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ABSTRACT

Leukotriene B, (LTB,) has previously been reported to be metabolized by
porcine polymorphonuclear leukocytes (PMNL) to 10,11-dihydro-LTB, and
10,11-dihydro-12-ox0-LTB, {Powell, W.S., & Gravelle, F. (1989) J. Biol. Chem. 264,
5364-5369}. The 10,11-dihydro-LTB, fraction, prepared as described abcve, was resolved
into two components by normal-phase (NP} high pressure liquid chromatography
{HPLC). These products were identified as 10,11-dihydro-LTB, and 10,11-dihydro-12-
epi-LTB, by gas-chromatography mass-spectrometry (GC-MS} and by co-chromatography
with authentic chemically synthesized compounds. In the presence of NAD*, a
microsomal 12-hydroxyeicosanoid dehydrogenase converted LTB, to 12-oxo-LTB,, which
was identified by GC-MS. This enzyme catalyzes the initial rate-limiting step in the
formation of dihydro metabolites of LTB,. 12-Oxo-LTB, was rapidly metabolized to
10, 1 1-dihydro-12-0x0-LTB, by a cytosolic 10,11-reductase in the presence of NADH or
NADPH. LTB, was not converted to any products by this fraction.

12(S)-Hydroxy-5,8,10, 14-eicosatetraenoic acid (12(S)-HETE) was metabolized
by intact porcine PMNL to 12-o0x0-5,8,14-cicosatrienoic acid, 12(R)-hydroxy-5,8,14-
eicosatrienoic acid and 12(S)-hydroxy-5,8,14-eicosatrienoic acid, which were identified
by GC-MS and nuclear magnetic resonance spectroscopy. The latter two compounds were
separated by NP-HPLC following derivatization with methoxy-
(trifluoromethyl)phenylacetic acid and were identified by co-chromatography with
authentic compounds. 12(S)-HETE was metabolized by 12-hydroxyeicosanoid
dehydrogenase, in the presence of NAD*, to 12-0xo0-ETE, identified by its
chromatographic and UV spectral properties. 13-Hydroxy-9,11-octadecadienoic acid (13-
HODE) was metabolized by porcine PMNL to 13-hydroxy-9-octadecenoic acid and 13-
oxo-9-octadecenoic acid which were identified by GC-MS. Specificity studies indicated
that the porcine PMNL 12-hydroxyeicosanoid dehydrogenase preferentially oxidizes
substrates with a 12-hydroxyl group preceded by at least two conjugated double bonds

and followed by a 2-cis-octenyl group.
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RESUME

Il a été rapporté, auparavant, que la leucotriene B, (LTB,) était métabolisée par
les leucocytes polymorphonucléaires du porc (PMNL) en 10,1!-dihydro-LTB, eten 10,11-
dihydro-12-0x0-LTB, [Powell, W.S., & Gravelle, F. (1989) J. Biol. Chem. 264, 5364-
5365]. La fraction 10,11-dihydro-LTB,, préparée tel que décrit ci-haut, a é¢ séparée cn
deux composantes par chromatographie liquide & haute pression (phase normal, NP-
HPLC). Ces produits ont été identifiés comme étant les 10,11-dihydro-LTB, et 10,11-
dihydro-12-epi-LTB, par chromatographie gazcuse et spectrographie de masse (GC-MS)
ainsi que par co-chromatographie en utilisant les produits authentiques synthétisés
chimiquement. En présence de NAD®*, une déshydrogénase 12-hydroxyeicosanoide
microsomiale a transformé LTB, en 12-ox0-LTB;, laquelle a été identifiée par GC-MS.
Cet enzyme catalyse 1'étape initiale limitant la vitesse lors de la formation des métabolites
dihydro de la LTB,. La 12-ox0-LTB, a ét¢ rapidement métabolisée en 10,11-dihydro-12-
0x0-LTB, par une 10,11-réductase cytosolique en présence de NADH ou de NADPH. La
LTB, n'a pas été convertie en aucun produit par cette fraction.

L'acide 12(S)-hydroxy-5,8,10,14-eicosatétragnoique {12(S)-HETE) a ¢é¢
métabolisé par les PMNL intactes du porc intactes en 12-ox0-5,8,10, 14-¢icosatriénoique,
en acide 12(R)-hydroxy-5,8,14-eicosatriénoique et en acide 12(S)-hydroxy-5,8,14-
eicosatriénoique, qui ont été identifiés par GC-MS et par spectroscopie de résonnance
magnétique nucléaire. Les deux dernidres composantes ont été séparées par NP-HPLC
apres réaction avec 1’acide méthoxy-(trifluorométhyl)phénylacétique et ont été identifiées
par co-chromatographie en utilisant les produits authentiques. La 12(S)-HETE a été
métabolisée par I'enzyme 12-hydroxyeicosanoide déshydrogénase, en présence de NAD?,
en 12-oxo-ETE, identifiées par ses propriétés chromatographiques et de celles du spectre
UV. L'acide 13-hydroxy-9,11-octadécadiénoique (13-HODE) a été métabolisé par les
PMNL du porc en acide 13-hydroxy-9-octadécénoique et en acide 13-ox0-9-
octadécénoique, identifiés par GC-MS. Des études de spécificité ont indiqué que la 12-



hydroxyeicosanoide déshydrogénase des PMNL du porc oxydait de préférence les substrats
contenant un groupe 12-hydroxyl précédé d’au moins deux doubles liaisons conjuguées et

suivi d'un groupe 2-cis octényl.
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Section I

INTRODUCTION



1. Metabolic pathways which produce hydroxvlated polyunsaturated fatty acids

The discovery and characterization of biologically active metabolites of
arachidonic acid, which has now spanned six decades of industrious research, has
produced many new insights into the regulation of cell function in general, as well as
the role of lipid mediators in the body.

There are several enzymes which catalyze the oxygenation of arachidonic acid.
Prostaglandin endoperoxide synthase converts arachidonic acid to an endoperoxide
intermediate which may be further metabolized by other enzymes, producing
prostaglandins, thromboxanes and prostacyclin. There are several lipoxygenase
enzymes which catalyze the addition of molecular oxygen to specific carbons of
arachidonic acid, The hydroperoxy products are often rapidly reduced to
monohydroxy compounds, but in some cases epoxy, epoxyhydroxy and trihydroxy
metabolites may also be formed. Of particular importance is an epoxy metabolite of
arachidonic acid produced by S-lipoxygenase, which may be further metabolized to
leukotrienes. Cytochrome P-450 monooxygenases also metabolize arachidonic acid to
mono-hydroxy and epoxy compounds. In general, the profile of arachidonic acid
metabolites produced by a given cell is determined by the enzymes which are present
in that cell type. It should be noted that other polyunsaturated fatty acids (PUFA’s),
such as 8,11, 14-eicosatrienoic acid and 5,8,11,14,17-eicosapentaencic acid, may also
be metabolized by some of these enzymes. The term eicosanoid has been adopted to

refer o oxygenated metabolites derived specifically from eicosapolyenoic acids.
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1.1. Cyclooxygenase pathway (prostaglandins, thromboxanes & prostacycling
1,1.1. Historical perspective

Any discussion of the historical contributions made to the field of eicosanoid
research demands a review of the first eicosanoids described and characterized which
were the prostaglandins. In 1930, Kurzrok and Lieb unknowingly provided the first
description of prostaglandin action. In their quest for a treatment of human sterility,
they observed that injection of human semen onto uterine tissue would cause either
contraction or relaxation of the uterine muscle (1). Further characterization of this
activity came from independent laboratories which investigated both the uterus and
other tissues. In 1935, Goldblatt described the pharmacological properties of human
seminal plasma (2). Seminal fluid caused an immediate fall in blood pressure when
administered intravenously into anesthetized animals. In addition to this depressor
effect, seminal fluid also stimulated contraction of both uterine and intestinal muscle
strips. At the same time, von Euler reported that an extract from human prostaie had
similar biological activities, and coined the term "prostaglandin® for the active
material (3). Early biochemical investigations characterized "proslaglandin" as a
hydroxylated unsaturated fatty acid (4). However, it was not until the early 1960°s
when the elaborate investigations of Bergstrém, Samuelsson and coworkers (5,6,7)
attributed the activity of "prostaglandin” to a family of compounds. Using the newly
developed techniques of gas-chromatography and mass-spectrometry, these researchers
determined the structures of prostaglandin (PG) E,, PGE,, PGF,,, and

PGF,, (Figure 1).
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Figure 1. Arachidonic acid metabolites produced by the cyclooxygenase pathvay

Prostaglandins are all 20-carbon carboxylic acids with a characteristic
cyclopentane ring and two aliphatic chains. Substituents of the cyclopentane ring
determines the class of prostaglandin, reflected by the letter designation, whereas the
numerical subscript indicates the number of double bonds present. The structures of
the prostaglandins immediately suggested their origin from fatty acids. This was
confirmed in 1964, when arachidonic acid was identified as the precursor for the

formation of PRE, (8,9).



1.1.2. Prostaglandin endoperoxide synthase

The cyclooxygenase pathway, which results in the formation of prostaglandins,
thromboxanes and prostacyclin has been studied extensively and is shown in Figure 1.
The first step in this pathway is catalyzed by prostaglandin endoperoxide synthase
(Figure 2), which is a microsomal heme enzyme that is ubiquitously distributed in
animal tissue (10) and which has two distinct catalytic activities (11). First,
prostaglandin endoperoxide synthase exhibits dioxygenase (cyclooxygenase) activity,
resulting in the addition of two molecules of oxygen to the fatty acid substrate (12).
A proton is first abstracted from C,; of arachidonic acid followed by addition of
molecular oxygen to C,, producing 11-peroxy-5Z,8Z,12E, 14Z-¢cicosatetraenoic acid.
The free oxygen of the C,, peroxy group is then added to C, with a concomitant shift
of the electrons in the 8,9-double bond to form a bond between C; and C,, which is
coupled to the addition of a second molecule of oxygen at C,;. In the case of
arachidonic acid, this results in the production of a bicyclic endoperoxide with a
hydroperoxy group in the 15-position termed prostaglandin G, (PGG,) (13,14).
Prostaglandin endoperoxide synthase also has peroxidase activity which reduces the
C,s hydroperoxy group of PGG, to a hydroxyl group producing prostaglandin H,
(PGH,) (14). The two catalytic activities of prostaglandin endoperoxide synthase
reside at separate but interacting sites on the protein (15). Arachidonic acid and
8,11,14-eicosatrienoic acid are equally good substrates for prostagiandin endoperoxide
synthase producing PGH, and PGH, respectively (11,16). 5,8,11,14,17-

Eicosapentaenoic acid is also metabolized by prostaglandin endoperoxide synthase to
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acid metabolism

PGHj, but the kinetics of this reaction are much slower than for arachidonic
acid (17).

Metabolism of arachidonic acid by prostaglandin endoperoxide synthase has
also been reported to produced 1I(R)-hydroperoxy—SZ,BZ,121_3,14Z—eicosatetraenoic
acid (11(R)-HPETE) and a mixture of 15(R) and 15(S)-hydroperoxy-5Z,8Z,11Z,13E-
eicosatelraenoic acids (15-HPETES) in a 15(R)/15(S) ratio of 2:1 (18). As mentioned

above, the initial step for the metabolism of arachidonic acid by prostaglandin
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endoperoxide synthase is abstraction of the C,; proton followed by addition of
molecular oxygen to C,; producing {1-peroxy-5Z,8Z,12E, l4Z-eicosatetracnoic acid.
The 11(S)-peroxy radical, which is the major isomer formed, is efficiently converted
to PGG,, whereas the 11(R) isomer is reported to accumulate and is transformed into
11(R)-HPETE. The initial abstraction of the C,y proton may also lead to addition of
molecular oxygen to C,s producing 15(RS)-HPETE. Prostaglandin endoperoxide
synthase can also catilyze the subsequent reduction of 1S(RS)-HPETE to 15(RS)-
HETE, however 11(R)-HPETE does not appear to be a substrate for this enzyme
activity (18). 11(R)-HPETE is reduced to 11(R)-HETE by human platelets, possibly

by glutathione-dependent peroxidases.

1.1.3. Thromboxanes and prostacyclin

Following the discovery and characterization of the prostaglandins, arachidonic
acid metabolism by the cyclooxygenase pathway in different cell types was examined.
In 1974, Samuelsson and coworkers investigated the metabolism of arachidonic acid
by human platelets (19). Among the recovered products, PGG,, PGH,, PGE, and
PGF,, were identified, indicating the presence of the cyclooxygenase pathway.
However, the two major metabolites produced by the cyclooxygenase pathway of
these cells were not classical prostaglandins.

The first major metabolite produced by the cyclooxygenase pathway in platelets
was identified as 8-(1-hydroxy-3-oxopropyl)-9,12L-dihydroxy-5, 10-heptadecadienoic

acid (TxB,) (19). TxB, was reported to be a stable metabolite with no significant



biological activity. Based on the structure of TxB,, a mechanism was proposed for
its formation involving an unstable oxetane-oxane intermediate (TxA,) (20). The
production of TxA, by platelets was confirmed indirectly by reacting the unstable
intermediate with alcohols (20). However, the actual structure of TxA, was not
confirmed until 1985, when various TxA, isomers were chemically synthesized and
compared to platelet-derived TxA, (21).

The bicyclic structure of TxA, is formed by a rearrangement of the oxygens of
PGH, (Figure 1). This transformation is catalyzed by thromboxane synthase, which is
a microsomal enzyme localized primarily in platelets (22). It is very unstable, having
a reported half-life of approximately 32 seconds at 37 °C (20). TxA, is a potent
stimulator of platelet aggregation and degranulation, and causes contraction of smooth
muscle (20,23). TxA, is rapidly hydrated to the chemically stable product TxB, (21},
which is metabolized by two pathways: B-oxidation, resulting in the production of
2,3,-dinor-TxB, (24) and oxidation of the C,, hydroxyl group producing 11-dehydro-
TxB, (25).

The second major platelet cyclooxygenase product was identified as 12-
hydroxy-5,8,10-heptadecatrienoic acid (HHTTE) (19). Formation of HHTYE is due to
loss of malondialdehyde from the cyclopentane ring of PGH, (26) (Figure 1) which is
also catalyzed by thromboxane synthase. TxA, and HHTYE are formed in equimolar
amounts by this enzyme (27). To date, there no major biological function has been

attributed to HHTTE.



After the discovery of TxA,, Moncada and Vane examined the ability of
vascular tissue to convert prostaglandin endoperoxides to TxA, (28). Following the
initial disappointment of finding no TxA, produced, these investigators obscrved the
production of a new compound with biological activities opposite to those ol
TxA; (28). This compound was identified as 9-deoxy-6,9a-epoxy-4 *-PGF,, (PGl,)
(Figure 1) and was given the trivial name prostacyclin (29). Prostacyclin is a potent
inhibitor of platelet aggregation (28), causes vasodilation (30) and has anti-thrombotic
properties (31). Like TxA,, prostacyclin is an unstable compound with a half-tife of
2-3 min at 37 °C (32) and is rapidly converted to the less active metabolite 6-keto-
PGF,, (29,33).

The opposing activities of platelet-derived TXA, and endothelial-derived PGl,
suggest that the cyclooxygenase pathway is important for maintaining the patency of
the vasculature. Imbalances in this antagonism are thought to explain many

thrombogenic and atherosclerotic conditions.

1.1.4. Regulation of the cyclooxygenase pathway

One of the most important observations regarding the pharmacological
regulation of prostaglandin biosynthesis was the potent inhibitory effect of aspirin and
other non-steroidal anti inflammatory drugs (NSAID) on the formation of these
substances. In 1971, a series of articles were published describing the inhibitory
effects of aspirin on prostaglandin synthesis by guinea pig lung (34), human

platelets (35) and dog spleen (36). Aspirin acts as an irreversible inhibitor of



prostaglandin endoperoxide synthase thereby inhibiting the production of
prostaglandins, thromboxanes and prostacyclin (37). NSAID were found to inhibit
the cyclooxygenase activity of prostaglandin endoperoxide synthase, but to have little
cffect on the peroxidase activity (38). As a result of this inhibition there is an
accumulation of free arachidonic acid which may then be shunted to other metabolic
pathways, including the lipoxygenase pathways described below, which are not
appreciably affected by these drugs. Aspirin and similar drugs, such as indomethacin
and ibuprofen, have been extensively studied as inhibitors of prostaglandin
endoperoxide synthase (39) and are often used in studies of the cyclooxygenase
pathway.

Acetylenic derivatives of arachidonic acid, which have triple bonds instead of
double bonds, also inhibit prostaglandin endoperoxide synthase (40). In particular,
5,8,11,14-eicosatetraynoic acid (ETYA) has been extensively used in studies of
eicosanoid metabolism. Addition of ETYA destroys the catalytic site of prostaglandin
endoperoxide synthase, resulting in a progressive and irreversible decrease in enzyme
activity (41). Unlike the NSAIDs described above, ETYA also inhibits other enzymes

involved in the metabolism of arachidonic acid, including lipoxygenases (42)
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1.2, Lipoxygenase pathways

As a result of the discovery of prostaglandins, thromboxanes and prostacyclin,
and the identification of arachidonic acid as their precursor, arachidonic acid research
swelled. This increased interest resulted in studies on the metabolism of arachidonic
acid by different tissues and cell types and led to the discovery and characterization of
mammalian lipoxygenases. Lipoxygenases in general may be defined as enzymes
which incorporate molecular oxygen into cis-polyunsaturated fatty acids producing
hydroperoxy compounds. There are three major mammalian lipoxygenases which
stereospecifically produce hydroperoxy compounds with § configurations. These

lipoxygenases may act alone, together, or with other enzymes to produce a piethora of

biologically active eicosanoids.

1.2.1, 5-Lipoxygenase pathway (leukotrienes)

5-Lipoxygenase is the initial enzyme in the pathway which results in the
conversion of arachidonic acid to leukotrienes (Figure 3). These products are potent
proinflammatory agents which are involved in allergic and inflammatory reactions.
The discovery of this pathway was a result of the combination of two separate lines of
research, namely the metabolism of arachidonic acid by polymorphonuclear

leukocytes (PMNL) and the characterization of an unknown mediator of anaphylaxis.

10



1.2.1.1. Formation of 5(S)-HETE and LTA,

In 1976, Borgeat et al. reported that arachidonic acid was metabolized by
rabbit PMNL to several polar products. The major metabolite first characterized was
5(S)-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (S(S)-HETE) (43) . The addition
of molecular oxygen at C, and the presence of a single pair of conjugated double
bonds « to the S-hydroxyl group of 5-HETE suggested the involvement of a
5-lipoxygenase. 5-Lipoxygenase would act by abstracting a hydrogen from C,; of
arachidonic acid, followed by the addition of molecular oxygen to Cs, producing 5(S)-
hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (5(S)-HPETE). 5(S)-HPETE could
then be reduced to give 5(S)-HETE (Figure 3). The subsequent identification of
5-HPETE as an intermediate in this pathway confirmed the involvement of
5-lipoxygenase (44).

In addition to 5(S)-HETE, rabbit PMNL were shown to convert arachidonic
acid to a series of dihydroxy eicosanoids which were subsequently identified as
5(S),12(R)-dihydroxy-6Z,8E, 10E, 14Z-eicosatetraenoic acid (LTB,) (45), 5(8),12(R)-
dihydroxy-6E,8E, 10E, 14Z-eicosatetraenoic acid (6-trans-LTB,), 5(S),12(S)-
dihydroxy-6E,8E, 10E, 14Z-eicosatetraenoic acid (12-epi-6-trans-LTB,), 5(S),6(R)-
dihydroxy-7E,9E,11Z, 14Z-eicosatetraenoic acid (5(S),6(R)-DiHETE) and 5(S),6(S)-
dihydroxy-7E,9E,11Z,14Z-eicosatetraenoic acid (5(S),6(S)-DiHETE) (46).
Examination of the structures of the dihydroxy eicosanoids produced by rabbit PMNL
suggested the formation of a 5,6-epoxy intermediate which would be converted to the

5,12~ or 3,6-dihydroxy eicosanoids by the addition of water to Cy, or C,, respectively.

11
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Although this intermediate evaded detection due to its innate instability, Borgeat and
Samuelsson were able to trap the intermediate through ils reaction with various
alcohols (47). Using this trapping technique, and subsequent chemical synthesis of
various steroisomers of the epoxide (48), the intermediate was identified as S(S)-
5E,6E-oxido-7E,9E, 1 1Z, 14Z-eicosatetraenoic acid (LTA,}). LTA, is produced by

dehydration of 5(S)-HPETE which is also catalyzed by 3-lipoxygenase (49).

1.2.1.2. Formation of LTB,

LTA, may be enzymatically converted to LTB, by LTA, hydrolase which is
also present in PMNL (50). LTA, hydrolase, which catalyzes the rate-limiting step
for LTB, synthesis, is a cytosolic enzyme initially purified from rat PMNL (51),
human PMNL (50) and erythrocytes (52). LTA, hydrolase has subsequently been
detected in mammalian plasma, liver and kidney (53,54,55) as well as in virtually all
tissues examined from the guinea pig (56). As well as catalyzing the conversion of
LTA, to LTB,, LTA, hydrolase may become covalently associated with LTA,
resulting in irreversible inactivation of the enzyme (52,57), a phenomenon known as
suicide inactivation. LTA, hydrolase has a strict substrate requirement, metabolizing
compounds with a 5,6-oxido-7,9-rrans-l1,14-61'5 configuration (58). LTA;, which is
formed from 5,8,11,14,17-eicosapentaenoic acid, is metabolized by LTA, hydrolase
to LTB; (59). However, metabolism of LTA; is less efficient than that of LTA,,.

LTA;, produced from 5,8,11-eicosatrienoic acid, is not a substrate for this enzyme,

13
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Both LTA; and LTA; have been reported to be irreversible inhibitors of LTA,
hydrolase (59,60).

The gene for LTA, hydrolase was cloned in 1987 from human lung and
placenta (61) and in 1989 from human spleen (62). The cDNA revealed an enzyme of
610 a1 no acids which was found to have no apparent homology with any other
known protein (61). Subsequently, Maifroy and coworkers observed the presence of
a homologous sequence of amino acids present in LTA, hydrolase (63) which was
shared with several unrelated Zn®*-metallopeptidase enzymes (64). This family of
Zn’*-metallopeptidases includes aminopeptidase M and angiotensin-converling
enzyme (63). Bestatin, which is a known inhibitor of angiotensin-converting enzyme
and other aminopeptidases, also inhibits LTA, hydrolase activity supporting a
relationship between these enzymes (65). Although these metallopeptidases do not
express any LTA, hydrolase activity, LTA, hydrolase does have aminopeptidase
activity (65), but the relevance of this observation is not yet clear. It is interesting to
note that LTA, hydrolase is localized in many tissues and cells which do not have
5-lipoxygenase activity, suggesting that this enzyme metabolizes LTA, produced by
other cells or that its aminopeptidase activity may have a role in these cells. LTA,
may also undergo non-enzymatic degradation to produce 6-rrans-L.TB,, 12-epi-6-frans-
LTB,, 5(8),6(R)-DiHETE, and 5(S),6(S)-DiHETE (66). Enzymatic formation of 5,6-
DiHETE from LTA, by mammalian kidney has also been reported (53). In general,
products derived from the non-enzymatic hydrolysis of LTA, have significantly less

biological activity than LTB, (67,68).
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1.2.1.3. Formation of peptido-leukotrienes

Unlike the 5-lipoxygenase products described above, whose structural
identification preceded characterization of biological activity, the peptido-leukotrienes
were initially detected on the basis of their biological activities. In 1938, Feldberg and
Kellaway observed that the perfusate obtained from a guinea pig lung, after injection
of cobra venom, could stimulate a delayed slow contraction of guinea pig ileum (69).
The term slow-reacting substance (SRS) was used to describe this activity. In 1940,
Kellaway and Trethewie (70) described the production of SRS following antigenic
challenge of sensitized tissue. In the aforementioned studies, SRS appeared to be
distinct from histamine, which has similar biological activities, based on the kinetics
of the induced contraction. However, it was not until 1952 and the availability of
potent antihistamine drugs, that Brocklehurst clearly distinguished SRS from histamine
and other related compounds and renamed the substance slow reacting substance of
anaphylaxis (SRS-A) (71). Interest in SRS-A heightened with the failure of
antihistamine drugs to control asthma. SRS-A, which was reported to be produced by
asthmatic human lungs in vitro (72), was found to have potent bronchoconstrictor
activity on human airways (73). SRS-A was therefore considered to be a potentially
important mediator of asthma,

Initial characterization of SRS-A revealed it to have a molecular weight of
approximately 500 daltons and to contain sulfur (74). However, the small amounts of
SRS-A available at the time and its involatile nature made mass spectral analysis

tmpossible. In 1979, Murphy et al. found that mouse mastocytoma cells produced
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large amounts of SRS-A which they were able to characterize (75). Both radiolabeled
arachidonic acid and cysteine were reported to be incorporated into SRS-A following
stimulation of mouse mastocytoma cells with calcium ionophore. To facilitate
structural analysis, SRS-A was treated with Raney nickel, which breaks carbon-sulfur
bonds and reduces carbon-carbon double bonds. The lipid moiety recovered after this
treatment was identified as 5-hydroxyeicosanoic acid by mass spectral analysis. In
order to investigate its amino acid component, SRS-A was subjected to acid
hydrolysis followed by amino acid analysis. Three amino acids were detected and

identified as cysteine, glycine and glutamic acid (76). Further sequence analysis
identified the tripeptide as y -glutamylcysteinylglycine (glutathione). This compound
was therefore identified as 5(S)-hydroxyl-6(R)(S)-glutathionyl-7E,9E,11Z,14Z-
eicosatetraenoic acid (LTC,) (Figure 3).

LTC, is further metabolized to 5(S)-hydroxy-6(R)(S)-cysteinylglycinyl-
7E,9E,11Z,14Z-¢icosatetraenoic acid (LTD,) by y-glutamyltransferase through the

enzymatic removal of the glutamy! residue from LTC, (77). In 1981, Bernstrom,
reported the metabolism of LTD, to 5(S)-hydroxy-6(R)(S)-cysteinyl-7E,9E,11Z,14Z-
eicosatetraenoic acid (LTE,) by a cysteinyl-glycinyl dipeptidase which removed the
glycine residgue (78). Readdition of a glutamic acid residue to LTE, by y-glutamyl
transpeptidase was found to produce 5(S)-hydroxy-6(R)(S)-cysteinylglutamyl-
7E,9E,11Z,14Z-eicosatetraenoic acid (LTF,) (79) (Figure 3). It is inleresting to note
that the biological effects first attributed to SRS in the earlier studies described above

were found to be due to the combined activities of LTC,, LTD, and LTE,.
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The identification of LTA, as the unstable intermediate in the formation of
LTB, corresponded in time to the first structural description of LTC,. The striking
resemblance of LTA, with that of LTC,, immediately suggested L'TA, as an
intermediate in the formation of peptido-leukotrienes. It was soon established that the
addition of glutathione to C; of LTA, by LTC, synthase, results in the formation of
LTC, (80). Therefore, the S-lipoxygenase pathway is responsible for the formation of
both LTB, and the peptido-leukotrienes. However, the preferential production of
either LTB, or LTC, by the 5-lipoxygenase pathway depends on the enzymes present
in a given cell. For example, PMNL have LTA, hydrolase, and therefore produce
LTB, from LTA,, whereas human eosinophils and basophils, which have LTC,
synthase actlivity, preduce primarily LTC, (81,82).

Following the identification of the above compounds, the term leukotriene was
introduced by Samuelsson et al. to reflect the leukocyte, where they were first
identified, and the conjugated triene chromophore which is characteristic of these
compounds (83). The presence of a conjugated triene in leukotrienes results in
characteristic UV absorption spectra with three UV maxima at approximately 260,
270, and 280 nm (LTB, and related compounds) or 270, 280, 290 nm (peptido-
leukotrienes). This characteristic UV absorbance profile often provides initial evidence
for identification of leukotrienes, and permits their detection by monitoring UV
absorbance of HPLC effluents at high wavelengths where interference from unrelated

compounds is minimized.

17



e

bad

1.2.1.4. Regulation of S-lipoxygenase

As the biological importance of the leukotrienes became increasingly evident,
studies of the 5-lipoxygenase enzyme intensified with the ultimate goal of
pharmacological regulation of the pathway. Initial studies indicated that
5-lipoxygenase was localized in the cytoplasm and showed that it required Ca>* and
ATP for full activity (84). More recently, 5-lipoxygenase has been reported to contain
iron which is essential for enzymatic activity (85). Inactivation of 5-lipoxygenase by
exposure to oxygen permits the release of this otherwise tightly bound iron. In 1988,
Rouzer et al. showed that 5-lipoxygenase must translocate from the cytosol to the cell
membrane for activity (86). Intensified research of this translocation phenomenon led
to the characterization of an 18 kDA membrane protein termed five-lipoxygenase-
activating protein (FLAP) (87) which is required for this process and which is
essential for 5-lipoxygenase activity. The cDNA of both 5-lipoxygenase (88,89) and
FLAP (90), and the characterization of their gene promoter regions have been
reported (91,92). Subsequently, a correlation has been shown between the co-
expression of 5-lipoxygenase and FLAP and leukotriene synthesis, supporting the

requirement of both proteins for enzymatic activity (93).

1.2,2. 12-Lipoxygenase pathway
1.2.2.1. Formation of 12(S)-HETE
In 1974, the first description of a mammalian lipoxygenase was reported by

Hamberg and Samuelsson who, while investigating the role of prostanoids in human
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Figure 4. 12-Lipoxygenase-catalyzed metabolism of arachidonic acid

platelets, examined the metabolites of arachidonic acid produced by these cells (19).
The first two metabolites characterized were TXB, and HHTTE which are products of
the cyclooxygenase pathway as described earlier, However, the major arachidonic
acid melabolite produced by human platelets is not a cyclooxygenase product. This
compound was identified as 12(S)-hydroxy-5Z,8Z,10E, 14Z-eicosatetraenoic acid
(12(S)-HETE) which was shown to be formed by a 12-lipoxygenase (19,94). 12-

Lipoxygenase catalyzes the removal of a hydrogen from C,, of arachidonic acid which
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is coupled to the addition of oxygen to C,,, producing 12-hydroperoxy-

5Z,8Z,10E, 14Z-eicosatetraenoic acid (12-HPETE). 12-HPETE is subsequently
reduced to 12(S)-HETE by peroxidases. The scheme of the 12-lipoxygenase pathway
is shown in Figure 4.

Unlike 5-lipoxygenase, 12-lipoxygenase is found in an active form and does not
require Ca**-mobilizing stimuli for activity (95). Since its discovery, the 12-
lipoxygenase pathway and the 12-lipoxygenase enzyme itself have been extensively
characterized. In the human, this enzyme is found primarily in the platelet with lesser
amounts in leukocytes (95). In the pig, which is the model used for this study, the
polymorphonuclear leukocyte is the main source of 12-lipoxygenase and 12(8)-HETE
is the major product of arachidonic acid metabolism in these cells (96). Different
substrate specificities of human platelet 12-lipoxygenase, which preferentially
metabolizes eicosapolyenoic acids, and porcine leukocyte 12-lipoxygenase which
metabolizes both eicosapolyenoic acids and octadecapolyenoic acids, suggested the
occurrence of two types of 12-lipoxygenase (97). A similar divergence in activily was
shown for the metabolism of LTA,. Porcine leukocyte 12-lipoxygenase catalyzes the
conversion of LTA, to lipoxins, whereas platelet 12-lipoxygenase is relatively
inactive (97). Comparison of the cDNA’s of porcine leukocyte 12-lipoxygenase (98)
and human 12-lipoxygenase cloned from erythroleukemia cells (99) confirmed
different forms of the enzyme, Interestingly, there is only 66% homology between the

two 12-lipoxygenases even though they have very similar catalytic activities (99).
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1.2.2,2, Hepoxilins

In 1978, trihydroxy eicosanoids were found to be produced from the
metabolism of arachidonic acid by platelets obtained from man, horse and dog (100).
Two trihydroxy compounds were isolated and identified as 8,9,12-trihydroxy-5,10,14-
eicosatrienoic acid and 8,11,12-tﬁhydroxy-5,9,14-eicosatrienoic acid. In a similar
study the production of trihydroxy eicosanoids by human platelets was reported to
involve the 12-lipoxygenase pathway (101). Although unconfirmed in these studies,
these trihydroxyeicosanoids were hypothesized to have arisen from the conversion of
12(S)-HPETE to hydroxy-epoxy intermediates followed by the hydrolytic opening of
the epoxy group by epoxide hydrolases (100,101). No hydroxy-epoxy compounds
were isolated in these studies.

It was not until 1982 that Pace-Asciak, using rat lung tissue deficient in epoxide
hydrolases, reported the formation of hydroxy-epoxy metabolites of arachidonic acid
which were named hepoxilins (102,103). Two hepoxilins were isolated and
characterized as 8-hydroxy-11,12-epoxy-3,9, 14-eicosatrienoic acid (HxA;) and 10-
hydroxy-11,12-epoxy-3,8, 14-eicosatrienoic acid (HxB,) (Figure 4). Further
investigations using rat pancreatic islet cells revealed 12-HPETE as an intermediate in
the formation of hepoxilins (103). As the integrity of the system for the formation of
hepoxilins from 12-HPETE was maintained after boiling these tissues, formation of
hepoxilins appears to be non-enzymatic. The subsequent report of hematin and
hemoglobin-catalyzed transformation of 12(S)-HPETE to hepoxilins supports this

finding (104).
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Hepoxilins are formed by the intramolecular transfer of the hydroxyl moicty
from the hydroperoxy group at C,, to either Cg or C,q, producing HxA; and HxB;,
respectively (103,105). Hepoxilins are metabolized to trihydroxy eicosanoids by an
epoxide hydrolase which showed some specificity for epoxyhydroxy fatty acids (106).
HxA; was also reported to be enzymatically coupled to glutathione in a manner
anélogous to the formation of peptido-leukotrienes from LTA, (107). Glutathione is
conjugated to C,; of HxA; by a glutathione-S-transferase producing a glutathione
conjugate (HxA,-C). The glutamy! residue of HxA;-C can be removed by the action

of y-glutamyltransferase producing a cysteinyl-glyciny] conjugate termed HxA;-

D (108). Further metabolism of this compound has not been reported.

1.2.3. 15-Lipoxygenase pathway

Mammalian arachidonic acid 15-lipoxygenase activity was first described in
rabbit peritoneal PMNL and human PMNL (109), and was later purified and
characterized (110). 15-Lipoxygenase abstracts a hydrogen atom from C,; of
arachidonic acid and adds molecular oxygen to C,; producing 15(S)-hydroperoxy-
5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HPETE). Other cells which are known lo
contain 15-lipoxygenase include macrophages, eosinophils, endothelial cells, vascular
smooth muscle cells, fibroblasts and epithelial cells (95). Like 12-lipoxygenase,
15-lipoxygenase is found in an active form. Although it has been reported that
15-HPETE spontaneously decomposes to 15(S)-hydroxy-5Z,8Z,11Z,13E-

eicosatetraenoic acid (15(S)-HETE), the possible role of peroxidases is not clear (95).
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A distinct 15-lipoxygenase, purified from rabbit reticulocytes (111), has been
extensively studied and the human reticulocyte 15-lipoxygenase has been cloned (112).
The reticulocyle enzyme has physical and catalytic properties which are distinct from
those of the leukocyte 15-Iipoxygena§e. Unlike the leukocyte enzyme, which
specifically oxygenates carbon 15 of arachidonic acid, the reticulocyte
15-lipoxygenase catalyzes the formation of both 15-HPETE and 12-HPETE from
arachidonic acid in a ratio of 15:1 (113). Reticulocyte 15-lipoxygenase can also
oxygenate phospholipids in biological membranes which may be related to its
functional role in the elimination of mitochondria from this cell (113,114).

Human leukocyte 15-lipoxygenase also catalyzes the oxidation of other w 6-
PUFA. Linoleic acid (9Z,11Z-octadecadienoic acid), an important dietary fatty acid
which is readily incorporated into human leukocyte cellular lipids (115), is oxidized to
13(S)-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-HPODE) by this
enzyme (116). The subsequent reduction of 13-HPODE to 13(S)-hydroxy-9Z,11E-
octadecadienoic acid (13(S)-HODE) was reported to involve a glutathione
peroxidase (116).

Soybean lipoxygenase, which was the first lipoxygenase to be
characterized (117), also metabolizes arachidonic acid and linoleic acid to 15(S)-
HPETE and 13(S)-HPODE respectively. Although distinct in structure, soybean
lipoxygenase has been extensively used as a model of lipoxygenase activity and is
often used as a biosynthetic tool to produce large quantities of 15-HPETE and 13-

HPODE.
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1.2.4, Other lipoxygenases

As mentioned earlier, lipoxygenases catalyze the addition of molecular oxygen
to a 1,4-cis,cis-pentadiene moiety of polyunsaturated fatty acids to produce
hydroperoxy compounds. It is therefore reasonable to suggest that lipoxygenases
specific for carbons 8, 9, and 11 of arachidonic acid may also exist in mammalian
cells. In 1979, Goetzl and coworkers reported the formation of 8-, 9-, and 11-HETE
as minor metabolites of arachidonic acid produced by human neutrophils (118). It
was reported that ETYA, an inhibitor of both lipoxygenase and prostaglandin
endoperoxide synthase, suppressed the formation of these HETEs. Although,
11-HETE may be produced by prostaglandin endoperoxide synthase, the formation of
8- and 9-HETE by this enzyme would not be expected. However, these monohydroxy
eicosanoids could have been formed by non-enzymatic autooxidation of arachidonic
acid (119). Formation of 8-, 9-, and 11-HETE could have been catalyzed by free
radical intermediates formed during oxidation of arachidonic acid by lipoxygenases or
prostaglandin endoperoxide synthase. This could explain the diminished production of
these compounds by neutrophils in the presence of ETYA.

More recent studies have reported the enhanced production of 8-HETE by
extracts of mouse skin treated with phorbol ester (120,121), This effect was
diminished by the addition of lipoxygenase inhibitors, but was not affected by
inhibitors of prostaglandin endoperoxide synthase, The chirality of the Cy-hydroxyl
group was examined and only the 8(S)-HETE isomer was formed (122).

Furthermore, the mechanism for the formation of 8(S)-HETE by this tissue involves a
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stereoselective absiraction of the proR hydrogen from C,, of the substrate (122).
These observations strongly support the involvement of an 8-lipoxygenase.
Historically, lipoxygenases were first isolated from non-mammalian sources.
As mentioned earlier, soybean lipoxygenase was the first lipoxygenase identified and
characterized (117). Similar lipoxygenase activity is found in peas, potatoes,
flaxseed, algae and alfalfa (123,124). Tomato homogenate contains a lipoxygenase of
different specificity which catalyzes the production of 9-HODE from linoleic
acid (125). Similarly, marine organisms have reported lipoxygenase activities. The
gorgonian coral Pseudoplexaura porosa contains a lipoxygenase which
stereospecifically converts arachidonic acid to 8(R)-HPETE (126). Eggs obtained
from sea urchins (Strongylocentrotus purpuratus) contain a lipoxygenase which
catalyzes the conversion of arachidonic acid to 11(R)-HPETE and 12(R)-
HPETE (127;. In general, these lipoxygenases are quite distinct from mammalian
lipoxygenases and therefore are of little value as models of mammalian enzymes.
However, the abundance and stereospecific nature of these enzymes makes them very

useful for preparing large quantities of a given hydroxylated fatty acid.

1.3. Cytochrome P-450 monooxygenase pathway

The microsomal cytochrome P-450 monooxygenases represent another pathway
for the metabolism of arachidonic acid. Cytochrome P-450 enzymes are heme proteins
which catalyze the oxidation of many compounds. The catalytic activity of

cytochrome P-450 involves binding and activation of oxygen followed by oxidation of
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the substrate (128). Cytochrome P-450 monooxygenases, in the presence of NADPH
and molecular oxygen, catalyze the metabolism of arachidonic acid to 1)
monohydroxyeicosatetraenoic acids (HETES), 2) w-hydroxylated metabolites of
arachidonic acid, and 3) epoxyeicosatrienoic acids (129).

Six HETEs, including 5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE, and
I5-HETE, are formed by cytochrome P-450 monooxygenases. As with lipoxygenase-
derived HETES these compounds have a hydroxyl group followed by a cis-trans
diene. However, whereas the hydroxyl groups of HETEs derived from mammalian
lipoxygenases are all in the § configuration, the cytochrome P-450 monooxygenases
show no stereoselectivity and produce both R and § hydroxyl isomers, with the
exception of 12-HETE which has predominantly the R configuration at C,, (129).

Cytochrome P-450 monooxygenase were also reported to catalyze the formation
of 16,17,18,19, and 20-hydroxyarachidonic acid (130,131,132). Although this
activity is generally considered to be catabolic, 20-hydroxy and 19-hydroxy-
arachidonic acids have been reported to have biological activities (133,134). Similar

w -hydroxylated products are formed from other long chain fatty acids.

The metabolism of arachidonic acid by cytochrome P-450 monooxygenase also
produces four regioisomeric epoxyeicosatrienoic acids (EETs); 5,6-EET, 8,9-EET,
11,12-EET and 14,15-EET (135), which are further metabolized by epoxide hydrolase
to dihydroxy eicosanoids. Unlike the hydroxylation reactions described above,
epoxidation of arachidonic acid is generally stereospecific, producing >80% (R)(S)-

EETs except for 5,6-EET which is produced as a mixture (60/4(5) of (R)(S) and
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(S)(R) isomers (129). Several biological activities have been reported for EETS,
however it is unclear if these effects are pharmacological or physiological (129).
Many of the cylochrome P-450s in liver and kidney tend to be rather non-
specific. These enzymes are thought to have a general role in the metabolism of
drugs and other xenobiotics (128). The non-specific natuie of these enzymes is an
advantage to the organism in a changing environment. Other cytochrome P-450
enzymes have specific roles in the metabolism of endogenous compounds. A prime
example regarding eicosanoids is the conversion of LTB, by a specific cytochrome P-
450 in human PMNL to 20-hydroxy-LTB, (136} which is the major route of
metabolism in these cells. Another cytochrome P-450, specific for prosiaglandins,
catalyzes the formation of 20-hydroxyprostaglandins from prostaglandins in rabbit

lung (137).

1.4. Transcellular formation of hydroxylated eicosanoids.
In the past few years, the metabolism of arachidonic acid by the combined
enzymatic activities of different lipoxygenases has been recognized as an important

route for the production of hydroxylated eicosanoids.

*.4.1. Formation of lipoxins
One of the most recent examples of transcellular matabolism of eicosanoids is
the formation of triliydroxytetraene compounds termed lipoxins (lipoxygenase

interaction products) (138,139). The two major lipoxins identified are
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5(8),6(R),15(8)-trihydroxy-7,9, 13-rrans-11-cis-eicosatetraenoic acid (LXA,) and
5(8),14(R),15(S)-trihydroxy-6, 10,12-rrans-8-cis-eicosatetracnoic acid (LXB,). Scveral
naturally occurring isomers of these products have also been identified including 6(S)-
11-rrans-LXA,, 11-trans-LXA,, 6(S)-LXA,, 14(8)-8-trans-LXB, and 8-rrans-1.XB,.
All of the lipoxins identified have a characteristic conjugated tetraene chromophore
resulting in a distinctive UV absorbance spectrum with maxima at 287, 301, and 316
nm.

There are two general pathways for the formation of lipoxins: the epoxide
(anaerobic) pathway, and the lipoxygenase (aerobic) pathway (140). Both pathways
involve the initial metabolism of 15-HETE or 15-HPETE by 5-lipoxygenase to
produce 5-hydroperoxy-15-hydro(pero)xy-eicosatetraenoic acid (15-H(P)ETE)

(Figure 5). In the epoxide pathway, 5,15-DiHPETE undergoes a dehydration step
catalyzed by either 5-lipoxygenase or 12-lipoxygenase generaling the tetracne epoxides
15-hydroxy-5(6)-epoxy-7,%,11,13-ETE and 5-hydroxy-14(15)-epoxy-6,8,10,12-ETE
respectively (141). This step is analogous to the formation of LTA, from 5-HPETE
by S-lipoxygenase as described earlier. The epoxide intermediates could then be
converted enzymatically to LXA, or LXB,. The formation of the isomers of LXA,
and LXB, may result from the non-enzymatic hydrolysis of the epoxyletraene
intermediates in a manner analogous to the formation of 6-rrans-LTB, and 12-epi-6-
trans-LTB, from LTA,, or they may result from the isomerization of LXA, and

LXB,.
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Figure 5. Scheme for the formarion of lipoxins

The aerobic lipoxygenase pathway for the formation of lipoxins also has

5,15-DiH(P)ETE as an intermediate. In this pathway, a third oxygen is added by a

lipoxygenase reaction. Both 12-lipoxygenase and 15-lipoxygenase (soybean

lipoxygenase) can abstract a hydrogen from the 10-position of 5,15-DiH(P)ETE and

oxygenate either C,; or C, of 5,15-DiH(P)ETE producing 5(S),14(R),15(S)-

trihydroparoxy-ETE and 5(S),6(R),15(8)-trihydroperoxy-ETE. Upon reduction of the

hydroperoxy groups to hydroxyl groups, 5(S),6(R),15(8)-11-cis-LXA, and
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5(8),14(R),15(S)-8-cis-LXB, are produced respectively (140). Recently, 12-
lipoxygenase has also been shown to oxygenate C,s of LTA,, which results in the

production of LXA,, LXB, and the trans isomers of these compounds (142).

1.4.2. Formation of other dihydroxycicosanoids

There are several other reports of transcellular metabolism involving
oxygenation by two different lipoxygenases to produce DiHETES. Platelet-derived 12-
HETE can be metabolized by activated S-lipoxygenase of human neutrophils to
produce 5(8),12(S)-dihydroxy-6E,8Z, 10E, 14Z-eicosaletraenoic acid (12-epi-8-cis-6-
trans-1.TB,). Similarly, neutrophil-derived 5(S)-HETE can be metabolized by platelet
12-lipoxygenase to form the same product (143,144,145). Human platelets and
porcine leukocytes metabolize arachidonic acid to a mixture of 8,15 and
14,15-DiHETES as a result of the metabolism of 15-HETE by 12-lipoxygenase (146).
Cells which have both 5 and 15-lipoxygenases, such as PMNL, convert arachidonic

acid to 5,15-DIiHETE by the sequential action of these enzymes (147),

1.4,3. Metabolism of LTA,

Transcellular metabolism of LTA, to other leukotrienes has also been reported.
This phenomenon allows for the production of leukotrienes by cells which do not have
S-lipoxygenase. For example, both human platelets and porcine aortic endothelial
cells have LTC, synthase. Paradoxically, neither of these cell types have

5-lipoxygenase and are therefore unable to produce LTA, from arachidonic acid.
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However, it has been reported that human platelets and porcine aortic endothelial cells
are able to metabolize neutrophil-derived LTA, to LTC, (148,149). For both of these
cell types, the production of LTC, is of a magnitude to suggest a physiological
relevance (150). Vascular smooth muscle cells (151) and mast cells (152) have also
been reported to be able to convert exogenous LTA, to LTC,.

Erythrocytes, which also lack the ability to produce LTA,, have been reported
to contain LTA, hydrolase and to convert exogenous LTA, to LTB, {153).
Furthermore, it was found that upon co-incubation of stimulated PMNL with
erythrocytes in the presence of arachidonic acid, that the erythrocytes metabolized

PMNL-derived LTA, to LTB,.

1.5, F.egulation of cellular free arachidonic acid

Of the many eicosanoids described above, none are preformed and stored
within the cell. On the contrary, following a stimulus, eicosanoids are synthesized
from non-esterified arachidonic acid and then released. In the cell, the majority of
arachidonic acid is not free, but is found esterified in cholesterol esters, triglycerides
and phospholipids. Early investigations by Flower and Blackwell reported the
incorporation of MC-labeled arachidonic acid into the sn-2 position of
phosphatidylcholine by slices of guinea pig spleen (154). Subsequent stimulation of
this tissue produced 'C-labeled prostaglandins. This study was followed by several

other investigations which showed that phospholipids, in particular
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phosphatidylcholine and phosphatidylethanolamine, are the major sources of

arachidonic acid for the formation of eicosanoids (155,156).

1.5.1. Phospholipase A,

Release of arachidonic acid from the sn-2 position of phospholipids is catalyzed
by a subset of phospholipases termed phospholipases A, (PLA;), and this action
represents the rate-limiting step in the formation of arachidonic acid metabolites.
Agents which stimulate the production of prostaglandins, thromboxanes, leukotrienes,
etc, are generally thought to do so by modulating PLA, activity. The action of PLA,
also results in the formation of lysophospholipids, including lyso-platelet activating
factor, which is the precursor for the formation of platelet activating factor, a potent
inflammatory mediator.

PLA, activity was first reported in 1903 in cobra venom (157) and was
subsequently found in the poisons of other snakes, as well as bees, wasps, and
scorpions (158). Pancreas is also a major source of PLA, enzymes. More than 40
different PLA, enzymes have been characterized from snake venoms and
pancreas (159,160,161). Recently, Davidson and Dennis have accumulated all of the
available data on these PLA, enzymes for comparison (162). In general, these PLA,
enzymes are approximately 14 kDa in size with multiple cysteines which exist as
disulfide pairs. These enzymes are all considefed to be secreted and require Ca* for

activity. Although these enzymes specifically cleave the fatty acid from the sn-2
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position of phospholipids, no specific preference for arachidonyl-containing
phospholipids was seen.

More recently, research in this area has focused on PLA, enzymes which favor
hydrolysis of phospholipids containing arachidonic acid (163,164,165). One of these
PLA, enzymes, isolated from a monocytic cell line, has a molecular weight of
110 kDa and cleaves phospholipids with arachidonic acid in the sn-2 position 3-30
fold more rapidly than other related polyunsaturated fatty acids (163). This enzyme is
located in the cytosolic fraction of these cells and is referred to as cPLA,
distinguishing it from the secretory PLA, enzymes (SPLA,) described earlier,
Elevations in intracellular Ca?* concentrations, from levels found in the resting cell to
levels found in activated macrophages, resulted in a significant increase in the activity
of this cPLA, (163). Furthermore, these rises in calcium stimulates the translocation
of this cPLA, to membrane vesicles (166). This enzyme was recently cloned and the
deduced amino acid sequence showed no homology with sPLA, (166). Similar cPLA,
with molecular weights of 100 kDa have been reported in rat kidney (167) and human
monoblast U937 cells (168). Because of the specificity of these enzymes for
arachidonyl-containing phospholipids, cPLA, enyzmes may play an important role in

the regulation of the production of eicosanoids in the cell.

1.5.2. Regulation of phospholipase A, activity
As a regulator of the availability of non-esterified arachidonic acid, and

therefore the production of arachidonic acid metabolites, PLA, is an attractive site for
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pharmacological intervention and as such has received a great deal of attention in
recent years. Most of that research has focused on endogenous inhibitors and
stimulators of PLA, activity.

Studies of sPLA, activity in bee venom, revealed the presence of a sPLA,
stimulatory peptide which was subsequently identified as melittin (169). Melittin had
previously been shown to stimulate sPLA, activity (170) and has been reported to
increase eicosanoid synthesis in various types of cells (170,171,172). Mammalian
cells were later found to have a similar cellular protein, antigenically related to
m_elittin, which was termed phospholipase-activating protein (PLAP) (173). PLAP is
a 28 kDa protein which has recently been cloned by Clark and coworkers from the
murine smooth muscle cell line BC3H (173). With the genetic information available,
this group showed a correlation between LTD,-stimulated eicosanoid production and
PLAP synthesis by the endothelial cell line CPAE (174). Furthermore, addition of
antisense DNA to these cells prevented the increase in arachidonic acid release and
eicosanoid formation stimulated by LTD,, supporting the proposed importance of this
compound in the regulation of sPLA, activity (174).

Inhibitors of PLA, have also been reported. Glucocorticoids, such as cortisol
and dexamethasone, have been reported to stimulate the production of PLA,-inhibitory
proteins. Depending on the tissue of origin, these proteins were initially referred to
as macrocortin (175), lipomodulin (176} and renocortin (177). However, in 1984, the
term lipocortin was proposed for these substances {178). Lipocortins were also

isolated by other groups based on their Ca?* and actin binding properties, and were
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referred to as calpactins (179). There are at least eight different lipocortins which
have been identified (180). Lipocortin activity is thought to be regulated by
phosphorylation (181). Tt has been suggested that activation of a cell stimulates the
phosphorylation of lipocortins thereby decreasing the inhibitory effects of these
proteins on PLA,. PLA, activity then increases resulting in enhanced release of
arachidonic acid.

The importance of lipocortins as regulators of PLA, activity is not clear, In
1987, Davidson and coworkers provided evidence that lipocortins bind to
phospholipids (182). They suggested that the inhibition of PLA, by lipocortins was
due to a depletion of phospholipid substrate for the enzyme rather than direct
interaction with the enzyme itself. Furthermore, there have been several reports of
glucocorticoid-mediated inhibition of eicosanoid production and PLA, activity which

does not involve lipocortin (183,184,185).

1.5.3. Other mechanisms for the release of esterified arachidonic acid
PLA,-mediated phospholipid hydrolysis is not the only mechanism available in
the cell which can liberate esterified arachidonic acid. Arachidonic acid may also be
released from phosphatidylinositol by the combined actions of a phosphatidylinositol-
specific phospholipase C and diglyceride lipase (186). As about 80% of
phosphatidylinositol molecules contain arachidonic acid esterified at the sn-2 position,
this may represent an important source of the fatty acid. Arachidonic acid is also

hypothesized to be released by the combined actions of phospholipase A, and a
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lysophospholipase (187). And finally, arachidonic acid may be released by the
sequential actions of phospholipase C, diacylglycerol kinase, and a phosphatidic acid-

specific phospholipase A, (188).

2. Biological activities of hydroxylated PUFA’s

2.1, 5-Lipoxygenase products
2.1.1. LTB,

The human neutrophil is a major site of LTB, synthesis and metabolism, and is
also the major target for LTB, action, LTB, promotes the accumulation of leukocytes
during inflammation by several mechanisms. LTB; is a potent chemotactic agent for
neutrophils with optimal activity seen at nanomolar concentrations (189,190).
Movement of neutrophils to inflammatory sites is further enhanced by LTB,-
stimulated adhesion of these cells to the vascular endothelium, which is followed by
migration through the endothelial cell layer (191). LTB; also enhances the
inflammatory response by stimulating aggregation (192) and degranulation of
leukocytes (193) as well as enhancing superoxide generation (194).

LTB; is thought to act on PMNL through LTB, receptors coupled to a GTP-
dependent regulatory protein (195). There are two classes of LTB, receptors on
PMNL, high affinity and low affinity (196). Occupancy of the high affinity receptors

is believed to mediate an increase in cytosolic Ca?* and a chemotactic response.
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Occupancy of the low affinity receptor appears to result in stimulation of the release
of lysosomal enzymes associated with degranulation (195).

The effects of LTB, on human ncutrophils are quite stereospecific, since closely
related stereoisomers have markedly lower potencies. 6-Trans-LTB, and 12-epi-6-
rrans-LTB,, produced by the non-enzymatic degradation of LTA,, have similar
biological effects on human neutrophils as LTB,, but with significantly lower
potency (197,198). The order of potency for these activities is LTB, >
6-rrans-LTB, > 12-epi-trans-LTB,, which is consistent with the relative affinities of
these compounds for the LTB, high affinity receptors (199). This suggests that 6-
rrans-LTB, and 12-epi-6-trans-LTB, exert their effects on neutrophils by acting on the
L.TB, receptor with less efficiency than LTB,.

LTB, also modulates the immune response through actions on T and B
lymphocytes. LTB, enhances the proliferation of suppressor-cytotoxic T-lymphocytes
and inhibits the proliferation of helper-T-lymphocytes (200). It has been suggested
that LTB, acts indirectly by stimulating monocytes to produce prostaglandins and
cytokines, which in turn leads to the production of interleukin-1 (201,202,203). LTB,
has also been reported to augment natural killer (NK) cell activity (204,205).
I-fowever, this aspect of LTB, activity has been questioned by reports from other
groups who failed to show a direct effect of LTB, on NK cell activity (206). Several
B-lymphocytic functions including B-cell activation, IgG and IgM synthesis, and
cellular feplication are also enhanced by LTB, (207), due to an augmentation of the

effects of IL-4 and IL-2 on these cells.
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2.1.2. Peptido-leukotriencs

As mentioned earlier, peptido-leukotrienes were initially isolated during
antigenic challenge of sensitized lung, suggesting a role for these compounds in
allergic diseases. The observed in vivo formation of peptido-leukotrienes following
allergen challenge of allergic patients provided strong evidence for this concept (208).

The major sites of peptido-leukotriene action are the airways where they are
thought to act as mediators of allergic asthma (209). LTC,, and LTD, stimulate
contraction of the smooth muscle of bronchi (73) and smaller airways of parenchymal
tissue (210). Aerosolized LTC, and LTD,, inhaled by normal subjects, are 1000 fold
more potent than histamine in compromising airway function (74,211,212). Although
the bronchoconstrictor effects of LTE; are less than those of LTC, and LTD,, they
are reported to be longer-lasting. The mechanism of action of peplide-leukotrienes
appears to be species specific. Sensitized guinea pig lung, which is often used as a
model of asthma, constricts in response to LTC, and LTD,, partially due to the
generation of TxA, (213). On the other hand, peptido-leukotrienes appear to act
principally by a direct effect on human lung tissue (214).

Peptido-leukotrienes also have effects on microvascular tone and permeability.
LTC, and LTD, are potent vasoconstrictors and have been implicated in the
vasoconstriction associated with neonatal pulmonary hypertension (208). There are
also some reports of vasodilatory activities of these compounds. LTC, and LTD,
increase microvascular permeability due to a direct effect on endothelial cells and are

thought to be involved in the enhanced vasopermeability associated with adult
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respiratory distress syndrome (208). Other inflammatory diseases which are thought to
involve peptido-leukotrienes include psoriasis, rheumatoid arthritis, gout, and
inflammatory bowel disease (208,215).

There is strong evidence for the existence of receptors for peptido-
leukotrienes (216). Initial studies comparing the activities of peptido-leukotrienes
with synthetically-prepared isomers suggested that their biological effects were
receptor-mediated. Subsequent studies utilized synthetic antagonists of peptido-
leukotrienes and to date these receptors are defined by their interactions with these
inhibitors. Using these techniques, human airway tissue was found to have a receptor
which interacts equally well with LTC,, LTD, and LTE, (217,218). Guinea pig
trachea, which has been extensively studied, has three known receptors, including one
LTC, receptor (219,220) and two LTD, receptors (221). The latter LTD, receptors
are distinguishable because they interact differently with the various inhibitors (216).
Further characterization of peptido-leukotriene receptors will require the isolation and

characterization of the proteins themselves.

2.2. 12-Lipoxygenase products
2.2.1, 12-HPETE

12-HPETE, which is primarily produced by human platelets, has been reported
to inhibit platelet aggregation (222,223). This is partly due to a reduction in TxA,
production due to inhibition of prostaglandin endoperoxide synthase. However, direct

effects of 12-HPETE on human platelets have also been implicated. 12-HPETE has

t
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been reported to inhibit aggregation of aspirin-treated human platelets (224). This
anti-aggregatory effect may in part be due to the reported inhibitory effect of 12-
HPETE on intracellular Ca?* mobilization, which is known to accompany platelet
activation (224). 12-HPETE has also been reporied lo stimulate its own production
by increasing platelet 12-lipoxygenase activity {225).

The effects of 12-HPETE on other cells has also been investigated. 12-HPETE
has been reported to inhibit prostacyclin synthase present in porcine and bovine aortic
microsomes (226,227). Decreased production of PGI, would be expected to have a
thrombogenic effect, but it is unclear if sufficient levels of 12-HPETE are produced in
vivo to generate a response in the vascular endothelium (227). 12-HPETE has also
been reported to be chemotactic for PMNL (228). This chemotactic effect is greater
than that seen for 12(S)-HETE, but is significantly less than the chemotactic effects of
LTB,. 12-HPETE has been reported to inhibit renin release from rat kidney (229)
and has been implicated as the mediator for the inhibition of renin release by
angiotensin II (230), 12(S)-HETE also mediates this effect, but higher concentrations
are required. 12-HPETE has also been reported to promote insulin release (231), but
this effect may be the result of the subsequent conversion of 12-HPETE to hepoxilins

as discussed below (section 1.2.2.3).

2.2.2, 12-HETE

Although studies on the biological activity of 12(S)-HETE have not revealed a

single major physiological role, this eicosanoid has been shown to have
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proinflammaltory effects including chemotactic and chemokinetic actions on
neutrophils and eosinophils (232). Administration o 12(S)-HETE to human skin
in vivo results in neutrophilic infiltration (233). However, it should be noted that
12(S)-HETE is 1000 fold less potent as a chemotactic agent than LTB, (192). 12(S)-
HETE, which is a major lipoxygenase product of inacrophage-derived foam cells, is
also a polent chemotactic agent for smooth muscle cells (234) suggesting a possible
role in atherosclerosis.

Prolonged exposure of bovine aortic endothelial cells to 12(S)-HETE inhibits
cyclooxygenase aclivity thereby significantly decreasing production of
prostacyclin (235). As prostacyclin has potent antithrombotic and vasodilatory
properties, inhibition of its production could exacerbate conditions of thrombogenesis
and atherosclerosis. The effect of 12(S)-HETE on PGI, production may have more
significance than the inhibitory effect of 12-HPETE described above
(section 1.2,2.1.), because of the large amounts of 12(S)-HETE which can be
produced by platelets and macrophage-derived foam cells. Recently, 12(S)-HETE,
whose production by human leukocytes is increased by heat shock treatment, has been
reported lo induce the formation of heat shock proteins by human leukocytes (236),
however the relevance of this observation is not yet clear.

As discussed above, a cytochrome P-450 monooxygenase converts arachidonic
acid stereospecifically 10 12(R)-HETE. The inversion of the stereochemistry of the C,,
hydroxyl group of 12-HETE from the § to the R configuration has significant effects

on biological activity. In general, 12(R)-HETE is a more potent chemotactic and
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chemokinetic agent on human peripheral PMNL than 12(S)-HETE (237), presumably
because it interacts more strongly with the high affinity receptor for LTB,. 12(R)-
HETE is also chemotactic for lymphocytes, whereas 12(S)-HETE has negligible
activity (238). It should be noted that even though 12(R)-HETE is a more potent
chemotactic agent than 12(S)-HETE, it is still less potent than LTB, (239). In rat
cornea, the opposite relationship was observed, since 12(S)-HETE was reported to be
more potent in promoting neutrophil infiltration into this tissue than 12(R)-

HETE (240). A recent study showed that 12(R)-HETE, but not 12(S)-HETE, inhibits

Na*,K*-ATPase in bovine cornea (241).

2.2.3. Hepoxilins

In the short time since the first description of hepoxilins, several biological
activities have been reported for these hydroxy-epoxy compounds. Both HxA; and
HxB;, which are formed by rat pancreatic islets, act on the islets to enhance glucose-
dependent insulin release (103). It hac previously been reported that 12(S)-HPETE
has a similar effect on islets, which may actually be mediated by its subsequent
conversion to hepoxilins. HxA;-C, which is produced by the conjugation of
glutathione to HxAj;, has been reported to be present in ral hippocampus and to have
potent hyperpolarizing effects on hippocampal neurons, suggesting a neuromodulatory
role for this compound (242).

Hepoxilins also have effects on human neutrophils. HxAj; stimulates

phospholipase C and phospholipase A, in human neutrophils resulting in the
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production of diacylglycerol and liberation of arachidonic acid respectively (243).
Both of these effects appear to be receptor-mediated and are thought to involve a G-
protein. HxA; also stimulates a rise in intracellular Ca*? in these cells by stimulating

both a release of intracellular Ca*? and an influx of extracellular Ca*? (244).

2.3. 15-Lipoxygenase metabolites
2.3.1. 15-HPETE

As was described for 12-HPETE above (section 1.2.2.1.), the major biological
effect of 15-HPETE is the regulation of arachidonic acid metabolism. 15-HPETE
inhibits both 5-lipoxygenase (IC5;= 0.95 uM) (245) and 12-lipoxygenase
(ICso= 2.5 uM) (246). 15-HPETE also suppresses PGI, and TxA, formation by
inhibiting PGI, synthase (226,247) and platelet prostaglandin endoperoxide
synthase (246), respectively. Interestingly, 15-HPETE has a paradoxical effect on the
release of arachidonic acid from phospholipids. At concentrations which inhibit 12-
lipoxygenase and prostaglandin endoperoxide synthase, 15-HPETE (10 uM) stimulates
the accumulation of free arachidonic acid in collagen-stimulated human platelets which
were pretreated with a dual inhibitor of prostaglandin endoperoxide synthase and
lipoxygenase (BW755C) (248). At higher concentrations, 15-HPETE (50 uM) has an
inhibitory effect on arachidonic acid release.

Although, 15-HPETE does have inherent biological activities, its most
important function may lie in its subsequent conversion to lipoxins. As was discussed

in section 1.1.4.1., 15-HPETE may be converted to LXA,, LXB, and their various
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isomers, by several pathways. Lipoxins have various potent biological effects which

are discussed in more detail in section 1.2.3.4..

2.3.2, 15-HETE

Although 15-HETE does not appear to have any dircct proinflammatory
activity, it may have an important role in regulating LTB,-mediated inflammation.
I5-HETE has been reported to inhibit 5-lipoxygenase (IC;= 6 uM) in human
neutrophils, resulting in decreased production of LTB, (249,250). In addition to
inhibiting LTB, production, 15-HETE also inhibits LTB,-induced chemotaxis of
human neutrophils with a maximal effect seen at a concentration of 10 M (251).
The high concentrations of 15-HETE required to obtain these results brings into
question the relevance of these observations. However, under certain severe
inflammatory conditions, such as psoriasis, local concentrations of 15-HETE of up to
4 x 10® M have been reporied (252). Furthermore, administration of 15-HETE to
experimental psoriatic lesions resulted in significant improvements lo the affected
areas (253). Carrageenan-induced arthritis, which is associated with enhanced
production of LTB,, has alsc been reported to show improvement following treatment
with 15-HETE (254). 15-HETE has also been reported to stimulate its own formation
by inhibiting 5-lipoxygenase in human PMNL (255). It appears that a 5-lipoxygenase
product may inhibit 15-lipoxygenase, therefore inhibition of 5-lipoxygenase results in

increased 15-lipoxygenase activity.
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15-HETE has been reported to inhibit platelet 12-lipoxygenase (ICso= 8.2 uM)
but has very little effect on platelet prostaglandin endoperoxide synthase
(ICs,= 135 uM) (256). 15-HPETE is three fold more potent than 15-HETE as a 12-
lipoxygenase inhibitor, however 15-HPETE inhibits both platelet 12-lipoxygenase and
prostaglandin endoperoxide synthase. Therefore, 15-HETE is a specitic inhibitor of
platelet 12-lipoxygenase and has been used to investigate the role of 12-lipoxygenase
metabolites in platelet function (256).

As early as 1978, 15-HETE, which is the major arachidonic acid metabolite
found in human airways, was recognized as a possible mediator of asthmatic
responses (257). Following allergen challenge, 15-HETE production is enhanced in
patients with atopic asthma (72). Furthermore, administration of aerosolized 15(S)-
HETE to human subjects with mild atopic asthma results in augmentation of the early
asthmatic response (258). 15-HETE has no inherent bronchoconstrictor activity (259)
and, ia general, suppresses the formation of peptido-leukotrienes by the
5-lipoxygenase pathway. However, more recently, 15-HETE has been reported to
enhance S-lipoxygenase activity in a mast/basophil cell line (260). As a role for mast
cells has been implicated in the generation of the early asthmatic response, the
stimulatory effect of 15(S)-HETE on the 5-lipoxygenase of mast cells may mediate the
enhanced early response observed.

Reticulocyte 15-lipoxygenase activity has bzen suggested to be involved in the
degradation of reticulocyte mitochondria, an event associated with the maturation of

erythrocytes (114). This enzyme oxygenates esterified polyenoic fatty acids within the
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lipid bilayer of the organelle. This action may destabilize the membrane, thercby

increasing susceptibility to proteolytic degradation (114).

2.3.3. 13-HPETE and 13-HODE

Metabolism of linoleic acid by 15-lipoxygenase produces 13-HPODE, which is
subsequently reduced to 13-HODE. One of the most interesting activities attributed to
13-HODE is its property as a vascular chemorepellant. 1--HODE, which is produced
by vascular endothelial cells in significant amounts under basal conditions, was found
to be a thromboresistant factor thereby reducing the adhesion of platelets to
endothelial cells (261). The thromboresistant activity of 13-HODE may in part be
attributed to its inhibitory effect on the production of the thrombogenic eicosanoid,
TxA,, by platelets (262). 13-HODE has also been reported to stimulale endothelial
cells to produce prostacyclin, which has potent vasodilatory and anti-thrombotic
properties (263). However, the chemorepellant effect of 13-HODE has been shown lo

be independent of prostacyclin production.

2.3.4. Lipoxins
The identification of lipoxins was first reported in 1984, However, in the short
intervening time several biological activities have been attributed to these compounds.
Stimulated neutrophils, which contains both 5-lipoxygenase and
15-lipoxygenase, produce lipoxins and therefore the effects of lipoxins on these cells

have been examined. LXA, has been reported to stimulate superoxide anion

46



generation by neutrophils, however neither LXA, nor LXB, stimulate neutrophil
aggregation or degranulation (138,139). I. XA, has been reported to stimulate the
formation of prostanoids by human leukocytes (264) and to inhibit the production of
LTB, by these cells (265). In nanomolar concentrations, LXA, is chemotactic for
neutrophils, however, since pretreatment of these cells with LXA, does not interfere
with the chemotactic response to LTB,, it would appear that the effects of these two
compounds are mediated by different mechanisms (266).

A role for lipoxins in lung disease has also been suggested. LXA, has been
reported to stimulate the contraction of lung parenchymal strips obtained from various
species including human tissue (267,268,269). Furthermore, addition of LXA, to
guinea pig bronchial tissue results in stimulation of capsaicin-sensitive sensory
neurons which are involved in the bronchomotor response in this tissue {270).
Finally, broncho alveolar lavage fluid, obtained from patients with lung disease, has
been reporied to contain LXA,, whereas no lipoxins were found in fluid obtained
from normal healthy volunteers (271).

Many other activities have been attributed to lipoxins. Both LXA, and LXB,
are reported to inhibit the cytotoxicity of natural killer cells (272). LXA, has also
been reported to be a more potent activator of protein kinase C than either DAG or
arachidonic acid (273), suggesting a role for lipoxins in the modulation of intracellular
signals. LXA, also has various reported effects on the kidney, including induced

glomerular hyperperfusion, hypertension and hyperfiltration (274).
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There is an increasing amount of evidence which suggests that LXA, may
attenuate some of the actions of peptido-leukotrienes by interacting with peptido-
leukotriene receptors. LTD, has been reported to reduce the glomerular filtration rate
of rat kidney by stimulating contraction of mesangial cells through interactions with
specific receptors. LXA, has been reported to be a competetive inhibitor of this
receptor, thereby attenuating the LTD;,-induced mesangial ceil contraction (275).
Isomers of LXA; were not active in this assay suggesting that the S,R orientation of
the Cs and C4 polar groups is important for interaction with the peptido-leukotriene
receptor. LTD,-treated mesangial cells, co-incubated with neutrophils, were reported
to show enhanced neutrophil-mesangial cell adhesion. Although LXA, was not
reported to stimulate adhesion, preincubation of mesangial cells with LXA, attenuated
LTD,-induced neutrophil adhesion to mesangial cells (276). As well as acting as a
peptido-leukotriene antagonist, some of the biological activities attributed to LXA,
may be mediated by peptido-leukotriene receptors. LXA, has been reported 1o
stimulate contraction of guinea pig lung strips (277). Pre-treatment of the tissue with
peptido-leukotriene antagonists (FPL 55712, L-648,05, LY 17 1883) blocked
contractions induced by either LXA, or LTC,. Furthermore, preincubation of this
tissue with a high concentration of LXA, decreased reactivity to LTC,, also

suggesting that LXA, and LTC, share the same receptor in guinea pig lung (277).
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3. Metabolism of hydroxylated PUFA’s

It is evident that hydroxylated PUFA's in general have a wide range of
biological effects that must be regulated. One of the most obvious forms of regulation

is through the conversion of these compounds to less active metabolites.

3.1. Omega-oxidation

The omega oxidation pathway for the metabolism of LTB, and 12-HETE is
localized primarily in PMNL in humans and results in oxidation of the omega end of
these substances. This is the major pathway for the metabolism of LTB, by both
unstimulated and activated human PMNL. Omega oxidation of LTB, in these cel's is
initiated by ils conversion to 20-hydroxy-LTB, by LTB, 20-hydroxylase (cytochrome
P-450, 4yy) which is found in the microsomal fraction of PMNL and requires NADPH
for activity (278,136). 20-Hydroxy-LTB; is further metabolized to 20-0xo-LTB, by
the same enzyme (279). Conversion of 20-0xo-LTB, to 20-carboxy-LTB,, which is
the last step in this pathway, is catalyzed by two distinct enzymes (280). The first
enzyme is an NAD*-dependent aldehyde dehydrogenase, whereas the second enzyme
is an NADPH-dependent cytochrome P-450, indistinguishable from cytochrome P-
450y, 12-HETE, produced by human platelets, can be transcellularly metabolized by
the omega oxidation pathway in human PMNL to 20-hydroxy (281,282) and 20-
carboxy (283) metabolites. These reactions are thought to be catalyzed by the same

enzyme(s) involved in the metabolism of LTB,. The omega-oxidation pathway
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metabolizes other dihydroxyeicosanoids less efficiently in the order of LTB, > 12-
epi-8-cis-6-trans-LTB, > 6-trans-LTB, > 12-epi-6-rrans-1.TB, (136,284).

In general, omega-oxidized metabolites of LTB, are considerably less potent
than LTB; in inducing chemotaxis, aggregation and degranulation of human
neutrophils (285,286), which may be a reflection of their decreased ability to bind
LTB; receptors. In contrast, LTB, and 20-hydroxy-LTB, were reported to be
equipotent in inducing contraction of guinea pig lung parenchymal strips (286). In this
tissue, the effect of LTB, is not direct, but is mediated by the releasc ol TXA, (287).

w-1 and w-2 oxidations of LTB, have also been reporied. LTB, is metabolized

to 19-hydroxy-LTB, by rat PMNL (288), rat mononuclear cells (289) and rat liver
microsomes (290), and to 18-hydroxy-LTB, by rat PMNL (291). It is clear that LTB,
19-hydroxylase and LTB, 20-hydroxylase are different enzymes, but it is not yet
known whether the formation of 18-hydroxy-LTB, and 19-hydroxy-LTB, are calalyzed
by distinct enzymes. Omega-oxidation products of LTB, subsequently undergo
extensive B-oxidation, the end products being CO, and water (292).

15(S)-HETE has also been reported to be converted to 15,20-DiHETE by rabbit
lung microsomes (293). The cytochrome P-450 enzyme which catalyzes this omega
hydroxylation is indistinguishable from the cytochrome P-450 prostaglandin 20-
hydroxylase which is known to exist in this tissue (137). 5(S)-HETE and 12(S)-

HETE are not substrates for this enzyme (293).
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3.2. Beta-oxidation

Metabolism of fatty acids by beta-oxidation is an established pathway for the
generation of cellular energy in the form of ATP. Beta-oxidation catalyzes the
sequential removal of 2-carbon units from fatty acids, resulting in the production of
acetyl CoA. Both mitochondria and peroxisomes have beta-oxidation systems which
are distinguishable based on the catalytic enzymes, the reaction mechanisms and the
response to various inhibitors (294). Beta-oxidation is also a metabolic pathway for
hydroxylated PUFAs,

The first description of lipaaygenase products undergoing beta-oxidation came
in 1987. Incubation of 12(S)-HETE with vascular smooth muscle cells produced
8-hydroxyhexadecatrienoic acid through the oxidative removal of four carbons (293).
Similar results were also obtained from canine renal tubular MDCK cells (296) and
cerebral microvascular endothelium (297). Recently, Mathur et al. have described the
beta-oxidation of 12-HETE through 4 cycles, resulting in the production of 4-
hydroxy-6-dodecenoic acid by mouse peritoneal macrophages (298). Several
intermediates in the formation of the octanor compound were also identified in this
study. The inability of mitochondrial beta-oxidation inhibitors to interfere with 12-
HETE metabolism, as well as the ability to isolate intermediates of the pathway,
suggested the involvement of peroxisomal beta-oxidation. Further evidence that the
site of beta-oxidation of 12-HETE is the peroxisomes comes from a comparison of the
beta-oxidation of 12-HETE by human skin fibroblasts from normal controls and

patients with Zellweger's syndrome. Fibroblasts from patients with Zellweger's
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syndrome are devoid of peroxisomes and were unable to convert 12(S)-HETE to any
detectable products, whereas normal fibroblasts converted 12(S)-HETE to 8-hydroxy-
4,6,10-hexadecatrienoic acid (299).

15(S)-HETE has also been reported to be metabolized through two cycles of
beta-oxidation by endothelial cells producing 11-hydroxy-4,7-9-hexadecatrienoic
acid (300). T-lymphocytes have also been reported to metabolize 15(S)-HETE. Four
cycles of beta-oxidation were completed in these cells as indicated by the production

of 7-hydroxy-5-dodecenoic acid and several intermediates (301).

3.3. Dehydrogenase/reductase pathways

The dehydrogenase/reductase pathways represent the third major route for the
metabolism of hydroxylated eicosanoids. These pathways produce dihydro
metabolites of hydroxylated eicosanoids by reducing one of the conjugated double
bonds of the substrate. Reduction of a conjugated double bond results in a
hypsochromic shift of approximately 40 nm in the UV absorption spectrum of the
product, which is extremely useful for the initial identification of dihydro metabolites.

In 1986, Powell reported the metabolism of 6-trans-LTB, (A .., 270 nm) to a

less polar metabolite which had a maximal absorbance at 230 nm, and which was
identified as 5,12,20-trihydroxyeicosatrienoic acid (302). This metabolite was formed

by reduction of a conjugated double bond, migration of the remaining two double
bonds, followed by w-hydroxylation. 12-Epi-6-trans-LTB, is also metabolized by

this pathway producing 5,12-dihydroxy-7,9,14-eicosatrienoic acid (303). Incubation
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of 12-epi-6-1rans-[5,6,8,9,11,12,14,15-H]LTB, with human PMNL resulted in loss of
the C, deuterium atom in the dihydro product. This suggested thie formation of a
5-oxo intermediale as an initial step in the formation of dihydro metabolites by human
PMNL (303). Incubation of LTB, with human PMNL failed to produce any dihydro
metabolites (303). It was hypothesized that this may have been due to the rapid
metabolism of LTB, by the omega-oxidation pathway of human PMNL.

To determine whether LTB, could be metabolized to dihydro products, rat
neuirophils, which have only moderate omega-oxidation activity, and porcine PMNL,
which have very liltle omega-oxidation activity, were investigated. Both rat (289) and
porcine (304) PMNL metabolized LTB, to two less polar products which exhibited
maximal UV absorbance at 230 nm. The two metabolites were identified as §,12-
dihydroxy-6,8, 14-eicosatrienoic acid (10,11-dihydro-LTB,) and 5-hydroxy-12-oxo-
6,8, 14-eicosatrienoic acid (10,11-dihydro-12-0x0-LTB,), indicating the involvement of
a 12-hydroxy dehydrogenase and a 10,11-reductase in this pathway (304,292). The
involvement of a 12-hydroxy dehydrogenase in the formation of dihydro metabolites
by porcine and rat PMNL distinguishes this dehydrogenase/reductase pathway from
that of human PMNL which is thought to involve a 5-hydroxy dehydrogenase.

There are several possible routes for the formation of the 10,11-dihydro

metabolites of LTB,, as shown in Figure 6. 10,11-Dihydro-LTB, could be formed by
direct reduction of the A '° double bond of LTB, (reaction 1), which could then be

converted to 10,11-dihydro-12-0x0-LTB, by a 12-hydroxy dehydrogenase enzyme

(reaction 2). Alternatively, LTB, could first be oxidized to 12-0x0-LTB, (reaction 3),
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Figure 6. Possible mechanisms for the formation of dilydro metabolites of LTB,. The
open arrows indicate possible reactions involved in the pathway. Reactivas | and 4
would be catalyzed by a 10,11-reductase. Reactions 2 and 3 would be catalyzed by a
12-hydroxy dehydrogenase. Reaction 5 could be catalyzed by either a 12-hydroxy
dehydrogenase acting in the reverse direction or by a separate ketoreductase. Prior tc

this study there was no direct evidence for the formation of 12-ox0-LTB,.
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foliowed by sequeitial reductions to 10,11-dihydro-12-oxo-LTB, (reaction 4) and

10,1 I-dihydro-LTB; (reaction 5). Powell and Gravelle reporied that metabolism of
L1B,, labeled with deuterium at C,,, by porcine PMNL produced 10,11-dihydro-LTB,
with 65% relention of the C; deuterium atom (304). If the formation of a 12-oxo
intermediate was involved in the production of 10,11-dihydro-LTB,, the deuterium
atom at C,, of LTB, wouli have been removed. Therefore this result suggested that
direct reduction of LTB, was involved. Although there was no evidence for the
formation of 12-ox0-LTB,, the existence of the other pathway could not be excluded.
As mentioned above, formation of 5,12-dihydroxy-7,9,14-eicosatrienoic acid from 12-
epi-6-trans-LTB, by the dehydrogenase/reductlase pathway in human PMNL does
appear 1o require oxidation of the Cs hydroxyl group prio: to reduction of the double

bond,

4. Polymorphonuclear leukocytes

4.1. Biochemical and physical characteristics

Pol r1rorphonuclear leukocytes (PMNL) are produced in the bone marrow and
have a circulating life span of 2-3 days. PMNL are comprised of neutrophils,
cosinophils and basophils, but neutrophils account for over 90% of circulating
granulocytes. PMNL accumulate at the site of inflammation where their predominant
role is phagocytosis and destruction of microorganisms. Mature neutrophils contain a

large number of cytoplasmic granules which, based on their contents, are classified
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into two populations; the azurophil (primary) and the specific (secondary) granules.
Azurophil granules are formed in the early stages of the developing neutrophil, These
granules contain acid hydrolases, such as -glucuronidase, neutral proteases, cationic
proteins, myeloperoxidase and some lysozyme (305). Specific granules are formed
later in the development of neutrophils, but mature neutrophits contain 2-3 fold more
specific than azurophil granules. Specific granules contain lysozyme, lactoferrin and
vitamin By,-binding proteins (305). In the maturc neutrophil, the presence of other
cytoplasmic organelles, such as rough endoplasmic reticulum and mitochondria, is
minimal, and the Golgi complex is reduced in size. These modifications of the
cytoplasmic organelles, seen with maturation of the neutrophil, are a reflection of the
terminally differentiated state of the mature cell. As already discussed, neutrophils
contain S-lipoxygenase and are the major site of LTB, production in the body. Human

neutrophils are also the major site for omega-oxidation of LTB, and 12-HETE.

4.2, Role in inflammation

Neutrophils, which circutate in the blood under normal conditions, have a
major role in the non-specific immune response during the early stages of
inflammation (306). In response to an invading organism, neutrophils are stimulated
to adhere 1o the vascular endothelium. Enhanced adhesion of neutrophils to
endothelial cells in the area of infected tissues is thought to be mediated by an
interaction between leukocyte integrins and endothelial cell adhssion molecules.

Cytokine-stimulated endothelial cells express a cell surface glycoprotein termed

56



endothelial leukocyte adhesion molecule-1 (ELAM-1) which has been reported to be
involved in the adhesion of blood neutrophils (307). A second cell adhesion molecule
termed intercellular adhesion molecule-1 (ICAM-1) has been reported to contribute to
both neutrophil and lymphocyte adhesion (307). These molecules are thought to
interact with leukocyte integrins. Stimulated leukocytes have been reported to express
three main cell surface integrin molecules, LFA-1, Mac-1 and P 150,95 (308). A
receptor-ligand relationship has been reported to exist between ICAM-1 and LFA-1
which may regulate leukocyte migration during inflammation (308). Following
adherence, neutrophils undergo diapedesis, a process involving movement through
junctional areas between endothelial cells, followed by breaking through the basement
membrane. Neutrophils will migrate towards the affected area along a chemotaclic
gradient generated by chemotaxins produced by the invading microorganism,
fragments from the complement cascade, stimulated neutrophils already present, or
from other sources such as mast cells, lymphocyles and macrophages. Neutrophils
will recognize and phagocytose foreign particles. The resulting phagosome then fuses
with cytoplasmic granules, both azurophil and specific, resulting in the formation of a
lysosome where digestion of the foreign particles occurs. If the foreign object is too
large for phagocytosis, granule contents are released extracellularly. In concert with
degranulation, the respiratory burst, which generates oxidants via the hexose-
monophosphate shunt, is activated and aids in the killing of microorganisms,
Neutrophils die after a short time in exudates and in turn are phagocytosed and

digested by macrophages.
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4.3, Porcine PMNL

As human blood is often difficult to obtain regularly and in large quantities,
blood from other species has been examined, in particular bovine and porcine blood.
A study in 1983 (309) compared the morphological and biochemical characteristics of
human and porcine PMNL. 1t was shown that the morphology of porcine PMNL is
very similar to that of human PMNL, both containing azurophil and specific granules.
Although the degree of enzyme activities did not always correspond, both human and

porcine PMNL did express all of the enzyme activities tested.

5. Aims of the present study

The physiological importance of the pathway for the formation of dihydro
metabolites of LTB; is not clear. This pathway may serve as a mechanism to remove
the potent proinflammatory effects of LTB,. Alternatively, it may produce
biologically aclive metabolites, possibly from substrates other than LTB,. To gain a
further understanding of the relevance of this pathway, it is important to understand
the mechanism for the formation of dihydro metabolites, and 10 identily the products
formed from various substrates. Therefore, the general aim of this study was to
further characterize the pathway for the formation of dihydro metabolites of
eicosanoids.

Although dihydro metabolites of LTB, are formed by both porcine and rat
PMNL, porcine PMNL were used in this study for several reasons. First, large

quantities of viable PMNL could be purified in a reasonable amount of time, allowing
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for large scale preparation of metabolites necessary for identification procedures.
Secondly, porcine PMNL have minimal interfering omega-oxidation activitv, which is
present in both human and rat PMNL, Finally, previous experiments from our
laboratory revealed the reductase pathway to be the major pathway for the metabolism
of LTB, by thesc cells (304).

It is rcasonable to suggest that compounds structurally related to LTB; may also
be metabolized by the reductase pathway. Therefore, the first goal of this study was
1o examine the metabolism of various hydroxylated PUFA’s by porcine PMNL and to
characterize the metabolites produced. The strategies employed {o attain this goal
were as (ollows:

l. The structural requirements for the formation of dihydro metabolites
were identified by correlating the extent of metabolism of various
hydroxylated PUFA’s by porcine PMNL with their structural
features.

2. Dihydro metabolites of substrates other than LTB, were identified by
GC-MS. In particular the dihydro metabolites of 12(S)-HETE and
13-HODE were examined.

It had previously been shown that porcine PMNL could convert
10, [ 1-dihydro-12-0x0-LTB, to 10,11-dihydro-LTB,. The reduction of the C,,-oxo
group in this reaction could result in a hydroxyl group with the R or the §

configuration. Therefore, the second major goal of this study was to determine the
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configuration of the C ,-hydroxyl groups of the dihydro metaboiiies of LTB; and
12(S)-HETE. Two methods for stereochemical analysis were employed:
l. NP-HPLC on a silicic acid column of underivatized dihydro

compounds (dihydro-LTB,).

2

Devivatization of the C},-hydroxyl group with an optically active
agent followed by N#-HPLC (12-hydroxy-5,8, 14-cicosatrienoic acid).

The final goal of this study was to determine the mechanism for the formation

of dihydro metabolites by porcine PMNL. As was mentioned above, the initial step
in this pathway could either be direct reduction of the A" double bond or oxidation
of the C,; hydroxyl group to an oxo group. Previous studies of this pathway did not
report the formation of 12-0x0-LTB;, however this product may be labile and
undetectable in incubations with whole cells. The strategies employed to determine
the mechanism for the formation of dihydro metabolites were as follows:

1. To analyse the kinetics of the metabolism of LTB, and the dihydro
metabolites of LTB; by intact porcine PMNL.

2. To determine the subcellular localization of the enzymes required for
the formation of dihydro metabolites by comparing their activities in
subcellular fractions with the activities of marker enzymes for various
organelles

3. Orice isolated, to identify the catalytic activity, substrate specificity,

and cofactor requirements of the enzymes of this pathway.
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4.

To identify any intermediates formed during the metabolism of LTB,

by subcellular fractions which were undetected using intact cells.
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Section 11

MATERIALS and METHODS



1. Materials

1.1. Sources of biolegical samples

Porcine peripheral blood was collected in the presence of EDTA (final
concentration 10 mM) from a local abattoir. Human blood (200 ml) was collected
from normal volunteers in a blood bag (Miles Inc., Elkhart, IN) containing anti-

coagulant (citrate phosphate dextrose adenine solution),

[.2. Chemicals, reagents and solvents
(R)-(+)-a-Methoxy-a-(triflucromethyl)phenylacetic acid (MTPA),
1,3-dicyclohexyl-carbodiimide, 4-dimethylaminopyridine and Diazald were obtained
from Aldrich (Milwaukee, WI). A23187 was aobtained from Calbiochem (Lalolla,
CA). Unlabeled arachidonic acid, lincleic acid and 5,8,11,14,17-eicosapentaenoic acid
were purchased from Nuchek Prep Inc. (Elysian, MN). Unlabeled PGF,, was
obtained from the Upjohn Co. (Kalamazoo, MI). [1-"*C]Arachidonic acid,
[1-“C}linoleic acid, [5,6,8,11,12,14,15°H]JPGE, and [5,6,8,9,11,12,14,15-*H]PGE,,
were obtained from Du Pont-New England Nuclear (Wilmington, DE).
5,8,11,14-Eicosatetraynoic acid (ETYA) was kindly provided by Dr. J. R. Paulsrud
of Hoffman-La Roche. DL-Dithiothreitol, phenylmethylsulfony! fluoride, o-dianisidine
dihydrochloride, phenolphthalein glucuronic acid, PGB,, NADH and NADP* were
purchased from the Sigma Chemical Co. (St. Louis, MO). Ouabain, adenosine-5'-

triphosphate, NAD* and NADPH were purchased from Boehringer Mannheim
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(St. Laurent, Que.). Dextran T-500 and Ficoll-Paque were purchased from Pharmacia
Fine Chemicals (Dorval, Que.). All organic solvents used for HPLC were of HPLC

grade and were purchased from Fisher Scientific Co. (Fairlawn, NJ). Formula 963

liquid scintillation fluid was obtained from New England Nuclear Corp. (Montreal,

Que.).

and subcellular fractions of PMNL

2.1. PMNL (136)

Peripheral blood was mixed with 6% Dextran T-500 in saline (5:1) which
accelerates the sedimentation of red blood cells. After 45 min, the supernatant was
. removed and centrifuged at 250 x g for 10 min to pellet leukocytes. Porcine
leukocytes used in preparative experiments were nol purified further. Human PMNL
and porcine PMNL used for analytical experiments were further purified by layering
the crude leukocyte preparation described above over Ficoll-Pague in a ratio of 3:2,
followed by centrifugation at 500 x g for 30 min at 4 °C. Any remaining red blood
cells in either the crude leukocyte or purified PMNL preparations were lysed by
incubation with (.135 M NH,CI at 37 °C for 10 min, The cells were washed twice
with 0.15 mM NacCl and then resuspended in Dulbecco’s phosphate-buffered saline
(PBS) containing 137 mM NaCl, 2.7 mM KCI, 1.5 mM KH,PQ,, 8.1 mM Na,HPO,,

0.5 mM MgCl, and 0.9 mM CacCl,.
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2.2. Platelets (19)

Human blood was treated with 6% dextran to sediment red blood cells, and
leukocytes were removed as described above (section 2.1.). The remaining plasma
was centrifuged at 1400 x g for 25 min at 4 °C. The pellet, containing the platelets,
was washed lwice with Tris-saline-EDTA buffer (0.15 M NaCl, 0.15 M Tris,

0.077 M EDTA; pH 7.4) and resuspended in PBS without Ca*? or Mg*2.

2.3. Disruption and fractionation of porcine PMNL

Porcine PMNL were purified as described above and resuspended in Tris-
acetate-sucrose buffer (0.01 M Tris-acetate, 0.25 M sucrose; pH 7.4) containing
2 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and 1 mM EDTA
(187.5 x 10° cells/ml). The cells were placed in an ice-water bath and disrupted by
sonication (model 4710 Ultrasonic Homogenizer; Sonics & Materials, Danbury, CT)
for 2 x 10 sec at a setting of 40 cycles/sec. The disruptate was centrifuged at
1500 x g at 4 °C for 10 min to remove unbroken cells and nuclei. The post-nuclear
supernatant was centrifuged at 20,000 x g at 4 °C for 20 min in a Beclkman L-Series
Ultracentrifuge (Beckman Instruments Inc., Palo Alto, CA) producing a granule-rich
pellet. The 20,000 x g supernatant was centrifuged at 150,000 x g at 4 °C for
120 min, producing microsomal and cytosolic fractions. Both the granule-rich pellet
and the microsomal pellet were resuspended by homogenization with a glass
homogenizer and teflon pestle (Potter-Elvehjem) (10 strokes) in Tris-acetate-sucrose

buffer’
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3. Biosynthesis and purification of substrates

3.1. High-pressure liquid chromatography (IIPLC) apparatus

Unless stated otherwise, the HPLC system consisted of a Waters solvent
delivery system comprised of two model 510 pumps coupled to a model 680 gradient
controller and a model 490 UV detector (Waters-Millipore, Bedford, MA) . The
radioactivity in column eluates was monitored by a Ramona 5-LS radioactivity
detector (Raytest, Fairfield, NJ). Reversed-phase (RP) HPLC was performed on a
column (250 x 4.6 mm) of octadecylsilyl (ODS) silica (5 um Spherisorb ODS-2;
Jones Chromatography, Llanbradach, Glam. or Phenomenex, Rancho Palos Verdes,
CA) for large scale purification of substrates and their metabolites. RP-HPLC analysis
of smaller samples, generated from analytical experiments, was performed on a
Novapak Cys column (3.9 x 150 mm; Waters-Millipore). Normal-phase (NP) HPLC
was performed on a column (300 x 4.6 mm) of silicic acid (5-um RoSil; Alltech

Associates, Inc.; Deerfield, IL).

3.2, Batch extraction procedure (310)

Samples with a volume of 5 ml or nore were centrifuged at 400 x g for 10 min
at 4 °C to remove cell debris. Methanol or ethanol was added to the supcrnatant to
give a final concentration of 15% followed by acidification to pH 2-3 with IN HCL
Cartridges of ODS silica (C,4 Sep-Pak; Waters-Millipore) were treated with methanol

(20 mi) and water (20 ml). The sample¢: was then loaded onto a cartridge, wkich was
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then washed with 15% ethanol in water (20 ml), water (20 ml) and petroleum ether
(10 ml). A maximum of 60 ml of incubation medium containing MeCH (15%) was
loaded onio each cartridge. Metabolites of arachidonic acid and linoleic acid were

then eluted with redistilled methyl formate (10 ml; Aldrich).

3.3. Preparation of hydroxyeicosanoids using porcine PMNL

Unlabeled LTB,, 6-rrans-LTB,, 12-epi-6-trans-LTB,, 5(S)-HETE, LTB;,
12-epi-8-cis-6-rrans-LTB, and 12(S)-HETE were all synthesized by incubation of
porcine PMNL with arachidonic acid in the presence of A23187 (10 uM) (311,144),

Unlabeled LTRB,, 6-trans-LTB,, 12-epi-6-trans-LTB,, and 5-HETE were
srepared by preincubating porcine leukocytes (75 x 10° cells/ml) with 10 M ETYA
in PBS for 2 min at 37 °C. Arachidonic acid (final concentration 100 uM) and
A23187 (final concentration 10 uM) were then added and the incubation continued for
10 min at 37 °C. Preincubation with ETYA selectively inhibits 12-lipoxygenase
thereby allowing 5-lipoxygenase products to predominate. LTB; was prepared under
identical conditions from 5,8,11,14,17-eicosapentaenoic acid, Unlabeled 12(S)-HETE
and 12-epi-8-cis-6-rrans-1.TB, were prepared by incubating arachidonic acid and
A23187 (10 uM) with porcine PMNL in the absence of ETYA. All products released
into the supernatants were extracted on Cy; Sep Pak cartridges. LTB,, 6-trans-LTB,,
12-epi-6-trans-LTB,, 5-HETE, LTB;, 12-epi-8-cis-6-trans-LTB, and 12(S)-HETE

were purified by RP-HPLC using the conditions described in Table I.
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TABLE 1
HPLC conditions for purification of hydroxylated polyunsaturated fatty acids

Product Enzyme Source ~ HPLC 11 HPLC 2 HPLC 3
LTB, Porcine PMNL GRAD 1 (48)P 39% Solv C (35) 4.5% Solv F (35)
6:-BC Porcine PMNL GRAD 1 (32) 39% Solv C (35)

12e-0t-B, Porcine PMNL GRAD 1 (38) 39% Solv C (35)

12¢-8¢-6¢-B, Porcine PMNL GRAD 1 (48) 39% Solv C (29)

5-HETE Porcine PMNL GRAD 1 (74) 39% Solv C (38)

LTB; Porcine PMNL GRAD 1 (37) 39% Solv C (30)

12(S)-HETE Porcine PMNL GRAD 1 (71) 49% Solv C (32)

12(S)-HETE Human platelets  GRAD 2 (59) 49% Solv C (32)

HHTTE Human platelets  GRAD 2 (44)

15(S)-HETE Soybean LOX 10% Solv E (29) 49% Solv C (27)
13(S)-HODE Soybean LOX 10% Solv E (32)

9(S)-HODE Tomato LOX 1.25% Solv F (28)

12(R)-HETE Sea urchineggs  0.5% Solv F (25)  49% Solv C (32)
dho-B, Porcine PMNL 39% Solv C (62)

% The mobile phases for RP-HPLC were prepared from water/acetic acid

(100:0.02; Solv A) and either methanol/acetic acid (100:0.02; Solv B) or
acetonitrile/acetic acid (100:0.02; Solv C). Gradients generated as follows: Grad 1:

0 min, 59% Solv B; 50 min, 59% Solv B; 55 min, 70% Solv B; 95 min, 84%

Solv B, Grad 2: 0 min, 28% Solv C; 60 min, 60% Solv C. All gradient segments
were linear. The mobile phases for NP-HFI.C were prepared from hexane/acetic acid
(100:0.1; Solv D) and either tetrahydrofuran/acetic acid (100:0.1; Solv E) or
2-propanol/acetic acid (100:0.1; Solv F). The flow rate was 2 mi/min in al! cases.

b Retention times in minutes are shown in brackets.
€ Abbreviations: 6¢-B,, 6-trans-LTB,; 12e-6:-LTB,, 12-epi-6-trans-LTB,; 12e-8c¢-

6¢-By, 12-epi-8-cis-6-trans-LTB,; dho-B,, 10,11-dihydro-12-0x0-LTB,; LOX,
lipoxygenase; Solv, solvent,
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3.4. Preparation of [1-1*C]-Iabeled-hydroxyeicosanoids produced by human
PMNL (109)

[1-'*C]-Labeled LTB,, 6-rrans-LTB,, 12-epi-6-trans-LTB,, 5(S)-HETE, and 12-
epi-8-cis-6-trans-LTB, were prepared by incubation of [1-"Clarachidonic acid with
human PMNL. {1-*C]Arachidonic acid (3 xCi) was incubated with purified human
PMNL (7 ml; 30 x 10° cells/ml) for 4 min at 37 °C. The reaction was stopped by
addition of methanol (1.5 ml). Products were extracted on a C,4; Sep Pak cartridge and

were purified by HPLC using the conditions outlined in Table I.

3.5. Preparation of [1-*C]-labeled 12(S)-HETE, HHTrE and unlabeled HHTrE
using human platelets (19)

[1-"*C]Arachidonic acid (3 uCi) or unlabeled arachidonic acid (5 mg) was
incubated with platelets (1 x 10° cells/m!; 3ml) for 3C min at 37 °C. The reaction was
stopped by the addition of methanol (1.5 ml) and the products were extracled using a
C,s Sep Pak cartridge, 12(S)-HETE and HHTTE were purified by HPLC using the

conditions described in Table 1.

3.6. Preparation of [1-'*C]-labeled and unlabeled 15(S)-HETE and 13(S)-HODE
using soybean lipoxygenase (117)

Lyophilized soybean lipoxygenase (1 mg) was dissolved in 7.5 ml 0.1 M
sodium borate buffer (pH 9.0). Unlabeled linoleic acid or arachidonic acid (5 mg) was

added to 3 ml of the enzyme mixture, whereas [1-**C]linoleic acid or
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[1-**Clarachidonic acid (3 uCi) was added to 0.6 ml soybean lipoxygenase. The
mixtures were placed in an ice bath and stirred constantly. After 15 min, an amount
ol enzyme (0.6 or 3 ml) equivalent to that present initially was added and the reaction
was allowed to proceed for a further 15 min. The reaction was terminated by
addition of ethanol (1.5 ml) and the hydroperoxy products were extracted using a Cyy
Sep-Pak cartridge. The hydroperoxy groups of the products were reduced to hydroxyl
groups with NaBH, (1 mg) in methanol (0.3 ml) for 20 min at 0 °C and 40 min at
room temperature. Methanol (0.45 ml) was added and the products were extracted
using a C,; Sep-Pak cartridge. 13-HODE and 15-HETE were purified by HPLC as

described in Table 1.

3.7. Preparation of [1-**C]-labeled and unlabeled 9(S)-HODE (125)

A homogenate of a red tomato (skin and seeds excluded) was prepared in
0.1 M sodium acetate buffer (pH 5.5; 1.5 ml per gram tomato). Unlabeled linoleic
acid (5 mg) or [1-1C]linoleic acid (2 xCi) was incubated with 20 ml or 5 mi of
homogenate, respectively, for 20 min at 25 °C, Oxygen was bubbled through the
mixture for 15 second periods every'z min. The reaction was stopped by the addition
of ethanol (0.15 vot) and the 9(S)-hydroperoxy product was extracted using a Cy4
Sep-Pak cartridge. 9(S)-HPODE was reduced to 9(S)-HODE with NaBH, as described

above (section 11.3.6.). 9(S)-HODE was purified By HPLC as described in Table 1.
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3.8. Preparation of 12(R)-HETE (127)

Sea urchins (Strongylocentrutus Purpuratus; Marinus Co., Long Beach, CA)
were injected with 0.5 M KCl (5 ml) to induce spawning. Eggs were harvested and
washed in Shapiro’s artificial seawater (452 mM NaCl, 10 mM KCI, 25 mM
MgCl,-6H,0, 17 mM MgSO,-7H,0, 4.4 mM CaCl,-2H,0, 10 mM Tris base:
pH 7.8). Following centrifugation at 400 x g for 10 min at 4 °C, the eggs were
resuspended in 10 vol of 20 mM Tris-HCI containing § mM CaCl, (pH 7.5). The
eggs were homogenized on ice with a Tissumizer Mark II homogenizer (Teckmar Inc,
Cincinnati, OH) for 4 x 10 sec (13 500 rpm). Arachidonic acid (300 uM) was
incubated with the homogenate at 37 °C for 60 min. The incubation was terminated
by the addition of MeOH (0.25 vol). The homogenate was centrifuged at 900 x g for
10 min to remove cell debris. The supernatant was extracted on C;; Sep Pak
cartridges as described in section I1.3.2., except that the concentration of MeOH in
the supernatant and the wash solvent was 25% instead of 15%. Monohydroxy
products were separated from fatty acids on an open column of silicic acid (20 g)
which was wetted with hexane (75 ml). The sample was loaded onto the column in a
mixture of 2-propanol (100 ul), ethyl acetate (500 ul), acetic acid (30 ul) and hexane
(30 ml) under nitrogen pressure. The column was washed with 100 ml ethyl
acetate/hexane/acetic acid (6:94:0.01) to remove fatty acids, followed by 200 ml ethyl
acetate/hexane/acetic acid (20:80:0.1) to elute monohydroxy fatty acids. Under these
conditions, 11(R)-HETE and 12(R)-HETE were the major metabolites produced.

Small amounts of 11(R)-hydroxyeicosapentaenoic acid (HEPE) and 12(R)-HEPE were
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also produced from endogenous 5,8,11,14,17-eicosapentaenoic acid. 12(R)-HETE was
purified by HPLC as described in Table 1.

The configuration of the 12-hydroxyi group of 12(R)-HETE was confirmed by
chiral-phase HPLC on a Chiracel OC column (10 um; 250 x 4.6 mm; J.T. Baker,
Phillipsburg, NI). The retention time of 12(R)-HETE was compared with the
relention time of 12(S)-HETE and a mixture of 12(R)- and 12(S)-HETE prepared by
photooxidation of arachidonic acid. The 12-HETE compounds were methylated prior
to chiral-phase HPLC. The mobile phase was 2-propanol/hexane (2:98) with a flow
rate of 1 mi/min. The retention times of the methyl esters of 12(R)-HETE and
12(S)-HETE were 20 and 22 min, respectively. 12-HETE produced by this procedure

was greater than 99% 12(R)-HETE.

3.9. Preparation of 10,11-dihydro-12-ox0-LTB, (304)

LTB, (2 M) was incubated with porcine leukocytes (75 x 10° cells/m)) for
60 min at 37 °C. The incubation was stopped by the addition of methanol (0.15 vol)
and the products were extracted using a C,3 Sep Pak cartridge. 10,11-Dihydro-12-

ox0-LTB, was purified by HPLC as described in Table I.
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3.10. Preparation of tritiated substrates [10,11-dihydro-[12°H]LTB,,
10,11-dihydro-12-epi-{12°HJLTB, and [9-*H]PGF, ]
3.10.1. Reaction conditions
10,11-Dihydro-[12-*H]LTB; and 10,11-dihydro-12-epi-[12-*H]LTB, were
prepared by reduction of 10,11-dihydro-12-0x0-LTB, (25 ug) with sodium
[*H]borohydride (15 mCi; 15 Ci/mmol) in methanol (0.15 ml). The mixture was kepl
at 0 °C for 15 min and at room temperature for a further 45 min followed by
extraction using a C,s Sep Pak cartridge. [98-*H]PGF,, was prepared under identical

conditions from PGE, (100 pg) and sodium [*PH]borohydride (15 mCi; 15 Ci/mmol).

3.10.2. Purification of 10,11-dihydro-[12°H]LTB, and 10,11-dihydro-12-epi-[12-
*HILTB,
10,11-Dihydro-[12-*H]LTB, (t,= 19 min) and 10,11-dihydro-12-epi-[12-
SHILTB; (ty= 22 min) were separated by NP-HPLC with a mobile phase of
2-propanol/hexane/acetic acid (4.5:95.5:0.1) under isocratic conditions with a flow

rate of 2 ml/min.

3.10.3. Purification [98-*H]PGF,,

[98-*H]PGF,,, was purified by RP-HPLC with a linear gradient between
acetonitrile/water/acetic acid (30:70:0.02) and acetonitrile/water/acetic acid
(40:60:0.02) over 30 min with a flow rate of 1.5 ml/min. The retention times were:

{90-*H]PGFy (t;= 11 min) and [98-*H]PGF,, (tz= 15 inin).
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3.11. Synthesis of 12(S}-HETE and 12(R)-HETE by photooxidation of arachidonic
acid

To prepare a mixture of 12(S)-HPETE and 12(R)-HPETE, arachidonic acid
(20 mg) was dissolved in 0.1% methylene blue in methanol and irradiated with light
(illuminator, model 9741-50; Cole Parmer, Chicago, IL) for 60 min at room
temperature. The solution was bubbled with oxygen continuously. The reaction
products were extracted using a C;; Sep Pak cartridge and reduced with NaBH, as
described above (section 11.3.6.). Conditions for the purification of 12(R) and 12(S)-

HETE were the same as those described for the purification of 12(R)-HETE (Table I).

3.12, Chemical Synthesis of 10,11-dihydro standards (312,313).
10,11-Dihydro-LTB, [5(S),12(S)-dihydroxy-6Z,8E, 14Z-eicosatrienoic acid],

10, 1 1-dihydro-12-epi-LTB, [5(S),12(R)-dihydroxy-6Z,8E, 14Z-eicosatrienoic acid],

12(R)-hydroxy-5Z,8Z,14Z-eicosatrienoic acid, and 12(S)-hydroxy-5Z,8Z,14Z-

eicosatrienoic acid were chemically synthesized by Drs J.R. Falck and P. Yadagiri at

the University of Texas Southwestern Medical Center, Dallas, Texas.
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4. Identification of metabolites of hydroxyviated PUFA’s
4.1, Biosynthesis and purification of metabolites of LTB,
4.1.1, 10,11-Dihydro-12-epi-LTB,

LTB, {2 uM) was incubated with porcine leukocytes (75 x 10° cells/ml) for
60 min at 37 ° C, The incubation was terminated by addition of methanot (0.15 vol)
and the products were extracted using a Cjy Sep Pak cartridge. 10,11-Dihydro-12-¢pi-
LTB; was partially purified by RP-HPLC under the same conditions described for
10,11-dihydro-12-0x0-LTB, (Table I). 10,11-Dihydro-12-epi-LTB; was then
separated from 10,11-dihydro-LTB, by NP-HPLC as described above

(section 11,3.10.2.).

4.1.2, 12-Oxo0-LTB,

LTB; (4 pM) was incubated with a microsomal fraction from porcine PMNL
(approximately 1.5 mg protein/ial) for 40 min at 37 °C. The incubation was
terminated by addition of methanol (0.15 vol) foltowed by immediate extraction on a
C,s Sep Pak cartridge at neutral pH. 12-Oxo0-LTB, (t,= 25 min) was partially purified
by RP-HPLC on a Novapak C,g column (3.9 x 150 mm; Waters-Millipore) with a
mobile phase of acetonitrile/water/acetic acid (38:62:0.02) at a flow rate of 1 ml/min.
UV absorbance was monitored with a Waters model 991 photodiode array detector
(Waters-Millipore). Further purification of 12-0x0-LTB, (t,= 18.5 min) was achieved
by NP-HPLC with a mobile phase of 2-propanol/hexane/acetic acid (4.5:95.5:0.1) at

a flow rate of 2 ml/min.
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4.2. Biosynthesis and purification of metabolites of 12(S)-HETE [12-hydroxy-
5,8, 14-eicosatrienoic acid and 12-0x0-5,8,14-¢icosatrienoic acid)

12(S)-HETE (2 xM) was incubated with porcine leukocytes (75 x 10° cells/ml)
for 40 min at 37 °C. The incubation was terminated by the addition of ice-cold
methanol (0.15 vol) and immediate cooling to -20°C. The supernatant was extracted
using a C,4 Sep Pak cartridge. Products were purified by RP-HPLC with a linear
gradient between acetonitrile/water/acetic acid (28:72:0.02) and
acelonitrile/water/acetic acid (52:48:0.02) over 60 minutes at a flow rate of 2 ml/min.
The major products were 12-hydroxy-5,8,14-eicosatrienoic acid (ty= 49 min) and 12-

0x0-3,8, 14-eicosatrienoic acid (tg= 58 min).

4.3. Biosynthesis and purification of metabolites of 13-HODE [13-hydroxy-9-
octadecenoic acid, 13-oxo-9-octadecenoic acid, 11-hydroxy-7,9-hexadecadienoic
acid and 9-hydroxy-5, 7-tetradecadiencic acid)

13-[1-"'CJHODE (2 xM) was incubated with porcine leukocytes (75 x 10°

cells/ml) for 60 min at 37 °C in the presence of 5 uM ETYA (which inhibits B-

oxidation). Metabolites of 13-HODE were purified by RP-HPLC with a mobile phase

of acetonitrile/water/acetic acid (55:45:0.02) under isocratic conditions at a flow rate
of 2 ml/min. The major products were 13-hydroxy-9-octadecenoic acid (ty= 57 min)
and 13-oxo0-9-octadecenoic acid (tz= 68 min).

Uniformly labelled 13-[1-"*C]JHODE (2 uM) was also incubated with porcine

PMNL (75 x 10° cells/ml) in the absence of ETYA for 60 min at 37 °C. Metabolites
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were purified by RP-HPLC with a mobile phase consisting of a linear gradient
between acetonitrile/water/acetic acid (28:72:0.02) and acetonitrile/water/acetic acid
(52:48:0.02) over 60 min at a flow rate of 2 ml/min. The major products were
11-hydroxy-7,9-hexadecadienoic acid (t;= 40 min) and 9-hydroxy-5,7-

tetradecadienoic acid (t,= 27 min).

4.4. Gas chromatography-mass spectrometry.

Products purified by HPLC were methylated with diazomethane (30 min,
23 °C) unless otherwise indicated. In some cases, products which were suspecled to
have an oxo group were derivatized by treatment with hydroxylamine HCI (1 wig) in
pyridine (0.1 ml) overnight at room temperature. Diethyl ether (2 ml) was then added
and the mixture was kept at ~20 °C for 30 min. Afler centrifugation, the dicthyl
ether was removed and evaporated under a stream of nitrogen. Due to the unstable
nature of 12-0x0-LTB;, this compound was hydrogenated with rhodium on alumina
(1 mg; Aldrich) in 0.6 m! MeOH for 3 min at 23 °C. The reagent was subsequently
removed by filtering the sample through a small column of silicic acid. All products
were then converted to their trimethylsilyl derivatives by treatment with N-methyl-N-
trimethylsilyltrifluoroacetamide (30 min, 23 °C).

Electron impact gas-chromatography mass-spectrometry (GC-MS) was carried
out on a VG ZAB instrument located in the Biomedical Mass Spectrometry Unit of
McGill University. The stationary phase was a column (20 m x 0.32 mm) of DB-1

(J and W Scientific Inc., Folsom, CA).
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4.5. Nuclear magnctic resonance spectroscopy

'H-NMR spectroscopy (CDCly, 500 MHz) was performed by Drs J.R. Falck
and P. Yadagiri on a Varian model VXR-500S instrument situated in the Department
of Molecular Genetics at the University of Texas Southwestern Medical Center in

Dallas, Texas.

4.6, Steric analysis of 10,11-dihydro-12-hydroxyeicosanoids
4.6.1. Resolution and identification of 10,11-dihydro-12-HETE isomers
12-Hydroxy-5,8, 14-eicosatrienoic acid was prepared and purified as described
in section 4.2.. To enable resolution of the 12(R) and 12(S) isomers, these compounds
were first methylated with diazomethane (30 min; 23 °C) and then converted to their
MTPA derivalives by treatment with (R)-(+)-a-methoxy-o-
(triffuoromethyl)phenylacetic acid (MTPA) (1 mg), 1,3-dicyclohexylcarbodiimide
(1 mg) and 4-dimethylaminopyridine: (0.1 mg) in 20 ul CCIl, (10 min, 25 °C). The
reaction was terminated by evaporation of the CCl, under argon and addition of 50 ul
methanol, Separation of the MTPA derivatives from contaminants derived from the
reagents was accomplished by RP-HPLC using an Ultremex C, column
(250 x 4.6 mm; Phenomenex) with a mobile phase of acetonitrile/water (70:30) at a
flow rate of 2 ml/min. Experiments with radioactive monchydroxy compounds
indicated that the conversion was virtually quantitative and no other radioactive
products were detected. Stereoisomers were resolved by NP-HPLC with a mobile

phase of 0.08% 2-propanol in hexane at a flow rate of 2 ml/min. The MTPA
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derivatives of 12(S)-hydroxy-5,8,14-eicosatrienoic acid (tx= 23 min) and [2(R)-
hydroxy-5,8, 14-eicosatrienoic acid (t1,= 25 min) were identified by

co-chromatography with MTPA derivatives of authentic standards.

4.6.2. Resolution and identification of 10,11-dihydro-LTB, isomers
10,11-Dihydro-LTB, and 10, 11-dihydro-12-epi-LTB, were prepared and
purified as described in section 11.4.1.1.. 10,11-Dihydro-LTB, and 10,1I-dihydro-12-

epi-LTB, were resolved by NP-HPLC as described in section 11.3.10.2. and were

identified by co-chromatography with authentic standards.

5. Analysis of metabolites of hydroxylated-PUFA’s by HPLC
5.1. Time courses for the production of dihydro metabolites
5.1.1. Time course for the metabolism of 12(S)-HETE

Purified porcine PMNL (20 ml; 5 x 107 cells/ml) were incubated at 37 °C with
12(8)-[1-*CJHETE (2 uM; 2 uCi) for various times. The reactions were stopped by
addition of ice-cold methanol (0.5 vol) and immediate cooling to -20 °C. After the
addition of PGB, (200 ng) as internal standard, products were extracted using C)y Sep
Pak cartridges. The products were purified by RP-HPLC with a mobile phase of
acetonitrile/water/acetic acid (55:45:0.02) at a flow rate of 2 ml/min. Material in the
peak corresponding to the 10,11-dihydro metabolite of 12(S)-HETE was methylated
with diazomethane and derivatized with MTPA. The MTPA derivatives of 12(S)-

hydroxy-3,8, 14-eicosatrienoic acid and 12(R)-hydroxy-5,8,14-cicosatrienoic acid were
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resolved as described above (section 11.4.6.1.). The products were quantitated by
measuring the radioactivity in fractions collected every 0.5 min by liquid scintillation

counting.

5.1.2. Time courses for the metabolism of LTB,, 10,11-dihydro-LTB,,
10,11-dihydro-12-epi-LTB, and 10,11-dihydro-12-oxo-LTB,

Porcine PMNL (10 ml; § x 107 cells/m}) were incubated with LTB, (2 uM),
{0, L I-dihydro-LTB, (2 uM), 10,11-dihydro-12-epi-LTB, (2 uM) or 10,11-dihydro-12-
0x0-LTB, (2 uM) at 37 °C for various times. The incubations were terminated by
addition of methanol (0.4 vol) followed by cooling to -20 °C. PGB, (200 ng) was
added to each of the incubation mixtures as an internal standard. The incubation
medium was then extracted using a Cjz Sep Pak cartridge and the products resolved
by NP-HPLC as described above (section 11.3.10.2.). The amounts of 10,11-dihydro-
LTBy, 10,11-dihydro-12-epi-LTB, and 10,11-dihydro-12-0xo-LTB, were calculated
from the ratios of their peak areas at 235 nm to that of PGB,, the internal standard, at
280 nm. The extinction coefficients used for the dihydro compounds and PGB, were

22 500 and 28 600, respectively.

5.2. Substrate specificity for the formation of dihydro metabolites of
hydroxylated PUFA’s by intact PMNL
Purified porcine PMNL (50 x 10® cells/ml) were incubated in 1 ml PBS at

37 °C with various substrates (2 uM) in the presence of ETYA (5 uM) for 30 min.
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The reactions were terminated by addition of 0.6 ml ice cold methanol and immediate
cooling to -20 °C. PGB, (200 ng) was added to each sample as an internal standard.
The samples were then analyzed by precolumn extraction/RP-HPLC (314) using a
WISP automatic injector and WAVS automated swilching valve (Waters-Millipore).
The material retained on the precolumn (C,; u-Bendapak Guard-Pak cartridge;
Waters-Millipore) was analyzed on a Novapak C,; column (3.9 x 150 mm; Walers-
Millipore). The mobile phases for each substrate are shown in Table II. The flow rate
was 2 ml/min in all cases, The products were quantitated by measuring radioactivity
by liquid scintillation counting in fractions collected every 0.5 minutes with the
exception of LTBs metabolites which were quantitaled by measuring UV absorbance
ai 235 nm. The extinction coefficient used for dihydro metabolites of LTBs was 22

500.

5.3. Metabolism of hydroxylated PUFA’s by subcellular fractions from PMNL
Subcellular fractions from porcine PMNL were incubated with various

substrates in Tris-acetate-sucrose buffer (1 ml) in the presence of 1 mM MgCl, and
1.8 mM CaCl, at 37 °C for various times. The reactions were terminated by addition
of 0.6 ml ice cold methanol and immediate cooling to -20 °C. PGB, (300 ng) was
added to each sample as an internal standard. The samples were then analyzed by
precolumn extraction/RP-HPLC as described above (section 11.5.2.) except that the
entire UV absorbance spectrum of the column eluate was monitored with a model 991

photodiode array detector (Waters-Millipore). The mobile phases for each substrate
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TABLE 11
RP-HPLC conditions for separation of hydroxylated PUFA’s and their dihydro
metabolites produced by intact PMNL

Substrates and their dihydro products were resolved by precolumn extraction/RP-
HPLC using a WISP automatic injector and a WAVS automated switching valve
(Waters-Millipore). The material retained on the precolumn (C;; u-Bondapak Guard-
Pak cartridge; Waters-Millipore) was analyzed on a Novapak C,; column
(3.9 x 150 mm; Waters-Millipore).

Substrate Initial Condition Final Condition
(0 min) (30 min)

LTB, - 37% solvent B? 37% solvent B
12-epi-6-trans-LTB, 37% solvent B 37% solvent B
6-trans-LTB, 37% solvent B 37% solvent B
12-epi-8-cis-6-rrans-LTB, 37% solvent B 37% solvent B
LTB; 31% solvent B 31% solvent 3
12(S)-HETE 46% solvent B 35% solvent B
5(S)-HETE 46% solvent B 55% solvent B
15(S)-HETE 46% solvent B 55% solvent B
13(S)-HODE 42% solvent B 48% solvent B
%S)-HODE 42% solvent B 48% solvent B
20-hydroxy-LTB, 23% solvent B 23% solvent B
PGFL, 26% solvent B 46% solvent B
PGF,, 26% solvent B 46% solvent B

% Mobile phases were prepared from solvent A (water/acetic acid; 100:0.02) and
solvent B (acetonitrile/acetic acid; 100:0.02). All gradients were linear. The flow rate
was 2 ml/min.
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are shown in Table III, The flow rate was I ml/min in all cases. Products were
quantitated either by measuring radioactivity by liquid scintillation counting in
fractions collected every minute (metabolism of PGF,_) or by measuring UV
absorbance (metabolism of LTB, and 12-HETE). The extinction coefficients used
\'vere as follows; LTRB,, (39 500, 280 nm); 12-ox0-LTB,, (41 000, 318 nm);
12-HETE, (30 500, 235 nm); 12-ox0-ETE, (36 500, 280 nm); PGB, (28 600,
280 nm).

Incubations of 12-0x0-LTB; with subcellular fractions (5 ml) were performed
under identical conditions, except that they were terminated by the addition of 17%
MeOH (10 ml), followed immediately by solid phase extraction on C,, Scp Pak
cartridges at neutral pH. Products were resolved by RP-HPLC on a Novapak C4
column (3.9 x 150 mm: Waters-Millipore) with a mobile phase of

acetonitrile/water/acetic acid (39:61:0.02) with a flow rate of 1.0 ml/min,

6. Marker enzyme assays
6.1. Mycloperoxidase (315)
Aliquots (100 ul) of subcellular fractions from porcine PMNL were mixed with
1 mM H,0,, 0.33 miVI o-dianisidine and 0.01 M phosphate buifer (pH= 6}, and the
rate of increased absorbance at 460 nm monitored (model DU-64; Beckman
Instruments Inc., Palo Alto, CA). One unit of activity is equivalent to an increase in

absorbance of 0.001/min.
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TABLE III
RP-HPLC conditions for separation of hydroxylated PUFA’s and their

PPN

metabolites produced by subcellular fractions from porcine PMNL
Products were resolved by precolumn extraction/RP-HPLC using an Ultra WISP
automatic injector and a WAVS automated switching valve (Waters-Millipore). The
material retained on the precolumn (Cyq p-Bondapa.k Guard-Pak cartridge; Waters-
Millipore) was analyzed on a Novapak C,4 column (3.9 x 150 mm; Waters-Millipore).
The UV absorbance spectrum of the column eluate was monitored with a photodiode
array detector (Model 991; Waters-Millipore).

Substrate Initial Condition Final Condition
(0 min) (30 min)
LTB, 39% solvent BY 39% solvent B
12(S)-HETE/12(R)}-HETE 50% solvent B 55% solvent B
PGF,, 26% solvent B 46% solvent B

"Mobile phases were prepared from solvent A (water/acetic acid; 100:0.02) and
solvent B (acetonitrile/acetic acid; 100:0.02). All gradients were linear. The flow rate

was 1 ml/min.
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6.2. B-Glucuronidase (316)

Aliquots (200 1) of subcellular fractions were incubated with | mM
phenolphthalein-glucuronic acid in 0.1 M acetate buffer (pH 4.6) in a total volume ol
I ml for 6 hr at 37 °C. The reaction was stopped by addition of 2 ml icc-cold glycine
buffer (0.2 M glycine and 0.2 M NaCl, pH= 10.4). Phenolphthalein released during

the incubation was quantitated by measuring absorbance at 550 nm.

6.3. Ouabain sensitive Na*-K*-ATPase (317)

Aliquots (200 ul) of subcellular fractions were incubated with 0.2 mM ATP in
10 mM Tris-HCI containing 5 x 10° M EGTA (pH 8.6) under the following
conditions: A) Mg*?, Na*, K*; B) Mg*?, Na*, K*, ouabain; C) Mg*2. The final
ionic concentrations were: 0.26 mM Mg*%; 100 nM Na*; 10 mM K* and 0.1 mM
ouabain. All incubations were for 10 min at 37 °C in a final volume of I ml and were
terminated by addition of 0.15 ml of 30% trichloroacetic acid and immediately placed
on ice. Released phosphate was measured as described in the literature (318), except
that the samples were left at 4 °C for 15 hr to allow for color development with

minimal ATP hydrolysis. Results were expressed as ouabain inhibitable ATPase

activity.
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1. Metabolism of hydroxylated PUFA by intact porcine PMNL

A major goal of this study was to identify metabolites of PUFA’s produced by
porcine PMNL, This identification included determining the slereochemistry of chiral
centers present in these compounds. As there is more than one method available for
designating chiral centers, a short synopsis of the method used in this study is given

below.

1.1 Stereochemical designation of chiral centers by the Cahn-Ingold-Prelog
method (319)

The Cahn-Ingold-Prelog method was employed to designate the configuration of
the chiral centers of compounds described in this study. The letters R and § are used
to specify the absolute configurations according to this method.

To ascertain the configuration of a chiral center by this method, each functional
group attached to that center is assigned a priority. The priority assigned is

determined by the following rules:

L. Atoms of higher atomic number have higher priority than those of
lower atomic number.
i) I>Br>Cl>F>0>N>C>H

2, A tertiary alkyl substituent has a higher priority than a secondary
alkyl group which, in turn, has a higher priority than a primary alky!
group.
ie) -C(CH,); > -CH(CH,), > -CH,(CH,) > -CH,
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3. When a double or triple bond is encountered between atoms, the
atoms involved are considered to be duplicated or triplicated,
respectively. Rules 1 and 2 are then applied to determine priorities.
ie) -CH=CHR is equivalent to -C,H-C,HR

4, If two or more of the atoms attached directly to the chiral center are
the same, priorities are determined by the second atoms attached. If
these atoms are identical, the next atoms are examined sequentially
until the first point of difference in attached atoms is reached. At this

point, rules 1 and 2 are applied.

The second step to designate a chiral center as R or § is to orient the
tetrahedral molecule so that the functional group with the lowest priority is behind the
molecule (Figure 7). The orientation of the remaining three substituents is then
observed in order of decreasing priority. A clockwise decreasing order is designated
as an R (right=rectus) configuration, whereas a counter clockwise decreasing order
identifies an § (left=sinister) configuration (Figure 7).

Also shown in Figure 7 are configurations of LTB, and 10,11-dihydro-LTB,

about the chiral center at Cj,. The absence of a A ' double bond in 10,11-dihydro-

LTB, results in a different assignment of priorities according to the rules described
above. Therefore, the configuration at C,, of LTB, is designated R, whereas the
configuration at Cj, of 10,11-dihydro-LTB, is designated S, even though the
positioning of the hydroxyl group at the assymetric center has not changed.

Another system for determining configurations of chiral centers is the Fischer-
Rosanoff method. The letters D and L are used to specify the absolute configurations

of chiral centers which are determined by comparison of the unknown compound with
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Figure 7, Stereochemical designations for LTB,, 12(S)-HETE and rtheir 10,11-
dihydro metabolites as determined by the Cahn-Ingold-Prelog method. Filled
wedged lines represent bonds that project above the plane of the page, whercas
open wedged lines represent bonds that project below the plane of the page.

Abbreviations; dh-LTB,, 10,11-dihydro-LTB,; 12(R)h-20:3, 12(R)-hydroxy-5,8,14,-
eicosatrienoic acid.

a standard reference compound (dextrorotatory glyceraldehyde). This method is
widely accepted for the classification of carbohydrates and amino acids. However,
the designation of compounds which are significantly different from the standard

molecule, or which have multiple chiral centers, often becomes arbitrary. Therefore,
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drawing a three-dimensional structure of chiral compounds identified by the D and L
system can be very complicated.

The R and S designations for chiral centers does cause some confusion
concerning the metabolites described in this study. However, this system was chosen
because of its simplicity, convenience and universality which enables the reader to
draw an accurale three-dimensional structure of the compounds in this study with the

aid of a few simple rules.

1.2. Metabolism of LTB, by porcine PMNL

When LTB, was incubated with porcine PMNL for 60 min at 37 °C and the
products analyzed by RP-HPLC, two major metabolites which absorbed at 235 nm
but not at 280 nin were observed (Figure 8). These products had previously been
identified in our laboratory as 5,12-dihydroxy-6,8, 14-eicosatrienoic acid
(10,1 l-dihydro-LTBg (ty= 43 min) and 5-hydroxy-12-o0xo0-6,8, 14-eicosatrienoic acid
(10,1 1-dihydro-12-0x0-LTB,) (ty= 61 min) (304). As discussed in the introduction
(Figure 6), the stereochemistry of the C,,-hydroxyl group of 10,11-dihydro-LTB,
could have either an S or an R configuration depending on the mechanism involved.
Direct reduction of LTB, by a 10,11-reductase would produce 5(S),12(S)-dihydroxy-
6;8,14-eicosatrienoic acid. However, if a 12-ox0 intermediate is involved in the
formation of dihydro products, the 12-oxo group could be reduced to a hydroxyl

group with either an § or R configuration.

88



1.2.1. Identification of 10,11-dihydro-LTB, (product X) and 10,11-dihydro-12-epi-
LTB, (product Y)

Since NP-HPLC is usually better than RP-HPLC in resolving diastereoisomers,
the material in the 10,11-dihydro-LTB, peak obtained after RP-HPLC (Figure 8) was
rechrecmatographed by NP-HPLC. This resulted in the separation of this fraction into
two components (products X and ¥) in a ratio of about 1:1.4 (Figure 8, inset).

Analysis of the methyl ester, trimethylsilyl ether derivatives of products X and
Y by GC-MS revealed that they have identical C values (23.4). The mass spectra ol
products X and Y were also identical with one another, as well as with the mass
spectrum previously reported for 10,11-dihydro-LTB, purified by RP-HPLC
alone (304). The HPLC and GC-MS results strongly suggest that compounds X and ¥
are stereoisomers of 10,11-dihydro-LTB,, probably with different configurations of
the Cy,-hydroxyl group.

To ascertain the identity of products X and ¥, the chromatographic properties
of these compounds were compared with authenic standards. LTB, was incubated
with porcine PMNL for 5 and 60 min, respectively, and the producls were purified by
RP-HPLC. The 10,11-dihydro-LTB, fraction from each incubation was
rechromatographed by NP-HPLC to resolve compounds X and Y. After 5 min, only
compound X was recovered (Figure 9A) whereas both products X and ¥ were formed
after 60 min (Figure 9D). We obtained authentic chemically synthesized 5(S),12(R)-
dihydroxy-6,8,14-eicosatrienoic acid (10,11-dihydro-LTB,) and 5(S),12(R)-dihydroxy-

6,8, 14-eicosatrienoic acid (10,11-dihydro-12-epi-LTB,) from Dr. J.R. Falck at the
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Figure 8. Reversed-phase HPLC of metabolites of LTB, produced by intact porcine
PMNL. LTB, (2 uM) was incubated with porcine PMNL (50 x 10¢ cells/ml) for
60 min at 37 °C. The products were extracted on a cartridge of octadecylsilyl
silica and analyzed by RP-HPLC on a Novapak C,; column (Waters-Millipore) with
walter/acetonitrile/acetic acid (63:37:0.02) as the mobile phase. The flow rate was
2 ml/min, The product absorbing at 235 nm with a retention time of 43 min was
rechromatographed by NP-HPLC (inset) on a silicic acid column (RoSil; Alltech
Associates) with a mobile phase of hexane/2-propanol/acetic acid (95:5:0.1) at a
flow rate of 2 ml/min. Abbreviations; dh-LTB,, 10,11-dihydro-LTB,; dho-LTB,,
10, 11-dihydro-12-0x0-LTB,.
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Figure 9. Normal-phase HPLC of metabolites of LTB, formed after 5 min (A-C) and 60 min
(D-F). LTB, (2 uM) was incubated with porcine PMNL (50 x 10 cells/ml} for either S or 60
min. The products were extracted on a cartridge containing octadecylsityl silica and aliquots
were analyzed by NP-HPLC on a silicic acid column (RoSil; Alltech Associates) with
hexane/2-propanol/acetic acid (95:5:0.1) as the mobile phase. The {low rate was 2 ml/min.
Only products absorbing at 235 nm are shown. (A) and (D) show chromatograms obtained
from aliquots of the extract without any additions. The other chromatograms are of alicuots
of the extract to which were added 400 ng of either 10,11-dihydro-LTB, (B and E) or 10,11-
dihydro-12-epi-LTB, (C and F). Abbreviations: dh-LTB,, 10,11-dihydro-LTB;; dh-12¢-
LTB,, 10,11-dihydro-12-epi-LTB,, dho-LTB,, 10,11-dihydro-12-0xo0-LTB,.
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Universily of Texas Southwestern Medical Center, Dallas, Texas. Cochromatography
of products X and Y with these standards indicated that product X coeluted with
10,11-dihydro-LTB, (Figure 9B,E), whereas product Y coeluted with 10,11-dihydro-
12-epi-LTB, (Figure 9C,F). Authentic 10,11-dihydro-LTB, and 10,11-dihydro-12-
epi-LTB, also cochromatographed with products X and ¥, respectively, upen
RP-HPLC. However, the two stereoisomers were not separated from one another with
either methanol/water/acetic acid (58:42:0.02; t;= 25 min) or acetonitrile/water/acetic
acid (38:62:0.02; t,= 36 min) as the mobile phase. The results above clearly
indicate that product X and product Y are identical to 5(S),12(S)-dihydroxy-6,8,14-

eicosatrienoic acid and 5(S),12(R}-dihydroxy-6,8,14-eicosatrienoic acid respectively.

1.2.2. Time course for the metabolism of LTB,

The time courses for the formation of 10,11-dihydro-LTB,, 10-11-dihydro-12-
epi-LTB, and 10,11-dihydro-12-0x0-LTB, from LTB, are shown in Figure 10A.
10,11-Dihydro-LTB, and 10,11-dihydro-12-0x0-LTB, are both formed very rapidly
and can easily be detected after 2 min. ‘There is clearly a delay in the formation of
10, 11-dihydro-12-epi-LTB, and this product could not be detected until 12 min. The
concentration of 10,11-dihydro-12-epi-LTB, in the incubation mixture gradually
increased up to 60 min at the expense of 10,11-dihydro-LTB, and 10,11-dihydro-12-
oxo-L'TB,. The lag in the formation of 10,11-dihydro-12-epi-LTB, from LTB,
suggests that it is formed from the subsequent metabolism of either 10,11-dihydro-

LTB; or 10,11-dihydro-12-0x0-LTB,.
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Figure 10. Time courses for the formation of metabolites of; (A) LTB,,
(B) 10,11-dihydro-LTB,, (C) 10,11-dihydro-12-epi-LTB, and (D) 10,11-dihydro-12-
oxo-LTB,, by porcine PMNL. Porcine PMNL (50 x 108 cells/ml) were incubated with
the above substrates (2 uM) for various times at 37 °C. The incubations were |
terminated by the addition of methanol (0.15 vol) and PGB, (430 pmol) was added as
an internal standard. Products were extracted on a cartridge of octadecylsilyl silica
and were resolved by NP-HPLC as described in the legend to Figure 8. The amounts
of 10,11-dihydro-LTB, (e, 10,11-dihydro-12-epi-LTB; (o) and 10,11-dihydro-12-oxo-
LTB, (® were determined using PGB, as an internal standard. Abbreviations: dh-
LTB,, 10,11-dihydro-LTB,; dh-12e-LTB,, 10,11-dihydro-12-epi-LTB,, dho-LTB,,
10,11-dihydro-12-0x0-LTB,.
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Incubation of 10,11-dihydro-LTB, with porcine PMNL and analysis of the
reaction products by NP-HPLC indicated that this substrate was converted to both
10, 11-dihydro-12-epi-LTB, and 10,11-dihydro-12-0x0-LTB;, with the latter product
predominating (Figure 10B). Similar results were obtained when 10,11-dihydro-12-
epi-LTB, was incubated with porcine PMNL (Figure 10C). As with 10,11-dihydro-
LTB,, the major metabolile after 60 min was 10,11-dihydro-12-ox0-LTB,. Substantial
amounts of 10,11-dihydro-LTB, were also formed, indicating that the two
10,11-dihydro isomers are interconvertable. No metabolism of these compounds was
observed when the cell suspension was previously placed in a boiling water bath.

The most obvious mechanism for the formation of 10,11-dihydro-12-epi-LTB,
from LTB, would be via reduction of 10,11-dihydro-12-ox0-LTB,. To determine
whether this occurred, 10,11-dihydro-12-0x0o-LTB; was incubated with porcine PMNL
for different times and the products were analyzed by NP-HPLC (Figure 10D). This
resulted in the formation of both 10,11-dihydro-LTB, and 10,11-dihydro-12-epi-LTB,
in comparable amounts. No products were detected when 10,11-dihydro-12-0xo-LTB,
was incubated with a cell suspension which had previously been placed in a boiling
water bath. On the basis of these kinetic experiments (Figure 10B,D), 10, 11-dihydro-
LTB, appears to be a considerably better substrate than 10,11-dihydro-12-oxo-LTB,
for the formation of 10,11-dihydro-12-epi-LTB,. These results raise the possiblility
that the two dihydro-LTB, stereoisomers could be directly interconverted. However,
the poor metabolism of 10,11-dihydro-12-oxo-LTB, could also be explained if it is not

transported into the cell as well as 10,11-dihydro-LTB,.
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1.2.3. Metabolism of 10,11-dihydro-[12°H]LTB, and 10,11-dihydro-12-epi-
[12-°H]LTB,.

To examine further the involvement of 10,11-dihydro-12-oxo-LTB, in the
interconversion of the 10,11-dihydro-LTB, stereoisomers, 10,11-dihydro-LTB, and
10,11-dihydro-12-epi-LTB,, labeled with a tritium specifically in the 12-position, were
prepared. Interconversion of 10,11-dihydro-LTB, and 10,1 1-dihydro-12-epi-LTB,
involving 10,11-dihydro-12-0x0-LTB, as an intermediate would necessitale abstraction
of the C p-trittum atom. Therefore, 10,11-dihydro-[12-H]JLTB; was incubated with
porcine PMNL and the reaction products were analyzed after various times by
NP-HPLC (Figure 11), After 60 min, the substrate (t,= 2! min) was still highly
labeled with tritium, whereas the product, 10,11-dihydro-12-epi-LTB, (= 23 min)
was only slightly labeled (Figure 11A). The second product, 10,11-dihydro-12-oxo-
LTB, (t;= 14 min), did not possess any detectable radioactivity, confirming the
presence of tritium almost exclusively at the 12-position of the substrate. Similar
results were obtained when 10,1 1-dihydro-12-epi-[12-*H]LTB, was incubated with
porcine PMNL for 60 min at 37 °C (Figure 11B).

The specific activities of the products formed after different incubation times
are shown in Table IV. Insufficient amounts of products were formed after 10 min to
determine their specific activities accurately. However, after 20 min the specific
activity of 10,11-dihydro-12-epi-LTB,, formed from 10,11-dihydro-[12-*H]LTB, was
only 17% that of the initial substrate. Similar results were obtained when

10,11-dihydro-12-epi-[12-*H]LTB, was the substrate. The specific activities of both
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Figure 11. Normal-phase HPLC of metabolites of 10,11-dihydro-LTB, () and 10,11-
dihydro-12-epi-LTB, (B) labeled with tritium in the 12-position. Porcine PMNL (5 x
10 cells in 10ml) were incubated with 10,11-dihydro-[12*H]LTB, (2 xM; 138 000
dpm/incubation) or 10,11-dihydro-12-epi-[12°H]JLTB, (2 uM; 118 000
dpm/incubation) for 60 min at 37 °C. The products were extracted and purified by
NP-HPLC as described in the legend to Figure 8, Abbreviations: dh-LTB,, 10,11-
dihydro-LTB,; dh-12e-LTB,, 10,11-dihydro-12-epi-LTB,, dho-LTB,, 10,11-dihydro-
12-0x0-LTB,.

96



(B

TABLE 1V
Specific activities of 10,11-dihydro-LTB, and 10,11-dihydro-12-epi-LTB, after
incubation of either 10,11-1:'!ihydro-[12-3l-l]I_.TB_l or 10,11-dihydro-12-cpi-
[12-*H]LTB, with porcine PMNL

10,11-Dihydro-[12-*H]LTB, (2 M) and 10,11-dihydro-12-epi-[12*HILTB, (2 uM)
were incubated with porcine PMNL (50 x 108 cells/ml) for various times. The
products were extracted and analyzed by NP-HPLC as described in the legend to
Figure 9.

Specific Aclivily (dpm/pmol)

Time (min) dh-LTB® dh-12e-LTB,

dh-LTB, --> dh-12¢-LTB,

0 6.94

10 6.75 b
20 6.69 1.16
60 7.82 1.23

dh-12e-LTB, --> dh-LTB,

0 5.90
10 b 6.57
20 0.80 7.01
60 1.36 9.40

 Abbreviations: dh-LTB,, 10,11-dihydro-LTB,; dh-12e-LTB,, 10,11-dihydro-12-epi-
LTB,.

b Only small amounts of products were formed after 10 min, and it was not possible
to determine their specific activities accurately under the conditions employed.
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substrates increased with time and were highest after 60 min which is consistent with

the expected isotope effect for loss of the tritium atom in the 12-position.

1.3. Metabolism of 12(S)-HETE by porcine PMNL

Porcine leukocytes were incubated with 12(S)-HETE and the products were
analyzed by RP-HPLC as shown in Figure 12. Two less polar radioactive products
(A and B) were formed which did not show any absorbance at 235 nm. The lack of
absorbance at 235 nm of products A and B indicates that they no longer contain
conjugated double bonds. The HPLC profile is similar to that observed after
incubation of LTB,; with porcine PMNL (Figure 7), which also shows two less polar

peaks absorbing at a lower wavelength than the substrate.

1.3.1. Identification of 12-hydroxy-5,8,14-eicosatrienoic acid (Product A).

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of
product A (Figure 13) exhibited intense ions at m/z 408 (M), 393 (M-15), 377 (M-
31), 351 (loss of C;7-Cy), 318 (M-90), 297 (C,-C,5), 213 (C;,-Cyp), 207 (297-90), 175
(297-(90+32)), 133 (base peak), 129, 121, and 107. This mass spectrum is very
similar to that of the corresponding derivative of 12(S)-HETE, except that ions
containing the C, to C,, portion of the molecule, including the molecular ion and the
jons at m/z 297 and 207, occur 2 mass units higher than the corresponding ions for
12(S)-HETE. This indicates that one of the double bonds between carbons 1 and 12
of 12(S)-HETE has been reduced and that product A is identical to 12-

hydroxyeicosatrienoic acid.
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Figure 12. Reversed-phase HPLC of 12(S)-HETE metabolites produced by intact
porcine PMNL. 12(S)-HETE (2 uM) was incubated with porcine leukocytes (75 x
10 cells/ml) at 37 °C for 40 min. Products were extracted on a cartridge of ODS
silica and separated by RP-HPLC on a Phenomenex Spherisorb ODS-2 column with

water/acetonitrile/acetic acid (55:45:0.02) as the mobile phase. The flow rate was

2 ml/min.

The absence of UV absorbance at 235 nm by 12-hydroxyeicosatrienoic acid
indicates that one of the two conjugated double bonds between carbons 8 and 11 of
12(8)-HETE has been reduced. Since the mass spectrum clearly shows that only one

double bond has been reduced, it can be assumed that the double bonds present at
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Figure 13. Mass spectrum of the trimethylsilyl ether, methyl ester derivative of
product A formed from 12-HETE, The mass spectrum was obtained using an
ionizing voltage of 70 mV, an accelerating voltage of 6 kV and a trap current of
100 pA. TMS, trimethylsilyl.

positions 5 and 14 of 12(S)-HETE are retained in the dihydro metabolite. The
remaining double bond, the position of which could not be determined from the mass
spectrum, could theoretically reside in one of three locations: (A) Cy-C,, (B) C,4-C,,
or (C) Cy-C,, as shown in Figure 14, To ascertain which of these positions is correct,

a sample of 12-hydroxyeicosatrienoic acid was analysed by NMR spectroscopy by Drs
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Figure 14. Possible structures of the dilydro metabolite of 12(S)-HETE (product
A). (A) 12-Hydroxy-5,8, 14-cicosatrienoic acid, (B) 12-hydroxy-5,10,14-
eicosatrienoic acid, (C) 12-hydroxy-5,9, 14-eicosatrienoic acid. The circled

methylene group is the one giving rise to the triplet centered at 2.77 ppm in the
inset to Figure 15.

Falck and Yadagiri at the University of Texas Southwestern Medical Center, Dallas,
Texas (Figure 15). The NMR spectrum shows a triplet centered at 2,77 ppm,
characteristic of the bis-allylic methylene group which is present in struclure A, but
not in either B or C (Figure 14). This clearly indicates that the third double bond of

12-hydroxyeicosatrienoic acid is located between carbons 8 and 9 identifying the
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Figure 15. Nuclear magnetic resonance spectrum of the dihydro metabolite of
12(S)-HETE (product A). Product A (55 pug) was analysed by '"H NMR
spectroscopy (CDCl,, 500 MHz) on a Varian Model VXR-500S instrument by Drs
Falck and Yadagiri at the University of Texas Southwestern Medical Center,
Dallas, Texas. The inset is an enlargement of the triplet at 2.77 ppm.

compound as 12-hydroxy-5,8,14-eicosatrienoic acid. Moreover, the NMR spectrum
is virlﬁally identical to that of authentic chemically-synthesized 12-hydroxy-5,8,14-
cicosatrienoic acid. Integration of the relevant peaks revealed that the biological

sample was greater than 95% pure with respect to regioisomeric olefins.
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1.3.2. Identification of 12-ox0-5,8,14-eicosatrienoic acid (product B).

Product B reacted with hydroxylamine hydrochloride in the presence of
pyridine to give an oxime derivative, indicating that it contains an oxo group. The
oxime derivative of product B was converted to its trimethylsilyl ether, ester
derivative. The mass spectrum of this compound exhibited intense ions at m/z 479
(M), 464 (M-15), 436 (C,-Cp3), 422 (C;-Cy6), 368 (C,-C,;), 348 (C;3-C,y), 334 (Cs-
Ca0), 320 (Cs-Cyy), 280 (Cs-Cyo), 266, 210, 147, and 117 (Figure 16). This mass
spectrum indicates that product B is a dihydro metabolite of 12(S)-HETE with an oxo
group at C,,. The ion at m/z 280 would suggest that there is a double bond in the 8-
position, whereas that at m/z 266 would be more consistent with its presence in the 9-
position. However, it is possible that the latter ion could have arisen after a
rearrangement of the double bonds, or that there could be a mixture of products
which differ from one another in the positions of their double bonds. By analogy
with the 10,11-dihydro metabolite of 12(S)-HETE, it would seem more likely that the
double bonds are present in the 5, 8, and 14 positions and we would therefore

tentatively assign the structure 12-ox0-5,8,14-eicosatrienoic acid to product B,

1.3.3. Stereochemical analysis of 12-nydroxy-5,8,14-cicosatrienoic acid

The mass spectrum of product A indicates that it is identical to 12-hydroxy-
53,8, 14-eicosatrienoic acid. Bovine corneal microsomes have also been shown to
convert arachidonic acid to 12(R)-hydroxy-5,8, 14-eicosatrienoic acid, however a

cytochrome P-450 pathway not involving 12(S)-HETE was implicated (313). Since
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Figure 16. Mass spectrum of the trimethylsilyl ether oxime derivative of product B
Jormed from 12-HETE, The mass spectrum was obtained using an ionizing voltage
of 70 eV, an accelerating voltage of 6 kV and a trap current of 100 pA. TMS,
trimethylsilyl.

the 12(R}, but not the 12(S), isomer of this compound was reported to have potent
proinflammatory properties (237,238), it was of considerable interest to determine the
configuration of the 12-hydroxyl group of 12-hydroxy-5,8,14-eicosatrienoic acid

generaled by porcine PMNL.
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12(S)-HETE was incubated with PMNL for 40 min and the products were
purified by RP-HPLC as shown in Figure 12, The material in the peak corresponding
to 12-hydroxy-3,8,14-cicosatrienoic acid was methylated and converted to its MTPA
derivative. After removal of contaminants derived from the reagents by RP-HPLC on
a Cs; column, the methyl ester,' MTPA derivatives of the 12-hydroxy-5,8, 14-
eicosatrienoic acid fraction was .uhjected to steric analysis by NP-HPLC on a silicic
acid column (Figure 17). As shown in Figure 17A, 12-hydroxy-3,8, 14-eicosatrienoic
acid was resolved into two radioactive components which absorbed in the UV region
at 200 nm. These two products cochromatographed with the methylated MTPA
derivatives of authentic 12(R)-hydroxy-3,8,14-¢eicosatrienoic acid (t,= 25 min) and
12(S)-hydroxy-5,8, 14-eicosatrienoic acid (t,= 23 min) which were provided by Dr.
J.R. Falck from the University of Texas Southwestern Medical Center, Dallas, Texas
(Figure 17B).

The mass spectrum of the unresolved methyl ester, MTPA derivatives of 12-
hydroxy-3,8, 14-¢icosatrienoic acid was identical to that of the corresponding
derivative of authentic 12(S)-hydroxy-5,8,14-eicosatrienoic acid. Although these mass
spectra were not particularly informative, intense ions were observed at m/z 318 (M-

MTPA) and 189 (C¢H;-C(CF;)="0CH;).
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Figure 17. Normal-phase HPLC of the MTPA derivatives of 12-hydroxy-5,8,14-
eicosarrienoic acid. The 12(R) and 12(S) tsomers of the MTPA derivatives were separated
by NP-HPLC on a column of silicic acid (RoSil; Alltech Associates). The mobile phase
was hexane/isopropanol (99:0,08) at a flow rate of 2 ml/min. (A) NP-HPLC of the
methy! ester, MTPA derivatives of 12-hydroxy-5,8,14-eicosatrienoic acid formed after
incubation of 12-[1-¥CJHETE (2 uM) with purified porcine PMNL (50 x 10° cells/ml) for
40 min at 37 °C. The products were extracted on a cartridge of ODS-silica and were
purified by RP-HPLC. Dihydro-12-HETE (product A) was converted to the MTPA
derivative of its methyl ester as described in Materials and Methods. (B) NP-HPLC of a
mixture of the methyl ester, MTPA derivatives of chemically-synthesized 12(R)-5,8,14-
eicosatrienoic acid (tx=23 min) and 12(S)-hydroxy-5,8,14-eicosatrienoic acid (ty=25
min). The peak labeled with an asrerisy (*) was not radioactive and is presumably a
contaminent derived from the derivatization procedure. The abbreviations are:
12(R)h-20:3, 12(R)-hydroxy-5,8,14-eicosatrienoic acid; 12(S)h-20:3, 12(S)-hydroxy-
5,8,14-eicosatrienoic acid.
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1.3.4, Time course for the formation of 10,11-dihydro metabolites of 12(S)-HETE
by porcine PMNL

The time course for the formation of 12(R)-hydroxy-5,8, 14-eicosatrienoic acid,
12(S)-hydroxy-5,8, 14-eicosatrienoic acid and 12-ox0-5,8, 14-eicosatricnoic acid from
12(S)-HETE by porcine PMNL is shown in Figure 18. 12(R)-Hydroxy-5,8,14-
eicosatrienoic acid was the predominant product at all time points, reaching a
maximum at 20 min and then declining'. 12-Oxo0-5,8,14-eicosatrienoic acid reached
its maximal level by 10 minutes and did not change thereafter. The formation of
12(S)-hydroxy-5,8,14-¢eicosatrienoic acid exhibited a lag period followed by an
increase to 30% of the total 12-hydroxy-3,8, 14-eicosatrienoic acid at 40 minutes,
suggesting that it is not an initial product but that it may be formed from either
12(R)-hydroxy-5,8, 14-eicosatrienoic acid or 12-ox0-5,8,14-¢icosatrienoic acid.

The total recovery of the above three 12(S)-HETE metaboliles was considerably
lower after 40 minutes than after 20 minutes, suggesting that these products may
subsequently be metabolized by other pathways such as 3-oxidation. The loss of
radioactivity could be substantially lowered by inclusion of ETYA in the incubations
(see below), but it was not added in the present experiment to avoid any effects it
might have on the ratio of the two stereoisomers of 12-hydroxy-5,8, 14-eicosatrienoic

acid,

! Due to the priority rules for assigning R and § configurations, the configuration
of the 12-hydroxyl group of 12(S)-HETE is identical to that of 12(R)-hydroxy-5,8,14-
eicosatrienoic acid. Thus, the major product has the same configuration at Cy, as the
precursor (see Figure 7).
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Figure 18, Time course for the metabolism of 12(S)-HETE by porcine PMNL. 12-
[I-“CJHETE (2 uM) was incubated with purified porcine PMNL (50 x 10° cells/ml)
for various time periods. 12(R)-Hydroxy-5,8,14-eicosatrienoic acid (12(R)h-20:3; ),
12(S)-hydroxy-5,8, 14-eicosatrienoic acid (12(S)h-20:3; ) and 12-0x0-5,8,14-
eicosatrienoic acid (120-20:3; ) were analyzed as described in the legend to

Figure 17. Products were quantitated by measurement of radioactivity by liquid
scintillation counting in fractions collected every 0.5 minutes, The percentage of

incubated 12(S)-HETE recovered as less polar reductase products is also shown ( ).
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1.4, Effect of ETYA on the metabolism of monohydroxy PUFA’s

The data in Figure 18 indicate that there is a reduction in the total amounts of
10,1 1-dihydro metabolites of 12(S)-HETE recovered after 4t 1in. Preliminary
experiments indicated that the loss of dihydro products with time was even more
pronounced with other [1-"C]-labeled monohydroxy PUFA’s including 15-HETE and
13-HODE. This could largely be attributed to B-oxidation, since there was a marked
reduction in the total amount of radioactivity recovered.

The loss of radioactivity could be reduced by the addition of ETYA. A study
of the effect of increasing concentrations of ETYA on the recovery of dihydro
metabolites of 13-HODE revealed an optimal concentration of ETYA (5 uM) which
did not affect the formation of dihydro and dihydrooxo products, but inhibited their
degradation, along with that of the substrate, to other products. Table V shows the
percentage recovery of incubated radioactivity by substrates and their dihydro
metabolites after incubation of 12-[1-“CJHETE (2 uM), [1-“CILTB, (2 uM) and
13-[1-¥CJHODE (2 uM) with porcine PMNL in the presence and absence of ETYA.
The recovery of LTB, and its reduced metabolites was not appreciably affected by the
addition of ETYA, whereas the recovery of 12(S)-HETE and its reduced products was
11% higher in the presence of ETYA. ETYA had a much more pronounced effect on
the recovery of 13-HODE and its dihydro metabolites, increasing it to 69% compared

to only 9% recovery in the absence of ETYA.,
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TABLE V

Effect of ETYA on the recoveries of LTB, 12-HETE, 13-HODE and their
dihydro metabolites

[1-“CILTB, (2 #M) and 12(S)-[1-*CJHETE (2 uM) were incubated with purified
porcine PMNL (50 x 10° cells/m}) for 10 min at 37 °C with and without 5 uM
ETYA. 13-[1-"CJHODE (2 uM) was incubated with purified porcine PMNL

(50 x 10° cells/ml) for 30 min at 37 °C with and without 10 uM ETYA. Products
were resolved as described in Materials and Methods and were quantitated by

measurement of radioactivity.

Substrate Products {pmol/107 cells/10 min)

Reductase (%)* Dihydrooxo

Recovery of

Radioactivity (%)b

12 HETE 30 (8) 9
12-HETE + ETYA 36 (9) 10
LTB, 75 (19) 32
LTB, + ETYA 70 (17) 37
13-HODE 0 (0) 0
I3-HODE + ETYA 38 (29) 27

40
51
78
82

9
69

# The sum of dihydro and dihydrooxo products. The percentages of incubated
substrates recovered as less polar reductase products are shown in brackets.

b The percentage of incubated radioactivity recovered as the substrate and its less

polar dihydro and dihydrooxo products.
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1.5. Metabolism of 13-HODE by porcine PMNL in the presence of ETYA

Porcine leukocytes were incubated with 13-HODE in the presence of ETYA
(5 #M) and the products were analysed by RP-HPLC (Figure 19). Two less polar
radioactive products (Q and R) were detected. Neither of these compounds absorbed
at 235 nm, indicating that the conjugated diene of the substrate is not preseal in

products O and R,

1.5.1. Identification of 13-hydroxy-9-octadecenoic acid (Product )

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of
product @ showed intense ions at m/z 369 (M-15), 353 (M-31), 337 (M-47), 313 (C,-
C3), 294 (M-90), 262, 199, and 173 (base peak; C,;-C,,) (Figure 20A). The
molecular ion and the ion at m/z 313 (C,-C,3) of this compound are 2 mass units
higher than the corresponding ions in the mass spectrum of the trimethylsilyl ether,
methy! ester derivative of 13-HODE, indicating that one of the double bonds has been
reduced. Although the mass spectrum does not give any information on the location
of the remaining double bond, it is probably in the Cy position by analegy with the
corresponding metabolite of 12(S)-HETE. This product is therefore tentatively

identified as 13-hydroxy-9-octadecenoic acid (11,12-dihydro-13-HODE).
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Figure 19. Reversed-phase HPLC of the metabolites of 13-HODE produced by intact
porcine PMNL in the presence of ETYA. 13-HODE (2 uM) was incubated with
porcine leukocytes (75 x 10® cells/ml) in the presence of ETYA (5 uM) at 37 °C for
60 min. Products were extracted on a cartridge of ODS-silica and separated on a
Phenomenex Spherisorb ODS-2 column with a mobile phase of
water/acetonitrile/acetic acid (63:37:0.02) at a flow rate of 2 ml/min. The peak
labeled with an asterisk (*) and absorbing at 235 nm had a retention time shorter that

that of product R and was not radioactive.
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Figure 20. Mass spectra of (A) the trimethylsilyl ether, methyl esrer derivative of

product Q and (B) the trimethylsilyl ether, oxime, methyl ester derivative of product R,
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1.5.2. Identification of 13-oxo0-9-octadecenoic acid (Product R)

Product R was found to react with hydroxylamine hydrochloride in the presence
of pyridine to give an oxime derivative, indicating the presence of an oxo group. The
mass spectrum of the trimethylsilyl ether, oxime derivative of the methy! ester of
product R showed intense ions at m/z 397 (M), 382 (M-15), 368 (M-29), 366 (M-
31), 354 (M-43), 326 (C,-C,3), 310 (C,-Cyy), 308, 280, 254 (base peak; Cy-C,q), 240
(Co-Cyg), 226, 184, 170, and 145 (Figure 20B). This mass spectrum indicates that
this metaboliie of 13-HODE has an oxo group at C; and a single double bond. The
base peak at m/z 254 would strongly suggest that the double bond is in the 9-position
and would not be expected if it were in either the 10- or 11- positions. The ion at
m/z 240 would support this conclusion, but that at m/z 226 would be more consistent
with a double bond in the 10-position. However, as discussed earlier for the
dihydrooxo metabolite of 12(S)-HETE, it is possible lhﬁt the latter ion could have
arisen due to a rearrangement of the double bonds or there could be a mixture of
dihydrooxo metabolites which differ from one another in the positions of their double
bonds. The most likely structure for product R is 13-oxo-9-octadecenoic acid (11,12-

dihydro-13-0x0-ODE).

1.6. Metabolism of 13-HODE by porcine PMNL in the absence of ETYA
Incubation of 13-[1-“CJHODE with porcine PMNL without ETYA present,
results in a significant loss of recovered [1-**C]labeled products (Table V). This

observation suggests that, in addition to the dehydrogenase/reductase pathway, porcine

114



- 13-HODE + Porcine PMNL 13-HODE
&

e

[y ]

)

&

LLy

O

=

&

3

$ T S

R R | SN | G | A
0 20 40 60

TIME (min)

Figure 21. Reversed-phase HPLC of the metabolites of 13-HODE produced by
intact porcine PMNL in the absence of ETYA. 13-HODE (2 pM) was incubaled
with porcine leukocytes (75 x 10° cells/ml) at 37 °C for 60 min. Products were
extracted on a cartridge of ODS-silica and separated on a Phenomenex Spherisorb
ODS-2 column with a linear gradient between water/acetonitrile/acetic acid
(72:28:0.02) and water/acetonitrile/accetic acid (48:52:0.02) over 60 min at a flow
rate of 2 ml/min,

PMNL metabolize 13-HODE by 8-oxidation. The B-oxidation pathway sequentially
removes 2-carbon units from the carboxyl end of the compound which would result in

the removal of the "C in the 1-position of 13-HODE.
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In order to investigate the possible production of metabolites produced by 8-
oxidation, uniformly labeled 13-["*C]JHODE was prepared. The chromatogram
obtained by RP-HPLC of the products generated from the incubation of uniformly
labeled 13-[“CJHODE with porcine PMNL, in the absence of ETYA, is shown in
Figure 21, Two major products, compounds S and 7, eluted prior to the substrate.
Both products § and T absorbed UV light at 235 nm, confirming the integrity of the
conjugated diene. These initial observations are consistent with the hypothesis that

products § and T are produced from the B-oxidation of 13-HODE.

1.6.1. Identification of 11-hydroxy-7,9-hexadecadienoic acid (product S)

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of
product § showed intense ions at m/z 354 (M), 339 (M-15), 331, 283 (base peak; C,-
C.2), 264 (M-90), 225 (C,-C,q), 143, 130 and 119 (Figure 22A). The mass spectrum
indicates that product § has 18 carbons, suggesting that it is a product of a single
cycle of B-oxidation of 13-HODE. Mass ions 225 and 283 are consistent with the
presence of carbon-carbon double bonds at C; and C;, and a hydroxyl group at C;;.
Therefore, the most likely structure for product § is 11-hydroxy-7,9-hexadecadienoic

acid.

1.6.2. Identification of 9-hydroxy-5,7-tetradecadienoic acid (product 7)
The mass spectrum of the trimethylsilyl ether, methyl ester derivative of

product T showed inlense ions at m/z 326 (M), 311 (M-15), 295 (M-31), 283, 255
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Figure 22. Mass specira of the rimethylsilyl ether, methyl ester derivatives of (A)
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(C,-Cy), 225 (Cs-C,,), 181, 130 and 105 (base peak) (Figure 22B). The molecular ion
326 indicates that 4 carbons have been removed from 13-HODE presumably resulting
from two cycles of B-oxidation. The ions at m/z 255 and 225 are consistent with the
presence of carbon-carbon double bonds at Cs and C; and a hydroxyl group at C,.
Therefore, the most likely structure for product T is 9-hydroxy-5,7-tetradecadienoic

acid.

1.7. Specificity of the porcine PMNL 12-hydroxyeicosanoid
dehydrogenase/10,11-reductase pathway

As ETYA (5 M) was found to enhance the recovery of the substrates and their
dihydro metabolites, without affecting the formation of the latter, this concentration of
ETYA was used in all of ‘the analytical experiments involving intact PMNL described

below.

1.7.1. Effect of substrate concentration on the metabolism of LTB,, 12(S)-HETE
and 13-HODE

Porcine PMNL were incubated with various concentrations of [1-C]JLTB,, 12-
[I-"CJHETE and 13-[1-"*C]HODE for 6, 6 and 30 min respectively. The products
were analyzed by precolumn extraction/RP-HPLC and the apparent K, and V,,,
values were calculated from Lineweaver-Burk plots (Figure 23A). The apparent K,
values for LTB, (0.28 uM) and 12(S)-HETE (0.21 uM) were similar, whereas that

for 13-HODE (2.2 M) was much higher. All three substrates shared an apparent
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Figure 23. Lineweaver-Burk plots for the metabolism of LTB,, 12(S)-HETE and
13(S)-HODE by porcine PMNL. (A) Various concentrations of [1-*C]LTB, ©),
12-[1.C]HETE (o) and 13-[1-"*C]HODE @) were incubated with porcine PMNL (50
x 108 cells/ml) for 6, 6 and 20 minutes, respectively. (B) Various concentrations of
12-[1-"CJHETE were incubated with LTB, (2 uM) for 6 min, Products were analysed
by precolumn extraction/RP-HPLC and quantitated by measurement of radioaclivity.
Reductase activity is expressed as the sum of dihydro and dihydrooxo metabolites.

Results were corrected for recovery (See Table VI).
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V.ux Of approximately 0.029 pmol/min/10° cells.

To confirm that 12(S)-HETE and LTB, are metabolized by the same enzymes,
a compelition experiment was performed in which various concentrations of 12-
[1-CJHETE were incubated with PMNL in the presence or absence of a single
concentration (2.0 uM) of LTB,. Lineweaver-Burk analysis revealed that the addition
of LTB, did not affect the apparent V,,,, but increased the slope of the line, indicative
of competitive inhibition (Figure 23B), Similar results were obtained when 12(S)-

HETE (2.0 uM) was incubated with various concentrations of [1**C]LTB,.

1.7.2. Metabolism of various hydroxylated PUFA’s by porcine PMNL

The substrate specificity of the reductase pathway present in porcine PMNL
was investigated using various structurally related compounds derived from
arachidonic acid, 5,8,11,14,17-eicosapentaenoic acid and linoleic acid (Table VI). To
avoid limitations in the amounts of products formed, due to lack of substrate
availability, the incubation conditions employed (2 uM substrate; 10 min) permitted
no more than 25% metabolism of the substrate, Although ETYA was included in the
incubations, there were significant differences in the percent recovery of the incubated
radioactivity, presumably due to differences in B-oxidation. To correct for these
differences, values obtained for the amounts of dihydro and dihydrooxo products
recovered were divided by the percentage of recovered radioactivity for each
substrate. Both the actual amounts recovered and the corrected values appear in

Table VI.
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TABLE VI
Specificity of the porcine PMNL dehydrogenase/reductase pathway®

Substrate Products (pmol/107 cells/10 min) Recovery of
b Radioact(ivity
Reductase Dihydrooxo (%)

Corrected Uncorrected (%)°  Corrected  Uncorrected

LTB, 85 70 (17) 46 37 82
6-rrans-LTB, 85 63 (16) 49 36 77
12e-8c-6-trans-LTB, 81 51 (13) 29 18 66
12-epi-6-trans- LTB, 77 60 (15) 22 17 82
12(S)-HETE 72 36 (9 19 10 51
LTB; 55 42 (10) 38 29 75
15(S)-HETE 47 23 (6) 36 17 48
13(S)-HODE 47 24 (6) 38 20 5l
5(S)-HETE 23 8 (2) 9 3 34
9(S)-HODE 15 10 (2) 13 9 67
20-hydroxy-LTB; 11 7 () 6 4 67
HHTre 10 72) 8 6 76
PGE, 0 0@ 0 0 91
PGF,, 0 0 0 0 90

8 [1-C]Labeled substrates (2uM) were incubated with porcine PMNL (50 x 10° cells/ml) for
10 min at 37 °C. Products were analyzed by precolumn extraction/RP-HPLC. Products were
quantitated by measuring radioactivity by liquid scintillation counting in 0.5 minute column
fractions. The amounts of reductase products formed were corrected for recovery by dividing
the uncorrected amounts by the % recovery of radioactivity multiplied by 100. Abbreviation:
12e-8¢-6-trans-LTB,, 12-epi-8-cis-6-trans-LTB,,

b The sum of dihydro and dihydrooxo products. Products formed by 10,11-reductase and
6,11- reductase pathways were not distinguished from one another.

¢ The values in brackets represent the percentages of incubated substrates which were
recovered as less polar reductase products.

d The percentage of incubated radioactivity recovered as the substrate and its dihydro and
dihydrooxo products was calculated by comparison with control incubations in which the
substrate was incubated with buffer alone,
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The best substrate for the 10,11-reductase pathway is LTB,. 6-Trans-LTB, and
12-epi-6-1rans-LTB, were metabolized to dihydro products at about the same rate as
I.TB,. Although the absolute amounts of dihydro metabolites formed from 12-epi-8-
cis-6-trans-LTB, and 12(S)-HETE were lower than for LTB,, after they were
corrected for rccovery, the amounts were nearly the same as for LTB,. All of the
above eicosanoids share a C,, hydroxyl group preceded by two conjugated double
bonds and followed by a 2-cis-octenyl group.

LTB;, which is a metabolite of 5,8,11,14,17-eicosapentaenoic acid, is

metabolized to a lesser extent than LTB,, probably due to the presence of the A"

double bond in the omega end of the moiccule. Introduction of an omega-hydroxyl
group, as in 20-hydroxy-LTB,, nearly eliminates metabolism by the reductase
pathway.

Alteration of the position of the hydroxyl group, as in 15-HETE and 5-HETE,
reduced the rate of metabolism to approximately 65% and 21%, respectively, that of
12(S)-HETE, HHTrE, which is an endoperoxide-derived arachidonic acid metabolite
with a 12-hydroxyl group preceded by two double bonds in the 8 and 10 positions,
but followed by a 2-pentenyl group, was metabolized uuly slightly. This suggests that
the distance of the hydroxyl group to the omega end of the molecule is also important
for metabolism by this pathway. 13-HODE and 9-HODE, in which the positions of
the hydroxyl groups are altered and the carbon chain length reduced, also exhibited

decreased metabolism. PGE, and PGF,,,, which, after oxidation of their 15-hydroxyl
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groups are metabolized in many tissues by a 13,14-reductase (320), were not
converted to any detectable products by porcine PMNL.

It should be noted that a 5-hydroxyeicosanoid dehydrogenase/6, | l-reductase
pathway also exists in porcine PMNL (370). 6-Trans-LTB,, and 12-epi-6-rrans-1.TB,
are metabolized by this pathway to 6,11-dihydro and 6,11-dihydro-5-oxo metabolites
(370). However, no evidence for the metabolism of LTB, or 12(S)-HETE to
6,11-dihydro products by porcine PMNL was found in this study. In this specificity
study, we were not able to distinguish between 6,11-dihydro products and
10,11-dihydro products. Tt is therefore likely that the rates of metabolism of 6-rrans-
L'TB,, and 12-epi-6-trans-LTB, by the 12-hydroxyeicosanoid
dehydrogenase/10,11-reductase pathway are lower than those indicated in Table VI.

It is also possible that 5-HETE and 9-HODE, which have a hydroxyl group followed
by two conjugated double bonds located on the w -side of the molecule, could be

metabolized principally by the 5-hydroxyeicosanoid dehydrogenase/6,11-reductase

pathway.

2. Mechanism for the formation of 10,11-dihydro metabolites by porcing PMNL

As discussed in the introduction (Figure 6), the initial step for the formation of
dihydro metabolites of LTB, by porcine PMNL could be either reduction of the C,y-
C,; double bond, producing 10,11-dihydro-LTB,, or oxidation of the C,; hydroxy]

group producing 12-0xo0-1.TB,.
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Previous experiments in which LTB, and 12(S)-HETE, labeled with deuterium
in the 12-position, were incubated with intact porcine PMNL, indicated that the
10,11-dihydro products retained between half and two-thirds of the deuterium in this
position (304,321). Since oxidation of the 12-hydroxyl group would result in complete

loss of the deuterium from the 12-position, this suggested that PMNL contained a
reductase which could reduce the A '® double bond of the substrate directly, without

the requirement for a 12-oxo-intermediate. The partial loss of deuterium from the 12-
position could be explained by the subsequent conversion of the initially formed
dihydro products to dihydrooxo metabolites, which was shown to be a reversible

reaction as discussed above (section III.1,2.2.).

2.1, Tritium isotope effect in the metabolism of
12(S)-[5,6,8,9,11,12,14,15-* HJHETE to dihydro products by porcine PMNL

If the inital step in the formation of dihydro metabolites of LTB, and 12(S)-
HETE is reduction of the 10,11-double bond, we would predict that the presence of a
deuterium or tritium atom in the 12-position would not affect the formation of the
10,11-dihydro metabolite, but would retard the formation of the subsequently formed
10,11-dihydro-12-oxo-metabolite.

To test this hypothesis, we incubated a mixture of 12(8)-[1-"*C]JHETE and
12(5)-[5,6.8,9,11,12,14,15-*HJHETE with porcine PMNL and analyzed the products
by RP-HPLC (Figure 24). Contrary to what we had predicted, the ratio of *H to “C

in 12-hydroxy-5,8, 14-eicosatrienoic acid and 12-o0x0-5,8, 14-eicosatrienoic acid were
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Figure 24, Reversed-phase HPLC profile of the metabolites of 12(S)-{1-"*CIHETE
and 12(S)-[5,6,8,9,11,12,14,15"HJHETE produced by intact porcine PMNL. A
mixture of 12(S)-[1-“CJHETE and 12(5)-[5,6,8,9,11,12,14,15-*H]HETE (2 M) was
incubated with intact porcine PMNL (50 x 10° cells/ml) for 30 min at 37 °C.
Products were resolved by precolumn extraction/RP-HPLC. Products retained on the
precolumn were separated on a Spherisorb ODS-2 column (Jones Chromatography)
with a linear gradient between acetonitrile/water/acetic acid (20:80:0.02) and
acetonitrile/water/acetic acid (52:48:0.02) over 60 min at a flow rate of 2.0 ml/min.
Radioactivity in the column eluate was analyzed using a Ramona-5-LS liquid cell
radioactivity detector (Raytest). Abbreviations: 12h-20:3, 12-hydroxy-5,8,14-

eicosatrienoic acid; 120-20:3, 12-0x0-3,8, 14-eicosatrienoic acid.
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about the same. However, the proportion of 12(S)-PHJHETE converted to tritiated
dihydro products was much lower than the proportion of 12(S)-[“CJHETE converted
to the corresponding C-labeled products (Figure 24). This marked isotope effect
suggests that the rale-limiting step in the formation of dihydro metabolites from 12(S)-
HETE is oxidation of the 12-hydroxyl group, which would require cleavage of a

carbon-tritium bond.

2.2. Effects of different cofactors on the formation of dihydro metabolites of
LTB, by a post-nuclear supernatant fraction from PMNL

If LTB, and 12(S)-HETE could be reduced directly by a 10,11-reductase, we
would expect the reaction to require reduced cofactors such as NADH or NADPH,
whereas oxidized cofactors such as NAD* or NADP* would be required if oxidation
of the 12-hydroxyl group were the initial step. To determine which cofactors are
required for the formation of 10,11-dihydro metabolites of 12-hydroxyeicosanoids,
porcine PMNL were disrupted by sonication and the sonicate was centrifuged at
1500 x g to remove undisrupled cells and nuclei. LTB; was incubated with the
1500 x g supernatant fraction for 10 min at 37 °C either in the absence of cofactors
or in the presence of NAD*, NADP*, NADH or NADPH (Table VII). In the
presence of NAD™, large amounts of 10,11-dihydro-LTB, and 10,11-dihydro-12-oxo-
LTB, were formed from LTB,, whereas only a relatively small amount of
10,11-dihydro-LTB, was formed in the presence of NADH and no 10,11-dihydro

products were detected in the absence of cofactors or in the presence of either
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TABLE VII
Metabolism of LTB, by a post-nuclear supernatant fraction from porcine PMNL
LTB; (2 #M) was incubated with a 1500 x g supernatant fraction from porcine PMNL
(6.5 mg protein/ml) for 10 min at 37 °C in a volume of 1 ml. Incubations were
terminated by addition of MeOH (0.6 ml) and the products were analyzed by

precolumn extraction/RP-HPLC as described in Materials and Methods.

Products (pmol/min/mg protein)

Cofactor 10,11-dihydro-LTB, 10,11-dihydro-12-oxo0-LTB,
None- 4 -

NAD* 1.40 1.56

NADP* - -

NADH 0.53 -

NADPH - -

“ no detectable activity.
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NADP* or NADPH. These results therefore suggest that the initial step in the

formation of 10,11-dihydro metabolites by porcine PMNL is oxidation of the 12-

hydroxyl group.

2.3. Metabolism of LTB, by subcellular fractions from porcine PMNL

To attempt to clarify the individual steps involved in the formation of dihydro
metabolites of 12-hydroxyeicosanoids, various subcellular fractions were prepared
from sonicates of porcine PMNL. The activities of marker enzymes for azurophil
granules (myeloperoxidase and B-glucuronidase) and plasma membranes (ouabain-
sensitive Na*-K*-ATPase) were measured in each fraction (Table VIII).
Myeloperoxidase and B-glucuronidase activities were localized primarily in the
20,000 x g pellet, indicadng that this fraction was enriched in granules. Na*-K*
ATPase activity was present in both the granule-rich fraction and the 150,000 x g
pellet (microsomal fraction). The 150,000 x g supernatant (cytosol) contained very
little of the above enzyme activities, The activity of a marker enzyme specific for the
endoplasmic reticulum was also investigated. Glucose-6-phosphatase activity is
reported to be present in the endoplasmic reticulum of various cells (322,323).
However, only low levels of activity of this enzyme was seen in the post-nuclear
supernatant from porcine PMNL, with the majority of that activity recovered in the
cytosolic fraction. It is not clear why this assay failed to detect the endoplasmic
reticulum which would be ex;ected to be present primarily in the microsomal

fraction. It has been reported that porcine PMNL have very little endoplasmic
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TABLE VIII
Marker enzyme activities in subcellular fractions from porcine PMNL
Enzyme activity was measured as described in Materials and Methods. Relative
specific activity is calculated by dividing the specific activity in a given fraction by

the specific activity in the post-nuclear supernatant.

Relative Specific Activity

Subcellular Myeloperoxidase  B-Glucuronidase QOuabain-Sensitive
Fraction Na*-K*-ATPasc
20 000 x g Pellet 3.10 2.14 5.50
(Granule-rich)

150 000 x g Pellet 1.76 0.70 4.35
(Microsomes)

150 Q00 x g Supernatant - i 0.62 n.d.
(Cytosol)

% no detectable activity.
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reticulum, therefore it is possible that non-specific phosphatases present in the cell
may have diluted out any phosphatase activity specific to the endoplasmic reticulum.
LTB, was incubated with each subcellular fraction in the presence of NAD™*
and the products were separated by NP-HPLC which enables the resolution of
10,11-dihydro-LTB, and 10,11-dihydro-12-epi-LTB, (Figure 25). The 20,000 x g
pellet did not convert LTB; to appreciable amounts of products (data not shown). On
the other hand, the metabolism of [1-"'CJLTB; by the 20,000 x g supernatant fraction
was very similar to that of intact PMNL and the 1500 x g supernatant, in that
10,11-dihydro-LTB, and 10,11-dihydro-12-oxo0-LTB, were the major products
(Figure 25A). However, unlike intact PMNL, the 20,000 x g supernatant converted
this substrate to little or no 10,11-dihydro-12-epi-LTB,. In contrast to the 20,000 x g
supernatant, the 150,000 x g supernatant (cytosol) exhibited little metabolic activity
towards LTB,, with only a very small amount of 10,11-dihydro-12-ox0-LTB, being
detected (Figure 25B). Neither were appreciable amounts of dihydro metabolites
formed by the microsomal fraction in the presence of NAD* (Figure 25C). Instead,
this fraction converted LTB; to a substance (product Z; t;= 18 min) which absorbed
in the UV at 318 nm (Figure 26). Finally, recombination of the microsomal and
cytosolic fractions restored the formation of the two dihydro products, but
considerably reduced the amount of product Z detected (data not shown). These
results suggest that the formation of 10,11-dihydro metabolites of LTB, requires at
least one enzyme present in the microsomal fraction and another enzyme present in

the cytosolic fraction,
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Figure 25.
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Figure 26. UV spectrum of product Z (12-0x0-LTB ).

The above results describe the metabolism of LTB, in the presence of NAD™.
The total amounts of LTB, metabolites formed by various fractions in the presence of
other cofactors were also determined (Table 1X). There was no detectable metabolism
of LTB, by the granule-rich fraction in the absence or presence of any of the
cofactors investigated. The 20,000 x g supernatant converted LTB, to
10,11-dihydro-LTB, and 10,11-dihydro-12-0x0-LTB; in the presence of NAD*, but in

its absence or in the presence of NADPH, no metabolites were detected. Only small
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‘t' TABLE IX
Effects of different cofactors on the metabolism of LTB, by subcellular fractions
from porcine PMNL.
LTB, (2 uM) was incubated with the granule-rich and 20,000 x g supernatant
fractions for 10 min and the microsomal and cytosolic fractions for 30 min in the
presence or absence of cofactors (I mM). Incubations were terminated by the
addition of 0.6 ml MeOH and the products were analyzed by precolumn

extraction/RP-HPLC as described in Materials and Methods. The value for products

represent the sums of 10,11-dihydro-LTB,, 10,11-dihydro-12-ox0-LTB, and
product Z (12-oxo-LTB,) formed.

Products (pmol/min/mg protein)

Subcellular Fraction NAD* NADP* NADH NADPH NONE
Granule -a - - - -
20,000 x g Supernatant 93.3 5.0 14,1 - -
Microsomes 52.9 29.0 - - -
Cytosol - - - . .

“ no detectable activity.

L=
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amounts of metabolites were detected in the presence of NADP* or NADH. The
microsomal fraction converted LTB, to product Z in the presence of NAD™ and to a
lesser extent in the presence of NADP*, but no metabolites were detected in the
presence of reduced cofactors. No detectable 10, 11-dihydro products were formed by
the microsomal fraction in the presence or absence of any of the cofactors tested.
LTB; was not metabolized to an appreciable extent by the cytosolic fraction in the

presence or absence of the above cofactors.

2.4. Identification of 12-0x0-LTB, (product Z)

The UV absorption spectrum of product Z is shown in Figure 26. Unlike
LTB,, which has a typical triene chromophore with absorption maxima at 261, 270,
and 282 nm, product Z has a single absorbance maximum at 318 nm, indicating the
presence of four conjugated double bonds. This suggests that one of the two hydroxyl
groups of LTB, has been converted to an oxo group.

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of
hydrogenated product Z (Figure 27) exhibited intense ions at m/z 427(M-1), 413(M-
15), 397(M-31), 381(M-47), 327 (C;s-Cy), 203 (base peak, C, to Cs), 171, 141(C,y-
Cu), 129, and 113. The ions at m/z 203 and 327 confirm the integrity of the C,
hydroxyl group whereas, the ion at m/z 141 is consistent with a C,, oxo group. This
mass spectrum is identical to the mass spectrum of the ¢ rresponding derivative of
10,11-dihydro-12-0x0-LTB, (304), confirming the presence of an oxo gfoup at carbon
12. The mass spectral, UV and chromatographic properties of product Z indicate that

it is identical to 12-0x0-LTB,.
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Figure 27, Mass spectrinn of the trimethylsilyl ether, methyl ester derivative of
hydrogenared product Z (12-oxo-LTB,). TMS, trimethylsilyl.

2.5. Metabolism of 12-0x0-LTB,

The results described above suggest that the first step in the formation of
10,11-dihydro metabolites of LTB, is the formation of 12-oxo-LTB, through the
activity of a microsomal 12-hydroxyeicosanoid-dehydrogenase enzyme. To
investigate the next step in the pathway, 12-oxo-LTB, was incubated with either the
microsomal or the cytosolic fraction from porcine PMNL in the presence and absence

of NADH and NADPH (Table X). The incubation time used for the microsomal
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TABLE X
Metabolism oi 12-ox0-LTB, by cytosolic and microsomal fractions from
porcine PMNL
[2-Oxo0-LTB, (2 uM) was incubated in a final volume of 5 ml with the microsomal
fraction (30 min) and the cytosolic fraction (5 min) in the presence or absence of

cofactors (1 mM). Incubations were terminated by addition of 17% MeOH (10 ml),
followed by immediate extraction on a cartridge of ODS-silica at neutral pH. Products
were resolved by RP-HPLC and quantitated by UV absorbance using PGB, (300 ng)
as an internal standard. 10,11-Dihydro-12-ox0-LTB, was the only product formed by
the cytosol, whereas the microsomal fraction produced a dihydroxye'cosatetraenoic

acid fraction (DiHETE) and 10,11-dihydro-12-ox0-LTB, (dho-B,).

Product (pmo!l/10 min/mg protein)

NADH NADPH NONE
Subcellular
Fraction dho-B4 DIHETE dho-B4 DIHETE dho-B4 DIiHETE
Microsomes 2.3 1.4 2.9 0.9 -4 -
Cytosot 38.9 - 23.5 - 22.3 -

4 no detectable activity.
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Figure 28. Reversed-phase HPLC profile of 12-ox0-LTB, metabolites produced by A)
the microsomal fraction and B) the cytosolic fraction obtained from porcine PMNL.
Porcine PMNL microsomes and cytosol were incubated with 12-0x0-LTB, (2 uM) for
30 min and 5 min, respectively, at 37 °C in the presence of 1 mM NADH. The
samples were analyzed by precolumn extraction/RP-HPLC. Products retained on the
precolumn were separated on a Novapak C,s column (Waters-Millipore} with a mobiic
phase of acetonitrile/water/acetic acid (39:61:0.02). The flow rate was | ml/min. The
abbreviations are; dh-LTB,, 10,11-dihydro-LTB,; dho-LTB,, 10,11-dihydro-12-oxo-
LTB,; 12e-LTB,. 12-epi-LTB,.
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fraction (30 min) was much longer than that for the cytosolic fraction (5 min), since
the latter was much more active in metabolizing 12-0x0-LTB,.

12-Ox0-LTB, was metabolized t*/ the microsomal fraction in the presence of
cither NADH or NADPH to two products with retention times and UV spectra
identical to those of LTB, (ty= 16.0 min) and 10,11-dihydro-12-oxo-LTB,

(t,= 26.5 min) (Figure 28A). Neither of these products was formed in the absence
of cofactors. Reduction of 12-0x0-LTB, to a DiHETE could give either LTB, or
12-¢pi-LTB,, which may not be resolved using RP-HPLC with
acetonitrile/water/acziic acid as the mobile phase. To examine the stereochemistry of
the DIHETE formed from 12-0x0-LTB, by PMNL microsomes, this product was
rechromatographed by NP-HPLC (Figure 28A inset). The DiHETE peak consisted of
one major component (90%) with a retention time identical to that of LTB, along with
a minor component (10%) with a retention time identical to that of 12-epi-LTB,,
which had been synthesized by reduction of 12-oxo0-LTB, with sodium bcrohydride.
The formation of LTB,/12-epi-LTB, from 12-oxo-LTB, appeared to be favored by
NADH whercas the formation of 10,11-dihydro-12-0x0-LTB, was greater with
NADPH.

The cytosolic fraction of porcine PMNL was much more active than the
microsomal fraction in converting 12-ox0-LTB, to 10,11-dihydro-12-0x0-LTB, in the
presence of NADH (Figure 28B). 12-Ox0-LTB, was also metabolized to some extent
by the cylosolic fraction in the absence of added cofactors, probably due to the

presence of endogenous cofactors. Addition of NADPH did not affect the metabolism
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of 12-0x0-LTB, by the cytosolic fraction appreciably. Neither LTB; nor
10,11-dihydro-LTB, was detected after incubation of 12-0xo0-LTB, with the cytosolic

fraction (Table X).

2.6. Metabolism of 12(S)-HETE by porcine PMNL microsomes

Earlier in this study (Table VI), it was shown that intact porcine PMNL convert
compounds with a C,, hydroxyl group preceded by two conjugated double bonds and
followed by a 2-cis-octenyl group to dihydro products (section I111.1.7.2.). LTB, and
12(S)-HETE were both good substrates for this pathway. To confirm that 12(S)-
HETE is metabolized by the 12-hydroxyeicosanoid dehydrogenase enzyme, 12(S)-
HETE was incubated with porcine PMNL microsomes in the presence of NAD* and
the products resolved by RP-HPLC (Figure 29). A less polar product (t,= 22.5 min)
was produced with a single UV maximum at 278 nm (Figure 29 inset). Based on its
chromatographic and UV spectral properties, this metabolite is presumably identical to

12-0x0-5,8, 10, 14-eicosatetraenoic acid (12-0xo0-ETE).

2.7, Ti:ne.courses for the metabolism of LTB,, 12(S)-HETE and 12(R)-HETE by
porcine PMNL microsomes

12fS)-HETE and LTB, have opposite configurations at C,,, yet intact cells
appear to metabolize both substrates to a similar extent (Table VI). To investigate if
the configuration of the Cj,-hydroxyl group affects metabolism by the

12-hydroxyeicosanoic dehydrogenase, LTB,, 12(S)-HETE and 12(R)-HETE were
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Figure 29, Reversed-phase-HPLC profile of 12(5)-HETE metabolites produced by the
microsomal fraction from porcine PMNL. 12(S)-HETE (1 uM) was incubated with the
microsomal fraction from porcine PMNL for 40 min at 37 °C in the presence of
NAD* (1 mM). The sample was analyzed by precolumn extraction/RP-HPLC after
addition of PGB, (300 ng) as an internal standard. Products retained on the precolumn
were resolved on a column of octadecylsilyl silica (Novapak C,5; Waters-Millipore)
with a gradient between acetonitrile/water/a....c acid (50:50:0.02) and
acclonitrile/waler/acetic acid (55:45:0.02) over 30 min at a flow rate of 1 ml/min.
UV absorbance at 280 nm is 4 fold more sensitive than at 235 nm. The inset shows
the UV spectrum of the peak eluting with a retention time of 27 min. Abbreviations:

i.s., internal standard; 12-oxo0-ETE, 12-0x0-5,8,10,14-eicosatetraenoic acid.
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Figure 30. Time couirses for the metabolism of LTB,, 12(S})-HETE and 12(R)-HETE by
the microsomal fraction from porcine PMNL. LTB, (1 pM), 12(S)-HETE (1 uM) and
12(R)-HETE (1 uM) were incubated with the microsomal fraction from porcine
PMNL in the presence of | mM NAD*. Products were analyzed by precolumn
extraction/RP-HPLC, Producls retained on the precolumn were resolved on a
Novapak C;; column (Waters-Millipore) as described in Materials and Methods and
quantitated on the basis of UV absorbance using PGB, (300 ng) as an internal
standard,
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incubated with porcine PMNL microsomes in the presence of NAD* for various times
(Figure 30). The time courses for the formation of 12-oxo metabolites from all three
substrates are quite similar, indicating that the orientation of the 12-hydroxyl group
does not appear to affect the metabolism of the substrate by this enzyme. PGF,,,
which s converted to its 15-oxo metabolite by the cytosolic enzyme
15-hydroxyprostaglandin dehydrogenase (320), was not converied to any detectable

products by PMNL microsomes (data not shown).
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Section 1V

DISCUSSION



Prior (o this study, our laboratory reported the presence of a pathway in
porcine PMNL which calalyzes the metabolism of LTB, to 10,11-dihydro-LTB, and
10,1 1-dihydro-12-0x0-LTB, (304). Other eicosanoids, which have a C,-hydroxyl
group preceded by two conjugated double bonds and followed by a 2-cis-octenyl
group, are also metabolized to dihydro products by porcine PMNL. 6-Trans-LTB,,
12-cpi-6-trans-LTB,, 12-epi-8-cis-6-rrans-LTB, and 12(S)-HETE all fall into this
category and were found to be very good substrates for this pathway (Table VI).
Based on the results of this study, a scheme for the metabolism of LTB, by porcine
PMNL is proposed as shown in Figure 31. The individual reactions of this pathway

are discussed in more detail below.

1. 12-Hydioxyeicosanoid dehydrogenase

The present study has clearly demonstrated that the initial step in the formation
of 10,11-dihydro-LTB, metabolites by porcine PMNL is oxidation of the 12-hydroxyl
group ol LTB; by a microsomal 12-hydroxyeicosanoid dehydrogenase producing
12-0x0-LTB, (Figure 25). Oxidation of the 12-hydroxyl group also represents the
rate-limiting step in this pathway, as a pronounced isotope effect was observed for the
saturation of the A ' double bond when the substrate possessed a tritium atom at
Cis (Figure 24).

The conversion of LTB, to 12-0x0-LTB, appears to be reversible since porcine
PMNL microsomes converted 12-0xo-LTB, to a mixture of LTB, and 12-epi-LTB; in

a ratio of 9:1 (Figure 28). It is not clear if the reduction of 12-0x0-LTB, to LTB, is
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Figure 31. Proposed scheme for the metabolism of LTB, by the 12-
hydroxyeicosanoid dehydrogenase/10,11-reductase parlnway. Filled wedges
represent bonds that project above the plane of the page, whereas open wedges
represent bonds that project below the plane of the page. The solid arrows indicate
enzyme reactions characterized in this study, whereas open arrows indicate putalive

enzyme reactions.

a result of the 12-hydroxyeicosanoid dehydrogenase acting in the reverse direction or

if it is catalyzed by a separate keloreductase present in porcine PMNL microsomes.
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2. Previously deseribed dehydrogenases
A number of dehydrogenases, some of which oxidize other hydroxyeicosanoids,
have been reported in the literature. Some of the properties of these dehydrogenases

are summarized below.

2.1. 15-Hydroxyprostaglandin dehydrogenase

The major route for the metabolism of prostaglandins of the E and F series is
the 15-hydroxyprostaglandin dehydrogenase/ A "*-reductase pathway (320). This
pathway catalyzes the formation of 15-oxo0, 13,14-dihydro-15-oxo and 13-14-dihydro-
prostaglandins, analogous to the products formed by the 12-hydroxyeicosanoid
dehydrogenasc/10,11-reductase pathway described in this study. The first step in the
formation of 13,14-dihydro-15-oxo-prostaglandins is oxidation of the C,s hydroxyl
group to an oxo group by 15-hydroxyprostaglandin dehydrogenase (PGDH) (320).
Two types of PGDH have been reported which can be distinguished from one another
by their requirement for either NAD™ (Type I) or NADP* (Type II) as a
cofactor (324,325). Type I PGDH was found to be more specific for prostaglandins
than Type II and therefore NAD*-dependant PGDH is thought to be the key enzyme
for inactivation of prostaglandins (326). PGDH activity has been found in many
lissues, but is primarily localized in the cytosolic fraction from lung, liver (327) and
placenta (328).

As well as oxidizing the « 6 hydroxyl group of prostaglandins, PGDH has also

been reporied to metabolize certain w 6 mono-hydroxy PUFA’s. HHTIE (329),
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which is a 17-carbon fatty acid with a C,, hydroxyl group, and 15-HETE (330) are
metabolized by lung PGDH in the presence of NAD™ to 12-0x0-5,8, 10-
heptadecatrienoic acid and 15-0x0-ETE respectively. PGDH does show some
selectivity amongst @ 6 hydroxylated fatty acids as 5,[5-DiHETE, §,15-DiHETE and
13-HODE are not good substrates for this enzyme (330).

PGDH does not appear to be responsible for the 12-hydroxyeicosanoid
dehydrogenase activity of PMNL for two reasons. First, PGDH is a cylosolic
enzyme, whereas 12-hydroxyeicosanoid dehydrogenase was found in the microsomal
fraction from porcine PMNL. Secondly, neither intact PMNL nor PMNL microsomes
were able to metabolize PGF,, to any detectable products in the presence of NAD*

(Table VI and section II1.2.7.),

2.2. 13-Hydroxy-9,11-octadecadienoic acid dehydrogenase

More recently, Earles et al. have described a 13-hydroxy dehydrogenase
present in rat colonic mucosa which catalyzes the conversion of 13-HODE 1o 13-oxo0-
ODE (331). The reaction catalyzed by this dehydrogenase is highly specific for
NAD™* and was found to be essentially irreversible. 13-HODE is metabolized by the
12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway in porcine PMNL o
11,12-dihydro and 11,12-dihydro-13-oxo metabolites, presumably through a 13-oxo-
ODE intermediate (Figures 19 & 20). However, the cytosolic localization of the 13-
HODE dehydrogenase in colonic mucosa suggests that it is distinct from

12-hydroxyeicosanoid dehydrogenase of porcine PMNL.
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2.3. 15-llydroxyeicosanoid dehydrogenase from mouse liver
15-Hydroxyeicosanoid dehydrogenase activity, distinct from PGDH, has been
reported to be present in the microsomal fraction from mouse liver
homogenates (332). This enzyme catalyzes the oxidation of 13(S)-HETE to 15-oxo-
ETE and requires either NAD* or NADP™ as a cofactor. 5,15-DiHETE and 8,15-
DIiHETE are also metabolized by mouse liver microsomes, but the metabolites were
not identified. Tt is not known if 12-hydroxyeicosanoids are metabolized by this 13-
hydroxyeicosanoid dehydrogenase. Therefore, further characterization of this liver
enzyme is required to make a clear distinction between these two eicosanoid

dehydrogenase activities.

2.4, Other dehydrogenases

Other mammalian dehydrogenases which are capable of oxidizing hydroxylated
aliphatic compounds include alcohol dehydrogenases (ADH) and 3a-hydroxysteroid-
dehydrogenase.

ADH activity is primarily localized in mam-nalian liver with lesser amounts
found in intestine, kidney, and lung (333,334). There are three major classes of
alcohol dehydrogenases distinguishable by physical and catalytic properties. ADH
metabolizes primary, secondary and tertiary aliphatic alcohols in the presence of
NAD™ with a preference for unsaturated alcohols ovér their saturated analogues (335).
Fatty acids are potent inhibitors of ADH (336), but it is not clear if long-chain

hydroxylated fatty acids, such as the compounds used in this study, are substrates for

147



this enzyme. As ADH is found in the cytosolic compartment of cells, it is unlikely
that this enzyme is responsible for the 12-hydroxyeicosanoid dehydrogenase activity
present in porcine PMNL.

3a-Hydroxysteroid dehydrogenase is also a cytosolic enzyme found in
mammalian liver tissue. This enzyme is indistinguishable from dihydrodiol-
dehydrogenase (337). 3«-Hydroxysteroid dehydrogenase catalyzes the reversible
conversion of alcohols to ketones in the presence of either NAD™* or
NADP* (337,338). The major oxidative activity attributed to 3a-hydroxysteroid
dehydrogenase is the oxidation of 3a-hydroxysteroids. Qther hydroxylated steroids,
with hydroxy! groups in the 38, 118, 17«, 178, 20, 208, 21 and 22 positions, are
not appreciably metabolized (338). It is not clear if other hydroxylated aliphatic
compounds could be matabolized by 3a-hydroxysteroid dehydrogenase, although
arachidonic acid and various prostaglandins havé been reported to inhibit its
activity (337). The cytosolic iocalization of this enzyme distinguishes it from the

12-hydroxyeicosanoid dehydrogenase of porcine PMNL,

3. Identification of a cytosolic eicosanotd 10,11-reductase

In this study, we have identified cytosolic 10,11-reductase activity in porcine
PMNL wliich catalyzes the metabolism of 12-0xo-LTB, to 10,11-dihydro-12-0xo0-
LTB, in the presence of either NADH or NADPH (Table X). It was previously

thought that formation of 10,11-dihydro-LTB, by porcine PMNL was the result of

direct reduction of the A ' double bond of LTB, by a 10,11-reductase. This
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mechanism was hypothesized because intact porcine PMNL converted LTB, and
12(S)-HETE, both labeled with deuterivni at C,,, to dihydro products in which the
deuterium was retained to extents of 65% and 50% respectively (304,321). As
oxidation of the 12-hydroxyl group to an oxo group would have resulted in the
removal of the C,; deuterium atom, retention of this deuterium suggested that the A '°
doulle bond of LTB; was reduced directly. However, the present study clearly
showed that LTB, was not a substrate of the cylosolic 10,11-reductase. It would
therelore appear that the partial retention of the C,, deuterium atom in the previous
study was due to its transfer from C,, of the substrate to NAD™* producing NAD?H
during the formation of the 12-oxo intermediate (Figure 32). In the subsequent
reduction o' :he 10,11-dihydro-12-oxo intermediate to the 10,11-dihydro compound,
the deuterium atom of NAD’H could be returned to the C,, position, resulting in

partial apparent retention of the C,, deuterium.

4, Previously described reductases

There are many examples of the formatiun of dihydro metabolites of olefinic
compournds in the literature. In general, reduction of a carbon-carbon double bond
can occur Ly two mechanisms. The first mechanism requires activation of the double
bond prior to reduction. This may be accomplished by oxidation of an adjacent
hydroxyl group to an oxo group by a dehydrogenase, followed by reduction ot‘ Ilhe
olefinic double bond of the unsaturated keto intermediate by a reductase. The second

mechanism is simply the direct reduction of the double bond by a reductase. The
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Figure 32. Scheme for the metabolism of [12-*HILTB,.

present study clearly shows that reduction of the A ' double bond of LTB,, catalyzed
by the 10,11-reductase present in the cytosolic fraction from porcine PMNL, requires

prior activation of the A '® double bond by its conjugation with a keto group.

4.1. Reductases that require prior activation of carbon-carbon double bonds
4.1.1. 15-oxoprostaglandin A “-reductase

As mentioned above (section 1V.2,1.), the major pathway for the metabolism of

prostaglandins of the E and F series is the 15-hydroxyprostaglandin

dehydrogenase/ A * reductase pathway. 15-Oxo-prostaglandins, formed by the action
PGDH, are further metabolized by A '*-reductase to 13,14-dihydro-15-0x0

metabolites. Reduction of the 13,14-double bond by the A P-reductase requires the
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presence of an oxo group in the 15-position and will not occur if the substrate has a

hydroxyl group in this position (339).

4.1.3. 6,11-Reductase of human PMNL

Human PMNL contain a 6,11-reductase which requires prior oxidation of the
substrate by a 5-hydroxyeicosanoid dehydrogenase (303). Human PMNL metabolize
6-1rans-LTB, to 6,11-dihydro-LTB, and 6,11-dihydro-5-ox0-LTB,. Metabolism of 12-
¢epi-6-trans-LTB,, labeled with a deuterium in the 5-position, resulted in the formation
of a 6,11-dihydro metabolite which had lost the Cg deuterium atom (303). This
suggests that a 5-oxo intermediate is involved in the formation of this product and

suggests that direct reduction of the substrate does not occur.

4.1.3. Other olefin reductases
There are several other examples of reductases which catalyze the reduction of

double bonds that are in conjugation with an oxo group. 2-Trans-enoyl-CoA
reductase, involved in fatty acid chain elongation, catalyzes the reduction of the A?

double bond of 2-rrans-enoyl-CoA, which is in conjugation with the carbonyl group of

-

the thioester (340). 2,4,-Dienoyl-CoA reductase, which is involved in B-oxidation of

fatty acids, catalyzes the same reaction with 2-trans-4-cis-enoyl-CoA as the
substrate (341). Steroid A* reductase also catalyzes the reduction of an activated

double bond. Biologically active steroids such as progesterone, androgens, estrogens,

glucocorticoids and mineralocorticoids all have a C;-0xo group in conjugation with a
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A" double bond. These A*-3-ketosteroids may be further metabolized by steroid A

reductase producing 4,5-dihydro-3-keto metabolites (342).

4.2, Reductases that catalyze the direct reduction of carbon-carbon double bonds
There are fewer examples in the literature of direct reduction of carbon-carbon
double bonds of olefinic compounds. However, the metabolisi of sterols does

provide two prominent examples of this phenomenon. 7-Dchydrocholesterol is

converted to cholesterol by a A ™-reductase which catatyzes the direct reduction of the
A7 double bond (343). In a similar manner, A “-reduclase catalyzes the conversion

of A*M-sterols to A®-sterols by the direct reduction of a double bond (344).

5-Enoyl-CoA reductase, which is involved in B-oxidation of odd-numbered
unsaturated fatty acids by rat liver, also provides an example of direct reduction of

carbon-carbon double bonds (345). This enzyme catalyzes the direct reduction of the

A% double bond of 5-cis-enoyl-CoA intermediates.

5. Possible mechanisms for the formation of 10,11-dihydro-LTB, from 10,11-
dibydro-12-oxo-LTB,

This study has clearly demonstrated that the first two steps in the formation of
10,11-dihydro eicosanoids are catalyzed by 12-hydroxyeicosanoid dehydrogenase and
10,11-reductase, respectively. In the case of LTB,, this results in the formation of

10,11-dihydro-12-0x0-LTB,. The mechanism for the subsequent formation of 10,11-
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dihydro-LTB, and 10,11-dihydro-12-epi-LTB; is less clear. As discussed above, we
have found no evidence for the formation of 10,11-dihydro-LTB, by the direct
reduction of L'TB, (section 1V.3.). Furthermore, when LTB, was incubated with the
20,000 x g supernatant from porcine PMNL, only 10,11-dihydro-LTB; and not the
corresponding 10, 11-dihydro-12-epi isomer was detected (Table 1X), These
observations suggest the involvement of an enzyme which catalyzes the stereospecific
reduction of 10,11-dihydro-12-ox0-LTB, to 10,11-dihydro-LTB,. The subcellular
locatization of this enzyme activity was not investigated further in this study.
However, it was observed that metabolism of 12-0xo0-LTB, by the 10,11-reductase in
the cytosolic fraction of porcine PMNL produced 10,11-dihydro-12-0x0-LTB, but no
10, 1-dihydro-LTB, was detected (Figure 28B). This suggests that the principle site
of conversion of 10,11-dihydro-12-0x0-LTB; to 10,11-dihydro-LTB, may be the
microsomal fraction. In agreement with this hypothesis, it was observed that the
12-oxo group of 12-0x0-LTB,; is stereospecifically reduced to a 12(R)-hydroxy! group
by the microsomal fraction in the presence of NADH and NADPH, producing
T8, (Figure 28A). Only a small amount of 12-epi-LTB, was formed. It is not clear
i the microsomal enzyme catalyzing the conversion of 12-oxo-LTB; to LTB, is also
responsible for the reduction of 10,11-dihydro-12-0x0-LTB; to 10,11-dihydro-LTB,,.
There are two possible mechanisms for the reduction of 10,11-dihydro-12-oxo-
[.TB, to 10,11-dihydro-LTB,. First, a ketoreductase may be involved which
stereospecifically reduces the C,, oxo group to a hydroxyl group. Secondly,

I2-hydroxveicosanoid deliydrogenase, which catalyzes the conversion of LTB, to
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12-0x0-LTB,, may act in the reverse direction to convert 10,11-dihydro-12-ox0-LTB,

to 10,11-dihydro-LTB,.

5.1. Previously described ketoeicosanoid ketoreductases

There are several ketoreductases reported in the literature which catalyze the
metabolism of ketoeicosanoids. Most, ketoreductases are located in the cytosolic
compartment of cells and stereospecifically reduce carbonyl groups to hydroxyl
groups. Human carbonyl reductase, which has been extensively studied, is a cytosolic
enzyme that is widely distributed in human tissues (346). This enzyme is reporied to
non-specifically reduce carbonyl groups, including the carbonyl groups of
9-ketoprostaglandins. An 11-ketoreductase, which sicreospecifically reduces PGI, to
9«,118-PGF, has been reported (347). This enzyme was found in the cytosolic
fraction of human liver and requires NADPH for activity. Similarly, a 9-
ketoreductase, which catalyzes the metabolism of PGE, to PGF,,, has been reported
in rat, monkey and pigeon tissues (348). This enzyme aclivity was localized
primarily in the cytosolic fraction of these tissues, although some activity was also
found in microsomal fractions.

Two ketoreductases which catalyze the reduction of 12-0x0-ETE to 12-HETE
have been reported. These ketoreductases are parlicularly relevant to this study as the
catalytic activity of these enzymes is similar to that proposed for the reduction of
10,11-dihydro-12-0x0-LTB, to 10,11-dihydro-LTB,. A microsomal fraction from rat

liver has been reported to convert 12-0x0-ETE to a mixture of 12(S) and 12(R)-HETE
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in a ratio of about 2:1 in the prcsence of either NADH or NADPH (349). As
ketorcductases generally catalyze the stereospecific reduction of carbonyl groups, the
formation of both 12(S) and 12(R)-HETE may be due to two separate ketoreductases.
Rat peritoneal PMNL microsomes have been reported to specifically reduce 12-oxo-
ETE to 12(S)-HETE in the presence of NADH (350). The stereospecific nature of
this enzyme and its microsomal location in PMNL suggests that it may be similar to

the enzyme which reduces 12-oxo eicosanoids in porcine PMNL.

5.2, Involvement of 12-hydroxyeicosanoid dehydrogenase

The second possible mechanism for the reduction of 10,11-dihydro-12-oxo-
LTB, is the 12-hydroxyeicosanoid dehydrogenase, acting in the reverse direction.
‘There are many examples in the literature of dehydrogenases which catalyze the
reversible conversion of alcohols to carbonyls. We discussed earlier similarities

between the PGDH/ A B-reductase pathway and the 12-hydroxyeicosanoid
dehydrogenase/10,11-reductase. Prostaglandins are converted to 15-oxo-
prostaglandins and then to 13,14-dihydro-15-oxo-prostaglandins by the sequential
aclivities of PGDH and A "“-reductase. However, 13,14-dihydro-15-oxo-
prostaglandins may be metabolized further to 13,14-dihydro-prostaglandins (320).
There is sume evidence that this reaction is catalyzed by PGDH acting in

reverse (351,320). The dihydro metabolites produced are more active than 15-oxo-

prostaglandins, but are still less active than the parent prostaglandins (352). Other
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dehydrogenases which catalyze the reversible oxidation of hydroxyl groups include
malate dehydrogenase, lactate dehydrogenase, and isocitrate dehydrogenase (353).

The results of the deuterium-labeling experiment discussed in section IV.3. arc
consistent with the involvement of 12-hydroxyeicosanoid dehydrogenase in the
conversion of 10,11-dihydro-12-0x0-LTB, to 10,11-dihydro-LTB,. It was reported
that metabolism of LTB,, labeled with a deuterium at C,, produced 10,11-dihydro-
LTB, which retained 65% of the deuterium label at C,, (304). This was presumzoly
due to transfer of the C; deuterium of LTB, to NAD* during the formation of
12-0x0-LTB, producing NAD?H. The deuterium of NAD*H could then be transierred
back to C,; during the reduction of 10,11-dihydro-12-ox0-LT3, to 10,! 1-dihydro-
LTB, (Figure 32). However, if NAD?H were produced and liberated into the puol of
free cofactors, one would expect that « deuterium from NAD?H could also be
incorporated at C, or C,, during the reduction of 12-0xo0-LTB, to 10,11-dihyr.
12-0x0-LTB, by 10,1 1-reductase. No deuterium was observed at these carbons of
10, L t-dihydro-LTB, (304), suggesting that NAD?H was not available for the 10,11-
reductase. This anomoly could be explained if 12-hydroxyeicosanoid dehydrogenase
catalyzes both the oxidation of LTB, to 12-0x0-LTB; and the reduction of 10,!I-
dihydro-12-0x0-LTB, to 10,11-dihydro-LTB,. The reversibility of this reaction could
allow the cofactors to remain associated with the enzyme, This has been shown to be
the case with malate dehydrogenase as illustrated below (Figure 33) (354). As is true
for several dehydrogenases, malate dehydrogenase follows an ordered ternary

complex mechanism in which NAD* binds to the enzyme prior to malate. Malate is
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then converted lo oxaloacelate which is released. The last step in this pathway, which

is the rate-limiting step, is the release of NADH.

-+

NAD® NAD NADH NADH i

E+NAD+;.:‘ —E—E —E ‘"._"_'i‘NADH+E

Malate Oxaloacetate

Figure 33. Enzyme mechanism of malate dehydrogenase.

As the concentration of malate and oxaloacetate increase, the rate of conversion
of the binary complexes (EMP & ENAPH) to ternary complexes increases. The enzyme
then becomes "trapped in the box" and neither NAD* nor NADH is released into the
pool of free cofaclors.

The same phenomenon could explain the retention of deuterium at C;; of 10,11-
dihydro-LTB, (304). Conversion of [12H]LTB, tc 12-oxo-LTB, by
I2-hydroxyeicosanoid dehydrogenase would result in the formation of NAD?H which
could remain associated with the enzyme. 12-Oxo-LTB, could then be reduced to
10,11-dthydro-12-0x0-LTB, by 10,11-reductase utilizing NADH from the pool of free
cofactors. 1Q,11-Dihydro-12-0x0-LTB, could subsequently be reduced to 10,11-
dihydro-LTB, by 12-hydroxyeicosanoid dehydrogenase which may still be associated

with NAD?H resulting in the transfer of the deuterium back to C,,.

137



{2

Another explanation for the preferential retention of dewterium at Cj; of 10,11-
dihydro-LTB; and not at C,, or C,;, may lie in the distribution of cofactors with the
cell. Pyridine nucleotide cofactors do not pass freely through cell and mitochondrial
membranes (355). Therefore pyridine nucleotide cofactors witnin subcellular
organelles would not be expecled to mix readily with cytosolic cofactors, If
12-hydroxyeicosanoid dehydrogenase is located within the endoplasmic reticulum of
porcine PMNL, NAD?H, produced from the metabolism of [12-*H]LTB, to 12-oxo-
LTB,, may not be available for a cytosolic enzyme such as 10,11-reductase. In this
instance, sequestered NAD’H would be available to either 12-hydroxyeicosanoid
dehydrogenase or other ketoreductases present in the same subcellular organcile for
the reduction of 10,11-dihydro-12-0x0-LTRB, to 10,11-dihydro-LTB,. However, il
should be noted that we were unable to conclude from this study whether
12-hydroxyeicosanoid dehydrogenase is present in the endoplasmic reticulum or

plasma membranes from porcine PMNL,

6. Possible mechanisms for the formation of 10,11-dihydro-12-epi-LTDB,

The mechanism for the formation of 10,11-dihydro-12-epi-LTB, by porcine
PMNL is less clear. Although we detected substantial amcunts of 10,11-dihydro-
12-epi-LTB, after incubation of LTB, with intact porcine PMNL (Figure 8), we did
not detect this compound after incubation of LTB, with any of the subcellular
fractions investigated. The reason for this is not clear, but it may be related to the

fact that 10,11-dihydro-12-epi-LTB, is formed much more slowly than 10,11-dihydro-
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L'FB; and the incubation times used in the present study may not have been long
enough. There are two possible mechanisms for the formation of 10,11-dihydro-

12-cpi-LTB,, involving either a ketoreductase or an epimerase.

6.1, Reduction of 10,11-dihydro-12-oxo-LTB, by a ketoreductase

One possible mechanism for the formation of 10,11-dihydro-12-epi-LTB, is that
both 10,1 i-dihvdro-LTB, and 10,!1-dihydro-12-epi-LTB, are formed by the reduction
of 10,1 1-dihydro-12-0x0-LTB, by the same enzyme, either 12-hydroxyeicosanoid
dchydrogenase or a ketoreduciase as discussed above (section IV.5.). However, this
would seem unlikely for several reasons. First, studies with intact porcine PMNL
indicate that 10,11-dihydro-LTB, is formed initially, whereas 10,11-dihydro-12-epi-
LTB, is formed after a lag period (Figure 10A). Secondly, with the exception of
racemases and epimerases, enzymatic reactions are generally stereospecific. One
might therefore expect the 12-oxo group of 10,11-dihydro-12-ox0-LTB; to be reduced
‘stercospcciﬁcally to either a 12(R) or a 12(S8)-hydroxyl group.

It would seem much more likely that there are two separaie enzymes, each
specific for the formation of one of the isomers, The observed lag in the formation
of 10,11-dihydro-12-epi-LTB, could then be attributed to a difference in the rates of
reduction of 10,11-dihydro-12-oxo-LTB, by the two enzymes. However, under these
conditions, one might expect that the stereochemistry at C;, of the initiaily forined
isomer would be the same irrespective of the stereochemistry at C,, of the substrate.

The resulls of this study show that this is not true for the metabolism of 12(S)-HETE
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and LTB,. The initially formed 10,11-dihydro metabolite of 12(S)-HETE has thec R
configuration at C,,, whereas the corresponding product formed {rom LTB; has the S

configuration at C,, (Figures 10A & 18).

6.2. Epimerization of 10,11-dihydro-LTB,

Another possible mechanism for the formation of 10,!1-dihydro-12-epi-LTB,
that must be considered is the epimerization of 10,11-dihydro-LTB,. Eicosanoids can
undergo chemical epimerization due to the loss of a hydroxyl group and the formation
of an intermediate carbonium ion (356). However, the interconversion of 10,11-
dihydro-LTB, and 10,11-dihydro-12-epi-LTB, by intact cells appears to be
enzymatically catalyzed, since neither of these reactions occurs if the cell suspensions
have previously been placed in a boiling water bath (section 111.1.2.2.). Moreover,
the formation of a carbonium ion due to the loss of the C,, hydroxyl group of 10,11-
dihyiro-LTB, is unlikely, since conversion of 10,11-dihydro-[12*H]LTB; to 10,11-
dihydro-12-epi-LTB, resul{s in loss of most of the trtium from C;, (Figure 11).

rRacemases and epimerases generally act by removing a hydrogen ato:n from
the chiral center of the substrate in the form of e¢ither H* or H' (357). Removal and
addition of a proton can be accomplished due to the presence of two basic groups at
the active site of the enzyme, as in the case of proline racemase (358,359), or by a
single basic residue as illustrated by mandelate racemase {360). When the chiral
center possesses a hydroxyl group, as in nucleotide sugars, a hydride anion may be

removed by a tightly bound cofactor (357). For example, NAD™ is tightly bound at
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the active site of UDP-D-glucose 4'-epimerase (361). Catalysis by this enzyme
results in abstraction of a hydride anion from the substrate and formation of an oxo
intermadiate, The hydride anion is subsequently returned to the substrate during
reduction of the oxo group producing a product with the opposite stereochemistry at
the 4'-carbon (362). However, in some cases, as with D-ribulose-5-phosphate 3-
epimerase, the abstracted hydride anion is exchanged with the medium rather than
transferred back to the substrate (363).

From the present results it is not possible tc . . nclude which of the above
mechanisms is responsible for the production of 10,11-dihydro-12-epi-LTB, by the

12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway.

7. Reductase pathways present in other cells
During the course of this study, other groups reported the formation of dihydro
metabolites of eicosanoids by other cells. The cell types involved and their metabolic

activities are summarized in Table XI.

7.1. Conversion of LTB, to dihydro products by other cells
In 1987, Kaever ct al. reported the metabolism of LTB, by rat mesangial and

libroblast cells, and mouse macrophages and T-lymphocytes (364). The UV spectrum
of the main metabolite produced by these cells had a A, at 232 nm instead of at

271 nm, indicating the reduction of one of the conjugated double bonds of LTB,.

This metabolite was identified as a 5,12-dihydroxyeicosatrienoic acid (dihydro-LTB,)
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TABLE XI
Cells which have reported cicosanoid reductase activity

Cell Type Substrate Products Reference
Rat
-mesangial cells LTB, dh-LTBP (364
-fibroblasts LTB, dh-LTB,P (364)
-PMNL LTB, dh-LTB,, dho-LTB,,

dh-12e-LTB, (291)
Mouse
-macrophages LTB, dh-LTB}D (364)
-T-lymphocytes LTB, dh-LTBP (364)
Human
-mesangial cells LTB, two dh-LTB, isomersP (365)
-lung macrophages LTB, dh-LTB," (366)
-monocyles LTB, two dihydro metabolites? (367,368)
-chopped lung LTB, dh-LTB;, dho-LTB,,

dh-12¢-LTB, (369)
-PMNL 6-1-LTB, 6,11-dihydro-

12e-6r-LTB, metabolites (303)

Bovine
-corneal 20:4 12(R)h-20:3 ' (313)
microsomes

4 Abbreviations: 6r-LTB,, 6-trans-LTBy; 12e-6+-LTB,, 12-epi-6-rrans-LTB,; dh-LTB,,
10,11-dihydro-LTB,; dho-LTBy, 10,11-dihydro-12-0x0-LTB,; dh-{2e-LTB,, 10,11-
dihydro-12-epi-LTB,; 12(R)h-20:3, 12(R)-hydroxy-5,8,14-cicosatrienoic acid.

b positions of remaining double bonds not confirmed.
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TABLE XI
Cells which have reported eicosanoid reductase activity

Cell Type Substrate Products Reference
Rat
-mesangial cells LTB, dh-LTB,2D (364)
-fibroblasts LTB, dh-LTB,P (364)
-PMNL LTB, dh-LTB,, dho-LTB,,

dh-12¢-LTB, (291)
Mouse
-macrophages LTB, dh-LTB4h (364)
-T-lymphocytes LTB, dh-LTB,,h (364)
Human
-mesangial cells LTB, two dh-L.TB, isomers? (365)
-lung macrophages I.TB, dh-L’I‘B‘,b (366)
-monocytes LTB, two dihydro metabolitesP (367,368)
-chopped lung LTB, dti-LTB,, dho-LTB,,

dh-12e-LTB, (369)
-PMNL 6-1-LTB, 6,11-dihydro-

12e-6¢-LTB, metabolites (303)

Bovine
-corneal 20:4 12(R)h-20:3 (313)
microsomes

¥ Abbreviations: 61-LTB,, 6-trans-LTB,; 12e-6r-L.TB,, 12-epi-6-rrans-LTB,; dh-LTB,,
10,11-dihydro-LTB,; dho-LTB,, 10,11-dihydro-12-0x0-LTBy; dh-12¢-LTB,, 10,11-
dihydro-12-epi-LTB,; 12(R)h-20:3, 12(R)-hydroxy-5,8,14-eicosatrienoic acid.

b positions of remaining double bonds not confirmed.




based on its UV absorbance spectrum, chromatographic properties and mass
spectrum.  Further metabolism of dihydro-LTB, by the same cells produced several
polar metabolites which absorbed in the UV at 232 nm rather than 271 nm, but these
products were not characterized further. In 1990, the same group reported that human
mesangial cells also converted LTB, to dihydro-LTB, (365). Rechromatography of the
dihydro-LTB, fraction under different RP-HPLC conditions resolved two dihydro-
LTB, isomers which had identical mass spectra. The location of the remaining double
bonds of the dihydro-LTB, metabolites described in these studies was not determined.
However, it is likely that these products are identical to the 10,11-dihydro-LTB,
isomers produced by pbrcine PMNL.

Metabolism of LTB, to dihydro-LTB, by human macrophages and monocytes
has also been reported. In 1988, Schénfeld and coworkers reported the metabolism of
LTB, to a less polar product by human lung macrophages (366). The rﬁajor
metabolite was indistinguishable from the dihydro-L'TB, metabolite produced by rat
fibroblasts, described above, under three different chromatographic conditions. A
second less polar metabolite was reported which was only produced by macrophages,
but this metabolite was not characterized further. Human monocytes were also
reported to convert LTB, to two less polar dihydro metabolites (367,368). Both
products have a maximal UV absorbance at 232 nm and have similar mass spectra.
Again, the positions of the remaining doubie bonds of these dihydro-LTB, metabolites

were not determined.
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A more recent study has reported the metabolism of LTB; to dihydro
metabolites by chopped human lung (369). Analysis of the LTB, mctabolites by RP-
HPLC resolved two less polar products. The first metabolite was identified by GC-
MS, UV spectroscopy and co-chromatography with authentic standards as 10,11-
dihydro-LTB,. Rechromatography of the 10,11-dihydro-LTB, fraction by chiral-phase
HPLC revealed the presence of both 10,11-dihydro-LTB; and 10,11-dihydro-12-cpi-
LTB,. The second LTB, metabolite was tentatively identified as 10, 11-dihydro-
12-0x0-LTB, based on the similarity of its chromatographic properties with those of
10,11-dihydro-12-oxo-LTB, which was isolated from porcine PMNL in our

laboratory (304).

7.2. The S-hydroxyeicosanoid dehydrogenase/6,11-reductase pathway

As was discussed in the introduction, human PMNL metabolize 6-rrans-LTB,
and 12-epi-6-rrans-LTB; to 6,11-dihydro metabolites by a 5-hydroxyeicosanoid
dehydrogenase/6,11-reductase pathway (303). The catalytic mechanism of this
pathway is similar to the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway described in this study, involving an initial oxidation of a hydroxyl group
followed by reduction of a conjugated double bond (303). However, there are several
characteristics of the 5-hydroxyeicosanoid dehydrogenase/6,11-reductase pathway
which distinguish it from the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway. First, the two pathways have different substrate specificities. The 5~

hydroxyeicosanoid dehydrogenase/6,11-reductase pathway metabolizes compounds
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with a 5-hydroxyl group followed by a A ®-rrans double bond (303,370). Compounds

which meet these requiruinents include 6-trans-LTB,, 12-epi-6-trans-LTB, and 12-epi-
8-cis-6-trans-LTB,. We have reported in this study that the 12-hydroxyeicosanoid
dehydrogenase/10,11-reductase pathway preferentially metabolizes eicosanoids which
have a 12-hydroxyl group preceeded by two conjugated double bonds and followed by
a 2-cis-octenyl group. Substrates for this pathway include LTB,, 12-HETE, 6-trans-
LTB,, 12-epi-6-trans-L'[B, and 12-epi-8-cis-6-trans-LTB,. Finally, the presence of
these two pathways in PMNL from various species differs, The 5-hydroxyeicosanoid
dehydrogenase/6,11-reductase pathway is found in human and porcine PMNL but is
absent in rat PMNL, whereas the 12-hydroxyeicosanoid dehydrogenase/10,11-
recuctase pathway is found in porcine and rat PMNL, but is not present in human

PMNL (301,370,291).

7.2.1. Formation of tetrahydro metabolites of 6-trans isomers of LTB,

As mentioned above, the 5-hydroxyeicosanoid dehydrogenase/6,11-reductase
pathway is also present in porcine PMNL. A recent study of the metabolism of 6-
trans-LTB, by porcine PMNL revealed the production of several metabolites which
were formed by a combination of the 5-hydroxyeicosanoid dehydrogenase/6,11-
reductase pathway and the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway (370). 6-Trans-LTB, was metabolized 10 10,11-dihydro and 10,11-dihydro-
12-oxo products by the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase

pathway, and to 6,11-dihydro and 6,11-dihydro-5-oxo products by the 5-
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hydroxyeicosanoid dehydrogenase/6,11-reductase pathway. In addition to these
dihydro metabolites, porcine PMNL also cenverted 6-trans-LTB, to several
metabolites which did not absorb UV light at either 235 nm or 280 nm, indicating the
absence of any conjugated double bonds. These metabolites were identified as
tetrahydro, 5-oxotetrahydro, and 12-oxotetrahydro metabolites of 6-rrans-LTB,, and
were presumably formed by the sequential activities of the two pathways. The
tetrahydro metabolites of 6-frans-LTB, have a single double bond between C; and Cy,,
but its location was not determined. 12-Epi-6-trans-LTB,, and to a lesser extent
12-epi-8-cis-6-trans-LTB,, were also metabolized to tetrahydro products by porcine

PMNL.

7.3. Production of 12(R)-5,8,14-cicosatrienoic acid by bovine corneal microsomes
In 1988, Murphy et al. reported the metabolism of arachidonic acid to 12(R)-
5,8, 14-eicosatrienoic acid by bovine corneal microsomes involving a cytochrome-P-
450 dependent process (313). Two possible pathways for the formation of 12(R)-
5,8,14-eicosatrienoiv acid were hypothesized. First, cytochrome P-450 could
oxygenate arachidonic acid to 11,12-epoxy-5,8,14-eicosatrienoic acid, which could
then undergo an epoxide rearrangement to 12-ox0-5,8,14-eicosatrienoic acid, followed
by reduction to 12(R)-hydroxy-5,8,14-eicosatrienoic acid. Alternatively, 12(R)-
HETE, formed directly from arachidonic acid by cytochrome P-450, could be
converted to 12-0x0-5,8,10, 14-eicosatetraenoic acid, followed by two stages of

reduction; first to 12-0x0-5,8,14-eicosatrienoic acid and then to 12(R)-hydroxy-
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5,8,14-eicosatrienoic acid. Both of these reaction pathways would require abstraction
of a hydrogen atom from C,,, .which is consistent with their observation of the
formation of only heptadeuterated 12(R)-hydroxy-3,8,14-eicosatrienoic acid from
octadeuterated [5,6,8,9,11,12,14,15-*H]arachidonic acid.

The 12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway described in
this study could account for the conversion of 12(R)-HETE to 12(R)-5,8,14-
eicosatrienoic acid by bovine corneal microsomes. We have shown that the rates of
melabolism of 12(S)-HETE and 12(R)-HETE to 12-0x0-ETE by microsomal
12-hydroxyeicosanoid dehydrogenase are similar to one another (Figure 31) and that
subsequent metabolism of 12-0x0-ETE will produce both 12(R)-hydroxy-5,8,14-
eicosatrienoic acid and 12(S)-hydroxy-5,8, 14-eicosatrienoic acid. 1t is not clear
whether bovine corneal microsomes also produce 12(S)-hydroxy-5,8,14-eicosatrienoic
acid from arachidonic acid. In the study of Murphy et al., the production of 12(R)-
hydroxy-5,8, 14-eicosatrienoic acid by corneal microsomes was established by
comparing the biological activity of the dihydro product with those of authentic
chemically-synthesized 12(R)-hydroxy-5,8, 14-eicosatrienoic acid and 12(8)-hydroxy-
5,8, 14-eicosatrienoic acid. It is possible that 12(Sj—hydroxy-5,8,14-eicosatrienoic acid
was also formed by corneal microsomes, but it would not have been detected by the
methods employed, since it is biologically inactive (313,371). As the
12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway would involve the

formation of 12-ox0-ETE, this mechanism would also be consistent with the loss of a
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deuterium atom during the formation of the dihydro product from deuterated

arachidonic acid as discussed above.

8. Significance of the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway

The 12-hydroxyeicosanoid dehydrogenase/10,11-reduciase pathway may be
regarded as either a metabolic pathway for the removal of biologically aclive
eicosanoids or as a mechanism for the formation of biologically active compounds.
The presence of this pathway in porcine PMNL, and the reported presence of similar
reductase pathways in human monocytes and macrophage, places the
12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway in close proximity to
eicosanoid-producing cells such as platelets, PMNL and the vascular endothelium. [t
is therefore possible that 12-hydroxyeicosanoids formed by one type of cell could be
converted to dihydro metabolites by a different cell type by the phenomenon of
transcellular metabolism, thus enharncing the potential significance of the

12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway in vivo.

8.1. Removal of biologically active compounds

Clearly one possibie role for the 12-hydroxyeicosanoid dehydrogenase/10,11-
reductase pathway of porcine PMNL is the metabolism of LTB, to less active
products. As mentioned in the introduction, LTB, is a potent proinflammatory agent

stimulating PMNL chemotaxis, chemokinesis, and adhesion to the vascular
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endothelium (189,190,191}, The 12-hydroxyeicosanoid cehydrogenase/10,11-
reductase pathway metabolizes LTB, to 12-0x0-LTB,, 10,11-dihydro-12-0x0-LTB;,
10,11-dihydro-LTB, and 10,11-dihydro-12-epi-LTB,. Although the present study did
not examine the biological activities of these metabolites, other groups have examined
the proinflammalory effects of dihydro-LTB, produced by other cells. Dihydro-LTB,
produced by rat mesangial cells was reported to have significantly less
proinflammatory activity than LTB, when assayed for stimulation of human leukocyte
chemotaxis, chemokinesis, aggregation, adhesion to endothelium and superoxide anion
production (372). Similarly, the two dihydro-LTB, isomers produced by human
mesangial cells exhibited only marginal chemotactic activity towards human
leukocytes at the highest concentration tested (10”7 M) (365). Furthermore, 10,11-
dihydro-LTB, and 10,11-dihydro-12-epi-LTB,, produced by chopped human lung,
were found 1o be approximately 100 times less potent than LTB, in stimulating
contraction of guinea-pig lung parenchymal strips, as well as in increasing
microvascular permeablility in the hamster cheek pouch (369). Therefore, the reported
reduced biological activity of the dihydro-LTB, metabolites produced by these cells
suggests a role for the 12-hydroxyeicosanoid dehydiogenase/10,11-reductase pathway
in removing the potent proinflammatory effects of LTB,. However, it should be
noted that the biological activities of 10,11-dihydro-12-0x0-LTB, and 12-0x0-LTB,

are not known and require further investigation.
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8.2. Generation of biologically active compounds

The 12-hydroxyeicosanoid dehydrogenase/10,11-reduclase pathway also
catalyzes the formation of biologically active compounds. 12(R)-Hydroxy-5,8, 14-
eicosatrienoic acid, which can be formed by the metabolism of either 12(S)-HETE or
12(R)-HETE, has the most significant biclogical activities of ail the dihydro
metabolites characterized to date. This compound has potent vasodilatory activity and
was reported to be 3-4 fold more potent than acetylcholine in generating a
vasodilatory response of an isolated rat tail artery preconstricted with
phenylephrine (313). 12(R)-Hydroxy-5,8,14-eicosatrienoic acid has also been
reported io have angiogenic activity (313), and to be a more potent chemotactic agent
for human neutrophils than LTB, (371). In contrast to 12(R)-hydroxy-5,8,14-
gicosatrienoic acid, 12(S)-hydroxy-5,8,14-eicosatrienoic acid has little
proinflammatory activity.

We have also shown that 13-HODE is metabolized by the 12-hydroxyeicosanoid
dehydrogenase/10,11-reductase pathway to 13-hydroxy-9-octadecenoic acid and 13-
oxo-9-octadecenoic acid, presumably through a 13-0x0-ODE intermediate. 13-Oxo-
ODE produced from 13-HODE by a cytosolic dehydrogenase in rat mucosa, has been

shown to have mitogenic activity when administered intrarectally in rats (373).
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8.3. Enhanced activity of the 12-hydroxyeicosanoid dehydrogenase/10,11-
reductase pathway under conditions of acute inflammation

Irrespective of the role of the 12-hydroxyeicosanoid dehydrogenase/10,11-
reductase pathway, there is evidence of enhanced metabolism of LTB, to 10,11-
dihydro products by rat PMNL under conditions of acute inflammation. PMNL
obtained from the pleural cavity of rats 4 hrs after injection of carageenan were found
1o have significantly enhanced production of 10,11-dihydro metabolites of LTB,
compared to circulating PMNL (291). Similarly, a comparison of the metabolism of
arachidonic acid by elicited and circulating rat PMNL, stimulated with the Ca*?
ionophore A23187, showed an 8-fold enhanced accumulation of 10,11-dihydro
melabolites by elicited cells. This suggests that the 12-hydroxyeicoanoid
dehydrogenase/10,11-reductase pathway may be important in conditions of acute

inflammation,

8.4. Enzymatic racemization of 12-hydroxyeicosanoids

The stereochemistry of eicosanoids is usually critical for their biological
activities. The biological response to LTB,, for example, is quite specific for the
12(R) configuration. 12-Epi-LTB, is only about 5% as potent as LTB, as a
chemotactic agent for PMNL and has a much higher K, for the high affinity LTB,
receptor on PMNL (196). Similarly, the lipoxygenase product 12(S)-HETE possesses
considerably less biological activity than 12(R)-HETE. 12(R)-HETE stimulates

chemotaxis of neutrophils and lymphocytes and has been implicated in the condition
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of psoriasis (237,374). 12(R)-HETE has also been reported to inhibit Na*,K*-
ATPase in bovine corneal microsomes, whereas 12(S)-HETE is relatively

inactive (241). 5(S)-HETE, which is a product of 5-lipoxygenase, has been reported
to stereospecifically increase intracellular Ca*? in human PMNL whereas 5(R)-HETE
is much less active in this respect (375).

We have shown that the microsomal {raction of porcine PMNL reduces the
12-0x0 group of 12-ox0-LTB, stereospecifically to a 12(R)-hydroxy group, producing
LTB,, with only a small amount of 12-epi-LTB; being formed. We have also shown
that 12(S)-HETE is metabolized to 12-0x0-ETE by the 12-hydroxyeicosanoid
dehydrogenase. If the microsomal ketoreductase responsible for the conversion of [2-
oxo-LTB, to LTB;,, expresses the same stereospecificity with 12-oxo0-ETLE, 12(R)-
HETE would be produced. Therefore, depending on the stereospecificity of the
ketoreductase, it is theoretically possible that 12(S)-HETE could be converted to
12(R)-HETE through a 12-oxo intermediate. However, we could not obtain any
evidence for this interconversion in intact cells, possibly because the cytosolic 10,11-
reductase, which showed a much higher activity than the microsomal ketoreductase,

would readily convert 12-oxo-eicosanoids to 10,11-dihydro-12-oxo0 products.
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SUMMARY AND CONCLUSIONS

The metabolism of LTB, and 12(S)-HETE by porcine PMNL was examined
and their metabolites were identified. LTB, had previously been reported to be
melabolized by porcine PMNL to 10,11-dihydro-LTB, and 10,11-dihydro-12-oxo-
LTB, (301). Further analysis of the 10,11-dihydro-LTB, product by NP-HPLC
resolved two isomars which were identified as 10,11-dihydro-L'TB, and 10,11-
dihydro-12-epi-LTB; by GC-MS and by co-chromatography with authentic standards.
The metabolites of 12(S)-HETE produced by porcine PMNL were identified as
12-0x0-3,8, 14-eicosatrienoic acid, 12(S)-hydroxy-5,8, 14-eicosatrienoic acid and
12-(R)-hydroxy-5,8, 14-eicosatrienoic acid by GC-MS and NMR spectroscopy. 12(R)-
Hydroxy-5,8,14-eicosatrienoic acid and 12(S)-hydroxy-5,8, 14-eicosatrienoic acid co-
eluted when analyzed by RP, NP and chiral-phase chromatography. These two
isomers were resolved by NP-HPLC following derivatization of their C,,-hydroxyl
groups with MTPA.

The enzyme kinetics for the metabolism of LTB;, 12(S)-HETE and 13(S)-
HODE, determined by Lineweaver-Burk analysis, suggest that these compounds are
metabolized by the same pathway. The apparent K,, values were: LTB, = 0.28 uM,
12(S)-HETE = 0.21 uM and 13(S)-HODE = 2.2 uM. All three substrates shared an
apparent V. of approximately 0.029 pmol/min/1(f cells. We also found that LTB,
could act as a competitive inhibitor of 12(S)-HETE metabolism. This result confirms

that LTB, and 12(S)-HETE are metabolized by the same enzymes.
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The time courses for the metabolism of LTB, and 12(S)-HETE are similar.
Metabolism of both substrates produces 10,11-dihydro and 10,11-dihydro-12-oxo
compounds initially, whereas the formation of 10,11-dihydro-12-epi metabolites
follows a lag phase. This suggests that the inverted stereochenistry at C,, of
10,11-dihydro-12-epi metabolites is a result of further metabolism of either 10,11-
dihydro or 10,11-dihydro-12-oxo products.

The specificity of the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway was examined. It was found that porcinc PMNL, preferentially metabolize
eicosanoids which have a C,,-hydroxyl group preceded by two conjugated double
bonds and followed by a 2-cis-octenyl group. LTB; was the best substrate tested. 6-
Trans-LTB,, 12-epi-8-cis-6-trans-LTBy, 12-epi-6-trans-LTB, and 12(8)-HETE were
also good substrates for this pathway. Other compounds were metabolized less
efficiently in the order of LTB; > 15(8)-HETE = 13(S§)-HODE > 5(8)-HETE >
9(S)-HODE > 20-hydroxy-LTB, > HHTIE.

The mechanism for the formation of dihydro metabolites of LTB, was derived
from the results of experiments performed with different subcellular fractions from
porcine PMNL in the presence of various cofactors. The first step in the metabolism
of LTB, by porcine PMNL is oxidation of LTB, to 12-0xo-LTB,, catalyzed by a
microsomal 12-hydroxyeicosanoid dehydrogenase in the presence of NAD* and to a
lesser extent NADP*, 12-Oxo-LTB, was identified based on its mass spectral, UV

and chromatographic properties. Metabolism of substrate labeled with a tritium atom
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at C,, showed a marked isotope effect, indicating that the initial step, catalyzed by
12-hydroxyeicosanoid dehydrogenase, is rate-limiting.

The stereochemistry of the Cj,-hydroxyl group of the substrate does not appear
lo affect metabolism of that substrate by 12-hydroxyeicosanoid dehydrogenase present
in porcine PMNL microsomes. Incubation of LTB,, 12(S)-HETE and 12(R)-HETE
with the microsomal fraction, in the presence of NAD™, produced similar time
courses for the formation of their respective 12-oxo-metabolites.

The second step in the metabolism of LTB, by porcine PMNL is reduction of
12-0x0-LTB, to 10,11-dihydro-12-0x0-LTB;, which is catalyzed by a cytosolic 10,11-
reductase in the presence of either NADH or NADPH. Incubation of LTB, with the
cylosolic fraction, in the presence of either NADH or NADPH, did not produce any
detectable metabolites, indicating that the 10,11-reductase cannot reduce the A"
double bond of LTB, directly.

The pathway for the formation of dihydro metabolites of LTB, and 12-HETE in
porcine PMNL is clearly distinct from other hydroxyeicosanoid
dehydrogenase/reductase pathways, including the 5-hydroxyeicosanoid
dehydrogenase/6,11-reductase pathway, which is also present in porcine PMNL, and
the 15-hydroxyprostaglandin dehydrogenase/ A B-reductase pathway. The latter
pathwe.y resulls in the conversion of prostaglandins to 15-oxo, 13,14-dihydro-15-oxo,
and 13-14-dihydro metaboliltes (317). However, PGE, and PGF,, were not
metabolized either by intact porcine PMNL or by microsomal fractions from these

cells in the presence of NAD™,
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The 12-hydroxyeicosanoid dehydrogenase/10,11-reductase pathway has been
reported in several cell types (Table XI), however the significance of this pathway is
not clear. The presence of this pathway in porcine PMNL and human monocytes is
consistent with its potential to regulate local concentrations of the proinflammatory
agent LTB,. However, the 12-hydroxyeicosanoid dehydrogenase/10,11-reductase
pathway may also play an impo:iant role in generating biologically active eicosanoids
such as the formation of 12(R)-hydroxy-5,8,14-eicosatrienoic acid from 12(S)-HETE.
Clearly future investigations of the biological activities of the metabolites of this
pathway will be important to clarify the role the 12-hydroxyeicosanoid

dchydrogenase/10,11-reductase pathway in vivo.
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CLAIMS TO ORIGINAL RESEARCH

1. 10,11-Dihydro-LTB,, produced from the metabolism of LTB, by porcine
PMNL, was resolved into two components by NP-HPLC. These compounds were
identified as 5(S),12(8)-dihydroxy-6,8, 14-eicosatrienoic acid (10,11-dihydro-LTB,)
and 5(8),12(R)-dihydroxy-6,8, 14-eicosatrienoic acid (10,11-dihydro-12-epi-LTB,) by
GC-MS and by comparison of their chromatograph