding
to the enzyme. The present study demonstrates that 5S-
hydroxy-6-trans-fatty acids with chain lengths between 16
and 20 carbons are all reasonably good substrates for
5-HEDH. However, further reduction of the chain length to
14 or 12 carbons dramatically reduces (5h-14:2) or nearly
eliminates (5h-12:2) oxidation by 5-HEDH, indicating that at
least part of the hydrophobic �-end of the molecule is re-
quired for recognition and metabolism by 5-HEDH. Further
evidence for the importance of this region of the substrate is
the very slow metabolism of 5,18-diOH-18:2, which is the
major metabolite of 5h-18:2 by unstimulated neutrophils, in
contrast to PMA-activated neutrophils, which produce ap-
proximately equivalent amounts of 5,18-diOH-18:2 and
5-oxo-18:2 (Cossette et al., 2008). The hydrophobic �-end of
5-oxo-ETE is also important for activation of the OXE recep-
tor because 5-oxo-ETE analogs with chain lengths of less
than 18 carbons (Patel et al., 2008) or with an �-hydroxyl
group (Powell et al., 1996) have relatively little biological
activity.

Although 5-HETE seems to be the best substrate for
5-HEDH, there is not a strict requirement for four double
bonds because 5-hydroxy C20 fatty acids containing between
one and five double bonds were all oxidized to their 5-oxo
derivatives. This is consistent with our previous findings that
5h-20:5 is a good substrate for 5-HEDH (Powell et al., 1995)
and that 5,8,11-eicosatrienoic acid (Mead acid) is converted
to 5-oxo-20:3 by neutrophils (Patel et al., 2008). It was some-
what surprising that 5-hydroxy fatty acids with only a single

Fig. 6. Effects of 5h-18:1 and 5h-20:1 on the formation of AA metabolites
by human PBMCs. PBMCs (5 � 106 cells in 1 ml) were preincubated for
1 min with either 5h-18:1 (n � 6) (A) or 5h-20:1 (n � 4) (B) and then
incubated with AA (20 �M), A23187 (5 �M), and tBuOOH (100 �M) for 10
min. The amounts of 5-HETE (E), 12-HETE (f), 12-HHT (�), LTB4 (‚),
and 5-oxo-ETE (F) were analyzed by precolumn extraction/RP-HPLC as
described under Materials and Methods using a linear gradient prepared
from solvents A (water), B (acetonitrile), and C (methanol), all containing
0.02% acetic acid, as follows: 0 min, 46.5% A, 28.5% B, 25% C; and 24 min,
11.1% A, 37.6% B, 51.3% C at a flow rate of 1 ml/min. All values are
means � S.E.
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double bond are relatively good substrates. We were unable
to investigate the metabolism of fatty acids lacking any dou-
ble bonds (e.g., 5h-20:0) because the corresponding 5-oxo
products would not contain a UV-absorbing chromophore. It
would seem likely that the 6-trans double bond is important
for substrate recognition in view of the complete lack of
metabolism of LTB4 because of its 6,7-double bond being in
the cis, rather than the trans, configuration (Powell et al.,
1992). In contrast, 6-trans-LTB4 is a relatively good sub-
strate for 5-HEDH (Powell et al., 1992). On the other hand,
5h-20:0 does inhibit 5-HEDH activity, so it must at least have
some affinity for the enzyme, whether or not it is metabolized.

The most important structural feature for metabolism by
5-HEDH is clearly the 5S-hydroxyl group (Fig. 8) because we
have shown previously that fatty acids with hydroxyl groups
in other positions or in the 5R configuration are not signifi-
cantly metabolized (Powell et al., 1992). Although we did not
determine whether 5R-hydroxy fatty acids can inhibit the
oxidation of 5S-HETE by microsomal 5-HEDH in the present
study, this seems unlikely, at least in the case of 5R-HETE,
because we previously found that 5RS-HETE is converted to
5-oxo-ETE by microsomal 5-HEDH. 5S-HETE was nearly
completely depleted under the conditions used, whereas the
concentration of 5R-HETE was nearly unaltered (Powell et
al., 1992). Thus, 5R-HETE was unable to prevent the metab-
olism of 5S-HETE by 5-HEDH.

The very slow rate of metabolism of 5-HETE-Me indicates
that a free carboxyl group is also required to obtain a sub-
stantial degree of metabolism by 5-HEDH, suggesting that
this group is also bound to the active site of the enzyme. This
is not surprising, given its proximity to the 5S-hydroxyl
group. This contrasts with another eicosanoid-metabolizing
enzyme, 15-hydroxyprostaglandin dehydrogenase, which is

not substantially affected by methylation of the carboxyl
group of the substrate (Ohno et al., 1978), presumably be-
cause it is a greater distance from the hydroxyl group being
oxidized. A free carboxyl group is also important for interac-
tion of 5-oxo-ETE with its receptor because methylation re-
sults in a 20-fold reduction in potency (Powell et al., 1996).

5-HETE has been shown previously to be incorporated into
cellular lipids and to be formed as a result of peroxidation of
membrane lipids in red cells in the presence of tBuOOH (Hall
and Murphy, 1998b). Although 5-HETE and 5-oxo-ETE, like
isoprostanes, can be formed by nonenzymatic autoxidation of
AA-containing lipids, it is unlikely that 5-HEDH could oxi-
dize esterified 5-HETE because it requires a substrate with a
free carboxyl group. Therefore, when it is formed during an
autoxidation reaction, 5-oxo-ETE presumably would be
formed by nonenzymatic dehydration of 5-HpETE rather
than by oxidation of 5-HETE (Hall and Murphy, 1998a).

The relative potencies of 5-hydroxy fatty acids in inhibiting
5-HETE metabolism by 5-HEDH were considerably different
from their relative rates of metabolism. The most potent
inhibitors were 5h-20:1, 5h-18:1, and 5h-20:2. In contrast,
�6,8,11-5h-20:3 and 5h-20:5 were at least as good substrates
but were not very potent inhibitors of enzyme activity. To
determine whether some of these compounds could selec-
tively inhibit 5-HEDH in intact cells, we investigated their
effects on eicosanoid synthesis by PBMCs treated with
A23187 to activate cPLA2 and 5-LO. We also added tBuOOH,
which increases the rate of 5-oxo-ETE synthesis by raising
NADP� levels as a result of its metabolism by glutathione
peroxidase and the NADPH-dependent reduction of GSSG to
GSH by glutathione reductase (Erlemann et al., 2004). PB-
MCs have high 5-LO activity and convert endogenous AA to
LTB4, 5-HETE, and 5-oxo-ETE. 12-HETE is also formed,
principally because of the presence of adherent platelets,
which are present in substantial numbers, unless specific
steps are taken to remove them (Pawlowski et al., 1983).
These cells also convert AA to the cyclooxygenase product
12-HHT, which has been shown recently to be a natural
ligand for the BLT2 receptor (Okuno et al., 2008). Both 5h-
18:1 and 5h-20:1 selectively inhibited 5-oxo-ETE formation.
This resulted in the accumulation of its substrate 5-HETE,
which is not metabolized by PBMCs by the alternate path-

Fig. 7. Importance of the � and � ends of the substrate for metabolism by 5-HEDH. A, time courses for the metabolism of 5-HETE (2 �M) to 5-oxo-ETE
(�) and 5-HETE-Me (2 �M) to 5-oxo-ETE-Me (F) by microsomal fractions (30 �g/ml protein) from human neutrophils in the presence of NADP� (100
�M). B, concentration-response relationships for the effects of 5-HETE-Me (F) and 5,18-diOH-18:2 (‚) on the conversion of 5-HETE (1 �M) to
5-oxo-ETE by neutrophil and U937 cell microsomes, respectively, in the presence of NADP� (100 �M). Microsomal fractions (30 �g/ml protein) were
incubated with 5-hydroxy fatty acids for 15 min. C, time courses for the metabolism of 5-HETE to 5-oxo-ETE (�), 5h-18:2 to 5-oxo-18:2 (E), and
5,18-diOH-18:2 to 5-oxo-18-HODE (F) by microsomal fractions (30 �g/ml protein) from PMA-differentiated U937 cells in the presence of NADP� (100
�M). All values are means � S.E. (n � 4).

Fig. 8. Structure of 5-HETE, showing the regions of the molecule that are
important for metabolism by 5-HEDH.
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way of �-oxidation as it is in neutrophils (Powell et al., 1992).
In contrast, there were no changes in the levels of LTB4,
12-HETE or 12-HHT. This indicates that these monoene
5-hydroxy fatty acids selectively block 5-HEDH without in-
hibiting 5-LO, LTA4 hydrolase, 12-LO, or cyclooxygenase.

Although 5h-18:1 and 5h-20:1 selectively inhibit 5-HEDH,
the fact that they are oxidized to significant amounts of the
corresponding 5-oxo compounds by this enzyme could limit
their usefulness. However, we have recently shown that the
5-oxo compounds derived from these compounds (i.e., 5-oxo-
18:1 and 5-oxo-20:1) have only weak biological activities,
compared with 5-oxo-ETE. 5-Oxo-18:1 is �100 times less
potent than 5-oxo-ETE in activating neutrophils and eosino-
phils, whereas 5-oxo-20:1 is approximately 200 to 300 times
less potent (Patel et al., 2008). Modification of the structures
of these compounds could lead to the development of an
inhibitor that binds tightly to the active site of 5-HEDH but
is resistant to oxidation by the enzyme. Because no 5-oxo-
ETE receptor antagonist is currently available, such an in-
hibitor could be very useful in helping to define the patho-
physiological role of this substance in inflammatory diseases
such as asthma. It could also be useful in investigating the
mechanism of formation of 5-oxo-ETE. Although this enzyme
is present in most types of human inflammatory cells and in
at least some structural cells, its activity has not been de-
tected in mouse macrophages, which can synthesize 5-oxo-
ETE by dehydration of 5-LO-derived 5-HpETE (Zarini and
Murphy, 2003). The fact that 5-oxo-ETE synthesis is selec-
tively inhibited by 5-HEDH inhibitors in human monocytes
provides further evidence that in these cells, it is principally
formed by oxidation of 5-HETE by 5-HEDH rather than by
dehydration of 5-HpETE.

We conclude that the structural requirements for metabo-
lism of eicosanoids by 5-HEDH are a free carboxyl group, a
5S-hydroxyl group followed by a 6-trans double bond, and a
hydrophobic group at the �-end of the substrate (Fig. 8). The
formation of 5-oxo-ETE, the biologically active product of this
enzyme, can be inhibited selectively by 5-hydroxy-�6-long-
chain fatty acids. Inhibitors of this nature could be useful in
investigating the biological role of 5-oxo-ETE and its mech-
anism of formation.
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