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ABSTRACT

Leukotriene B. (LTB.) has previously been reported to be metabolized by

porcine polymorphonuclear leukocytes (PMNL) to 10,Il-dihydro-LTB. and

10, I1-dihydro-12-oxo-LTB. [Powell, W.S., & Gravelle, F. (1989) J. Biol. Chem. 264,

5364-53691. The 10,Il-dihydro-LTB. fraction, prepared as described abc:ve, was resolved

into two components by normal-phase (NP) high pressure liquid chromatography

(HPLC). These proùl'cts were identified as 10,Il-dihydro-LTB. and 10,Il-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-Iimiting step in the

formation of dihydro metabolites of LTB.. 12-0xo-LTB. was rapidly metabolized to

10, II-dihydro-12-oxo-LTB. by a cytosolic lO,ll-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-oxo-S,8,14-eicosatrienoic acid, 12(R)-hydroxy-S,8,14­

eicosatrienoic acid and 12(S)-hydroxy-S,8,14-eicosatrienoic acid, which were identified

by GC-MS and nuclear magnetic resonance spectroscopy. The latter two compounds were

scparated by NP-HPLC following derivatization with methoxy­

(trinlloromethyl)phenylacetic acid and were identified by co-chromatography with

allthentic compollnds. 12(S)-HETE was metabolized by 12-hydroxyeicosanoid

dehydrogenase, in the presence of NAD+, to 12-oxo-ETE, identified by ils

chromatographie and UV spectral properties. 13-Hydroxy-9,Il-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

sllbstrates with a 12-hydroxyl group preceded by at least two conjugated double bonds

and followed by a 2-cis-octenyl group.



RESUME

Il a été rapporté, auparavant, que la leucotriène B4 (LTB4) était métaboliséc par

les leucocytes polymorphonucléaires du porc (PMNL) en la, II-dihydro-LTB4 et en 10,11­

dihydro-12-oxo-LTB4 [Powell, W.S., & Gravelle, F. (1989) J. Biol. Cflem. 264, 5364­

5369]. La fraction la, ll-dihydro-LTB4 , préparée tel que décrit ci-haut, a été séparéc cn

deux composantes par chromatographie liquide à haute pression (phase normal, NP­

HPLC). Ces produits ont été identifiés comme étant les 1O,1I-dihydro-LTB4 et 10,11­

dihydro-12-epi-LTB4 par chromatographie gazeuse 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-hydroxyeicosanoidc

microsomiale a transformé LTB4 en 12-oxo-LTB4, laquelle a été identifiée par GC-MS.

Cet enzyme catalyse l'étape initiale limitant la vitesse lors de la formation des métabolites

dihydro de la LTB4• La 12-oxo-LTB4 a été rapidement métabolisée en 1O,II-dihydro-12­

oxo-LTB4 par une 10,II-réductase cytosolique en présence de NADH ou de NADPH. La

LTB4 n'a pas été convertie en aucun produit par cette fraction.

L'acide 12(S)-hydroxy-5,8, IO,14-eicosatétraènoique (l:.'.(S)-HETE) a été

métabolisé par les PMNL intactes du porc intactes en 12-oxo-5,8,1O,14-eicosatriénoiquc,

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 dernières composantes ont été séparées par NP-HPLC

après réaction avec l'acide méthoxy-(trifluorométhyl)phénylacétique et ont été identifiées

par co-chromatographie en utilisant les produits authentiques. La 12(S)-HETE a été

métabolisée par l'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,II-octadécadiénoique (13-HODE) a été métabolisé par les

PMNL du porc en acide 13-hydroxy-9-octadécénoique et en acide 13-oxo-9·

octadécénoique, identifiés par GC-MS. Des études de spécificité ont indiqué que la 12-
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hydroxyeicosanoide déshydrogénase des PMNL du porc oxydait de préférence les substrats

contenant un groupe l2-hydroxyl précédé d'au moins deux doubles liaisons conjuguées et

suivi d'un groupe 2-cis octényl.
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INTRODUCTION
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1. Mctabolic pathways which produce hydroxylatcd polyunsaturatcd faity acids

The discovery and characterization of biologically active metabolites of

arachidonic acid, which has now spanned six decades of industrious research, has

prodllced many new insights into the regulation of cell fllnction in general, as weil as

the role of Iipid 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 severa! Iipoxygenase

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 sorne cases epoxy, epoxyhydroxy and trihydroxy

metabolites may also be formed. Of particular importance is an epoxy metabolite of

arachidonic acid produced by 5-Iipoxygenase, which may be further metabolized to

leukotrienes. Cytochrome P-450 monooxygenases also metabolize arachidonic acid to

mono-hydroxy and epoxy compounds. In genera!, the profile of arachidonic acid

metabolites produced by a given cell is determined by the enzymes which are present

in that cell type. Il should be noted that other polyunsaturated fattyacids (PUFA's),

such as 8, Il, 14-eicosatrienoic acid and 5,8, Il,14, 17-eicosapentaenoic acid, mayalso

be metabolized by sorne of these enzymes. The term eicosanoid has been adopted to

refer 10 oxygenated metabolites derived specifically from eicosapolyenoic acids.
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1.1. Cyclooxygenase pnthway (pl'ostnglnndins, t1l1'omboxanes & pl'ostaC)'clin)

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 sterilily,

they observed that injection of human semen onto uterine tissue would cause eilher

contraction or rel~xation of the uterine muscle (1). Further characterization of this

activity came from independent laboratories which investigated both the uterus and

other tissues. In 1935, Ooldblatt described the pharmacological properties of human

seminal plasma (2). Seminal fluid caused an immediate fall in blood pressure when

administered intravenously into anesthetized animais. 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 prostate had

similar biological activities, and coined the term "prostaglandin" for the active

material (3). Early biochemical investigations characterized "prostaglandin" as a

hydroxylated unsaturated fatty acid (4). However, it was not until the early 1960's

when the elaborate investigations of Bergstrôm, 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 (PO) E" POE2, POFI., and

POF,. (Figure 1).
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Figure 1. Arachidonic acid metabolites produced by the cyclooxygenase pathway

Prostaglandins are ail 20-carbon carboxylic acids with a characteristic

cyc10pentane ring and two aliphatic chains. Substituents of the cyc10pentane ring

determines the c1ass 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

contirmed in 1964, when arachidonic acid was identified as the precursor for the

c
formation of Pr,~ (8,9).
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1.1.2. Pl'ostaglandin cndopcl'oxide 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 (II). First,

prostaglandin endoperoxide synthase exhibits dioxygenase (cyclooxygenase) activity,

resulting in the addition of two molecules of oxygen to the fattyacid substrate (12).

A proton is first abstracted from CIJ of arachidonic acid followed by addition of

molecular oxygen to Cil producing 1l-peroxy-5Z,8Z, 12E,14Z-eicosatetraenoic acid.

The free oxygen of the Cil peroxy group is then added to C9 with a concomitant shift

of the electrons in the 8,9-double bond to form a bond between Cs and CI2 which is

coupled to the addition of a second molecule of oxygen at Cil' 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 G2 (PGGv (13,14).

Prostaglandin endoperoxide synthase also has peroxidase activity which reduces the

Cu hydroperoxy group of PGG2 to a hydroxyl group producing prostaglandin H2

(PGH2) (14). The two catalytic activities of prostaglandin endoperoxide synthase

reside at separate but interacting sites on the protein (15). Arachidonic aCld and

8, l1,14-eicosatrienoic acid are equally good substrates for prostaglandin endoperoxide

synthase producing PGH2 and PGH1 respectively (11,16). 5,8,11,14,17­

Eicosapentaenoic acid is also metabolized by prostaglandin endoperoxide synthase to
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Figure 2. Schellle ofpros/aglandin endoperoxide syntllOse-catalyzed arachidonic

acid lIlewbolislll

PGH3, 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 Il (R)-hydroperoxy-5Z,8Z,12E., 14Z-eicosatetraenoic

acid (II (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 Cl] proton followed by addition of

molecular oxygen to Cil producing II-peroxy-5Z,8Z, 12E, 14Z-eicosatctraenoic acid.

The 11(S)-peroxy radical, which is the major isolllcr formcd, is eftïcicntly convertcd

to PGG2, whereas the 11 (R) isomer is reported to acculllulate and is transformed into

II (R)-HPETE. The initial abstraction of the Cl] proton may also lead 10 addition of

molecular oxygen to Cil producing 15(RS)-HPETE. Prostaglandin cndoperox;de

synthase can also catllyze the subsequent reduction of 15(RS)-HPETE to 15(RS)-

HETE, however II (R)-HPETE does not appear to be a substrate for this enzyme

activity (18). lI(R)-HPETE is reduced to lI(R)-HETE by human platelets, possibly

by glutathione-dependent peroxidases.

1.1.3. Thromboxancs and prostac)'clin

Following the discovery and characterization of the proslaglandins, arachidonic

acid metabolism by the cyclooxygenase pathway in different ccli types was examined.

In 1974, Samuelsson and coworkers investigated the melabolislll of arachidonic acid

by human platelets (19). Among the recovered products, PGG2, PGH2, PG~ and

PGF2u 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-(I-hydroxy-3-oxopropyl)-9, 12L-dihydroxy-5, IO-heptadecadienoic

acid (TxB0 (19). TxB2 was reported to be a stable metabolite with no significant

6



biological activity. Based on the structure of TxBz, a mechanism was proposed for

its formation involving an unstable oxetane-oxane intermediate (TxAz) (20). The

production of TxAz by platelets was confirmed indirectly by reacting the unstable

intermediate with alcohols (20). However, the actual structure of TxAz was not

confirmed until 1985, when various TxAz isomers were chemically synthesized and

compared to platelet-derived TxAz (21).

The bicyclic structure of TxAz is formed by a rearrangement of the oxygens of

PGH2 (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 oC (20). TxA2 is a potent

stimulator of platelet aggregation and degranulation, and causes contraction of smooth

muscle (20,23). TxA2 is rapidly hydrated to the chemically stable product TxB2 (21),

which is metabolized by two pathways: Jl-oxidation, resuiting in the production of

2,3,-dinor-TxB2 (24) and oxidation of the Cil hydroxyl group producing ll-dehydro­

TxBz (25).

The second major platelet cyclooxygenase product was identified as 12­

hydroxy-5,8, 10-heptadecatrienoic acid (HHTrE) (19). Formation of HHTrE is due to

loss of malondialdehyde from the cyclopentane ring of PGH2 (26) (Figure 1) which is

also catalyzed by thromboxane synthase. TxA2 and HHTrE are formed in equimolar

amounts by this enzyme (27). To date, there no major biological function has been

attributed to HHTrE.
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After the discovery of TxA2, Moncada and Vane examined Ihe ability of

vascuJar tissue to convert prostaglandin endoperoxides to TxA2 (28). Follo\Ving the

initial disappoinlment of finding no TxA2 produced, these investigators observed the

produclion of a ne\V compound \Vith biological aclivilies opposite to those of

TxA2 (28). This compound \Vas identified as 9-deoxy-6,9œ-epoxy-d s-POFiu (PGl0

(Figure 1) and \Vas given the trivial name proslacyclin (29). Prostacyclin is a potcnt

inhibitor of platelet aggregation (28), causes vasoditation (30) and has anti-thrombotic

properties (31). Like TxA2, proslacyclin is an unstable compound \Vith a half-life of

2-3 min at 37 oC (32) and is rapidly converted to the less active metabolite 6-keto-

POF I .. (29,33).

The opposing activities of platelet-derived TXA2 and endolhelial-derived PGl2

suggesl that the cyclooxygenase path\Vay is important for mainlaining the patency of

the vasculature. ImbaJances in this antagonism are thought to explain many

thrombogenic and atheroscli.:rotic conditions.

1.1.4. Regulation of the cyclooxygenase pathway

One of the most important observations regarding the pharmacoJogical

reguJation of prostaglandin biosynthesis was the potent inhibitory effect of aspirin and

other non-steroidaJ 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 prostagJandin synthesis by guinea pig Jung (34), human

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

8



('

c

prostaglandin cndopcroxide synthase thcrcby inhibiting the production of

proslaglandins, thromboxanes and prostacycIin (37). NSAID were found to inhibit

the cyclooxygenase activity of prostaglandin endoperoxide synthase, but to have Iittle

effect 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

palhways, including the Iipoxygenase 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 , l4-eicosatetraynoic acid (ETYA) has becn extensively used in studies of

eicosanoid metaboli5m. Addition of ETYA destroys the catalytic site of prostaglandin

endoperoxide synthase, resulting in a progressive and irreversible decrease in enzyme

activity (41). Unlike the NSAlDs described above, ETYA a1so inhibits other enzymes

involved in the metabolism of arachidonic acid, including Iipoxygenases (42)

9
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1.2. Lipoxygcnase pathways

As a result of the discovery of prostaglandins, throll1boxanes and prostacyclin,

and the identification of arachidonic acid as their precursor, arachidonic acid research

swelled. This increased interest resulted in studies on the ll1etabolism of arachidonic

acid by different tissues and cell types and led to the discovery and characterization of

ll1ammalian Iipoxygenases. Lipoxygenases in genera\ may be defined as enzymes

which incorporate molecular oxygen into cis-polyunsaturated fally acids producing

hydroperoxy compounds. There are three major mammRlian Iipoxygenases which

stereospecifically produce hydroperoxy compounds with S configurations. These

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

biologically active eicosanoids.

1.2.1. 5-Lipoxygenase pathway (Ieukotrienes)

5-Lipoxygenase is the initilll ':lnzyme in the pathway which resu\ts in the

conversion of arachidonie acid to leukotrienes (Figure 3). These produets are potent

proinflammatory agents whieh are involved in allergie and inflammatory reaetions.

The diseovery of this pathway was a result of the eombination of two separate \ines of

researeh, namely the metabolism of araehidonie acid by polymorphonuclear

leukoeytes (PMNL) and the eharaeterization of an unknown mediator of anaphylaxis.

10



1.2.1.1. Formation of S(S)-HETE and LTA4

In 1976, Borgeat et al. reported that arachidonic aeid was metabolized by

rabbit PMNL to severa! polar products. The major metabolite first characterized was

5(S)-hydroxy-6E,8Z,IIZ,14Z-eicosatetraenoic aeid (5(S)-HETE) (43) . The addition

of molecular oxygen at Cl and the presence of a single pair of conjugated double

bonds a to the 5-hydroxy! group of 5-HETE suggested the involvement of a

5-1ipoxygenase. 5-Lipoxygenase would act by abstracting a hydrogen from ~ of

arachidonic acid, followed by the addition of molecular oxygen to Cl' produeing 5(8)­

hydroperoxy-6E,8Z, 11Z,14Z-eicosatetraenoic aeid (5(S)-HPETE). 5(8)-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

aeid to a series of dihydroxy eicosanoids which were subsequently identified as

5(8) ,12(R)-dihydroxy-6Z,8E,1OE,14Z-eicosatetraenoic acid (LTB4) (45), 5(8) ,12(R)­

dihydroxy-6E,8E,lOE,14Z-eicosatetraenoic acid (6-trans-LTB4), 5(8),12(8)­

dihydroxy-6E,8E,10E,14Z-eicosatetraenoic aeid (12-epi-6-trans-LTB4), 5(8),6(R)­

dihydroxy-7E,9E,IIZ,14Z-eicosatetraenoic aeid (5(8),6(R)-DiHETE) and 5(8),6(8)­

dihydroxy-7E,9E,IIZ,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 5,6-dihydroxy eicosanoids by the addition of water to C12 or C6, respectively.
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( Although this intermediate evaded detection due to its innate instabiIity, Borgeat and

Samuelsson were able to trap the intermediate through its 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)­

5E,6E-oxido-7E,9E, II Z, 14Z-eicosatetraenoic acid (LTA4). LTA4 is produced by

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

1.2.1.2. Formation of LTB4

LTA4 may be enzymatically converted to LTB4 by LTA4 hydrolase which is

also present in PMNL (50). LTA4 hydrolase, which catalyzes the rate-limiting step

for LTB4 synthesis, is a cytosolic enzyme initially purified from rat PMNL (51),

human PMNL (50) and erythrocytes (52). LTA4 hydrolase has subsequently been

detected in mammalian plasma, liver and kidney (53,54,55) as weil as in virtually ail

tissues examined from the guinea pig (56). As weil as catalyzing the conversion of

LTA4 to LTB4, LTA4 hydrolase may become covalently associated with LTA4

resuiting in irreversible inactivation of the enzyme (52,57), a phenomenon known as

suicide inactivation. LTA4 hydrolase has a strict substrate requirement, metabolizing

compounds with a 5,6-oxido-7 ,9-frans-ll,14-cis configuration (58). LTAs, which is

formed from 5,8, 11, 14, 17-eicosapentaenoic acid, is metabolized by LTA4 hydrolase

to LTBs (59). However, metabolism of LTAs is less efficient than that ofLTA4•

LTAJ, produced from 5,8, ll-eicosatrienoic acid, is not a substrate for this enzyme.
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Both LTA3 and LTAs have been reported to be irreversible inhibitors of LTA.

hydrolase (59,60).

The gene for LTA. hydrolase was c10ned in 1987 from human 11Ing and

placenta (61) and in 1989 from human spleen (62). The cDNA revealed an enzyme of

610 al 10 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 Zn2+-metallopeptidase enzymes (64). This family of

Znl • -metallopeptidases inc1udes aminopeptidase M and angiotensin-converting

enzyme (63). Bestatin, which is a known inhibitor of angiotensin-converling enzyme

and other aminopeptidases, also inhibits LTA4 hydrolase activily supporting a

relationship between these enzymes (65). Although these metallopeplidases do nol

express any LTA4 hydrolase activity, LTA4 hydrolase does have aminopeptidase

activity (65), but the relevance of this observation is not yet c1ear. Il is interesting to

note that LTA4 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. LTA4

may also lIndergo non-enzymatic degradation to produce 6-trans-LTB., 12-epi-6-trans-

LTB., 5(S),6(R)-DiHETE, and 5(S),6(S)-DiHETE (66). Enzymatic formation of 5,6-

DiHETE from LTA4 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 LTB4 (67,68).
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1.2.1.3. Formation of pcptido-Icukotrienes

Unlike the 5-Iipoxygenase products described above, whose structural

idcntification 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, aCter 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 Brockiehurst 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

asthl11atic human lungs ill 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

impossible. 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 Iipid moiety recovered aCter 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 amine acid analysis. Three amine 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, IlZ, l4Z-

eicosatetraenoic acid (LTC4) (Figure 3).

LTC4 is further metabolized to 5(S)-hydroxy-6(R)(S)-cysteinylglycinyl-

7E,9E, llZ, 14Z-eicosatetraenoic acid (LTD4) by y -glutamyltransferase through the

enzymatic removal of the glutamyl residue from LTC4 (77). In 1981, Bernstrôm,

reported the metabolism of LTD4 to 5(S)-hydroxy-6(R)(S)-cysteinyl-7E,9E, IIZ, 14Z-

eicosatetraenoic acid (LTE4) by a cysteinyl-glycinyl dipeptidase which removed the

glycine resiciue (78). Readdition of a glutamic acid residue to LTE4 by Y-glutamyl

transpeptidase was found to produce 5(S)-hydroxy-6(R)(S)-cysteinylglutamyl-

7E,9E, llZ, 14Z-eicosatetraenoic acid (LTF4) (79) (Figure 3). Il is interesting 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 LTC4, LTD4 and LTE4•
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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 LTA. as an

intermediate in the formation of peptido-Ieukotrienes. Il was soon established that the

addition of glutathione to C6 of LTA. by LTC. synthase, results in the formation of

LTC. (80). Therefore, the 5-lipoxygenase pathway is responsible for the formation of

both LTB. and the peptido-Ieukotrienes. However, the preferential production of

either LTB. or LTC. by the 5-Iipoxygenase pathway depends on the enzymes present

in a given cell. For example, PMNL have LTA. hydrolase, and therefore produce

LTB4 l'rom LTA., whereas human eosinophils and basophils, which have LTC4

synthase activity, prctiuce primarily LTC. (81,82).

Following the identification of the above compounds, the term leukotriene was

introduced by SamueIsson 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 Ieukotrienes 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.
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1.2.1.4. Regulation of 5-lipoxygenase

As the biological importance of the leukotrienes became increasingly evidcnt,

stlldies of the 5-lipoxygenase enzyme intensified witl! the 1Iitimate goal of

pharmacologica1 regulation of the pathway. Initial studies indicated that

5-lipoxygenase was localized in the cytoplasm and showed that il required Ca" and

ATP for full activity (84). More recently, 5-lipoxygenase has been reported to conlain

iron which is essential for enzymatic activity (85). Inactivation of 5-lipoxygenase by

exposllre to oxygen permits the release of this otherwise tightly bOllnd iren. 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 5-1ipoxygenase (88,89) and

FLAP (90), and the characterization of their gene premoter regions have been

reported (91,92). Subsequently, a correlation has been shown between the co-

expression of 5-lipoxygenase and FLAP and leukotriene synthesis, sllpporting the

requirement of both proteins for enzymatic activity (93).

1.2.2. 12-Lipoxygcnase 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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Figlll'c 4. 12-Lipoxygenase-catalyzed metabolism ofarachidonic acid

platelets, examined the metabolites of arachidonic acid produced by these ceUs (19).

The first two metabolites characterized were TXB2 and HHTrE which are products of

thc cyclooxygenase pathway as described earlier. However, the major arachidonic

acid metabolite produced by human platelets is not a cyclooxygenase product. This

compound was identified as 12(S)-hydroxy-5Z,8Z, 10E,14Z-eicosatetraenoic acid

(l2(S)-HETE) which was shown to be formed by a 12-lipoxygenase (19,94). 12-

Lipoxygenase catalyzes the removal of a hydrogen from CIO of arachidonic acid which
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is coupled to the addition of oxygen to CI2 , 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-Iipoxygenase is found in an active fonn and does not

require Ca2+-mobilizing stimuli for activity (95). Since its discovcry, the 12-

Iipoxygenase pathway and the 12-lipoxygenase enzyme itself have bccn 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-Iipoxygenase and 12(S)-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 LTA4• Porcine leukocyte 12-lipoxygenase catalyzes the

conversion of LTA4 to Iipoxins, whereas platelet 12-lipoxygenase is relatively

inactive (97). Comparison of the cDNA's of porcine leukocyte 12-Iipoxygenase (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. Hcpoxilins

In 1978, trihydroxy eicosanoids were found to be produced from the

metabolism of arachidonic acid by platelets obtained from man, horse and dog (100).

l'wo trihydroxy compounds were isolated and identified as 8,9,12-trihydroxy-5,10,14­

eicosatrienoic acid and 8,11 ,12-trihydroxy-5,9,14-eicosatrienoic acid. In a simi!ar

study the production of trihydroxy eicosanoids by human platelets was reported to

involve the 12-lipoxygenase pathway (lOI). Although unconfirmed in these studies,

these trihydroxyeicosanoids were hypothesized to have arisen from the conversion of

12(S)-HPETE to hydroxy-epoxy intermediates foIIowed by the hydrolytic opening of

the epoxy group by epoxide hydrolases (100,101). No hydroxy-epoxy compounds

were isolated in these studies.

Il was not unti! 1982 that Pace-Asciak, using rat 1ung 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-ll, 12-epoxy-5,9,14-eicosatrienoic acid (HxA3) and 10­

hydroxy-ll,12-epoxy-5,8,14-eicosatrienoic acid (HxB3) (Figure 4). Further

investigations using rat pancreatic islet ceUs 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

tinding (104).
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Hepoxilins are formed by the intramolecular transfer of the hy~roxyl moicty

from the hydroperoxy group at CI2 to either Cs or CIO' producing HxAJ and HxBJ ,

respectively (103,105). Hepoxilins are metabolized to trihydroxy eicosanoids by an

epoxide hydrolase which showed some specificity for epoxyhydroxy fatty acids (106).

HxAJ was also reported to be enzymatically coupled to glutathione in a manner

analogous to the formation of peptido-leukotrienes From LTA4 (107). Glulalhione is

conjugated to Cil of HxAJ by a glutathione-S-transferase producing a glulathione

conjugale (HxA3-C). The glutamyl residue of HxA3-C can be removed by the action

of y -glulamyltransferase producing a cysteinyl-glycinyl conjugale lermed HxAJ-

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 C13 of

arachidonic acid and adds molecular oxygen to Cu producing 15(S)-hydroperoxy­

5Z,8Z, llZ, 13E-eicosatetraenoic acid (15(S)-HPETE). Other cells which are known 10

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 il has been reported that

15-HPETE spontaneously decomposes to 15(S)-hydroxy-5Z,8Z, IIZ, 13E­

eicosatetraenoic acid (15(S)-HETE), the possible role of peroxidases is not c1ear (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 becn cloned (112).

The reticulocyte enzyme has physical and catalytic properties which are distinct from

those of the leukocyte 15-lipoxygenase. 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 w6­

PUFA. Linoleic acid (9Z, 11Z-octadecadienoic acid), an important dietary fallyacid

which is readily incorporated into human leukocyte cellular lipids (115), is oxidized to

13(S)-hydroperoxy-9Z,IIE-octadecadienoic acid (13(S)-HPODE) by this

enzyme (116). The subsequent reduction of 13-HPODE to 13(S)-hydroxy-9Z,l1E­

oCladecadienoic 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.

23



1.2.4. Othel' Iipoxygennses

As mentioned earlier, lipoxygenases catalyze the addition of moleculnr oxygcn

to a 1,4-cis,cis-pentadiene moiety of polyunsaturated fatty aeids to produce

hydroperoxy compounds. Il is therefore reasonable to suggest thnt lipoxygenases

speeific for carbons 8, 9, and II of arachidonic aeid may also exist in mammalian

ceUs. In 1979, Goetzl and coworkers reported the formation of 8-,9-, and Il-HETE

as minor metabolites of arachidonic aeid produced by human neutrophils (118). 1t

was reported that ETYA, an inhibitor of both lipoxygenase and prostaglandin

endoperoxide synthase, suppressed the formation of these HETEs. Although,

ll-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

aeid (119). Formation of 8-, 9-, and ll-HETE couId have been catalyzed by free

radical intermediates formed during oxidation of arachidonic aeid by lipoxygenases or

prostaglandin endoperoxide synthase. This couId 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 Ca-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

24



stereoselective abstraction of the proR hydrogen from CIO of the substrate (122).

These observations strongly support the invo1vement of an 8-lipoxygenase.

Historically, lipoxygenases were lirst isolated from non-mamma1ian sources.

As mentioned earlier, soybean lipoxygenase was the lirst lipoxygenase identilied and

characterized (117). Similar lipoxygenase activity is found in peas, potatoes,

flaxseed, algae and alfalfa (123,124). Tomato homogenate contains a lipoxygenase of

different speeilieity which catalyzes the production of 9-HODE from lino1eic

aeid (125). Similarly, marine organisms have reported lipoxygenase activities. The

gorgonian coral Pseudoplexaura porosa contains a lipoxygenase which

stereospecilically converts arachidonic aeid to 8(R)-HPETE (126). Eggs obtained

from sea urchins (Strongylocentrotus purpuratus) contain a lipoxygenase which

catalyzes the conversion of arachidonic aeid to II(R)-HPETE and 12(R)-

HPETE (127). In general, these lipoxygenases are quite distinct from mamma1ian

lipoxygenases and therefore are of little value as models of mammalian enzymes.

However, the abundance and stereospecilic nature of these enzymes ma1(es 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 aeid. 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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t the substrate (128). Cytochrome P-450 monooxygenases, in the presence of NADPH

and molecular oxygen, catalyze the metabulism of arachidonic acid to 1)

monohydroxyeicosatetraenoic acids (HETEs), 2) c.l-hydroxylated metabolites of

arachidonic acid, and 3) epoxyeicosatrienoic acids (129).

Six HETEs, including 5-HETE, 8-HETE, 9-HETE, ll-HETE, 12-HETE, and

15-HETE, are formed by cytochrome P-450 monooxygenases. As with lipoxygenasc­

derived HETEs these compounds have a hydroxyl group fo11owed by a cis-,rolls

diene. However, whereas the hydroxyl groups of HETEs derived from mammalian

lipoxygenases are ail in the S configuration, the cytochrome P-450 monooxygenases

show no stereoselectivity and produce both Rand S hydroxyl isomers, wilh the

exception of 12-HETE which has predominantly the R configuration at C12 (129).

Cytochrome P-450 monooxygenase were also reported to catalyze the formation

of 16,17,18,19, and 20-hydroxyarachidonic acid (130,131,132). Ailhough this

activily is genera11y considered to be catabolic, 20-hydroxy and 19-hydroxy­

arachidonic acids have been reported 10 have biological activilies (133,134). Sil1lilar

c.l-hydroxylated products are forl1led from other long chain faIty acids.

The metabolism of arachidonic acid by cytochrome P-450 11l0nooxygenase also

produces four regioisomeric epoxyeicosatrienoic acids (EETs); 5,6-EET, 8,9-EET,

Il, 12-EET and 14, 15-EET (135), which are furlher 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 (60/40) of (R)(S) and
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(S)(R) isomers (129). Several biological activities have been reported for EETs,

however it is undcar if these effects are pharmaeological or physiological (129).

Many of the cytochrome P-450s in Iiver and kidney tend to be rather non-

speci fic. These enzymes are thought to have a general role in the metabolism of

drugs and other xenobiotics (128). The non-specifie nature of these enzymes is an

advantage to the organism in a changing environment. Other cytochrome P-450

enzymes have specifie roles in the metabolism of endogenous compounds. A prime

example regarding eicosanoids is the conversion of LTB. by a specific cytoehrome P-

450 in human PMNL to 20-hydroxy-LTB. (136) which is the major route of

metabolism in these cells. Another cytoehrome P-450, specifie for prostaglandins,

catalyzes the formation of 20-hydroxyprostaglandins l'rom prostaglandins in rabbit

Jung (137).

1.4. Transccllulm' formation of hydroxylatcd cicosanoids.

In the past few years, the metabolism of arachidonic acid by the eombined

enzymatic activities of different lipoxygenases has been recognized as an important

route for the production of hydroxylated eicosanoids.

• .4.1. Formation 01' Iipoxins

One of the most recent examplc=s of transcellular lT'.::tabolism of eicosanoids is

the formation of trihydroxytetraene compounds termed lipoxins (lipoxygenase

interaction products) (138,139). The two major lipoxins identified are
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S(S),6(R), IS(S)-trihydroxy-7,9, 13-rralls-ll-cis-eicosatelraenoic acid (LXA,) and

SeS), 14(R), IS(S)-trihydroxy-6.10, 12-rl'alls-8-cis-eicosatetraenoic acid (LXB,). Several

naturally occurring isomers of these products have also been identified including 6(S)-

11-rrans-LXA,. ll-lralls-LXA,. 6(S)-LXA" 14(S)-8-rrall.l'-LXB, and 8-r/"{/IIS-LXB,.

Ali of the Iipoxins identified have a charaeleristic conjllgated tetraene chromophore

resulting in a distinctive UV absorbance spectrum wilh maxima at 287. 30 l, and 3 i 6

nm.

There are two general pathways for the formation of Iipoxins: thc epoxidc

(anaerobic) pathway, and the Iipoxygenase (aerobic) palhway (140). Both ·pathways

involve the initial metabolism of IS-HETE or IS-HPETE by S-lipoxygenase lo

prodllce S-hydroperoxy-IS-hydro(pero)xy-eicosatetraenoic acid (IS-H(P)ETE)

(Figure S). In the epoxide pathway, S.IS-DiHPETE undergoes a dehydration step

catalyzed by either S-Iipoxygenase or 12-Iipoxygenase generating the tetraene epoxides

IS-hydroxy-S(6)-epoxy-7,9, II, 13-ETE and S-hydroxy-14(IS)-epoxy-6,8, 10, 12-ETE

respectively (141). This step is analogolls to the formation of LTA, l'rom S-HPETE

by S-Iipoxygenase as described earlier. The epoxide intermediates cOlild then be

converted enzymatically to LXA4 or LXB4• The formation of the isomers of LXA,

and LXB4 may result l'rom the non-enzymatic hydrolysis of the epoxytetraene

intermediates in a manner analogolls to the formation of 6-mms-LTB, and 12-epi-6-

rralls-LTB, l'rom LTA4, or they may result l'rom the isomerizalion of LXA4 and
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Figure S. Scheme for the formation of lipoxins

The aerobic lipoxygenase pathway for the formation of lipoxins aIse has

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

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

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

oxygenate either Cl4 or C6 of 5, 15-DiH(P)ETE producing 5(S), 14(R),15(S)-

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

hydroperoxy groups to hydroxyl groups, 5(S),6(R),15(S)-1l-cis-LXI\ and

(
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5(S), 14(R),15(S)-S-cis-LXB4 are produced respectively (140). Recenlly, 12-

Iipoxygenase has also been shown to oxygenate C1S of LTA4, which resulls in the

production of LXA4, LXB4 and the trans isomers of these compounds (142).

1.4.2. Fommtion of other dihydroxyeicosanoids

There are several other reports of transcellular metabolism involving

oxygenation by two different Iipoxygenases to produce DiHETEs. Plalelet-derived 12-

HETE can be metabolized by activated 5-lipoxygenase of human neutrophils to

produce 5(S), 12(S)-dihydroxy-6E,SZ, 1OE, 14Z-eicosatetraenoic acid (12-epi-S-cis-6-

(/,(/l1s-LTB4). Similarly, neutrophil-derived 5(S)-HETE can be metabolized by platelet

12-lipoxygenase to form the same product (143,144,145). Human plalelets and

porcine leukocytes metabolize arachidonic acid to a mixture of S, 15 and

14,15-DiHETEs as a resuIt 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-DiHETE by the sequential action of these enzymes (147).

1.4.3. Metabolism of LTA4

Transcellu1ar metabolism of LTA4 to other leukotrienes has also been reported.

This phenomenon allows for the production of leukotrienes by cells which do not have

5-lipoxygenase. For example, both human platelets and porcine aortic endothelial

cells have LTC4 synthase. Paradoxically, neither of lhese cell lypes have

5-lipoxygenase and are therefore unable to produce LTA4 from arachidonic acid.
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However, il has been reported lhat human platelets and porcine aortic endothelial cells

are able to metabolize neutrophil-derived LTA4 to LTC4(148,149). For both of these

cell types, the production of LTC4 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 LTA4 to LTC4.

Erythrocytes, which also lack the ability to produce LTA4, have been reported

10 contain LTA4 hydrolase and to convert exogenous LTA4 to LTB4 (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 LTA4 to LTB4.

1.5. Regulation of cellular free arachidonic acid

Of the many eicosanoids described above, none are preformed and stored

within the ccII. On the contrary, following a stimulus, eicosanoids are synthesized

from non-esterified arachidonic aeid and then released. In the cell, the majority of

arachidonic aeid is not free, but is found esterified in cholesterol esters, triglycerides

and phospholipids. Early investigations by Flower and B1ackwell reported the

incorporation of 14C-labeled arachidonic acid into the sn-2 position of

phosphatidylcholine by slices of guinea pig spleen (154). Subsequent stimulation of

this tissue produced 14C-labeled prostaglandins. This study was followed by severa!

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

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

1.5.1. Phospholipnse AI

Release of arachidonic aeid from the sn-2 position of phospholipids is catalyzed

by a subset of phospholipases termed phospholipases Az (PLAz), and this action

represents the rate-limiting step in the formation of arachidonic aeid metabolites.

Agents which stimulate the production of prostaglandins, thromboxanes, leukotriencs,

etc, are generally thought to do so by modulating PLAz activity. The action of PLAz

also results in the formation of lysophospholipids, including Iyso-platelet aClivating

factor, which is the precursor for the formation of platelet activating factor, a potem

inflammatory mediator.

PLAz activity was first reported in 1903 in cobra venom (157) and was

subsequently found in the poisons of other snakes, as weil as bees, wasps, and

scorpions (158). Pancreas is also a major source of PLAz enzymes. More than 40

different PLAI enzymes have been characterized from snake venoms and

pancreas (159,160,161). Recently, Davidson and Dennis have accumulated ail of the

available data on these PLAz enzymes for comparison (162). In general, these PLAz

enzymes are approximately 14 kDa in size with multiple eysteines whieh exist as

disulfide pairs. These enzymes are ail eonsidered to be secreted and require Ca2+ for

aetivity. Although t~.ese enzymes specifieally eleave the fauy aeid 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 PLA2 enzymes which favor

hydrolysis of phospholipids containing arachidonic acid (163,164,165). One of these

PLA2 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 fattyacids (163). This enzyme is

located in the cytosolic fraction of these cells and is referred to as cPLA2

distingllishing it from the secretory PLA2 enzymes (sPLA~ described earlier.

Elevations in intracellular Ca2+ concentrations, from levels found in the resting cell to

levels found in activated macrophages, resulted in a significant increase in the activity

of this cPLA2 (163). Furthermore, these rises in calcium stimulates the translocation

of this cPLA2 to membrane vesicles (166). This enzyme was recently cloned and the

dedllced amino acid sequence showed no homology with sPLA2 (166). Similar cPLA2

\Vith moleclilar 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

arachiclonyl-containing phospholipids, cPLA2 enyzmes may play an important role in

the regulation of the production of eicosanoids in the cell.

1.5.2. Regulation of phospholipase A2 activity

As a regulator of the availability of non-esterified arachidonic acid, and

therefore the production of arachidonic acid metabolites, PLA2 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 PLA2 activity.

Studies of sPLA2 activity in bee venom, revealed the presence of a sPLA2

stimulatory peptide which was subsequently identified as melittin (169). Melittin had

previously been shown to stimulate sPLA2 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 [0

melittin, which was termed phospholipase-activating protein (PLAP) (173). PLAP is

a 28 kDa protein which has recently been c10ned by Clark and coworkers from the

murine smooth muscle cellline BC3H (173). With the genetic information available,

this group showed a correlation between LTD4-stimulated eicosanoid production and

PLAP synthesis by the endothelial cellline CPAE (174). Furthermore, addition of

antisense DNA to these cells prevented the increase in arachidonic acid release and

eicosanoid formation stimuJated by LTD4 , supporting the proposed importance of this

compound in the regulation of sPLA2 activity (174).

Inhibitors of PLA2 have also been reported. G1ucocorticoids, such as cortisol

and dexamethasone, have been reported to stimulate the production of PLA2-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 CaH 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). Il has been suggested that activation of a cell stimulates the

phosphorylation of lipocortins thereby decreasing the inhibitory effects of these

proleins on PLA2• PLA2 activity then increases resulting in enhanced release of

arachidonic acid.

The importance of lipocortins as regulators of PLA2 activity is not clear. In

1987, Davidson and coworkers provided evidence that lipocortins bind to

phospholipids (182). They suggested that the inhibition of PLA2 by lipocortins was

dUll 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 PLA2 activity which

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

1.5.3. Olher mechanisms for the release of esterified arachidonic acid

PLA2-mediated phospholipid hydrolysis is not the only mechanism available in

the cell which can liberate esterified araehidonie aeid. Arachidonie acid may aIse be

released from phosphatidylinositol by the combined actions of a phosphatidylinositol­

specifie phospholipase C and diglyceride lipase (186). As about 80% of

phosphatidylinositol mo1eeules contain arachidonie aeid esterified at the sn-2 position,

this may represent an important source of the fatty acid. Arachidonie acid is aIse

hypotheJized 10 be released by the eombined actions of phospholipase AI and a
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Iysophospholipase (187). And finally, arachidonic acid may be released by the

sequential actions of phospholipase C, diacylglycerol kinase, and a phosphatidic acid-

specifie phospholipase A2 (188).

2. Biological activities of hydroxylated PUFA's

2.1. 5-Lipoxygenase products

2.1.1. LTB4

The human neutrophil is a major site of LTB4 synthesis and mctabolisl11, and is

also the major target for LTB4 action. LTB4 promotes the accumulation of IClikocyles

during inflammation by ~everal mechanisms. LTB4 is a potent chemotaclic agent for

neutrophils wilh optimal activity seen at nanomolar concentrations (189,190).

Movement of neutrophils to inflammatory sites is further enhanced by LTB4-

stimlilated adhesion of these cells to the vascular endothelium, which is followcd by

migration through the endothelial celllayer (191). LTB4 also enhanccs the

inflammatory response by stimulating aggregation (192) and dcgranlilation of

leukocytes (193) as weil as enhancing superoxide generation (194).

LTB4 is thought to act on PMNL through LTB4 receptors cOllpled to a GTP-

dependent regulatory protein (195). There are two classes of LTB4 receptors on

PMNL, high affinity and low affinity (196). Occupancy of the high affinity receptors

is believed to mediate an increase in cytosolic CaH 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 qui te stereosp~cific, since closely

relaled stereoisomers have markedly lower potencies. 6-Trans-LTB. and 12-epi-6­

fralls-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-ml/ls-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

frans-LTB. and 12-epi-6-trans-LTB. exert their em.~cts on neutrophils by acting on the

LTB. 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-Iymphocytes

and inhibits the proliferation of helper-T-Iymphocytes (200). Il has been suggested

that LTB. acts indirectiy by stimulating monocytes to produce prostaglandins and

cytokines, which in turn leads to the production of interieukin-l (201,202,203). LTB.

has also been reported to augment natural killer (NK) cell activity (204,205).

However, 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). Severa!

B-Iymphocytic functions including B-cell activation, IgG and IgM synthesis, and

cellular replication 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. Pcptido-Icukotricncs

As mentioned earlier, peptido-leukotrienes were initially isolaled during

antigenic challenge of sensitized lung, suggesting a role for these compounds in

allergic diseases. The observed il! vivo formation of peptido-Ieukotriencs following

allergen challenge of allergic patients provided strong evidence for lhis concept (208).

The major sites of peptido-leukotriene action are the airways where they are

thought to act as mediators of allergic asthma (209). LTC4, and LTD4 stimulale

contraction of the smooth muscle of bronchi (73) and smaller airways of parenchymal

tissue (210). Aerosolized LTC4 and LTD4, inhaled by normal subjects, are 1000 fold

more potent than histamine in compromising airway function (74,211,212). AJthough

the bronchoconstrictor effects of LTE4 are less than those of LTC4 and LTD4 , they

are reported to be longer-lasting. The mechanism of action of peptido-Ieukolrienes

appears to be species specific. Sensitized guinea pig Jung, which is orten used as a

model of asthma, constricts in response to LTC4 and LTD4 , partially due to the

generation of TxA2 (213). On the other hand, peptido-Ieukotrienes appear 10 act

principally by a direct effect on human lung tissue (214).

Peptido-Jeukotrienes also have effects on microvascular tone and permeability.

LTC4 and LTD4 are potent vasoconstrictors and have been implicated in the

vasoconstriction associated with neonalal pulmonary hypertension (208). There are

also some reports of vasodilatory activities of these compounds. LTC4 and LTD4

increase microvascular permeability due to a direct effect on endotheliaJ 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-Ieukotrienes include psoriasis, rheumatoid arthritis, gout, and

inflammatory bowel disease (208,215).

There is strong evidence for the existence of receptors for peptido-

lellkotrienes (216). Initial studies comparing the activities of peptido-Ieukotrienes

with synthetically-prepared isomers suggested that their biological effects were

receptor-mediated. Subsequent studies utilized synthetic antagonists of peptido-

lellkotrienes 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 weil with LTC4, LTD4 and LTE4 (217,218). Guinea pig

trachea, which has been extensively studied, has three known receptors, including one

LTC4 receptor (219,220) and two LTD4 receptors (221). The latter LTD4 receptors

are distinguishable because they internct differently with the various inhibitors (216).

FlIrther characterization of peptido-Ieukotriene 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 plalelet aggregation (222,223). This is partly due to a reduction in TxA2

p,'odllction due to inhibition of prostaglandin endoperoxide synthase. However, direct

effects of 12-HPETE on human platelets have also been implicated. 12-HPETE has
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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 Ca2+ mobilization, which is known to accompany platelet

activation (224). 12-HPETE has also been reported 10 stilllulate its own production

by increasing plate1et 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

microsollles (226,227). Decreased production of PGI2 would be expected to have a

throlllbogenic effect, but it is unc1ear if sufficient levels of 12-HPETE are produced ;/1

vivo to generate a response in the vascular endotheliulll (227). 12-HPETE has also

been reported to be chelllotactic for PMNL (228). This chemolactic effect is grealer

than that seen for 12(S)-HETE, but is significanUy less than the chemotactic effects of

LTB4• 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 a1so 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 I.2.2.3).

2.2.2. 12-HETE

Although studies on the bio10gical activity of 12(S)-HETE have not revealed a

single major physiological ro1e, this eicosanoid has been shown to have
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proinnammatory effects including chemotactic and chemokinetic actions on

neutrophils and eosinophils (232). Administration ".' 12(S)-HETE to human skin

in vivo rcsults 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 praduct of Inacrophage-derived foam cens, is

also a potent chemotactic agent for smooth muscle cens (234) suggesting a possible

raie in atherosclerosis.

Pralonged exposure of bovine aortic endothelial cens to 12(S)-HETE inhibits

cyclooxygenase activily 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 011 PGI2 proJuction 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 cens. Recent1y, 12(S)-HETE,

whose production by human leukocytes is increased by heat shock treatment, has been

reported to induce the formation of heat shock prateins by human 1eukocytes (236),

however the relevance of this observation is not yet clear.

As discussed above, a cytochrome P-450 monooxygenase converts arachidonic

acid stereospecificany 10 12(R)-HETE. The inversion of the stereochemistry of the Cl2

hydroxyl group of 12-HETE from the S to the R configuration has significant effects

on biologica1 activity. ln 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), preslIImibly

because it interacts more strongly with the high affinity receptor for LTB,. l2(R)-

HETE is also chemotactic for lymphocytes, whcreas 12(S)-HETE has negligible

activity (238). It should be noted that even though 12(R)-HETE is a more polent

chemotaclic agent than 12(S)-HETE, it is still less potent than LTB, (239). In rat

cornea, the opposite relalionship was observed, since 12(S)-HETE was reported to be

more potent in promoting neutrophil infiltration into this tissue than l2(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. Hcpoxilins

ln the short time since the first description of hepoxilins, several biological

activities have been reported for these hydroxy-epoxy eompounds. Bolh HxA] and

HxB], which are formed by rat pancreatic islets, act on the islets to enhance glucose-

dependent insulin release (103). Il ha" previously been rcported that 12(S)-HPETE

has a similar effect on islets, which may actually be mediated by its subsequent

conversion to hepoxilins. HxA]-C, whieh is produced by the eonjugation of

glutathione to HxA], has been reported to be present in rat 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. HxA] stimulates

phospholipase C and phospholipase A2 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. HxAl also stimulates a rise in intracellular Ca+2 in these cells by stimulating

both a release of inlracellular Ca+2 and an influx of extracellular Ca+2 (244).

2.3. IS-Lipoxygenase metabolites

2.3.1. IS-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

inhibils both 5-lipoxygenase (ICso ·= 0.95 J.tM) (245) and 12-lipoxygenase

(lCsu = 2.5 J.tM) (246). 15-HPETE also suppresses PGI2 and TxA2 formation by

inhibiting PGI2 synthase (226,247) and platelet prostaglandin endoperoxide

synthase (246), respectively. lnterestingly, 15-HPETE has a paradoxical effect on the

relea~e of arachidonic aeid from phospholipids. At concentrations which inhibit 12­

lipoxygenase and prostaglandin endoperoxide s~nthase, 15-HPETE (10 J.tM) stimulates

the accumulation of free arachidonic aeid in collagen-stimulated human platel~ts which

were pretreated with a dual. inhibitor of prostaglandin endoperoxide synthase and

lipoxygenase (BW755C) (248). At higher concentrations, 15-HPETE (50 J.tM) has an

inhibitory effect on arachidonic acid release.

Although, 15·HPETE does have inherent biological activities, its most

important funclion may lie in its subsequent conversion to lipoxins. As was discussed

in section 1.1.4.1., 15-HPETE may be converted to LXA4, LXB4 and their various
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.,t isomers, by several pathways. Lipoxins have various potent biological cffects 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 proinnall1ll1alory

activity, it may have an important role in regulating LTB,-mediatcd innall1ll1ation.

15-HETE has been reported to inhibit 5-lipoxygenase (ICsu= 6 /-lM) in hUll1an

neutrophils, resulting in decreased production of LTB, (249,250). In addition to

inhibiting LTB, production, 15-HETE also inhibits LTB,-induced chell101axis of

human neutrophils with a maximal effect seen at a concentration of 10-1 M (251).

The high concentrations of 15-HETE required to obtain these results brings inlo

question the relevance of these observations. Howevcr, under certain sevcrc

innammatory conditions, such as psoriasis, local concentrations of 15-HETE of up to

4 x 10-5 M have been reported (252). Furthermore, administration of 15-HETE to

experimental psoriatic lesions resulted in significant improvemcnts to the affccted

areas (253). Carrageenan-induced arthritis, which is associated with enhanccd

production of LTB" has aise been reported to show improvemcnt following trcalmcnt

\',"itli 15-HETE (254). 15-HETE has also been reported to stimulate its own formation

by inhibiting 5-lipoxygenase in human PMNL (255). Il appears that a 5-lipoxygcnasc

product may inhibit 15-lipoxygenase, therefore inhibition of 5-lipoxygenase rcsults in

increased 15-lipoxygenase activity.
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15-HETE has been reported to inhibit platelet 12-lipoxygenase (ICso= 8.2 /LM)

but has very little erreet on platelet prostaglandin endoperoxide synthase

(lCso= 135 /LM) (256). 15-HPETE is three rold 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 specine inhibitor of

plateIct 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

round in human airways, w::s 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 lo human subjects with mild atopic asthma results in augmentation of the early

asthmatic response (258). 15-HETE has no inherent bronchoconstrictor activity (259)

and, in general, suppresses the formation of peptido-Ieukotrienes by the

5-lipoxygenase pathway. However, more recently, 15-HETE has been reported to

enhance 5-lipoxygenase activity in a mastlbasophil cellline (260). As a role for mast

cells has been implicated in the generation of the early asthmatic response, the

stimulatory errect of 15(S)-HETE on the 5-lipoxygenase of mast cells may mediate the

enhanced carly response observed.

Reticulocyte 15-lipoxygenase activity has b'::en 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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Iipid bilayer of the orgcmelle. This action may destabilize the membrane, thereby

increasing susceptibility to proteolytic degradation (114).

2.3.3. 13-HPETE and 13-HODE

Melabolism of linoleic acid by 15-lipoxygenase product:$ i3-HPODE, which is

subsequently reduced to 13-HODE. One of the most interesting activilies altributcd to

13-HODE is its property as a vascular chemorepellant. j"-HODE, which is produccd

by vascular endothelial cells in significant amounts under basal conditions, was round

to be a thromboresistam factor thereby reducing the adhesion of platelels 10

endothelial cells (261). The thromboresistant activity of 13-HODE may in part be

allributed to its inhibitory effect on the production of the thrombogenic eicosanoid.

TxA2, by platelets (262). 13-HODE has also been reported to stimulate cndolhelial

cells to produce prostacyclin, which has potent vasodilatory and anli-thrombotic

properties (263). However, the chemorepellant effecl of l3-HODE has becn shown 10

be independent of prostacyclin production.

2.3.4. Lipoxins

The identification of lipoxins was fim reported in 1984. Howcvcr, in lhe short

intervening time several biological activities have bccn allributed to thesc compounds.

Stimulated neutrophils, which contains both 5-lipoxygenase and

15-lipoxygenase, producc lipoxins and lherefore the effects of Iipmdns on these cells

have been examined. LXA4 has been reported to stimulate superoxide anion
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gcncration by ncutrophils, however ncither LXA4 nor LXB4 stimulate neutrophil

aggrcgation or degranulation (138,139). LXA4 has been reported to stimulate the

formation of prostanoids by human leukocytes (264) and to inhibit the production of

LTB4 by these cells (265). In nanomolar concentrations, LX~ is chemotactic for

ncutrophils, however, since pretreatment of these cells with LX~ does not interfere

with the chemotactic response to LTB4 , 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. LX~ has been

reported to stimulate the contraction of lung parenchymal strips obtained from various

species including human tissue (267,268,269). Furthermore, addition of LXA4 to

guinea pig bronchial tissue results in stimulation of capsaicin-sensitive sensory

ncurons which are involved in the bronchomotor response in this tissue (270).

Finally, broncho alveolar lavage fluid, obtained from patients with lung disease, has

bccn reported to contain LXA4, whereas no lipoxins were found in fluid obtained

from normal healthy volunteers (271).

Many other activities have been attributed to lipoxins. Both LXA4 and LXB4

are reported to inhibit the cytotoxicity of natural kiUer ceUs (272). LX~ 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

signais. LXA4 also has various reported effccts on the kidnej, including induced

glomerular hyperperfusion, hypertension and hyperfiltration (274).
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.~ There is an increasing amount of evidence which suggests that LXA. may

allenuate some of the actions of peptido-leukotrienes by interacling with peptido­

leukotriene receptors. LTD. has been reported to reduce the glomcrular 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 allenuating the LTD.-induced mesangial cell contraction (275).

Isomers of LXA. were not active in this assay suggesting that the S,R orientation of

the Cs and C6 polar groups is important for interaction with the peptido-Ieukotriene

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., allenuated

LTD.-induced neutrophil adhesion to mesangial cells (276). As weil as acting as a

peptido-Ieukotriene antagonist, some of the biological activities allributed to LX A.,

may be mediated by peptido-leukotriene receptors. LXA. has been reported to

stimulate contraction of guinea pig lung strips (277). Pre-treatment of the tissue with

peptido-Ieukotriene 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. Mttnbolism of hydroxylated PUFA's

Il is evidentthat 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-oxidatioll

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 cePs is

initiatcd by its conversion to 20-hydroxy-LTB. by LTB. 20-hydroxylase (cytochrome

P-450LTU) which is found in the microsomal fraction of PMNL and requires NADPH

for activity (278,136). 20-Hydroxy-LTB. is further metabolized to 20-oxo-LTB. by

thc same enzyme (279). Conversion of 20-oxo-LTB. to 20-carboxy-LTB., which is

the last step in this pathway, is catalyzed by two distinct enzymes (280). The first

cnzYlT!e is an NAD+-dependent aldehyde dehydrogenase, whereas the second enzyme

is an NADPH-dependent cytochrome P-450, indistinguishable from cytochrome P­

450t:ru. 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-ml11s-LTB. > 12-epi-6-mllls-LTB. (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 refiection 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 medimed by the release of TXA2 (287).

w-I and w-2 oxidations of LTB. have also been reporiCd. LTB. is metabolized

to 19-hydroxy-LTB4 by rat PMNL (288), rat mononuclear ceUs (289) and rat liver

microsomes (290), and to 18-hydroxy-LTB. by rat PMNL (291). Il is clear that LTB"

19-hydroxylase and LTB. 20-hydroxylase are different enzymes, but it is nol yet

known whether the formation of 18-hydroxy-LTB. and 19-hydroxy-LTB" are catalyzed

by distinct enzymes. Omega-oxidation products of LTB. subsequently undergo

extensive Il-oxidation, the end products being CO2 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. Bcta-oxidation

Mctabolism of fauy 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 lipoxygenase 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 (295).

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 l2-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-oxiùation 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 cornes from a comparison of the

beta-oxidation of l2-HETE by human skin fibroblasts from normal controis 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, lO-hexadecatrienoic aeid (299).

15(S)-HETE has also been reported to be metabolized through two cycles of

beta-oxidation by endothelial cells producing ll-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 aeid 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 spectnun of the

product, which is extremely useful for the initial identification of dihydro melabolites.

In 1986, Powell reported the metabolism of 6-trctl1s-LTB. (À.",." 270 nm) to a

less polar melabolite which had a maximal absorbance at 230 nm, and which was

identified as 5,12,20-trihydroxyeicosatrienoic acid (302). This metabolitc was formed

by reduction of a conjugated double bond, migration of the remaining two double

bonds, followed by c.>-hydroxylation. 12-Epi-6-trallS-LTB. is also metabolized by

this pathway producing 5, 12-dihydroxy-7,9,14-eicosatrienoic aeid (303). Incubation
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of 12-epi-6-trans-[5,6,8,9,II,12,14, 15-'H]LTB4 with human PMNL resulted in loss of

Ihe Cs deuterium alom in Ihe dihydro product. This suggested the formation of a

5-oxo inlermediale as an inilial step in the formation of dihydro metabolites by human

l'MNL (303). Incubation of LTB4 with human PMNL failed to produce any dihydro

melabolites (303). Il was hypothesized that this may have been due to the :apid

metabolism of LTB4 by the omega-oxidation pathway of human PMNL.

'1'0 determine whether LTB4 could be metabolized to dihydro products, rat

neulrophils, which have only moderate omega-oxidation activity, and porcine PMNL,

which have very Ihtle omega-oxidation activity, were investigated. Both rat (289) and

porcine (304) PMNL metabolized LTB4 to two less polar products which exhibited

maximal UV absorbance at 230 nm. The two metabolites were identified as 5,12­

dihydroxy-6,8,14-eicosatrienoic acid (10, II-dihydro-LTB4) and 5-hydroxy-12-oxo­

6,8,14-eicosalrienoic acid (lO,ll-dihydro-12-oxo-LTB4), indicating the involvement of

a 12-hydroxy dehydrogenase and a 10, 1I-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, ll-dihydro

melabolites of LTB4 , as shown in Figure 6. 1O,1l-Dihydro-LTB4 could be formed by

direct reduction of the â 10 double bond of LTB4 (reaction 1), which could then be

converted to 10,1 l-dihydro-12-oxo-LTB4 by a 12-hydroxy dehydrogenase enzyme

(reaction 2). Alternatively, LTB4 could first be oxidized to 12-oxo-LTB4 (reaction 3),
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Figure 6. Possible mechallisms for Ihe formalloll ofdihydro melabolires ofLTB,. The

open arrows indicate possible reactions involved in the pathway. Reacliü'lS 1 and 4

wOlild be catalyzed by a 10, II-redllctase. Reactions 2 and 3 wOlild be catalyzed by a

12-hydroxy dehydrogenase. Reaction 5 cOlild be catalyzed by either a 12-hydroxy

dehydrogenase acting in the reverse direction or by a separate keloredllctase. Prior to

Ihis stlldy there was no direct evidence for the formation' of 12-oxo-LTB4 •
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followcd by SCql.t:i~lial rcduclions 10 10, II-dihydro-12-oxo-LTB, (reaclion 4) and

10,ll-dihydro-LTB, (reaclion 5). Powell and Gravelle reporled lhat metabolism of

LTB., , labelcd willi deulerium at CI2 , by porcine PMNL produced 1O,Il-dihydro-LTB,

wilh 65% rclention of the CI2 deuterium atorn \304). If the formation of a 12-oxo

intcrmediale was involved in the production of 10, ll-dihydro-LTB., the deuterium

alom at CI2 of LTB, woulli have been removed. Therefore this result suggested that

dircct reduction of LTB, was involved. Although there was no evidence for the

formalion of l2-oxo-LTB" the existence of the other pathway could not be excluded.

As mcnlioned above, formation of 5,12-dihydroxy-7,9,14-eicosatrienoic acid from 12­

epi-6-lralls-LTB, by the dehydrogenase/reductase pathway in human PMNL does

appcar 10 require oxidalion of the Cs hydroxyl group prio; to reduction of the double

bond.

4. PolymQl"phonnclcllI· ICllkocytcs

4.1. Biochcmical and physical charactel"Îstics

Pol Ii'.orphonuclear 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 cyloplasmic granules which, based on their contents, are classified
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1 inlo two populations; the azurophil (primary) and the spccilic (secondary) granulcs.

Azurophil granules are formed in the carly stages of the dcveloping ncutrophil. Thesl'

gmnules contain acid hydrolases, such as B-glucuronidase, ncutral prolcascs, eationic

proteins, myeloperoxidase and some lysozyme (305). Spccific granulcs arc formcd

lalcr in the development of neulrophils, but mature ncutrophils conlain 2-3 fold more

specitïc than azurophil granules. Specilic granule, contain Iysozymc, I,lctofcrrin and

vilamin Bl2-binding proteins (305). In the mature neutrophil, the prcscncc of olhcr

cytoplasmÎC organelles, such as rough endoplasmic reticulum and mitochondria, is

minimal, and the Golgi complex is reduced in size. These modilications of the

cytoplasmic organelles, seen with maturation of lhe ncutrophil, arc a rctlection of the

lerminally differentiated stale of lhe mature cell. As already discussed, nl:ulrophils

contain 5-lipoxygenase and are the major site of LTB. production in the body. !-hllnan

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

4.2. Role in inflammation

Neulrophils, which circulate in the blood under normal conditions, have a

major l'ole in the non-specific immune response during the carly stages of

intlammation (306). In response to an invading organism, neutrophils are stimulaled

to adhere to the vascular endothelium. Enhanced adhesion of neutrophils to

endothelial cells in the area of infected tissues is lhought to be mcdiated by an

interaction between leukocyte integrins and endothelial ccII adhesion molecules.

Cytokine-stimulated endothelial cells express a ccII surface glycoprolein tcrmed
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l:ndOlhelial leukocyte 'ldhesion molecule-l (ELAM-l) which has been reported to be

involved in the adhesion of blood neutrophils (307). A second ccll adhcsion molecule

lcrmed intercellular adhesion moleeule-l (ICAM-l) has been rcporled to contribule lo

bolh neutrophil and lymphocyte adhesion (307). These molecules are thought to

inleract with leukocyle integrins. Slimulated leukocytes have been reported to express

lhree main cell surface inlegrin molecules, LFA-l, Mac-! and P !50,95 (308). A

receptor-ligand relationship has been reported lo exist between ICAM-! and LFA-l

which may regulate leukocyte migration during inflammation (308). Following

adherence, neulrophils undergo diapedesis, a process involving movement through

junctional areas between endothelial cells, followed by breaking through the basement

membrane. Neutrophils will migrate towards the affecled area along a chemotaclic

gradient generaled by chemotaxins produced by the invading microorganism,

fragments from the complement cascade, stimulated neutrophils already present, or

l'rom olher sources such as masl cells, lymphocytes and macrophages. Neutrophils

will recognize and phagocytose foreign parlicles. The resulling phagosome then fuses

wilh cyloplasmic 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

hlrge for phagocylosis, granule contents are released extracellularly. In concert with

dcgranulation, the respiratory burst, which generates oxidants via the hexose­

monophosphale shunt, is aClivated and aids in the killing of microorganisms.

Neulrophils 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 ta obtain regularly and in largc quantities.

blood from other species has been examined, in particular bovine and porcine blood.

A study in 1983 (309) eompared the morphologieal and bioehemical characteristics of

human and porcine PMNL. 1twas shawn that the morphology of porcine PMNL is

very similar ta that of human PMNL, bath eontaining azurophil and specilïc granules.

Although the degree of enzyme activities did not always correspond, both human and

porcine PMNL did express ail of the enzyme activities tesled.

5. Aims of the present stndy

The physiological importance of tht: pathway for the formation of dihydro

metabolites of LTB4 is not clear. This pathway may serve as a mechanism to rcmove

the patent proinflammatory effeets of LTB4• Alternatively, it may produce

biologically active metabolites, possibly l'rom substrates other than LTB4• 1'0 gain a

further understanding of the relevance of this pathway, it is important ta undcrstand

the mechanism for the formation of dihydro metabolites, and ta identil"y the producls

formed l'rom various substrates. Therefore, the general aim of this study was ta

further characterize the pathway for the formation of dihydro metabolitcs of

eicosanoids.

Although dihydro metabolites of LTB4 are formed by both porcine and rat

PMNL, porcine PMNL were uscd in this study for several l'casons. First, large

quantities of viable PMNL could be puri lied in a reasonable amount of time, allowing
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for large scalc preparation of metabolites necessary for identification procedures.

Sccondly, porcine PMNL have minimal interfering omega-oxidation activitv which is

present in bOlh human and rat PMNL. Finally, previous experiments from our

laboralory revealed the reductase pathway to be the major palhway for the metabolislll

of LTB. by these cells (304).

Il is reasonable to suggest that compounds structurally related to LTB. rnay also

be metabolized by the reductase pathway. Therefore, the tirst goal of this study was

to examine lhe melabolism of various hydroxylated PUFA's by porcine PMNL and to

characterize the melabolites produced. The strategies employed 10 allain this goal

were as follows:

1. The structural rcquirements for the formation of dihydro metabolites

were identitied by correlating the extent of metabolism of various

hydroxylated PUFA's by porcine PMNL with their structural

features.

2. Dihydro metaboliles of substrates oth~r than LTB. were identitied by

GC-MS. In particular the dihydro metabolites of 12(S)-HETE and

13-HüDE were examined.

It had p~cviously been shown that porcine PMNL could convert

10, II-dihydro-12-oxo-LTB. to la, 1I-dihydro-LTB.. The reduction of the CI2-0XO

group in this reaction could result in a hydroxyl group with the R or the S

configuration. Therefore, the second major goal of this study was to determine the
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configuration of the Cl2-hydroxyl groups of the dihydro metalJùiiles of LTB, and

12(S)-HETE. Two methods for stereochemical analysis were employcd:

1. NP-HPLC on a silicic acid column of undcrivatizcd dihydro

compounds (dihydro-LTB,).

2. De;ivatization of the Cl2-hydroxyl group with an optically active

agent followed by NP-HPLC (12-hydroxy-5,8, 14·cicoSalrienoic acid).

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

of dihydro metabolites by porcine PMNL. As was mentioned above, the initial step

in this pathway could either be direct reduction of the /:;. lU double bond or oxidation

of the CI2 hydroxyl group to an oxo group. Previous studies of this pathway did not

report the formation of 12-oxo-LTB" however this product may be labile and

undetectable in incubations with whole cells. The strategies employcd to determine

the mechanism for the formation of dihydro metabolites were as follows:

I. To analyse the kinetics of the metabolism of LTB, and the dihydro

metabolites of LTB, by i.ntact porcine PMNL.

2. To determine the subcellular localization of the enzymes required for

the formation of dihydro metabolites by comparing their aClivities in

subcellular fractions with the activities of marker enzymes for various

organelles

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

and cofaclor requiremenls of the enzymes of this pathway.
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4. To idcnlify any intcrmediates formcd during the metabolism of LTB,

by subccllular fractions which were undelected using intact cells.
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1. Materials

1.1. Sources of biological samplcs

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).

1.2. Chemicals, reagents and solvents

(R)-(+)-Cl!-MethoxY-Cl!-(trifluoromethyl)phenylacetic acid (MTPA),

l,3-dicyclohexyl-carbodiimide, 4-dimethylaminopyridine and Diaza)d were obtained

from Aldrich (Milwaukee, WI). A23187 was obtained from Calbiochem (LaJolla,

CA). Unlabeled arachidonic acid, linoleic acid and 5,8,11,14,17-eicosapentaenoic acid

were purchased from Nuchek Prep Inc. (Elysian, MN). Unlabeled PGF2a was

oblained from the Upjohn Co. (Kalamazoo, MI). [1-14C]Arachidonic acid,

[1- '4C]linoleic acid, [5,6,8, Il,12, 14,15.JH]PG~ and [5,6,8,9, Il,12,14, 15-3H]PGF2a

were obtained from Du Pont-New England Nuclear (Wilmington, DE).

5,8,11, 14-Eicosatetraynoic acid (ETYA) was kindly provided by Dr. 1. R. Paulsrud

of Hoffman-La Roche. DL-Dithiothreitol, phenylmethylsulfonyl f1uoride, o-dianisidine

dihydrochloride, phenolphthalein glucuronic acid, PG~, 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-SOO and Ficoll-Paque werl~ j)urchased l'rom Pharmacia

Finc Chemicals (Dorval, Que.). Ail organic solvents used for HPLC were of Hl'LC

grade and were purchased l'rom Fisher Scientific Co. (Fairlawn, NJ). Formula 963

liquid scintillation fluid was obtained l'rom New England Nuclear Corp. (Montreal,

Que.).

2. Prenar'lllion of PMNL. nllllelels Ilnd slIbcelllllar f"aclions of l'MNL

2.1. PMNL (136)

Peripheral blood was mixed with 6% Dextran T-SOO in saline (S: 1) which

accelerates the sedimentation of red blood cells. After 4S min, the supernalanl \Vas

removed and centrifuged at 2S0 x g for 10 min to pellet leukocyter.. Porcine

leukocytes used in preparative experiments were not purified further. Human PMNL

and porcine PMNL used for analytical experiments were further purified by layering

the crude leukocyte preparation described above over Ficoll-Paque in a ratio of 3:2,

followed by centrifugation at SOO x g for 30 min at 4 oC. Any remaining red blood

cells in either the crude leukocyte or purified PMNL preparations were lysed by

incubation with 0.13S M NH4Cl at 37 oC for 10 min. The cells were washed lwice

with O.IS mM NaCI and then resuspended in Dulbecco's phosphate-buffered saline

(PBS) containing 137 mM NaCl, 2.7 mM KCI, I.S mM KH2P04, 8.1 mM Na2HP04,

O.S mM MgC12 and 0.9 mM CaCI2•
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2.2. Platclcts (19)

Human blood was treated with 6% dextran to sediment red blood cells, and

Icukocytes were remoyed as described aboye (section 2.1.). The remaining plasma

was ccntrifuged at 1400 x g for 25 min at 4 oC. The pellet, containing the platelets,

was washed lwice \Vilh Tris-saline-EDTA buffer (0.15 M NaCI, 0.15 M Tris,

0.077 M EDTA; pH 7.4) and resuspended in PBS without Ca+2 or Mg+2•

2.3. Disruption and fractionation of porcine PMNL

Porcine PMNL were purified as described aboye and resuspended in Tris­

acetate-sucrase 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 106 cells/ml). The cells were placed in an ice-water bath and disrupted by

sonicalion (model 4710 Ultrasonic Homogenizer; Sonics & Materials, Danbury, CT)

for 2 x 10 sec at a selting of 40 cycles/sec. The disruptate was centrifuged at

1500 x g al 4 oC for 10 min to remoye unbroken cells and nuclei. The post-nuclear

supernalanl was centrifuged at 20,000 x g at 4 oC for 20 min in a Beckman L-Series

Ullracentrifuge (Beckman Instruments Inc., Palo Alto, CA) producing a granule-rich

pellct. The 20,000 x g supernatant was centrifuged at 150,000 x g at 4 oC for

120 min, producing micrasomal and cytosolic fractions. Both the granule-rich pellet

and the microsomal pellet were resuspended by homogenization with a glass

homogenizt'r and leflon pestle (Polter-Elyehjem) (10 strokes) in Tris-acetate-sucrase

buffer
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3. Biosynthesis and purification of sllbstrates

3.1. High-pl'essurc Iiquid chromlltography (UPLC) llP()l\l'lltIlS

Unless stated otherwise, the HPLC system consisted of a Waters solvent

delivery system comprised of two model 510 pumps coupled to a modcl 680 gmdient

controller and a model 490 uv detector (Waters-Millipore, Bedford, MA) . The

radioactivity in column eluates was monitored by a Ramona 5-LS radioactivily

detector (Raytest, Fairfield, NJ). Reversed-phase (RI') HPLC was perrormed on a

column (250 x 4.6 mm) of octadecylsilyl (ODS) silica (5 !tm Spherisorb ODS-2;

Jones Chromatography, L1anbradach, Glam. or Phenomenex, Rancho Palos Verdes,

CA) for large scale purification of substrates and their metabolites. RP-HPLC analysis

of smaller samples, generated l'rom analytical experiments, was performed on a

Novapak CI8 column (3.9 x 150 mm; Waters-Millipore). Normal-phase (NP) HPLC

was performed on a column (300 x 4.6 mm) of silicic aeid (5-!tm RoSil; Alltech

Assoeiates, Inc.; Deerfield, IL).

3.2. Batch extraction procedlJre (310)

Samples with a volume of 5 ml or more were cenlriruged at 400 x g l'or 10 min

at 4 oC to remove ~ell debris. Methanol or ethanol was added to the supt.rnalant to

give a final concentration of 15 % rollowed by acidification to pH 2-3 with 1N HCI.

Cartridges of ODS silica (CIS Sep-Pak; Waters-Millipore) were treated with methanol

(20 ml) and water (20 ml). The samplti was then loaded onto a carlridge, wl·.ich was
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then washed with 15 % ethanol in waler (20 ml), water (20 ml) and petroleum ether

(10 ml). A maximum of 60 ml of incubation medium containing MeOH (15%) was

loaded onto each cartridge. Metabolites of arachidonic acid and linoleic acid were

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

3.3. Prepar'ation of hydroxyeicosanoids using porcine PMNL

Unlabeled LTB" 6-,rans-LTB" 12-epi-6-rrans-LTB" 5(S)-HETE, LTBs,

12-epi-8-cis-6-'rans-LTB, and 12(S)-HETE were aIl synthesized by incubation of

porcine PMNL with arachidonic acid in the presence of A23187 (10 /lM) (311,144).

Unlabeled LTB" 6-,rans-LTB" 12-epi-6-trans-LTB4, lInd 5-HETE were

,Jrepared by preincubating porcine leukocytes (75 x 106 cells/ml) with 10 /lM ETYA

in PBS for 2 min at 37 oC. Arachidonic acid (final concentration 100 /lM) and

A23187 (final concentration 10 /lM) were then added and the incubation continued for

10 min at 37 oC. Preincubation with ETYA selectively inhibits 12-lipoxygenase

thercby allo\Ving 5-1ipoxygcnase products to predominate. LTBs \Vas prepared under

identical conditions from 5,8,11, 14, 17-eicosapentaenoic acid. Unlabeled 12(S)-HETE

and 12-epi-8-cis-6-,rans-LTB, \Vere prepared by incubating arachidonic acid and

A23187 (10 /lM) \Vith porcine PMNL in the absence of ETYA. Ali products released

illto the supernatants \Vere extracted on Cu Sep Pak cartridges. LTB4 , 6-trans-LTB4,

12-epi-6-ml/ls-LTB" 5-HETE, LTBs, 12-epi-8-cis-6-trans-LTB4 and 12(S)-HETE

\Vere pllrilied by RP-HPLC lIsing the conditions described in Table I.
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TABLE 1

HPLC conditions for purification of hydrox)'lated polyunsatul'nted l'aity acids

Product Enzyme Source HPLC ln HPLC2 HPLC 3

LTB, Porcine PMNL GRAD 1 (48)h 39% Solv C (35) 4.5% Solv F (35)

61-B,c Porcine PMNL GRAD 1 (32) 39% Solv C (35)

I2e-61-B, Porcine PMNL GRAD 1 (38) 39% Solv C (35)

12e-8c-61-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)

I2(S)-HETE Human platelets GRAD 2 (59) 49% Solv C (32)

HHTrE 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 urchin eggs 0.5% Solv F (25) 49% Solv C (32)

dho-B, Porcine PMNL 39% Solv C (62)

u The mobile phases for RP-HPLC were prepared l'rom water!acetic acid
(100:0.02; Solv A) and either melhanol/acetic acid (100:0.02; Solv B) or
acetonitrile!acetic acid (100:0.02; Solv C). Gradients generated as follows: Grad 1:

omin, 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. Ali gradient segments
were linear. The mobile phases for NP-HPLC were prepared l'rom 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 ml/min in al! cases.

b Retention times in minutes are shown in brackets.

c Abbreviations: 6t-B4, 6·trans-LTB.; 12e-6t-LTB4 , 12-epi-6-tl'ansLTB4; 12e-8c­
6t-B4, 12-epi-8-cis-6-trans-LTB4; dho-B4, 10, ll-dihydro-12-oxo-LTB4; LOX,
Iipoxygenase; Solv, s01'lent.
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3.4. Pl'eparation of [l.l4C]-labeled-hydroxyeicosanoids prodnced by 11Inlllln

PMNL (109)

[1- t4C]-Labeled LTB4• 6-trans-LTB4• 12-epi-6-tl'l/ns-LTB4• 5(S)-HETE. and 12-

epi-8-cis-6-trans-LTB4 were prepared by incubation of [1-14C]arachidonie aeid with

human PMNL. [1-t4C]Arachidonie acid (3 }.lCi) was incubated \Vith purified hUl11an

PMNL (7 ml; 30 x 106 cells/ml) for 4 min at 37 oC. The reaction \Vas stoppcd by

addition of methanol (1.5 ml). Products were extracted on a CtH Sep Pak cartridge and

were purified by HPLC using the conditions outli,led in Table I.

3.5. Pl'cparation of [1-'4C]-labelcd 12(S)-I-IETE, IUIT1'E and unlabclcd IUITrE

lIsing human platclets (19)

[l- t4C]Arachidonic aeid (3 }.lCi) or unlabeled arachidonic aeid (5 mg) was

incubated with platelets (1 x 109 cells/ml; 3ml) for 30 min at 37 oC. The rcaclion was

stopped by the addition of methanol (1.5 ml) and the prodllcts were extraclcd lIsing a

CtH Sep Pak cartridge. 12(S)-HETE and HHTrE were purified by HPLC lIsing the

conditions described in Table I.

3.6. Preparation of [l.l4C]-labeled and unlabeled 15(S)-HETE and 13(S)-HODE

nsing soybean Iipoxygenase (117)

Lyophilized soybean lipoxygenase (1 mg) was dissolved in 7.5 ml 0.1 M

sodium borate buffer (pH 9.0). Unlabeled linoleic aeid or arachidonic aeid (5 mg) was

added to 3 ml of the enzyme mixture, whereas [1-14C]linoleic acid or
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r1-1.1C]arachidonic acid (3 ~Ci) was added to 0.6 ml soybean Iipoxygenase. The

mixtures were placed in an ice bath and stirred constantly. After 15 min, an amount

of cnlymc (0.6 or 3 ml) equivalent to that present initially was added and the reaction

was allowcd 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 C,~

Scp-Pak cartridge. The hydroperoxy groups of the products were reduced to hydroxyl

groups with NaBH4 (1 mg) in methanol (0.3 ml) for 20 min at 0 oC and 40 min at

room tcmpcrature. Methanol (0.45 ml) was added and the products were extracted

using a C,s Sep-Pak cartridge. 13-HODE and 15-HETE were purified by HPLC as

dcscribed in Table 1.

3.7. 1)l'cpal'ation of [l.J4C]-labeled and unlabeled 9(S)-HODE (125)

A homogenate of a red tomato (skin and seeds excluded) was prepared in

0.1 M sodium acelate buffer (pH 5.5; 1.5 ml pel' gram tomato). Unlabeled Iinoleic

acid (5 mg) or [1-'4C]linoleic acid (2 ~Ci) was incubaled with 20 ml or 5 ml of

homogenate, respectively, for 20 min at 25 oC. Oxygen was bubbled through the

mixture for 15 second periods every 2 min. The reaction was stopped by the addition

of ethanol (0.15 vol) and the 9(S)-hydroperoxy product was extracted using a C1S

Scp-Pak cartridge. 9(S)-HPODE was reduced to 9(S)-HODE with NaBH4as described

above (section 11.3.6.). 9(S)-HODE was purified by HPLC as described in Table 1.
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3.8. Pt'cparation of 12(R)-I-IETE (127)

Sea urchins (Strongylocentrutus Purpuratus; Marinus Co., Long Bcach, CA)

were injected with 0.5 M KCl (5 ml) to indllce spawning. Eggs were harvcsted and

washed in Shapiro's artificial seawater (452 mM NaCl, 10 mM KC1, 25 mM

pH 7.8). Following centrifugation at 400 x g for 10 min at 4 oC, the eggs were

resuspended in 10 vol of 20 mM Tris-HCI containing 5 mM CaCI l (pH 7.5). The

eggs were homogenized on ice with a Tissumizer Mark II homogenizer (Teckmar Inc,

Cincinnati, OH) for 4 x 10 sec (13500 rpm). Arachidonic acid (300 IlM) was

incubated with the homogenate at 37 oC for 60 min. The incubation was tcrminatcd

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 CI~ Sep Pak

cartridges as described in section II.3.2., except that the concentration of McOH 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 welled with hexane (75 ml). The sampIe was loaded onto the column in a

mixture of 2-propanol (100 /lI), ethyl acetate (500 /ll), acetic acid (30 Ill) and hexane

(30 ml) under nitrogen pressure. The column was washed with 100 ml cthyl

acetate/hexane/acetic acid (6:94:0.01) to remove Cally acids, Collowcd by 200 ml cthyl

acetate/hexane/acetic acid (20:80:0.1) to elute monohydroxy Catty acids. Undcr thesc

conditions, 11(R)-HETE and 12(R)-HETE werc the major metabolitcs produccd.

Small amounts of 11(R)-hydroxyeicosapentaenoic acid (HEPE) and 12(R)-HEPE wcrc
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also produced from endogenous 5,8,ll,14,17-eicosapentaenoic acid. 12(R)-HETE was

purified by HPLC as described in Table 1.

The configuration of the 12-hydroxyl group of 12(R)-HETE was confirmed by

chiral-phase HPLC on a Chiracel OC column (10 /-lm; 250 x 4.6 mm; J.T. Baker,

Phillipsburg, NJ). The retention time of 12(R)-HETE was compared with the

retention time of 12(S)-HETE and a mixture of 12(R)- and 12(S)-HETE prepared by

phOlooxidation of arachidonic acid. The 12-HETE compounds were methylated prior

to chiral-phase HPLC. The mobile phase was 2-propanollhexane (2:98) with a flow

rate of 1 ml/min. The relention 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. PI'cpal'3tion of IO,1l-dihydro-12-oxo-LTB4 (304)

LTB4 (2 /-lM) was incubated wilh porcine leukocytes (75 x 106 celIs/ml) for

60 min at 37 oC. The incubation was stopped by the addition of methanol (0.15 vol)

and the products were extracted using a CI8 Sep Pak cartridge. 10,ll-Dihydro-12­

oxo-LTB4 was purified by HPLC as described in Table 1.

71



3.10. Prepamtion of l1'itiated substrates [1O,1l-clihyclro-[12-JfI]LT84,

IO,1l-clilzyclro-12-epi-[12-JfI]LT84 al/cl [9JJ-3f1]PGF2..]

3.10.1. Reaction conditions

1O,1l-Dihydro-[12-3H]LTB4 and 1O,1l-dihydro-12-epi-[!2-3H]LTBJ were

prepared by reduction of 10, 11-dihydro-12-oxo-LTB4 (25 ilg) wilh sodium

eH]borohydride (15 mCi; 15 Ci/mmol) in methanol (0.15 ml). The mixture was kepl

at 0 oC for 15 min and atroom temperature for a further 45 min I"ollowed by

extraction using a C18 Sep Pak cartridge. [9JPH]PGF2u was prepared under identical

conditions from PG~ (100 ilg) and sodium [3H]borohydride (15 mCi; 15 Ci/mmol).

3.10.2. Purification of 1O,1l-dihydro-[12.JH]LTB4 and 10, ll-dihydro-12-epi-[l2­

3H]LTB4

1O,II-Dihydro-[l2-3H]LTB4 (tR= 19 min) and 10,II-dihydro-12-epi-[12-

3H]LTB4 (tR= 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 [9/VH]PGF:a

[9B-3H]PGF2a 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:
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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 aeid

(20 mg) was dissolved in 0.1 % methylene blue in methanol and irradiated with light

(i1ll1minalor, model 9741-50; Cole Parmer, Chicago, IL) for 60 min at room

tcmperature. The solution was bubbled with oxygen continuously. The reaction

prodllcts were extracted using a C18 Sep Pak cartridge and reduced with NaBH. as

dcscribcd 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 1).

3.12. Chemical Synthesis of lO,ll-dihydro standards (312,313).

10, II-Dihydro-LTB. [5(S), 12(S)-dihydroxy-6Z,8E,14Z-eicosatrienoic acid],

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

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

eicosatrienoic aeid were chemically synthesized by Ors J.R. Falck and P. Yadagiri at

the University of Texas Southwestern Medical Center, Dallas, Texas.
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.~ 4. Idcntification or mctabolitcs or hydroxvlatcd PUFA's

4.1. Biosynthcsis and purification or mctabolitcs or LTB,

4.1.1. 10,1l-Dihydro-12-cpi-LTB,

LTB4 (Z /LM) was incubated with porcine leukocytes (75 x 106 cells/ml) for

60 min at 37 0 C. The incubation was terminated by addition of mcthanol (0.15 vol)

and the products were extracted using a C18 Sep Pak cartridgc. 10,II-Dihydro-12-cpi-

LTB4 was partially purified by RP-HPLC under the same conditions dcscribcd for

10,II-dihydro-IZ-oxo-LTB4 (Table 1). 10,II-Dihydro-IZ-epi-LTB4 was then

separated l'rom 1O,1l-dihydro-LTB4 by NP-HPLC as described above

(section 11.3.10.2.).

4.1.2. 12-0xo-LTB,

LTB4 (4 /LM) was incubated with a microsomal fraction l'rom porcine PMNL

(approximately 1.5 mg proteinlrni) for 40 min at 37 oC. The incubation was

terminated by addition of methanol (0.15 vol) followed by immediate extraction on a

CI8 Sep Pak cartridge at neutraI pH. lZ-0xo-LTB4 (tlt = 25 min) was partially purilied

by RP-HPLC on a Novapak C18 column (3.9 x 150 mm; Waters-MllIipore) with a

mobile phase of acetonitrilelwater/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-oxo-LTB4 (llt= 18.5 min) was achievcd

by NP-HPLC '.vith a mobile phase of Z-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 [I2-hydroxy-

5,8, 14-eicosatrienoic acid and I2-oxo-5, 8,14-eicosatrienoic acid]

12(S)-HETE (2 /lM) was incubated with porcine leukocytes (75 x 106 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 supematant was extracted

using a C1K Sep Pak cartridge. Products were purified by RP-HPLC with a Iinear

gradient between acetonitrile/water/acetic acid (28:72:0.02) and

acetonitrile/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 (tR= 49 min) and 12-

oxo-5,8,14-eicosatrienoic acid (tR= 58 min).

4.3. Biosynthesis and purification of metabolites of 13-HODE [13-hydroxy-9-

octadecenoic acid, 13-oxo-9-octadecenoic acid, ll-hydroxy-7,9-hexadecadienoic

acid and 9-hydroxy-5,7-tetrodecadienoic acid]

13-[1)4C]HODE (2/lM) was incubated with porcine leukocytes (75 x 1()6

cells/ml) for 60 min at 37 oC in the presence of 5 /-lM ETYA (which inhibits 13-

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

of acetonitrilelwater/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 (tR= 57 min)

and 13-oxo-9-octadecenoic acid (tR= 68 min).

Uniformly labelled 13-[1)4c]HODE (2 /lM) was also incubated with porcine

PMNL (75 x 106 cells/ml) in the absence of ETYA for 60 min at 37 oC. Metabolites
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were purified by RP-HPLC with a mobile phase consisting of a linear gradient

belween acetonitrile/water/acetic aeid (28:72:0.02) and acetonilrile/watcr/acetic acid

(52:48:0.02) over 60 min at a flow rate of 2 ml/roin. The major products wcre

II-hydroxy-7,9-hexadecadienoic aeid (tR= 40 min) and 9-hydroxy-5,7-

tetradecadienoic acid (tR= 27 min).

4.4. Gas chromatography-mass spcctromctry.

Products purified by HPLC were methylaled with diazomethane (30 min,

23 oC) unless otherwise indicated. In sorne cases, products which were suspected 10

have an oxo group were derivatized by treatment with hydroxylamine HCI (1 mg) in

pyridine (0.1 ml) overnight at room temperature. Diethyl ether (2 ml) was then added

and the mixture was kept at -20 oC for 30 min. After centrifugation, the diethyl

ether was removed and evaporated under a stream of nitrogen. Due to the unslablc

nature of 12-oxo-LTB., this compound was hydrogenated with rhodium on alumina

(1 mg; Aldrich) in 0.6 ml MeOH for 3 min at 23 oC. The reagent was subsequcntly

removed by filtering the sampie through a small column of silicic aeid. Ali products

were then converted to their trimethyIsilyl derivatives by trealment with N-methyl-N-

trimethylsilyltrifluoroacetamide (30 min, 23 OC).

Electron impact gas-chromatography mass-spectromelry (GC-MS) was carried

out on a VG ZAB instrument located in the Biomedical Mass Spectrometry Unit of

McGiIl University. The stationary phase was a column (20 m x 0.32 mm) of DB-I

(J and W Seientifie Ine., Foisom, CA).
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4.5. Nuclear magnt'tic resonance spectroscopy

IH-NMR speclroscopy (CDCl), 500 MHz) was performed by Ors J.R. Falck

and P. Yadagiri on a Varian model VXR-500S instrument silualed in lhe Departmenl

of Molecular Genelics al the Universily of Texas Soulhweslern Medical Cenler in

Dallas, Texas.

4.6. Steric analysis of lO,1l-dihydro-12-hydroxyeicosanoids

4.6.1. Resolution and identification of lO,1l-dihydro-12-HETE isomers

12-Hydroxy-5,8,14-eicosalrienoic acid was prepared and purified as described

in section 4.2 .. To enable resolulion of the 12(R) and 12(S) isomers, lhese compounds

were firsl melhylaled with diazomelhane (30 min; 23 oC) and lhen converled 10 lheir

MTPA derivalives by trealmenl wilh (R)-(+)-ClI-methoxy-ClI­

(lrinuoromelhyl)phenylacelic acid (MTPA) (1 mg), 1,3-dicyclohexylcarbodiimide

(1 mg) and 4-dimelhylaminopyridin(, (0.1 mg) in 20 III CCI. (10 min, 25 oC). The

reaction \Vas lerminated by evaporation of the CCI. under argon and addition of 50 III

melhanol. Separalion of the MTPA derivatives from contaminants derived from the

reagents was accomplished by RP-HPLC using an Ultremex C6 column

(250 x 4.6 mm; Phenomenex) with a mobile phase of acetonitrile/waler (70:30) at a

110w rate of 2 ml/min. Experimenls with radioactive monohydroxy compounds

indicated lhat lhe conversion was v)rtually quantitative and no other radioal~tive

producls were delecled. 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 aeid (tR= 23 min) and 12(R)-

hydroxy-5,8, 14-eicosatrienoic aeid (t R= 25 min) \Vere identilied by

co-ehromatography \Vith MTPA derivatives of authentic standards.

4.6.2. Resolution and identification of 10, ll-dihydt'o-LTB. isoll1crs

lO,ll-Dihydro-LTB. and 1O,11-dihydro-12-epi-LTB. \Vere prepared and

puri lied as deseribed in section 11.4.1.1.. 1O,11-Dihydro-LTB. and 1O,ll-dihydro-12-

epi-LTB. were resolved by NP-HPLC as deseribed in section 11.3.10.2. ami \Vere

identified by eo-ehromatography with authentic standards.

5. Analysis of metabolites of hydroxylated-PUFA's by HPLC

5.1. Time COUI'SCS for the production of dihydro metabolitcs

5.1.1. Time COU l'Se for the metabolism of 12(S)-HETE

Purified poreine PMNL (20 ml; 5 x 107 eells/ml) were ineubated at 37 oC with

12(S)-[I-14C]I1ETE (2 JlM; 2 JlCi) for various times. The reaelions \Vere stopped by

addition of iee-eold methanol (0.5 vol) and immediale eooling to -20 oC. ACter the

addition of PGB2 (200 ng) as internai standard, produets were extraeted using CI8 Sep

Pak eartridges. The products were purified by RP-HPLC with a mobile phase of

aeetonitrile/water/aeetie aeid (55:45:0.02) at a flow rale of 2 ml/min. Material in the

peak eorresponding to the 1O,II-dihydro metabolile of 12(S)-HETE was methylaled

with diazomethane and derivatized with MTPA. The MTPA derivatives of 12(S)-

hydroxy-5,8,14-eicosatrienoie aeid and 12(R)-hydroxy-5,8,14-eieosatrienoie aeid were
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f rcsolved as dcscribed above (.sectior. 11.4.6.1.). The products \Vere quantitated by

measuring the radioactivity in fractions col1ected every 0.5 min by liquid scintillation

counling.

5.1.2. Time courses for the metabolism of LTB4, lO,1l-dihydl'o-LTB4,

10, II-dihydro-12-epi-LTB4 and lO,1l-dihydro-12-oxo-LTB4

Porcine PMNL (10 ml; 5 x 107 cel1s/ml) were incubated with LTB4 (2/LM),

10,ll-dihydro-LTB.j (2 /LM), 10,II-dihydro-12-epi-LTB4 (2 /LM) or 10,II-dihydro-12­

oxo-LTB4 (2 !lM) at 37 ·C for various times. The incubations were terminated by

addition of methanol (0.4 vol) fol1owed by cooling to -20 ·C. PG~ (200 ng) was

added to each of the incubation mixtures as an internaI standard. The incubation

medium was then extracted using a CI8 Sep Pak cartridge and the products resolved

by NP-HPLC as described above (section Il.3.10.2.). The amounts of 10,1l-dihydro­

LTB4, 10, lI-dihydro-12-epi-LTB4 and 1O,II-dihydro-12-oxo-LTB.j were calculated

l'rom the ratios of their peak areas at 235 nm to that of PG~, the internaI standard, at

280 nm. The extinction coefficients used for the dihydro compounds and PGB2 were

22 500 and 28 600, respectively.

5.2. Substrate specilïcity for the formation of dihydro metabolites of

h)'droxylated PUFA's by intact PMNL

Puri lied porcine PMNL (50 x 106 cel1s/ml) were incubated in 1 ml PBS at

37 ·C \Vith various substrales (2 !lM) in the presence of ETYA (5 /LM) for 30 min.
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1 The reactions were terminated by addition of 0.6 ml ice cold methanol and immcdiatc

cooling to -20 oC. PG~ (200 ng) was added to each sample as an internai standard.

The samples were then analyzed by precolun1l1 extraction/RP-HPLC (314) using a

WISP automatic injector and WAYS automated switching valve (Watcrs-Milliporc).

The material retained on the precolumn (C 18 !-,-BlJndapak Guard-Pak cartridge;

Waters-Millipore) was analyzed on a Novapak CI8 column (3.9 x 150 mm; Watcrs-

Millipore). The mobile phases for each substrate are shown ;n Table II. The flo\V rate

was 2 ml/min in ail cases. The products were quantitated by measuring radioactivity

by liquid scintillation counting in fractions collected every 0.5 minutes wilh the

exception of LTBs melaboliles which were quanti taled by measuring UV absorbance

al 235 nm. The extinction coefficient used for dihydro metabolites of LTBs \Vas 22

500.

5.3. Metabolism of hydroxylated PUFA's by subcellulal' fmctio/ls f.·olll l'MNL

Subcellular fractions from porcine PMNL were incubated with various

substrates in Tris-acetate-sucrose buffer (1 ml) in the presence of 1 mM MgCI2 and

1.8 mM CaCI2 at 37 oC for various times. The reactions were terminated by addition

of 0.6 ml ice cold melhanol and immediale coolin;; to -20 oC. PGB2 (300 ng) was

added lO each sampie as an internai 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 monilored with a model 991

photodiode array detector (Waters-Millipore). The mobile phases for each subslrate
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TABLE II

RP-lIPLC conditions fol' separation of hydl'oxylated PVFA's and theil' dihydl'o

metabolites pl'oduced by intact PMNL

Slibstralcs and their dihydro prodllcts were resolved by precollimn extraction/RP­

HPLC lIsing a WISP alilomatic injector and a WAYS alltomated switching valve

(Waters-Millipore). The malerial retained on the precollimn (Cil IL-Bondapak Gliard­

Pak cartridge; Waters-Millipore) was analyzed on a Novapak CI8 collimn

(3.9 x 150 mm; Waters-Millipore).

Slibstrate

LTB4

12-epi-6-lrans-LTB4

6-lrans-LTB4

l2-epi-8-cis-6-/I'(l11s-LTB4

LTBs

12(S)-HETE

S(S)-HETE

I.S(S)-HETE

l3(S)-HODE

9(S)-HODE

20-hydroxy-LTB4

PGP~

PGF2n

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

37% solvent BII 37% solvent B

37% solvent B 37% solvent B

37% solvent B 37% solvent B

37% solvent B 37% solvent B

31 % solvent B 31 % solvent 13

46% solvent B 55 % solvent B

46% solvent B 55 % solvent B

46% solvent B 55% solvent B

42 % solvent B 48% solvent B

42% solvent B 48 % solvent B

23% solvent B 23% solvent B

26% solvent B 46% solvent B

26% solvent B 46% solvent B

Il Mobile phases were prepared from solvent A (water/acetic acid; 100:0.02) and

solvent B (acetonitrile/acetic acid; 100:0.02). AIl gradients were linear. The flow rate

was 2 ml/min.
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'. are shown in Table III. The llow raie was 1 ml/min in ail cases. Producls wcrc

quantitated either by measuring radioactivity by liquid scintillation counting in

fractions collected every minute (metabolism of PGF2,,) or by measuring UV

absorbance (metabolism of LTB4 and 12-HETE). The extinction coerticients used

were as follows; LTB4, (39 500, 280 11111); 12-oxo-LTB4, (41 000, 318 11111);

12-HETE, (30500,235 nm); 12-oxo-ETE, (36500, 280 11111); PGBI (28 600,

280 nm).

Incubations of 12-oxo-LTB4 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 Cl' Sep l'ak

cartridges at neutral pH. l'roducts were resolved by Rl'-Hl'LC on a Novapak C"

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 LO ml/min.

6. Marker enzyme assays

6.1. Myelopel'oxidase (315)

Aliquots (100 J.d) of subcellular fractions l'rom porcine PMNL werc mixed with

1 mM H20 2, 0.33 mM o-dianisidine and 0.01 M phosphate buffer (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 O.OOl/min.
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TABLE III

RP-lII'LC conditions for separation of hydroxylated PUFA's and their

metabolites produced by subcellular fractions from poreine PMNL

l'roducts were resolved by precolumn extraction/RP-HPLC using an Ultra WISP

alltomatic injcctor and a WAVS automated switching valve (Waters-Millipore). The

malerial retaincd on the precollimn (C 18 WBondapak Guard-Pak cartridge; Waters­

Millipore) was analyzed on a Novapak Cl8 column (3.9 x ISO mm; Waters-Millipore).

The UV absorbance spectrum of the column eluate was monitored with a photodiode

array detector (Model 991; Waters-Millipore).

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

LTB4 39 % solvent BU 39% solvent B

12(S)-HETE/12(R)-HETE 50% solvent B 55 % solvent B

PGF1.. 26% solvent B 46% solvent B

lIMobile phases were prepared from solvent A (water/acetic aeid; 100:0.02) and

solvenl B (acetonitrile/acetic aeid; 100:0.02). Ail gradients were linear. The flow rate

was 1 ml/min.
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6.2. Il-GlucUI'onidase (316)

Aliquots (200 f.ll) of subcellular fractions \Vere incubated \Vith 1 mM

phenolphthalein-glucuronic acid in 0.1 M acetale buffcr (pH 4.6) in a lotal volumc of

1 ml for 6 hr at 37 oC. The reaction \Vas stopped by addition of 2 ml icc-cold glycinc

buffer (0.2 M glycine and 0.2 M NaCl, pH = 10.4). Phenolphthalein released during

the incubation \Vas quantitated by measuring absorbance at 550 nm.

6.3. Qllabain sensitive Na+-K+-ATPase (317)

Aliquots (200 f.ll) of sllbcellular fractions 'l'cre incubated \Vith 0.2 mM ATP in

10 mM Tris-HCI containing 5 x 10-5 M EGTA (pH 8.6) under the following

conditions: A) Mg+2, Na+, K+; B) Mg+\ Na+, K+, ollabain; C) Mg+2• The final

ionic concentrations were: 0.26 mM Mg+2; 100 nM Na+; 10 I11M K' and 0.1 I11M

ouabain. Ali incubations were for 10 min at 37 oC in a final volume of 1 ml and \Verc

terminated by addition of 0.15 ml of 30% trichloroacetic acid and il11l11ediately placed

on ice. Released phosphate was measured as described in the Iiterature (318), except

that the samples were 1eft at 4 oC for 15 hr to allow for color development with

minimal ATP hydrolysis. Resulls were expressed as ouabain inhibilable ATPase

activity.
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Section TIl

RESULTS



"'~ 1. Metllbolism 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 stereochemistry of chiral

centers present in these compounds. As there is more than one ll1elhod available for

designating chiral centers, a short synopsis of the method used in this study is given

below.

1.1 Stereochemical designation of chir'al ccntel's by the Cahn-Ingold-PI'elog

method (319)

The Cahn-Ingold-Prelog ll1ethod was ell1ployed to designate the configuration of

the chiral centers of cOll1pounds described in this study, The leUers Rand Sare uscd

to specify the absolute configurations according to this metllOd,

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:

1. Atoll1s of higher atomic number have higher priority than those of

lower atomic number.

ie) 1 > 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 alkyl

group,

ie) -C(CH])] > -CH(CH]h > -CH2(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 -~H-C2HR

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 S is to orient the

lelrahedral 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 S (Ieft=sinister) configuration (Figure 7).

Aiso shown in Figure 7 are configurations of LTB4 and 1O,1l-dihydro-LTB4

about the chiral center at C12. The absence of a l!.ID double bond in 10,1l-dihydro-

LTB4 resulls in a different assignment of priorities according to the rules described

above. Therefore, the configuration at CI2 of LTB4 is designated R, whereas the

configuration at Cil of 10,1l-dihydro-LTB4 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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d a
LT~ (12R) H OH

~R1 0 b R2

d a
dh-LTB (128) H OH

R~~R2

d a
12(S)-HETE H OH

~R3 b c R1

d a

12(R)h-20:3 H OH

R3~R1
o b

OH
/A A A COOH

R2-\f' '=/- V V

Figure 7. Srereochel11ical designationsfor LTB•• 12(S)-HETE and rheir 10.11­

dihydro l11e((/bo!ires as dererl11ined by rhe Call1l-lngold-Prelog lIIer/lOd. Filled

wedged Iines represent bonds that project above the plane of the page, whereas

open wedged Iines represent bonds that project below the plane of the page.

Abbreviations; dh-LTB4• 1O,II-dihydro-LTB4; 12(R)h-20:3, 1~(R)-hydroxY-S,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

lTIolecule, 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 Rand 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 accuralc 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 oC and the

producls analyzed by RP-HPLC, two major metabolites which absorbed at 235 nm

but not at 280 OIn were observed (Figure 8). These products had previous1y been

idenlified in our laboratory as 5,12-dihydroxy-6,8,14-eicosatrienoic acid

(lO,II-dihydro-LTB,) (t lt = 43 min) and 5-hydroxy-12-oxo-6,8,14-eicosatrienoic acid

(10, II-dihydro-12-oxo-LTB,) (tR= 61 min) (304). As discussed in the introduction

(Figure 6), the stereochemistry of the C,2-hydroxyl group of 1O,11-dihydro-LTB,

could have either an S or an R configuration depending on the mechanism invo1ved.

Direct reduction of LTB, by a 10,1l-reductase wou1d produce 5(S),12(S)-dihydroxy­

6,8, 14-eicosatrienoic acid. However, if a 12-oxo intermediate is invo1ved in the

formation of dihydro products, the 12-oxo group could be reduced to a hydroxyl

group wilh either an S or R configuration.
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· 1.2.1. Identification of 10, ll-dihydro-LTB4 (product X) Ilnd 10, ll-dih)'dl'0-12-cpi­

LTB4 (product Y)

Since NP-HPLC is usually belter than RP-HPLC in resolving diastereoisomers,

the material in the lO,ll-dihydro-LTB4 peak oblained after Rl'-HPLC (Figure 8) was

rechrcmatographed by NP-HPLC. This resulted in the separation of this fraction inlo

two components (products X and Y) 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 spcclra of

products X and Y were also identical with one another, as weil as with the mass

spectrum previously reported for 1O,II-dihydro-LTB4 puri lied by Rl'-HPLC

alone (304). The HPLC and GC-MS results strongly suggest lhat compounds X and Y

are stereoisomers of IO,II-dihydro-LTB4 , probably Wilh different conligurations of

the Cl2-hydroxyl group.

To ascertain the identity of products X and Y, the chromatographic properties

of these compounds were compared with aUlhenic standards. LTB. was incubated

with porcine PMNL for 5 and 60 min, respectively, and the products were puri lied by

RP-HPLC. The 10,ll-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 Y were formed

after 60 min (Figure 9D). We obtained authentic chemically synthesized 5(S),12(R)­

dihydroxy-6,8,14-eicosatrienoic acid (IO,ll-dihydro-LTB.) and 5(S),12(R)-dihydroxy­

6,8,14-eicosatrienoic acid (10,1l-dihydro-12-epi-LTB.) from Dr. J.R. Falck at the
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Figure 8. Reversed-pllase HPLC ofmetabolites ofLTB, prodllced by intact porcine

PMNL. LTB4 (2 !LM) was ineubated with porcine PMNL (50 x Hj6 eells/ml) for

60 min at 37 oC. The produets were extraeted on a eartridge of oetadeeylsilyl

siliea and analyzed by RP-HPLC on a Novapak CI8 eolumn (Waters-MiIlipore) with

water/aeetonitrile/acetie acid (63:37:0.02) as the mobile phase. The flow rate was

2 ml/min. The produet absorbing at 235 nm with a retention time of 43 min was

reehromatographed by NP-HPLC (inset) on a silicie acid eolumn (RoSiI; AlIteeh

Associates) with a mobile phase of hexane/2-propanoIlaeetie acid (95:5:0.1) at a

flow rate of 2 ml/min. Abbreviations: dh-LTB4, 10,1l-dihydro-LTB4: dho-LTB4•

1O,ll-dihydro-12-oxo-LTB4•
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Figure 9. Normal-phase HPLC ofme/aboUles ofLTB4 formed (ifter 5 mill (A-C) alld 60 mill

(D-F). LTB, (2 l'M) was ineubated with porcine PMNL (50 x 10· ecUs/mi) for eilhcr 5 or 60

min. The produels were extracted on a cartridge containing oeladceylsilyl siliea and aliquots

were analyzed by NP-HPLC on a silicic acid eoJurr.n (RoSiI; Alhech Assoeiatcs) with

hexane/2-propanollacetic acid (95:5:0.1) as the mobile phase. The Ilow rate \Vas 2 ml/min.

Only products absorbing at 235 nm are shown. (A) and (0) show chromatograms obtained

l'rom aliquots of the extract without any additions. The other chromatograms are of aliqllots

of the extract to which were added 400 ng of ~ith~r IO,ll-dihydro-LTB, (B and E) or 10,11­

dihydro-12-epi-LTB, (C and F). Abbreviations: dh-LTB" 10,ll-dihydro-LTB,; dh-12e-

LTB" IO,II-dihydro-12-epi-LTB" dho-LTB" IO,II-dihydro-12-oxo-LTB•.
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University of Texas Southwestern Medical Center, Dallas, Texas. Cochromatography

of products X and Y Vlith these standards indicated that product X coeluted with

10, II-dihydro-LTB4 (Figure 9B,E), whereas product Y coeluted with 1O,11-dihydro­

12-epi-LTB4 (Figure 9C,l'). Authentic 10, 11-dihydro-LTB4 and 1O,11-dihydro-12­

epi-LTB4 also cochromatographed \Vith products X and Y, respectively, upen

RP-HPLC. However, the two stereoisomers were not separated from one another with

either methanol/water/acctic acid (58:42:0.02; tR= 25 min) or acetonitrile/water/acetic

acid (38:62:0.02; tll = 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

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

1.2.2. Timc course fol' the metabolism of LTB4

The time courses for the formation of 10,1l-dihydro-LTB4, 10-1l-dihydro-12­

epi-LTB4 and 10, 11-dihydro-12-oxo-LTB4 from LTB4 are shown in Figure 10A.

10, II-Dihydro-LTB4 and lO,ll-dihydro-12-oxo-LTB4 are both formed very rapidly

and can easily he detected after 2 min. There is clearly a delay in the formation of

10, 11-dihydro-12-epi-LTB4 and this pr__duct couId not be detected until 12 min. The

concentration of 10, 11-dihydro-12-epi-LTB4 in the incubation mixture gradually

increased up to 60 min at the expense of 1O,11-dihydro-LTB4 and 10,1l-dihydro-12­

0.'<0-LTB4• The lag in the formation of 10, Il-dihydro-12-epi-LTB4 from LTB4

suggests that it is formed from the subsequent metabolism of either 10,1l-dihydro­

LTB4 or 1O,11-dihydro-12-oxo-LTB4•
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Figure 10. Time courses Jal' theJol7IlC/tion ofmerabo/ites of; (A) LTB,.

(B) 1O.lJ-dihydro-LTB•• (C) JO.lJ-dihydro-J2-epi-LTB. al/cl (0) JO,ll-dihydro-J2­

oxo-LTB,. by porcine PMNL. Porcine PMNL (50 x 106 cells/ml) were incubaled with

the above substrates (2 J.lM) for various times at 37 ·C. The incubations were

terminated by the addition of methanol (0.15 vol) and PGB.! (430 pmol) was addcd as

an internaI 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, II-dihydro-LTB4 (e), IO,II-dihydro-12-epi-LTB~ (0) and 1O,II-dihydro-12-oxo­

LTB4 (v) were determined using PGB.! as an internai stan1ard. Abbreviations: dh­

LTB4, IO,l1-dihydro-LTB4; dh-12e-LTB4 , 1O,II-dihydro-12-epi-LTB4, dho-LTB."

1O,II-dihydro-12-oxo-LTB4•



Incubation of 10, II-dihydro-LTB. with porcine PMNL and analysis of the

rcaction products by NP-HPLC indicated that this substrate was converted to both

10,II-dihydro-12-cpi-LTB. and 10, 1l-dihydro-12-oxo-LTB., with the latter product

prcdominating (Figure lOB). Similar results were obtained when 10,1l-dihydro-12­

epi-LTB. was incubated with porcine PMNL (Figure WC). As with 10,1l-dihydro­

LTB., the major metabolite after 60 min was 10,11-dihydro-12-oxo-LTB4• Substantial

amounts of 10, 11-dihydro-LTB. were also formed, indicating that the two

10, II-dihydro isomcrs are interconvertable. No metabolism of these compounds was

observcd when the cell suspension was previously placed in a boiling water bath.

The most obvious mechanism for the formation of 10,1l-dihydro-12-epi-LTB4

l'rom LTB. would be via reduction of 10,ll-dihydro-12-oxo-LTB•. To determine

whethcr this occurred, 10, II-dihydro-12-oxo-LTB. was incubated with porcine PMNL

for different times and the products were analyzed by NP-HPLC (Figure 1OD). This

resulted in the formation of both 10, 11-dihydro-LTB4 and 10,ll-dihydro-12-epi-LTB.

in comparable amounts. No products were detected when 10,ll-dihydro-12-oxo-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), 1O,ll-dihydro­

LTB. appears to be a considerably better substrate than 10,1l-dihydro-12-oxo-LTB4

for the formation of 10, ll-dihydro-12-epi-LTB•. These results raise the possiblility

that the two dihydro-LTB4 stereoisomers could be directly interconverted. However,

the poor metabolism of la, ll-dihydro-12-oxo-LTB4 could also be explained if it is not

transported into the cell as weil as lO,ll-dihydro-LTB4•
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-~-.. 1.2.3. Metabolism of lO,1l-dihydro-[12}HjLTB4 and lO,Il-dihydro-12-epi­

[12-3HjLTB4•

To examine further the involvement of 10, II-dihydro-12-oxo-LTB4 in the

interconversion of the 10, II-dihydro-LTB4 stereoisomers, 10, Il-dihydro-LTB, and

1O,II-dihydro-12-epi-LTB4, labeled with a tritium specifically in the 12-position, were

prepared. Interconversion of ID, ll-dihydro-LTB4 and 10, II-dihydro-12-epi-LTB4

involving ID, ll-dihydro-12-oxo-LTB4 as an intermediate would nccessitate abstraction

of the Cl2-tritium atom. Therefore, IO,II-dihydro-[12-3HjLTB4 was incubated with

porcine PMNL and the reaction products were analyzcd after various times by

NP-HPLC (Figure 11). After 60 min, the substrate (t lt = 21 min) was still highly

labeled with tritium, whereas the product, 1O,II-dihydro-12-epi-LTB4 (lit = 23 min)

was only slightly labeled (Figure liA). The second product, 1O,II-dihydro-12-oxo­

LTB4 (t lt= 14 min), did not possess any detectable radioactivily, confirming the

presence of tritium almost exclusively at the 12-position of the substrate. Similar

results were obtained when 10, II-dihydro-12-epi-[12-3H]LTB4 was incubated with

porcine PMNL for 60 min at 37 oC (Figure lIB).

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 1O,II-dihydro-12-epi-LTB4, formed from ID, II-dihydro-[12-3H]LTB4 was

only 17% that of the initial substrate. Similar results were obtained when

1O,II-dihydro-12-epi-[12-3H]LTB4 was the substrate. The specific activilies of both
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Figure 11. Normal-phase HPLC ofmetabolites of 10.11-dihydro-LTB. (A) and 10,11­

dihydro-J2-epi-LTB. (B) labeled \Vith tritium in the l2-position. Porcine PMNL (5 x

lOs cells in 10ml) were incubated with 10,I1-dihydro-[12-3H]LTB4 (2 I-'M; 138000

dpm/incubation) or 1O,I1-dihydro-12-epi-[12-3H]LTB4 (2I-'M; 118000

dpm/incubation) for 60 min at 37 oC. The products were extracted and purified by

NP-HPLC as described in the legend to Figure 8. Abbreviations: dh-LTB4, 10,11­

dihydro-LTB4: dh-12e-LTB4 , 1O,I1-dihydro-12-epi-LTB4, dho-LTB4, 10,I1-dihydro­

12-oxo-LTB4 •
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TABLE IV

Specific activities of 10,1l-dihydro-LTB4 and 10,1l-dihydro-12-epi-LTB4 artel'

incubation of eithelO 10,1l-dihydro-[12.3H]LTB4 01' 10,11-dih)'dro-12-epi-

[12-3H]LTB4 \Vith pOl'cine PMNL

10, II-Dihydro-[12-3H]LTB4 (2 /-lM) and la, ll-dihydro-12-epi-[12)H]LTB4 (2 /-lM)

were incubated with porcine PMNL (50 x 106 cells/ml) for various times. The

products were extracted and analyzed by NP-HPLC as described in the legend 10

Figure 9,

Specifie Aclivity (dpm/pmol)

Time (min)

a
10

20

60

a
la

20

60

dh-LTB}I

dh-LTB4 --> dh-12e-LTB4

6.94

6.75

6.69

7.82

dh-12e-LTB4 -- > dh-LTB4

b

0.80

1.36

dh-12e-LTB.

b

1.16

1.23

5.90

6.57

7.01

9.40

1li.-

a Abbrevialions: dh-LTB4, la, ll-dihydro-LTB4; dh-12e-LTB4, lO,l1-dihydro-12-epi­
LTB•.

b Only small amounts of products were formed after 10 min, and it was not possible
to determine their specifie 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. Mctabolism of 12(S)-HETE by porcinc 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 LTB4 with porcine PMNL (Figure 7), which also shows two less polar

peaks absorbing at a lower wavelength than the substrate.

1.3.1. Idcntification of 12-hydroxy-S,8,14-cicosatricnoic acid (Product A).

The mass spectrulll 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 C1,-C20), 318 (M-90), 297 (Cl-Cd, 213 (CI2-C20), 207 (297-90), 175

(297-(90+32», 133 (base peak), 129, 121, and 107. This Illass spectrum is very

silllilar to that of the corresponding derivative of 12(S)-HETE, except that ions

containing the CI to CI2 portion of the Illolecule, including the molecular ion and the

ions at mlz 297 and 207, occur 2 Illass 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 of12(S)-HETE metabolites produced by intact

porcine PMNL. 12(S)-HETE (2 I-tM) was incubated with porcine leukocytes (75 x

106 cells/ml) at 37 oC 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/acelonitrile/acetic acid (55:45:0.02) as the mobile phase. The now rale 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 II of

12(S)-HETE has been reduced. Since the mass spectrum c1early 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

prodllct Aformedfrom 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.

posi tions 5 and 14 of 12(S)-HETE are retained in the dihydro metabolite. The

rel11aining double bond, the position of which could not be determined from the mass

spectrul11, could theoreticaIly reside in one of three locations: (A) CS-C9, (B) CWCII

or (C) C9-C IO as shown in Figure 14. To ascertain which of these positions is correct,

a sampIe of 12-hydroxyeicosatrienoic acid was analysed by NMR spectroscopy by nrs
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Figure 14. Possible Sfrllctllres of fhe dihydro mefabo/ife of12(S)-HETE (prodllcf

A). (A) 12-Hydroxy-5,8, 14-eicosatrienoic 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

iuset 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 structure 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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Figlll'c 15. NI/clear magnetic resonance spectrl/m of the dihydro metabolite of

12(S)-HETE (prodl/ct A). Product A (55 JLg) was analysed by IH NMR

spectroscopy (CDCll , 500 MHz) on a Varian Model VXR-500S instrument by Ors

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 virtually 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-oxo-S,8,14-eicosatrienoic acid (pl'oduct Bl.

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 (CI-CI')' 422 (C C CI6). 368 (CI-CI2), 348 (C3-C20l. 334 (C4­

C20), 320 (Cl -C2o). 280 (Cg-C20). 266, 210, 147, and 117 (Figure 16). This mass

spectrum indicates that product B is a dihydro metabolite of 12(S)-HETE wilh an oxo

group at C12 • 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 Wilh 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 lhere could be a mixture of producls

which differ from one another in the positions of their double bonds. By analogy

with the 1O,1l-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-oxo-5,8, 14-eicosatrienoic acid to product B.

1.3.3. Stel'eochemical analysis of 12-hydl'oxy-S,8,14-eicosatrienoic acid

The mass spectrum of product A indicates that it is identical to 12-hydroxy­

5,8,14-eicosatrienoic acid. Bovine corneal microsomes have aIso 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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Figlll'c 16. Moss specrrllm of the rrimethylsilyl ether oxime der/votive ofprodllct B

ftJl1l1ecl /rom 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 p.A. TMS,

trimethylsilyI.

the l2(R), but not the 12(5), isomer of this compound was reported to have potent

proinnammatory properties (237,238), it was of considerable interest to determine the

configuration of the l2-hydroxyl group of 12-hydroxy-5,8,14-eicosatrienoic acid

generated 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-5,8, 14-eicosatrienoic acid was methylated and converted to its MTPA

derivative. After removal of conlaminants derived from the reagents by RP-HPLC on

a C6 column, the methyl ester, MTPA derivatives of the 12-hydroxy-5,8,14­

eicosatrienoic acid fraction was .l!bjected to steric analysis by NP-HPLC on a silicic

acid column (Figure 17). As shown in Figure 17A, 12-hydroxy-5,8,14-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-5,8, 14-eicosatrienoic acid (lR = 25 min) and

12(S)-hydroxy-5,8, 14-eicosatrienoic acid (tl<= 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-5,8, 14-eicosatrienoic 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 nt mlz 318 (M­

MTPA) and 189 (C6Hs-C(CFJ>=+OCH3).
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Figure 17. Normal-phase HPLC of the MTPA derivatives of 12-hydroxy-5,8,14­

eicosatrielloic acid. The 12(R) and 12(S) isomers of the MTPA derivatives were separated

by NP-HPLC on a column of silicic acid (RoSil; AUtech Associates). The mobile phase

\Vas hexanelisopropanol (99:0.08) at a flow rate of 2 ml/min. (A) NP-HPLC of the

melhyl ester, MTPA derivalives of 12-hydroxy-5,8,14-eicosatrienoic acid formed after

incubation of 12-[l-14C]HETE (2 /lM) with purified porcine PMNL (50 x 1()6 ceUs/ml) for

40 min at 37 ·C. The products were extracted on a cartridge of ODS-silica and were

puri lied 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 chemicaUy-synthesized 12(R)-5,8,14­

eicosalrienoic acid (tR=23 min) and 12(S)-hydroxy-5,8,14-eicosatrienoic acid (tR=25

min). The peak labeled with an asterisi; (*) 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.

106



.". 1.3.4. 'rime course for the fOl'mation of 10,Il-dihydl'o metabolites of 12(S)-HETE

by porcine PMNL

The time course for the formation of 12(R)-hydroxy-5,S, 14-eicosatricnoic acid,

12(S)-hydroxy-5,S ,14-eicosatrienoic acid and 12-oxo-5,S,14-eicosatricnoic acid l'rom

12(S)-HETE by porcine PMNL is shown in Figure lS. 12(R)-Hydroxy-5,S, 14-

eicosatrienoic acid was the predominant product at aIl time points, rcaching a

maximum at 20 min and then declining' . 12-0xo-5,S, 14-eicosatrienoic acid rcachcd

its maximallevel by 10 minutes and did not change therearter. The rormation or

12(S)-hydroxy-5,S, 14-eicosatrienoic acid exhibited a lag period rollowed by an

increase to 30% of the total 12-hydroxy-5,S, 14-eicosatrienoic acid at 40 minutes,

suggesting that it is not an initial product but that il may be rormed l'rom eilher

12(R)-hydroxy-5,S, 14-eicosatrienoic acid or 12-oxo-5,S, l4-eicosatrienoic acid.

The total recovery of the above three 12(S)-HETE metabolites was considcrably

lower after 40 minutes than after 20 minutes, suggesting that these products may

subsequent1y be metabolized by other pathways such as B-oxidation. The 10ss or

radioactivity could be substantially 10wered by inclusion of ETYA in the incubations

(see below), but it was not added in the present experiment to avoid any efrects it

might have on the ratio of the two stereoisomers of 12-hydroxy-5,S, 14-eicosatrienoic

acid.

1 Due to the priority rules for assigning Rand S configurations. the configuration
of the 12-hydroxyl group of 12(S)-HETE is identical to that of 12(R)-hydroxy-5,S,14­

eicosatrienoic acid. Thus, the major product has the same configuration at Cl2 as the

precursor (see Figure 7).
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Figul'e 18. Time course for the metabolism of12(S)-HETE by porcine PMNL. 12­

[l-'-IC]HETE (2 /lM) was incubated with purified porcine PMNL (50 x 106 cells/ml)

for various time periods. 12(R)-Hydroxy-5,S,14-eicosatrienoic acid (12(R)h-20:3; ),

12(S)-hydroxy-5,8,14-eicosatrienoic acid (12(S)h-20:3; ) and 12-oxo-5,S,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, II-dihydro metabolites of 12(S)-HETE recovered after 41 lin. Preliminary

experiments indicated that the loss of dihydro products with time was even more

pronounced with other [1-14c]-labeled monohydroxy PUFA's inc!uding 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 couId be reduced by the addition of ETYA. A sludy

of the effect of increasing concentrations of ETYA on the recovery of dihydro

metabolites of 13-HODE revealed an optimal concentration of ETYA (5 ~M) 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-[1-14C]HETE (2 ~M), [1-14C]LTB4 (2 ~M) and

13-[1-14c]HODE (2 ~M) with porcine PMNL in the presence and absence of ETYA.

The recovery of LTB4 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

II % 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

Effeet of ETYA on the reeoveries of LTB4• 12-HETE, 13-HODE and their

dihydro metabolites

[1- 14C]LTB4 (2 !tM) and 12(S)-[I-14C]HETE (2 !tM) were incubated wilh purified

porcine PMNL (50 x 106 cells/ml) for 10 min al 37 oC wilh and wilhoul 5 !tM

ETYA. 13-[I-14c]HODE (2 !tM) was incubaled wilh purified porcine PMNL

(50 x 106 cells/ml) for 30 min al 37 oC wilh and wilhoul la !tM ETYA. ProduclS

were resolved as described in Malerials and Melhods and were quanlilaled by

measuremenl of radioaclivily.

Producls (pmol/l07 cells/IO min)Subslrale

Reduclase (%)U Dihydrooxo

Recovery of

Radioaclivily (%)b

12 HETE 30 (8) 9 40

12-HETE + ETYA 36 (9) la 51

LTB4 75 (19) 32 78

LTB4 + ETYA 70 (17) 37 82

13-HODE 0(0) 0 9

13-HODE + ETYA 38 (29) 27 69

Il The sum of dihydro and dihydrooxo producls. The percenlages of incubaled
subslrales recovered as less polar reduclase producls are shown in brackels.

Il The percenlage of incubaled radioactivily recovered as the substrale and ilS less
polar dihydro and dihydrooxo producls.
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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 J.tM) and the products were analysed by RP-HPLC (Figure 19). Two less polar

radioactive products (Q and R) were detected. Neither of these compounds absorbcd

at 235 nm, indicating that the conjugated diene of the substrate is not present in

products Q and R.

1.5.1. Identification of 13-hydroxy-9-octadecenoic acid (P"odllct Q)

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of

product Q showed intense ions at mlz 369 (M-15), 353 (M-31), 337 (M-47), 313 (C I ­

Cd, 294 (M-90), 262, 199, and 173 (base peak; CI3-C,,) (Figure 20A). The

molecular ion and the ion atm/z 313 (CI-C I3) of this compound are 2 mass units

higher than the corresponding ions in the mass spectrum of the trimethylsilyl ether,

methyl 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 C9 position by analogy with the

corresponding metabolite of 12(S)-HETE. This product is therefore tentatively

identified as 13-hydroxy-9-octadecenoic acid (lI,12-dihydro-13-HODE) .
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Figure 19. Reversed-phase HPLC of the merabo/ites of 13-HODE produced by intact

poreille PMNL ill the presence ofETYA. 13-HOOE (2 JlM) was incubated with

porcine leukocyles (75 x 106 cells/ml) in the presence of ETYA (5 JlM) at 37 oC for

60 min. Products were extracted on a cartridge of OOS-silica and separated on a

Phenomenex Spherisorb 00S-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

thal of producl Rand was not radioactive.
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1.5.2. Identification of 13-oxo-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

:nass spectrum of the trimethylsilyl ether, oxime derivative of the methyl 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 (CI-Cd, 310 (C4-CI8), 308, 280, 254 (base peak; CS-CIS)' 240

(C9-C1S), 226, 184, 170, and 145 (Figure 20B). This mass spectrum indicates that

this metabolite of 13-HODE has an oxo group at Cil 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 lO-position. However, as discussed earlier for the

dihydrooxo metabolite of 12(S)-HETE, il is possible that the latter ion could have

arisen due to a rearrangement of the double bonds or there could be a mixture of

dihydrooxo melabolites 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-oxo-ODE).

1.6. Metabolism of 13-HODE by porcine PMNL in the absence of ETYA

Incubation of 13-[I-14C]HODE with porcine PMNL without ETYA present,

resulls in a significant loss of recovered [l-14C]labeled products (Table V). This

observation suggests that, in addition to the dehydrogenase/reductase pathway, porcine
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Figure 21. Reversed-phase HPLC of the metabolites of 13-fJODE produced by

intact porcine PMNL in the absence of ETYA. 13-HODE (2 /LM) was incubaled

with porcine leukocytes (75 x 106 cells/ml) at 37 oC 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 now

rate of 2 ml/min.

PMNL metabolize 13-HODE by Jl-oxidation. The Jl-oxidation pathway sequentially

removes 2-carbon units from the carboxyl end of the compound which would result in

the removal of the 14C in the 1-position of 13-HODE.
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( In order to investigate the possible production of metabolites produced by B­

oxidation, uniformly labeled 13-[14c]HODE was prepared. The chromatogram

obtained by RP-HPLC of the products generated from the incubation of uniformly

labeled 13-[14c]HODE with porcine PMNL, in the absence of ETYA, is shown in

Figure 21. Two major products, compounds S and T, eluted prior to the substrate.

Both products Sand T absorbed UV light at 235 nm, confirming the integrity of the

conjugated diene. These initial observations are consistent with the hypothesis that

products Sand Tare produced from the B-oxidation of 13-HODE.

1.6.1. Identirication of ll-hydroxy-7,9-hexadecadienoic ncid (product S)

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of

product S showed intense ions at mlz 354 (M), 339 (M-15), 331, 283 (base peak; C1­

CI2), 264 (M-90), 225 (C7-C I6), 143, 130 and 119 (Figure 22A). The mass spectrum

indicates that product S 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 do;,;ble bonds at C, and C9, and a hydroxyl group at Cil'

Therefore, the most likely structure for product S is 11-hydroxy-7,9-hexadecadienoic

acid.

1.6.2. Identilication of 9-hydroxy-S,7-tetradecndienoic acid (product 1)

The mass spectrum of the trimethylsilyl ether, methyl ester derivative of

product T showed intense ions at m/z 326 (M), 311 (M-15), 295 (M-31), 283, 255

116



2.3100

80

80

40

RELATIVE INTENSITY
i· .. - 22.'

ClMS :

'3. ~Co,M.
:283 225

110 143

171

A

20 ·111 il,
~,~I .llli

100

l, o.J, ,,1 .

200
mlz

M
354

m"5l311 339
.....J.L,1.__~ ,_.

300

RELATIVE INTENSITY

1~~5-- 22.'
B100 OlMS :

1

~02M.
,

80 1
1
l, :2••

Il
80

2••

13. 22.
40

143
,.,

20 2•• M

.,.II.IJIII
"'-31 32•

l, i,I ~
2.31 M·15

1 , \~
100 200 300mlz

Figlll'c 22, Mass spectm of the trimethylsilyl ether, l11ethyl ester derivatil'es of (A)

prod/lct S al/d (8) prod/lct T.

117



(CI-C9), 225 (CS-CI')' 181, 130 and 105 (base peak) (Figure 22B). The molecular ion

326 indicates that 4 carbons have been removed from 13-HODE presumably resulling

from two cycles of ll-oxidation. The ions at m/z 255 and 225 are consistent with the

presence of carbon-carbon double bonds at Cs and C7 and a hydroxyl group at C9•

Therefore, the mostlikely structure for product T is 9-hydroxy-5,7-tetradecadienoic

acid.

1.7. Specificity of the porcine PMNL 12-hydroxyeicosanoid

dehydl'Ogenase/l0,1l-reductase pathway

As ETYA (5 J.lM) 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 ail of the analytical experiments involving intact PMNL described

below.

1.7.1. Effect of substmte concentration on the metabolism of LTB" 12(S)-HETE

aud 13-HODE

Porcine PMNL were incubated with various concentrations of [1-14C]LTB" 12­

[l-14C]HETE and 13-[l-I4c]HODE for 6, 6 and 30 min respectively. The products

lVere analyzed by precolumn extraction/RP-HPLC and the apparent K... and VnlllX

values were calculated from Lineweaver-Burk plots (Figure 23A). The apparent Km

values for LTB4 (0.28 J.lM) and 12(S)-HETE (0.21 J.lM) were similar, whereas that

for 13-HODE (2.2 J.lM) was much higher. Ali three substrates shared an apparent
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Figure 23. LinelVeaver-Burk plorsfor the me/(/bolism ofLTB•• 12(S)-I-JETE ancl

13(S)-HODE by porcine PMNL. (A) Various concentrations of [l)4C]LTB4 (0),

12-[1-14C]HETE (e) and 13-[1-14c]HODE fla) were incubated with porcine PMNL (50

x 106 cells/ml) for 6, 6 and 20 minutes, respectively. (B) Various concentrations of

12-[1.l4C]HETE were incllbated with LTB4 (2/-lM) for 6 min. Prodllcts were analysed

by preCOllll1111 exlraction/RP-HPLC and quantitated by measurement of radioaclivily.

Reductase activity is expressed as the sum of dihydro and dihydrooxo metabolitcs.

Reslilts were corrected for recovery (See Table VI).
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VU"' of approximately 0.029 pmollminll06ceUs.

To conlirm that l2(S)-HETE and LTB4are metabolized by the same enzymes,

a competition experiment was performed in which various concentrations of 12­

[1-I4C]HETE were incubated with PMNL in the presence or absence of a single

concentration (2.0 J.'M) of LTB4. Lineweaver-Burk analysis revealed that the addition

of LTB4 did not affect the apparent Vm.u but increased the slope of the line, indicative

of competitive inhibition (Figure 23B). Similar resuIts were obtained when 12(S)­

HETE (2.0 l'Ml was incubated with various concentrations of [1)4C]LTB4.

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

The substrate specilicity of the reductase pathway present in porcine PMNL

was investigated using various structurally related compounds derived from

arachidonic acid, 5,8,1 l, 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 J.'M substrate; 10 min) permitted

no more than 25 % metabolism of the substrate. Although ETYA was included in the

incubations, there were signilicant differences in the percent recovery of the incubated

radioactivity, presumably due to differences in Jl-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
Specilicity of the porcine PMNL dehydrogenase/redllctase pathwllyll

1 Subslrale Prodllcts (pmolll07 cells/l0 min) Recoveryof

Reductaseb Dihydrooxo
Radioac~vilY

(%)

Corrected Uncorrected (%)C Correcled Uncorrecled

LTB4 85 70 (17) 46 37 82

6-trans-LTB4 85 63 (16) 49 36 77

12e-8c-6-trans-LTB4 81 51 (13) 29 18 66

12-epi-6-trans· LTB4 77 60 (15) 22 17 82

12(S)-HETE 72 36 (9) 19 10 51

LTBs 55 42 (10) 38 29 75

15(S)-HETE 47 23 (6) 36 17 48

13(S)-HODE 47 24 (6) 38 20 51

5(S)-HETE 23 8 (2) 9 3 34

9(S)-HODE 15 10 (2) 13 9 67

~~ 20-hydroxy-LTB4 Il 7 (2) 6 4 67, ..~ HHTre 10 7 (2) 8 6 76

PG~ 0 0(0) 0 0 91

PGF2a 0 0(0) 0 0 90

Il [1-14C)Labeled substrates (2JLM) were incubated with porcine PMNL (50 x lO" cells/ml) fur
10 min at 37 ·C. Products were analyzed by precolumn extraction/RP-HPLC. Producls 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 hy dividing
the uncorrected amounts by the % recovery of radioactivity multiplied by 100. Abhreviation:
12e-8c-6-trans-LTB" 12-epi-8-cis-6-trans-LTB4•

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

c The values in brackets represent the percentages of incubated substrales which were
recovered as less polar reductase producls.

d The percenlage of incubated radioactivity recovered as the substrale and ilS dihydro and
dihydrooxo products was calculated by comparison with control incubations in which the
suhstrate was incubated with buffer alone.
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The best substrale for the ID, II-reductase pathway is LTB4• 6-Trans-LTB4 and

l2-epi-6-1/,{/II.1'-LTB4 were metabolized to dihydro products at about the same rate as

LTB4 • Although the absolute amounts of dihydro metabolites formed from 12-epi-8­

CÎ.I·-6-lrans-LTB4 and l2(S)-HETE were lower than for LTB4 , after they were

correcled for rccovery, the amounts were nearly the same as for LTB4 • Ali of the

above eicosanoids share a Cl2 hydroxyl group preceded by two conjugated double

bonds and followcd by a 2-cis-octenyl group.

LTBs, which is a metabolite of 5,8,Jl,14,17-eicosapentaenoic acid, is

melabolized to a lesser extent than LTB4, probably due to the presence of the 1:1 17

double bond in the omega end of the molccule. Introduction of an omega-hydroxyl

group, as in 20-hydroxy-LTB4, nearly eliminates metabolism by the reductase

palhway.

Alteration of the position of the hydroxyl group, as in 15-HETE and 5-HETE,

reduced the rate of melabolism to approximately 65% and 21 %, respectively, that of

12(S)-HETE. HHTrE, which is an endoperoxide-derived arachidonic acid metabolite

wilh a 12-hydroxyl group preceded by two double bonds in the 8 and ID positions,

but followed by a 2-pentenyl group, was metabolized J.Ily slightly. This suggests that

the distance of the h~'1roxyl group to the omega end of the molecule is aIso 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, aIso exhibited

decreased metabolism. PG~ and PGF2a, 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.

Il should be noted that a S-hydroxyeicosanoid dehydrogcnase/6, l1-reductase

pathway also exists in porcine PMNL (370). 6-Tralls-LTB., and 12-epi-6-tralls-LTB.

are metabolized by this pathway to 6,1l-dihydro and 6,1l-dihydro-S-oxo metabolites

(370), However, no evidence for the metabolism of LTB. or 12(S)-HETE to

6, ll-dihydro products by porcine PMNL was found in this study, ln this spccificity

study, we Wf're not able to distinguish between 6, ll-dihydro products and

10,II-dihydro products. Il is therefore likely that the rates of metabolism of 6-tralls-

CrE., and 12-epi-6-tralls-LTB4 by the 12-hydroxyeicosanoid

dehydrogenase/10, ll-reductase pathway are lower than those indicated in Table VI.

Il is also possible that S-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 S-hydroxyeicosanoid dehydrogenase/6,II-reductase

pathway.

2. Mechanism for the formation of lO.l1-dihydl'o metabolites by por'cine PMNL

As discussed in the introduction (Figure 6), the initial step for the formation of

dihydro metabolites of LTB4 by porcine PMNL could be either reduction of the CIO-

Cil double bond, producing 10,1l-dihydro-LTB4, or oxidation of the CI2 hydroxyl

group producing 12-oxo-LTB4•
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Prcviolls experiments in which LTB. and 12(S)-HETE, labeled with dellterillm

in the 12-position, were incubated with intact porcine PMNL, indicated that the

10, II-dihydro prodllcts 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 1:1 10 double bond of the substrate directly, without

the requirement for a 12-oxo-intermediate. The partialloss 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. TI'itium isotope crrcet in thc mctabolism of

12(S)-[S,6,8,9,1l,12,14,lS·3H]HETEto dihydro products by porcine PMNL

If the inital step in the formation of dihydro metabolites of LTB4and l2(S)­

HETE is reduction of the 10, Il-double bond, we would predict that the presence of a

deulerium or tritium atom in the l2-position would not affect the formation of the

10, II-dihydro melabolite, but would retard the formation of the subsequently formed

10,11-dihydro-12-oxo-metabolite.

To test this hypothesis, we incubated a mixture of l2(S)-[1-14C]HETE and

12(S)-[5,6,B,9,1l,12,14,15-3H]HETEwith porcine PMNL and analyzed the produets

by RP-HPLC (Figure 24). Contrary to what we had predieted, the ratio of 3H to 14C

in 12-hydroxy-5,B, l4-eieosatrienoic aeid and l2-oxo-5,B,14-eieosatrienoie acid were
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PORC/NE PMNL +

12fS)-{14ClHETE + 12fS)-dflHETE 12(S)-HETE
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120-20:3
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Figure 24. Reversed-phase HPLC profile of the metabolites of J2(S)-jl)4CjIJETE

(/IiC/ 12(S)-{5.6.8.9.JJ,12,14,15-JIJ]HETEproduced by illlact porc/Ile PMNL. A

mixture of 12(S)-[I-"C]HETE and 12(S)-[S,6,S,9,11,12,14,Is-JH]HETE (2 /LM) was

incubated with intact porcine PMNL (50 x 106 cells/ml) for 30 min at 37 oC.

Prodllcts were resolved by precolumn extraction/RP-HPLC. Products rClaincd on the

precolumn were separated on a Spherisorb ODS-2 column (Jones Chromatography)

with a linear gradient between acetonitrile/water/acetic acid (20:S0:0.02) and

acetonitrile/water/acetic acid (S2:4S:0.02) over 60 min at a f10w raie of 2.0 ml/min.

Radioactivity in the column e111ate was analyzed using a Ramona-S-LS liqllid ccII

radioactivity deleclor (Raytest). Abbreviations: 12h-20:3, 12-hydroxy-S,S, 14­

eicosatrienoic acid; 120-20:3, 12-oxo-S,S,14-eicosatrienoic acid.

125



(

(

about the same. However, the proportion of 12(S)_[3H]HETE converted to tritiated

dihydro products was much lower than the proportion of 12(S)-[14C]HETE converted

to the corresponding 14C-Iabeled products (Figure 24). This marked isotope effect

suggests that the rate-Iimiting 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

LT84 by a post-nuclear supCl'natant fraction from PMNL

If LTB4 and 12(S)-HETE could be reduced directly by a 10,ll-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 10,1l-dihydro metabolites of 12-hydroxyeicosanoids,

porcine PMNL were disrupted by sonication and the sonicate was centrifuged at

1500 x g to remove undisrupted ceUs and nuc\ei. LTB4 was incubated with the

1500 x g supernatant fraction for 10 min at 37 oC either in the absence of cofactors

or in the presence of NAD+, NADP+, NADH or NADPH (Table VII). In the

presence ofNAD+, large amounts of 10,1l-dihydro-LTB4and 10,1l-dihydro-12-oxo­

LTB4 were formed from LTB4, whereas only a relatively smaU amount of

1O,II-dihydro-LTB4 was formed in the presence of NADH and no 10,1l-dihydro

products were detected in the absence of cofactors or in the presence of either
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TABLE VII

Metabolism of LTB4 by a post-nuclear super'natant fl'8ction fr'om por'cine l'MNL

LTB, (2 JlM) was incubated with a 1500 x g supernatant fraction from porcine PMNL

(6.5 mg protein/ml) for 10 min at 37 oC in a volume of 1 ml. Incubations werc

terminated by addition of MeOH (0.6 ml) and the products wcre analyzcd by

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

Products (pmol/min/mg protein)

Cofactor

None-

NADP+

NADH

NADPH

10,II-dihydro-LTB,

1.40

0.53

1O,II-dihydro-12-oxo-LTB,

1.56

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

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

hydroxyl group.

2.3. Mclabolism of LT84 by subcellular fraclions 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 Jl-glucuronidase) and plasma membranes (ouabain­

sensitive Na+-K+-ATPase) were measured in each fraction (Table VIII).

Myeloperoxidase and Jl-glucuronidase activities were localized primarily in the

20,000 x g pellet, indic&iÏng 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) conlained 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 10 be present in t"~ endoplasmic reticulum of various cells (322,323).

However, only low levels of activity of this enzyme was seen in the post-nuclear

supernalant from porcine PMNL, with the majority of that activity recovered in the

cytosolic fraction. Il 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. Tt has been reported that porcine PMNL have very little endoplasmic
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TABLE VIII

Marker enzyme activities in subcellulal' fractions fl'OI11 poreine PMNL

Enzyme aetivity was measured as deseribed in Materials and Methods. Relative

specifie aetivity is ealculated by dividing the specifie aetivity in a given fraction by

the specifie aetivity in the post-nuclear supernatant.

Relative Specifie Aetivity

SubeeIllilar
Fraction

Myeloperoxidase 6-G1ueuronidase Ollabain-Sensitive
Na+-K+-ATPasc

o

20 000 x g Pellet 3.10 2.14 5.50
(Granule-rieh)

ISO 000 x g Pellet 1.76 0.70 4.35
(Mierosomes)

150 000 x g Supernatant Il 0.62 n.d.
(Cytosol)

Il no deteetable aetivity.
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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.

LTB4 was incubated with each subcellular fraction in the prese'1ce of NAD+

and the products were separated by NP-HPLC which enables the resolution of

10, II-dihydro-LTB4and 10, II-dihydro-12-epi-LTB4(Figure 25). The 20,000 x g

pellet did not convert LTB4 to appreciable amounts of products (data not shown). On

the other hand, the metabolism of [l-'4C]LTB4 by the 20,000 x g supernatant fraction

was very similar to that of intact PMNL and the 1500 x g supernatant, in that

1O,II-dihydro-LTB4 and 10, ll-dihydro-12-oxo-LTB4 were the major products

(Figure 25A). However, unlike intact PMNL, the 20,000 x g supernatant converted

this substrate to little or no 10,1l-dihydro-12-epi-LTB4. In contrast to the 20,000 x g

supernatant, the 150,000 x g supernatant (cytosol) exhibited little metabolic activity

towards LTB4, with only a very small amount of lO,ll-dihydro-12-oxo-LTB4 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 LTB4 to a substance (product Z; tR= 18 min) which absorbed

in the UV at 318 nm (Figure 26). Finally, recombination of the mkrosomal 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,Il-dihydro metabolites of LTB4 requires at

least one enzyme present in the microsomal fraction and another enzyme present in

the cytosolic fraction.
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Figure 26. UV SpeCfrtllll ofproducf Z (12-oxo-LTB~.

The above results describe the metabolism of LTB4 in the presence of NAD+.

The total amounts of LTB4 metabolites formed by various fractions in the presence of

other cofactors were also determined (Table IX). There was no detectable metabolism

of LTB4 by the granule-rich fraction in the absence or presence of any of the

cofactors investigated. The 20,000 x g supernatant converted LTB4 to

10, II-dihydro-LTB4 and 10, 11-dihydro-12-oxo-LTB4 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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TABLE IX

Effccts of diffcrcnt cofactors on the metabolism of LTB4 by subccIluhll' fl'l\ctîons

l'rom porcine PMNL.

LT84 (2 ~M) was incubated with the granule-rich and 20,000 x g supernalanl

fractions for 10 min and the microsomal and cytosolic l'raclions for 30 min in the

presence or absence of cofactors (1 mM). Incubations were terminaled by the

addition of 0.6 ml MeOH and the products were analyzed by precolumn

extraction/RP-HPLC as described in Materials and Melhods. The value for producls

represent the sums of 10,II-dihydro-LTB4, 1O,II-dihydro-12-oxo-LTB4 and

product Z (12-oxo-LTB4) formed.

Products (pmol/min/mg protein)

Subcel1ular Fraction

Granule

NAD+

n

NADP+ NADH NADPH NONE

20,000 x g Supernalant

Microsomes

Cytosol

Il no detectable aClivity.

93.3

52.9

5.0

29.0
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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, II-dihydro products were formed by

the microsomal fraction in the presence Oi absence of any of the cofactors tested.

LTB. was not metabolized to an appreciable extent by the eytosolic fraction in the

presence or absence of the above cofactors.

2.4. Identification of 12-oxo-LTB. (product Z)

The UV absorption spectrum of product Z is shown in Figure 26. Unlike

LTB., which has a typical triene ehromophore with absorptioil 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 speetrum of the trimethylsilyl ether, methyl ester derivative of

hydrogenated product Z (Figure 27) exhibited intense ions at mlz 427(M-l), 413(M­

15), 397(M-31), 381(M-47), 327 (CçC20), 203 (base peak, CI to Cs), 171, 141(CI2­

C10), 129, and 113. The ions at m/z 203 and 327 confirm the integrity of the Cs

hydroxyl group whereas, the ion at m/z 141 is consistent with a CI2 oxo group. This

mass spectrum is identical to the mass speetrum of the C irresponding derivative of

10, II-dihydro-12-oxo-LTB4 (304), eonfirming the presence of an oxo group at carbon

12. The mass spectral, UV and chromatographie properties of produet Z indieate that

it is identical to 12-oxo-LTB•.
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hydrogel1C1tec! proc!lIct Z (12-oxo-LTB,J. TMS, trimethylsilyl.

2.5. Metallolism of 12-oxo-LTB4

The results described above suggest that the first step in the formation of

IO,II-dihydro metabolites of LTB4 is the formation of l2-oxo-LTB4 lhrough the

activity of a microsomal l2-hydroxyeicosanoid-dehydrogenase enzyme. To

investigate the next step in the pathway, l2-oxo-LTB4 was incubated with either the

microsomal or the cylosolic 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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(' 'fABLE X

Mctabolism oi 12-oxo-LTB4 by cytosolic and microsomal fractions fl'OJIl

porcine PMNL

12-0xo-LTB, (2 /lM) 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

cofaclors (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. Prodllcts

wcre resolved by RP-HPLC and quantitated by UV absorbance lIsing PG~ (300 ng)

as an internaI standard. 1O,1I-Dihydro-12-oxo-LTB4 was the only product formed by

the cytosol, whereas the microsomal fraction produced a dihydroxyr;~osatetraenoic

acid fraction (DiHETE) and 10,1I-dihydro-12-oxo-LTB, (dho-B,).

Product (pmol/l0 min/mg protein)

NADH NADPH NONE
SlIbcelllllar
Fraction dho-B4 DiHETE dho-B4 DiHET~ dho-B4 DiHETE

Microsomes

Cytosol

2.3

38.9

1.4 2.9

23.5

0.9 li

22.3

(

Il no detectable activity.
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Figure 28. Reversed-phase HPLC profile of 12-oxo-LTB. me/(/bo/iles produCI!d by A)

Ihe micrDsomal fraction alld B) the cytoso/ic fractioll ob((fillec! from porcine PMNI•.

Porcine PMNL microsomes and cytosol were incubated with 12-oxo-LTB. (2 /-lM) for

30 min and 5 min, respectively, at 37 ·C in the presence of 1 mM NADH. The

sampies were analyzed by precolumn extraction/RP-HPLC. Products retained on the

precolumn were separated on a Novapak CI8 column (Waters-Millipore) wilh a mobiie

phase of acetonitrile/water/acetic acid (39:61 :0.02). The 110w rate was 1 ml/min. The

l>:bbreviations are; dh-LTB., la, 11-dihydro-LTB.; dho-LTB., 10,II-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

thc lattcr was much more active in metabolizing 12-oxo·LTB•.

12-0xo-LTB. was metabolized b 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. (t,,= 16.0 min) and IO,II-dihydro-12-oxo-LTB.

(tl( = 26.5 min) (Figure 28A). Neither of these products was formed in the absence

of cofactors. Reduction of 12-oxo-LTB. to a DiHETE could give either LTB. or

12-epi-LTB., which may not be resolved using RP-HPLC with

acetonitrile/water/acolÎc acid as the mobile phase. To examine the stereochemistry of

the DiHETE formed from 12-oxo-LTB4 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 identi..:a1 to that of 12-epi-LTB.,

which had been synthesized by reduction of 12-oxo-LTB4 with sodium bcrohydrirle.

The formation of LTBi12-epi-LTB. from 12-oxo-LTB4 appeared to be favored by

NADH whereas the formation of 10,ll-dihydro-12-oxo-LTB4 was greater with

NADPH.

The cytosolic fraction of porcine PMNL was much more active than the

microsomal fraction in converting 12-oxo-LTB4 to 10,ll-dihydro-12-oxo-LTB4 in the

presence of NADH (Figure 28B). 12-0xo-LTB4 was also metabolized to sorne extent

by the cytosolic fraction in tilt: ~bsence of added cofactors, probably due to the

presence of endogenous cofactors. Addition of NADPH did not affect the metabolism

138



1 of 12-oxo-LTB, by the cytosolic fraction appreciably. Neither LTB, nor

1O,11-dihydro-LTB, was detected after incubation of 12-oxo-LTB, with the cytosolic

fraction (Table X).

2.6. Mctabolism of 12(S)-HETE by porcinc PMNL micl'osOIllCs

Earlier in this study (Table VI), il was shown that intact porcine PMNL convert

compounds witll a Cn hydroxyl group preceded by two conjugated double bonds and

followed by a 2-cis-octenyl group to dihydro products (section IlL!.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 enzy~lle, 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). Basc(~ UII ilS

chromatographic and UV spectral properties, this metabolite is presumably identical to

12-oxo-5,8, 10, 14-eicosmetraenoic acid (12-oxo-ETE).

2.7. Tianc courscs fOI' the mctabolism of LTB" 12(S)-HETE and 12(R)-UETE by

pOI'cinc PMNL micl'osomcs

12f.S)-HETE and LTB, have opposite configurations at C1Z, yet intact cells

appear to metabolize both substrates to a similar extent (Table VI). To investigate if

the configuration of the C1z-hydTllxyl group affects metabolism by the

12-hydroxyeicosanoic dehydrogenase, LTB" 12(S)-HETE and 12(R)-HETE were
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Figul'e 29. Reversed-phase-HPLC profile of12(S)-HETE mewbo/ites produced by the

microsomal fraction from poreine PMNL. 12(S)-HETE (1 JlM) was incubated with the

microsomal fraction from porcine PMNL for 40 min at 37 oC in the presence of

NAD+ (1 mM). The sample was analyzed by precolumn extraction/RP-HPLC after

addition of PGB2 (300 ng) as an internaI standard. Products retained on the precolumn

were resolved on a collimn of octadecylsilyl silica (Novapak C1S; Waters-Millipore)

with a gradient between acetonitrile/water/h~v'.c acid (50:50:0.02) and

acetollitrile/water/acetic aciû (55:45:0.02) over 30 min at a flow rate of 1 ml/min.

UV absorbance al 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., internaI standard; 12-oxo-ETE, 12-oxo-5,8, 10, 14-eicosatetraenoic acid.
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Figure 30. Time cO/ll'Ses for Ihe 111elabolis111 of LTB,. 12(S)-f1ETE alld 12(R)-HETE by

Ihe microsoma/ fraclionfro111 poreine PMNL. LTB. (1 /LM), 12(S)-HETE (1 /LM) and

12(R)-HETE (1 /LM) were incubated with the microsomal fraction from porcine

PMNL in the presence of 1 mM NAD+. Products were analyzed by precollimn

extraction/RP-HPLC. Products retained on the precolumn were resolved on a

Novapak CI8 column (Waters-Millipore) as described in Materials and Methods and

qllanlitated on the basis of UV absorbance lIsing PGB2 (300 ng) as an internai

standard.
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incubatcd 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 ail three

substrates are quite similar, indicating that the orientation of the 12-hydroxy1 group

does not appcar to affect the metabolism of the substrate by this enzyme. PGF2.,

which is converted to ilS 15-oxo metabolite by the cytosolic enzyme

15-hydroxyproslaglandin dehydrogenase (320), was not converted to any detectable

products by PMNL microsomes (data nol shown).
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Prior to this study, our laboratory reported the presence of a pathway in

porcine PMNL which catalyzes the metabolism of LTB4 to 10, 11-dihydro-LTB. and

10, II-dihydro-12-oxo-LTB. (304). Other eicosanoids, which have a C l2-hydroxyl

group preceded by two conjugated double bonds and folIowed by a 2-cis-octenyl

group, are also metabolized to dihydro products by porcine PMNL. 6-Trans-LTB.,

12-epi-6-II'w/s-LTB., 12-epi-8-cis-6-1I'a1lS-LTB. and 12(S)-HETE aII faII 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 [lorcine

PMNL is proposed as shown in Figure 31. The individual reactions of this pathway

are discussed in more detail below.

I. 12-Hydroxycicosnnoid dchydrogcnnsc

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 of LTB. by a microsomal 12-hydroxyeicosanoid dehydrogenase producing

12-oxo-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 ~ 10 double bond when the substrate possessed a tritium atom at

C I2 (Figure 24).

The conversion of LTB. to 12-oxo-LTB. appears to be reversib1e since porcine

PMNL microsomes converted 12-oxo-LTB. to a mixture of LTB4 and 12-epi-LTB. in

a ratio of 9: 1 (Figure 28). 1t is not clear if the reduction of 12-oxo-LTB. to LTB. is
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12-oxo-LTB4

l
Cytosollc
10,l1-reductase
NADH/NADPH

o H OH

Mlcrosomal
12-Hydroxyelcosanold

dehydrogenese
NAO+'NAOp·

COOH 1
NAOHINAOPH

H OH

H OH

H OH

H OH

10,11-dihydro-LTB4 10. 11-dihydro-12-oxo-LTB4

HO H OH

10,11-dihydro-12-epi-LTB4

FigUl'(! 31. Proposed schel1le forrhe l1letabolisl1l of LTB, by the 12­

hydroxyeicosalloid dehydrogellaseIlO,lI-reductase parlnvay. Fillcd wcdgcs

represent bonds that project above the plane of the page, whereas open wedgcs

represent bonds that project below the plane of the page. The solid arrows indicatc

enzyme reactions characterized in this study, whereas open arrows indicale putative

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. Prcviously dcscribcd dchydrogcnascs

A number of dehydrogenases, sorne of which oxidize other hydroxyeicosanoids,

have been reporled in lhe lileralure. Sorne of the properties of these dehydrogenases

are summarized below.

2.1. lS-Hydroxyprostaglandin dchydrogenase

The major roule for the metabolism of prostaglandins of the E and F series is

the 15-hydroxyproslaglandin dehydrogenase/!!. 'J-reductase palhway (320). This

palhway catalyzes the formation of 15-oxo, 13, 14-dihydro-15-oxo and 13-14-dihydro­

prostaglandins, analogous to lhe products formed by the 12-hydroxyeicosanoid

dehydrogenase/I0,II-reductase pathway described in this sludy. The first step in the

formation of 13, 14-dihydro-15-oxo-prostaglandins is oxidation of the Cu hydroxy1

group 10 an oxo group by 15-hydroxyprostag1andin dehydrogenase (PGDH) (320).

Two lypes of PGDH have been reported which can be distinguished from one another

by lheir requiremenl for eilher NAD+ (Type 1) or NADP+ (Type II) as a

coractor (324,325). Type 1 PGDH was found to be more specifie for prostaglandins

than Type II and therefore NAD+-dependant PGDH is thought to be the key enzyme

for inactivation of prostag1andins (326). PGDH activity has been found in many

tissucs, but is primarily 10cllized in the cytosolic fraction from 1ung, liver (327) and

placenta (328).

As weil as oxidizing the c.> 6 hydroxyl group of prostaglandins, PGDH has also

been reported to metabolize certain c.> 6 mono-hydroxy PUFA's. HHTrE (329),
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.",:. which is a 17-carbon fatly acid with a Cl2 hydroxy1 group, and 15-HETE (330) are

metabolized by 1ung PGDH in the presence of NAD+ 10 12-oxo-5,8.1O-

heptadecatrienoic acid and 15-oxo-ETE respectively. PGDH does show some

selectivityamongst w6 hydroxylated fatly acids as 5.15-DiHETE, 8.15-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, paDH is a cytosolic

enzyme, whereas 12-hydroxyeicosanoid dehydrogenase was found in the microsomal

fraction l'rom porcine PMNL. Secondly. neither intact PMNL nor PMNL microsomcs

were able to metabolize PGF2a to any detectable products in the presence of NAD+

(Table VI and section HU.7.).

2.2. 13-Hydroxy-9,1l-o'::ladecadienoic acid dehydrogenase

More recently, Earles et al. have described a 13-hydroxy dehydrogenase

present in rat colonie mucosa which catalyzes the conversion of 13-HODE to 13-oxo-

ODE (331). The reaction catalyzed by this dehydrogenase is highly specilïc for

NAD+ and was found to be essentially irreversible. 13-HODE is metabolizcd by the

12-hydroxyeicosanoid dehydrogenase/lO, 11-reductase pathway in porcine PMNL to

11,12-dihydro and 11,12-dihydro-13-oxo melabolites. presumably through a 13-oxo-

ODE intermediate (Figures 19 & 20). However, the cytosolic localization of the 13-

HODE dehydrogenase in colonie mucosa suggests that il is distinct l'rom

12-hydroxyeicosanoid dehydrogenase of porcine PMNL.
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2.3. IS-lIydl'oxyeicosanoid dehydl'ogenase fl'om mouse Iivel'

J5-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 15(S)-HETE to 15-oxo­

ETE and requires either NAD+ or NADP+ as a cofactor. 5, 15-DiHETE and 8,15­

DiHETE are also metabolized by mouse liver microsomes, but the metabolites were

not identified. Il is not known if 12-hydroxyeicosanoids are metabolized by this 15­

hydroxyeicosanoid dehydrogenase. Therefore, further characterization of this liver

enzyme is required to make a clear distinction between these two eicosanoid

dehydrogenase aetivities.

2.4. Othel' dehydl'ogcnases

Othcr mammalian dehydrogenases which are capable of oxidizing hydroxylated

aliphatic compounds include alcohol dehydrogenases (ADH) and 3œ-hydroxysteroid­

dehydrogenase.

ADH activity is primarily localized in mamllalian liver with Iesser amounts

round in intestine, kidney, and Jung (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+ \Vith a preference for unsaturated alcohols over their saturated analogues (335).

Fally acids are potent inhibitors of ADH (336), but it is not clear if long-chain

hydroxylated fally acids, such as the compounds used in this study, are substrates for
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this enzyme. As ADH is found in the cylosoIic comparlmenl of ecUs. it is unIikcly

that this enzyme is responsible for the 12-hydroxyeicosanoid dehydrogenase aclivily

present in porcine PMNL.

3œ-Hydroxysteroid dehydrogenase is also a cytosoIic enzyme found in

mammaIian liver tissue. This enzyme is indistinguishable from dihydrodiol-

dehydrogenase (337). 3œ-Hydroxysteroid dehydrogenase catalyzes the reversiblc

conversion of alcohols to ketones in the presenœ of either NAD+ or

NADP+ (337,338). The major oxidative activity attributed to 301-hydroxysteroid

dehydrogenase is the oxidation of 3œ-hydroxysteroids. Olher hydroxylated steroids,

with hydroxyl groups in the 3B, lIB, 17œ, 17B, 20œ, 20B, 21 and 22 positions, are

not appreciably metabolized (338). It is not clear if other hydroxylated aliphatic

compounds cou1d be metaboIized by 3œ-hydroxysteroid dehydrogenase, although

arachidonic acid and various prostaglandins have been reported to inhibil its

aClivity (337). The cytosoIic .ocalization of lhis enzyme distinguishes it from the

12-hydroxyeicosanoid dehydrogenase of porcine PMNL.

3. Identification of a cytosolic eicosanoid lO,lI-redllctase

ln this study, we have identified cytosolic 10, ll-reductase aClivity in porcine

PMNL wliich catalyzes the metabolism of 12-oxo-LTB4 to 1O,11-dihydro-12-oxo-

LTB4 in the presence of eilher NADH or NADPH (Table X). Il was previously

thought that formation of 1O,1l-dihydro-LTB4 by porcine PMNL was the resull of

direct reduction of the !::. 10 double bond of LTB4 by a 10,11-reductase. This
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Illcchanislll was hypothesized because intact porcine PMNL converted LTB4 and

l2(S)-HETE, both labeled with deuteriunl at C12 ' to dihydro products in which the

dcutcriulll was retained to extents of 65% and 50% respectively (304,321). As

oxidation of the l2-hydroxyl group to an oxo group would have resulted in the

rCllloval of the Cl2 dcuterium atom, retention of this deuterium suggested that the à 10

douL!e bond of LTB, V/as reduced directly. However, the present study c1early

showed that LTB.. was not a substra'e of the cytosolic 1O,1l-reductase. Il would

thcrcl"ore appear that the partial retention of the CI2 deuterium atom in the previous

sllld:r was due to its transfer from CI2 of the sllbstrate to NAD+ prodllcing NAD2H

during the formation of the 12-oxo intermediate (Figure 32). In the subsequent

reduction 0' -.!le 10,1 l-dihydro-12-oxo interlllediate to the 10,1 I-dihydro compound,

the dellteriùm atom of NAD2H could be returned to the CI2 position, resulting in

partial apparent retention of the CI2 deuterium.

4. l'rc\'iollsly dcscl'ibcd l'cdllctascs

There are l11any examples of the formati·iO of dihydro metabolites of olefinic

COl11pOlilids in the literature. In general, reduction of a carbon-carbon double bond

can occur ioy lWO mechanisl11s. The first mechanism requires activation of the double

bond prior to redllction. This may be accomplished by oxidation of an adjacent

hydroxyl group to an oxo group by a dehydrogenase, followed by reduction of the

olefinic double bond of the lInsaturated keto interl11ediate by a rcd ilctase. The second

mechanism i., simply the direct redllction of the double bond by a redllctase. The
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10,11-dihydro­

12-oxo-LTB4

-.

12-hydroxyeicosanoid

dehydrogenase

~---............. 12-oxo-LTB4
/ "-"<il 11o.11-reductase

NAD+ NA02H NADH/NADPH., /

10,11-dihydro-~/
[12-2HlLTB4

Figure 32. Schellle for the metubolism of [J2-2HjLTBJ•

present study c1early shows that reduction of the t!. 10 doublc bond of LTB., catalyzcd

by the 1O,ll-reductase present in the cytosolic fraction from porcine l'MNL, rcquircs

prior activation of the t!. 10 double bond by its conjugation with a keto group.

4.1. Rcductascs that ['cquirc prior activatiou of carbon-carbon double bonds

4.1.1. 15-oxoprostnglandin t!. 13-rcductasc

As mentioned above (section IV.2.1.), the major pathway for the I11ctabolism of

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

dehydrogenasel t!. 13 reductase pathway. 15-0xo-prostaglandins, forl11ed by the action

PGDH, are further metabolized by t!.13-reduclase to 13,14-dihydro-15-oxo

metabolites. Reduction of the 13,14-double bond by the t!. 13-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

hydlùxyl group in lhis position (339).

4.1.3. 6, II-Reduetasc of human PMNL

Human PMNL contain a 6, II-reductase which requires prior oxidation of the

subslrate by a 5-hydroxyeicosanoid dehydrogenase (303). Human PMNL metabolize

6-II'lIIIS-LTB, to 6, II-dihydro-LTB, and 6,II-dihydro-5-oxo-LTB,. Melabolism of 12­

cpi-6-lralls-LTB" labeled with a deuterium in the 5-position, resulted in the formation

of li 6, Il-dihydro metabolite which had lost the Cs deuterium atom (303). This

suggcsls 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. Othel' olelin reduclases

There are several other examples of reduclases which catalyze the reduction of

double bonds that are in conjugation with an oxo group. 2-Trans-enoyl-CoA

rcductase, involved in fatty acid chain elongation, catalyzes the reduction of the li 2

double bond of 2-ll'lIns-enoyl-CoA, which is in conjugatio:l with the carbonyl group of

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

l'ully acids, -::atalyzes the same reaction witl) 2-trans-4-cis-enoyl-CoA as the

substrate (341). Steroid li 4 reduclase also calalyzes the reduction of an activated

donbl", bond. Biologically active steroids such as probesterone, androgens, estrogens,

glucocorticoids and mineralocorticoids ail have a Cl-OXO group in conjugation with a
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li. ' double bond. These li. '-3-kelostcroids may bc furthcr mClabolizcd by slcroid li. "-

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

4.2. Redllctases that catalyze the direct l'edllction 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 melabolisn' of slerols does

provide two prominent examples of this phenomenon, 7-Dehydrocholesterol is

converled to choleslerol by a li. 7·reductase which catalyzes lhe direct reduclion of the

li. 7 double bond (343), ln a similar manner, li. "-reductase calalY7es the conversion

of li. ~.I'-sterols to li. 8-sterols by the direct reduction of a double bond (344),

5-Enoyl-CoA reductase, which is involved in B-oxidation of odd-numbered

unsaturated falty acids by rat liver, also provides an example of direct reduclion of

carbon-carbon double bonds (345), This enzyme calalyzes the direct reduclion of the

/1 S double bond of 5-cis-enoyI-CoA intermediates,

5. Possible meehanisms 1'01' the fOl'llll1tion of 10, lI-dihydro-LTB, 1'1'0111 10,11-

dihydro-12-oxo-LTB,

This study has clearly demonstrated that the first two steps in the formation of

IO,l1-dihydro eicosanoids are catalyzed by 12-hydroxyeicosanoid dehydrogenase and

10,ll-reductase, respectively, ln the case of LTB4, this results in the formation of

10,II-dihydro-12-oxo-LTB" The mechanism for the subsequent formation of 10,11-
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dihydro-LTB, and 1O,II-dihydro-12-epi-LTB, is less c1ear. As discussed above, we

have found no evidence for the formation of IO,II-dihydro-LTB, by the direct

rcduclion of LTB4 (section IV.3.). Furthermore, when LTB, was incubated with the

20,000 x g supernatant from porcine PMNL, only ID, Il-dihydro-LTB, and notthe

corrcsponding 10, II-dihydro-12-epi isomer was detected (Table IX). These

observations suggest the involvemi::nt of an enzyme which catalyzes the stereospeci fic

rcduclion of 10, II-dihydro-12-oxo-LTB, to IO,II-dihydro-LTB,. The subcellular

10catization of this enzyme activily was not investigated further in this study.

However, il was observed that metabolism of 12-oxo-LTB, by the ID, ll-reductase in

Ihe cytosolic fraction of porcine PMNL produced 10, II-dihydro-12-oxo-LTB4 but no

10, Il-dihydro-LTB, was detected (Figure 28B). This suggests that the principle sile

of conversion of 10, II-dihydro-12-oxo-LTB, to 10, 11-dihydro-LTB, may be the

microsomal fraction. In agreement with this hypothesis, il was observed that the

12-oxo group of 12-oxo-LTB4 is stereospecifically reduced to a I2(R)-hydroxyl group

by the microsomal fraction in the presence of NADH and NADPH, producing

LTB., (Figure 28A). Only a small amount of 12-epi-LTB4 was formed. Il is not c1ear

if the microsomal enzyme catalyzing the conversion of 12-oxo-LTB, to LTB, is also

responsible for the reduction of 1O,II-dihydro-12-oxo-LTB, to 10,1l-dihydro-LTB4•

There are two possible mechanisms for the reduction of 1O,1l-dihydro-I2-oxo­

l:rB, 10 10,1l-dihydro-LTB4• First, a ketoreductase may be involved which

slereospecifically reduces the C'2 oxo group to a hydroxyl group. Secondly,

12-hydroxveicosanoid dehydrogenase, which catalyzes the conversion of LTB4 to
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12-oxo-LTB~, may act in the reverse direclion to convert 10,II-dihydro-12-oxo-LT13.,

lo 10, Il-dihydro-LTB~.

5.1. I)l'eviously desCl'ibed ketoeicosanoid I,etol'eductases

There are several ketoreductases reported in the literature which catalyze the

metabolism of ketoeicosanoids. Most, ketoreductases are locatcd in the cylosolic

comparlment of cells and stereospecifically reduce carbonyI groups to hydroxyl

groups. Human carbonyl reductase, which has been extensively sludied, is a cylosolic

enzyme that is widely distributed in human tissues (346). This cnzyme is rcporlccl to

non-specifically reduce carbonyl groups, inc1uding the carbonyI groups of

9-keloprostaglandins. An Il -ketoreductase, which s,,,reospecilically reduccs PG Dl lo

9CY, 111l-PGF2 has been reported (347). This enzyme was found in the cylosolic

fraction of human liver and requires NADPH for activity. Similarly, a 9-

kcloreduclase, which catalyzes the metabolism of PG~ to PGF2n , has been rcporled

in ral, monkey and pigeon tissues (348). This enzyme activity was localizcd

primarily in the cylosolic fraclion of these tissues, allhough some activily was also

found in microsomal fractions.

Two kctoreductases which catalyze the reduction of 12-oxo-ETE to 12-HETE

have been reported. These ketoreductases are parti.cularly relevanl lo this study as the

catalytic activity of these enzymes is similar to that proposed for the reduction of

1O,II-dihydro-12-oxo-LTB4 to 10,1I-dihydro-LTB4• A microsomal fraction from rat

liver has been reported to convert 12-oxo-ETE to a mixture of 1'2(S) and 12(R)-HETE
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in a ratio of about 2: 1 in the presence of either NADH or NADPH (349). As

rctorcductases generally catalyze the stereospecific reduction of carbonyi 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-oxC'­

ETE to 12(S)-HETE in the presence of NADH (350). The stereospecific nature of

this enzyme and its microsomallocation in PMNL suggests that it may be similar to

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

5.2. InvolvclIlcnt of 12-hydl'oxycicosanoid dchydl'ogcnasc

The second possible mechanism for the reduction of 1O,1l-dihydro-12-oxo­

LTB. is the 12-hydroxyeicosanoid dehydrogenase, acting in the reverse direction.

There are many exalllples in the Iiterature of dehydrogenases which catalyze the

reversible conversion of alcohols to carbonyls. We discussed earlier similarities

bctwecn the j'GDHI il 13-reductase pathway and the 12-hydroxyeicosanoid

dehydrogenase/lO,11-reductase. Prostaglandins are converted to 15-oxo­

prostaglandins and then to 13, 14-dihydro-15-oxo-prostaglandins by the sequential

activities of PGDH and il1l-reductase. However, 13,14-dihydro-15·oxo­

prostaglandins Illay be metabolized furtller to 13,14-dihydro-prostaglandins (320).

There is S\;llle evidence that this reaction is catalyzed by PGDH acting in

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

prostaglandins, but are stilliess active than the parent prostaglandins (352). Other
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dehydrogenases which catalyze the reversible oxidation of hydroxyl groups includ~

malate dehydrogenase, lactate dehydrogenase, lUld isocitrate dehydrog~nasc (353).

The results of the deuterium-Iabeling expedment discusscd in section IV.3. arc

consistent with the involvement of 12-hydroxyeicosanoid dehydrogenase in the

convcrsion of 10, II-dihydro-12-oxo-LTB. to 1O,1l-dihydro-LTB•. ft was rcportcd

that metabolism of LTB., labeled with a deuteri um at Cil produced 10, Il-dihydro­

LTB. which retained 65% of the deuterium label at C'2 (304). This was prcsum~loly

due to transfer of the CI2 deuterium of LTB. to !':AD+ during the formation of

12-oxo-LTB. producing NAD2H. The deuterium of NAD2H could thcn be transferred

back to CI2 during the reduction of 10, II-dihydro-12-oxo-L'fB. 10 10, Il-dihydro-

LTB. (Figure 32). However, if NAD2H were produced and liberated inlo the puul of

free cofactors, one would expect that d deuterium irom NAD2H couId also be

incorporated at CIO or Cil during the reduction of l2-oxo-LTB. 10 10,II-dihydl'l'

12-oxo-LTB. by 10, ll-reductase. No deuterium was observed at these carbons of

10, Il-dihydro-LTB. (304), sugg.:sting that NAD2H was not available for thc 10,11-

reductase. This anomoly could be explained if l2-hydraxyeicasanaid dehydragenase

catalyzes bath the axidatian af LTB. ta l2-axo-LTB. and the reduction of IO,! 1-

dihydra-12-axa-LTB. ta 10,II-dihydro-LTB•. The reversibilily af lhis reaction could

allaw the cafactors ta remain associated with the enzyme. This has been shawn ta be

the case with malate dehydrogenase as illustrated belaw (Figure 33) (354). As is truc

far several dehydrogenases, malate dehydrogenase fol!aws an ardered ternary

camplex mechanism in which NAD+ binds ta the enzyme prior la malale. Malate is
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Ihcn convcrlcd 10 oxaloacelale which is released. The last step in this pathway, which

is lhc ralc-limiting step, is the release of NADH.

." _ -_ _- ,

E+
: +

+: NAD
NAD : E == NAD+ NADH NADH :

E == E == E ---:.. NADH +E
Malale Oxaloacelale

(

' - _--_ .

FigUl'c 33. Ellzyme mechallism ofma/are dehydrogellase.

As the concentration of malate and oxaloacetate increase, the rate of conversion

of thc binary complexes (ENAD & ENADH
) to ternary complexes increases. The enzyme

lhen 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 CI2 of 10,11-

dihydro-LTB4 (304). Conversion of [12-2H]LTB4 to 12-oxo-LTB4 by

l2-hydroxyeicosanoid dehydrogenase would result in the formation of NAD2H which

cOlild remain associated with the enzyme. 12-0xo-LTB4 could then be redllced to

lO,ll-dihydro-12-oxo-LTB4 by 10,l1-reductase utilizing NADH l'rom the pool of free

cofactors. 1O,II-Dihydro-12-oxo-LTB4 could subsequently be reduced to 10,11­

dihydro-LTB4 by 12-hydroxyeicosanoid dehydrogenase which may still be associated

\Vith NAD2H resulting in the transfer of the deuterium back to C12•
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Another explanation for the preferential rctention of dCliterium at C I2 of 10,11-

dihydro-LTB. and not at CIO or Cil' may lie in the distribution of cofactors with the

cell. Pyridine nucleotide cofactors do not pass freely through ccII and mitochondrial

mcmbranes (355). Therefore pyridine nucleotide cofactors wilhin subcellular

organelles would not be expected to mix readily with cytosolic cof'lctors. If

12-hydroxyeicosanoid dehydrogenase is located wilhin the endoplasmic relÎCullim of

porcine PMNL, NAD2H, produced l'rom the metabolism of [12-2H]LTB. to 12-oxo-

LTB., may not be available for a cylosolic enzyme such as 1O,II-redlictasc. Inlhis

inslance, sequestered NAD2H would be available to either 12-hydroxyeicosanoid

dehydrogenase or other ketoreductases present in the same sllbccllular organelle for

the reduction of la, II-dihy:lro-12-oxo-LTB. to 1O,II-dihydro-LTB•. However, il

should be noted that we were unable to conclude l'rom this study whcthcr

12-hydroxyeicosanoid dehydrogenase is present in the endoplasmic reticulum or

plasma membranes l'rom porcine PMNL.

6. Possible meehunisms fol' the fomlution of IO,1l-dihydl'o-12.eJ>i-LTB.

The mechanism for the formation of la, ll-dihydro-12-eJ>i-LTB. by porcine

PMNL is less clear. Although we detected substantial amlJunts of IO,II-dihydro-

12-epi-LTB4 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, II-dihydro-12-epi-LTB4 is formed much more slowly lhan 10, II-dihydro-
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LTB, and the incubation times used in the present sllldy may not have been long

enough. There are two possible mechanisms for the formation of JO,II-dihydro­

12-epi-LTB" involving either a ketoreductase or an epimerase.

6.1. Rcduction of IO,1l-dihydro-12-oxo-LTB, by a kctol'cductasc

One possible mechanism for the formation of JO,II-dihydro-12-epi-LTB, is that

bolh lD,i i-d:!Jyrlro-LTB, and JO,J.1-dihydro-12-epi-LTB, are formed by the reduction

of 10, II-dihydro-12-oxo-LTB, by the same enzyme, either 12-hydroxyeicosanoid

dehydrogenase or a ketoreduclase as discussed above (section IV.5.). However, this

would seem lInlikely for several reasons. First, slUdies with intact porcine PMNL

indicate lhat JO,II-dihydro-LTB, is formed initially, whereas JO,II-dihydro-12-epi­

LTB, is formed after a lag period (Figure IDA). Secondly, with the exception of

raccmases and epimerases, enzymatic reactions are generally stereospecitic. One

might therefore cxpcctlhe 12-oxo group of IO,II-dihydro-12-oxo-LTB, to be reduccd

stercospccifically to either a 12(R) or a 12(S)-hydroxyl group.

It wOlild seem much more Iikely that there are two separate enzymes, each

specific for the formation of one of the isomers. The observed lag in the formation

of IO,II-dihydro-12-epi-LTB, could then be atlributed to a difference in the rates of

redllction of 1O,ll-dihydro-12-oxo-LTB, by the two enzymes. However, under these

conditions, one might expect Ihat the stereochemistry at CI, ùf the initiaily formed

isomer wOllld be Ihe same irrespective of the stereochemistry at CI2 of the substrate.

The resliIts of this stlldy show thatthis is not true for the metabolism of 12(S)-HETE
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and LTB4 • The initially formed 10, II-dihydro metabolite of 12(S)-HETE has thc R

contïguration at C12 ' whereas the corresponding product formcd from LTB4 has the S

configuration at Cl2 (Figures IOA & 18).

6.2. Epimcrization of lO,1l-dihydl'0-LTB4

Another possible mechanism for the formation of 10, II-dihydro-12-epi-LTB4

that must be considered is the epimerization of 1O,II-dihydro-LTB'I' Eicosanoids can

undergo chemical epimerization due to the 10ss of a hydroxyl group and Ihe formation

of an intermediate carbonium ion (356). However, the interconversion of 10,11-

dihydro-LTB4 and 10,II-dihydro-12-epi-LTB4 by inta.::t cel1s appears to be

enzymatical1y catalyzed, since neither of these reactions occurs if the cel1 suspensions

have previously been placed in a boiling water bath (section Ill. 1.2.2.). Morcovcr,

the formation of a carbonium ion due to the loss of the C'2 hydroxyl group of 10,11-

dihydro-LTB4 is unlikely, since conversion of ID, II-dihydro-[12}H1LTB~ to 10,11-

dihydro-12-epi-LTB4 results in loss of most of the Intium from CI2 (Figure II).

l~acemases and epimerases general1y act by rcmoving a hydrogcn atO:,l from

the chiral center of the subslrate in the fonn of either 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). Whcn the chiral

center possesses a hydroxyl group, as in nucleotide sugars, a hydride anion ITldY bc

removed by a tightly bound cofactor (357). For example, NA!)+ is tightly bound at
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the active site of UDP-D-glucose 4'-epimerase (361). Catalysis by this enzyme

rcsults in abstraction of a hydride anion from the subslrate and formation of an oxo

intenmdiale. The hydride anion is subsequently returned to the substrate during

reuuction 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 wilh the medium rather than

transferrcu back 10 the substrate (363).

From the present results it is not possible te , . nc1ude which of the above

mechanisms is responsible for the production of lO,ll-dihydro-12-epi-LTB. by the

12-hydroxyeicosanoid dehydrogenase/lO,ll-reductase pathway.

7, Rcclllctasc pathways pr'csent in other' l'clis

During the course of this study, other groups reported the formation of dihydro

metabolites of eicosanoids by other cells. The l'l'II types involved and their metabolie

activities are summarized in Table XI.

7. I. Conversion of LTB. to dihydr'o products by other' l'clis

In 1987, Kaever ct al. reported the metabolism of LTB. by rat mesangial and

Iibroblast l'l'Ils, and mouse macrophages and T-lymphocytes (364). The UV spectrum

of the main metabolite produced by these l'l'Ils had a À..", at 232 nm instead of at

271 11111, indicating the reduction of one of the conjugated double bonds of LTB4•

This metabolite was identified as a 5,12-dihydroxyeicosatrienoic acid (dihydro-LTB4)

161



•1
~

TABLE XI
eclls which havc ['cp0l1cd cicflsanoid l'cdllctasc activity

Cell Type Substrate Producls Rcfercnce

Rat
-mcsangial ceUs

-Iibroblasts
-PMNL

LTB. dh-LTB.uh (364)

LTB. dh-LTB.h (364)

LTB. dh-Ll'B•• dho-L'm".
dh-12e-LTB. (291)

Mouse
-macrophages

-l'-lymphocyte-

Human

-mesangial ceUs
-Iung macrophages

-monocytes

-chopped lung

-PMNL

Bovine

-corneal

microsomes

LTB.

LTB.

LTB.
LTB.

LTB.

LTB.

6-r-LTB.

12e-6r-LTB.

20:4

dh-LTB.h

dh-LTB.h

two dh-LTB. isomcrsh

dh-LTB}1

two dihydro meUlbolilcSh

dh-LTB•• dho-LTB".
dh-12e-LTB.

6.11-dihydro­

metabolites

12(R)h-20:3

(364)

(364)

(365)

(366)

(367.368)

(369)

(303)

(313)

-

Il Abbreviations: 6r-Ll'B•• 6-lra/ls-Ll'B.: 12e-6r-LTB4• 12-epi-6-rra/ls-LTB,,: dh-LTB,..

10,1l-dihydro-LTB.: dho-LTB4 • 1O,II-dihydro-12-oxo-LTB.; dh-12e-LTB•• 10.11­

dihydro-12-epi-LTB.; 12(R)h-20:3. 12(R)-hydroxy-5,8,14-dcosatrienoic acid,

h Positions of remaining double bonds not confirmed,
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TABLE XI

Cclls which havc l'cpo/1cd cicosanoid "cdllctnsc actil'ity

CcII Type Substrate Products R('~erence

Rat
-mesangial cell,

-fibroblasts
-PMNL

LTB. dh_LTB}lb (364)

LTB. dh-LTB.b (364)

LTB. dh-LTB., dho-LTB.,

dh-12e-LTB. (291)

Mouse
-macrophages

-l'-lymphocytes

dh-LTB.b

dh-LTB.b
(364)

(364)

Human
-mesangial cells

-Iung macrophages
-monocytes

-chopped lung

-PMNL

LTB. two dh-LTB. isomersb (365)

/.TB. dh-LTB.b (366)

LTB. two dihydro metabolitesh (367,368)

LTB. dli-LTB., dho-LTB.• ,
dh-12e-LTB. (369)

6-t-LTB. 6,II-dihydro-

12e-6t-LTB. metabolites (303)

Bovine

-corneal

microsomes

20:4 12(R)h-20:3 (313)

u Abbreviations: 6t-LTB., 6-trans-LTB.; 12e-6t-LTB., 12-epi-6-trans-LTB.; dh-LTB.,

10,1l-dihydro-LTB.; dho-LTB., 10,ll-dihydro-12-oxo-LTB.; dh-12e-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.
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bascd on its UV absorbance spcctrum, chromatographic properties and mass

spcctrum. Furthcr lTletabolism of dihydro-LTB4 by the same ceUs produced several

polar mctabolites which absorbcd 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

mcsangial ceUs aIse converted LTB4 to dihydro-LTB4 (365). Rechromatography of the

dihydro-LTB4 fraction under different RP-HPLC conditions resoIved two dihydro-

LTB4 isomers which had identical mass spectra. The location of the remaining double

bonds of the dihydro-LTB4 metabolites described in these studies was not determined.

However, it is likely that these products are identical to the 10,1l-dihydro-LTB4

isomers produced by porcine PMNL.

Metabolism of LTB4 to dihydro-LTB4 by human macrophages and monocytes

has also been reported. In 1988, Schônfeld and coworkers reported the metabolism of

LTB4 lo a Iess polar product by human lung macrophages (366). The major

metabolite was indistinguishable from the dihydro-LTB4 metabolite produced by rat

fibroblasts, described above, under three different chromatographie conditions. A

second (ess polar metabolite was reported which was only produced by macrophages,

but this metabolite was not characterized further. Human monocytes were also

reported to convert LTB4 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-LTB4 metabolites

were not determined.
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A more recent study has reported the metabolism of 1.1'13. to dihydro

l11etabolites by chopped human lung (369). Analysis of the 1.1'13" I11ctabolitcs by Rl'-

Hl'LC resolvcd two less polar products. The first l11etabolite \Vas identificd by GC-

MS, UV spcctroscopy and co-chromatography with authcntic standards as 10,11-

dihydro-LT13•. Rechromatography of the 10,Il-dihydro-LTB. fraction by chiral-phasc

Hl'LC revealed the presence of both 10,Il-dihydro-LTB. and 1O,II-dihydro-12-cpi-

1.1'13•. The s(;'cond 1.1'13.. metaboIlte was tentatively identified as 10, 1I-dihydro-

12-oxo-LTB. based on the similarity of ils chromatographic properties with thosc of

1O,1l-dihydro-12-oxo-LTB.. which was isolated l'rom porcine l'MNL in our

laboratory (304).

7.2. The S-hydroxyeicosanoid dehydrogenase/6,1l-reductase pathwlIY

As was discussed in the introduction, human l'MNL metabolize 6-tmlls-LTB..

and 12-epi-6-trans-LTB.. to 6,1l-dihydro metabolites by a 5-hydroxyeicosanoicl

dehydrogenase/6, ll-redUClase pathway (303). The catalytic l11echanism of this

pathway is similar to the 12-hydroxyeicosanoid dehydrogenase/ 10, 11-recluctasc

pathway described in this study, involving an initial oxidation of a hydroxyl group

followed by reduction of a conjugated double bond (303). However, there arc severai

characteristics of the 5-hydro;{yeicosanoid dehydrogenase/6, 11-recluctase pathway

which distinguish it l'rom the 12-hydroxyeicosanoid dehydrogenase/ 10, 11-rcductase

pathway. First, the two pathways have different substrate spccificities. The 5-

hydroxyeicosanoid dehydrogenase/6, 11-reductase pathway melabolizes compounds
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wilh a 5-hydroxyl group followed by a 1:. 6-trans double bond (303,370). Compounds

which meellhese requir"ments inc1ude 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

dehydrogenasellO, ll-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 inc1ude LTB., 12-HETE, 6-trans­

LTB., 12-epi-6-trans-LTB. 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,l1-reductase pathway is found in human and porcine PMNL but is

absent in rat PMNL, whereas the 12-hydroxyeicosanoid dehydrogenase/l0,1l­

reduclase pathway is found in porcine and rat PMNL, but is not present in human

PMNL (301,370,291).

7.2.1. Formation of tetrahydrometabolites of 6-trans isomers of LTB.

As mentioned above, the 5-hydroxyeicosanoid dehydrogenase/6,ll-reductase

palhway 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/6,1l­

reductase pathway and the 12-hydroxyeicosanoid dehydrogenase/lO,ll-reductase

pathway (370). 6-Trans-LTB. was metabolized 10 1O,1l-dihydro and 10,1l-dihydro­

12-oxo products by the 12-hydroxyeicosanoid dehydrogenase/l0,1l-reductase

pathway, and to 6,ll-dihydro and 6,ll-dihydro-5-oxo products by the 5·
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hydroxyeicosanoid dehydrogenase/6, 11-reductase pathway. In addition to thesc

dihydro metabolites, porcine PMNL also converted 6-t/,{/l/s-LTB. to several

metabolites which did not absorb UV Iight at either 235 mil or 280 nm, indicatin\; the

absence of any conjugated double bonds. These metabolites wcrc identified as

tetrahydro, 5-oxotetrahydro, and 12-oxotetrahydro metabolites of 6-t/,{/l/s-LTB., and

were presumably formed by the sequential activities of the two pathways. The

tetrahydro metabolites of 6-!l'al/s-LTB. have a single double bond bctwecn Cs and C12 ,

but hs location was not determined. 12-Epi-6-t/,{/l/s-LTB., and to a lesser extcnt

12-epi-8-cis-6-tral/s-LTB4, were also metabolized to tetrahydro products by porcinc

PMNL.

7.3. Production of 12(R)-5,8,14-eicosatrienoic acid by bovine corneal microsomcs

In 1988, Murphy et al. reported the metabolism of arachidonic acid lo 12(R)­

5,8,14-eicosatrienoic acid by bovine cornealmicrosomes involving a cylochrome-P­

450 dependent process (313). Two possible pathways for the formation of 12(R)­

5,8,14-eicosatrienok 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-oxo-5,8,14-eicosatrienoic acid, fol1owed

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-oxo-5,8, 10, 14-eicosatetraenoic acid, fol1owed by two stages of

reduction; tirst to 12-oxo-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 C12' which is consistent with their observation of the

formation of only heptadeuterated 12(R)-hydroxy-5,8,14-eicosatrienoic acid from

octadeuteratt'd [5,6,8,9, 11, 12, 14,15-2H]arachidonic acid.

The 12-hydroxyeicosanoid dehydrogenasellO,ll-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

metabolism of 12(S)-HETE and 12(R)-HETE to 12-oxo-ETE by microsomal

12-hydroxyeicosanoid dehydrogenase art' similar to one another (Figure 31) and that

subsequent melabolism of 12-oxo-ETE will produce both 12(R)-hydroxy-5,8,14­

eicosalrienoic acid and 12(S)-hydroxy-5,8, 14-eicosatrienoic acid. It 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(S)-hydroxy­

5,8, 14-eicosatrienoic acid. Il is possible that 12(S)-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/l0,1l-reductase pathway would involve the

formation of 12-oxo-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 deulerated

arachidonic acid as discussed above,

8. Signifirallcc of thc 12-hydroxycicosalloid dch)'drogcllasc/l0,11-I'cdllctase

palhway

The 12-hydroxyeicosanoid dehydrogenase/lO, 11-reduclase pathway may be

regarded as either a metabolic pathway for the removal of biologically active

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 dehydrogenasellO,ll-reductase pathway in close proximity to

eicosanoid-producing cells such as platelets, PMNL and the vaseular endothelium. Il

is therefore possible lhat 12-hydroxyeicosanoids formed by one type of ccII could bc

converted to dihydro melabolites by a different cell type by the phenomenon of

transcellular melabolism, thus enhancing the potential significancc of the

12-hydroxyeicosanoid dehydrogenase/l0,II-reductase pathway ill vivo,

8.1. Rcmoval of biologically activc compollnds

Clearly one possible role for the 12-hydroxyeicosanoid dehydrogenase/lO,ll-

reduclase pathway of porcine PMNL is the metabolism of LTB4 to less active

products. As mentioned in the introduction, LTB4 is a potent proinflammatory agent

stimulating PMNL chemotaxis, chemokinesis, and adhesion to the vascular
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cndothclium (189,190,191). The 12-hydroxyeicosanoid C:ehydrogenase/IO, 11­

rcductase pathway metabolizes LTB4 to 12-oxo-LTB4, 10,II-dihydro-12-oxo-LTB4,

IO,ll-dihydro-LTB4 and IO,II-dihydro-12-epi-LTB4• Although the present study did

not examine the biological activities of these metabolites, other groups have examined

the proinfiammatory effects of dihydro-LTB4 produced by other cens. Dihydro-LTB4

produced by rat mesangial cens was reported to have significantly less

proinfiammatoryactivity than LTB4 when assayed for stimulation of human leukocyte

chemotaxis, chemokinesis, aggregation, adhesion to endothelium and superoxide anion

production (372). Similarly, the two dihydro-LTB4 isomers produced by human

Illesangial cens exhibited only marginal chelllotactic activlty towards human

leukocytes at the highest concentration tested (10.7 M) (365). Furthermore, 10,11­

dihydro-LTB4 and 1O,1l-dihydro-12-epi-LTB4, produced by chopped human lung,

were round to be approximately 100 times less potent than LTB4 in stimulating

contraction of guinea-pig lung parenchymaJ strips, as we11 as in increasing

Illicrovascular permeab1i1ity in the hamster cheek pouch (369). Therefore, the reported

reduced biological activity of the dihydro-LTB4 metabolites produced by these ce11s

suggests a role for the 12-hydroxyeicosanoid dehydrogenase/10,1l-reductase pathway

in rellloving the potent proinflammatory effects of LTB4• However, it should be

noted that the biologicaJ activities of 10,1l-dihydro-12-oxo-LTB4 and 12-oxo-LTB4

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

The 12-hydroxyeicosanoid dehydrogenase/lO, II-reductase 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 eilher 12(S)-HETE or

12(R)-HETE, has the most significant biological aClivities 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 generaling a

vasodilatory response of an isolated rat lail artery preconslricled wilh

phenylephrine (313). 12(R)-Hydroxy-5,8,14-eicosatrienoic acid has also becn

reporled to have angiogenic activity (313), and 10 be a more potent chcmotactic agent

for human neulrophils than LTB4 (371). In contraslto 12(R)-hydroxy-5,8,14-

eicosatrienoic acid, 12(S)-hydroxy-5,8, 14-eicosatrienoic add has Iitt!e

proinflammatory activity.

We have also shown that 13-HODE is metabolized by the 12-hydroxyeicosanoid

dehydrogenase/IO,Il-reductase pathway to 13-hydroxy-9-octadecenoic acid and 13-

oxo-9-octadecenoic acid, presumably through a 13-oxo-ODE intermediate. 13-0xo-

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. Ellhanced activity of the 12-hydroxyeicosanoid dehydrogenase/l0,1l-

reductase pathway under conditions of acute innammation

Irrespective of the l'Ole of the 12-hydroxyeicosanoid dehydrogenase/lO, 11-

rcductase pathway, there is evidence of enhanced metabolism of LTB, to 10,11-

dihydro products by rat PMNL under conditions of acute inflammation. PMNL

ubtained from the pleural cavity of rats 4 hrs after injection of carageenan were found

to have significantly enhanced production of 10,1 I-dihydro metabolites of LTB,

cOl1lpared to circulating PMNL (291). Similarly, a cOl1lparîson of the l1letabolism of

arachidonic acid by elicited and circulating rat PMNL, stimulated with the Ca+2

ionophore A23187, showed an 8-fold enhanced accumulation of 10,1l-dihydro

l1letabolites by elicited cel1s. This suggests that the 12-hydroxyeico:~noid

dehydrogenase/l0,II-reductase pathway l1lay be important in conditions of acute

in flal1ll1lation.

8.4. Enzymatic racemization of 12-hydroxyeicosanoids

The stereochemistry of eicosanoids is usual1y critical for their biological

activities. The biological response to LTB" for example, is quite specifie for the

l2(R) configuration. 12-Epi-LTB, is only about 5% as potent as LTB, as a

chel1lotactic agent for PMNL and has a much higher Kd for the high affinity LTB,

receptor on PMNL (196). Similarly, the Iipoxygenase product 12(S)-HETE possesses

considerably less biological activity than l2(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+-

ATPa:se in bovine corneal microsomes, whereas 12(S)-HETE is relatively

inactive (241). 5(S)-HETE, which is a product of 5-lipoxygenase, has becn reported

to stereospecifically increase intracellular Ca+2 in human PMNL whereas 5(R)-HETE

is much less active in this respect (375).

We have shown that the microsomal fraction of porcine PMNL reduces the

12-oxo group of 12-oxo-LTB4 stereospecifieally to a 12(R)-hydroxy group, producing

LTB4, with only a small amount of 12-epi-LTB, being formed. We have also shown

that 12(S)-HETE is metabolized to 12-oxo-ETE by the 12-hydroxyeicosanoid

dehydrogenase. If the microsomal ketoreductase responsible for the conversion of 12-

oxo-LTB, to LTB" expresses the same stereospecificity wilh 12-oxo-ETE, 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 ketoreùuctase,

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

The metabolism of LTB4 and 12(S)-HETE by porcine PMNL was examined

and thcir mctabolites were identified. LTB4 had previously been reported to be

mClabolized by porcine PMNL to 10,1I-dihydro-LTB4 and lO,1I-dihydro-12-oxo­

LTB4 (301). Further analysis of the 10,1l-dihydro-LTB4 product by NP-HPLC

rcsolved two isomers which were identified as IO,ll-dihydro-LTB4 and 10,11­

dihydro-12-epi-LTB4 by GC-MS and by co-chromalography with authentic standards.

The metabolites of 12(S)-HETE produced by porcine PMNL were identified as

12-oxo-5 ,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

isolllers were resolved by NP-HPLC foUowing derivatization of their Cl2-hydroxyl

groups with MTPA.

The enzyme kinetics for the metabolism of LTB4, 12(S)-HETE and 13(S)­

HODE, deterlllined by Lineweaver-Burk analysis, suggest that these compounds are

Illetabolized by the same pathway. The apparent K,n values were: LTB4 = 0.28 JlM,

12(S)-HETE = 0.21 JlM and 13(S)-HODE = 2.2 JlM. AU three substrates shared an

apparent VOIla' of approximately 0.029 pmol/minl1~ ceUs. We also found that LTB4

could act as a competitive inhibitor of 12(S)-HETE metabolism. This œsult confirms

that LTB4 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,ll-ciihydro and lO,ll-dihydro-12-oxo

compC'unds initially, whereaz the formation of 10,ll-dihydro-12-epi metabolitcs

follows a 1ag pliase. This suggests that the inverted stereochemistry at Cl2 of

10, 11-dihydro-12-epi metabolites is a result of further mctabolism of either 10,11-

dihydro or 10,ll-dihydro-12-oxo products.

The specificity of the 12-hydroxyeicosanoid dehydrogenase/lO,ll-reductase

pathway was examined. It was found that porcin.:: PMNL. preferentially metabolizc

eicosanoids which have a Cl2-hydroxy1 group preceded by two conjugated double

bonds and followed by a 2-cis-octeny1 group. LTB. was the best substrate tested. 6-

7hIllS-LTB., 12-epi-8-cis-6-trans-LTB•• 12-epi-6-ttans-LTB. and 12(S)-HETE were

also good substrates for this pathway. Other compounds were metabolizcd less

efficient1y in the order of LTBs > lS(S)-HETE = 13(S)-HODE > S(S)-HETE >

9(S)-HODE > 20-hydroxy-LTB4 > HHTrE.

The mechanism for the formation of dihydro mctabolites of LTB4 was dcrived

From the results of experiments performed with different subcellular fraclions From

porcine PMNL in the presence of various cofactors. The first step in the metabolism

of LTB4 by porcine PMNL is oxidation of LTB4 to 12-oxo-LTB4• catalyzed by a

microsomal 12-hydroxyeicosanoid dehydrogenase in the presence of NAD+ and to a

lesser extent NADP+. 12-0xo-LTB4 was identified based on its mass spectral, UV

and chromatographic properties. Metabolism of .ubstrate labeled with a tritium atom
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al Cl2 showed a marked isotope effect, indicating that the initial step, catalyzed by

12-hydroxyeicosanoid dehydrogenase, is rate-Iimiting.

The stereochemistry of the Cl2-hydroxyl group of the substrate does not appear

to affect metabolism of that substrate by 12-hydroxyeicosanoid dehydrogenase present

in porcine PMNL microsomes. Incubation of LTB4, 12(S)-HETE and 12(R)-HETE

with the microsomal fraction, in the presence of NAD+, produced simJlar time

courses for the formation of their respective 12-oxo-metabolites.

The second step in the metabolism of LTB4 by porcine PMNL is reduction of

12-oxo-LTB4 to 1O,11-dihydro-12-oxo-LTB4, which is catalyzed by a cytosolic 10,11­

reduclase in the presence of either NADH or NADPH. Incubation of LTB4 with the

cylosolic fraction, in the presence of either NADH or NADPH, did not produce any

detectable metabolites, indicating that the la, II-reductase cannot reduce the li 10

double bond of LTB4 directly.

The pathway for the formation of dihydro metabolites of LTB4 and 12-HETE in

porcine PMNL is clearly distinct from other hydroxyeicosanoid

dehydrogenase/reduclase palhways, including the 5-hydroxyeicosanoid

dchydrogenase/6, 11-reductase pathway, which is also present in porcine PMNL, and

the 15-hydroxyprostaglandin dehydrogenase/li 13-reductase pathway. The latter

pathwl.Y results in the conversion of prostaglandins to 15-oxo, 13,14-dihydro-15-oxo,

and 13-14-dihydro metaboliltes (317). However, PGB:! and PGF2a were not

melabolized either by intact porcine PMNL or by microsomal fractions from these

cells in the presence of NAD+.

175



The 12-hydroxyeicosanoid dehydrogenase/1 0, 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 reglilate local concentrations of the proinnammatory

agent LTB,. However, the 12-hydroxyeicosanoid dehydrogenase/lO, 11-reductase

pathway may also play an impŒ':~nt l'ole in generating biologicaHy active eicosanoids

such as the formation of I2(R)-hydroxy-S,8,14-eicosatrienoic acid from 12(S)-HETE.

Clearly future investigations of the biological activities of the metabolïtes of this

pathway will be important to clarify the l'ole the l2-hydroxyeicosanoid

dchydrogenase/lO, 11-reductase pathway in vivo.
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1.

CLAIMS TO ORIGINAL RESEARCH

10, II-Dihydro-LTB4, produeed from the metabolism of LTB4 by porcine

{

PMNL, was resolved into two eomponents by NP-HPLC. These eompounds were

identified as 5(S), 12(S)-dihydroxy-6,8, 14-eieosatrienoie aeid (10, 1l-dihydro-LTB4)

and 5(S), 12(R)-dihydroxy-6,8,14-eicosatrienoic acid (10, II-dihydro-12-epi-LTBJ by

GC-MS and by comparison of their chromatographie properties with those of

authentic standards. A time course of the metabolism of LTB4 by porcine PMNL

showed that 10, ll-dihydro-12-epi-LTB4 was formed after a lag phase, presumably due

to the subsequent metabolism of 10,1l-dihydro-LTB4 or 1O,1l-dihydro-12-oxo-LTB4,

which were formed earlier.

2. 1O,1l-Dihydro-LTB4 was converted to 10,1l-dihydro-12-epi-LTB4 and

10, ll-dihydro-12-oxo-LTB4 by porcine PMNL, with the latter product predominating.

10, Il-Dihydro-12-epi-LTB4 was converted to 10,1l-dihydro-LTB4 and 10,1l-dihydro-

12-oxo-LTB4 by porcine PMNL in a similar manner, indieating that the two

10, II-dihydro stereoisomers of LTB4 are interconvertible. Incubation of

lO,ll-dihydro-12-oxo-LTB4 with porcine PMNL produced 10,1l-dihydro-LTB4 and

10,1l-dihydro-12-epi-LTB4 in comparable amounts.

3. Porcine PMNL metabolize l2(S)-HETE to l2-hydroxy-5,8,14-eicosatrienoic

acid and 12-oxo-5,8, 14-eieosatrienoic acid, identified by GC-MS and NMR
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spectroscopy. Stereochemical analysis of the MTPA derivatives of 12-hydroxy­

S.8.14-eicosatrienoic acid revealed the presence of both 12(S)-hydroxy-S.8.14­

eicosatrienoic acid and 12(R)-hydroxy-S.8.14-eicosatrienoic acid isomers. A timc

course for the metabolism of 12(S)-HETE by porcine PMNL showed that

12(S)-hydroxy-S.8.14-eicosatrienoic acid is formed after a lag period. presumably clue

to the further metabolism of 12(R)-hydroxy-S.8.14-eicosatrienoic acicl or 12-oxo­

S.8.14-eicosatrienoic acid. which were formed earlier.

4. Incubation of [1-'4C]-labeled monohydroxy-PUFA·s. inc1uding 12-HETE.

IS-HETE. S-HETE and 13-HODE. resu1tecl in a marked reduction in the total amount

of radioactivity recovered. presumably a consequence of B-oxiclation. The 10ss of

radioactivity was reduced by the addition of S J.lM ETYA. which dicl not affect lhe

formation of dihydro and dihydrooxo products.

S. Porcine PMNL metabolize 13(S)-HODE primarily by B-oxidalion. Thc major

metabolites were identified as 9-hydroxy-7.9-hexadecaclienoic acid and 7-hydroxy-S.7­

tetradecadienoic acid by GC-MS. In the presence of S J.lM ETYA. porcine PMNL

metabolized 13(S)-HODE to 13-hydroxy-9-octadecaenoic acid and 13-oxo-9­

octadecaenoic acid. identified by GC-MS.

6. The preferred substrate for the 12-hydroxyeicosanoid dehydrogenaseIJO.11-

reductase pathway in porcine PMNL are compounds with a 12-hydroxyl group
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preccdcd by at least two conjugated double bonds and followed by a 2-cis-octenyl

group. Structurally related compounds were metabolized in the order LTB4 = 6­

rl'(lIls-LTB4 > 12-epi-6-ml/ls-8-cis-LTB4 > 12-epi-6-rl'ans-LTB4 > 12(S)-HETE >

LTBs > 15(S)-HETE = 13(S)-HODE > > 5(S)-HETE > 9(S)-HODE >

20-hydroxy-LTB4 > 12-hydroxy-5,8,10-heptadecatrienoic acid. Prostaglandins ~

and F2u were not metabolized to any detectable products by these cells.

7. Porcine PMNL metabolized LTB4, 12(S)-HETE, and 13-HODE to reduced

producls with apparent K". values of 0.21, 0.28, and 2.:.12 I-tM, respectivelyas

determined from Lineweaver-Burk plots. Ali three substrates had the same apparent

V Il" X of 0.029 pmol min" (106 cells)'l. Lineweaver-Burk analysis of the data from

competition experiments revealed that 12-HETE competetively inhibited the

metabolism of LTB4 and vice versa.

8. The initial step in the formation of 10,1l-dihydro metabolites of LTB4 and

12(S)-HETE was found to be oxidation of the 12-hydroxyl group. This was

supported by two Iines of experiments: 1) Metabolism of LTB4 by a post-nuc1ear

supernatant fraction from porcine PMNL required the presence of NAD+ and 2) A

marked isotope effect was observed for the metabolism of 12(S)-HETE labeled with a

tritium in the 12-position, suggesting that the initial oxidation of the 12-hydroxyl

group is rate-limiting.
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9. The 12-hydroxyeicosanoid was found to be located in the microsomal fraction

l'rom porcine PMNL, and to require NAD+ as a cofactor. Porcine PMNL microsomcs

converted LTB. and 12(S)-HETE to 12-oxo-LTB. and 12-oxo-ETE, respcctively.

12-oxo-LTB. was identified by its UV spectral, chromatographic and mass spectral

properlies, whereas 12-oxo-ETE was identified based on ilS UV spectral and

chromatographic properties. The time courses for the formation of 12-oxo metaboliles

of LTB., 12(S)-HETE and 12(R)-HETE were similar, suggesting the orientation of

the 12-hydroxyl group of the substrate does not affect metabolism by this fraction.

10. A cytosolic fraction l'rom porcine PMNL converted 12-oxo-LTB. to

lO,ll-dihydro-12-oxo-LTB. in the presence of either NADH or NADPH. LTB. was

not converted to any detectable products by this fraction, confirming that oxidalion of

the Cl2-hydroxyl group of LTB. is required prior to reduction of the li 10 double bond.

II A microsomal fraction l'rom porcine PMNL converted 12-oxo-LTBoj to 10,11­

dihydro-12-oxo-LTB. and a mixture ofLTB4 and 12-epi-LTB. in a ratio 01'9:1 in the

presence of either NADH or NADPH. Formation of LTB.t12-epi-LTB. was favored

by NADH, whereas the formation of lO,ll-dihydro-12-oxo-LTB4 was greater with

NADPH.

12. A facilitated procedure for the preparation of MTPA derivatives of

monohydroxy PUFA's was developed. 1,3-Dicyclohexylcarbodiimide was used to
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couple MTPA to the hydroxyl group of monohydroxy PUFA's in the presence of

4-(dimethylamino)pyridine and CCI•. Conversion was virtually quantitative.

Separation of the MTPA deri 'atives from contaminants derived from the reagents was

accomplished by RP-HPLC.
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