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Abstract CYP4F isoforms are involved in the oxidation of
important cellular mediators such as leukotriene B, (LTB4)
and prostaglandins. The proinflammatory agent LTB4 and
cytotoxic leukotoxins have been associated with several in-
flammatory diseases. We present evidence that the hydrox-
ylation of Z9(10)-epoxyoctadecanoic, Z9(10)-epoxyoctadec-
Z12-enoic, and Z12(13)-epoxyoctadec-Z9-enoic acids and
that of monoepoxides from arachidonic acid [epoxyeicosa-
trienoic acid (EET)] is important in the regulation of leuko-
toxin and EET activity. These three epoxidized derivatives
from the C18 family (C18-epoxides) were converted to 18-
hydroxy-C18-epoxides by human hepatic microsomes with
apparent K, values of between 27.6 and 175 pM. Among re-
combinant P450 enzymes, CYP4F2 and CYP4F3B catalyzed
mainly the w-hydroxylation of C18-epoxides with an ap-
parent V,,,. of between 0.84 and 15.0 min~!, whereas the ap-
parent V.. displayed by CYP4F3A, the isoform found in
leukocytes, ranged from 3.0 to 21.2 min~!. The rate of
w-hydroxylation by CYP4A11 was experimentally found to
be between 0.3 and 2.7 min~!. CYP4F2 and CYP4F3 exhib-
ited preferences for w-hydroxylation of Z8(9)-EET, whereas
human liver microsomes preferred Z11(12)-EET and, to a
lesser extent, Z8(9)-EET. Moreover, vicinal diol from both
C18-epoxides and EETs were w-hydroxylated by liver mi-
crosomes and by CYP4F2 and CYP4F3.80 These data sup-
port the hypothesis that the human CYP4F subfamily is in-
volved in the w-hydroxylation of fatty acid epoxides. These
findings demonstrate that another pathway besides conver-
sion to vicinal diol or chain shortening by B-oxidation ex-
ists for fatty acid epoxide inactivation.—Le Quéré, V., E.
Plée-Gautier, P. Potin, S. Madec, and J-P. Salatiin. Human
CYP4F3s are the main catalysts in the oxidation of fatty acid
epoxides. J. Lipid Res. 2004. 45: 1446-1458.
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In contrast to the extensive knowledge of the functional
properties of the cytochrome P450-derived eicosanoids
in human and rodents, the metabolism of octadecanoids
is poorly known. Epoxidized fatty acids from the C18
family (C18-epoxides) such as Z9(10)-epoxyoctadecanoic
acid [Z9(10)-EpSTA], Z9(10)-epoxyoctadec-Z12-enoic acid
[Z29(10)-EpOME, leukotoxin], and Z12(13)-epoxyoctadec-
Z9-enoic acid [ Z12(13)-EpOME, isoleukotoxin] should be
regarded as toxic and/or defensive substances in living
beings because they have been described as toxic metabo-
lites in mammals (1) and as defense compounds in in-
fected plants (2, 3). The conversion of fatty acid epoxides
to the corresponding vicinal diol by epoxide hydrolases
(EHs) is thought to be the general pathway for fatty acid
epoxide clearance (4-9), although recently, Fang et al.
(10) reported the conversion of epoxyeicosatrienoic acid
(EET) to a chain-shortened epoxide. Z9,10-Epoxystearic
acid and leukotoxins, which are commonly found in
tissues, are products of cytochrome P450 epoxygenases,
mainly the CYP2 gene family (11, 12). Cytochrome P450
epoxygenases are predominantly expressed in liver but
are also present in several organs, including the kidney

Abbreviations: AA, arachidonic acid; BSTFA, N,O-bistrimethylsilyl-
trifluoroacetamide; C18-epoxides, epoxidized derivatives from the C18
family; DHET, dihydroxyeicosatrienoic acid; DIOME, dihydroxyC18:1
acid (vicinal diol); DiSTA, dihydroxystearic acid (vicinal diol); EET, ep-
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eicosatrienoic acid; HEpOME, hydroxyepoxyoctadecanoic acid; HEpSTA,
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(1). Leukotoxin and isoleukotoxin were shown to be gen-
erated by cells from the immune system (13) and by hu-
man liver (1, 14), but it is likely that several other P450
epoxygenase-containing tissues produce them. Further-
more, leukotoxin and isoleukotoxin are released from
phospholipid epoxide by phospholipase Ay (15) and are
possibly produced by activated oxygen species generated
during an oxidative burst. They are also associated with
acute respiratory distress syndrome and severe burns (16).
In addition, they are found in many polymeric plant cuti-
cles as constitutive monomers (17) and hence can be de-
rived from vegetable food intake. The biological roles of
these products and derivatives are still poorly understood.
However, monoepoxides of linoleic acid are known to
cause disruption of mitochondrial function before cell
death at pathologically relevant concentrations (1); they
also induce chemotaxis in human neutrophils (18) and
are associated with several inflammatory diseases. Leuko-
toxins as well as other epoxides of unsaturated fatty acids
have been identified in infracted tissue, in which their
amounts increased over time during ischemia compared
with the surrounding healthy heart tissue (19).

One the other hand, arachidonic acid (AA) can be
metabolized by cytochrome P450 enzymes to many biolog-
ically active compounds, including Z5(6)-, Z8(9)-, Z11(12)-,
and Z14(15)-EETs, their corresponding dihydroxyeicosa-
trienoic acids (DHETs) (10), and 19- and 20-hydroxyeico-
satetraenoic acids (HETEs). EETs are products of cyto-
chrome P450 epoxygenase, mainly CYP2C8 in human
liver (20, 21); they are endowed with important vasodi-
latating and antiinflammatory properties and serve as
components of cell signaling cascades (22-26). EETs were
shown to accumulate in alcoholic liver disease in rat (27)
and increased in the rat kidney during liver cirrhosis (28).
Cytochrome P450 monooxygenases are involved in both
the epoxidation and hydroxylation of fatty acids (FAs).
However, because of the remarkable diversity of P450 en-
zymes, it is difficult to pinpoint exactly which isoform is
responsible for the regioselective oxidation of a fatty acid.
w-Hydroxylation of FAs is mainly catalyzed by the CYP4
family. Induction of members of the CYP4 family is thought
to be associated with detoxification and secondary messen-
ger production; the former is needed to maintain membrane
integrity, and the messengers produced mediate many
cellular processes and important physiological functions
(29). The human CYP4F subfamily contains six members
denoted F2, F3A, F3B, F8, F11, and F12. The closely ho-
mologous CYP4F2 and CYP4F3 (30, 31) from human liver
(CYP4F3B) and polymorphonuclear leukocytes (CYP4F3A)
were found to metabolize leukotriene By (LTB4) to 20-
hydroxy-LTB4. LTB4 is a potent lipid mediator involved in
host defense and inflammatory responses. w-Oxidation of
leukotrienes is a major pathway in the degradation and in-
activation of these proinflammatory mediators. CYP4F2 is
catalytically distinct from CYP4F3 because of its inability to
w-hydroxylate lipoxin B (4). Furthermore, according to a
recent report, CYP4F2 is the principal catalyst of vitamin E
oxidation (32). Very recently, functionally distinct CYP4F3
isoforms showing tissue-specific expression patterns have

been characterized in human. CYP4F3B is expressed in fe-
tal and adult livers but not in neutrophils, although they
express the CYP4F3A isoform (33). CYP4F2 expression
has been detected in hepatic carcinoma, and high levels
have been reported in the skin, followed by the kidney,
prostate, liver, intestine, and brain (34, 35). CYP4F2 is
constitutively expressed in a human hepatoma cell line,
HepG2, and is not induced by clofibrate (36). On the
other hand, a very recent study (22) has challenged the
view that w-hydroxylation of EETs is a degradation path-
way of EETs and suggests that this process is involved in
the biogenesis of secondary messengers capable of bind-
ing to the nuclear hormone receptor peroxisome prolifer-
ator-activated receptor a (PPARa) with high affinity. The
authors of that report also indicate that w-hydroxyepoxy-
eicosatetraenoic acid (w-HEET) are generated by the CYP4A
family from rat liver and suggest that o-HEETs are the en-
dogenous ligands of this nuclear receptor involved in
lipid homeostasis.

Elucidation of the pathway that synthesizes epoxides
from unsaturated CI18 fatty acids and AA in hepatic hu-
man microsomes might provide important clues to the
roles of epoxides in various physiological processes. The
purpose of the present study was to delineate and to tenta-
tively characterize the human cytochrome P450 enzymes
involved in these oxidation reactions. We investigated the
metabolism of three epoxides derived from unsaturated
fatty acids of the C18 family and of four isomeric EETs us-
ing both human microsomes and a series of human re-
combinant cytochrome P450s.

MATERIALS AND METHODS

Chemicals

Radiolabeled [1-'*C]lauric acid (45 Ci/mol), [1-!*C]oleic acid
(50 Ci/mol), and [1-'*C]linoleic acid (58 Ci/mol) were from
Amersham. [1-1*C]Z9(10)-EpSTA (5.7 Ci/mol), [1-14C]Z9(10)-
EpOME (6.4 Ci/mol), and [1-1*C] Z12(13)-EpOME (6.2 Ci/mol)
were from Commissariat a I’Energie Atomique (Gif sur Yvette,
France). AA, Z5(6)EET, Z8(9)EET, Z11(12)EET, Z14(15)EET,
79(10)-EpSTA, 79(10)-EpOME, Z12(13)-EpOME, palmitoleic acid,
lauric acid, and a-tocopherol were obtained from Cayman Chemi-
cals (SPI Bio, Massy, France). NADPH was purchased from
Sigma Chimie (La Verpilliére, France). The silylating reagent used,
N, Obistrimethylsilyltrifluoroacetamide (BSTFA), contained 1% tri-
methylchlorosilane (TMCS) and was from Pierce Europe (Ound-
Beijerland, The Netherlands). 3-Chloroperoxybenzoic acid was
from Fluka (S’Quentin Fallavier, France). The modified, human
P450-containing cell microsomes (Supersomes™) were obtained
from Gentest (Woburn, MA), whereas cytochrome b; was from Ox-
ford Biomedical Research (Oxford, MI). Cytochrome P450 from
control Supersomes™ was not detectable. All chemicals and sol-
vents were from Merck (Darmstadt, Germany) and Sigma.

Synthesis of radiolabeled epoxides and
9,10-dihydroxystearic acid

[1-1C]1Z9(10)-epoxystearic acid and [1-'*C]leukotoxins
[729(10)-EpOME and Z12(13)-EpOME] were synthesized from
[1-'*C]oleic acid (specific activity of 60 Ci/mol) and [1-1*C]
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linoleic acid (specific activity of 55 Ci/mol), respectively. The ep-
oxidation of each substrate was performed in a reaction mixture
(0.2 ml) containing either 0.35 mM epoxystearic acid or 0.33
mM leukotoxins together with 1.8 mM 3-chloropreoxybenzoic
acid. The reaction was initiated for 5 min at ambient temper-
ature by the addition of 3-chloroperoxybenzoic acid and ter-
minated by evaporation under Nyo. The Cl8-epoxides [Z9(10)-
EpSTA, Z9(10)-EpOME, and Z12(13)-EpOME] were purified by
reverse phase (RP)-HPLC, collected, and extracted twice with di-
ethyl ether. Then, the organic phase was evaporated and radiola-
beled compounds (~98% pure) were dissolved in ethanol. Radio-
labeled epoxides were isotopically diluted to have a final specific
activity of 13.3 Ci/mol in 0.2 ml of reaction mixture.

For the synthesis of 9,10-dihydroxystearic acid (9,10-DiSTA),
Z9(10)-EpSTA was treated with 20% NaOH for 1 h at room tem-
perature. Then, this mixture was acidified with chlorhydric acid
(1 N), extracted with diethyl ether, and analyzed by RP-HPLC.
The collected vicinal diol was ~98% pure.

Human recombinant P450s and liver microsomes

Human liver samples were obtained from 16 Caucasian multi-
organ donors (9 males and 7 females; mean = SD age of 40 = 15
years) who had died after traffic accidents or disease. Ethical
committee approval was obtained before studies in accordance
with French law. Microsomes from seven human livers (subject
BR) were prepared after homogenization of the tissues as previ-
ously described (37) and stored at —80°C until use. Samples
from other subjects were from Gentest (subject H and HG). Most
of the studies were performed with liver microsomes from sub-
ject BRO65. The presence of a microsome-associated epoxide hy-
drolysis (EH)-like activity in the Supersomes™ preparations
enabled us to highlight the formation of trihydroxy released by
the hydrolysis of the oxirane from epoxydated w-hydroxy or by
o-hydroxylation of the vicinal diol derivatives. Depending on
whether the membrane preparation contained or did not con-
tain recombinant P450, EH-like activity was between 0.15 and
0.55 nmol/min/mg protein.

Microsomal protein concentrations were determined using
the Bradford method (Bio-Rad, Munich, Germany). Cytochrome
P450 content was measured by spectrophotometry according to
Omura and Sato (38).

Fatty acid oxidation assays

Microsomes containing the human cytochromes P450 re-
ductase and cytochrome b5 (Supersomes™) were prepared from
baculovirus-infected BTI-TH-5B1-4 cells provided by Gentest.
The specific contents of CYP samples were as follows: CYP2CS,
244 pmol/mg protein; CYP2C9, 357 pmol/mg protein; CYP2E1,
444 pmol/mg protein; CYP3A4, 127 pmol/mg protein;
CYP4Al1, 111 pmol/mg protein; CYP4F2, 556 pmol/mg protein;
CYP4F3A, 36 pmol/mg protein, and CYP4F3B, 333 pmol/mg pro-
tein. Control Supersomes™ CYP450 content was not detectable.

All monooxygenase activities, except for the metabolism of EET,
were measured by using radiolabeled 1-*C-substrates. After iso-
topic dilution with unlabeled material, the substrates (specific
activity of 0.5 Ci/mol) were dissolved in ethanol. Routinely, sub-
strate conversion to oxidized metabolites was determined in a re-
action mixture (0.2 ml) containing 75 pM ethanol-ree substrate,
0.3 mg of microsomal protein or Supersomes™ (33 pmol of
CYP4F3B, 56 pmol of CYP4F2, 7 pmol of CYP4F3A, 22 pmol of
CYP4A11, 25 pmol of CYP3A4, 89 pmol of CYP2E1, 79 pmol
of CYP2C8, and 71 pmol of CYP2C9), 0.1 M sodium phosphate
buffer (pH 7.4), and 1 mM NADPH. The reaction was initiated
by the addition of NADPH and then terminated after 10 min
(except otherwise noted) at 37°C with a volume of 200 pl of ace-
tonitrile containing 0.2% acetic acid. Metabolites and residual
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substrates were extracted twice with 5 ml of ethyl acetate. The or-
ganic phase was dried under a stream of nitrogen, and the resi-
due was dissolved in methanol before RP-HPLC analysis. The
product and residual substrate were detected by radioactivity us-
ing a B-radiometric HPLC detector (Flo-one Beta Radiometric
Detector; Packard) or by mass spectrometry {atmospheric pres-
sure chemical ionization on negative mode [APCI(T)]} coupled
to RP-HPLC. The enzyme activity was measured with a limit of de-
tection of ~0.009 nmol/min when liquid chromatography-mass
spectrometry (LC-MS) was used to quantify the reaction prod-
ucts. Each assay was performed in triplicate. Metabolites were
further characterized by GC-MS. For kinetic studies in human
liver microsomes, the parameters of apparent K,, and V,,,, were
determined from subject BRO65 and calculated using Sigma Plot
8.0 software. The kinetic experiments were carried out with sub-
strate at five different concentrations between 10 and 100 pM,
except as noted. Note that the kinetic values of enzymes were
probably underestimated in this study because of ¢) the presence
in membrane preparations from human microsomes and insect
cells expressing recombinant P450s of a second enzyme (EH-
like) mediating the conversion of epoxide to vicinal diol and
competing with cytochrome P450s for the substrate, and i)
the competition between the epoxide and the vicinal diol for
w-hydroxylation by P450s.

RP-HPLC analysis of metabolites

The oxidized metabolites and residual substrate were sepa-
rated by RP-HPLC using a 5 wm Ultrasphere C18 column (150 X
4.6 mm; Beckman). The mobile phase consisted of a mixture of
water and acetonitrile (with 0.2% acetic acid) (65:35, v/v) for
both epoxystearic acid and leukotoxins at a flow rate of 2 ml/
min. Isocratic elution was carried out for 35 min. Then, each of
the residual substrates was eluted by applying a mixture of water-
acetonitrile (5:95, v/v) containing 0.2% acetic acid for 10 min
before returning to the initial conditions. The radioactivity of
RP-HPLC effluent was monitored with a computerized online
scintillation counter (Flo-one Beta Radiometric Detector). The
rate of generated radiolabeled metabolites was calculated from
peak areas.

Chiral analysis

Chiral analysis was performed as previously described (39) us-
ing optically pure synthetic 9R,10S-epoxystearate methyl ester as
a standard. Briefly, radiolabeled enantiomers of epoxystearic
acid were separated by HPLC (Spectra System P400 with ultravio-
let detector UV1000) using a chiral column [Column Chiracel
OB (4.6 X 250 mm); J.J. Baker Chemical Co.]. Enantiomers of
18-hydroxy-C18-epoxides were analyzed as methyl ester deriva-
tives and resolved using a mixture of solvents (hexane-isopro-
panol-acetic acid, 90:10:0.1, v/v/v) in isocratic mode for 60 min;
for residual Cl8-epoxides, the solvent mixture was hexane-iso-
propanol-acetic acid (99.7:0.2:0.1, v/v/v) at a flow of 0.8 ml/
min. Radioactivity of the HPLC effluent was monitored with a
computerized online liquid scintillation counter (Flo-one Beta
Radiometric Detector).

LC-MS analysis

Oxidized metabolites were separated by LC using an Ultra-
sphere C18 column (250 X 4.6 mm; Beckman) and identified by
mass spectrometry. The mass spectrometer (Navigator; Finni-
gan) was equipped with an ionization source at atmospheric
pressure (APCI™) running in negative ion mode (cone voltage of
30-45 V) and operated in full-scan MS mode. The same mobile
phase described above for RP-HPLC analysis was used at a flow
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rate of 1 ml/min. A 30 min isocratic elution with water-acetoni-
trile (40:60, v/v) containing 0.2% acetic acid allowed the separa-
tion of metabolites. This was followed with a 10 min linear gradi-
ent of water-acetonitrile (5:95, v/v) with 0.2% acetic acid to elute
the substrates. For analysis by mass spectrometry, negative ions
were monitored by full scan from m/z 60 to 600. The source
heater and the APCI™ heater were at 150°C and 350°C, respec-
tively, with a cone voltage of either 30 or 45 V to increase frag-
mentation. Detection of metabolites was achieved by monitoring
selected ions corresponding to the expected carboxylate anions
[M-H]~. Compounds were quantified by LC-MS from standard
curves obtained by measuring peak surfaces of authentic com-
pounds when available from at least five concentrations.

GC-MS analysis

GC-MS analysis was carried out on a gas chromatograph (HP
5890 Series II gas chromatograph; Agilent Technology) equipped
with a fused silica capillary column (HP-5MS 5% phenyl methyl
siloxane; 30 m X 0.32 mm inner diameter, 0.25 wm thick film).
The gas chromatograph was combined with a quadrupole mass-
selective detector (HP 5971A; Agilent Technology). Mass spectra
were recorded at 70 eV in the electron impact mode.

Analysis was performed after methylation with etheral diaz-
omethane and silylation with 100 pl of a mixture of BSTFA/
TMCS (1%) for 60 min at 60°C to obtain methyl ester trimethyls-
ilyl ether (Me/TMS) derivatives. Compounds were dissolved in
90 pl of hexane, and 2 pl was injected in the splitless mode at
250°C. After 5 min at 60°C, the oven temperature was increased
to 200°C at 50°C/min and then linearly ramped to 280°C at 2°C/
min to let it stabilize for 10 min before coming back to the initial
conditions.

Mass spectra of Me/TMS derivatives showed typical fragment
ions at m/z = 73 (TMS), [M-15]%, [M-31]%, [M-47]". The most
characteristic fragment ions used to determine the structures of
positional isomers generated are given in Tables I and II (see
supplemental data).

RESULTS

Metabolism of fatty acid epoxides

To assess whether cytochrome P450 enzymes are in-
volved in the metabolism of fatty acid epoxides from both

Z9(10)-EpSTA
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Fig. 2. Representative reversed-phase (RP)-HPLC analysis of the
metabolites generated by human liver microsomes incubated with
Z9(10)-EpSTA using radioactivity detection. Liver microsomes (0.3
mg protein) were incubated with [1-1*C]Z9(10)-EpSTA (75 pM) in
the presence of NADPH. After 10 min at 37°C, the organic soluble
products were extracted, resolved, and quantified as described in
Materials and Methods. All peaks were collected for further identi-
fication by GC-MS. Peak 1, mixture of 9,10,18-trihydroxyocta-
decanoic and 9,10,17-trihydroxyoctadecanoic acids; peak 2, 17-
hydroxy-9(10)-epoxyoctadecanoic acid [w-1; 17,9(10)-HEpSTA];
peak 3, 18-hydroxy-9(10)-epoxyoctadecanoic acid [w; 18,9(10)-
HEpSTA]; peak 4, 9,10-dihydroxyoctadecanoic acid; peak 5, resid-
ual substrate (S).

C18 (Fig. 1) and AA, we first examined this reaction in
hepatic microsomes from human. After the addition
of NADPH, liver microsomes converted Z9(10)-EpSTA,
7Z9(10)-EpOME, and Z12(13)-EpOME as well as the four
AA monoepoxides mainly to w-hydroxy derivatives (Fig. 1)
in a time-dependent manner (data not shown). A repre-
sentative elution profile of metabolites generated from
Z9(10)-EpSTA by RP-HPLC with radioactivity detection is
given in Fig. 2. Similar profiles were obtained for Z9(10)-
EpOME, 712(13)-EpOME, and EETs. The RP-HPLC and
GC retention times (Rts) of metabolites are given in
Tables I and II (see supplemental data). As expected for
P450 reaction, these w-hydroxylations were NADPH de-
pendent but CO inhibited. In the absence of NADPH,
only one metabolite was generated via an EH-like enzyme

Z12(13)-EpOME

t\OH ° N, oH
OH  18,9(10)-HEpOME
OH  18,9(10)-HEpOME 17,9(10)-HEpOME

17.9(10)-HEpOME

Diols Diols

e S

OH (Triols)

Fig. 1. Chemical structures of fatty acid epoxides and derivatives from the C18 family. Metabolism of epoxides results in the formation of

OH

OH(Triols) OH(Triols)

several similar hydroxylated metabolites (»-OH, vicinal diol, and triol). EpOME, epoxyoctadecanoic acid; EpSTA, epoxyoctadecanoic acid;
HEpOME, hydroxyepoxyoctadecanoic acid; HEpSTA, hydroxyepoxyoctadecanoic acid.
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leading to the corresponding vicinal diol. Less than 5% of
the initial substrate was converted to uncharacterized
metabolites by incubating Z9(10)-epoxystearic acid with
buffer alone, heat-killed human microsomes, and recom-
binant P450s for 45 min at room temperature. Metabolites
were structurally characterized by APCI~-LC-MS and GC-MS
as Me/TMS derivatives (see supplemental data). The ra-
tios of -/ (w-1)-hydroxylated metabolites were very simi-
lar for Z9(10)-EpSTA and Z9(10)-EpOME (~8.2 and 6.9,
respectively) but decreased to 1.6 for Z12(13)-EpOME hy-
droxylation.

To decipher the major pathways of hydroxylation in he-
patic human microsomes, we further investigated the me-
tabolism of each class of FA epoxides.

Metabolism of 9,10-epoxystearic acid by liver microsomes
from human

The kinetic parameters of the hydroxylation reactions
of FA epoxides were mainly determined using liver mi-
crosomes from subject BR065. The metabolism of Z9(10)-
EpSTA was investigated with human liver microsomes.
Four metabolites were generated from [1-14C] Z9(10)-
EpSTA by the microsomal fraction in the presence of
NADPH. A representative profile of LC-MS analysis
(APCI™) of metabolites generated from Z9(10)-EpSTA
by these human microsomes is given on Fig. 3. When
NADPH was missing, only one metabolite (Fig. 3, peak 4)
was generated through the action of an EH-like activity,
and this led to the synthesis of the corresponding vicinal
diol, 9,10-DiSTA. Selective ion monitoring showed the
presence of negative ions (M-H) ™ at m/z 331 in peak 1
(Rt, 3.7 min) corresponding to a mixture of 9,10,17-
and 9,10,18-trihydroxyC18:0 [9,10,17-trihydroxystearic acid
(TriSTA) and 9,10,18-TriSTA]; at m/z 313 in peaks 2 and 3
(Rt, 8.0 and 8.8 min) corresponding to 17-hydroxy- and

5)S
297

1
2y @)
104 331 31 (341)5
Yn T T l

05 10 15 20 25 30 35 40 45 50

W
<

1
—
@)

% Relative intensity
v
(=}

Retention Time (min)

Fig. 3. Representative RP-HPLC analysis of the metabolites gen-
erated by human liver microsomes incubated with Z9(10)-EpSTA
using mass spectrometric detection. Liver microsomes (0.3 mg pro-
tein) were incubated with Z9(10)-EpSTA (75 wM) in the pres-
ence of NADPH. After 10 min at 37°C, the organic soluble products
were extracted, resolved, and detected by monitoring selected ions
corresponding to the expected carboxylate anions [M-H] ~ as de-
scribed in Materials and Methods. Peak 1, mixture of 9,10,18-
trihydroxyoctadecanoic and 9,10,17-trihydroxyoctadecanoic
acids, m/z = 331; peak 2, 17,9(10)-HEpSTA [(w-1)-OH], m/z =
313; peak 3, 18,9(10)-HEpSTA (w-OH), m/z = 313; peak 4, 9,10-
dihydroxyoctadecanoic acid, m/z = 315; peak 5, residual sub-
strate (S).

1450  Journal of Lipid Research Volume 45, 2004

18-hydroxy-9(10)-epoxystearic acid [17,9(10)-HEpSTA and
18,9(10)-HEpSTA], respectively; at m/z 315 in peak 4 (R,
18.5 min) corresponding to 9,10-DiSTA (vicinal diol); and
at m/z 297 in peak 5 (Rt, 46.0 min) corresponding to the
residual substrate. Hydroxylation of the vicinal diol to
9,10,18-TriSTA was confirmed by incubating 9,10-DiSTA,
obtained by chemical hydrolysis of Z9(10)-epoxystearic
acid (see Materials and Methods), with microsomes. Our
results show that both human microsomes and CYP4F3 (A
and B) are able to convert 9,10-DiSTA (75 uM) to 9,10,18-
TriSTA with a velocity of 0.115 nmol/min/mg protein,
10.1 nmol/min/nmol P450 (CYP4F3A), and 10.5 nmol/
min/nmol P450 (CYP4F3B), respectively. APCI~ analysis
of 18,9(10)-HEpSTA and 17,9(10)-HEpSTA yielded mass
spectra with informative and characteristic ions, as shown
in Fig. 4. Analysis of the metabolites (Me/TMS deriva-
tives) by GC-MS confirms these chemical structures (Fig.
I, see supplemental data). Informative and selective ion
fragments of each compound are given in Table I (see
supplemental data). These results indicate that in addi-
tion to being converted to vicinal diol by EH-like, Z9(10)-
EpSTA can undergo w- and (w-1)-hydroxylation and that
the vicinal diols are themselves converted to the 9,10,18-
TriSTA (Fig. 2, peak 1). Apparent kinetic constants for the
oxidation of Z9(10)-EpSTA to hydroxylated metabolites
by the microsomal preparation were estimated from de-
tailed investigations of epoxide hydroxylation at various
substrate concentrations. The liver microsomes converted
7Z9(10)-EpSTA to 18,9(10)-HEpSTA with an apparent K,
of 27.6 pM and an apparent V,,, of 2.5 nmol/min/mg
protein (3.7 nmol/min/nmol P450) and to 17,9(10)-
HEpSTA with an apparent K,, of 27.9 M and an apparent
Viax of 0.45 nmol/min/mg protein (0.66 nmol/min/
nmol P450) using a substrate concentration range of 10—
100 wM (Table 1). As a comparison, the apparent K,, of
human liver microsomes for the conversion of LTB4 to 20-
hydroxy-LTB4 was determined to be 74.8 uM with a V,,,,
of 2.42 nmol/min/nmol P450 (40). Interindividual varia-
tion in the initial rate of oxidation of Z9(10)-EpSTA was
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Fig. 4. LC-MS mass spectra of hydroxylated derivatives of Z9(10)-
EpSTA generated by human liver microsomes. A: 17,9(10)-HEp-
STA. B: 18,9(10)-HEpSTA. Z9(10)-EpSTA (75 pM) was incubated
with 0.3 mg of human liver microsomes and 1 mM NADPH at 37°C
for 10 min. Metabolites were analyzed by RP-HPLC with mass
spectrometric detection (APCI™) as described in Materials and
Methods.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

0.DC1.html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/07/20/M300463-JLR20

TABLE 1. Kinetic parameters of w- and (w-1)-hydroxylated
derivatives of C18-epoxides in human liver microsomal preparations

TABLE 3. Metabolism of Z9(10)-EpSTA with genetically engineered
human P450 isoforms

(w-1)-Hydroxylation w-Hydroxylation

Human Liver

Enzyme Activities

(BRO65) K, Vs K, Ve Recombinant P450 TriSTA (w-1)-OH »-OH DiSTA
uM  nmol/min/mg prot.  uM  nmol/min/mg prot. nmol/min/mg
nmol/min/nmol P450 protein
79(10)-EpSTA 27.9 0.45 27.6 2.5

79(10)-EpOME  51.2 0.26 175 2.3 CYP4A11 0 0.58 2.7 0.04
Z12(13)-EpOME  15.4 0.11 27.6 0.81 CYP2E1 0 0 0 0.09
CYP2C8 0 0.31 0 0.08
Cl18-epoxide, epoxidized derivative from the C18 family; Z9(10)- CYP2C9 0 0.49 0.29 0.10
EpOME, Z9(10)-epoxyoctadec-12-enoic acid; Z12(13)-EpOME, Z12(13)- CYP3A4 0 0.58 0.52 0.18
epoxyoctadec-9-enoic acid; Z9(10)-EpSTA, Z9(10)-epoxyoctadecanoic CYP4F3B 0.16 0.53 12 0.14
acid. Samples containing 0.3 mg of protein (0.68 nmol of P450 per mil- CYP4F3A 0 0 11 0.14
ligram of protein) were incubated at 37°C for 10 min with increasing CYP4F2 0.21 0.25 5 0.55

concentrations of Cl8-epoxide ranging from 10 to 100 uM and ana-
lyzed by reversed-phase (RP)-HPLC with radiometric detection as de-
scribed in Materials and Methods. Values shown are averages of tripli-
cate determinations that differ for less than 10% of the mean.

determined using 16 samples of liver microsomes from
Caucasian adult subjects (Table 2). These experiments re-
vealed a 3.1- and 4.2-fold variation in »- and (w-1)-hydrox-
ylation activities [range, 0.56-1.72 nmol/min/mg protein
for w-hydroxylation and 0.09-0.38 for (w-1)-hydroxyla-
tion], respectively. The cytochrome P450 content was in
the range of 0.25-0.68 pmol/mg protein (2.7-fold varia-
tion). Among the 16 human liver samples we tested, 3.1-
and 34.5-fold variations were noted in the formation of

TABLE 2. Metabolism of Z9(10)-EpSTA by human liver microsomes
from 16 individual Caucasian subjects

Enzyme Activities

Subject P450 Content TriSTA (0-1)-OH »-OH DiSTA

nmol/mg

protein nmol/min/mg protein
BRO62 0.67 0.50 0.17 0.95 0.41
BR063 0.52 0.61 0.38 1.44 0.24
BRO65 0.68 0.69 0.38 1.69 0.30
BRO16 0.37 0.08 0.14 1.27 0.29
BRO35 0.25 0.07 0.22 1.05 0.39
BR034 0.29 0.11 0.24 1.72 0.42
BRO18 0.33 0.02 0.10 0.78 0.34
HK27 0.30 0.11 0.09 0.64 0.69
HK23 0.38 0.07 0.11 0.67 0.68
HK31 0.58 0.19 0.10 0.56 0.69
HG56 0.55 0.20 0.12 0.79 0.55
HG43 0.26 0.29 0.09 0.70 0.75
HG42 0.67 0.19 0.12 0.71 0.66
HG6 0.30 0.24 0.09 0.68 0.65
HG3 0.29 0.14 0.09 0.87 0.44
HGS88 0.39 0.18 0.11 0.87 0.53

79(10)-EpSTA (75 uM) was incubated with 0.3 mg of microsomal
protein and 1 mM NADPH at 37°C for 10 min. Values shown are av-
erages of triplicate determinations that differ for less than 15% of
the means. The metabolites 17-hydroxy-9(10)-epoxyoctadecanoic acid
[17,9(10)-HEpSTA; (w-1)-OH], 17-hydroxy-9(10)-epoxyoctadecanoic
acid [18,9(10)-HEpSTA; (w-OH)], dihydroxylated derivatives [dihy-
droxystearic acid (DiSTA)], and trihydroxylated derivatives, as a mix-
ture of - and (w-1)-hydroxylated DiSTA [trihydroxystearic acid
(TriSTA) ], were separated and quantified by RP-HPLC with radiomet-
ric detection, and P450 content was measured as described in Materials
and Methods.

79(10)-EpSTA (75 uM) was incubated with recombinant proteins
and 1 mM NADPH at 37°C for 40 min. Values shown are averages of
triplicate determinations that differ for less than 10% of the means.
The metabolites 17,9(10)-HEpSTA [(w-1)-OH], 18,9(10)-HEpSTA
(w-OH), dihydroxylated derivatives (DiSTA), and trihydroxylated de-
rivatives, as a mixture of w- and (w-1)-hydroxylated DiSTA (TriSTA),
were separated and quantified by RP-HPLC with radiometric detection
as described in Materials and Methods.

vicinal diol and triol (respective ranges, 0.24-0.75 and
0.02-0.69 nmol/min/mg protein).

Metabolism of 9,10-epoxystearic acid by recombinant
P450 from human

The results of incubation of Z9(10)-EpSTA with a series
of recombinant human P450s expressed in insect cells
(Supersomes™) are shown in Table 3. Of eight recombi-
nant P450 isoforms tested, only human CYP4F2, CYP4F3,
and CYP4All were capable of significantly catalyzing the
hydroxylation of Z9(10)-EpSTA (75 pM). CYP4F2 and
CYP4F3B were also capable of catalyzing mainly the
w-hydroxylation of the vicinal diol, generated by EH-like
activity, into 9,10,18-TriSTA (Table 3).

The highest turnover rate for the w-hydroxylation of
79(10)-EpSTA was measured for CYP4F3B (12 min~!), fol-
lowed by CYP4F3A (11 min~!), CYP4F2 (5 min~!), and
CYP4A1l (2.7 min~!). Apart from CYP4F3A, the three
other isoforms catalyzed the (w-1)-hydroxylation leading
to the formation of 17,9(10)-HEpSTA with a turnover
rate ranging from 0.25 to 0.58 min~!. However, CYP2CS8,
CYP2C9, and CYP3A4 were found to mainly generate
17,9(10)-HEpSTA with a turnover rate ranging from 0.31
to 0.58 min~!, although no activity was detected for
CYP2E1. Analysis of the 18-hydroxylation of Z9(10)-
EpSTA by CYP4F2 and CYP4F3 in a representative experi-
ment revealed kinetic parameters with an apparent K,
ranging from 6.3 to 35.7 pM and an apparent V,,,, rang-
ing from 7.9 to 13.2 nmol/min/nmol P450. CYP4F3A had
a V,u/ K, value of 1.7 for Z9(10)-EpSTA, which is ~5-fold
higher than that for CYP4F3B and CYP4F2 (Table 4). The
differences in catalytic activities between CYP4F3A and
CYP4F3B appear less pronounced than has been reported
(33) for LTB4 w-hydroxylation by these P450 isoforms ex-
pressed in COS-7 cells. An apparent K, of 4 M was deter-
mined for CYP4F3A versus 105 pM for CYP4F3B (26-fold
higher).
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TABLE 4. Kinetic parameters of w-hydroxylated derivatives of
Cl18-epoxides by CYP4F isoforms

w-Hydroxylation

Isoform Recombinant P450 K, Viax
nmol/min/nmol
uM P450
Z9(10)-EpSTA CYP4F3A 6.3 10.8
CYP4F3B 35.7 13.2
CYP4F2 26.1 7.9
79(10)-EpOME CYP4F3A 46.6 21.2
CYP4F3B 108.1 15.02
CYP4F2 163.1 10.6
Z12(13)-EpOME CYP4F3A 61.8 3
CYP4F3B 100.6 3.93
CYP4F2 135 0.84

Samples containing human recombinant CYP4F isoforms were in-
cubated at 37°C for 40 min, with increasing concentrations of C18-
epoxide ranging from 5 to 100 wM, and analyzed by RP-HPLC with radio-
metric detection as described in Materials and Methods. Values shown
are averages of triplicate determinations that differ for less than 10% of
the means.

Inhibition studies

Further screening showed that the w-hydroxylation of
7Z9(10)-EpSTA was completely inhibited in human micro-
somes by I'TB4, a substrate of CYP4F2, CYP4F3, and CYP4F12.
On the other hand, lauric acid, a substrate of CYP4All,
but not of CYP4F, caused no inhibition. The data in Table
5 clearly indicate that the presence of laurate (50 pM) in

the incubation medium of human liver microsomes (sub-

ject BR065) had no effect on the rate of Z9(10)-EpSTA,

79(10)-EpOME, and Z12(13)-EpOME hydroxylations. On
the other hand, lauric acid strongly inhibited both the
- and (w-1)-hydroxylation of Z9(10)-EpSTA by CYP4Al1
(97% and 77%, respectively), although CYP4F2 and CYP4F3B
activities remained unaffected. Similar results were ob-
tained with Z9(10)-EpOME and Z12(13)-EpOME as sub-
strates (data not shown). We investigated the effects of 50
pM LTB4 on the hydroxylation of Z9(10)-EpSTA by liver
microsomes and on that of three recombinant P450s from
human liver. When LTB4 was present, only one metabo-
lite, the vicinal diol issued from the oxirane hydrolysis of
7Z9(10)-EpSTA, was generated by the liver microsomal
EH-like activity from at least three subjects (data not
shown). Moreover, and as expected, oxidation of the sub-
strate by CYP4F2 and CYP4F3B was inhibited by 98% and
100%, respectively. In a previous study (40), CYP4A11 iso-
lated from human liver microsomes was shown to exhibit
negligible LTB4 w-hydroxylase activity. But in our investi-
gations, the w-hydroxylation of Z9(10)-EpSTA was totally
inhibited when recombinant CYP4A11l was incubated in
the presence of 50 WM LTB4. This last observation sug-
gests the involvement of this isoform in LTB4 oxidation.
This led us to reinvestigate the catalytic properties of CYP4A11
(Supersomes™) through the incubation of LTB4 as sub-
strate. The generated metabolites (Me/TMS derivatives)
were analyzed by GC-MS. The GC profile revealed the
NADPH-dependent formation of a major metabolite at Rt

TABLE 5. Effects of lauric acid and LTB4 on the metabolism of radiolabeled Z9(10)-EpSTA, Z9(10)-EpOME, and Z12(13)-EpOME by human
liver microsomes (subject BRO65) and by recombinant P450 from human liver

Enzyme Activities

Substrate (50 wM) Recombinant P450 or Human Microsomes LTB4 (nM) Triol (w-1)-OH w-OH Diol
Z9(10)-EpSTA Human liver microsomes 0 0.07 0.17 1.24 0.61
50 0 0 0 1.08
CYP4A11 0 0 0.57 3.90 0.16
50 0 0 0 0.14
CYP4F2 0 0 0.07 3.29 0.21
50 0 0 0.07 0.20
CYP4F3B 0 0.9 0.46 9.31 1.5
50 0 0 0 1.5
Lauric acid (nM) Triol (w-1)-OH »-OH Diol
Z9(10)-EpSTA Human liver microsomes 0 0.047 0.12 0.98 0.43
50 0.098 0.16 1.17 0.53
CYP4A11 0 0.1 0.30 1.62 0.02
50 0.028 0.07 0.05 0.11
CYP4F2 0 0.45 1.32 4.38 0.14
50 0.54 1.28 4.42 0.10
CYP4F3B 0 0.05 0.23 2.64 0.07
50 0.14 0.20 2.78 0.07
79(10)-EpOME Human liver microsomes 0 0.40 0.14 0.96 1.03
50 0.15 0.13 1.0 1.17
Z12(13)-EpOME Human liver microsomes 0 0.52 0.21 0.34 0.20
50 0.55 0.21 0.31 0.24

LTB4, leukotriene By. Membrane preparations from both liver microsomes and recombinant P450s were incubated (see Materials and Meth-
ods) with NADPH and radiolabeled FA epoxides (50 wM) in the presence or absence of lauric acid (50 uM) and LTB4 (50 pM) for 40 min. Values
shown are averages of triplicate determinations that differ for less than 10% of the means and are expressed as nmol/min/nmol P450 for recombi-
nant proteins and nmol/min/mg protein for activities of human microsomes. The hydroxylated products 17-hydroxyepoxide [(w-1)-OH],
18-hydroxyepoxide (w-OH), dihydroxylated derivatives (diol), and trihydroxylated derivatives, as a mixture of w- and (w-1)-hydroxylated diol
(triol), were separated and quantified by RP-HPLC with radiometric detection as described in Materials and Methods.
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37.1 min. Its mass spectrum was that expected for 20-
hydroxy-LTB4 and very similar to a published spectrum
with fragment ions at m/z 494, 479 [M*-15], 463 [M*-31].
The rate of formation of 20-hydroxy-LTB4 at a substrate
concentration of 75 uM was measured in three indepen-
dent incubations and found to be 1.8 nmol/min/nmol
P450. All of these experimental data led us to select CYP4
isoforms as possibly closely related to FA epoxide metabo-
lism.

Leukotoxin and isoleukotoxin metabolism by liver
microsomes from human

Kinetic studies of the Z9(10)-EpOME and Z12(13)-EpOME
hydroxylation reactions were carried out with liver mi-
crosomes from subject BR065. Across the range of sub-
strate concentrations used (10-100 pM), the metabolism
of Z9(10)-EpOME and Z12(13)-EpOME to the correspond-
ing 18-hydroxylated derivatives seemed to follow simple
Michaelis-Menten kinetics. Incubation of human liver
microsomes (BR065) in the presence of NADPH with
79(10)-EpOME and Z12(13)-EpOME generated four me-
tabolites for both substrates. As for Z9(10)-EpSTA, in the
absence of added NADPH substrates were converted to
the corresponding vicinal diol. Table 1 gives the apparent
kinetic parameters measured for the w- and (w-1)-hydrox-
ylations of Z9(10)-EpOME and Z12(13)-EpOME. The ap-
parent intrinsic clearance of liver (V,,,,/K,, ratio) for the
w-hydoxylation of Z9(10)-EpSTA was 7- and 3-fold that of
7Z9(10)-EpOME and Z12(13)-EpOME, respectively. The
ratio of w-/(w-1)-hydroxylated metabolites was very simi-
lar for Z9(10)-EpSTA and Z9(10)-EpOME (~8.2 and 6.9,
respectively) but decreased to 1.6 for Z12(13)-EpOME hy-
droxylation.

Metabolism of leukotoxin and isoleukotoxin by
recombinant P450 from human

Simple Michaelis-Menten kinetic values were observed
with recombinant CYP4F enzymes across the range of
Z9(10)-EpOME and Z12(13)-EpOME concentrations used
(10100 wM). The values derived for CYP4F were almost
of the same order of magnitude, with an apparent K,, of
46.6-163.1 pM and an apparent V,,,, in the range 0.84-
21.2 min~! (Table 4). Compared with the K, values
reported previously (41) for LTB4 w-hydroxylation by
CYP4F3A (0.68 uM) and CYP4F3B (20.6 pM), those we
measured for w-hydroxylation of C18-epoxides by CYP4F3B
were in the same range, but at least 70-fold higher than
that of CYP4F3A. Comparison of the apparent V,,,./K,
ratios for the w-hydroxylation of Z9(10)-EpOME and
Z12(13)-EpOME by CYP4F isoforms highlighted their ap-
parent catalytic efficiency and allowed us to rank them as
follows: CYP4F3A > CYP4F3B > CYP4F?2 for the w-hydrox-
ylation of C18-epoxides. Interestingly, both CYP4F3A and
CYP4F3B catalyzed the w-hydroxylation of the correspond-
ing vicinal diol [9,10- and 12,13-dihydroxyC18:1 acid (Di-
OME)] generated by microsomes from insect cells to the
corresponding trihydroxylated metabolites, in contrast to
other recombinant enzymes such as CYP4F2 (Tables III,

IV; see supplemental data). Furthermore, in additional
experiments carried out to investigate the possible in-
volvement of other human P450s in epoxide metabolism,
we observed that in addition to CYP4F forms, three other
P450 enzymes (i.e., CYP4Al1, CYP3A4, and CYP2C8) also
catalyzed Z9(10)-EpOME w-hydroxylation at substantial
rates. CYP4A1ll proved to be a potent Z9(10)-EpOME
w-hydroxylase, with a turnover rate of 1.2 nmol of 18,9
(10)-hydroxyepoxyoctadecenoic acid [18,9(10)-HEpOME]
formed per minute per nanomole of P450. On the other
hand, it catalyzed the hydroxylation reaction at much
lower rates than CYP4F3A (12.3 nmol/min/nmol P450),
CYP4F3B (8.6 nmol/min/nmol P450), and CYP4F2 (3.1
nmol/min/nmol P450). Z12(13)-EpOME was also o-hydrox-
ylated by CYP4Al1l, but at a much slower rate (0.3 nmol/
min/nmol P450) than Z9(10)-EpOME. CYP2C8 and CYP2C9
both catalyzed mainly the (w-1)-hydroxylation of Z9(10)-
EpOME, but the rate was low compared with those of
other recombinant P450s, although w-hydroxylation was
the major reaction of CYP2C9 with Z12(13)-EpOME as
substrate. The turnover rate of the reactions [0.5 min~!
for w-hydroxylation and 0.36 min~! for (w-1)-hydroxyla-
tion) remained ~16- and 5fold lower than the rates by
CYP4F3A and CYP4F3B, respectively. CYP2E1 seems not to
be involved in the hydroxylation of C18-epoxides because
no reaction product was detected after the incubation of
substrates. CYP4A11, CYP4F3A, and CYP4F2 exhibited com-
plete regiospecificity toward Z9(10)-EpOME and Z12(13)-
EpOME, catalyzing only the w-hydroxylation of leuko-
toxins.

EET and AA metabolism

We carried out additional experiments to study the me-
tabolism of EETs by human liver microsomes and the in-
volvement of recombinant CYP4F in oxidation reactions.
In the absence of radiolabeled EETs, incubations were
performed with unlabeled substrates. Metabolites were re-
solved and quantified by LC-MS (APCI™). A representa-
tive profile of LC-MS analysis of metabolites generated
from EETs by human microsomes is given in the supple-
mental data (Fig. VI). Enzyme activities were deduced
from the peak areas of metabolites by assuming that ions
had been generated with a similar intensity for the sub-
strate and metabolites (see Materials and Methods). The
chemical structures of the metabolites were confirmed by
GC-MS analysis of Me/TMS derivatives. Table II (see sup-
plemental data) lists the characteristic ions issued from
the mass fragmentation of oxidized derivatives of EETs,
and Fig. 5 presents the APCI™ mass spectra of w-hydroxyl-
ated derivatives obtained from incubation with a series of
EETs. The APCI™ mass spectra of other metabolites are
given in the supplemental data (Figs. IV, V). The mass
spectra of the four w-hydroxylated EETs all displayed sig-
nals at m/z 335 (M-H) and m/z 317 (M-H,O) as well as a
low-intensity signal at m/z 291 corresponding to the loss of
COy (M-44). Other specific ions, which resulted from
a-cleavage at both sides of the epoxide group, the cleavage
of the carbon chain at the epoxide ring [20,5(6)-HEET,
m/z 128, 220; 20,8(9)-HEET, m/z 155, 167, 179; 20,11 (12)-

Le Quéré et al. Metabolism of fatty acid epoxides 1453

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/07/20/M300463-JLR20

0.DC1.html
A B
335 100 179/155
100 220 167, 317 | |335
—~ 128N\ 127
X =~ COO
S 317 == OH
é‘ e COgH 179 304
g 50 0 50 167
§ 128 291 155 201
= / \ 304 127
2l Lol Al
Ot lhg”‘ \ h‘.ﬂ‘ L+ I H‘\“.JM..QJ[‘M_ 0 O L T Y Lm/z

0 100 150 200 250 300

50 100 150 200 250 300

33 D
100 5
— 167, T e 317|335
= OH . >
”’7\¢ 09/ 127 > 207/129 ] 304

194/ 141

Relative intensity (%) €

| J Il
50 100 150 200 250 300

m/z

50 100 150 200 250 300

Fig. 5. Mass spectra of the 20-hydroxyepoxyeicosatrienoic acids
(HEETs) generated by human liver microsomes. A: 20,5(6)-HEET;
B: 20,8(9)-HEET; C: 20,11(12)-HEET; D: 20,14(15)-HEET. These
four isomeric EETs (75 pM) were incubated with 0.3 mg of human
liver microsomes and 1 mM NADPH at 37°C for 10 min and ana-
lyzed by RP-HPLC and mass spectrometric detection as described
in Materials and Methods. The epoxide function is characterized by
three fragmentations that generate informative signals. The posi-
tion of the hydroxy function was characterized by a signal at m/z
304 [—31, loss of (OH)-CHy~] noted for the four positional enanti-
omers and informative signals corresponding to the a-cleavage be-
tween carbons of the oxirane.

HEET, m/2 127, 141, 167, 194, 209; and 20,14 (15)-HEET,
m/z 129, 207, 236), and the loss of [HO-CHo] ™~ (m/z 304,
M-31) were in agreement with the structures of 20-hydrox-
ylated EETs. The APCI™ mass spectra (Fig. V; see supple-
mental data) of DHET resulting from the hydrolysis of
epoxide by EH-like were very similar to those already de-
scribed (42) and were mainly characterized by a-cleavage
between the two carbons of the vicinal diol 5,6-DHET (m/z
115, 221), 8,9-DHET [m/z 155 (156-H), 179], 11,12-DHET
[m/z 195 (196-H)], and 14,15-DHET (m/z 101). Trihy-
droxyeicosatrienoic acid (TriHET) were also detected by
LC-MS analysis [m/z 353 (M-H) ], but as a single peak
(Fig. VI, see supplemental data). Thus, the rate of NADPH-
dependent formation of TriHET corresponded to at least
the sum of w- and (w-1)-hydroxylated DHETs (Table 6).
EETs (75 wM) were incubated with liver microsomes
(BR0O65) and recombinant CYP4F with and without
NADPH. In the absence of the electron donor, the vicinal
diols were mainly generated by human microsomes. Inhi-
bition of EH-like from insect and liver microsomes with
100-200 uM cyclohexane oxide and elaidamide was un-
successful, although these compounds inhibited the EH
from rat (43). A high level of vicinal diol formation was
measured in liver for Z14(15)-EET and Z8(9)-EET. In
the microsomes from the BRO065 subject, hydrolysis of
Z14(15)-EET was clearly favored compared with that of
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TABLE 6. Metabolism of EETs by CYP4F isoforms and human liver
microsomes (subject BR065)

Enzyme Activities

Isoform EET TriHET 20-HEET DHET
nmol/min/nmol nmol/min/mg
P450 protein
CYP4F3B 5(6)-EET 0.22 0.57 0.033
8(9)-EET 0.01 12.4 0
11(12)-EET 0.02 0.44 0
14(15)-EET 0.01 92.94 0.040
CYP4F3A 5(6)-EET 0.16 0.64 0.10
8(9)- EET 0.05 14.1 0.43
11(12)-EET 0.04 3.8 0.016
14(15)-EET 0.27 9.2 0.12
CYP4F2 5(6)-EET 0.005 0.02 0.30
8(9)- EET 0 1.0 0.055
11(12)-EET 0 0.59 0.022
14(15)-EET 0 0.61 0.20
nmol/min/mg protein
Human liver 5(6)-EET 0.51 0.008 0.94
(BR065)
8(9)-EET 0.57 0.46 4.0
11(12)-EET 0.06 1.4 0.84
14(15)-EET 0.14 0.2 10.8

Epoxyeicosatrienoic acids (EETs; 75 pM) were incubated with hu-
man recombinant CYP4F and 0.3 mg (0.68 nmol of P450 per milligram
of protein) of microsomal protein and 1 mM NADPH at 37°C. Values
shown are averages of triplicate determinations that differ for less than
10% of the means. The metabolites 20-hydroxyepoxyeicosatrienoic
acid (20-HEET), dihydroxyeicosatrienoic acid (DHET), and a mixture
of w- and (w-1)-trihydroxyeicosatrienoic acid (TriHET) were resolved
and quantified by RP-HPLC with mass spectrometric detection as de-
scribed in Materials and Methods.

Z8(9)-, Z5(6)-, and Z11(12)-EETs, in agreement with pre-
viously reported data (42). As for the oxidation of the vici-
nal diol generated by the microsomal EH-like, the best
substrate was 8,9-DHET; it produced TriHET at a rate of
0.57 nmol/min/mg protein, whereas 14,15-DHET and
11,12-DHET were converted to TriHET at lower rates of
0.14 and 0.06 nmol/min/mg protein, respectively. Thus,
more EETs were channeled into TriHETs when the con-
version to DHETs was high, although the conversion of
14,15-DHET to TriHET was reduced compared with that
of 8,9-DHET. In the presence of NADPH, Z5(6)-EET was
rapidly converted by liver microsomes to a complex mix-
ture of polar metabolites that were not completely sepa-
rated by RP-HPLC. In addition, more than 90% of Z5(6)-
EET were converted to many metabolites, although the re-
sidual substrate in the incubation mixture was ~30% for
the other three EETs (data not shown). Thus, the low rate
observed for the conversion of Z5(6)-EET to 20,5(6)-
HEET (0.01 nmol/min/mg protein) by liver microsomes
presumably results from the lack of stability of this EET in
the incubation medium, which drastically reduces its avail-
ability as a substrate. Table 6 shows that liver microsomes
displayed extensive 20-hydroxylase activity in the presence
of Z11(12)-EET (1.4 nmol/min/mg protein, 2.1 nmol/
min/nmol total P450), whereas incubation with Z8(9)-
EET and Z14(15)-EET led to the accumulation of 20-
hydroxylated metabolites at lower rates (0.46 and 0.2
nmol/min/mg protein, respectively). Concerning EET
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metabolism by recombinant CYP4F isoforms, Z8(9)-EET
was the best substrate for the three isoforms CYP4F3A,
CYP4F3B, and CYP4F2 and led mainly to 20,8(9)-HEET at
turnover rates of 14.1, 12.4, and 1.0 min™!, respectively.
CYP4F2 exhibited restricted substrate specificity: it oxi-
dized EETs, but not DHETs, in contrast to CYP4F3A and
CYP4F3B.

We next examined the identity of the recombinant cyto-
chrome P450 that generates 20-HETE in humans, because
conflicting results have been reported on the capability of
recombinant P450s to carry out AA hydroxylation (44,
45). The predominant catalyst of AA w-hydroxylation in
human tissues was initially identified as CYP4F2 (46, 47).
More recently, Christmas et al. (33) demonstrated that
CYP4F3B and CYP4F3A generate 20-HETE as their major
metabolite. Incubations of 75 WM AA with recombinant
CYP4F were performed to estimate the relative rate of
metabolite formation in the presence of NADPH. With
CYP4F3B, 20-HETE and 19-HETE were both generated at
rates of 4.4 and 0.77 nmol/min/nmol P450, respectively.
CYP4F3A catalyzed at lower rates: 2.95 and 0.19 nmol/
min/nmol P450. As for CYP4F2, only 20-HETE was de-
tected, being formed at a rate of 1.46 nmol/min/nmol
P450, in agreement with previous experimental data by
Powell et al. (47). Recombinant CYP4F3B converted AA
into o- and (w-1)-hydroxylated metabolites with a w-/(w-1)
ratio of 6:1; the ratio for CYP4F3A was ~15:1. These re-
sults are consistent with observations reported by others
and confirm that the CYP4Fs are potent catalysts of AA
w-hydroxylation.

DISCUSSION

Here, we present direct evidence for the involvement
of at least four cytochrome P450 isoforms, CYP4F2,
CYP4F3A, CYP4F3B, and CYP4All, in the w-hydroxylation
of Cl18-epoxides and EETs, whereas CYP4Fs were capable
of catalyzing the hydroxylation of the vicinal diol derived
from the hydrolysis of the oxirane ring by an EH-like en-
zyme. Our results clearly show that fatty acid epoxides and
the corresponding vicinal diol are mainly hydroxylated at
the terminal carbon position (w) in human liver (n = 16).
The subfamily CYP4F, known to inactivate the proinflam-
matory leukotriene LTB4, was found to convert fatty acid
epoxides to w-hydroxylated derivatives with an apparent
K, on the same order of magnitude as that measured for
LTB4. Furthermore, we demonstrate for the first time that
the P450 isoform mainly located in the liver (CYP4F3B) as
well as that isolated from leukocytes (CYP4F3A) were the
principal enzymes involved in these reactions. This find-
ing does not exclude the possibility that other P450 en-
zymes, such as CYP4F8, CYP4F11, and CYP4F12, may also
exhibit such activity.

These results demonstrate that another pathway besides
conversion to vicinal diol exists for fatty acid epoxide inac-
tivation. Human liver microsomes from 16 different
subjects converted Z9(10)-epoxystearic acid to 18-hydroxy-

9(10)-epoxystearic acid at rates (0.96 nmol/min/mg pro-
tein as a mean) ~4-fold higher than those measured from
10 subjects for LTB4 (0.25 nmol/min/mg protein as a
mean) by Jin et al. (40) and 2-fold higher than for the vic-
inal diol production (0.5 nmol/min/mg protein as a
mean). This represents the first characterization of an en-
zymatic pathway for leukotoxin biotransformation in hu-
man tissues. We also report that the EETs are excellent
substrates for the human CYP4F isoforms and that they
are rapidly oxidized to the corresponding 20-hydroxylated
EETs, which were shown previously to bind with high af-
finity to the PPAR class of nuclear receptors (22). It ap-
pears that the CYP4F family plays a similar functional role
as the CYP4A family in rat.

We also provide evidence for the involvement of the
recombinant P450 CYP4All in the w-hydroxylation of
LTB4. In addition, our results show that recombinant
CYP4A11 did not catalyze the hydroxylation of AA at a de-
tectable level, in accordance with reports by Kikuta et al.
(30). Moreover, CYP4All seems not to play a major role
in the microsomal hydroxylation of Cl8-epoxides. This
is supported by the lack of inhibition by lauric acid, a
substrate of CYP4All, and the complete competitive in-
hibition by LTB4, known as an endogenous substrate of
CYP4F2 and CYP4F3. More controversial is the participa-
tion of CYP4All in the w-hydroxylation of both AA and
LTB4. Indeed, CYP4Al1l was reported to catalyze the
w-hydroxylation of AA, but negligible activity was mea-
sured for the w-hydroxylation of LTB4 (47). These results
conflict with ours, which show both that CYP4A11 oxidizes
this proinflammatory mediator at the terminal carbon po-
sition and also that CYP4All is unable to generate 20-
HETE from AA at a detectable level. The complete inhibi-
tion of 7Z9(10)-EpSTA hydroxylation by LTB4 in human
liver microsomes is in agreement with the involvement of
CYP4A1l1 in LTB4 oxidation. The reasons for these dis-
crepancies are unexplained, although heterologously ex-
pressed P450 enzymes are known to differ in their ex-
pression levels and activities, depending on the isoforms.

A B
100 o9 jor 100
2 (60%) 9R, 10S
2 (86%)
S 9R, 10S
.2 50 (40%) 50
g 9s, 10R
=4 (14%)
0 ! i l . 0 A . W
00 80 160 24.0 00 80 160 240

Retention Time (min)

Fig. 6. Chiral-phase HPLC of radiolabeled 18,9(10)-HEpSTA
generated by human recombinant CYP4F2 (A) and CYP4All (B).
Metabolites were collected from the RP-HPLC column, converted
to methyl ester, and analyzed using chiral-phase HPLC as described
in Materials and Methods. Stereoisomers of 18,9(10)-HEpSTA were
generated by CYP4F2 (A) and CYP4Al1 (B).
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Furthermore, chiral analysis clearly showed an enantio-
meric excess in favor of the 9S,10R form of 18,9(10)-
HEpSTA in the liver, whereas CYP4A1l generated mainly
the 9R,10S enantiomer (Fig. 6). To tentatively determine
which CYP4F isoform from liver was the major catalyst of
Cl8-epoxides, we incubated Z9(10)-EpSTA with human
microsomes in the presence of increasing concentrations
of tocopherol. A recent report by Sontag and Parker (32)
demonstrated that CYP4F2 was the unique P450 catalyzing
the w-hydroxylation of a- and +y-tocopherol. Surprisingly,
a- and y-tocopherol (50 uM) did not inhibit the hydroxyl-
ation of Z9(10)-EpSTA in liver microsomes either from rat
(data not shown) or from eight human subjects, although
incubations of CYP4F2 with tocopherol led to w-hydroxyl-
ated derivatives (data not shown), in accordance to Son-
tag and Parker (32). These results suggest that in human
liver the major P450 isoform involved in the w-oxidation
of C18-epoxides is CYP4F3B rather than CYP4F2.

The preponderance of a CYP4F3B isoform in liver would
explain the monophasic Michaelis-Menten kinetics (data
not shown) obtained for the hydroxylation of C18-epoxides,
although we showed that at least three liver P450 isoforms
exhibit appreciable w-hydroxylase activity. Indeed, CYP4F3B
has been reported to be the major CYP4F enzyme in liver
(41), and enzyme kinetic analysis for the three recombi-
nant CYP4F isoforms were monophasic in this study. The
apparent K, and V,,,, values obtained for the w-hydroxyla-
tion of Cl8-epoxides (apparent K,, value ranging from
27.6 to 175 uM and apparent V,,,, ranging from 3.7 to 1.2
nmol/min/nmol total P450) in liver microsomes were on
the same order of magnitude as those demonstrated for
the w-hydroxylation of LTB4 (K, of 74.8 uM and V,,,, of
2.42 nmol/min/nmol P450) by human liver microsomes
(40). Interestingly, the most efficient CYP4F for the
w-hydroxylation of Cl8-epoxides was CYP4F3A, showing
apparent V,./ K, values ranging from 1.7 to 0.05 (Ta-
ble 4) and apparent K, values of 6.3, 46.6, and 61.8 pM
for Z9(10)-EpSTA, Z9(10)-EpOME, and Z12(13)-EpOME,
respectively. The differences in efficiency exhibited by
CYP4F3A and CYP4F3B for Cl8-epoxide hydroxylation
were not comparable to that reported for LTB4 hydroxyla-
tion. Indeed, the apparent V, /K, values for LTB4
w-hydroxylation were 44-fold higher for CYP4F3A than
for CYP4F3B (40), although only a 4.6-fold difference was
observed between the two isoforms for the w-hydroxyla-
tion of Z9(10)-EpSTA.

On the other hand, CYP450 metabolites such as EETs
and 20-HETE also act as second messengers for many bio-
logical processes, including cellular proliferation, apopto-
sis, inflammation, and homeostasis. Fewer data are avail-
able concerning the role of oxidized fatty acid from the
C18 family in mammals. In addition to their role in the
inflammation process as chemioattractant compounds,
large amounts of dihydroxystearic and dihydroxyoleic
acids as well as uncharacterized trihydroxyoctadecanoic
and trihydroxyoctadecenoic acids have been measured in
urine extracts from children with generalized peroxi-
somal disorders (46). From a phylogenic point of view, it
is interesting that the metabolic pathway of C18-epoxides
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resembles that already described in higher plants (39). In-
terestingly, it has been shown that certain cutin mono-
mers (i.e., 9,10,18-TriSTA), which are released from the
plant cuticle by fungal cutinases, may protect the plant
against fungal infection by inducing the plant defense
mechanisms (2). It will be of great interest to further ex-
amine the possible metabolic and functional effects of
these metabolites in mammals at the molecular and physi-
ological levels.

Our results fill a gap in our understanding of the mech-
anisms mediating inactivation of toxic and proinflamma-
tory endogenous compounds. CYP4F2 and CYP4F3, be-
cause of their abilities to metabolize both leukotoxins and
LTB4, may play important roles in modulating the inflam-
matory cell response. Their reaction generates different
octanoid products that may have potent, but yet unknown,
biological effects. It is still not clear whether the w-hydrox-
ylation of fatty acid epoxides such as leukotoxins is an ad-
ditional pathway for their biological inactivation or a
means of producing biologically active compounds, but
the recent work of Cowart et al. (22), showing the capabil-
ity of the w-hydroxy products derived from AA epoxide to
bind to PPAR« in vitro, is consistent with these molecules
being biologically active.

In summary, this study has provided further evidence
that P450s play a pivotal role in the generation of endoge-
nous, biologically active compounds by revealing that
the CYP4F gene family (at least CYP4F2, CYP4F3A, and
CYP4F3B) are the major enzymes in human liver and leu-
kocytes that convert the regioisomer EET to potent
PPARax ligands, as already demonstrated in rodents (22).
These enzymes also convert chemioattractant leukotoxins
to more polar compounds with unknown physiological
functions. Our results show the capability of microsomes
from human liver to produce epoxy-hydroxy and trihy-
droxy fatty acid derivatives. The formation of this novel
class of endogenous polyoxidized fatty acid is interesting
in the light of the catalytic potential of CYP4F isoforms
that are already known to inactivate not only the potent
proinflammatory mediator LTB4 but also prostaglandins
and lipoxins. The catalytic properties of CYP4F revealed
here should provide a firm basis for forthcoming studies
of the possible metabolic and functional effects of these
metabolites in mammals. Further investigation of the in-
duction and regulation of CYP4F in normal metabolism
and human diseases possibly involving the nuclear recep-
tor PPAR will be useful in extending our knowledge of
their physiological roles. il
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