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Blood vessels convert arachidonic acid to prmtjyclih !
{(PB1y), which is a pé:t.nt&‘\inhibitér of platelet aggregation

and thrombus forsation. Polyunsaturated fatty acids (PUFA)
M . ;
or their .hydroperoxy setabolites can cause a reduction in

-

PEIy production. Therefore, in the present study, the
setabolism of PUFA and their sffects on PGIz production have

been investigated.

&

Linpleic acid is convertad by aorta to hydroperoxy -~

setabolites, ‘which are esither dehydrated to oxo compounds.,

reducad to aonohydro)cy products, or converted to spoxyhydroxy-
%

octadecenoic acids. The latter are then hy&rafyzq& to
trihydroxy setabolites by aortic epoxide hydrolases. Aorta
‘also converts eicosatrienocic acid to similar products, which
are forsed via 12-hyd{'op.roxy-9,lo-h-pﬁnd-cadimoic acid.

BC—HMS analysiws inﬁtc.t-d'gh-t tTﬂhjoé'oxyq-rl'ith!" PugA/
-bt':.bolitc formed by‘rat and bovir;n'blood- vessels was é6~oxo-
~pr;n-taglmdin-:F‘,. Substantial amounts of free and
esterified monohydroxy and trihydroxy metabolites of linoleic
acid weare detected, npncig}\ly in rat and rabbit aortae.

Reduction of glutathione peroxidase activity by administration

3

of a seleniun-deficient diet had no significant effect on

the €formation of any of the above pr;:ducts. ‘
The presence of nt:rifi.d n)onohydroxy and trihydroxy

PUFA metabolites in aortic lipids indicates that their

esterified hydroperoxy precursoré are present. An\, excess of

these products could inhibit PGl, synthesis and contribute

to the onset of atherosclerosis.
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L 'acide arachidonique st transformé en prostacycline .

1

" (P61y) par les vnisnoaux\su‘\guins.) C-ll.-:i.,nt un puissant -
inhibiteur de 1 'agqrbgatic;n plaquettaire et de la formation
de thrombus. Les acides gras polyinsaturés (ABP1) ou leurs

j métabolites hydroperoxydes psuvent réduire la synthése de la

. A : '
PGly. Dans cette dtude, nous avons examihe le métabolisme

. des AGPI et leurs effets sur la syfithise de la PBIs. .|
“ AL
L

.
e

,~ o L‘a;id.’linaltiqu. est transformé au niveau de la paroi
sortique -.n sétabolites hydrapi\r\oxydn. qui sont ensui te
s0it déshydratés en co.pom oxni’q\q’-c, soit réduits en

F~omrosés -oﬁnhydroxylﬁ voire trki};’sfon‘w'dt on composés
dpoﬁ\yhyd'rgxyldﬂ- Ces derniers sont shsuite hydrol ysés o .~
a&tabdl.it-'s* tgihydraxyldu par les bydrol ases époxidiques de

. , ’ -
1‘aorte. Des produits ssemblables sont formés par 1 aorte a

partir de 1 acide eicosatrieéncique, par 1 intermsédiare de’
. . ¢
‘acide 12-hydroperoxy—8,10-heptadécadf énoique.

L "anal yse par chrmtaqraphi‘- en phase gazeuse et
—~ ’ °

spectrométrie de masse démontre que le principal aétabolite

A Y
oxygentd des AGPI produit au niveau des vaisseaux sanguins du

ra‘t’ wt du boeuf est la 6—ox6—prosiaql andine—F 1a- Par ailleurs

o

des quantittl\importantos @ métabolites monohydroxylés et
trihydroxylés libres et. s%.érifits de 1 acide 1inolé&igue ont
é¢té mises en évidence au niveau de 1 'aorte du rat et du lapin,
Nc_»us avons réduit l'a{cJtivitt snzymatique de la qlutai‘.him-—
plraxyq.sc au moyen d"un rigi;meﬁgl‘imentai re dtpnhrvu :h

sél énium. Aucun effet significatif sur la formation des

|
‘ -
]

produits,' mentionnés plus haut n’'a été observe.

N



La mise en dvidence de ‘itabul.itu estérifiés ‘
- N " )‘ M
monohydroxylés et trihydroxylés d 'AGPl parmi les lipides

aortiques yxsqubr. la présence de prdcur.iurs

. >

hydroperoxydes estérifids. Un excés de ces produits

pqd(r?it inhiber l1a synthése de la PBl,, et contribuer au

~c.itcl.m:hemoﬂt de 1 ‘athérosclérose.

-
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. INTRODUCT ION n

1.1. History

The group of compounds referred to as "fatty acids" were
s0o desi1gnated because they were originally found to be
constituents of animal and vegetable fats and fatty oils.
Chevreul was the first to i1solate fatty acids such as
butyric, valeric, and caproic acids as well as 1mpure oleic
acaid, betwéen 1814 and 1818 (1). But 1t was i1n 1930 that
two 1mportant but seemingly unrelated observations were
made. Burr and Burr (2,3) carried out detailed -
1nvestigations on the ef fects -of fat exclusion from the diet
of rats. They found that when rats were reared on a fat-
free diet a deficiency disease developed which had not been
previously ‘described. The symptoms 1ncluded: retardation of
growth , reproductive disturbances, scaly skin, poor
lactation, kidney lesions and excessive water consumption.

The animals always died at an early age, unless they were
fed a curatque dose of fat. Linoleic acid, b‘ut not
saturated fatty acids, was able to cure ‘the -ratsf sufferi;'ug
from the low fa;t di séase: 'Thas led to the emergence of the
term "essential fatty acid”, referrln;_; to those fatty acids
which prevent or relieyve .the symptomé of fat-defaiciency.
Fatty acids containing methylene-interrupted double bonds
* A

belonging to the linoleate and linolenate families came to

be known as the "pol yunsaturated fatty acids" and this term

‘broadened to include all aliphatic monocarboxylic acids with

two or more double bonds 1n any positional arrangement or

.

geometric configuration.
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In the same year as the discovery of the essential fatty
v

acids (1930), Kurzrok and Lieb (4) reported that human
uterus responded to fresh human semen by strong contraction

or rel axation. Subsequ‘ently, r1n 1933-34, Goldblatt (5), in

-

Britain, and von Euler (&), 1n Sweden, discovered

a ndependently a factor with vasodepressor and smooth muscle-

-

stimulating actaivz: tyqxn accessary genital glands and human

semen. This factor wh/u:h had the properties of a fatty acid
was termed "prostaglandin” by von Euler. However, 1t was
not until approximately 30 years later that Bergstrom and

: r’
Samuel sson and their co—woarkers (7-9) established the 1ink

'
between the early studies of Burr and Burr, and Kurzrok,
L.ieb, Goldblatt and von Euler. They elucidated thek
structures of the '"classical” prostaglandins (7,8) and fpund
that these substances were produced from the essential fatty
acid, arachidonic acid (2,10). It was the diverse and
potent biological actions of prostaglandins on almost all
organs which then stimulated the resgarch in this fiel&.

A discovery of utmostl importance occurred in 1{?71 when
Vane (11) found that the biosynthesi1s of p_rostaglaridxns was
inhibi1ted by aspirin-like drugs. Shortly af‘ter, willles and
Kuhn (122) descr:ibed an unstable principle which induced
pl’ate‘let aggregation and was 1nhibited by aspirin. I At
épproxic;nat;ly the same time Héml;erg and col leagues (13)
isolated the prostaglandin endoperoxides a‘nd ‘Fouriflothat thle;‘y

were strong inducers of .Pl atelet aggregation. -Further -

studies revealed that these endqperm;ides could be



transformed by platelets to an unstable substance wath
proaggregatory and vasocanstrictor properties which they
named thromboxane A, (TXAz) (14). The activaity of TXA had
been previously described under the name of rabbit aorta
contracting substance by Piper and Vane (15) 1n 1969.

In 1975, Vane and co-workers (see 1&4) attempted to look
for TXA, synthesis 1n vascular tissue. Although they dad
not observe 1ts synthesis they found that 1ts endoperoxide
precursor was enzymatically transformed i1nto an unknown
product (17). This product, 1mitially referred to—as PGX,
was labi1le and relaxed the coeliac and mesenteric arteries
of the rabbit (16,17). They found that 1t was a very potent
1inhibitor of platelet aggregation and that it was the major
metabolite of arachidonic acid 1n vascular tissue. PGX was
shown to be’ the unstable 1ntermediate in the formation of “6-
oxoPGF; o, which had previously been 1dentified as a
met aboli1te of 20:4 by rat ®&tomach by Pace-Asciak and Wolfe
(18) . PGX was shown to be a bicyclic acid-labile allylic

ether prostaglandin and was renamed prostacyclin (19,see

20) .-

1.2. . Nomenclature and Structure

1.2.1. Polyunsaturated Fatty Acids (PUFA)

Many PUFA are known by trivial ?ames, such as linoleirc
acx.d and arachidonic acid. However, a more exact chemcal
nomenclature of PUFA has been developed based on the number
of carbon atoms and the position and configuration of double

bonds (see 21). Numbering of the carbon chain starts at the
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carboxyl carbon and proceeds toward the . terminal methyl
group while double bcn;d location is noted by the carbon
closest to the carboxyl group bearing the doublé bond. . Most
naturally occurring PUFA have double baonds present in tt?e
cis configuration. Therefore, linoleic acid is known as
Cis,Cis—9,12-octadecadienoic acid and arachidonic acid 1s
referred to as 'all-—cis~5,8,ll,l‘l—eicosatetraénnic acid. The
use of systematic names becomes cumben;'same, however , so
various abbreviations have been developed to facilitate
discussion on PUFA (22).. When the double bond positions are
unimportant to the discussion thé simple abbreviations, 18:2
and 20:4, may be used far linoleic and arachidonmic acids,
respectively. The first number refers to the number of
carbons within the compound while the second refers to the
number of double bonds. This notation has the most
widespread use within the literature. '

A variant of this notation has developed in discussions
where the metabolic relationships between fatty acids are
important (22). In these cases the terminal methyl carbon
15 referred to as the w carbon and the first double bond
from the methyl group is denoted by counting from the methyl
group as number one. Thus, linoleic acid ‘and arachidonic
acid can be designated 18:2wé and 20:4wb, respectively,
since their terminal double bonds are between positions 12

and 13, and 14 and 15, respectively.



1.2.2. Eicosanoids

Corey introduced the term eicosanoid to comprise the
large number of Biologxcally active compounds derived fraom
carbon-20 unsaturated fatty acids (23). These include
prostaglandins, thromboxanes, léukotrienes and lipoxins.

The nomﬁpclature of prostaglandins is based on prostanoic
acid, a 20 carbon monocarboxylic acid containing a central
cyclopentane ring. Prostagl andins have either one, two or
three double bonds in the side chains and have functional
groups with o;ygen at carbons 9, 11 and 15 ot,prostanoxc
acid. The-prostaglandins are classified by these functional
groups by use of a capital letter while the number of double
bonds is denoted by a subscript. The F—type prostaglandins
have an additional subscript (o or B8) to denote the
stereochemistry of the C-9 hydroxy group. Prostacyclin and
thromboxanes A; and B; differ somewhat from the basic
prostaglandin structure. Prostacyclin contains a~6(9)-oxy
raing and thrombaxin? Az has a fused oxetane;ox;ne ring
;ystem. .

The term leukotriene was introduced for compounds which

are non-cyclized 20 carbon carboxylic acids, with one or two

oxygen substituents and three conjuqgated double bonds (24).

" They are forméﬁ from an allylic epoxide intermediate

(leukotriene Ai. Leukotrienes with different functional
groups are distinguished by capital letters, whereas a
subscript denotes the number of double bonds. The peptido— '

leukotrienes contain a glutathionyl or metabolized

glutathionyl substituent at C-é6.
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The lipoxins, the newest grouﬁ of ercosangids, contain
four conjugated double bonds and three hydrqul substi tuents
in their 20 carbon structure (25). Two of these compounds
have been described to date: lipax}n A (5,6,15L;trihydfoxy-
7,9511, 13-ei cosatetraenoic acid) and lipoxin B (5D,14,15-

i)

trihydroxy-6,8,10,12-eicosatetraenoic acid).

1.3. Polyunnafhratld Fatty Acids

1.3.1. General Introduction

There are 2 major groups of PUFA found in mammalian
lipids. The wé family of PUFA is derived from linoleic acid
(18:20@) while a-linolenic acid (18:3«3) is the precursor of
the w3 PUFA. The mammalian organism is not capable of
introducing double bonds at . either the w3 or wh pngitions:uf
long chain fatty acids, so these fatty acids must be
obtained in the diet (26,27). Linoleic acid, the principle
éésentiallfatty acid, can be desaturated and elongated to .
form the "derived" essential fatty acids, di-homo-¥-

linolenic acid (20:3wéd) aauxfrachidnnic acid (20:4w4) ,

precursors of the 1 and 2 ﬁériel of prostaglandins, x

respectively (see 28). inoleic acid is found in vegetable

4

oils, such as soybean, cottonséed, corn and safflower oils,

where it comprises S0-80 % of the total fatty acid content
(see 29). o—-Linolenic acid,.on the éther hand: is
approximately eleven times less potent than linoleic acid in ‘
reversing the ‘€ffects of essential fatty acid deficiency in.

the rat (30). .It is indispensible to certain species of

fish (315. It can be elongated and desaturated, primarily

T R Sl
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in the X’iver, to 20:5a3 and 22:46w3. Linseed o0il contains
over 30 Z o-linalenic acid, whereas soybean o1l comprises 64

to 8 % of this fatty acid (29). o-linolenic acxb is the

majnr‘fatty acid of chloroplast lipids in plants.

/ PUFA are normal constituents of cellular membranes,
4aintaining their fluidity and structural integrity. PUFA
are esterified to phospholipids pri;arily 1in the 2—-acyl
position (32), and they can also be found esterified to
triglycerides (33) and cholesteryl esters (34).

Linoleic acid and arachidonic acid are usu;lly the most
abundant -PUFA in cellular lipids, although high
concentrations of certain w3 PUFA such as 22:643, can be,
found in phospholipids of brain (35) and retinal
photoreceptors (36).

Cellul ar PUFA content can be greatly influenced bQ the
diet. Greenland Eskimos, for example, whose diet is mainly
of marine origin, have a distinct fatty acid composition
ﬂ37). Eicusapentaenui& acid (20:35w3), rich in fish oils,

almost completely replaces arachidonic écid {20:4w6) in,

plasma lipids of this group (37).

-

1.3.2. Caontrol of Free Cellular PUFA

The level of free arachidonic acid, the most abundant

‘ e1cosanoid precursor, is rigidly comtrolled. In the resting

state free cellular levels of this fatty acid are extremely
low (see 28). A highly specific acyl-CoA synthetase enzyme
rapidly esterifies C-20 PUFA (38). C—-18 PUFA are esterified

much less efficiently by this enzyme (38), and consequently

- n\\h\\
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higher levels of free C-18 fatty acids are found within the
cell. Subsequently, an acyl transferase enzyme transfers

the PUFA CoA esters into the 2-acyl position of .

phospholipids (39). !

v
»

Liberation of 20:4 from phospholipid stores can occur in /

response to a variety of stimuli. Thrombin (40), brad\}kinin

TRt
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(41), angiotensin 11 ’(42) and adrenocorticotropin (43)
/ -

stimulate 20:4 release by receptor—mediated mechanisms,

~

whereas the calcium ionophare, A23187 (44), mellitin (45),
anci me:h;nical agitati'on‘ ‘(46) Ireiease 20:4 by less ;specific
means.

A complex series of reactions within the cell membrane
appears to control tllne deacylation of 20:4 from

phospholipids. Phosphatidylethanolamine (PE) and

phosphatidylcholine (PC) are hydrolyzed by phospholipase - -Aj,

.1an enzyme that requires calcium for its activation (47).

This enzyme seems to be regulated by a number of factors iAn
certain cell types (48). Sequential methylation of PE,
located on the cytoplasmic surface of the cell, to PC,
cancentrated on the ocuter membrane surl ace, can occur upon
receptor-mediated stimulation. This results in a local
increase in membrane fluidity and consequent activation of

-

adenylate cyclase and calcium-dependent adenosine

triphosphatase, which ‘initiates the c'lcium in€flux

|

" responsible for phospholipase Aj acti\{vation and subsequent

i
1

arachidonate release (48).

14
Phosphoinaosi tol compounds reprgseﬁ another important

’ ‘
-
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class of 20:4-containing phospholipids. A pajor caﬁponent
of‘this phospholipid class 1is l—st-aroyl—2—araéhi&onoyl—
glycero—-3—-phosphaoinosi tol (PI), along with
phosphatidylinasitni 4 ' —monaphosphate (DPI) and
phosphatxdylxnos;tol 4°5" —blsphosphate (FPI) (49,50).
Phosphollpase C is capable of hydrolyzxng all three of these
compounds (51) and may$(52) ar may not ($1) require the
presence of calcium for its activation. A number of

mechanisms for the release of arachidonate from the

~phasphainasiﬁi&es have recently been proposed. Lapetina et

al. (33,54) claim that in platelets phaspholipase C}
activation is the initial receptor-linked e;ent.
Hydrolysis, primarily of TFPI, by thxi enzyme leads to
release of inositol 1,4,5-trisphosphate (1IP3), alnnq(with
1,2-diacylglycerol. The {gtter compound 1s then #apidly
phosphorylated by diglyceride kinase and the resul£ant .
phosghatxd;c acid ‘and ;P; are involved 1n mobilizing calcium
and activation of protein kinase;. This calcium flux in

turn actaivates phospholipai? Az which results in release of

P - 3 N '

20:4 from PE, PC and/or phosphatidic aciqé\ Alternatively,
according to Majerus and cn~w6rker5 (50,55), the 1,2-
diacylglyceraol formed by action of phasphnlﬁpase Cia
rapidly hwdrolyzed by a diglyceride lipase resulting in

liberation\of 20:4. —

Glucocorticoids appear to play an i1mportant role in
f
regulating liberation of 20:4 from’ phospholipid stores.

These steroids are capable of inducing the synthesis of a

-
-

specific glycoprotein via a receptor-dependent mechanism

3

‘
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(56,57). _ This protein, known as lipocortin (previously
referred tra as lipomodulin, macrocortin and renocortin) (58)
displays phospholipase A; inhibitory action, and therefore

o
s,

inhibits eicosanoid generation by most intact cells (56-358).

’

-Lipocortin action is further controlled by a

phospharyl ation—dephosphoryl ation mechanism (58).
Phosphaoryl ation results in its inactivation, whereas
alkaline phosphatase restores its
activity.

It is obvious that the cellular events involved in the
liberation of 20:4 from phaospholipid stores are complex and
the precise mechanism may vary depending on the typ& of cell

and the ~initia1 stimulation event. In any case, the rapidly

liberated 20:4 is then free to be oxygenated by various

enzymes or may be re-esterified into phospoli pids.

L
v

1.4.

Oxygenation of PUFA

1.4.1. Prostaglandin Endoperoxide Synthase

(also known as

»

Prastaglandin endapero:;ida synthase (59)
PGH synthase (.60) ) catalyzes the fc;rmation of the
endoperoxides which give rise to -the prostaglandins a‘nd
thromboxanes (see &41). This enzyme is often referred to a;
fatty acid cyclaoxygeqase (or \just cyclmxygen;;é) (13).
However, this term can be somewhat {amblquous because this

H

enzyme contains two activities. The first activity is

. responsible for the oxidative cyclization of 20:4 to give:

PGGy 4 whereas the second activity catalyzes the conversion

_ot. the 15-hydroperoxy grour; of PGGz to the 15-hydroxyl group

~

ey
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af PGHy (61) (see Fié. 1). Therefore, the term
prostaglandin endoperoxide synthase will be used .for the
enzyme conbrising both activities, while the individual
activities ;ill be referred to as cyclooxygenase and
prastaglandin hydroperoxidase. 6 endoperoxide ;ynthas- is
nearly ubiquitous, being fo?nd in almost all animal tissues
62). %his enzyme i% located in the microsomal fraction of
the cell (63), primarily in the endoplasmc reticulum (64).
. Heme is an essential component of fully active PG
endgoperoxide synthase (65).

f

The“detailed mechanistics of this enzyme have pr;ved
quite complex. However, Hemler and Lands (&6) have pr;posed
a mechanism that attempts to explain all of its properties.
Fatty acid hydroperoxides, such as PGG;, are required to
activate the enzyme. The hydroperoxide interagtﬁ”uxth the
cyclooxygenase—bound ferriheme to produce a peroxy radical.
fh?s radical then abstracts the 13-S hydrogen atom from 20:4.-
giving rise to am activated alkyl }adical which subsequently
reacts with an oxygen molécule at C-11. Cyclization of the
hydrocarLon chain ensues énd incg;poration of another
molecule of oxygen at C—15 occurs. The 1S5—peroxy radical so
fo;med endé the sequence by abstrécting a hydrogen ataom from
the'enzyme-bound hydraper.ox1de tp form the end product,
PGG,. The PG hydroperoxiaase aétxvity reduces the C-15 {F‘\
hydroperoxide of PGG, wikh hydrogens abstracted from a

hydraogen-donating cofactor via a valency change of the iron

moiety of the enzyme—bound heme. During this reduction step
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1t appears that an active oxygen species 1s released which
can result 1n destruction of the enzyme.

When the c;clooxygenase reactiron 1s imtiated by the
presence af small amounts of fatty acard hyd‘rapernxide, the
overal‘l consumption of oxygen proceeds at a rapidly
accelerating rate, causing the generati1on of additional

activating fatty acid hydroperoxide (67). The oxygenation
1 .

reaches maximal yelén:il ty and then decel erates as a result of
sel f—-catal yzed inacizivatxon unti1l finally no #further
oxyéénatian occurs. The essential control points of this
complex enzyme seem to be the availability of the fatty acid
substrate and of the lipid hydroperoxide activator (67).

The availability of fatty acid substrate 1s g_enerally
congidgred to’be the rate limiting step in proastaglandin
synthes1s.

‘Fatty %aCld hydroperoxl.des are required not onl'y for
1nitiation of cyclooxygenase actiaon but also for its’
cc_)ntinued/ aétion (67) - Fatty acid hydroperoxides can be
produced. enzymatically by li1poxygenases or non—enzymatically
through a variety of means. The‘ CElll.:l ar levels of these )
substances are under _intrlcaée control by fact.ors such as |
vitamin E and glutaWeroxn-dase. In normal human
plasma, Warso an;:! Lands \68) have found a steady state .level .
of O.5 m hydroperoxide, by using a new select:ve assay. ,
This level would be capable of stimulating PG synthesis, for
example in blood cells and vascular cells. It as .

interesting to note that cyclooxyygenase, which poroduccs

h'ydr'o'peroxx.des‘, also requires hydroperoxide as an activator,

» z
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whereas PG hfdroperaxidase consumes hydroperoxides. The
apparent paradox of theése -two activities residing 1n the
same enzyme can be explhlned’on the basis of the different

affinities for hydroperoxide by - the 2 sites on the enzyme.
)
The hydroperoxide requirement for cyclooxygenase (Kp, 20 nM)

is much }ower than that for PG“hydﬁpperpx1dasé“ij, 3 uM)

(69). Therefore the latter activity is unable to suppress

cyclooxygenase activity. ) ‘ ,
Other factors required for the activation of PG

endoperoxide sygthase, such as heme and the oxygen co-
J -

. substrate are not limiting factors i1n vivo (67). There are
many PG hydroperoxidase cofactor's, such as tryptophan (59),

epinephrine (70), phenol (&6,71), guaiacol (72), uric acid
. M .

: (73) and glutathione (74) which have beén reported te

increase the synthesis 6f prostaglandins i1n vitro. The

¢

latter two could possibly serve this function in viva.
<

PUFA other thén 20=4 are ‘also able to serve as substrate

for PG endaperoxide synthase. The reaction velocity of the

Y . .
enzyme with di—homo—&—lkgglen1c acid (20:3) is essentijally

Zan

\—‘ (Z4

x@he same as with 20:4 (75). 20:S 1s effectively converted

v .

by purif:ied cyclooxygenase~i;nm sheep‘%fsicular‘glands ta

o™

endaoperoxides af the 3 series when sufficiently high levels

of hydroperoxide activatpr are present (75). - It ré‘not

' okygenated under low peroxide conditions (735). However,s

recently a prostaglandin praduct derived from 20:5 was found
.0 '
.10 human urine suggesting that 20:5 1s capable nf/ﬁé;ng

oxygenated 1n vivo (76). Certain dienoic tf{atty acids like

-
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18:2 (77) ;and 11, 14-ei1cosadieroic acid (78) also serve as
substrates for this enzyme.. With these substratesﬁ, though,
cyclization to endoperoxides can ﬂ::it occur and maonchydroxy
fatty acids are the end products.

Suppressi1on of prostaglandin endoperoxide synthesis can
be achireved by a number of means. lAntunflammatary sferoxds
limit the availability of fatty acid substrate via the
synthesis of 11Pocort1n, as mentioned above. Various long
chain fatt"y\acxds, such as 22:6 (79) and 20:5 (75), under
low hydroperoxide cond:itions, can bind to the substrate site
of PG endoperoxide synthase and can effectively block PG
endoperoxide synthesis. Acetylenic fatty acids display both
competitive and non—competitive 1nhibitory actions (80). A
large group of non—steroidal antiinflammatory agents are
effective 1nhibitors. The two most widely used of these
‘agents, aspirin and 1ndcn;|ethac1n, bind competitively at the
substrate site and additionally cause irreversible T .
'lnactivatluno of cyclooxygenase activity (80,81).

Antlhoxldant radical trappu;g agents alsc; markedly affect
enzymatic actaivity. These agents often exert a biphasic
response, 5t1ﬁmulat1ng cyclooxygenase activaity i1n t;xgh
hyd'roperc»ude conditions and i1nhibitaing 1ts activity when
the amount of hydroperoxide 1s low, by lowering the
effectl\;e cancentration of hydroperoxide activator (46).

Thus, the first step yxn the synthesis of prastaglandins
from PUFA 15 a very complex event resulting from a fatty
acid hydroperoxide—initiated free radical chain reactiogn 1in

3 S

which positive feedback aspects of product activation are

e
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countered with negative feedback features of self-catalyzed

inactivation.

1.4.2. Prostaglandin Endoperoxide Metabolizing Enzymes

The PGHy formed from prostaglandin endoperoxide synthase
is at a pivotal stage in the divergent pathways leading to

the synthesis of variuus'typgs of prostagl andins and

-

‘thromboxanes. Most of the enzymes that utilize PGH, as

suﬁétrate are 1saomerases which attack the 9,1t-endoperaoxide
Bridge of PGH, (61). The tissue specificity for
prostaglandin and thromboxane'biosynthesis depends upon the

distribution of these enzymes.

o

(a) PGE synthase (9—axo isomerase)

The conversion of PGH, to PGE, i1nvolves isomerization of
«

the 9g11:endoperoxide to 9-oxo and 1loa—hydroxyl groups.
This eh%yme has been localized in'mcrosomes of bovine
vesicular glands (B2) and coraonary artery (83), and rabbit
\kidney medulla (84). Glutathione i1s an essential cofactor

for the reaction.

i

1
?

(b) PGD synthase (11-oxo isomer ase)

ré .
PGD synthase 1s a cytosolic enzyme found in rat lun

(85), stomach (83), small intéstxne (BS),~§kin (85), brain
(86), spleen (87) and mast cells (88). The 9,11~ -

endoperoxide grouﬁ aof PGHz 1s 1saomerized to the Fa-h

and lf—oxo moreties of PGD;. The enzyme from sp

mast cells 1s stimulated by addition of glutatpnh one, qhereés

thé'braxn enzyme does not require glutathione. Formation of
0 )

N

B I T O U T P R .. J T SO
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PGD, from PGH, tan also be catalyzed by glutathionef®

-

—

transferases afid albumin (89,90).

’

.};) Reduction of PGH to PGF !

The formation of PGF, from PGH, 1nvolves reductive
R .

cleavage of thée 9,1l1—endoperoxide. This activity hqg\gfen
reﬁorfed in microsomes of bovine and guinea pxd uterust(9l).
The agent catalyz;ng this reaction 1s not inactivated by
boirling so it does not appear to be a qrogelﬁ (91). Nan-
enzymatic conversion of PGH; ta PGF g Ooccurs in the presence
of thiol (92) and catechol (93) compaunﬂs. Glutathaione

°

transferases can also catalyze this reaction (89). ,
¢
PGF 2o can be formed from PGE, via a 9-oxo reductase (94)

which has been found 1n blood, heart, liver, kidney, brain

and skin.

(d) Prastacyclin synthase . ) )

PGl, is formed by isomefirzation of the 9,11-endoperoxide

.group of PBGH,; into a 6(9)oxy ring and an 1la-hydroxyl

. S .
group. PGI; 15 unstable, especially at acidic pH, arnd is

readily transformed into &6-oxoPGF 4 4, a stable but

-brologically i1nactive product (see 95). Prostacyclrin

synthasells found 1n microsomal fractions of aerry, vein,

heart, lung, kidney, spleen, stomach, and in macrophages
(96,97). In smpoth muscle cells 1t displays a bimadal
distrabution, being found on both the plasma and nuclear

membranes (98). Prostacyclin synthase 15 a ferri1hemoprotein

(99) that 1s readily 1nactivated by alkyi hydroberoxtdes.

DT e T T T T T T
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The ferriheme moiety is believed to play an essential role
at the active site in the cleavage of the endoperoxide. The
factors ‘regulating the synthesis of PGIz; will be discussed

1n a later section. -

(e) Thromboxane Synthase

The enzyme which produces TXAs froﬁ PGH2 is present in

"microsomal fractions of platelets, lung, spieen and

macrophages (100). TXA, is very unstable and is rapidly

transfaormed to a stable, biologically inactlQe degradation

product, thrdmboxane B, (101). 12-hydroxy-5,8,10~

heptadecatrienoic acid (HHT) and malondialdehyde are formed

concomitantly with TXA; (102). «JThromboxane synthase 1s -
- ~y,
o

inhibited by imidazole and varxous'épdoperoxide analoguéé, .
. ‘
and 1t also shows decreased activity in the pre%ence of high

concentrations of salt (101).

»

.

1.4.3. Prodtaglandin and Thromboxane Catabolizing Enzymes

Since prostaglandinsland thromboxanes are extremely .

potent bioclogical mediators, mechanisms must exist toilimit,‘

°

their actions. Prostaglandins and thromboxanes are
metabolized by the foilowing pathways (see &61):

1) Oxi1dation of the 15—-hydroxyl group by 15—-hydroxy

+

prostaglandin dehydrogenase; 3
2) reduction of the 13,i4~double bond of the 15—-oxo product

by Ai13—prostaglandin reductase; ' ) -
3) oxidation of 9-hydroxyl group by 9-hydroxy prostaglandin -

deh}drogenase; T, .

4) reduction of 9—-oxo group by prostaglandin 9-oxo reductasé;

., K

v
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S) B-omidation of the o—-side chain giving rise to «—dinar,
and a—tetranor compounds and B-axidation of the u—cﬁain
6) w and w-l ox1dation£?
Metabolism of prostaglandins and thromboxanes by the
first two pathways 1s extremely rapid, since these enzymes
are present 1n the lung as well ag many otherr tissues (101).

Cbnsequently, prostaglandins and thromboxanes are not

considered to be circulating hormones.

1.4.4. Lipoxygenases

Laipoxygenases are enzymes %ﬁlt catalyze the
stereospeci fic i1nsertion of oxygen into pol yunsaturated -
fatty acids containing the'cis,cis-l;4—péntad1ene grouping.
Hydr operoxides with a cis,trans conjugated diene system are r
the resultant products. Lipoxygenaggs are widely
distributed in the plant kingdam, being found especially in

the cereals and legumes.. More recently, lipoxygen;ses have

been identifie& in mammalian tissues.

(a) 12-lipoxygenase

The 12;lip6xygenase system of platelets was the first
described mammaliaqﬁ:ipoxygenase in 1974 (103). This enzyme
was found in the 100,000 x g supernatan® of broken platelets ¢
from a number oﬁ spec;es (104). The oxygenation of 20:4 by

. .
this enzyme has been shown to i1nvolve, as an i1nitial steﬁ,

remopval of the pro—(S)“hydrcgen at C-10. Thxs 1s followed

by isomerlzatlon,of the 1l1-ci1s double bond to a 10-trans

double bond with toncomitant migration of the radical te C-
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12. Addition of oxygen to Cj}Z results in the formation of
12(S)—hydroperuxy—5,8,10,14~eicos?tetraenoic acid (12hp-—-
20:4) (105).

12-l1poxygenase activity has also been localized in a
number of other tissues, including lung (106), spleen (106),

porcine pol&mnrphnnuclear leukocytes (107), peritoneal

.macraophages (108) and mast cells (109) from a variety of

-

species. In platelets the major route for metabolism of
12hp—20:4 is reduction to 12(S)-hydroxy-5,8,10,14~
eicosatetraenoirc acaid. This reductive step rnvolves the
action of the enzyme glutathione peroxidase and reducing
equivalents from the hexose monophosphate shunt (110). When

large amounts of exogenous 20:4 are added to platelets or

~ihen a glutathione peroxidase deficiency is induced, 1Zhp—

20:4 is converted to gpoxyhydroxy compounds (111,112). The
latter are then hydrolyzed to the trihydroxy products,
8,7,12-tribhydroxy-5,10,14—-eicosatrienoic and 8,11,12—

trihydroxy—-5,9,14—-eicosatrirenoic acid (111-113),

(b) S—Iipaxygena;e

The pﬁesenéé of a S—-lipoxygenase enzyme was demonstrated
by the isolation of 5-hydroxy-6,8,11,14-eicosatetraenaic
acid (5h-20:4) after {chbation of gabbit pol ymorphonuclear
leukocytes with 20:4 (114). This activity has also been
found in eosinophils (115), alveolar macrophages (11&4), and
mastocytoma (117) and basaphilic leukemia (118) cell lines.
Insertion of oxygen into the 5 position of'50=4 gives rise
to‘S(S)fhydropernxy—20:4. This 1ntermediate can be reduced

v
" B
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by cellular peroxidases to the corresponding monohydraxy

product or it may undergo a specific dehydrase reaction,
vielding the unstable allylic epoxide, leukotriene A, (LTA.)
(119). LTA,, the precursor of the highly bivactive S—series
leukotrienes can be enzymatically converted via 2 specific
pathways, the cell type determining the route of metabolism.
One pathway involves a stereospecific hydrolytic reaction by
LTA4 bydrolase to give 55,12R-dihydroxy+é6,8,10,14-
eicosatetraenoic acid, better known as LTB, (120,12i). In

\\

the other pathway a specific glutathione-S—-transferase
.

enzyme catalyzes the addition of a glutathionyl moiety ontb
C-6 of LTA4 to give 5(S)—hydroxy~6(R)—S—glut;thxnnyl— .
7,9;11,14—eicosatetraen01c acid (LTC,) £117,122,123): LTC,
can be further metabglized by a membrane-bound a—glutamyi
transpeptidase (removal of the terminal l—qlutamyl residue)
(124) and a dipeptidase (removal of the glycyl res:due)
(125) to yield L}D4 and LTE,, respectively. Addition of ¥-
glutamic acid (126) and N—acetylatidn (127) of LTE, are t;o
subséqgent metaholic pathways which give rise to LTF, and N-—
acetyl LTE,, respectively.

Alternatively, LTA, can undergo non-enzymatic hydéolysxs.
to give two 6-trans isomers ;f LTB, (119). -

The S;Iipoxygenase system appears to exist in a
relatively i1nactive state and thus requres activation. For
example, when polymorphonuclear-  leukocytes are-lncubated
with exogenaous 20:4 virtudlly no Shp-20:4 metabolites are
observed (128). However, when the caicxum 1aonaphore,

A23187, 1s added simultaneously large amounts of these
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metabglites are produced (128,129).
{

. . ;
(c) 1S-lipoxygenase
- ) -

The third major lipoxygenase system catalyzes the

”

stereospecific insertion of oxygen at C-15 to yield 15(S)-

s

hydropernxy—s,a,ll,13-eicosa£etraenoic acid- (15hp—-20:4).

L

This enzyme activity has been found in pol ymorphonuclear

*

Y

leukoeytes (130), reticulocytes (131), lung (132) and sheep

Y

W o
EIC

vesicular gland (78). The polymorphonuclear leukocyte

E R T

enzyme is localized within the cytosaolic fraction (130).

e

¥

lShp;20=4 can undergo metabolism by several pathways. Non-—.

S

enzymataic degradat{nn aof 15hp—20:4 to 15—hy&raxy—, 15-axo-,
13-hydraoxy-14,15-epaoxy-, and 11,14,15-trihydroxy—- products
has been reported (130). 15hp—-20:4 can also be converted to

a LTA, analogue, having a 14,15-epoxy group instead of a

DA e

Y

S,6-epoxy group (14,15-LTA,; 1S5-series leukotrienes) (133).

The hydrolysis of 14,15-L.TA, results in the formation of

e o Gt 3

several 6,15— and 14,15-dihydroxy metabolites (133).

Perhaps the most interesting of the 15hp-20:4 metabolites

Ty fo W

are the recently discovered trihydroxy conjugated tetraene

i

compaounds (lipoxins A ;nd B), formed by human leukocytes

T et

L o incubated with ionaphore A23187 and 1Shp-20:4 (25).

(d) Regulation of lipoxygenases

The mechanisms for the regulation of the different
(: . lipoxygenase activitips are not clearly understood.
) HoueJer, recent evidence suggests that li1poxygenase products

formed by one cell type may affect lipoxygenase activ{ty in
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other typéé of cells (134). Maclouf and co-warkers (135)
reported that the platelet\12-l:1poxygenase product, 12§p—
20:4, was a potent activator of human blood leukocyte S- -

&
lipoxygenase. 12h—-20:4 was inactive. On the other hand,

i S
15h-20:4 1nhibited bolh the platelet 12-lipoxygenase and the
leukocyte S-lipoxygenase (136,137). 1ts hydraperoxy
precursor, 15hp-20:4, was 4 -times as potenE an 1nhibitor
(134). ‘

Certain drug; can also i1nfluence lipoxygenase activity.
Vanderhoak and Bailey (138) have shown that ibuprofen, a
non-steroidal antiinflammatory drug, stimulates the 15-
lipoxygenase pathway of human polymorphonuclear leukocytesi
while inhibiting the S—-lipoxygenase. They suggest that
ibuprofen may interact with a physiological activation
process in these cells or alternatively, i1buprofen may mimic

the action of an endogenous activator or possibly displace a

naturally occurring 1ﬁh1bitor of the 15-li1poxygenase.

1.4.5. Other Pathways of PUFA Oxygenation

PUFA can be oxygenated by enzymes other than

cyclooxygenase and lipoxygenases. Liver and kidney

‘ cytochrome P-450 enzymes 1n the presence of NAbPH and NADPH-

cytochrome P-450 reductase catalyze the oxygenation af PUFA

to monadbydroxy and epoxy compaunds (139,140). Rat 1l:iver

mi1crosomes oxygenate 20:4 to the 9-, 11—, 12— and 15-

>

monohydroxy products (141)., as well as teo four epaxy acids:
S,6-epoxy—-8,11,14—, 8,9-epoxy-5,11,14—, 11,12—epoxy—5,9,14;

and 14,15—epoxy-5,8,11—eacosatrienoic acids (142). The
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farmation of’these epoxy acids by cytochrome P-450 has been

-referred to as the "epoxygenase" pathway (141). These

praducts can be further metabolized'by an epoxide hydrol ase

enzyme into the corresponding viec-diols (142).

.

PUFA can be oxygenate& by a variety of non—enzymatic

means in vivo due to their highly reactive methylene-

interrupted double bond structure. When no known catalyst

is present the reaction between molecular oxygen and PUFA is

-
2

referred to as autoxidation. Linoleate autoxidation, for
example, leads to addition of oxygen to either end of its
i1,4-pentadiene system giving rise to equal amounts of the 9-

and 13-hydroperoxy products (143). A mixture of cis,trans-

-

and trans,trans— qouble bond configurations results
depending upon the conditions of autoxidation.

Hemoproteins and transition metal ions are capable of
N » M -

catalyzing the non—-enzymatic oxygenation of PUFA (144). In

animal tissue, the position of oxygenation and the resulting

doub&e bond configuration are highly dependent upon the

" environment of this non—specific catalysis.

-

1.5. Physiological Roles of Oxygenated PUFA

Prostaglandins, thromboxanes and leukotrienes have been

implicated 1n numerous cellular homeostatic processes and

Toe

pathophysiological conditions. The prostaglandins exert

pharmacological actions on many tissues. Their

e

phyéfgloglcal roles have been more difficult to de}ineate.(’
However , prostaglandins, are modulators of certain

physiological activities in the healthy state and in
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defens:ve reactionshxnduéed by damage and stress. In the
.kidney, for example, 1t has been reported that
prcstaglandiﬁs have several rales, 1ncluding modulation of
the renin-angiotensin system, modulation of thé effects of
mkallikrein and 1nhibition of the response to antidiuretic
'hormone (145). Prostaglandins may be i1nvolved in the
stimulation of prtulrtary hérmone release via a stimulatory
effect on the release of their releas1n§ tactors from the
hypothalamus (146). Prostaglandins also have effects on
adrénal steroidogenesis (147). In the reproduct:ve system,
prostaglandins appear to be required for the action aof
luteinizaing ‘hormone in causing follicular rupture and
consequent ovulation (146). They are neéessary to promaote
regression of ‘the corpus luteum in cgrtain species (146),
and they are involved 16 contract;on of the myometrium
during parturition (148). Prastaglandxns are potent“
inhibitors of gastric acid secretion and also-exert a

cytoprotective effect in the gastrointestinal system,

possibly by increasing mucous production {(see 149).~ These

<

are aonly a few examples of the possible regulatbry roles o#f
prostaglandins 1n physiological processes. The role of .
prastagl%ndxﬁs and thromboxanes 1n vas&ulgr hoqeostasis w{ll \
be considered i1n a later section.

Leukotrienes seem to be, involved primarily i1n .’
pathophysiological processes, such as i1nflammation and
1mmediate hypersensitivity react;onq (150r. LTHB, 15 a
potent chemotactic and ;hemoklnetlc agent (151,152) -and .

stimul ates the aggregation of polymorphonuclear leukdcytes

-
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(151).‘ It afso augments the adhesion, of theselcells ta‘the )
endoéhelid& and\él;c1t5 their migkatx&n from éhe vgscular
qqmpartment ;nto dermal tissue (153;. The'peptiao—
reukotrienés, LTC4" QTD4 ané(LTE‘,fwhfch are the compgnedts
641slow—réact}ng.substanée of anaphxlaxis, aq;'involved in
the inductién'nf asthma, incré€asing bronchi mucous .

) '
production, causing bran:hoconstrictioq and augmenting

» ~»

vasopermeability (154).

.Tﬁg l1poxins have been found to exert certain biological
actions. Lipoxin A contragcts ggfnealpfg lung strips,
generates superoxide anions and stimulates degranulation of

leukocytes (28,155). Both lipoxin A and lipoxin B inhibit

" natural killer cell activity (28,155). The extent to which

«

these compounds appear in viveo and exert physioclogical

L

effects, however, is not as yet known.
The physiological roles of the various lipoxygenase
monochydroperoxy and monohydroxy products are not clearly ’

understood. Although certainséioiagicay effects have been

attributed to these compounds, further experimental evidence

B - . r‘
is required to support the:r physislogical rales. }

’

£ ) . \

1.6. Metabolism of PUFA by Vascular Tissue

1.6.1. Prostacyclin

Ever since PGl, was found to,be_an 1mportﬁnt megabéfite

of vascular tissue by Vane and cb-workers in 1975 (172),

research has i1ntensified in this area. PGIz'is the majlor

o
metabolite of 20:4 in virtually all arteries and veins (95).

™
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brustacyclin synthgse activity, though, appears to be hi1ghér
n ariéﬁxéf tissues than i1n veins (15&6). In microvessels,
however, 20:4 metabolism may drffer s;mewhat fraom the major
vessels. Capillary endothel:al cells derived from human
newb&ra foreskins produce PéEg as their major arachidonate
metabolxte:(157), whilé rat cerebral mlcruvessgls generated

pre&omxnantly PGI, (158). The profile p( metabolgtif//

releaséd by{vascular,txssue can be changed markedly by the

v addition of exogenous 20: 4. For example, rat aorta neormally

p?uduces much ‘more PGl than PGE, but when the aorta 1s

perfused with exogenous 20:4 the ratio gf these two products

1s reverséﬂ 1159). P6Ia 15 synthesized 1n the greatest
amounts‘at the i1ntimal surface and 1ts synthe51§
progressxvely‘dec}eases towards the adventitia (160).
Psz was orlgxnaily poestulated to be a c1rcuLat16é
hormone (161), being continuously released by’ vascular

tissue ‘and lung. This concept seemed to be SUpporfed’by the

fact that PGI; was not catabolized by the lung (1462) as wetre

pther prostaglandins and thaé there were high plasma PGI:

levels (measured as 6—0oxoPGF, ) (93). Subsequent studies,

however, have revealed that PGIé plasma leveis-under normal

5 -

" physiological conditions are much too low to exert any

appreciable biological effects (163,164). o)

LS

"PGI; 1s unstable and 1ts activity di1sappears within 10
min at 22 9C at neutral pH (95). Iq'ﬁuman b*ood.and plasma,
thouqh,'fhe hal f-11fe of PGl, 15 1ncreased considerably, .due

to the stabilizing effect 6f albumn (145).

’
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} .
(a) Roles of prostacyclin in the vascular systgm -
§ ’ e

. \ ‘ \
PGi, 1s the mogt patent known i1nhibitor of platelet .

aggregation (17). Applied locally 1n vive i1n low

*

concentrations, PGI; irnhibits thrombus formation due to ADP

y . -
1in the micraocirculation of the hamster cheek pouch (166).

v

When given systemically to the rabbit it prevents

electrically—1nduced thraombus formation rn the carotid

3 5

artery and 1ncreases bléedlng time (1467). PGIl; causes the

td

disaggregation of platelets 1n vitro and 1p extracorporeal

circuits of‘cats where platelet.clumps have formed on
-

collagen strips (168). It also dissipates circulating
\

platelet éggregates and prolengs template bleeding time in .

.~

humans (16&69). PGl, also inhibits thrombus formation 1h a

‘{4 3 ]
dog coronary artery model when given locally or Bystemeally
1 - ‘ \

“
\

(170). ' .

PGI, exerts 1ts antiaggrega{gry action b&-st nulating

k4 .
receptor (95). The elevation 1n cAMP levels enhances

platelet calcium sequestration, thereby inhibiting platelet

<" L

. . %
activation and thrombowxane synthesis. ¢

PGl, 1s also a strong hypotensive agent and a vasod:ilator

of most vascular beds (95). PGl, does not act as a

cirrculating vasodepressor hormone under normal physiological
/‘ ~ 2 "
. y

conditions (171)./ However , under certain stressful

€

si1tuations PGIz may act alone or 1n concert with other

hormaones to adjust local vasomotor tone.

PGlz, when applied locally to the endothelium of venules

£

and small veins, causes the release of previously firmly

F
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adherent leukocytes (172). Thus, there may be a role far

PGI; 1n preventing leukocyte adhesion to vascular
\\ N

endothel ium. \ \\“/ -

-

*
(b) Factors affecting prosfacyclin synthesis

e

Th‘e mechanisms regulating PGI,; synthesis are not clearly
understood. Brotherton and Hoak (173) have suggested a role
for calcium and cAMP 1n 1ts regulation. They found that
preincubation of cultured endothelial cells wx(h an
antagonist of cytoplasmic calcium or with an i1nhibitor of
cyclic nutleotide phosphodiesterase (1-sethyl-3—
1\sébutylxanth1ne: MIX) blocked PGl; release induced by a
variety of stimula. PGl 1n the presence of MIX i1ncreased
cAMP levels 2-fold oaver levels 1n the presence of MIX al:ona.
These results led to the hypothesis that 1ntraceldular
calcium 1s the mediator leading to the. syr(thes1s of PGI,
from the 1niti1al endothelial cell stimulus (e.g. thrombin).
The PGI, so formed 1s then capable of i1nducing an 1ncrease
of cAMP and legds to a negative feedback signal tg regulate

/,

\

its synthesis.

Another control mechanism for PGlZ production may i1nvolve
alterations 1n the erizymatic activities of cyclooxygenase
and prostacyclin synthase via hydropgr‘oxy products.

Hydroperoxy metabolites of 1B:2, 20:3 and 20:4 are potent

-

r1nhibi1tors of prostacyclin synthase (174). It has been

suggested that 1ncreased intracellular hydroperoxide levels

. could selectavely block PGI, formation, resulting 1n the

diversion of prostaglandin endoperoxides to other products

- - '
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such as PGE, (175). However, cyclooxygenase can also be

inhibi1 ted by relatively hagh concentrations of

o —

hydroperoxides (176). In fact, deactivation of =
cyclooxygenase rather than prostacyclin gsynthase appears to

be the limting factor of PGI, synthesis 1n cultured
' \

P
vascul ar endothelium (177), although this deactavation Y

have occured due to active oxygen species other than

o v

hydropermnde:s. As was discussed above, low levels 6( fatty
acid hydroperoxides (0.01—0.1 4M) are required to acthivate
cyclooxygenase (69). Hydroperax:ides, therefore, could be
rmportant factors in control'l;ng the synthes:is of PGl,, the
nature of thear effécts being determined by their precise

antracel lular concentrations.

Mod:i fying the fatty acid content 1n the endothelial cell

can have a marked effect on PGl, production and may be
relevent to the effects of diet or; PGI; praoduction.

Linolerc acid enrichment of cul tured human umbilical vein
(178) and bovine pulmonary artery (179) endothelial cells
caused a 60-75 7 reduction of PGI, production upan calcium

1 0onophore stimulation. Eicosapentaenoxc acid, abundant in

@

marine oils, has been reported to exert varying effects on
PGI,; production. For example, humans fed diets high 1n
marine o1l were found to excrete substantial amounts of FGI,

metabolartes 1n their urine, approximately equal to the

Y
-

amounts of PGI, 'metabolites i1n controls (76). At the same &

tx@né, there was no reduction 1n the amoynts of PGl

4

metabolites excreted as a result of this freatment. Spector

~
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et al. (180) found that when cul tured human umbilical vein
endotheli1al cells were enr:ched Nl'th 20:5 there was a 50—-90
% reductiqn 1n the capacity of these cells to release PGI o
when stimulated with th—rombnn, calcium 10nophore or 20:4.
Thus, 1t seems that cellular fatty acid content can
substantrally 1nfluence PGl prod‘uctlmn althougr{ the

. )
mechanisms i1nvolved have not yet been cle.‘arly“ defined.

Haigh densxfy lipoproteins (HDL) may play a role 1n
stln;ulatxng PGl , synthesis. By measurx;‘ag 6—axoPéF1a one
group of 1nvestigators (181) found that HDL stimulated PGI;
synthesis 5—fald over 24 h 1n cultured porcine ‘aortac |
endothel1 al cel l\s. Thais stimulation could be mediated by
provision of the endothelial cells with 20:4 contained
'hnthz.n HDL 1n the for;n of cholesteryl arachidonate.

Low densaty lipoproteins (:LDL) sy On the Q-thei" hand,
inhi1bit PGI; synthesis by rat aortic slices (182), s
sufierfused po\‘nne caronary arteries (182) and pig aortic
microsones (183). The source of LDL may affect this.

. -
inhi1bition, though. It has been suggested that lipad

hydroperoxides, present within LDL may be responsible for '

1ts a2nhibitary effect on prostécycl 1n synthase. However,

-Ber1tz et al. (184) ogppose this theory and tlaim that 1-‘$ 1S

the fatty acid pattern and lipid class composition of the
LDL h'!hich‘\are important for their i1nfluence on PGI,
praduction. =

¢There appear to be distinct. sex dxfferencels 1n the

producttion of PGI,; by blood vessels. These differences may

- be mediated b/\the sex hormones. Pomer antz and co—work“ers

. -
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(185) have shown a higher spontaneous level of PGl,

production in male rat aorta as compared to the female.
Ovariectomy increased PGl; production (measured as 66—

oxaoPGF, o) by 6-fold, but castration had no effect.

&
Estradiol treatment of the ovariectomized females suppresseg

i

PGI, productidn by SO % whereas progesterone treatment
enhanced 1t by . 2-fold, respectively. Testosterone was

without effect 1n gonadéétomiZed males and females. Séillan‘

et al. (1846) found that ‘both estradiol and testosterone

stimul ated PGI, rélease from cultured piglet aorta

4

endothelial cells obtained from females. In contrast, cells

obtained from males were unresponsive to ‘sex hormones.

Another study has found higher PGly, production in aﬁteriés

!

from women than from men (187).
A host of other factors have been reported to stimulate
PGl, production from vascular tissue. Some of these factors

include: thrombin (40), bradykinin (188), angiotensin II

L]

(189) , kallikrein (190), leukotriene C (191), calcium
ionophore, A23187 (40), ADP and ATP (192), noradrenaline
(193), interferon (194), immunologic i1njury (19%), decreased

extracellular potassium concentration (1946), endotoxin R

)

(197) , pharbol esters (197) and mononuclear cell products
(198). (Obviously, the factors regulating PGI, production in

"health and under stress are caomplex. The magnitude of tﬁe

I3

effects of these agents on PGI, synthesis and the duration

v
.

of their actions are dependent on the specific factor

t
‘

invol ved and jts‘megranism of action, as well as the fype af

’
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vascular cell .(endothelial or smooth muscle) in question.

n
¥

1

(c) Prostacyclin and platelet/vascul ar ualf interactions

PGls formation at a site of vasFular damage and
hemo;tatib plug formation could be a éog}rolllng factor in
limiting thrombus size. Thrombin 1s geﬁérated on the
platelet surface at the site of vessel damage, via
activation of ihe clotting systenm. Thrombin can bind to ;
specific enda?helial cell receptor and can stimulate PGI,
synthesis, possibly by way of phaospholipase activation,
since mepacrine, an i1nhibitor of this enzyme, abollshes
thrombin-induced PGIl,; synthesis by cultured endothelial
cells (40,199). Stimulation of PGI; praoduction could limit
the hemostatic plug to thelsite of injury and prevent
continuation of thrombus format;on down the blood vessel
wall.

In addition to vascular 20:4 acting as the substrate for

Psz formation, activated platelets could relﬁpégQ\

endoperoxides which could be converted to PGl; by vascular

1
4

]
cells. The most convincifig evidence in support of this was

carried out by Marcus and colleagues (200). They i1ncubated

=3

£3IH120:4-prelabeled platelets 1n ;ggregometer cuvettes thh-
thrombin, A23187 or collagen i1n the presence of aspir16~
treated endothelial cell suspensi1ons,. - [3H]16-oxoPGFy 4 was
recovered from théésupernatanfs of the comb:ined cell
suspensiohs agter stimulation by all three agents. The

*

amounts of platelet [(3H1TXB, produced were low and platelet

aggregation was 1nhibited at a ratio of 200,000 platelets to
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300Q-6000 asp;rin—treated endothelial cells. At higher'
platelet levels the proportion of 6—oxaPGF,q to TXBzﬁ
decreas?d and platelet aggregat?on occurred. Endogenous
20:4 ar exaggnaus~radioactivé 20:4 were not converted to
PGI;Jafter addition of thrombin to aspirin—treated
endothelial cellsi Therefore, the endotheliél cell
suspensions could Bnly havg ﬁsed endnperoxiAes from
stimulated platelets, sinte platelets lack prostacyclin
éynthase. )

Data from Needleman et al. (201,202) suggest that some
degreé of vascular damage would be necessary for Platelet-
agrived éndoperoxidgs to.be used by vascular prostacyclin
synthase. They demonstrated that while 20:4 could be
readily converted to PGI, by perfused rabbit hearts and
kidneys, PéHg was not readily transformed to PGI,.

To what extent PGl, production is re;pnnsible for the
inhibition.d@ platelet adhesion ({hromburésistance) to the

1

endathel1um is.depated. .Dejana and co-workers (203) studied
the effecis of inhibition of PGI; synthesis by aspirin on '
pfatelet.adhesinn‘ta theé endothelial 1lining €§ rabbit aorta
.in'vxva and in vitro. The; concluded that inhibition of
PGI, productiéﬁ does not promote plafélet adhesidﬁ. ,Usinga'
another preparation Curwen et al. (204).fnund that . neither
treatment of vascular eQdothelium with aspirin or |
indometﬁacid‘nor increasing PGI, production by géditian o{
20:4 affected basal platelet adherance. On the other hand,

platelét adherence to trénsfnrmed vascul ar endothelial cells

(obtained after viral ‘infection), which generated only very

——

.
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small amounts of PGl», was markedly increased. Addition ‘of

exogenous PGI; partially reversed the incréased-adhesion.

-

Eldor and colleagues (205) conducted experiments using an
incubatign chamber to measure PGI£ production at the luminal

surface of aortae. They de-endaothelialized aorta and found

.
. 4

a closely adherent layer of platelgﬁs”shortly after rnjury.’

* >

Several days later only a few platelets adheired to the

denuded surface. Results of their experiments revealed that

de—endothelialized muscular neo—intima synthesi1zed
increasing quantities of PGI; with time after injury and

that thig'increase correlated with the formation of a neo-
intima and with the. acquired thromboresistance of the aorta.
Pélz inhibits platelet aggrggatlon at much lower

concentrations than those needed to 1nhibit adhesion (206).

Platelets, lhen, may stick to vascular tissue and 1nteract

.with it,/y?t'at the same time PGI, may prevent or limt

thrombus formation. Substantiation of this idea comes from

LA récént investigation (207). i“E‘»l'u'.rrtzly after balleon de-

endothelialization of rabbit aortae there 1s a closely

adherent layer of platelets. A small reduction of adherent '

platelets could be aobserved 1n animals recéivnng PGIZ at ‘50~

i

100 ng/kg/min (a dose sufficient for complete inhibition of
platelet aggregation) but conéentratxons of 650-850
ng/kg/min were ne&essary to inhibit this a&hesnoﬁ.

Vaglous factqrs éruduced within the platelet affect PGI,
syrithes: s. Plate}eg—decjved growth factor (PDGF),. in low

concentrations gr;atly enhances PGI; release from bovine
1
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: i" . endothelial cells (208). It has been postulated that PDS%’
released in vivo may increase PGI; production as part of a

(
negative feedback mechanism controlling platelet

aggregation. On the other hand, B—thr-cnnbaglub;u,in, anather

) protein released from platelet a—granules, i1nhibits PGl
production from cultured endothelial cells (2(?9).

‘ Serotonin, a dense granule platelet constituent, increases .
PGI, synthesis in cultur/eg bovine aortic smooth muscle and
PDGF acts synergistically in this response (210). Yet no
sti“mulat'icm is observed with aortic ‘endothelqial cells.

1t appears, therefore, that platelet—vessel ’yall
! interactions are intimatgly linked and f:arefully regulated.
PGIz, although apparently not responsible for all the
thromboresi,sta'nt properties of. vascul ar endothelium, plays a

? - . crucial role in the control of platelet aggregability,

especially in situations in whi.ch platelet reactivity might

be enhanced due to local tissue damage.

v -

*

{(d) Prostacyclin - Thromboxane balance

A direct physiological antagonism exists between PGI, _and
Txhzl. PGI 5 1sl; pui:ent p‘l'atelet antiaggregatory agent anc_l
vasodilator while TXA, 1s pro-aggregatory and causes
vasoconstriction (211). Both substances are derived from
the same substrate, have the same intermedintes, are ’ -y
uns';table ar:d their ﬂbiolégical activity depends on their ‘rate
{‘ ) ' of synthesis, since they are not stored. The balance of

these two subsfances in vivao has been purported to play an

important rrole_y the control of vascular homeostasis (211). .
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Thgrg is some evidence in the literagure to suggest that an
improper balance of the PGI,/TXA, ratio may be linked to the
yascular complications in a numbgr of diseases, i1ncluding
atherosclerasis, which will be discussed in tﬁe next
section.

Platelets from patients with arterial thrombosis, deep
vein thrombosis or recurrent venous thrombosis'producé.more
prostaglandin endoperoxides and TXA, than normal and have a
shaortened survival time (212). Diminished PGI, production
may explain the microvascular'complications present in
diabetes. PGl,; production by blood vessels from patients
with diabetes 1s depressed (213)“aﬁd circulating levels of-
6~o§oPGF1¢ are reduced in diabet{c patients with
proliferative retinopathy (214). The reliability of this
latter result is questionable, though, since circulating
levels of PGI, have been found to be very low as was
discussed above. Platelets frdm diahbetic subjigcts show
diminished sénsitivity to PGI, and platelets ;rnm rats made
diabetic release more TXA, than normal (95). However, thgse
results have not been confirmed 1n ;ther studies (215,2r4) .
One s;udy reveals that in diabetics with microangiopathy the

balance betuged PGI, and TXAz 1s shifted towards PGI2 (213)

and in anotﬁer, data was presented that do not support an

‘assoc1atian between reduced PGl and diabetic retinopathy

(2146) . .

.

The balance between PGI, and TXAz has been reported td be
altered in Bartter 's syndrome (217), thrombocytopenic

purpura (218), pre—eclampsia (219), hypercholesterolema

3
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(220) as well as angina (221).

Much interest in the ph;rmacolagical control of the
PGI,/TXA; balance has arisen recently. Attempts havewbuen
made to find an aspirin dose which would gffeétivelyrinhibit
platelet TXA, synthesis without reducing vascular PGI
synthesis. These attempts were based on two in vitro
find%pgs: (i) platelet cyclooxygenase appeared to be more
sensitive than the vascular enzyme to aspirin inhabition
‘(222), and (ii) the platelet enzyme is inhibited for the
l1ifespan of the platelet, whereas enzyme tuénover pérmits
replacement of cyclookygenase in the vascular endothelium
(223). A detailed investigation was carried out by
Fitzgerald and col leagues (22%2. Al though they found
grﬁater inhibit{on of TXA, synthesis'than PGI, synthesis
with ch;onic la; doses of aspirin (20 and 40 dg/day, for 7
days);, inhibition of plateiet function was not caomplete at
this dosage. Doses of aspirin in excess ;f 80 ig/day
resultea in substantial inhibition. of enqogenous PG!Z
synthesis. It was concluded that it would be unlikgly éa
find a dose of aspirin which wauld maxima}ly ingibit

i

thromboxane generation without reducing endogenous PGI,

synthesis. More recent studies (235) suggest that simulated

sl ow releasé of {$§7dose aspirin (either 1 mg every ;P min x
20 or 5 mg every 2 h x 4) results in a more Fapid inhibition’
of platelet thromboxane formation than acute low-dose (20
mg), while ‘at the same t;me presqfving the capacity of

¥ i

systemic endothelium to synthesize PGI,.

-
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With the advent of ihromboxane 5ynt535e inhibitors,
selectxye inhibartion of TXA, farmation has beco;e possible.
Dazoxiben, :)e of these inhlbxtoFs,.uhen admnistered to
healthy volunteers :in séngle doses of 25-200 mg, induced a
dase-dependent reduction of serum Tng‘levels and i1nhaibition
of ex vivo platelet aggregation induced by 20:4 (226).
Endagenous PGIl, ?ynthesxs was 1ncreased, possibly by ihe
donation of platelet endaoperoxides to the vascular
‘endothelaum (226). One potential drawback to the use of
thromboxane synthase inhibitors 15 the fact that platelet-
dgrived prostagiandin endoperoxides can still be formed and
they may exert pro—aggregatory activity if ﬁot converted to
Pélz by the endothelium. In(any case, pharmacoiogxcal
manipulation of the PGIl;/TXA; balance appears to be possible
and may have possible therapéhtxc potential i1n diseases ‘with

.

vascul ar complications. .-

-

(@) Prostacyclin, lipid peroxides and atherosclerosis

High concentrations of lipaid peroxides have been
demonstrated 'ip advanced atherasclerotic lesions (227). It
has been proposed that the accumulation of lipid peroxides
1n vascular tisgue leads to :1nhibation of PGIl, synthes:is,
which 1s followed by 1ncceased plaﬁelet adhesion to
andéthelxum and release of platelet factors (228). ~
Platelet-derived growth factor, one ;f these factors,
induces smooth muscle cell proliferation, an essential gtep

1n the process of atherogenesis (229). The finding that

PGl; synthesis by human (230) and rabbit (1795)
~ ~
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.atherosclerotic arteriés in vaitro i1s lawer than in control

arteries is consistent with this hypothesis. -~
On the other hand, it has récently t/reeln reported that the

amounts ot urin:ary metabolites of PGl are actually higher
in patients with atheraosclerosis than in norma'l cdntrols
(231). ] This implies that the total production of PGl; by
the body 1s i1ncreased, rather than decreased in this
disease. The 1n vitro expg;'lments referred to above would
reflect stimul ated PGI, shynthesis, whereas the levels of

PGl, metabolites in urine would reflect basal PGIz synthesis

whaich 1s normally'very’lou. These results could be

‘5 ~

‘reconcirled, however. PGI » A generation might be enhanced in

the presence of platelet activation in atheroscleros:is.

This enhanced PGl, formation may derive from heal thy

vascular ‘tissue that 1s attempting to minimize the effects

.

of platelet activation, and not fraom atherosclerotic o -

diseased tissue.

A

Szczeklik,.and co—warkers (232) have -reported striking and
prolonged benefité f/allowing intra—arteri,al infusion af PGI;
in 5 patients with advanced atherosclerotic lower limb
peripheral vascular disease. Rest paiﬁ di1sappeared, muscl‘e
blood flow was significantly i1ncreased for at least 6 weeks

after PGI,; infusion, and ulcers hebled. A further &etailed

study was carried out by €his group on S5 patients with

advanced peripheral arterial disease of the 1lower

extremities, 38 of the pataents being diagnosed for

 atherosclerosis (233). In 4R 7Z of the patients treated

there was‘ a persistent, lofig lasting 1mprovement. In 40 %

~
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of patients the improvement. lasted no longer' than 2 manths

while 1n the remaining 18 % of patients there were virtually

Y

no changes.

.

1.6.2. - Prostaglandins _and the Ductus Arteriosus

—

D;,nrxng fet'al life 90 % of"rxghta ventricular output passes

through the ductus arteriosus to the deséendlng aorta (234).
A

By shunting the blood flow away fr'om'the high resistance

fetal pulmonary circul ation, total workload on the heart 1s

greatly reduced. Fetal patency of the ductus 1s act:ively

maintained by prostaglandins, apparently of the E type
(234). PBE; and PGE; exert an extremely potent relaxant

v

.effect on the ductus arterxossnlen vitro, whereas PGl; 1s
approxamately 3 orders of magnztuae less potent (235).

PGl; has been reported to be the major metabolite 1in
homagenates and 1solated preparati:rans aof 'fetal ductus .
arteriosus. (236,237). PGE, and PGF,4 were also detected.
Fetal lamb ductus was reported to produce about 30 7 as much
Pﬁéz as b—oxt;PGF,a (237)‘.

Dl'ley’and Cocean1, on the basis of their studies favour
loca_lly produced PGE2. as fhe prime medi1ator %f ductus
patency. In lxne wmith this concept 1s the evidence that
prostaglandin end:::peroxxde synthase 1nhibitors (e.g.
indomethacin) constrict the fetal lamb ductus 21n vitro
(234) . Dthers., however , favour ‘the hypothesis that humoral
sources of vasodilator PGEz are 1mportant for ductus®
arteri1osus patency, since they' were not able‘ to detect

~

enzymatic synthesis of PGEs from FGH, by 1solated fetal lamb

4
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ductus arteriosus (238)5/)In any case, PGE’'s are essential

N o

for ductus patency and they are the compounds of choice 1n

o)
the treatment of newborns with congen:tal heart lesions
requiring patency of the ductus to maintain the pulmaonary or

systemic circulation (234).

A

:The mechanxsé for closure of the ductus arteriosus at

birth 15 sti}ll not clearly understood. However, 1t 1s

believed that this contraction is triggered by the rise 1in
arterial oxygen tension (pOz) that occurs with the first

breath (234). One hypothesis for closure of the ductus is

=
"
T

+that prostaglandins, specifically PGE,;, become less

ef fective; postnatally (239&. Cocean: , Dlley and col leagues

- .

haye shown that the relaxanx effect of PGE2 on the ductus 1s

5 \

diminished with high pOs; (2&@) A decline 1n the respanse

«

of the ductus to prostag!andims durlng the last thxrd of
gestation has been reported (2&1), and thls could represent
a priming factor fog postnatalnclosure. Concentratlons of

prostaglandins jn the blood ar@xrelatxvely high 1n the fetus

)
\
v

and féll rapidly after birth ({i42), therefore, their

" relaxant effect on the ductus &5 removed: Closure of the
ductus, then, may be reqgarded és‘a wlthdrewal of the
relaxant actions of prostaglandins cqab1néa with the
C?ﬂStFlCtDr effect of h1gh pO». Dtheps suggest that
vasoconstrlctor products -are important for ductus arteriosus

closure (243). .TXA, produced i1n the lungs and convéyed to
i ) ~ ’ !
target sites 1n the ductus ‘by the bloodstream has been

t

suggested ds the mediator® of oxygen-induced ductus

)

- , BY
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constriction (243). Cantrary to thais hypothggxs 1s the

finding that TiAz did not contract the ductus 1n vitra (244).

1.4.3. Other Oxygenated PUFA Metabolites Produced by Vascul ar
: Tissue -

(a) Synthesis of thromboxanes by wvascul ar t1wxte

TXA, has been reparted to be prodaced as a mi1inor product
of 20:4 metabolism by vascular tissue. In 1976 Tuvemo and
colleagues (245) demonstrated 1ts synthesis by human
umbi1l:1cal artery, and suggested that 1t might be i1nvolved 1n
1ts closure at birth. Salzman etﬂél. ;246) abserved
synthesis of TXA; by 1ntrapulmonary artery strips, which was

<
not attributable to adhering lung tissue or platelets. TXA,
synthesi1zed by the vessel appeared to 1mpairt some basal tone
to 1t.

Ingerman—Wojansk: et al. (247) have shown that
thromboxane (measured as TXBz by radioimmunoassay) 1s
synthesized by cul tured bovine aortic endothel:1al cells but
not by vascular smooth muscle cells. The ratio of 6-
ox?PGqu to TXB; produced by endothelial cells was rﬁforted
to be between 5 and 10 to 1 wirth both exogenous (20:4 and
FGH;) and endogenous (stimulated by 1onophore A23187)
substrates. Human arterial and ‘venous segments, obtained
t+rom patients undergoing operations, converted [1-14CJ20:4
to 6-oxoPGF; o and TXB, 1n a ratio of 4:1 (248). In other
experi1ments thromboxane production by 1ntimal cells was
negligible, whereas 1ts production by media smooth muscle al

cells was the main source of this substance (radioimmunoassay

measurement) (248). Thaig, finding seems to contradict the



o
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above results with cultured bovine vachAér cells. .

-

Wolfe and calleagues (249) found that synthesi1s of TXB»
from endogenous 20:4 aof rat aortic and mesentary artery
rings was very low, at the limit .0f sensitirvity of their GC- -

MS assay (approximately 2 ng/sample). = 6-oxoPGF g was .

-

present 1n amounts 1000 times that ot TXBgla Tﬁey were not

7

able to dete&t TXB, from perfused rat mesenteric artery
preparatirons. Several other investigators have failed to’

demonstrate thromboxane synthesis by other blopd vessels

(243,230).

ngerally, the proddctloﬁ of ?hrombogane, both 1n vivo
and in vitro, by. vascular t}séue is regarded as a miner
pathway. rStudxe employing GC~MS as an analytical tool

reveal vety small amounts of thrombaxane proddctxon.

-

Exgérlments hith radi oimmunoassay as the measure :j[~

mboxane

to PGI, ratio (247,248) which possibly 1s a result of a lack -

of specificity of the asghy. As well, cultured vascular

cell production of thromboxane may not accurately reflect
* N . .

L

1ts production by i1ntact tissue.

(b) Synthesis of leukotrienes by vascular tissue

¥

Slow-reacting subétance of anaphylaxis (5RS-A) has been

characterized and shown to consist of-LTC./ALTD4 and LTE 4.

’ v

SRS-A was detected after 1mmunologxcal'stxhulatxun of guinea
p1g aorta (251). Piper and G&Léorkers (252) -reported the

generation of a leukotriene-like substance from porcine

coronary and pulmohary'arterxes when 1ncubated with the

Y



divalent cation i10nophore, A23187, 1n the presence of a
cyclooxygenase i1nhibitor. Further characterization of thas
substance revealed that 1t had all the properties of LTE,

(253). The adventitia was the richest source of LTE,,
followed by the i1ntima.  This substance was produced 1n
smaller amounts in the absence pf the cyclooxygenase
inhabirtor, however. Other biood vessels released smaller
amounts of LTE  whereas no leukotriene—1li1ke materx;l was
detected from aorta. In shorter 1ncubations, prelimnary
experiments élso reveal ed th; presence of leukotrienes C4
and D4, the precursors af LTE, (253). ’ .

In addrti1on to LTE, a substance which had properties
1nd1stinguishable from those of LTP, was generated from the

-3

‘pulmonary acfery:(Z?#a.

1.7. Studies in our Laboratory
Prior to the present 1nvestigation, 20:4 metabolism by
particulate fractions of fetal calf aorta and ductus

érteriosus was studied 1n detail 1n our laboratory
(2364254). Partaiculate fractions from fetal calf aorta and
ductus arteriosus converted 20:4 tg 6-0xoPGF, g, b,15- k

a1 oxoPGF 5 a, 12—hydroxy—§,8%10—heptadecatr:ehuxc agxd, 11h-
20:4, and 15h—20:4 (254). The formation of all of these

products was 1nhibited by i1ndomethacin i1ndicating that they

~

were all formed by'prostaglandxn endoperoxide synthase. No

thromboxane synthesis was obser ved. 12h-20:4, a
oy " ' \
1i1poxygenase product, was also detected i1n the presence of
. el
1ndonmethacain. its synthesis was presumably enhanced due to
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the increased availability of substrate. Factors
stimulating prostaglandin'hy@rnperoxxdase activity
(epinephrine and tryptophan) stimulated the formation of the
manohydroxy fatty acids and &6-aoxoPGF,q. Methemaglobin, on
the other hand, selectively stimulated the formation of
6,15-d10oxoPGF 4 - It‘appeared that this product uﬁs formed
by dehydration of 15-hydroperoxyPGl, or possibly 15—
hydraperoxy—6—axaofPGF 4 4. #At high concentrations 94 20: 4,

- 6,15~-d10%0OPGF, o formation was substantially increased with
respect to 6-oxofPGF, 4 formation, since the capacity of the
particulaté fractxgn to reduce 1Shp-PGI, (or 1Shp-&6oxoPGF , «)
was exceeded and the excess (5-hydroperoxy compound was
converted to the corresﬁonding"ls—axo derivative. These 15-
hydroperoxy ntermediates 1n the metabolism qf 20:4 may be
important factorsrxn regulating PGI, synthésis in aorta,
si&ce prostacyclin synthase is strongly inhibited by such
compounds (174). Slices of fetal ‘calf aorta incu@gted in
physiological n?dium released all the metabolites sentioned

abgve from endogenous stores of 20:4 (254).
A
e Ductqﬁfarterlosus particulate fractions metabolized 20:4

in assentially the same manner as fetal calf aorta.

Ty

E prostaglandins seem to be 1mportant for maintaining
ductus arteriosus patency during fetal life (234). Besides
20:4, 20:3 15 another possible source of E prostaglandins in
fetal blood vessels. Although 20:3 15 present in cellular
lipids 1n considerably smaller amounts than 20:4, it c;nnot

be converted to PGl; due to the absence of the 5,46—~double
|



s 47 \ ~Bc
bond. instead,'the maj)or product of PGﬁ, metabolism by
partially purified prostacyclin synthase from rabbit aorta
was reported to be 12-hydroxy-8,10-heptadecadienoic 9c1d
(12h—17:2) (25%5). It 1s possible that 1n fetal blood
vessels, the metabolise of prostaglandin endoperox:des
derived from 20:3 could be diverted from prostacyclain

‘

synthase to PGE 1somerase (1§ this enzyme 1s present i1n this
i -

tissue).

Particul ate fractions and homogenates from adult and
fetal bOV{ne aorta were found to convert 20:3 to the
following metabolites: ll—hydréxy—e,12,14—excosatrxenoxp

o
acid, 15-hydroxy—8,11,13-e1cosatrienoic acid, 12h-17:2
(major product), 12-oxo~8,lo—heptadecadxeéozc acid (120-

17:2), 10,11,12-tri1hydraoxy-8—heptadecenoic acid ., 8,11,12—

E}xhydéoxy—?—ﬁeptadé&enaxc acid (2 1samers), PGE, and PGF, «

o

A256). With the éxceptions of 120-17:2 and PGE;, all of the

above products were shown by gas chromatography-mass
spectrometry to be 4or§ed from endogenocus Substrate after
xﬁcubatxon of slices of fetal calf aorta 1n ghysxo;oqxcal
medium. Prostaglandibh endqpero;ide synthaﬁ7ﬁgbpeared to be
required ﬂ?rﬂbhe synthe;xs of all of the(%bave broducts.
Small amounts of 12-hydroxy-8,10,14-eicosatrienoic acaid and
11,12,15-t¥ihydroxy-8,13—91cosadxenoxc acid were also
detected (257). The 17-carbon products were all deraived
from 12Zhp-17:2.

Methemoglobin :1nAcreased the formation of all products

except PGE; and FPGF ;4 by about 50-100 7/ above the control.

Adrenaline stimulated the formation of the mono@ydroxy fatty
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decenoic acids.

-

1.B. Basis for the Present Study

P 2 .
At the onset of the present study substantial information

was known about 20:4 metabolism by \ascular tissué. “The
study of 20:3 metabolism had been i1nmitiated, but the
sechanism for the formation of the trx;-\ydro:;yheptadecanoic.j
acids was not known. We proposed that the trihydroxy
products!;re formed via epaxyhydroxy intermediates,
Therefore, anﬂxnvestigation to further characterize this
reaction was 1nitiated.

18:2 1s an abundant cellular PUFA, often féund in
quantities equal to, or exceeding, 20:4. It had been-
repor-ted to inhibit PGI; production i1n cultures of vascular
endothelial cells (178,179). We postulated that 18:2 could
be oxygenated by yas&ular tissue to give ;ise to hydroperoxy
intermediates. These intermediates, if not metabolized
rapidly, could then cause an inhibition of prostacyclin
synthase. Alternatively, 18:2 could compete with 26:; for
the substrate binding site of prostaglandin endoperoxide
synthase and thus block its conversion into PGla.
Therefaore, 18:2 metdbolism by vascular tissue was studied,
as well as the mechanism of its effect on 20:4 vascular
\ =

metabolism.

Following the characterization o€ the metabolism of these

PUFA we decided to establish an assay for measuring the

’
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major'oxygenated PUFA products synthesized from endagenous

'
i LI

substrate by wvascular tissue. Previous work from our

,aorta (254,2546,257). As discussed these products

from fatty acid hydroperoxides, a reliablg/ gssessment of \

their amounts within vascular tissue may be obtained. In

e

‘the past, lipid peroxides have usually been measured by
determining the amount of thiobarbituric acid-reactive ¢
material present in the sample. However, this i1s not an

entirely satisfacto}y proqedureu(zsa). There#orq measuremant

—o#f-the monchydroxy and. trihydcoxy products represents an
alternative and much more speéé*ic appfoach. '
Anliapagrment in the metabolism of‘hwdroperoxy-fatty
acids to hydroxy fatty acids by peroxidases in vascuiar
tissueucobld be reflected by a dccré;sed PGI, synthusxsoand

.an increase in other hydroperoxy metabolites, such as

1

trihydroxy products. One cellular peroxidase enzyme,
glutathiqne peruxida;e, requires selenium as an essential
component (239). By feeding rats and rabbits a selenium-
dgficient diet, we attempted to 1nduce\a defxc;ency 1n this
efnzyme. Heasucgment of the oxygenated FUFA metabolites
formed from endaogenous substrates by aorta was then carried
out to determine whether an alteration 1n the profile of

these metabolites Qould result.

. *P'v l
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{ ' - . MATERIALS AND METHODS
. [} L . X

2.1. Materials

2.1.1. Sources of Animals and Blood Vlcl.is - - } ’ -

“\ ' Bovine blood vessels were obtained from a ldca!
slaughterhouse. They were placed on ice immediately after
dissection and then transported to the laboratory.

Male New Zealand White rabbits were purchased from Fermse

.
A artsban e Y P o M B eyl K iAo recith T Kbt LK Mkttt < 5 L, S b 1

Cunicole C. Leonard, Inc., Ste. Scholastique, Quebec. Male
Sprague—Dawley rats were purchased from Charles River, St.

Constant, Quebec. A

2.1.2. Diets

-

For the selenium deficiency study weanling rats and ) .,

rabbits were fed ad libitum specially prepared diets froms ‘
1 . ’ 4 a N ]
— ¢ - —  Yeklad, Madison, Wi., as shown-in Table 1. All animals had - -

free access to water. ) . ) . \ L ‘ [

' 2. 1.3. Ch..ic.l-

'

PGE,, PGF s [3,3,4,4-2HIPGE, and &6-0x0l3,3,4,4-2HIPGF, o :

were kindly provxdea by Dr. J.E. Pike of the Upjohn Co.,
K;lanazoo, MI. Indomethacin was obtained from Dr. C.
Gleason of Merck, Sharpe and Dohae; Montreal, Guebec.
Unlabel;; fatt; acids yére purchased from NuChek Prep. . . .
Inc., Elysian,- MN., whereas [1-24C118:2 (54.7 Ci/mol), E£1-
14C3120:3 (55.1 Ci/mol) and [1-14(]20:4 (55.4Ci/nDl) were

obtained from New England Nuclear Canada, Lachine, GQuebec.

These compounds were purified by normal-—-phase high prchuuru

i

liquid chromatography (NP-HPLD) immeLiataly prior to use (254).

9

¢
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. © TABLE 1

Coepasition of Rat and Rabbit S.lnnxu--bcficion§ &nd Control Diets

RAT (Teklad !1705¢a)

KES v g/kg
Torula Yeast \ i 300.0
Sucrose \ . ) 598.2%947
Lard,- tocopherol-strxéiud - 50.0.
Hineral Mix, Hubbell-Mendel- Hakgnan (#170790) ° 50.0 - |
Thiaman HCl 0.0004 °
Riboflayin . ‘ 0,002%
Pyridoxine HCl . 0.002
Calciue Pantothenate \ 0.02
Niacin ! . 0.1
Biotin | 0.001
Folic Acid \ : 0.002 .
Vitasin By, (0.1% tr:turatﬂon in mannitol) 0.1
Choline Chloride 1.0
Dry Vitamin A Palmitate (500,000 U/g) 0.028
Dry Vitamin Dy (500,000 U/g) . 0.0064
Dry Vitamin E Acetate (500 U/g) 0.44
Menadione \ . 0.00¢

+the-selentus control diet (Teklad TDB3444)-hasssodiue_ -
selenite-sucrose mix (0.0445 2| Nay;Se0y) added at 2.5 g/kg dret

and the sucrose concentration is adjusted to 595.79467 g/kg to
balance the foraula. This diet i1s designed to give 0.5 ppa:
selenius, '

RABBIT (Teklad #TDBALSE)

g/kg

Torula Yeast . 320.0
DL-Nethionine 3.0
Sucrose 441.7
Corn D11 50.0
Fiber (cellulose) 130.0
Mineral Mix, Williams-Briggs (#170910) ° , 35.0
Calcium Carbonate 7.7

« Vitamin Mix, AIN-T6A (#40077) 10.0
Choline Bitartrate 2.6

¢ The seleniua control diet (Teklad #TDBA309) has sodiua selenite
(N3;Se0,.3H,0! added ,8t 0.0017 g/kg and the sucrose concentration
1s decressed to 44), 6983 g/kg. Yhu control diet contains
dpproximately 0.52 ppa selcnlun, nherlls the seleniums deficient
diet 15 estimated ta contain 0, 02 ppn clpntun.

Ve
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[98-3HIPGF ;o Was synthesized by reduction of PGE,
with sodium borolFHlhydride (260) .

Saybean l;poxygenase (Type 1, 152,200 Units/mg),
methemoglaobin, adrenaline bitartrate, guaiacol,
nordihydraoguaiaretic acid and glutathione reductase (Type

' . .
II1F¥, 160 Units/mg) were all purchased from Sigma Chemicals,

St. Louis, MO.

*

Pierce Chemical Co., Rockford, 'IL., supplied N-sethyl-—N-
trimethlysilyltrifluoroacetamide, Tri-Sil 7 reagent
(trimethylsilylimidazaole in pyridine) and methaxyl amine

hydrochloride.

t

The following chemiclals were purchased from the indicated
companies: platinum(IV)bioxide (Al fa, Danvers, MA.), n-

butylboronic acid and 2,2-dimethoxypropane (Supelco, Inc.,

Bellefonte, PA.), Diazald (N-methyl-N-nitroso—p-

toluenesul fonamide) (Aldrich Chemical Co., Milwaukee, WI.)

‘and purified pyridine (J.T Baker Chemical Co.,

Rhillipsburg, NJ).
3
All other chemicals were analytical reagent grade quality

and were aobtained through local suppliers.

2.1.4. S0l vents \

Solvents used for HPLC were HPLC grade and ware purchased
from Fisher Scientific Co., Fairlawn, NJ. Methyl formsate,

practical grade (Eastman Kodak, Rochester NY.) was distilled

. prior to use. Solvents used for other purposes were -

reagent—grade.

Formula 947 and Formula 963 aqueous liquid scintillation



..’)j_

“

counting cocktails were obtained from New England Nuclear,

. Boston, MA. Ready-Solv was obtained from Beckman

Instruments Inc., Fullerton, CA.

Water was always dei1onised and glass-distilled praior to

use.

2.2. Methods

2.2.1. HPLC

.

Inatral studies were carried out using a Milton Roy !

gpplex mnipump with a Valco 1n)ector'and a Berthéid :
radloactxvxtyomonxtor (Munich, Germany). Subsequent work
was performed with a Waters HPLC system (Milford, MA),
consisting of two M-45 pumps, a model &80 gradient
controller and a Lambda—Max Model 481 spectrophotometer.
Coiumns of S un Partisil (either 350 x 4.2 mm or 350 x 4.6

w

mm) and phenylsul fonate bound to silicic acid (RS:11CAT, S um

-

partlclé s1ze) obtained from Alltech Assoc:ates, Deerfield,
IL.., were used for NP-HPLC and argentation HFLC,
respectively. The cation exchaﬁge column was treated with
si1lver nitrate before use'(261f. RP—-HPLC was.per farmed on ;
column (250 x 4.2 mm) of ODS-silica (5 um Ultrasphere)
obtained from the Beckman Instrument Co., Palo Alto, CA.

Unless otherwise stated the flow rates for NFP-HPLC and RP-

HPLC were 2.0 ml/man and 1.5 ml/min, respectively.

\\_.

2- 2. 2- GC“"S Q

GC-MS was carried out either at the Biomedical Mass

Spectrometry Unit of McGill University on a LkB-92000

W,

e




instrument (1ani1zing voltage, 70 eV) with a column (0.003 x
2 m) aof OV-101 (17) on Chromosorb W-HP (100-120 mesh) at a

helxué flow rate of 35 ml/min, or at the Clinical Research

Insti1tute of Montreal on a. Hewlett—Packard 3985B i1nastrument
(ioni1zing voltage, 70 eV) with a column €(0.002 x 2 m) of

SP2250 (34) on Supelcdﬁdrt (100~-120 mesh) at a helium flow

-

‘'

rate of 30 ml/min.

2.2.3. Derivatization Procedures

Samples were converted to their methyl esters by

v

treatment with 0.5-1.0 ml ethéqeal di1azomethane for either S
min at room temperature or 30 min at 0 °C. The 5amp1e§ were
then dried under a stream of nitrogen and taken up 1n the
appropriate solvent. TMS derivat:ves were prepared by

treatment w1 th exther 15 ul of N—methyi—N—trzmethylsxlyl—

’

trifluoroacetamide (30 min, room temperature) or 15 ul of
¥

Tr1-S11 Z reagent (3 min at 60 °0C).

Hydrogenations were performed 1n methanol (0.4 ml)
cantainxng 1.3’mg platinum dioxide. After bubbling hydrogen
through the methanol - platxnum dioxide mixture for 30 s, —
the sample was added 1n 100 ul of methanol. Hydrogen was
bubbled for an addltxo;al 90 s, and the sample was passed

through a column (1 x 0.6 cm) of si1licic acid (Biasil HA,

BioRad Laboratories, Richmond, CA) and eluted with a further

-

1.5 ml methanol.

O-methyloxime derivatives. were formed by addition of 1 mg

methoxylamine hydrochlaoride 1n 100 ul pyr:dlﬁe to the dried

sample. A*terlheatxng for 1 hour at 55 °C, 2 ml of diethyl

’
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ether were added to precipitate excess reagent. The
precipitate was removed by centrifugation and the ether
supernatant was evaporatéd under a stream aof Bi1trogen.

n—Butylboronate derivatives were prepared by treatment
with a mixture of n—batylburOnlc acid and 2,2-

dirmethoxypropane for 2 min at &0 °C (262).

2.2.4. Extraction Procedure

Samples were brought to 15 7 aqueocus ethanol by addition

of eirther water or ethanol and then were acidified to pH ca.

3 by addition of 1 N HCl. They were loaded onto pre-washed
ODS silica Sep Paks (Waters Associates, Milford, MA) using
L4

20 ml glass syringes. Subsequent washes with 15 % aqueous

ethanal (20 ml), water (20 ml) and petroleum ether (10 ml)

were perfarmed (Fi1g.2). Reaction products were eluted from

the Sep Pak with 10 ml of methyl formate.
New Sep Paks were washed prior to use with 20 ml ethanol,
followed by 20 ml of water. Used Sep Paks were eluted with

.

80 7Z aqueous ethanol (20 ml) prior to the other two washes.

All Sep Paks -were discarded after being used five times.

Unless otherwise stated all extractions were performed by

the above method.

2.2.5. Pégparatlon of Standards (see Table 2)

(a) Internal Standards for GC-MS

14-Hydroxy—10,12—-nonadecadienoic acid (14h-19:2) and
trihydroxynonadecenoic acid (th-19:1) were prepared by
1ncubation of 10,13-nonadecadienoic acid with soybean

lipoxygenase 1n the presence of guaracol (cf 263).
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Nonadecadienaic acid (3 mg) was dissolved an 0.019 M

ammonium hydroxide (0.15 ml), and added ta a mxture of

soybean lhpoxygenase (90,000 Units) i1n O.1 M soﬁlum borate,/ %

b;Affer‘, pH 9.0 (30 ml) containing guaracol - (20 mM) at O €9C.

The mi xturpe' was stirred at 0 °C and the addition of enzyme

/ -

/and substrate was repeated aftter 15 and 30 min. The
' ~
/ reaction was terminated by the addition of ethanol 45 min:
after the initial addition of substrate, and the products
were extracted using Sep—Pak cart:.n dges containing 0DS
si1lica as described above. Hydroperoxides were reduced with
- sodium borohydride (1 mg) 1n methanol (0.3 ml), for 20 min
" ’ at O°C‘ then 20 min at room temperature‘:\ 12 4 aqueous

ethanaol (9.7 ml) was added, the mxture acidified, and the

s

products were extract?d with ODS si1laica. 14h-19:2 (tq, 10

min) and th-19:1 (tg,-46.5 mpn), were pdrified by NP-HPLC

. ~ <

N ufslng a mobile phase consisting of hexane:n-propanol:acetic
acid (98.75:1.25:0.1) for the first 30 min, followed by a
linear gradient over 25 min to hexane:n-propanaol :acetic acid

- (70:30:0.1). . -

The 1dentities of the purified products were confirmed by

GC-MS5. The mass spectrum (F1g.3) of the methyl ester, TMS

\

ether derivative of 14h—19:2 (C-value, 20.7) had major 1ons
- \ B

4
at m/z 396 (M), 381 (M-15), 325 (base peak, tleavage between

2

" C-14 and C-15), 225 and 129.

( - The mass spectrum (Fig.4A) of the TMS ether derivative
of 'the methyl ester of th-19:1 (C-value, 23.4) had major

10ns at m/z 559 (M—15), 474 (M—100, loss of hexanal), 401

S ¢ b
3




[
s
'd

. 225
-',"-
\
100
‘ g ; 10
90
325 o !
> 4 : {
=
2 70 -
-]
L 1
£
> M n
z 396 | :
° | ‘:
a
M-15 ;
381 [ é
l._J—u._k._i [t ‘ o !'3
100 4
.
- %
#
|
F19.3. Mass spectrum of the tramethylsilyl ether deriwvative N
of the methyl ester of 14~-hydroxy-10, 12-nonadecadienoic i
“ (
acid. ™
’ e,




- R -
301 473 \ ;
4 O T M5 ]
TMSO CO?M" !
72
173
TMSO
A + o
. .
173 273
o 1 O TMS
'J COQMC
= "I ! rmso )
e . 401
c- 173 _ .
. ‘.-' i TMSO M-100
£ i 47 4 s
. * 273 ‘
2> .. s .
R N
) \ 7 -
e .| B 311 4? M-15
! L 301' ! 559
I . | '. ,
c‘Lc—&-—L& .,Y—J.A*.'..JJSLJ‘LLJJJ\AJJl-LLh-g . 4 . '
’um 700 o +00 soc . s0r
m/2 Y
427
OTMS i
! COQM.
B 173/ 0\8/6
1]
?Bu nBu
8. 327
173 o o \ .
Ll 3 C02M¢
|
- 1 273
g 13 ‘ -
|
g | !
= . ;
> . ; 237 .
= i
I |
x n 327 427 M-15
i | 337
ikl i idi ko o
. {
Lﬁiy L ' wiilib b “wlhn“.: LJJLJJJ V| F N
10 ) o0 o ax AKX
m/z » ’

’

Fig.4. Mass spectra of 10,11,14—tr1hydroxy-12-nonadecenoic
e’ N y

acrd and 10,13, 14~tr1hydroxy-1l—-nonadecenoic acid after (A)

conversion to their trimethylsilyl ether, methyl ester

derivatives, and (B) hydrogenation and conversion to ;hexr'

/

tramethylsilyl ether, Nn-but ylboronate, methyl’,festers.
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(loss of 173, cleavage between C13 and C14), 311 (401~

F0) , 273 (TMSO+=CH-(CH3) ¢—CO5CHy) , 173 (base peak, TMSO+=CH-
(CH2) 4CH3). This indicates that this substance 15 a
mxture of 10,13,14th—-19:1 and 10,11,14th—19:1. This was
confirmed by the mass spectrum of the butyl boronate

der: vative of the methyl ester of the hydrogenated

P <

derivative of th—19:1 (F1g9.4B), ng;Eh had _major 1ons at m/z
427 (M-71, loss of C-15 to C—-19), 337 (427-90), 327 (laoss of
(CH3 ) g-COL,CHgz)), 273, 237 (327-90), and 173. The ratio of
the‘ions at m/z 327, 237, and 273 to those at m/z 427, 337;
and 173 suggests that the ratioc of 10,13,14th-19:1 to
10,11,14th-19:1 was approximately 1.25:1.

éatﬁ 14h-19:2 and th—19:1 were quantitated by gas
chromatog;aphy using stearic acid and PGF, g, respectively,

as internal standaqgs.

(b) Preparation of Monohydroxy 20:4 Compounds ﬁn i

Monochydroxy 20:4 compounds were prepared as described by

Boeynaems et al (264). 20:4 (5 mg, 2.6 x 10¢ cpm) and cupric gl

chloride (10 uymol) were dissolved in methanol (2 ml) and the
F

.pH was brought to 7 by addition of 0.2 M Tris buffer, pH 8.5

(approx. 0.5 ml). Hydrogen peroxide (0.36 mmol, 40 ul of a

307 sglution) was added and the reaction mixture was stirred

for 30 min at room temperature. The concentration of MeOH

was adjusted to 15 % by addition of wéter, and the mixture
e R . - .
was” extracted with ODS silica Sep—Paks. The hydroperoxides

H?,then reduced with sodium bnrdhydride and re—-extracted

as described above: The reaction .products we?e’purified"by

P
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TABLE 2

Preparation of Oxygenated PUFA Standards for GC-MS

i

Means of Synthesis

Standard Initial Substrate

12h-17:2 20:3 fetal calf aorta particulate fraction
12h-17:3 20: 4 porcine platelets

th-17:1 20:3 fetes]l calt aorta particulate fraction
9h-18:2 18:2 toaafo,l:poxyqehase (trude homogenate)
13h~408:2 18: 2 soybean lipoxygenase

th-108:1 18:2 fetal calf aorta particulate fraction

and slices

l4h-l922 19:2 soybean lipoxygenase ¢+ guaiacol
th-19:1 19:2 soybean lipoxygenase + gquaiacol
Sh-20:4 20: 4 porcine polymorphonuclear leukocytes
8h-20:4 20: 4 CuCl, + Ha0,

9h-20: 4 20: 4 " ,CUCIQ + H,O,

11h-20: 4 20: 4 CuCl, + H,0, .
12h-20: 4 20: 4 porcine polymorphonuclear leukocytes

20: 4 soybean lipoxygenase

15K-20: 4,

/\F

N A o
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_preparation of 12h—-20:4) and éupernatant (platelets) were
‘separated and -the supernatant was centrifuged at 750 x, g for

,25 min. The péllet was'reéuspended in 0.14 M NaCleJOI'rF

-62-

o

-

NP-HPLC employing a maobile phase consisting of hexane:n-—

praopanol ;acet:ic acid (98.75:1.25:0.1). 11h—20:4, 9h—-20:4
N

and 8h-20:4 were subsequently quant:itated by GC using

stearic acid as the internaﬁ standard.

(c) 13h—18:2 and 15h—-20:14 .

by
13h—18:2 and 15h—-20:4 were prepared by incubation of 18:2
(S mg) or 20:4 (S mg), respectively, with ;oybean

¥
lipoxygenag§>(72,500rUnits) in 3 ml of 0.1 M sodium borate

1

buffer, pH 2.0, at O 9C (265). Addition of enzyme was
repeated after 15 min and incubation was continued for a :

further 15 min. ‘Ethéﬁﬁl was then added to give a final

¢ ;
concentration of 15 Z and reaction products were extracted |
with ODS silica Sep Paks. 'After reduction of the

hydroperoxides the products were purified by NP—H#LC as
%
s
described above for monohydroxy 20:4 isomers. g
o .

R A L VP

(d) 12h—-17:3 _ 3
Porcine blood (2 1) was mixed with & % Dextran T-500

(Pharmacia Fine Chemicals, Uppsala, Sweden) in 0.9 %Z NaCl

(0.2 vol). After 45 min, the upper layer containing

leukacytes and platelets was removed and centrifuged at 200

x g for loumin. The pellet (leukocytes, see below for

i

Tris—HC1—-1.5 mM EDTA (pH 7.4) and re—centrifuged at 730 x i

1

for 20 min. The wash was repeated and platelets were taken

up in 20 ml of calcium—free phosphate buffered saline, pH|
»

-~
- )
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7.2. 2024 (2 mg, 2 x 104 cpm) was added and the mixture was

shaken for 10 min at 37 °C. Two ,volumes q%ﬁfthanol Qére
added and the reacti1on products were extracted as described )

: 3
K above. 12h-17:3 (tgp, 28 min) was purified by RP-HPLC using

3

? a mabi1le phase consisting of methanol :water:acetic acid

(72:28:0.05).

(@) 12h-20:4

The pellet containing porcine polymorphonuclear
leukocytes (see above) was resuspended in 0.15 M NaCl and
the mixture was &gyerid over Ficoll-Paque (Pharmacxa) and
centrifuged at 400 x g for 30 min. The pellet was
resuspended 1n 0.135 M ammonium chloride i1n 0.015 M Tris—
HCl1, pH 7.2, and incubate%:fo( 10 min at 37 °C. The mixture
was centrifuged and the peli7t’washed twice by

centrxfugation in 0.15 M NaCl at 200 x g for 10 min and
)

\ A ? - '
resuspended 1n phosphate buffered sallne. 12h—-20:4 was

synthes#fed by incubation of 20:4 with porcine
pol ymorphonucl ear leukocytes in the presence of the divalent
cation iongphore, A23187 (10 uM), for 10 min at 37 °C and

was purified by BﬂbHPLC.

(f) 2h-18:2
» A firm, .red tomato was peeled and, after the seeds were
removed, the flesh was diced and Qashed in water at 0 °C.
‘; . ) The slices (10 g) were hémoéen1;ed-in 35 ml o; 0.1 M soq{um‘
7acgtate buffer, pH\B{S. 18:2 (5 mqg), was d{ssolved in 0.019

‘M ammonium hydroxide {0.25 ml) and added to the homogenate

"o ks »
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Oxygen was bubbled through the mixtu
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and the mixture wis shaken for 20 mihg at 25 °E§ (266) .

e for 15 s every two

,

minutes. Ethanol was added to stop the reaction and the

‘products were then extracted using 0DS silica-

Hydroperoxides were reduced with sodium borohydride and 9h-

18: 2 was puri1fied by NP-HPLC using a mobile phate of

hexane:n—propanol:acetic acid (98.75:1.25:0.1). %h—18:2 had .

a ty of 23 mn. !

.(g) th-18:1
I

th—-18:1 ‘was prepared either by incubatio{l of 18:2 with a
fetal calf aorta particulate fraction in 0.05 M Tris buffer,
pH 7.3, or by incubation of fetal calf aorta slices in
Krebs—Ringer Tris buffer, pH 7.4, for 60 min at 37 °C. v
Aorta slices were homogenized in chlorc;form/methano‘i (2:1) . ‘
The hamogenate was filtered through a sintered glass funnel
énd ‘i:he,filtrate was evaporated in a rotary evaparator. The
residue was dissolved in 0.28 N potassium hydroxide in 93 4

EtOH and hydrolysis of lipids was carried ocut for 45 min at

. 55 °C. After hydrolysis,/the sample was extracted with ODS

silica. The products obtained from the two procedures were

combined and the th-18:1 isamers)\ (tgp between 34 and 37 min)

were purifiéd by NP-—HRLC using a linear gradient between 3 %

and 100 % sol\ent B (toluene:ethyl acetate:acetonitrile:

o}

methanpl: acetic acid (30:40:30:2:0.5)) in solvent A

) .
(hexane:toluene: acetic acid (50:50:0.5)) over SO min. The

th-18:1 isomers were combined and, after solvent

evaporation, were further purified by RP—HPLLC employing a

s LI
¢
, !
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~n

mobile phase of acetonitrile:water:aceti

i

acid (35:65:0.05).

(h) 12h—-17:2 and th—-17:1

" The standards, 12h—(14C117:2 and th-L{34£117:1, used as
markers for the monohydroxy and trihydroxy regions,
respectively, on NP-HPLC, were prepared by 1¥cubation of [1-
14C320:3 (35 x 10¢ cpm) N;hh a bovine aorta particulate
fraction (4 ml), containing 10 M methemoglobain, for 60 man

at 37 °C (254). After extraction, 12h~17:2 (ta, 22 min) and

“ {
th—17:1 (tp, 62—65 min) were purified by NP-HPLC emplaying a

mobile phase consisting of 97 Z A and 3 %Z. B oser 30\ min
followed by ; linear gradient over 50 min between 3 i\aqd
100 % soivent B 1n solvent A. 12h—17:2 (tp, 28 min) was re-
chram;tngraphed by NP-HPLC using hexane:2~propanul;acetic~
acid (98.8:1.2:0.1) as ihe mobi1le phase, whereas th-17:1
(tpy 11.5 min) was re—chraomatographed by RP-HPLC using an

acetonitrile:water:acetic acid (30:70:0.05) system:

2.2.6. Measurement of PUFA Metabolites Formed from Exogenous

Substrate by Homogenates and Particulate Fractions

-

(a) Preparation of homogenates and particulate fractiohs

Aorta and ductus arteriosus were cleaned and the
adventitia removed. The remaining tissue was minced in 0.0S5
M Tri;—HCI, pH 7.5, (4 ml/g tissue) and homogenjized 1n an
iée—water bath with a Vir-Tis homogenizer (& x 10 s with S0
s in petween to allow for coolipg). The homogenate was
either incubated with rad?oactive subst:ates or centrifuged
at 400 x g for 10 min at zh°C.‘ The supernatant was filtered

through one layer of cheesecloth and the pellet was

v i
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resuspended to the orxginai volume of the homogenate by
addition of Tris buffer, and éehomogenxzed with a Vir-Tis
homogenizer (3 x 10 s). Thas humogenaie was centrifuged for
10 min at 400 x-g and, after filt;atioh, the twa filtered
super#atants«uere combined'and centrifuged at’IO0,000 x g
for 60 min ‘&t 4 °C in a Beckman model L-8 ultracentrifuge.
The pellet was resuspended in Tris buffer (0.25 ml/g tissue)

whrich, in some cases, contaxned either methemoglobln (10 M)

a?/adrenaline (l’mH).

«
§
Y

(b) Incubation procedures. for, subcellular fr-ctxanq and
honogcnatun . 4 -

’

Hamogenates or 100,000 x g supernatant or partxculate
fractions from aorta or ductus arteriosus were incubated
with mixtures of unlabeled and: 14C—babeled 18:2, 20:3, 20:4,
13hp—18:2,:9,10e~11h—18:1, or isomers of 11,12e-10h-17:1 for
various timss at 37 °C. Incubations were termi;ated with 2‘
volumes of ethanol anq the products were extracted with 0ODS
silica. For ex;eriments in which the praducts were to 6e
quantltated, (?B-3HJPGF1G (approx. 1 ug, 5 x '105 dpm) was

added before extractxon as an i1nternal standard to monitor

recovery.

(c) Purification and quantitation of products

[
[

The products in the methyl formate fraction, either

untreated or in some cases methylated by treatment of

dia%omethane,’were analyzed by NP-HPLC. Products were

} p
qq;ﬁfitated by measuring the radiocactivity in fractions
/

\M////(éach collected fo?\:ﬂperiod of 1 min) by liquid
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scintillatign counting after the addit:ion of 3 ml of Ready-
Solv ar Formula 949. All values were corrected for recovery
?

on the basis of the percent recovery of [(9B8-3HIPGF, -

In some experiments the total amounts of 14C-1abeled

oxygenated metabolites farmed from the corresponding 14C-

labeled substrates were measured by separaiing the

) substrates from their more polar oxygenated metabolites by

chromatography on opén‘columgs of SillClC acid (0.5 g). The
dried methyl formate extract was dissolved 1in
hexane/toluene/methanol/acetic acad (923:5:0.002:0.1).
Unconverted substrate was élutad with 22 ml hexanévdiethyl
ether/acetic acid (99.5:1.5:0.1): The oxygenated
metabolites were then eluted as a single fraction waith 8 ml
methyl formate/methanol (9%*’0). After évaporation of the
sal vent &ndér nitrogen the radiocactivity was measured by

liquid scantaillati1on counting.

*

e

2.2.7. Measurement of Products Formed from Endogenous
Substrate by Slices of Aorta

(a) Preparation of tissues and i1ncubation conditions

Rat and rabbit aortae were rapldly/removed, cleared of
adhering fatty tissue, and placed in a moZ1fied Krebs?hinger
pedium 127 mM NaCl, S mM KC1, 1.7 mm MgSO4, 1.27 mM

HzPO,, 2.7 mM CaClz, and 5.5 mM glpcoseY, containing 15 mM
Tris-HC1, pH 7.4, at O °C. Bavine blood vessels' were
cleared éf adher;ng fatty tissue, and in some cases
sectioned into inner (intima and i1nner media) and outer

(outer media and adventitia) layers, before being placed in

Krebs-Ringer Tris medium at 0" °C. Slices of aorta or ductus

= <

—
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arteriosus (0.3 to 1.0 g) were 1ncubated for 20 min at 37 °C
in Krébs—Rxnger Tris media. The medium was then removed,
and the amounts of various oxygenated PUFA metabolites 1n
the medium anJ the tissue were determned as described below
and 1llustrated i1n F1g. 5.

(b) Extraction aof oxygenated PUFA metabolites and
hydrolysis of lipids

The medi1a obtained after i1ncubation of slices of blood
vessels was divided into two parts 1n a ratxo,of 3:1. A
mixture of the internal standards, [3,3,4,44£H]PGE2 (200 ng)
and 6-oxal3,3,4,4-2H1PGF, ¢ (200 ng), was added to the ) )
smaller/;art (fraction A), whereas a mixture of 14h—19:2

(200 ng) and th—19:1 (200 ng) was added to the larger part

(fraction B). Both mixtures were extracted using 0DS silica

\d
A8

as described above.

The tissue slices from which the medlm\had been removed
were immediately frozen in liquid nmitragen and were kept on
dry 1ce. Within 3 h of the incubations, the frozen tissue
was pulverized using a tissue pulverizer (Thermovac
Industr1é;) which Qas cooled in an acetone—-dry ice bath.
The resulting pongr was haomogenized at —-20 °C arla graound
gl?ss homogenizer in chloro#o;mzmethanol (2:i) containing
0.05% butylated hydroxyfoluene, 14h-19: 2 (4Q? ng), and th-—
19:1 (400 ng), which had been bubbled with argon. The
homogenate was rapidly filtered throiagh a sinﬁered glass

»
\

funnel, and the filtrate was concentrated nearly'to dryness

in a rotary evapoarator. Chloroform:methanol (2:1) (&6 ml)

+

M

2
~
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Tissue

|

Incubate 20min/37°

SN

Medium * Tissue
~ CM™_ ~
. A\\B -
C S~ :
\\ /A-/hydrolyze
D .
ODS-Silica
/ \a‘,c,o
RP-HPLC NP—-HPLC
J
60xo-PGF1a PGE2 monohydroxy trihydroxy
/
<4
Aff‘ ~A
GC-MS

- o
TN
Fig.S5. Scheme for the puri1fication and analysis by GC-MS of

4 i
oxygenation praducts of 18:2 and 20:4. * The i1nternal
standards were added at thHese pox%ts.

C/M, chloroform/methanol (2:1).
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u;s then added, and the mixture was divided 1nto two equal
parts.‘ One part (fracti1on C) was extracted 1mmed1ately‘w1th
ODS silica to give an estimate of the amounts of frée
aoxygenated PUFA metabolites contained within the tissue.

The solvent was evaporated from the other part under a
stream of argon, and the residue was dissolved 1n 0.28 N
potasgxum hydroxide 1n 9354 ethanol which had been degassed
and bubbled with argon. Hydrolysis.-of lipids was qurzed out
in this solution for 45 min at 55 °C under argon. efter
hydrolysis, the samples were extracted with 0DS 5111\h. ‘fhé
material 1n the extracts was disselved 1n toluene éont/1n1ng
butyiated hydroxytoluene (0.05%),and stored under argon‘at
—20 °C. This fraction (fraction D) was used to déter@lne
the total amounts of free plus esteri1fied oxygeﬁated PUFA

-

metabolites present 1n the tissue. ’

J
(c) Purification of oxygenated PUFA metabalites by HPLC

6—0xoPGF o (tr, 13 min) and PGE; (tg, 23.5 min) and
theyrr deutéra%ed analogs were‘phr141ed from fraction A by.
RP-HPLC using a linear gradient between water:acetonitrile:

acetic acid (73:25:0.03) and mater:acetdnitrx}e:acetzc acid °

N

(55:45:0.05) aver 25 min. E?B“3H]PGFZQ (105 cpm; tg, 22 min)
was added as a marker. .

The ma. tals 1n fractions B, C, and D wgreamethylated;
»
L}

L J
agd separated by NP-HPLC into 2 fractions contairfing (i)

monohydroxy PUFA (tg’'s between 11 and 17 min) and (ii)

* Fa
, .

trihydroxy products (tgp’'s between 43 and 44 mri) . ‘Ipe

-

AN
mobile phase cbns?;tgd of hexane:156prop&bol:acetic,acid
Rl

ST
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(99.5:0.5:0.1) for the first 25 min, followed by a linear

-

-

gradient to hexane:isopropanol:acetic acid (65:35:0.1) oaver

253 min. In order to help determine which fractions to , .
comb;r{ne, 12—hydroxy-8, 10-[1—24Clheptadecadienoic acid ‘(2500
cpm; ta, 13 min) and 8',‘11,12—triﬁydr'uxy—9-n-1W]heptadecmoic
acid (4000 cpm; tgp, 44 min) were added as markers for the

monohydroxy and trihydroxy fractions, respegtjfv”élvs

N

(d) Quantitation of products by GC—MS .

Prostagl andins were quantitated as their methyl ester,
™S ether, O-methyloxime derivatives using an $P2250 column

at 2350 °C. Ions were monitored at m/z 598 and 602 for 6-

prPGFN and its tetradeuterated analog (ty, 1.8 minl,

respectively. Ions at m/z S5S08 and 512 were monitored for

PGE2 and d4-PGEs (tp, 1.8 min), respectively.
Trihydraxy-18:1 (ta, 2.3 @min) was quantitated as the TMS

derivative of its methyl esgér by comparing the intensity of

the ion at m/z 259 to that for the internal standard, th-

19:1 (tp, 3 min), at m/z 273. lons at m/z 173 (both

'
3

tompounds) and 460 (th—18:1) were also monitored to provide

*further evidence for the structures of the substances being
measured. The column temperature was 225 °C for | min, and

. -
then increased at a rate of 10 °C/min.

} Monochydroxy derivatives of 17:3, 18:2, 19:2, and 20:4
were hydrogenated and converted to their methyl ester, TMS
ether deri vatives and analyzed by GC-MS. The column
temperature was 203 °C for one minute, and was then

k3

increased at a rate of 2 °C/min. Three sets of ions were
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monitored for these products as shown in Table\ 3. The

~

a'mnunts of each of the above products was determined by
de;ermim’.ng the ratio of the peak area f;r théir speci fic
ions, to that at M7z 329 for the internal standard, 14h-
19:2.

The ano.unts of released monohydroxy and trihydroxy
praducts weré calculated from the sum of the products in .
fractions B (released into medium) and C (unesterified ’ \

products present in the tissue after the incubation). The

amounts of esterified products were determined by

imfraction D (total content of products in the tissue,

—-\iitracting the amounts of broducts in fraction C from thdse

af ter\hydrol ysis) .

2.2.8. Memasurensnt of Fatty Acid Content of Aorta

Sections of aortae (50-100 mg) were homogenized using a
ground glass homogenizer in 20 volumes of e
chloroform: methanol (é: 1) containing 100 g arachidic acid
as an internal standard. The homogenate was filtered and
the solvent remaoved from the filtrate using a rotary
evapor-ator. The residue was subjected to basic hydrolysis
as described above. Nan—saponifiagle materials were t;1en
extracted with hexane (2 x S_ml). and the sample was then
acidified and tﬁ’e fatty acidq extracted with hexane (2 x 5
ml). After removal of the hexane‘ under a stream of
nitrogen, the material in the residue was methylated with
diazomethane and analyzed by gas chraomatography on a 10%

Silar '10C column (2 x 0.015 m). The temperature was
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TABLE '3

Quantitation of Monohydroxy PUFA Netabalites by 6C-NS

The asonohydroxy fatty acid fraction from aorta, cantaining the internal
standard, 14h-1912, was purified &y NP-HPLC. The products in this éraction
were hydrogenated and converted to their methyl ester, THS ether dorivcm’vu

prior to analysis by GC-NS as described in the Methods section.

v

lons '223 tored

Set 1 Set 2 Set 3
(1-3 min) (3-3.9 min) (3,9-5 mn) Product (t,)
173 12h-17:0 + $3n-18:0
259 f X 9h-18:0 (2.7 min)
301 12h-1730 (2.2 ain)
35 . 13h-18:0 (2.85 ain)
173 14h-19:0 (3.6 ain)
259 _ - ~
301 -
a 329 : ' 14h-1920
173 15h-202 0 "‘W
287 11h-2020 (4, A0
, 1301 12h-20:0 (4.5 ain)
343 S 15h-20:0 (4.7 min)

o - - e U et -
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increased at a rate of 2 9C/min, from 150 °C ta 210 °C.

2.2.9. Glutathione Peroxidase Assay ' /

Glutathione peroxidase activity was a:lay;d by cnupling
the rcactior: to the oxidation of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) in the pr.s.n/c'n of’
glutathione reductase and measurement of the decrease in
optical Cmsity’ at 340 nm (267). The coupled reaction is
illustrated in Fig. &. ‘

Rat or rabbit aorta (0.05-0.1 g) was chopped into small
pieces and homogenized in 2 ml ice cold 0.05 M Tris buffer,
pH 7.55; containing O.1 mM EDTA. The homogenate was
centrifuged for 1 h at 100,000 x g and the supernatant w;s
removed. Aliquots (100-400 ul) of the 100,000 x g
supernatant were asssayed for activity in 3 ml of buffer
caontaining 1 mM glutathione, 0.2 mM NADPH, 1 U glutathione
r;rductase and 0.25 mM hyarogen peroxide. All comp&nants of
the. assay, except for the hydraogen peroxide, were )
preincubated for 2 min at room temperature prior to the
addition of substrate. The conversion of NADPH to NADP+ was
follaowed by continuously recording the absorbance of the
system at 340 nm between 1 and 4 min after initiaticn:\ of the
reaction. Since glutathione can be oxidized nan- 'c
enzymatically by air, the rate of oxidation of NADPH in tHe
absence of the 100,000 x g supernatant was measured and

subtracted from the total rate in the presence of the

100,000 x g supernatant.

o
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2.2.10. Cell Cul ture

(a) Endothelial cells

o

Bovine aorta endothelial cells were cultured according to

Fhe method of Macarak et al. (268). Calf thoracic aortas

o

{20—-25 cm) were immediately placed in ice cold Dulbecco's
phosphate—buffered sal ine (PBS) supplemented with g‘lucose (2
g/1) 4 penicillin (100 U/ml), streptomycin (100 ug/ml) and
mycostatin (100 U/ml). The aortas w;re washed with PBS and
the adhering fat was dissected away to free the intercostal
rteries. These small vessels were tied and o.ne ;nd of the
agrta was clamped and thé collagenase distributed throughout
the lumen by inverting the clamped vessel severals times. )
The vessel was then allowed to iﬁ&gbate for 40 min at room
temperature. Following the incubation period the .
ollage'nase solution uasldiscarded and the aorta was' washed
four times with 10 ml of culture medium (Hédlum 199
supplemented with 20 Z fg;al bovine serum, penicillin (350
U/ml), streptomycin (50 ug/ml) and myéostatin (SO U/ml)).
The medium from the washes was pooled and evenly_dxsgributnd
in tissue cﬁ.lture dishes (100 x 20 mm style, approx. 16‘
ml/dish). Cells were cuitured at 37 °C 1n \a humidifi1ed

atmosphere of S5 7 carbon digxide i1n air. Culture medium was

changed after 24 h and subsequently every 48 h. All

i
experiments were carried out on primary cultures that had

‘reached confluence (5-9 days). Cells exhibited a
b ‘ '
¢ characteristic monolayer, "cobblestone" appearance by light

microscopy.
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—<€or 4 h at 37 °C.

. dishes.

.
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(b) Smooth muscle cells ' iy
v TN

Smooth muscle cells were grown from intimal se '"!‘entay

Iy +

Capprox. 1 mmz)‘ obtained from calf aorta (269). %Five to ten
segnents were placed in dry tissue culture dishes (100 x 20
mm style) and were allowed to adhere to the bottam of the
After 10 min, culture medium (Dulbecco’'s Modi fied

Eagle’'s medium supplemented with 10 7Z fetal bovine serum,

penicillin (50 U/ml), streptomycin (50 ng/ml) and m\;costatxn '

(50 U/ml)) was carefully added to the dishes so as not to L
dislodge the t\'fissue seqments, The dishes were then placed
in an incubator at 37 °C with a humidified atmosphere of 5 Z

carbon dioxide i1n air and were left undisturbed for 3 days.

Culture medium was replaced every 72 h. The cells which

grew from the expl ants were nearly confluent after

approximately 3 weeks. At this time the cells were

supcul tured by trypsimization (trypsid/EDTA (1X) wirthout

calcium and magnesium; Gibco, Grand Island, NY) for 5 min at
37 °C. The cells released due to treatment with trypsin
were split in a 1/3 ratio and subcul tured. Subcul tured

cells grew rapidly, reaching confluence within one week and

tRen growing i1nto multiple overlapping layers, -

2.2.11. Incubation of 18:2, 13h—18:2, and th-1811 with
Endothelial and Smooth Muscle Cells

Confluent endothelial (8 days i1n culture) and smooth
muscle (4 passages) cells were incubated with either [1-
14C118:2, 13h-[1~-14C118:2, or th-[1-14C]118=1 (7.3 x 10% cpm)

The medium was then removed and the cells

were washed once with medium (5 ml) prior to extraction of

s




Yip¥tds. After removal of the ncﬁiua, methanol (2 ml) was
i

- L i - d
added to the culture dishes, andl‘\th- cells were removed by’

»

i

a
2

straping uith,\sa rubber policmn‘an.\; Chlorofaorm (4 ml) ‘was
cdd’éd, and after ni‘xi‘nq with a Pa&tour pi;:etto,‘ th-,-nuixturc
t/nas filtered. The solvent v‘us' removed under a stream of '

S ni‘troqe;,* and the rcs/iddc distol\fed” in chloraoform (3 ml) and

passed through a column of silicic acid (0.3 g). The column .

was eluted with a further 7 ml chloroform to give a fractich
containing neutral lipids. Polar lipids were than eluted
with methanol (4 ml), followed by methanol :u;tcr (1:1, 2
ml). Neutral lipids were analyzed by RP-HPLC using

water: tetrahydrofuran (24:74) at a flow rate of O.7 ml/min
as the mobile phase. Polar lipids were analyzed; by NP—HPLC
' wi th acetonitrile:meth;nal ssul furic acad (100:6:0.05) at a‘

A = ~

A\
flow rate of 1 ml/min as the mobile phase. - -
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3.1. 2013 Mwtabolism

Di—-homo-¥—linolenic acid (20:3), precursor of the monowne

—

prostaglandins, is present in considerably ssmaller adkounts
in lipids of animal tissues than arachidonic akid (20:4).
In vascular tissue 20:3 cannat be converted to PGI; due to

the aﬁmcq of the S;A-double bond. '20:3 had been. shown in

x

our lnboratory\ to be converted predominangy to products

derived from 12-hydroperoxy-8,10-~heptadecadiwgnoic acid' ‘

+ -
(256) . 13,,.1-1,t2-trih\?droxy-B-—haptadecenoi’cQ’acid and 2

isomers of 8,11,12—-trihydroxy-9—-heptadecenoic acid uer;'

t
.

identified by GC-MS, but the precise mechanism for their

formation had not been worked out. We proposed that these

3
)

‘products are formed via epaxyhydroxy intermediates:

-

3.1.1. ldentification of 11,12-epaxy—10~-hydroiy-8—heptadecenoic

acid '
Incubation_of 20:3 with a particulate fractiaon fraom fetal
calf aartab for S min resulted in the formation of a
considerable number of products (Fig.7). In addition to
éhe major product (tg, %0 min), which was previously
;dentified as 12h—-17:2 (256), there‘were a number of more
palar praducts (a to e). Compound ¢ had previously been
lidentified as 10,11,12th—17:1, whereas compounds d and e
wer; stereo:rsomers of Bt11,12th—17:1 (256). Compgunds a .
(tn, 39 min) andlg (tp, 42 min), yhich had not previously

been identified, were only present in large amounts when -

incubations were carried out for short times. Analysis ?ﬁ_ -

\ -
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Fig.7. High prc-surc liquid radiochro-atoqran of thc products

farlued after xncubatxcn for S min at 37 °C of‘ particul ate

2

fraction (2.5 ml) from fetal calf aorta with [1-14C]20: I (2

JCI, ‘36 nmal) in the presence of 10 m methemoglobxn. The

incubation was terminated with ethanol (5 ml) and the products

The residue from the extract

o

were extrdgted using ODS silica:’
was analyzed by NP—-HPLC using a mabi le phase consisting of
3%Z solvent By (toluene:ethyl acetate:aceton: trile: methanol

! " (30:40:30:2)) in salvent Am (hexane:toluene (50:50)) for 30

min, followed by a 1li1near gradient over 50 min b-tueen 3%

and 10(\/ solvent By 1n saolvent Ag,. T X .

e -
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these compounds- by G6C—MS indicat.ed that they had identicai-

C-values (19.8) and mass spectra, suggesting that they were

° s -

sterecisomers. The mass spectrum of compound b (Fig.8R)

has major fragment ions at m/z 349 (M~135), 33 (M—-71), 285,

271 (cl.avaqu betwasn ~-pmcy! THSD sub:txtuents) and 2335.

fffff

This is.quite similar tu the m't’ spectrum of the TMS ether
d-rivatxve of the methyl ester of 12 13-—epoxy—:l l—hydraxy—‘?—\’
o:tqdlcanaxc acid (270) except that most of the above ions "
occur q*: m/z values 14 unxts higher in the mass spectrum nf’s
"the octadecenoic acid derivative. Thn_ Mass spuctrum'nf the,
TMS derivative of the methyl ester of compoyind b atter
hydrogenation (Fig.8B) 1has major fragment ions at m/2 371
~‘"_15)’ 287, 273, (cleavage between epoxy "and TMSD
substituents), 257 and 169. This is analogous to the nass
spectrum of 12.13-¢poxy-1i~hydroxyuctadecanoic acid reported

in the literature (263). These resultg theref ore i nd'i cate

that compounds a and b are stereoisomers of 11,12e—lb$-17= 1.

-

3.1.2 Time Course for the Conversion of 20:3 to Epaxyhydroxy
and Wihydroxy Products .o , ~

[

P:nrtic,ulatn fractfions from fetal ?alf aorta ;mr;e
incubated for varicx:ns times with [1-14(.‘:;20=3 in the aﬁseﬁcg
of any added cdfactqr,, and the produc%e"mifsurnd by
HPLC (Fig.9). - Althbu;;ﬁ the 2 sterecisomers of u,izp—xor;-:

1731 (a‘and b) were formed rapidly during the -initial

‘period of -the incubation, the am:mnts of these praductl

reached maxima at about 10 m:n and then decl xncd On the "

other hand, only small amounts of 10, fl 12th-—17-1 (c) were,

o
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detected i1mtially, buis the formation of this praoduct was

nearly linear 'up to 60 min. This 1s fn contrast with the 2
stereocisamers of 8,11,12th—17:1 (d and e), since the amounts '
of these products did nat increase after 40 min. These

results suggest that the epoxvyhydroxy compounds a and b are

1ntermediates in the formation of product c. ’

3.1.3. Metabolism of 11,12e-10h—17:1

The 2 stereoisomers of 11,12e—-10h-17:1 were synthesized

by i1ncubation of [1-14C]20:3 wi :th a particul ate fraction
from fetal calf aorta. Incubation of compounds a or b with
either a particulate or 100,000 x g' supernatant fraction
from fetal calf aorta resulted in the formation of a product
with a tz in each case 1dentical to that aof 10,11,12th—17:1
(c). The 1somers of c derived from a and b had the same tg,
even when co;:hromatographed using 1socratic conditaons. In
order to confirm the i1dentitities of these products, a (13
G, 5/01,000 cpm) and b ((ll g, 42,000 cpm) were i1ncubated
separately with a 100,600 X g supernatant fraction (2.5 ml)
f-r;‘com fetal cglf aorta for 70 min at 37 °C. The products
were extracted, purified by HPLC and analyzed by GC-MS after

caonversion to the TMS etfer derivatives of their methyl

~ -

esters. Both products had mass spectra identical to that
which was previousl Y reported for the corresponding
de.rivatlve of 10,11;12th—-17:1 (236) .

The time course for the conversion of 11,12e—-10h-17:1
{isamer a) to 10,11,12th—17:1 (c) is shown in Fig.10.

Near?ly 80 7 of compound a was metabolized by e?ch ot these
,.

3
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Fig. 10. Converr;non of compound a (11,12e~-10h-17:1; 0,0,A

and A) to compound c (10,11,12th-17:1; 0 and B in the

presence of particulate ( : @ ., and cytosblxc (...; 0,0

fractions from fetal cal+ aorta. No conversion of compound

t

-~
a was abserved 1n the presence af borled particulate (A) or

cytosolic (A) fractians. (1-t4Cl-labeled c;cvmp(‘:und a (15,000
cpm, 0.15 nmol), prepared as described 1n the text, was
1ncubated with the above fractions for various times at - 37
9C 1n the absence of added caofactors. The products were
extracted and analyzed as described in t'he legend ta Fi1g.9.
The protein concentrations of the particulate and éytosolxc
tractions were 4.1 and 1.7 mg/ml, respectively. All values

: e
' -~
are means of duplicates and have been corrected for \recovery.
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Fig.11. Biosynthesis and metaboli=sm of 11,12-epoxy~-10-hydroxy-8-—-

heptadecenoic acid (compounds a and b) by aorta.
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fractions after 60 min. There were corresponding increases
in the amounts of 10,11 ,12th—-17:1 formed during £Ge
1ncubations. No metabolism of compound a was observed after
incubation with boiled particulate or supernatant fractions.
Similar results were obtained with campound b. These
results 1ndicate that products a and b were enzymatically
converted to product c, presumably by an epoxide hydrolase.
The mechanism for the formation of epoxyhydroxy and:
trihydroxy products from 20:3 is shown in Fig.11.

- i
3.2. Metabolism of Linoleic Acid

18:2, found abundantly in ‘many cellular. lipids, has been
reported to inhibit PGIz production in cultures of vascular
endothelial cells (178,179). We postulated that 18:2 could
be oxygenated by wvascular tissue to give rise to hydroperoxy
intermediates. If not metabolized rapidly thesg
intermediates could cause an inhibition of prost;cyclin
synthase, since this enzyme is inhibited by hydroperoxides.
Alternatively, 18:2 could compete with 20:4 for the
substrate binding site of prostaglandin endoperoxide
synthase and thus block its conversion to PGi,. Therefore,
we undertook an investigat{gn of thé metabolism of 18:2 by
vascul ar tissue, as well as}she mechanism of its effect on
20:4 vascul ar metabolism. |

3.2.1. Metabolism of 18:2 by Particulate Fractions from
Fetal Calf Aorta ‘

Particul ate fractions (7.5 mg protein/ml) from fetal calf

aorta were incubated with [1-314C118:2 (2.0 uCi, 57, uwM) foar
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Fig.12. High-pressure liquid radiochromatograms of 18:2

metabolites formed by aorta. Particulate fractions ¢from

fetal calf (A) or adult (B) aorta (1.0 ml, 7.5 mg protein)

were incubated for 40 min at 37 °C with [(1-34CJ18:2 (2.0 |
Wi, S7 M). A homogenate (4.0 ml, 4.7 mg protein/ml) of

fetal calf aorta (C) was also incubated with [1-14C118:2

Incubations were terminated with

under similar conditions.

® ethanol (2 vol.) and the products were extracted using 0DS
silica. The residues from the extracts were analyzed by

‘NP-HPLC using a mobi1le phase consisting of 47Z solveni Bgm

(toluene:ethyl acetate:aceéonitrile:mekhanol (30:40:30:2))
in solvent AL (hexane:toluene (50:50)) for 30 min fallowed

- Sby a linear-;radxent over 50 min between 47 and 100% solveni
Bm in solvent Agn. The more polar fh—lé:l 1somers (1.e.
fractions f and gq) formed after incubation of (1-14CJ118:2
wiih_a particul ate fraction from fetal calf aorta were'
chromatograpﬁed as kheir free acids (D). NF-HPLC was

° ®
carried out using a linear gradiert between 4 7Z sclvent B

(solvent Byp with 0.5 %Z acetic acid) and 100 Z solvent B 1n

solvent A (solvent Ay with 0.5 Z acetic acid) over 50 min. —

' f
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40 min as 37 °C. The NP-HPLC prufilé of the methylated
products (Fig.12A) indicated that 18:2 had been converted to
a large number of more polar metabolites (fractions a—g).
The large peak with a tgq of 3.5 min was unconverted 18:2.
Methemoglobin (10 uM), which can stimul ate the decomposition
of hydroperoxides, increased the amounts of all the (ﬂ
metabolites by about 1.5-2 fold, with a préferentigl
stimulation of the more polar products, e-g. Adrenaline,
which can act as a peroxidase cofactor, on the other hand,
stimulated the formation of the components of fractions b
and ¢ by 2-3 {oldy but had little e{}ect on the formation of

the other products.

(a) Identification pf Products

In order to identifY the components of fractions a—g,
particulate fractions from fetal calf aorta (40-100 g) were
incubated with [1-14C318:2 (1.4 uC1, 500 ug) for 40 min at
37 ‘°C in the presence of‘methgmoglobin. The products were

methylated with dxazobethane and purifired by NP-HPLC as

" shawn 1n Fig.12A. Each product was then further purified by

argentation HPLC or a 5e€229 step of NP—HPLC. After

conversion to their MezS1 ether derivat:ives they were

analyzed by GC-MS.

Fraction a

The radiocactive mater:ial in fraction a (tg, 24 min) was

-

further purified by NP—HPLC using 1 % solvent Bg

¢

(toluene:ethyl acetate:acetonitrile:methanol (30:40:30:2))

in saolvent AL (hexane:toluene (50:50)). -“This product did
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not form a Me3Si ether derivative and had a qaﬁs spectrum
(Fig.13) with major fragnvvlent ions at m/z 308 M, 277 (M-
31), 237 (M—-71, lass of terminal pentyl group), 185 (+CO-
(éH2)7—002CH3), 1466 (loss of mefhyL 6-heptencate due to a
ﬂcLa;ferty rearrangehent) and 151 (base peak, loss of
(CHz)y—COZQHg). The ions at m/z 151 and 185 were formed by
cleavage on exther\gigé/cf an oxo group, indicating that a
is 9-ox0-10,12-octadecadienoic acid (90-18:2). Except for
variations due fo the position of the oxo group, this mass

spectrum 1s similar to that repaorted in the literature for

the methyl ester of 13-oxo0-9,11-octadecadienoic acid (271). \\\ ‘

Fractions b and c

v

Fractions b }ta, 13 min) and ¢ (ty, 15 mn) were burified
further by argentation HWPLC using methylene chloride:methanol
(98:2) at a flow rate of 1 ml/min as the mobile phase. lThe
Me3S1 ether derivatives of the two compounds had similar C
values (19.9) and mass spectra (Figs.14A and 15A) with
major fragment ions at m/z 382 (M), 36; (M-15), 351 (M-31),
311 }M—71, loss of terminal pentyl group) and 225 (M-157,
loss of (CH3) >—CO,CH3). The base peak i1n the mass spectrum
of b was at m/z 311, whereas that for c was at m/z 225.
Hydregenation of b and c reQealed that each eompound had two
dnub{: bonds. The base peaks ;or the me?hyl ester—-MeszS:
der1va£1ve5 of the hydrogenated pr;ducts were at m}z 173 (g:\
Me;S10+=CH-(CHy) 4—CHy) and 259 (c:Me3S10+=CH-(CH5) ,-CO,CH3)

(F1gs.14B and 15B). These spectra are similar to those

reported (272) for the corresponding derivatives of 13- |

Q i
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hydroxy-9, 11-octadecadienoic acid (13h-18:2) (b) and 9-°

hydroxy-10, 12-octadecadienoic acid (9h-18:2) (c).

Fraction d -
Fraction d was further purified by NP-HPLC (tn, 19 mim)

using a gradient from 3 to 40 %Z solvent Bp in solvent Ag

over S0 min. The mass spectrum (Fig.16A) of the MesSi

T g™

ether, methyl—ester derivative of this compound (C value,

20.7) had,majof fragment 10ns at m/7z 398 (M), 383 (M—-13),
285 (cleavage between the epoxy and Me3SiO subﬁ}ituents of
J2.}3—epoxy—il—hydraxy—Q—octadecenbic acid (1%,13e—llh—'
18:1)), 241 (M—157,‘loss of (CH2)7—C029ﬂ3 from 9,10—epaoxy-—
1l-hydrox;—lz—octadecenoic acid (9,10e-11h—-1B8:1)) and 199
(hase peak,cclq;vage between the epoxy and Me3zSi0 groups of
9,10e—11h—18:1). L S

’ Afte; hydrogenation, the mefhyl ester, Heaéi derivative
of d had major fragment ions at m/z 385 (M—-15) , 301, 287
(cleavage begﬁeen4qpoxy*a?d Me3Si0 groups of 12,13e—11h-
18:9), 257 (ecleavage betuegn carbqn§,7 and B in 9,10e—1;h—
18:0), ;15 and 201 (base peak, cleavage between epoxy and
MeySi0 groups of 9,10e—11h-18:0.) (Fxg.le).‘

-

The mass spectrum of the nonhydragenated derivative of d

H

is similar to that reported in the literature (273) for a

mixture of 12,13e~11h-18:1 and 9,10e-11h-18:1 obtained-after

L

incubation of a 4:1 mixture of {3*hydroperoxy—-9,11-

octadecadienoi¢ afid (13hp—-18:2) and Zhp—18:2 with

.Fe3+/cysteine. The base peak in the mass spectrum of the

ol

above mixture was at m/z 285, indicating that 12,13e-11h-" .

B

. ) ¢ $ 1 ' —
N T o _ w,
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18:1 was the major component. The ratio of the 1ntensity of

the fragmept with m/z 199 to that with m/z 285 was about
10:1 for fraction d, however, i1ndicating that aorta converts

18:2 predomnantly to the 9,10-epoxy isomer.

Fractior} 3
-Fraction e was purified further by argentation HPLC (tg,

17 min) using a mobi1le phase consisting of methylene A

chloride: methanol:acetomtrile (90:9.75:0.25) and & flow

rate of 1 ml/min. The mass spectrum (Fi1g.17A) of the .

methyl ester, Mez51 ether derivative of e (C value, 2?.4)

had major fragmen’t 1ans at m/z 560 (M), 470 (M-90), 361

(
(cleavage between vicinal MezSi10 groups at carbons 10 and 11
. P

-t

of 9,10,11-trihydroxy—12-octadecenoic;;facid (9,10,11th-18:1)),

301 (cleavage between vicinal MexSi10 g}'oups at carbon 9 and

S
4o

10) ,- 271 (341-90), 259 (M-301), 211 (301-90) and 199 (M-

361). This mass spectrum bears some similarity to that ’

[}

reported for a mixture of 11,12,13th-18:1 (major component) -

IS

and 9,10,11th~18:1 (minor component) obtained after
hydrolysis of the epoxyhydroxy ccm;pounds formed from a
mixture of 13hp—18:2 .and 9hp-18:2" by soybean lipoxygenase

(263). Fraction e contains very little, 1f any, 11,12,13th-

18:1, however. & ) iR

-~

‘The mass spectrum of -the methyl ester, MezSi ether

derivative of e after hydrogenation had--major ;ragment ions

-

at m/z 547 (M-15), 531 (M-31), 457 (M-90-135), 361 (cleavage

between vicinal Me;510 groups at carbons 10 and 11), 271 :

(361-90), 257 (base peak, cleavage between vicinal MezG5i10

\ ©

3
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groups at carbons ? and 10) and 201 (M-361) (Fig.17B).

These results all indicate that e 1s 9,10,11th-18:1.

Fractions f and g

Fracti&n f was further purified by argentation HPLC (t,,
16 min) as described above for fraction e. The mass
spectrum (Fig.184) of the methyl ester, Me;5i ether
~derivative of f (C value, 22.3) had major fragment ions at
m/z 3545 (M-15), 460 (M-100, laoss of hexanal with transfer of
an Me;Si group to the carbaxyl group), 455 (M-20—-15), 387
(cleavage between the ;ru:inal Me3510 groups at carbons 12
and 13 of 9,12,13-trihydroxy-10—-octadecenoic acrd
(9,12,13th—f8=1)), 301 (cleavage between the vicinal Mex5i10
groups aot carb;:)ns Q and 10 of 9,10,13—trahydroxy—11-

octadecenoic acid (9,10,13th-18: 1)), 259 (M—301), 211 ¢301-

90) and 173 (M-387). N

The mass spectrum of the hydrogenated derivative of £ had
major—fragment ions at m/z 547 (M-15), 531 (M-31), 457 (M-
'90-1,5), 441 (M-90-31), 389 (cleavage between vicinal MezS5i0
groups at carbons 12 and 13 of 9,12,13th-18:0), 303
(cleavage between vicinal Me;Si0 groups at carbons 9 and 10
of 92,10,18th—18:0) , 299, 259 (Me;S5i0+=CH-(CH3),~C0O,CHs,
mainly cleavage between the vicinal MezS5:10 groups at carhons
2 and 10 ir; ?,10,13tb-18:0), 213 (base peak, 303—90) and 173
(Me;5i O+=CH~ (CHy) 4s—~CHg3) (Fig.18B).

‘ The mass spectra of the methyl esj:ér, Me151 ether _-
derivatives ot {, both before and after hydrogenation, are

similar to thaose reparte& in the literature for mixtures of




R L LN PR,

~99-
- N
301259
% OTMS
TMS CO,Me
\/ /
17
A msow
259 + .
+08
g
»
; " COzMe
e ™ 173
S :
£
"
[ ] s
2 04 ,
2
©
X 3o -y
M=-15
dedld e ..., ..54
"w b —-«-o.;‘.l‘ b .,.:i 4 = -~ b 0--.;0‘-*."~-'—';;‘
m/z
[

B
213

"

P £
>
[ Y
- Ap
£

o
Q
N -
w -
ri 173 -
T 5 ! /

] l i l

;LL'.-' “hlLJ.‘«{-JLU. d. wedulad, b, o .-.-ll‘,l ! N '.—. v l - —~0

" 0 20 «00 S ‘o

. ' m/z

Fig.18. Masm smpectra of the trimethylsilyl ether derivatives

of the methyl esters of ?,10,13~trihydroxy—1i-octadecenoic
acid and 9,12,13-trihydroxy-10—octadecenoic acid (fraction
. .

- f) bgfora (A) and after (B) hydrogenation.
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+10,13th-18:1 and 9,12,13th-18:1, isolated after incubation
of mixtures 6‘ 13Hp—1852 and 9hp—-18:2 with ei ther snybean'
lipoxygenase (2463) or FeCly/cysteine (273). Thus, {f would
appear to be a mixture of the above }wo isomers, with the
9,10,13—trihydfoxy i somer predominating.

[

Fraction g was further purified by argentation HPLC (t,,

18 min) as described above. The mass spectrum and C value

of the methyl ester, Me;Si ether derivatives of g both

before and after hydragenation, were identical to those of

-

f. Thus, g is also a mxture of different stereoisomers of
?410,13th-18:1 and 9,12,13th~;8:1.

In order to learn more about the relative amouﬁts of the
trihydroxyoctadecenoic acid isomers present in fractions §
and g, the n-butylboronate der?vative5 were prepared. In
this case, fraction; £ and g were chromatographed inilially

Pl

as the free acids (Fig.12D), giving four peaké of
radiocactivity-(£f,, f2, g; and gp). The'méteriéls iﬁ\each
f;action were methylated wi£h dfazuqethane,';e&uééd with
hydragen in the presence of platinum dioxide and converted
to their n—-butylboronate deriyvatives. The n-—-butylboraonates
were then converted to their Mea;Si ether derivatives and
analyzed by GC-MS. For comparisaon, the corresponding

derivative of 9,12,13th-18:1 was prepared by 1ncubation of

tl;*4CJIB;2 with wheat flour (274). A mixture consisting

predominantly of 9,12,13th—18:1; aloné with a smaller amount of

9,10,13th-18:1, was also prepared by treating [1-14C118:2

with soybean lipoxygenase in the preserice of guaiacol (263).

2

£ g
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s The mass spectrum of the hydrogenated n—butylboronate -
- derivative of 9,12,13th-18:1 (C value, 24.0; Fig.19A)
obtained from wheat flour had major fragment ions at m/z 449
. \\;/;yH—IS), 453 (M—-31), 327 (M—157, loss of (6H2)7—C02He), 259 ‘
: - < (He;SiD+~CH-(CH2),—COzHe), 237 (327-90) and 129. The mass
spectrum of the product from aorta was similar (Fig.19B),
except that additional fragment ions were observed at m/z
413 (M-71, loss of (CHz) —CHy), 323 (413-90) and 173
(Me3Si0+=CH-(CH>) ,~CHz). The mass spectrum of the saybe:;\
lipoxygenase product was similar to téat of the product from
aorta, exceptlthat the jons at m/z 413, 323, and 173 were
less intense'than thase at 327, 237, and 259, respectively.
Each trihydroxyoctadecenoic acid i sofer gives rise to
three major fragment ions after methylation and
f hydrogenation and conversion to its n—butylboronate, Me3Si
ether derivative. The ions are derived from cleavage on
‘either side of the Me;Si group. For the derivative of
9,10,13th—18:1 major fragment ions are obtained at m/z 413,
323 (413-90), and 173, whereas the corresponding ions for
the derivative aof 9,12,13th-18:1 are at m/z 327, 237 (327-
z?y1 and 2359. The ratios of the sums of these. ions will
gé;e an approximation of the relative aqﬁants of each of
tﬁese isomers in the mixturé‘(see Table 4). Using these
b criteria Fo distinbuish betweenn 9,10,13th-1821 and
9,12,13th=-18:1, aorta frActions f2 and q; contained mixtures
of these isoéers with the former product predominating.

Wheat flour conversion aof 18:2 resulted in exclusive

»

synthesis of 9,12:I3th—18;1. Treatment of 18:2 with soybean
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somers after’ hydrogenation

.

Fig.19. Mass spectra of th-18:1 i

and conversion to their,trimethylsi 1yl ether, n—butylboronate,

methyl ester derivativea. (R) 9,12,13-trihydroxy—10-

actadecenoic acid farmed by incubation of, 18:2 with wheat

€lour . (8) ph-lB:t isomers (9,10,13-trihydroxy—ll~

octadecenoic acid + 9,12,13-trihydroxy—lo-—actadecennic acid) .

farmed by incubation of 18:2 with a fetal calf aorta

particulate fraction (compound f2).

(C) th—-18:1 isomers formed by incubation of 18:2 with

soybean lipoxygenase and guaiacol. :

SN

s
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. _ TABLE 4

-

BC~N8 Characteristics of Trihydroxyoctadecenoic Acid lsosers

)

Mixtures of 9,10, lSth 18:1 and 9,12,13th-18:1 were prepared froa

wheat flour, sqxhean lipoxygenase and fetal calf aorta as
After methylat:ion and hydrugenation. the

. described in the text.
trihydroxy cospounds were converted to their n-butylboronate-NesSi
The sajor fragment ions

ether derivatives and analyzed by GC-MS
tor this derivative of 9,10,13tHK-18:1 are at w/2z 413, 323 and 173,

whereas the corresponding 1ons for 9,12,13th-18:1 sre at n/z 327,
The ratios of the sums of these ions

237 and 259, respectively.
will give an approximation of the relative amounts of each af

these isomers in the mixture.
. . k . )
", Fractian b . c Ratio of ian Rl
' - valué intensities of

(9,10,13th-18:1/

s 9,12,13th-18:1) %
24.0  0.03 '
\ . . .

9,12,13th~-18:1 (wheat ¢1lour)

o~ 9,10,13th- 1811 + 9,12,13th- lel
(soybean lipoxygenase) - 24.0 0.30
$4 laorta) . 24,1 2,40
g2 (aorta) . T 24.1 3.00

* Theusun‘of intensities of i1ons at m/z 413, 323 and 173

(9,10,13th-18:1) was dxvxded by the sum of the 1ntonsxt1¢l of ions

|
¢
s at m/z 327, 259 and 237 (9,12,13th~-18:1).
-

.
-t

——

e D
B
[

=
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lipoxygenase in the presence of guaiacol’yi.ldcd mainly
9,12,13th—-18:1, alohg with a smaller amount of 9,10,13th—

18:1. Tﬁe amounts of materials in fractigons f; and g, were

7

insufficient to obtain good mass spectra. However, on the
basis of the relative intensities of the féagmcnt ions at
;/z 173 and 259, fraction §, appeared to consist mainly of
9;12,13tg—18=19”§her¢as ;raction,gg -ppear;d to consist

mainly of 9,10,13th-18:1.

7

3.2.2 Metabolism of 18:2 by Homogenates

. -Homogenates of fetal calf aorta in the absence of any

3

added cofactors converted [1-14C]118:2 to products similar to
those formed by particulate fractions, except that the more
polar products (d-q) were farmed i relatively small amounts

' (Fig.12B). ‘ ”

3.2.3. . Metabolism of 18:2 by Other Blood Vessesls

(a) Ductus arteriosus
A chromatographic pattern similar to that shown in
'MFig;IZA was obtained after incubation of [1-24C118:2 with
-
particulate fractions from fetal calf ductus arteriosus,

except that the amounts of 13h-18:2 (b) and 9h-18:2 (g) were

- about 1.5 times greater thari with aorta.

(b) Adult aorta

S
Particulate fractions (7.5 mg protein/ml) from adult

bovine aorta were less active than those from fetal aorta in
converting [1-14C118:2 (2 uCi, S7 uM) to oxygenated products
. ! . F -

. under identical conditions (Fig.12C). With adult aorta, 90;

-
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18:2 was not detected, whereas the asounts aof 9h—-18:2, 13h-
18:2, and the trxh’ydr!oxy pradqcts in fractu:ns £ md g were

only abnut me—thxrd of those observed for fetal aorta. The

- %
2

formation of the products in fractions d (mainly(9,10e-11h-
18:1) and e (mainly 9,10,11th-18:1) by adult aorta was
red(u:.d to a lesser extent than the other product:. v

9
-

3.2.4. Time Courses for the Formsation of ijmnt-d
18: 2 Metabolites

Par—txculate fractions from fetal calf aorta. were
incubated with [1-14C118:2 for various times in the "absn;';c-
of any added cofactors (Fig.20). Only s)iall ,amounts of
fraction a were formed, and it was not possit;le to
qua;'utitat- it very accurately. The uamaqnts of fr_acti.oﬁ b
{(13h-18:2), c (9h 18:2) and €49 (9,10,13th-18:1 and
9, 12 13th—18-1) u\creased nearly linearly with tune up to S -
min. The rates of formation of these products then declined’ .

kn '

and after 20 min their concentration changc ly sl ightly.

The material in fractnon d (ma-xnly P 109-1131—18-1) was
formed ulare rapidly in the early stages of the reaction, 'l‘xut
its concentration declined a'fte'r" 10 ‘min '(Fig.2('), inset).
Product e (9,10,11th-18:1), on the other hand, was formed
very élowl‘y initially, but its‘conc:lm-tration increased
linearly with time up to 20 min, and continued to 1n¢:reas¢,
although more slowly, up to 60 ‘min. These results suggest
that product d is a precursor of ‘prnduc!; e.

" Fig.21 shows the time course for. oxygenation of 18:2
’

compared to 20:4. In this experiment “fhe_ tm;al'.lmt:n.mig?\_/‘r
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PRODUCT (nmol/0.5ml)

/TIME (min)

Fig.20. Time courses for the formation of b (O, 13h-16:12), C

(o, @h-i8:2), d (A, 9,10:-115—18:1),. e (l,: 9,10,11th—18:1)
hand f+g (A, isomers of 9,10,13th-18=1 and 9,12,13th-18:1)
from 18:2. Product a was not formed in sufficient amounts
for quantitation. Particulate fr;ctions (0.5 arl) from fé{‘al
calf aorta .were i;cubated at 37 oC with [1—_14011832 (O.;I
iy, 30.0 nmol) for various time periods. Products were .
extracted and anniyzed as described %n the legend to Fig.12.
The radi\‘oactiv“’ity in fractions col lected every minute was
detfmined by liquid scir‘lti'lluti_qon cour;ting.l All values
have been corrected for recaovery and are the means rof
dug’:liéatés. The inset shows the time courses far the o
“formation of the polar Eprqd:.tcts (d—qg) to illustrate the

pPraobable precursor-product relationship between praduct d

(9,10e~11h-18:1) and praduct e (9,10,11th-18:1).

- t

| o
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Fig.21. Time courses for the formation 06'tot§l'18:2 (o) .and

20:4 (O) metabolxtes‘by fetal calf aorta particulate.
- fractions (0.5 ml). After preincubation of the particulate’

fractions for 2 min at 37 °©C, exther [(1-14C)18:2 (0.5 uCa,

? -

9.1 nmol) or [(1-14CJ20:4 (0.17 2, 10.3 nmol) was qued and

tncubations were continued for varigus time i1ntervals.
. ¢

-

Incubations were terminated with ethanol and [9B—UHJPG%,¢
(500,000 dpm, 1 ug) was aaded. Products were extrac%ed
using ODS silica ;nd the residue(ﬁds dissolved ;n o
hexane/toluene/methanol Lacetic acid (95:5:0.002:0.1) ang

. 14 - ’ )
applied to an open column (0.5 g) of silicic acid.

- » ,

Unconverted substrate was eluted with 22 ml hexane/dxe%hyl

. N
ether/ acetic acid (98:5:1.5:0.1). The oxygenated n

0

metabolites were then eluted as a single fraction with 8 ml
methyl\ formate/methanol (90:10Y}\ After evaporation of the

sol vent under nitrogen the radidactivity was measured by

s

“~liqurd scintillation counting. All values are the means of

i
~ -

duplicates and have been corrected for recovery.

| | 7@‘
o » i,
-
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14C-]1 abeled oxygenated metabolites formed from the
corresponding 14C labeled substrates were measured. The
subgérates‘were separated from their more polar monohydroxy,
epoxyhydroxy and trihydroxy m;tabolites by chromatography on
an gpen column of silicic acid.‘ The formation of proaoducts
from 18:2 was linear with time up to at least 5 min, whereas
the formation of products (mainly b6-oxoPGF, ¢ and 6,15-

dioxoPGF,; ) from 20:4 was linear for no more then 15 s,
bresumably due to the more rapid formation of inhibitory

14

peroxides or hydroberoxides fram 20:4. As shown in Fig.21

20:4 is a much better substrate for prostaglandin

endoperoxide synthase than 18:2 (approximately 10 times more

oxygenated prbducts formed after 5 min incubation).

/ I

3 2.5. Mechanism for the Formation of nyq-nht-d 18:2
Metabolites

Fou} main types of.pFoduEts ére synthgsized from 18:2 by
aorta. iThey are: oxo; manoﬁydraxQ, epoxyhydroxy éﬁd
~trihfﬁroxy pruduch (Fig.22). Presamably all of these
productsiqre derivgd from hydroperoxide intermedia£es;
formed enzymatically ﬁy either cyclooaxygenase or
lipoxygenase. The énsuing metabolisb of the hydroperoxides
to oxo, mdaohy&roxy, epoxyhydroxy‘and trihydroxy produéts

may be thé result of enzymatic andfér non—-enzymatic N

processes.

(a) Conversion of 18:2 to hp—18:2

‘In order to determine the nature of the enzyme catalyzing

¢

the initial oxygenation of 18:2 to‘the.putative.9 and 13
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Fig.22. Metabolism of 18:2 by particulate fractions from
abrfa. "The products enclosed’in foxes were isolated and

identified by GC-MS. ep, endoperoxide..
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¥ f
hydroperoxy intermediates,'éarticulqte fractions containing
adrenaline (1 mM) were pre—-incubated for 2 min nith'
nordihydroguaiaretic- acid, P lipoxygenase inhibitor, or with
acetylsalicylic acid or indomethacin, prostaglan@in
_endoperoxide synthase inhibitors. ([1-314CJ18:2 (9.2 uM) was
then added and the incubations were continued @aria further
20 min and the products analyzed by ,NP-HPLC. Under these
conditions, ?h—-18:2 and 13h—-18:2 accounted}farﬂ?S % of the
oxygenated products, whereas epoxyhydroxy and trihydroxy
products made up the remaining 7 Z. The amount of 9h—-18:2
and 13h-18:2 formed should therefore-re#léct the amount of
the carresponding hydroperoxy products initially formed.
Similar incubations with [1-24C]120:4 (9 4M) in the presentce
’“‘w‘mﬂfand absence of inhibitors were carried out for comparison.
Preincubation of particulate fractions with indomethacin
‘inhibited the formation of both 9h-18:2 and 13h-18:2 (I1Dgg,
approx. 10-7 M), as well as &6—oxoPGF; ;g (IDgg, 4 x 10-7 M),
in a dose dependent fashion (Fig.23). Acetylsalicylic acid
also inhibited the formation of all three products but was
much less potent (Fig.24). On the other hand,
naordihydroguaiaretic acid had no effect on the formation of
either the two mopohydroxy metabolites of 18:2 or 66—
oxoPGF, ¢, except at very high concentrations (10-4 M), when
the formation of all the products was inhibited quite
markedly (Fig.23).
The formq?ion af trihydroxy products from 18:2 was also
inhibited by indomethacin ana acetylsalicylic acid. - Since

the amounts of these. products formed under the conditions of
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Fig.23. Ef‘cdﬁi of indomethacin on the formation of 6-
oxoPGF; « (‘o,\ESh-IB:é (®) -and 9h-18:2 (0) by particulate
fractions from fetal calf aorta in the presence of
adrenaline (1 mM). Particulate fractions (0.5 ml) were
preincubated far 2 min at 37 ?é with 2.5 ul of ethanol
containing various amounts of indomethacin: [1-14C118:2
(0.25 4Ci, 4.6 nmol)"or [1-14C120:4 (0.25 uC1, 4.5 nmol) was
then added and’the'incubations were continued for a further
20 min. The products were extraéked and analyzed by no}mql-
phase HPLC using 47 solvent Bm:xn solvent Am for monohydroxy
18:2 metabolites and 607 solvent B in solvent A for 6-oxoPGF;q-
The flow rates were 2 ml/min. All values are the mean of
'duplicates and have been correcte; for recovery. The amounts

of radiocactivity 1n the control incubations were as follows:

b6-0xoPGF, o, 188,000 dpm; 13h-18:2, 4300 dpm; $h-18:2, 13,700 dpm.

[n
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Fi‘q.24. Effects of acetylsalicylic acid (ASA) on the formation
of 6—ox6PGF1¢ (A), 13h—18:2‘(0) and 9h—18:2 (0O) by
particulate fractions from fetal calf aorta 1n the presence
of adrenaline (1 mM). Particulate fractions (0.5 ml) were
preincubated for 2 min at 37 °C with 2.5 ul of ethanol
containing var;ous amounts of ASA. [1-14C118:2 (0.35 2,
6.4 nmal) or [1-34C120:4 (0.20 uLi, &.1 nmol) was then added
and the incubations were continued for a further 20 min.
Extraction and chromatoéraphic conditions were identical to
those described in the legend to Fig.23. The amounts of
radioactivity 1in the control i1ncubations were as follaws: 6-
oxoPGF, g, 179,900 dpm; 13h—-18:2, 16,300 dpm; 9?h-18:2, 50,750

»

dpm. \,
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Fig.25. Effects of nordihydroguaiaretic acid (NDGA) on the
formation of 4-oxoPGF g (A), 13h-18:2 (@) and ?h-18:2 (O by
particulate fractions from fetal calf aorta in the presence
of adrenaline (1 mM). Particulate fractions (0.5 ml) were
preincubated for 2 min at 37 °C with 2.5 ul of actetone
containing various amounts of NDGA. ([1-14C118:2 (0.14 sCi,
2.5 ‘nmol) or -[1-14CJ20:4 (0.14 ux, 2.6 nmal) was then added
and the incubations were cantinued for a further 20 min.
Extr'action and chromatographic conditions were identical to
those described 1n the legend ta Fig.23. The amounts of
radioactivity in the control incubations were as f;ﬂlous: é;—
oxaPGF, o, 105,700 dpm; 13;1—18:2, 8,100 dpm; 9h-18:2, 28,600&

n

dpm.
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the experiment were quiﬁe low (due to thé presence of

adrenallne and the low substrate concentrations) it w
difficult to quantztate them accurately.

. Indomethacin (10-‘ M inhibi@ed the formatiqn of both |

YT R T "!"1'5‘?.;'}";:‘ FERF I
I . it 2
M ‘

« monohydroxy products (97 %) and trihydroxy products (59%) by
particulate fractioﬁs which were incubated with tl-*48;18=2 2

in the presence of methemoglobin (10 uM). Ty .

B L i s A

W\

(b) Metabolism of 13hp—-18:12 /

Fy o

e

The metabolism of the hydropérnxy intermediites formed

[}

from 18:2 was investigated, but'the results were rather)
inconclusive. In one uxperiﬁent, 13hp—E1-14C118:2 (2 x 104

cpm, 10 ug), prepared from soybean lipoxygenase, was

incubated fdr 2 min at 37 °C under varying conditions.

AR T
P

. . Incubation in the presence of a particulate fraction from

fetal calf aorta, without any cofactors, resulted xn

conversion to 13h-18:2 (majnr praoduct) and 130-18:2, as well Co

O o Y

as epoxyhydroxy and'trihydroxy products (Fiq.26A).L A peak
0 ‘ ' (approximately 15 % of added substrate) eluted in the
position of 13hp—-18:2, on NP-HPLC, which may represent: o
o e '
unconverted substrate. The chromatographic profile
(Fig.26B) abtained after incubation of a boiled particulate
fraction with 13hp—(1-14C118:2 was almost identical,
hggl;er. Since methemoglaobin had been used in some
. _’. ' kn:ub;tions (see 3.2.1.) its effect on the metabolism of
%i‘ "13hp-—-18:2 was iisa vaegiibated. Methemoglobin (10 uwM), in

buffer, in the absence of a particulate fraction, t-tiiyzid

the farmation of oxo, monohydroxy, eﬁbxyﬁydraxy and
. &

Q
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13hp-18:2/butfer

. 40
TIME (min)
/Fi g.26. Metabol isn of ls-hydroperoxy—'? 1 t—octad-cadx-noxc
acid. 13hp—t1 14C118:2 (0.011 Ci, 32 nmol) was incubated
L ' at 37 °C for 2 min with (A) a fetnl calf narta partxculatn
T ) fraction, (B) a boiled fetal calf aorta partxculat:
fractipn, (C) buf{er contamnan 10 uM methemoqlabxn. -nd (D)

with buffer alone.

The incubations were terminated with
ethanol (2 vol) and products ueFe‘ektractcd usinq‘ods _
silica. The residﬁes from the extracts n;re anquznd’bQ
normal -phase HPLC using a mobile phase consisting of 4%
" solvent B in solvent A for 3@ n{n followed by a l?hear )

. ¥4
gradient over S50 min betwesen 4X and 100%Z solvent ‘Prin solvent A
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" trihydroxy products from 13Hp—183i fFig.ZbC). The profile

'of products was quite different from that of particulate
4

-

#réétion,~howevgr, with cansid;rabiy larger amounts pf
ebpx;;ydrufyqpné trihyﬁcmxy,pfaddcfé beiﬂg'¥ormed. .fﬁ
cnntrast; when 13hp-18:2 ;as iqcubated in buffer alone
(Fig.2éD)’vefy little degradation bcéuﬁred.' Most of the

hydrope}éxide (81 %) was recovered intact afteéer incubation

and extraction. Thus it would appear that 13hp-18:2 can be

‘converted non—enzymatxcally to bxu, munahydroxy,

epoxyhydroxy and trihydrdxy products by particulate

fractions from aorta. However, we gannosnrule out the

‘- possibility'that some of these reactions also occur

enzymatically. As discussed earlier (see 1.4.1), ‘fofy:

exampl e, prost;glan&in endoperoxide synthase has perpxﬁdise
activity, and could be partially respénsible for the

v

conversion of hp—18:2 to monohydroxy pro&ucts. .

(c) Conversion of ehv18:11 to th-18:1

v

In order to inQestigate the.mech;nisn for the conversion
of epb;yhydroxy produéis to tri6ydroxy products,'é,IOg*tlﬁ-
[1-14C118:1 was synthesized b;ﬂincubating tl—*‘CllB:Z'ﬁith'
particulate fractions from fetal calf aorta. 9,10g~1ih—f1;
14C118:1 nis then inéubateﬁ with either-boiled-ur pﬁbailqd‘
particul ate or‘lodiséQ X g supernatant fractions from f:t;é
tcalf aorta for variﬁus times (qu.27). . Both the partxculite
(6 pmol/h/mg prntezn) &nd the superhatant (27 pmol /h/mg
protexn) fractxans converted 7, IOe—llh—la.l to 9 10, llth—

18:1. Nhan the ¥ractions were boiled prior to the
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9,10e~-11h~18:1
¢ epoxide hydrol’asq

n
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i

* . ~|]9,10,11-th-18:1

0 15 " 30 45" 80 .
- FJIME (min) .

-

Fig-27. Conversion of product d (9;10e-11h—18:1; 0,8,Aand &)

to product -e (Q,Id,llth—lé: 1; Jand M) 1n ‘the'presence of

-

particgulate ( ;0;M) and cytosolic (——=;0;0) fractions (0.5

ml}) from fetal calf aorta. No convers:ion of product d was

d

observed 1h the presence of boiled particulate (A or

cytosol:ic (A) fractions. 9,10e-11h—-[1-24C118:1 (4100 cpm,

57 pmol), prepared as described in the text, was 1ncubated
with'the above fractions for various times. at 37 °C. The

products were e(tracéed and analyzed by normal-phase HPLC.
~ . , ]

Tlhe protei1n concentrations of  the particul ate .:and cytosolic
~ ° r

fractions were 4.1 and 1.7 mg/ml, respectively. All-:values

t

©

are mieans of duplicates and have been corrected for ‘ecavery.
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y products. This may be presumably due to saturation

A

4 .

.
- AR

incubation, ﬁawever, 9,10e711h;19=lswas’notrmeiabalizéd, )

suggesting ti¥at its conversion to 9,10,11th—18:1 is

cafalyzed enzymatically by an epoxide hydrolase in aorta.

)

B.2.6. Effects of Substrate Concentration on the Formation
of 18:2 Metabolites - .

At low concentrations ({b uM) of 18:2, the amounts of
-

products formed were:in the oraer; é (Ph—-18:2) > b (13h-

18:2) > f+g (9,10,13th-18:1 + 9,12,13th~18:1) > d (9,10e- v
. I

Al
11h-18:1) = e (9,10,11th-18:1) (Fig.28). The proportion of

18:2 converted to each of the praducts declined o5 its

coancentration was raised. 'Same products were more affected

~—

-than others, however, and at higher concentrations of 18:2

(125 M) the amounts of products formed uere%in'the order, c

\

>d > e. Raising the concentration of 1832 from

> f+g > b
18 tao 125 Lflincreased'thelﬁombined amgunt of ;poxyh9droxy

and trihydroxy products fraom 23 to

the

peroxidase component of prostaglandin endoperoxide synth

‘resulting in decreased conversion of 9hp—18:2 and 13hp-18:2
. A - .

T . 0

to monohyd?oxy products, and i1ncreased formation ot

epoxyhydroxy products (Fig.22). >

»

The amount of e (9,10,11th-18:1) formed does not increase ’

¢

—~

when the concentration of ﬂB:Z is increased from_ 125 to 374 ) .
1M, whereas the amount of its precursor, g,.cantiﬁygs to

”~

increase. This is probably due to saturation of the epoxide .

. hydrolase which canverts d to e. . . -
0 1 J ‘

The Km and Vmax val?es for the conversion of 18:2 &nq

e !
- N »
= -
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[18:2] (um)

. A\
Fig.28. Effects of substrate concentration on the faormation
of 18:2 metabol:ites. Particulate fractions (0.5 ml) froam
fetal calf aorta were 1ncubated at 37 °C thh [1——14(3]18}
(0. 48 ;1:1) and varying amounts of unl abeled 18: 2 fc('/ZO min.
The amounts of products were determlned by NP-HPLC x

described 1n the legend to Fig. 12. A),A values are means of

duplicates and have been caorrected for recovery. f
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20:4 to products were determined from Lineweaver-Burk plots
(Fig.29). In this e:speriment the total amournts of p’olar
metaboli tes formed from each substrate ner:e‘measu[e;i. It
;oas possible to use a ln;'tger intubat;:on time for -18:2-(1.35

min) than for 20:4 (15 s), since the rate of oxygenation ff‘

)
o

18: 2 remained linear for a much longer period of t (see

\
.

Fig.21). The appa’rent Km values obtained) for the . ' i ¢
‘oxygenation of 18:2 and 20:4 were 442 and 48 M, o
respectively.' The apparent qug for 18:2 was 0.647 .
nmol /min/mg protein, whereas that for 20:4 was 2.7

nmol /min/mg protein.

‘ 2

3.2.7. Competitive Inhibifion of 18:2 and 20:4 Oxygenation

Enrichment of endothelial cells with 18:2 has been
reported to result in inhibition of PGI; production by thle;se

cells (178,179); In order toddetermine whether 18:2 could

2 e

compete with 20:4 for préstaglandi‘rg\ endoperoxide synthase in
aorta, [1—-14C120:4 (0.2- i, 13.8 M) was incubated with - a
particulate fraction from fei:pl calf aorta in the presence
of various amounts of unlabeled 18:5 (F"ig.30)“. Under these
conditxq’ns, 18:2 was not a very potent inhibitor”nf the
metabolism of 20:4, the i\ighest cancentrati)an (357 o)
reslilting in 43 % inhibition of the formation of 6-0oxoPGF, .

On the other hand, 20:4 (IDgo, 10 uM) was. a much'more potent

[

inhibitor of the formation of 9h-18:2 and 13h—18:2 from [(1-— .

. .
o APRNE, il g i S dud T+ PR T

14C118:2 (15 wM). The formation of the 'trihydrpky 18: 1

isomers was inhibited to'a much lesser extent, praobably due
. . o o .

to the saturation ef peroxidase by PGG, and 15hp-PGIs formed

° ¢

N

A ] o
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F'xg.29. Lineweaver—Burk plots for thhconversxon of 18:2 (@)

i

.

and 20:4 (QO) to oxygenated metabolites by particulate
€ractiohs from‘vetal cal¥ aorta. The total amounts of

metabolites formed ¢rom each substrate were determined as

.
]

described 1n the legend to Fig.2l. . The i1ncubation {imes

uer‘e. 15 s for 20:4 and 1.5 min for I’B:Z.

< N - .
& V .
R N




a

- -

Fig.30. Effects of 18:2 on the mptabolism of [(1-14C120:4 and
« e

of 20:4 on the metabolism of [1-34C118:2 by particulate

-

fractions from fetal calf aorta. (1-14CJl18:2 {0.41 ;Fi. 7.5

nmol) along with various amounts of unlabeled 20:4 (o, M) or

(1-314C)20:4 (0.20 uCi, 6.9 nmol) along with various amounts

of unlabeled 18:2 (0) were incubated with particul ate

fractigns (0.5 ml) from 6etai calé¢ aorta for 20 min at 3.7

9C. &b6-oxaPGF g (0O) was .measured 'by _NP-—HPLC using a linear

gradient between 4% solvent B in solvent A and 100%Z solvent '

R}

B over 40 min. The monchydroxy (b+c,®) and trihydraxy

(e+f+g9, ®) metabolites of 18:2 were measured by NP~HPLC as

. ,

. described in the legend to Fig.12. A‘ll values have beén
corrected for recovery using [3HIPGF;& as an iﬂée?n‘al
st}n{iﬁd and are the mean of dublicatés. The, amounts of
metabolitgs ft.;nrmed in the caontrols vgereé 6-oxoPGF ; & (1.0’
nmol), manohydfoxy metabolites of 18:2 (0.17 nmol) and
tr:ihydroxy l‘netabol'it‘:es ot- 18:2 (‘0.011 rmol ). \

: .
BT ]

A ]

»

-
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from 20:4. Thus, as the concentration of 20:4 was

increased, the proportion of Zhp-18:2 and 13hp—18:2

- metabolized to the corresponding monochydroxy products .

decreased, resulting in diversion to the cpéxyhydroxy-

tribydroxy pathway (see Fig.22).

i)

3.2.8. Identification of Metabolites formed from Endogencus
18:2 Released by Slices of Fetal Calf Aorta

Slices of fetal calf aorta were incubated inq Krebs—Ringer-
medium, cantaininq_ 15 mM Tris—HCl, pH 7.4, with [1-14C118:2
(2.6 uCi, 0.048 umol) for 60 min at 37 °C. This amount of
radioactive substrate was not su{ficignt to interfere with

the mass spectra of products, formed from endogenous

‘unlabeled 18:2, and made it possible to detect the 18:2

"mtaboli.tu during HPLC. The radiocactive produci:s war e

extrackhed and purified by normal-phase and argentation HPLC

as described above for prod;xcts isolat;d frcx‘n particul ate
flra':tioﬁs. Each fractian'nan cmvect-d to its methyl -s‘t-r,
He;éi ether &erivative and analyzed by GC—MS using a Hawlett
Packard 59858 i'nstrumt which repetitively scanned the .
column effi,upnt. As shown in Table S, ali the products ¢

isolated from particulate fractiona, with the exceptions of

?0—-18:2, 12,13e-11h~-18:1 and 9,10e-11h-18:1, were identified

» -

by GC~MS. The mass spectra of the products confirmed that

_the carbons of their carboxyl groups were primarily 312C

rather than 14C, indicating that they were derived mainly

from endogenous substraté rather than from the negligible

amount of [(1—-14CJ118:2 added (of which the carbon of the

-

_carboxyl group was nearly 100 % 14C). In wach case the gas
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TABLE § .

Oxygenated Metabolites of Endogenous [8t2 Synthesized by Slices
of Fetal Calf Aorta

Slices of fetal cylé aorta were incubated :1n Krebs-Ringer Tris

medium with [1-14C318:2 (3 pCr, 54.7 Ci/mol) as described 1n the

text. The products were purified by HPLC and 1dentified by GC-MS.

Product ’ /2 values of eajor 16ns
detected®

13h=18:2 (b} - 382,311,225

9n-18:2 (c) "~ - ¢ : 382,367,351,311,225

9,10,11th-18:1 (e} 560,470,361,271,259,173

. 9,10,13th-18:1.4 9,12, 13th-18:1 (f & g) S545,450,387,301,259,173

* The base peak is underlined.
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Fig.'.'ol. Mass fragmentogram of fru:tion g_ 9, 10,l3th-19:1 +

? 12, 13th-18:1) formed from endogencus substrap-. Slices of

R

fetal calf aorta (20 g) were incubated with [1—14C]18=2»-fcr ;

&0 min at 37 °C ' in Krebs—_Ringer Tris medium. The products .

Packard 5985B instrument. TIC, total ion current.

e

were purified by HPLC and analyzed b9 GC-MS using a Hewlett-
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chromatographic profile of the'major ions of each qf the
compounds in T;ble S showed" a peak witg a ty identical to
that for the corresgonding coﬁpound formed from exogenous
substrate. This is illustrated by Fig.31, which shows the
profiles for ions with m/z values of 173, 259, 301 and 460,
as well as the total ion current for the methyl ester, He;Si
ether derivative of the material in fraction g, which was
formed from endogenous substrate. The i1dentification of the
endogenous products 55 a mixture of‘9,10,13th—18:1 and
9,12,13th-1§:1 was further supported by the complete mass
spectra which were recordéd at 2.4 and 2.6 min.

Oxygenated mqtasolites formed from endogenous'20:4 and
20:3 by aorta have previously been detected in our

laborataory using a similar methnd (254,256).

“

7 3.3. Quantitation of Oxygenated PUFA Metabolites Released
by Aorta ER R

Previous work from our laboratory (254,256,257) and data

presénted above have demonstrated that a variety of fatty
 acid hydroizroxides are formed during the metabolism of PUFA

by aorta. hese products could have inhibitory effects on

the synthesis of PGI,, 1f not rapidly metabolized. By
measuring the monohydroxy and frihydrbxy products derived

’ from fatty acid hydroperoxides, a reliable assessment of

their amounts'within vascular tissue may be obtained. ~

&,

(; ' It was not possihle to quantxtafe the énaogenuus

LR}

monohydroxy and trihydraoxy products described above by GC-MS

. because appropriate i1nternal standards were not available.

-

o

’
' 0 » . c.
- . : -~
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To this end, we decided to establish a suitable GC—MS assay

for quantitation of the major oxygenated metabolites af

20:4, 20:3 and 18:2 praoduced from g’lices of vascular tissue.

oxygenated PUFA metabolites from a‘single' incubation of

To attempt to measure approximately 10 different

vascular tissue slices 1n a reproducible manner poses quite

a formidable task. Obviocusly, there are many ways of

LY

approaching this problém. . The assay system that has been .

developed here has tried to minimize workup and analysis

time while at the same time attempting to maximize .

sensitivity and ,specificity and to minimize potential

sources of i nterf erénce.

3.‘3. 1. Development of a Method for the Quantitation :

of . Oxygenated PUFA Metabolites

A.brief step by step procedure of the assay is outlined

below (see Methods and Fig. S5 for further detai 1s).

>

’

)

2)

3)

4)

3)

&)

7

8)

incubation of vascular slices in physiolog:ical medium

removal of medium aqg division i1nto parts A and B in a .

1:3 ratio o

addition of 1nternal standards to part A (deuterated PGE,,

y T .
deuterated" 6-0xaPGF, ) and part B (]l4h—-19:2, th-19:1)

extraction of samples with 0ODS silic)a \ ‘
methylat'u:)n of carboxyli’c acids in part B

HPLC separation of products in part A (PGE, and 6~
oxoPGF, ) and part B (gfoups cqntéinlng (i) mcmohydrox')t
and (ii)'tr‘-ihydroxy products) ’ |

derivatization of samples

GC-MS with oselecied ion monitoring ) \
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( 3.3.2. Quantitation of Prostaglandins in Part A

Quantitation of the products from part A (6—oxoPGF 4 4 and

PGE,) was quite straightforward, since the appropriate

deuterium-1abeled 1nte‘rnal standards were available. * The GC

- -~

stationary phase (SP2250 3 %) used in these studies was not

-capable of separat: ng. 6—oxoPGF 4o and PGEz. Therefore, a BP—

$

HPLC st;ep was requirec'l to soeparate‘ these prostagqlandins

i prior td GC-—-MS Vanalysis. efter suitable dertxvatlzati‘on
(methyl ester, Me5Si ether., -G—meth\(lox.xme derivatives) ions
at M-31 wer e gﬁonitored for éach compound (598 and 602 for é;—

oxoPGF 4 o and its tetradeuterated analogue (Fig.32A); and .508

¢

and 512 for PGE; and d—PGE» -(Fig.328))." PGE, eluted as twa
péaks (syn and anti O-methyloxime isomers) ypon GCranalysis

(275). . The second larger peak was used for gquantitation

’
9

purposes.

] s

3.3.3. GQuantitation of Products in Part B N

In order to quantitate monohydroxy’and tr’xhydrcn;y. PUFA
netal:;olites in part B, corréspondlng analogques synthesized
from nonadecadienoic acid (described in Methods) were used
as internal standards. .

NP-HPLC was used to separate monohydroxyl and trihydroxy
Tproducts 1nto two gr:Jups (1.e. resolution of 1nd_iv1dual'\
products was not optimized). At the same time enough
separation of the mahohydroxy praoducts from the solvent

front and.-early eluting contaminants (e.q. free fatty acids

“and BHT) had to be maintained. »

’
-
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d4—-6--oxoPGF‘1(i
602.1 . 512.1
. .
6—oxoPGF1d
A:113‘{ ) ”
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598.1 = - N 508.1( | |
1 2 3 o 1 2 3
. " TIME (min)

tm;

>

F1g.32. Selected 10n chromatbgrams of the trimethylsilyl
ether, O—methyloxime, methyl ester derivatives af (A) 6-

oxoPGF,  and (B) PGE,, along with their tetradeuterated

anal ogues. . N
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-—<¢a) Monohydroxy PUFA metabolites
- )
The products analyzed and quantitated from the

monohydroxy region (tg’'s between 11 and 17 min on NP-HPLC)

were: 12h-17:2, the major oxygenated metabolite from 2023 1n _

bovine aorta, 12h-17:3, ?h—18:2, l3h—18:2, 1$ -20:z4, 12h-
20:4 and 13h—-20:4, along with the i1nternal standard, 14h-
19:2. These products were hydrogenated and partially
separated by gas chromatography‘durlgg analysis by GC-MS
(F1g9.33). lAs‘s result of the hydrogenation theréihas little
or no inter%erenée béiw;én the different hydraxy-20:0
1samers, ar the hydroxy-18:0 150mer. For each compound a
pair of major 10ns campatible with a fragmentation on ei ther
side of the carbon atom bearing the OTMS substituent,
resulted. The only problem was that '12h-17:=2 and 12h-17:3
could not be distinguished from one.another by this
procedure. In preliminary experiments, 1n which the
monohydroxy fatty acids were not hyarogenated, the amount of
12h~17:2 was estimated by the i1ntensity of the molecular 10on
at m/z 368, after subtracting the calculated i1ntensity of
the M+2 peak at m/z 368 for 12h—17:%. In this way, the
rétio of 12h—17:2lgo 12h-17:3 was determined to be about lzé
for fetal calf aorta, and ;bout 1:8 for rabb;t aorta. All

data presented in this study represent a combined total of

12h—-17:2 and 12h-17:3.

(b) Trihydroxy PUFA metabolites

F
The trihydroxy reéimn (tp’'s between 43 and 44 min on NP-
. N

y

HPLC) contained th-18:1 and the internal standard, th-19:1.
P

<

3

-

1

“
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' the 1nternal standard,
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" SELECTED 10N CHROMATOGRAMS OF:

DERIVATIZED MONOHYDROXY FATTY ACIDS , |

PRODUCTS RELEASED FROM

STANDARDS on

monitared-

14h-19 0 . -

! )AA:A! 15
329.2

+9h-200
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A=2501
’ , 343.2

11h-200

lAf:I“S
287 2

* 13h-180

Az2762 '
- - 3152
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N
. . AcS952
' . . 2592

I

. T N2h=17D.. .
.1 . i®h-200 -
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14h-19 0

o ) \
N !
* A=5482 { + s s - - -

.,

15h-200

Az1003

11h- 200

* }\ A=62238

AL4335 A}(f:taia
, 301.2)

3h4180 .
AalOO .

S

91180

g I\A.SZBl )
s

12h-17-0
' 126-200
Az473

A:T7285

TIME (min) ' ' o

{ ;. . g
trimethylsilyl ether,

A mixture of standards

(100 ng of eacﬂ-

'Fig.33. Selected iqn_chromatcgrams”of derivatized (hydrogénateq,J

methyl ester) aonohydrnxy ¢Atty actds.

left side)/ and '

-~

[}

monohydrox'y products released from an lncubatxon q@ fetal

o

cal ¢ aorta ductus arterlpsus slices

peak area.

14h—19:2 (200 ng), are displayed. 'Ay. !

'ﬁ v B
(r:qht,sxdet, along with,

i
' f Ve
.
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" the fragment with a m/i value of 239 1s much more abund;ns

: -132- -

The th—18:1 which was measured was actually a mixture of

-92,10,13th—18:1 and 9,12,13th-18B:1, while the internal

standard was a mixture of 10?11,14tﬁil9:1 and 10,13,14th-
19:1 (approximately 1:1.25) (F19.34), The th-18:1 employed

for the standard curve was 5ynthe§izad from fetal bovine

aorta and contained. 9,10,13th-18:1 and 9,F2,13th-18:1 in a

ratio of approximately 2:5:1. Fbr these studies, 1t has

\

been assumed that this ratio remains fairly constant. 1€
synthesis by aorta differs .-significantly from the 2.5:1
ratio of 9,10,13th-18:1 to0 9,12,13th-18:1 there could be a

significant error 1n the absolute amounts Falculated since
.

N

for 9,10,13th-18:1 than 9,12,13th-18:1. Fog example, if
‘ N

much more 9;10,13th—1é:1_is %/;theslzéd than 2,12,13th—18:1

the ratio of the xnﬁensity of the 1on at m/z 259 to 273 is

~

increased with respect to the ratio obtained from the

standards used to construct the standard curve, and there

will be, therefore, an overestimation of the th—18:1
producté synthesized by aorta. Preliminary experiments
' : ¥

indicated that bovine and rabbit aortic lipids contained an
approximate 2.5:1 ratio of 9,10,13th-18:1 to 9,12,13thh18:1

1

Both th—18:1 and thH—-19:1 gave somewhat assymetrical peak

-

.

.

during GC analysis due to the presence of different isomers.

3:3.4, Standard Curves fbd Guantitation of PUFA Metabolites

Standard curves were constructed after analyzing mixtures

‘of 1nternal standard (200 ng) and diféferent amounts (0-200
’ . A
ng) of eirther monochydroxy (Fig.35A), trihydroxy (Fig.35B)
' 3

.
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SELECTED ION CHROMATOGRAMS OF
DERIVATIZED TRIHYDROXY FATTY ACIDS

PRODUCTS PRODUCTS FOUND

STANDARDS - RELEASED FROM 4 IN DUCTUS
RAT AORTA ARTERIOSUS LIPIDS
th-19:1
A=z4652 Az3145
273.2 < 273.2
th—-18:-1 '
, A=256
A=9609 i ’ Az=3972
| : 2569.2 ' 259.2
Y 7 *
L | . 173.2 173.2
1 2 3 1 2 3 1 2 3

TIME (min)

-~ [

Fig.34. Sﬁ}gﬁigd‘ion chromatograms of derivatized (trimethylsilyl
ether, ué/;hyl ester) trihydroxy fatty acids. I:eft side: ’
standard th—18:1 (200 ng). Centre: trihydroxy products
released from aorta. Right side: trihydroxy products in

fetal cal# d‘uctus arteriosus after alkaline hydrolysis of a -
chloroform/methanol extract. The internal ‘standard th-19:1

(200 ng) was added to each sample. A, peak area.
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F19.35. (A) Standard curves for the quantitation aof monochydroxy

metabol ytes of 18:2 and 20:4 hy GC-MS using selected ion
monitoring. Mixtures of “the i1nternal standard, 14h-19:2

(200 7§) and different amounts oé 9h-18:2 (A---A), 13h-18:2

(o-——//c). 11h-20:4 (w—x], 12h-20:4 (O—O)}, 15h-20:4 (A—A) 'Y

and ﬁHT (--® were treated as described 1n F19.5. The
rat%o“af'ﬁhe areas for' the i1ons at m/z 259 (9h;18:23, 315
(13L-18:£5. 287 (11h-20:4), 301 (12h-20:4), 343 (156—20:4)
and 301 (HHT) to that for the ion at m/z 329 (14h-19:2) were

plotted against the amounts of monohydroxy 18:2 or 20: 4%

products i1n each of the samples.

(B) Standard curve for the quantitation of th-18:1. Mixtures
il ~ "f*

'

of the i1nternal standard, th-19:1 (200 ngl, and different

amaunts of th—18:1 (synthesized using fetal calé¢ aorta) were

N - s L]
. , 4

treated as dgscrnbed in F19.5. . The ratios of the intensities

%

( ) o .
ot the i1ons at m/z 259 (th-18:1) to those at m/z 273 (th-

19: 1) e plotted agéxnst the amounts of th-18:1 1n the
p) . .
‘!x

mixture.

-
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or PG standards. Each of the mixtures was squ-tt-d'to the
extracti;n.'HPLC';nd derivatization procedures used for

- regular samples to.confirm that éh{s step was reproducible.
Sgandard‘curvaé'uc}e linear over the range tested (0-200 ng
for monchydroxy and trihydroxy pro&uctg and 0;500,ng for
B-oxoPGFga). Peak areas were cnnputéd using the chlctt—'

. Packard comput;r and the ratio of monochydroxy product,

‘ trihy&éoxy‘préddct or PG to internal standard was calculated

_and plotted against the amount of added monohydroxy, S

trihydroxy or PG QFandard.

3.3.5. Quantitation of Other PUFA Metabolites

in preliminary experiments with slices of rat, rabbit pAp
bovine aorta, an attempt was made to detect and to C K
quantitate other oxygenated PUFQ metabolites of 20:3 and
20:4, in addition to the a{orenentioéed ones. The 20:4
,é»etabplites sought were: sn-'zo="4, 8h-20: 4, Fh—20:4 and th-—
20:3 (both 11,12,15th-20:3 and. 11,14,15th-20:3). The '
neiabolités of 20:3 which were neasured were PGE; and th-
17:1 (isomers of B8,11,12th-17:1). —

- In order to quantitate Sh—20:4 produced by rat aortic

e -

slices, octadeuterated Sh-20:4 was used as an internal

standard. The deuterated and non-deuterated Sh-20:4 was

,

then purified by NP-HPLC. The .smethyl ester, TMS sther
derivatives were formed and ions at 305 and 313,
corresponding to 56—.-20:4 and deuterated 5h—20:4,

y .

.respectively, were monitored. The amount of Sh-20:4

produced by rat aorta was below the limitg’of the GLC-MS
‘ .
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assay (< 3 nélsaaplei. ..' ‘ L e (
To quantxtntg Bh—20=4 and ?h—-20: 4 produced by rat and
rabbit aorta slzqes, th-l9~2 {prepared as descrxbaﬂ in
Nethéds Slét;Dﬂ fpr %h-18:2) was added as an internal T
standard. A fraction'cbrresponding to this group ;f \
monohydroxy products was abtaﬁnéd after NP-HPLC. Ions at
m/z 255, 265, and 396 were monitored for the methyl ester,’
TMS ether derivatives ;f 2h—-20:4, Bh—-20:4 and 105-19:2,

respectively. B8h-20:4 (2-5 ng/g tissue) was detected in

. some sanples obtaxned from rabbit aorta. 9h—20-4 was not

detected in any :-mple: (detcctxon limit, ca. 2 ng/sampl-).

In" our laboratory, both 11h—-20:4 and 15h-20:4 had been
previously found to be synthesized from endoﬁenuus 20:4 by
fetal calf aorta (254). Their putative intermediates, 1lhp-
20:4 and 15hp~-20: 4 respectively, might also degrade to th-
20:3 metabolites. . Thcrg#dre ;n attempt was made to

.

determine if these tribhydroxy products are~synth¢siz¢dsby

K

aorta. Incubation of slices of rat, rabbit and bovine aorta

and workup of samples were carfied ocout as described in

sections 3.3.1. and 3.3.3.(b). Ions at m/z 173 and 273

(internal standard, th-19:1), 173 283 (ll 12, 15—tr1hydroxy—
s,8, l3—elcusatrxenoxc acid and 11 14, ls-trxhydroxy-ﬁ 8,12-
eicosatrienoic acid) and 211 and 301 (11,12,15th-20:3) were

monitored. Durinhg GC-MS analysis no peak corresponding to

the methyl ester, T™s ether derxvatxve of either 11,12,15th-

20313 (ions at m/z 173,'211, 283, 301) ‘or ll 14,15th-20:3

-

(ions at m/z 173, 283) was observed at a C-value betwsen 24

and 25, where these products—iohld be expected to

-

A P b . P X o o B oeh +aa.
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chromatograph.’ Since we did not have any standard th-20:3

the detection limit could not be ascertained. It appears.,
then; that aurta,syﬁth-sizes little, if aﬁy,itthO:S from
endogenous 20: 4. ‘

Small fmounts’(2—3 ng/g tis:uc)‘of trihydroxy u;tthnlites

: of 20:3 (isomers of Q,fl,léth—t%:l)‘uere detected in
‘incub.tions from fetal bovine aorta slices. These isomers
were isolated in the same nagner as th-168:1 i?oacrq_ahd ions
at 173 and 446 were nonitor-d; The ratio of the ion at 4%6
(th~-17:1). to 273 (th-19:1 internal standard) was coupgt!d
and compared to a standard curve. Standard th—l?:l'w;s
prepared from fetal bovine aé&ta particul ate fractions
incubated with exogenaus 20: 3.

We were unable to detect PG6E; from incubations of slicuﬁ
aof fetal bovine ductus nrterionds, aqd rat and rabbit aorta
slice incubations (detnction limits, gé. lé-nq/samp%e).‘
lons at m/z 470 and 297 were monitored far PGE, , uh-rnas'

ions at 474 and 301 were monitored for the tetradeuterated '

PGE, (Upjohn Co., Kalamazoo, MI) internal standard.

"Sinceé the metabolites mentioned above were either
undeteétahle or were found in very small amounts approqchiéb

\ the limits of assay sensitivity it was decided not to pursue

their quantitation in further experimgnts.

3.3.6. Validation of Assay

(~‘ Two major problems had to be dealt with before a routine
analysis of oxygenated PUFA metabolites from vascular tissue

slices could'be initiated. The first prnblem was to assure

(\ | ‘ ‘
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a reliable aﬁd reﬁrodﬁcgble:aggay and the second was to
determine the extént of autoxidation during sample workup
and to take precautionary means to minimize this process.
The'reproducibility of the assay was tested as follows:
fetal calf aorta slices (6 g) were 1ncubated for 20 min at
37 °C in krebs-R1n¢e; Tris medium. The medium was s-par;t-d
from the tissue slices and-separated into fractions A to D
as shown in Fig.S.‘ gractinns A (PGs—medium) , B (moqnhydroxy
and trihydroxy products-medium), C (monchydroxy and ;
trihydraoxy products—free within txgsué) an&-b (monchydroxy
and trihydroxy products—-total products within tissue) were
each further divided into 4 equal parts befgre extraction
with ODS silica SepPaks. All 16 fr;;txons were carried
separately through the workup procedure (extraction, HPLC
separation, derivatization and GC-MS analysis). Since all;
fractions were d&rive& from a single tissue slice "
incubation, bidlogical variations between' samples were nnt\
possible, so differences in.the final values should
hccurately reflect intra—-assay variance and thus the
reproducibility of th; assay. Table 6 sh;us‘the amouﬁts of
products released i1nto the med@um. as ‘'well as the amounts of
free and total (free + esterified) products in the tissue
slices. Virtually all v;lues fall within a range of *10 %
of thc'mean, indicating ribroducxbillty_{rom a ‘
nctﬁodological standpoint is guate satisfactory.

To: minimize autoxidation during sample workup, a number of

precautionary measures were taken, especially for

e
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TABLE &

P

Reproducibility ot GC-NS Assay for Oxygenated PUFA Metabolites

Fetal calf aorta skices (6 g) were incubated for 20 min at 37 °C
in Krebs-Ringer Tris bu#ferf The medium and tissue slices wele
separated i1nto 6;qct:ons A to D as shown.in F1g.5 and then each
fraction was further divided 1nto four equal parts betfore
extraction~ All 14 fractions were then carried through the

workup procedure separately. All values are presented as ng/g

tissye (mean t* S.E.M.).

~

Mediue Free Tissue Tota) Tissue
Products Products Products
(Fractions (Fraction C) (Fraction D}
A and B)
{2h-17:3 2463 31748 . 38648
9h-1812 T 5741 8022 D32 .
13h~-18:2 2520.5 451 16427
11h-20: 4 13746 230+Y 35945
12h-20:4 8.3%0.3 1520.2 434
15h-20:4 2820.5 . 5022 96t
th-18:1 3322 1942 268124

6-0xaPGF ;4 6030495 -- --
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measurement of oxygenated PUFA aetabolites contained withiz
the tissue slices. e#hese measures 1ncluded:
1) freezing tHe txs;ue slices 1n liquid hi1trogen
1mmediately after i1ncubation prlér to workup d
2) pglverizaton of the slices using a tissue pulkverizer
,in an acetoﬁe—dry 1ice bath -
3) homogenization of the resulting powder at approximately
-20 °C i1n argon—-bubbled chloroform/methanol (2:1) ///

containing the antioxidant, butylated hydroxytoluene

(0.05 %)

4 carrying out the hydrolysxg step 1n an argon
atmosphere 1n 935 7 EtOH that had been deéassed
and bubbled with argon

S) storage of samples at -20 °C i1n toluene containing

' =

0.05 Z BHT, under argon

6) extractian an? purifying the products by NP—HPFC as
soon as possible (3 h maximum time before extraction
and'hydralysls; 48 h before NP-HPLC).

The pr?cgdure was val:d;ted by measuring the amounts of
monohydroxy and trihydroxy metabolites of 18:2 presént in
rabbit aortic tissue 1n the présence and absence of
exogenous 18:2 (1 mg), added prior to homogenization of the
tissue 1n chloraoform/methanol (2:1) and hydrolysis. Similar
amounts of mono— and tri-hydroxy metabolites of 18: 2 were
dgtected 1n the presence and absence of exogenaus 18:2,
indicating that it was nog substantially autoxidized during

the workup procedure (Table 7). When 18:2 (1 mg) alone, 1n

the absence of tissue, was subjected to the above workup

-
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TABLE 7
Total Amounts (free + esterified) of 18:2 Oxyqénatxon Products in Rabbit
Aorta in the Presence and Absence of Exogenous 1812,
Rabbit aortae were rapidly remaved, cleared of adhering f};, and
frozen 1n liquid nitrogen, either i1amedi1ately or after i1ncubation
o o
1n Krebs-Ringer Tris buffer for 20 min at 37 °C. The frozen tissue
i was pulverijzed, extracted with chlp?oiorn:methanol (2:1) containing
0.05% butylated hydroxytoluene,'and the*internal standards, 14h-
19:2 and th-19:1, and, 1n some cases, 18:2 (1 mng). The material 1n
the extract was hydrolyzed and the oxygenated 18:2 metabolites were
quantitated by GC-MS. The values are neans tS.E.M. The numbers of
samples are giveh 1n brackets.
\
/ -~
Product (ng/q tissue)
Incubation L
~ Sanple time (min) 9h-18:2 l3h-18a2<1 th-18:1
. LY
18:2 (4) - 0 . 7712 568 . 4110
- Rorta (3) 0 ' 2708475 1993435 523+68
. . .
Aorta + 18:2 (3) 0 + 23574359 1929466 963257
Aorta (7) 20 23914423 19954302 509461
Y W,
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procedure, only small amounts of produ&ts were detected by
- bhe
GC—HS. “~ _‘

3.3.7. Oxygenated PUFA Metabolites Formed by Slices of
Vascular Tissue

The methods described above were used to determine the
amounts of oxygenated metabolites of 18:2 and 20:4 produced
by slices of adult rat, rabbit and bovine aorta, as well as

fetal bowvine aorta and ductus arteriosus.

. (a) Oxygenation products of 18:2 and 20:4 formed by

rat aorta .
rat aorta ;

Slices of ratanrta were 1ncubated 1n Krebs—Rﬁiger Tras ;
’ ~
medium, and the products were quantitated by BC-MS (Fig.3&4).

In some cases, the samples were‘prglncubated for .30 min
at O °C with indomethacin (10-4 M) (cross—hatched bars).
Far .more 6—oxoPGF1-q (5900 ng/g tissue) was released by rat :
aorta than any ot;1er PUFA metabolite (open bars). Relatively
sméll amounts of PGEz and 12h-17:3 were also detected. Since
12h—-\17:3 was measured after hydrogenatii:;n to 12h~-17:0, the 3

"amount shawn 1n F1g9.36 represents the sum of 12h-17:3 and

12ﬁ-'\17:2, with the former predominating (see section

3.3.3.(b)).

I8 @ -

"The Major h—20:4 metabolite released by rat aorta was

11h~20:4 (332 ng/q tissue). Release of both.the 11— and 15—

o
P

hydroxy metabolites of 20:4 was inhibited by indomethacin,

sugge{sting that they were formed by .cycicmxygenase. Only a

S

relafi\;ely small amount of the lipoxygenase product‘, 12h—

20: 4, was detected. The formation of this product was not

S s l s
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F'ig.3b. Amounts of oxygenated products of 18:2 and 20:4
synthesized by rat aorta. Slices of ra.t aorta were
1ncubated in Kr‘Ebs-Ringer-—Tris medium for 20 n.tin at 37 °eC
and the products were analyzed as described in Fig.5.
Products released from rat aorta in the presené:e (cross—
thatched bars)- and absence (open bars) of 1ndamethacin (10-4)
and esterified t;tetabolites (saolid bars) are displayeg. The
abbrev&gp‘tions are: 13h, 13h—1B8:2; %h, 9?h-18:2; th, th-18:1; 3
HHT, 12h—17:3 (the wvalues for HHT also include some 12h—
17:2, as discussed in the text); 1th, 11h-20:4; 12h, 12h-

o

'20:4; 1Sh, 15h-20:4% E,, PGE,; &0-F,q, &~0xOPGF; -
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affected by indomethacin. The amounts of monchydroxy
metabolites derived from 18:2 were considerably larger than
those derived from 20:4. Rat aorta released approxxale;ately
equal amounts (ca. 500 ng/g 'txésue) of 9h-;8:2 and 13h-18:2.

Smaller amounts of th-18:1 (ca. 122 ng/g tissue) were also

detected.
F 4

In additaion to the 9— and 13- monohydroxy metabolites of

18:2 detected by ‘GC-H‘S after hydrogenation to’ the .
co}'responding hydrdxyste’arate d;:;})atives,' we also detected
12—-hydroxystearate #n these mixtures. Apprgoximately equal
amounts of thisgproduct and 9-hylroxystearate were present
in the fraction of PUFA metabolites released by rat aort*g,
whereas the fraction derived from esterified products/
contained abéut one—quarter as much 12-hydroxystearate as 9-—
hydroxystearate. Similar results were obtained with rabbit
aorta. Indomethacin did not have any '.;ugnificant effect on
the release of any of the monchydroxy metabolites of 18:2.
Much larger amounts of monohydroxy and trihydroxy
metabolites derived from 18:2 were found esterified to
lipids (Fig.36, shaded bars). Smaller ‘amounts of
manohydroxy—20:4 isomers were presen;: in this fraction,

whereas prostaglandins and 12h—17:3 were virtually

undetectable.
, ) A

(b) Oxygenated PUFA metabolites formed by rabbit aorta

n *
Rabbit aorta’released much smaller amounts of
cyclooxygenase products than rat aorta (Fig.37, open bars). .
i L

Only about one-tenth as much &-oxoPGF,;q was released by,

s

T

e ead T TR
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Fig.37. Amounts of oxygenated—prodqcts of 18:2 and 20:4
synthesized by rabbit aorta. Incubations were carried out
X -

as described in the legend to Fig.36. Products released

from rabbit aorta/g:;\wzjwn by open bars and esterified
products by solid bars. o ‘

.
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rabbit aorta compared to rat aorta. Much sﬁaller anqunts of

. the cyclooxygenase products, PGE;, 12h—17:3, 11h-20:4, and

15h-20:4 were also detected. Production of the lipoxygenase

product, 12h-20:4, was also less in rabbit aorta than in rat

’

aor{q. On the other hand, comparable amounts of oxygenated
metabolites of 18:2, both in the free and ' esterified (shaded

bars) forms, were produced by aorta from the two species.

’
>

tc) Formation of oxygenated PUFA metabolites by bovine
blood vessels '

a

‘Adult bovine aorta

*

Adult bovine aorta was divided into two approximately

Y

equal layers: an inner layer including the intima and inner

~

media, and an outer layer, including the ocuter media and the
adventé;ia. Our results confirm previous findings (160,276)
that the inner part (open bars) of the aorta is more active in

synthesizing prostaglandins than the outer part (hatched

¥

bars) (Fig.38A). Approximately twice as much 6—-oxDPGF, o was

released by the inner layer of the aorta compared to the

s

outer layer.( éimxlar results were obta{ned for PGE2 and .
monohydroxy metabolites of 20:4 formed by cyclooxygenase.
Bovine aorta exhibited very little 12-lipoxygenase activity.

Unlike cyclooxygenase products‘derived from 20:4, equal

or greater amounts of both freE/KFiﬁ.SBA),and esterified

(Fig.38B; solid Sars, inner layer; striped bars, outer

[}

-fayer) oxygenated 18:2 metabolites were formed by the outer .
< - i

il

layeniéf bovine aorta, compared with the inner layer. This

s also true for esterified products derived from 20:4,

which were probably not formed by the actiom of

f
»

.- . I
¥
S f
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Fig.38. Amounts of oxygenated products of 18:2 and 20:4

"7 I 20:4 metabolites

'

synthesized by adult bovine aorta. Incubatidns were carried

out as described in the legend to Fig.36. (A) Products

n

released from the inner (Dben bars) and auter (hatched bars)

segments of adult bovine aorta. (B) .Esterified praoducts

¢

deteqﬁgd in the inner (solid bars) and outer (striped bars)

segments of adult bovine aart
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cyclooxygenase. Much smaller amounts of oxygenated
metabolites of 18:2 were formed by bonpe aorta cnﬁﬁa;ad to
rat and rabbit aorta. Unlike rat and rahbit aorta, the major

ester?fied 18:2 metabolite detected 1n bovine aorta was th-

ig8:1.

Fetal calf aorta

Fetalvcalf aorta was considerably more aétiye than adult
\;orta in forming cyclooxygenase products (Fig.39). AQbout S
timegias much 6—oxoPGF o was fel ased by fetal aortaﬂ
caompared to adult gorta; 45r;;t\r amaounts af other

cyclooxygenase products were also synthesized by fetal
aarta, but the difference was nat as great as with 6—
pxoPGF,«. As with adult aorta, thﬁ:§nner,layer (open bars)
produced about twice the amounts of cytlooxygenase-derived
metabolites as the outer layer (hatched bars). Although the

L
amount of 12h-20:4 was samewhat greater than in adult aorta,

12—lipoxygenas%§act1vity was still very low. Thé.amaunts of
released oxygenated metabolites of 18:2 were 'about the same .
for adult and fetal aorta. Similar amounts were produced by
thevinner ané outer layers*bfathe éo?ta. The amounts of
esterified products present in fetal calf aorta (data not

@

shown) were the same as in the ductus arteriosus (see below,
» -

Fig.40, 'solid bars) dnd somewhat greater than that found in

the outer portion of adult aorta (Fig.388).

-
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Fig.3?. Amounts' of oxygenated products of 18:2 and 20:4
synthesized by fetal calf aorfa. Incubations were carried

,out as described in the legend to Fig.36. .Products released

)
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hatched bars) s%gments
-~

fram the inner (open bars) and outer

of ‘feta} cal¥ aorta are shaown.
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'

#-tdl calf ductus arteriosus , .

The amouﬁfs of 20:4 and 18:2 p’tpbulltus rdlc;s!d by the
ductus arteriosus (which was not ﬂxvideﬂ into inner ané |
outer layers) uere'intgroediate between the inner and ocuter
layers of fetal calf aorta (Fig.40). As with fetal aorta,

only a relatively small amount of PGE; (94 ng/qg tissue) was

e
N -

released. Thi, is only about 2-3Z the amount of &6 oxoPGF g
detected. The amounts of esterified,monnhydroxy\mktabalitns

of 18:2 in the ductus arteriosus were similar to those found

in adult bovine aorta, but a smaller amount of th—18:1 Sas

LI Y
i

detected in the lipid fraction of ductus arteriosus.

¢ . L \

3.3.8. Fatty Acid Content of Aorta.

There were considerable species differences in the

relative amounts of 18:2 and 20:4 metabolites released by

rat, rabbit, and bovine blood vessels. In order to determine

whether these differences could be related ‘to the tissue "
cogxent of these PUFA, we measurea the total amounts }free +
esterifiegd) of . 18:2 and 20:4 in aortae from these three
species, as well as in fetal calf ductus arteriosus (Table

B8). Fig.41 shows the fatty acid profifgs from fetal calf,

rat and rabbit aortae. The content of 18B:2 in rat and rabbit
, L ‘
aorta (2-3 mg/g tissue) was about 10 times that in adult and

fetal bovine aorta. Rat and rabbit aorta also had about 2-3

times as much 20:4 as bovine aorta. If the total amounts of -

oxygenated esterified 18:z:2 metabolites are expressed as

. percentages of the total amounts of 18:2 in the tissue,

similar values are obtained for aortae from adults of the
. ) . .

) |
——
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Fig.46._Amounts of oxygenated products nf’iazz and 29:4
synthesized by fetal calf ductus arteriogus. Incubations
were carried out as described in the legend ta Fig.sé. Open
bar; represent releasgq products and s&lid bars esterified

- «

products from fetal calf ductus arteriosus..
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TABLE B

ot WSl

Total A-ount; of 18:2 and 20314 and Thetr Esteri1fi1ed Oxygenation Products

in Aorta and Ductus Arteriosus

Aortic lipids were extracted with chlorofora:aethanol. The aaterial 1n
the extract was h;drolyzed and 18:2 and 20:4 were quantitated by gqas
chromatography as shown i1n Fig.40l, with arachidic acid (t,, 12 min) as

i

an internal standard. The,valges tor 18:2 and 20:4 are means $S5.E.M,
ot ‘determinations carried out on 4 dxf#grent t;ssue samples., The
values for h-18:2 (%h-18:2, f3h-}8{2. and th-18:1) and h-20:4 (11h-
20:4, 12h-20:4, and 15h-20:4) were calculated from the data i1n Figs.
36-40_for the esterified 18:2 and 20:4 asrtabolites. The numbers in

brackets are the percentages of 18:2 and 20:4 which are found 1n the

s’

forn ofvoxygcnateh setabolites. -

’
7/ - g
)

Product (ug/q tissue)

Tissue 18:2 N-18:2+th-18:1 20¢4 h-20:4
: ' /
. k]

KRat aorta 2182370 4.7 (0,21%) 1313427 0.34 (0.026%)

» “

Rabbit agrta 208134820 4.8 (0.17%) " 9564136 0.19 (0.0207%)

Bovine , - “w p
-~adult aorta (inner) 272421 V.37 (0.14%) 428135 0.086 (0.020%
-adult aorta (outer) 306240 0.617 10.20%) © 407+38 0.12 (0.031%)
~fetal aorta 142434 0.73 (0.51%) 423472 0.22.(0.052%)
~ductus arteriosus IlZlle - 0.79 (0.657%) 415:98 0.17 (0.041%)
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three species (0.14 to 0.217Z of 18:2 oxidized). Simlarly,
the percentage of total ;uﬁtgp 20:4 which 1s fou;d n thel
form of oxygenated, esterified metabolites 1s simlar 1n all
three species (abhout 0.02 t; 0.03%Z of total 20:4). However,
the percent of 20:4 1n this form 1s much less than the
percent of 18:2 which 15 oxygenated and esterified. The

percentages of esterified oxygenated PUFA metabolites were

about 2 to 3 times higher i1n fetal bovine aorta and ductus

arteriosus than 1n adult aorta (Table 8).

3.3.9. Mechartism of Formation of Esterifiqé Monohydroxy
and Trihydroxy Praducts \

The esterified mono— and tri-hydroxy metabol:ites could be
formed either by direct oxygenation of lipids, or by

i’ \
incarporation of\oxygenated produ%ts into lipids. Far

exampl e, 5—hydrdxy—6,8,11,14—excosatétraenoxc ;;:d 1s rapidly
incorpodrated i1nto lipids in neutrophils (277). In-order to
determine whether this could also be the/;asg for th h—-18:2
apnd th—18:1 metabolites under investxgat;on, both vascular

endotheli1al and smaoth muscle cells were incubated with 13h-

[1-24C118:2 and th-[1—14¢118:1 for 4 h at 37 °C. For

comparison, similar i1ncubations with [1-14C118:2 were

carried out. The lipids were then extracted from the cells,

separated 1nto neutral and polar fractions, and analyzéd by

-

HPLC. - -

18: 2 was well incorporated into both the neutral (Fig.42A)

and polar lipid fractions from endothelial cells. The
praofile of neutralulipids into which 18:2 was incorporfted

coﬁsisted of Varxousvunrdentified triglycerides (tg's 25-33

]
D )

P



F19.42. Incorporation of 18:2 and 13h-18:2 into lipids from
endothelial and smooth muscle cells. (1-24CJ18:z2 (7.3 x 105
cpm) (A and C) and 13h~[1-14C118:2 (7.3 x 105 cpm) (B and D)
were incubated for 4 h at 37 °C with cultured endothelial

cells (A and B) or smooth muscle cells (C and D). The

medium was removed and the cells were washed onte with
2
medium and the lipids were extracted as described i1n the

Methods section. Neutral lipids were analyzed by reversed-
phase HPLC using water: tetrahydrofuran (24:76) at a flow
rate of 0.7 ml/min as the mobi l'e phase. Polar lipids were
analyzed by NP-HPLC with acetonitrile:methanol:sul furic acid

(100:6:20.05) at a flow rate of 1 al/min as the mobile phase.

FECN
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min) and cholesteryl linoleate (ty, 38 min) . \'{;rtually no
13h-18:2 uae incorp\orated into neutral (Fig.42B) or polar
(not shown) lipid fractiohs from endothelial cells. Similar
results were obtained with th-18:1 (data not shown).

Smooth muscle cells also incarporated 18:2 very well int

- .

the polar lipid fraction (Fig.42C). =-18:2 was iﬁcorporatcd
primarily into phosphatidylchtline (tg, 17 min) as was the

case for endothelial cells. A small amount of [14C11B:2 was

- 3

incorporated into a product with a ty of 11 min, probably

4
phasphatidylethanolamine, although this phospholipid was not

. Y
completely resolved from phosphatidylserine. Incorporation

of 18:2 into neutral 'l ipids of smooth muscle cells was a
very m@nor pa.thuay under the conditions used (not shown). A
small amount of 13h—L1-14C118:2 was incarporated into polar
lipids (Fig.42D), but this was only about 11 Z the amount

of [1-14C]18:2 incorporated into this fraction. There was

no detectable incorporation of th-18:1 into lipids from \/
smooth muscle cells (data not shown). ‘ ( '

L}

3.4. Effect of Selenium Deficiency on the Production gf
Oxygenated PUFA Metabolites : . )

The synthesis of PGI,, the major 20:4 metabolite
in vascular tissue, can be inhibited by fatty acid
h?draperoxifdes (174) . Peroxidases are important enzymes
involved in the reduction of these hydroperaoxides to the
corresponding hydroxy fatty ic%d, which do not affect PGIl,
formation: An impairment in peroxidase activity could

result in inhibition of PGI, synthesis and might very well

-

\
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be rcfléct-d ip the'accuuulation of non-enzymatic
decomposi tion pcaduct- of hydro;croxides, suchﬂps th-18:1.

Glutathione bcroxidasu, ;ne of these pero;(aaSI enzymas,
catal yzes thg breakdown of hydrogen peroxide and a wide
variety of organic hydroperoxides (278). Reduced »
glutathione is its specific hydrogen donor substrate, being
contindnusly supplied by glutathione reductaie and the
hexose meaphosphate shunt (110). Selenium is a tightly
bound, iﬂtegral component of one form of this enzyme with a
stoichipmetry of 4 g—atoms selenium/mol of glutathione
peroxidase (259). The availability of this trace element,
therefore, determines the activity of this form of glutathione
peroxidase.

In order iu test the hypothesis that a reduction in the
ability of blood vessels to metabolize fatty acid
hydroperoxides via glutathione peroxidase might result in
decreased PGI, synthesisi the effects of a selenium-
deficient diet on. the synthesis of free and esterified '
oxygenation products of PUFA by rat and rabbit aorta was
investigated. Male Sprague-Dawley weanling rats and male
New Zealand White rabbits (6-8 weeks of age) were fed a
selenium—deficient basal diet or a diet supplemented with
0.5 ppm selenium for S to 7 ueeks. After this time period,
an14als were sacrificed and aortic glutathxone peroxidase
activity, as well as the productlon of oxygenated PUFA
metabolites, were measured. There was no significant
difference in weight gain between the control and selenium-—

deficient groups during .the study (Table 9).

-
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' was presented in Fig‘.36.

. esterified pr

.‘ .
y . .

Aortic gl utathibnc peraosidase activity was virtually

absent in the sele®nius-deficient group of rats (Table 9).
* )

On tt‘m other hand, rabbit aortic glytathione peroxidase
activity was inhibited by only 44 Z in the selsnium— ,
deficient group wheh compared to controls after 7 weeks of
feeding. | {

Figs.43 and 44 show the amounts of released and

Y .

msterified oxygenated PUFA setabolites produced ‘by control

and selenium—deficient rat and rabbit aortae, respectively.
' - . L]

The profile of products released from rat ‘aorta (Fig.43;

open and cross—-hatched bars) is very much similar to what

Theq synthesis of 6~oxoPGF, 4, the
major oxygenated PUFA neta{:nl ite, was marginally reduced in
the selenium—deficient groug; (5300 ng/g ti;su;; cross— 'C
hatched bars) when compared to the control gru;sp (3800 ng/g
tissue; open bars). This difference was not ltati:ticnily

significant, though. The other oxygenated metabolites of

1822 and 20: 4\releas¢d by slices of rat aorta were not
/

. affected byl selenium deficiency. The profile of esterified

products (shaded and ‘striped bars) is somewhat different

from that shown in Fig.36. However, there was no

‘atatistically significant difference in the amounts of

cts befween the control (shaded bars) and
selenium—-deficient (striped bars‘) groups. e

The profile,aof released (open and cross—-hatched bars) and
esterified ishaded and striped bars} oxygenated PUFA »

metabplites from rabbit aorta (Fig.44) is essentially the

4

M

—
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TABLE 9

and Selenius~Deficient Rats and Rabbits

e

AJ

- . N
,Body Weights and Aortic Glutathione Peroxidase Activities of Control

Rats and rabbits were f'edl a control or selenium-deficient diet (see Tablwe .

1) for 5-F weeks, after whith tise aortit glutathione peroxidase activity
-~

(nmal NADPH oxi1dized/min/ag protein) was measured as described in the ¢

A

Hethods section. ‘th weights are 1n grams and rabbat neiéhts‘are in kilo-

L]

-

qrg;. The values are means ¢ S.E.N.

Deficient

I

!

: Init1al Body' Final Body GSH Per oxidase Activaty \
Weight ueighta
) .
RAT - :
rol 5842 174412 72,480, 1
(n=17) {(n®17) {ns7)
. Selenium- 5942 180413 1.8:0.7
Deficient (n=18) Y (n=18) (ne?) o
‘ LY
RABBIT
Cantrol 1.44%0,07 2.57¢0.08 B86.6411.6
(nmg) (n=b) . (nxb)
Selenium- 1.49£0.06 2.5040. 13 48.4:4,7 ]
(n=§) (n=b) (n=§)
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. ‘ v
‘Synthesized by rat aorta of rats fed control and selenium-
. r , ‘
deficient diets. Incubations were carried out as described
in the legend to Fig.36. Products released from aortae of
) ( ) \
control (open bars) and se‘&vmium-deﬁcieﬂt (cross-hatched
bars) rats. Esterified products from aortae of control
(solid bars) and selenium.deficient (striped bars) rats are
also shawn. ) . . ) C -
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Fiq.44‘. Amounts of oxygenated products of 18:2 ;nd 20: 4
synthesized by rabbit aorta of rabbits &ef; control and
selenium-deficient diets. Incubati ans were carried out as
described in the legend 'tfo Fig.36. Products rel eased from
aortae of control (o;;en bars)’ and selenium-deficient (crpss-.
hatched bars) fabbits. Esterified products from aorta of
control (solid bar*) and selenium-deficient (striped bars)

rabbits are also shown.: ’ ! N =
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' same as presentad in Fig.37. kexoPBF,,, synthesis -ﬁp

reduced gy' 10 Z (not statistically significant; T-test) in‘
the selenius—deficient group (477 nq/b tissue; cross—hatched -
t;arsr whan compared to the cmtrc;l group (736 ng/g tissues
oper: bars). All ath;r rcl:ntcd product:, pith‘ t';on exception
of the minor lipnxyﬁmau produ:t, 12h~20: 4, u-r: not L

affected by selenium deficiency. The latter product was 57 % .

lower in the selenium-deficient group when compired to the

" control group. The amounts of utluri{itd ﬁroducti of rabbit

aorta from the comtrol 676; (shaded bars)“were not

t

statistically different from the seleniums—deficient group

~

(striped bafs). - S

e\
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DISCUSSION

P61, synthesis by va-cul;r tissue is i;portant, in

kN

preventing or limiting the for#dation of tﬁranbi and may bhe
‘ ) ‘ L :
partially responsible for the thromboresistant properties of
]
vascul ar endaothel ium ‘59';5). The control of its synthesis is,

.° A\
th.rcf&'cr, an essential requirement. Hydroperoxy PUFA can

Th *
alter the activities of the enzymes that synthesize PGI,

;?m 20: 4 l?y vascular tissue (174).; Al though fairly
extmsi\::‘_tfnoul-dga of 20:4 metabolism axi;t?d at the onset
of this study (1980), much less was known, about. the )
metabolism of gthcr PUFA to hydroperoxides. At that‘ time &
_ report appeared in the literature demonstrating that 18:2
could inhibit PGI, formatibn in cultured endothelial Cells
supplemented with 18:2 (178). Thi; effect could have bean
“due to Fompetition with 20:4 for PG endoperoxide synthase \ore
possibly to inhitsﬁi\tory h'ydrcpel:oxy metabolites of 18:2,
synthcsizedH via lipoxygenase or PG endoperoxide synthase.
Since 18:2 is found in cellular lipids in quantities similar
or exceeding those of 20:4°, ‘we decided to investiqaic ‘its
metabolise in vascular tissue with a viﬁ‘of ‘ari#yiqg ﬂitu-
inhi‘bi'tory effect on PGI, formation. ] ‘

4.1. Metabolism of 1812 by Particulate Fractions from
Bovine Aorta

Our study demonstrated that 18:2 is wmetabolized to oxa,
monohydraoxy, cpaxyhydroxy and trihydroxy products by
particula'te fractions from aorta. All of these substances

are derived from the putative intermediates, 9hp-18:2 and
! . .

\

£
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13hp-18:2, which /;re synthesized from 18:2 by PG

endoperoxide syr.\thase (F19.22). The major pathn}ly of -

setabolism of the hydroperoxy intermediates is reduction to

the corresponding hydrt;xy cumpm.;ads. This step ma); be *W,
catalyzed by’ the peroxi‘dase co‘nggn\_ent of PG em\:l\opefuxide A
synthase or, by enzymes present' in the cfytosoli;: fraction,

as discussed below. ° However, it was  observed that this
reduction step coul'd take place even im‘the presence of

boiled particulate fraction (sectéion 3.2.5.(b), Fig.26B), " *

'im}i:ating that it could be catalyzed by a factor in aorta 3

which is not an enzyme (c+¥. factor in uterus respansible for

reduction of PGH; to PGF,4; section 1.4.2. (c)).

[+]

4.2. Monohydraoxy 18:2 Metabolites from Other Iismot
Linoléic acid is also converted to monohydroxy

I;etabulites by some other mammalian tissues. Microsomal

. A .
fractions from sheep seminal vesicles (7B)C;td homogenates
of VX, carcinoma tissues. (272) convert 18:2 to 9h-—-18:2 aln&g
with a smaller amount of 13h-18:2. In the case of VX,

carcinoma tissi® homogenates, the formation of the two -

monohydroxy compounds was inhibite'd' by indcmet'haéin’ in a

manner similar to PGE;, suggesting that PG endo oxiide N
. ¥ ’ .
. synthase was rgsponsible‘ for their formation. ‘Rabbit

[y

peritoneal tissue has also been reported to convert‘iQ=2 to

a mixture of 9h-18:2 and 13h-18:2 (279,280). 0Only the -

r

formation of $h-18:2 was clearly dependent on PG

endoperoxide synthase activity. Lipbxygeriase(si appeared to
be partly responsible for the formation‘of 13h-18:2 (280)..
‘ Ty

-
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13h-18:2 was the major product N;-med by poﬂ(:;e 1l eukocytes

‘a. 3. Epoxyhydroxy PUFA Metabolites
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incubated with exogenous 18:2 (281), wher«aas\?h—lB:Z did not
appear to be ¥ormed. Both 13h-18:2 and %h-18:2, with the
fo‘gmer product predominating, have been found in psoriatic '

scale extracts (282).
‘

The biological activity of the monohydroxy 18: 2 products =

+

is unknown. They exhibit no chemokinetic activity as do

some lipoxygenase metabolites of 20:4, such as S5-HETE and

2

LTB, (151). Perhaps their hydroperoxy 7‘écursars possess

biological activity. . .

In addition to the formation df monohydroxy metabulites,
Shp—18:2 and 13hp-18:2 can be converted by aorta to

epoxyhydroxy products. This conversion may l:\Ot be catal yzed

enzymatically, since epoxyhydroxy products were formed
‘ i ? N

%:fter incubation of 13hp-18:2 u;.\th\a boiled particulate
fraction f,rfqrf\etal calf aorta (Fig“.\%ba) and these products
have been ;eported to be formed nnn—e\nzymatically by a
number of systems, such as ferrous i;:f:us (273) and hemoglebin
(271). The latter agentrc'nnVerts 1/3f'{p—1@:2 mainly to
12,13e~-9h—18:1 and 12,153;*_1 1h-18: 1 (271).

The mechanism of formation of /these epoxyvhydraxy praoducts
from ’thEII’ hydroperoxy precurs,gf-s was not investigated. ' !
This would have requxred det 1led studies empléy;ng label ed
gxygen. However, a mechanisn has recently been proposed‘ N

i .
that provides a rationale fqr the conversion of fatty acid

hydroperoxides to such pr::ducts in mammalian- tissues. Dix

1 +
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and Marnett (283) have studied the reactioh of fatty acid

hydroperoxides with hematin, the prosthetic groip of

[y

prostaglandi‘n endoperoxide synthase, .which ﬁés 'pe‘raxfdase

activity. Th9y“ reported that hematin catalyzes the

-

rearrangement of 13hp-18:2 to 12,13e-%h—18:1 and 12,13e-11h-

re )
18:1, in which both the hydroxyl and epoxide oxygens: are .

\

'derivkd from the hydroperaxide g}'adp. The apparent

N u

mechanism for this transformation involves an oxygén rebound .
whereby the iraon-containing hematin cumpféx reduces the

hydroperoxide graup to an alkaoxyl radical and transfers one
of the hydroperoxy oxygens to an intermediate carbon—centred

a

radical generated by alkoxyl radical c:y‘cl.ization‘ (F31g.45) .

This mechanism has been invoked to ‘explain the formation of

© ~ 4

epoxyhydroxy products derived from 20:4 and 12hp-20:4 formed

’
*

by subcellular fractiops of rat lung (2848). B

We have also shown that epaoxyhydroxy compo@nds' are _formed

f

-

. e _ §o e
from 20:3 by aorta. Fetal calf aorta converted 20:3 to two
. . B e # .

stereoi somers aof 11,12e-10h—17:1, which were isolated and
‘ ' - "

identified by GC-MS. ' . L

The biological activity of the various ep\’oxyhytlwrnxy .

praducts synthesized by aorta is unknown. Arach’idonip/acid

\

epaxides’ formed via the épaxygeane pathway ar'e selective N

.
- . 1

stimuli for the in vitro relsgase of such peptide hormanes yas

N
-

luteinizing hormane (285), somatost‘tijn (286) , insplif\ and

glucagdn (287). However, these epoxygenase productsﬂ Iack
~ fe L .
the additional hydroxyl group. 11,12e-8h-20:3 (termed

Hepoxilin A) and 11,12e-10h—20:3 (Hepoxilin B) are 'formed ,

.-
'

< L4

v

t

AL




-167-

/ ae
HO-Fe-PP-IX

¢

1 D1 FUsIOR orLveEn
7 97 suvEneing RE80UN0

) REOUCTION R

R
H »
019 2y ST

!

»

Fig.45. Scheme of the proqosed mechanism for the hematin
catalyzed conversion aof hydroperoxy fatty acids tao

epoxyhydroxy fatty acide (ref. 283).
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from 12hp-20:4 by rat pancreatic islets (288). Hepoxilin A
dose dependently enhanced the release of 1nsulin during
glucose (10 mM) stimulation of perifused islets (120 t 51 Z
at 0.5 x 10-¢ M and 282 % 58 % at 2;} x 10-¢ M).

4.4, Trihydroxy PUFA Metabol i"t"e’f

9hp—-18:2 and 13hp-18:2 can be converted Ly aorta to
trlhyAroxy pré&ucts via epoxyhydroxy intermediates (Fi;.22).
This pathway becomes significant at high substrate
concertrations (Fig.28) or in the presence of other
polyunsaturated fatty acids, such as 20:4 (section 3.2.7.,
F19.30). Hydroperoxides derived from 1B:2 and 18:3 are also
converted to trihydroxy products by various plant &£

lipoxygenases. Soybean lipoxygenase 1n the presence of

guaracol has been reported to convert a mixture of 13hp-18:2

and 9hp-18:2 to 9,10,13th-18:1 and 9,12,13th-18:1, along

with a number of other products (263) (see Fig.19C). 18:2
and 18:3 are converted by enzymes in wheat flour principally
to their 9,12,13-trihydroxy metabolites, via the
intérmediate 9-hydroperoxides (274) (Fi1g.19R). Negligible
amoug;s of the 9,10,13-trihydroxy isomers are formed (Table
4). The major products isolated after incubation of a 4:1
mixture of 13hp—-18:2 and 9hp-18:2 with ferric
chloride/cysteine were 9,12,13th-18:1 and 9,10,13th—-18B:1 in
a ratio of 3:2 (273).

Although, as in wheat flour, 9hp—18:2 is the major

initial product of 18:2 metabolism by aorta, the major

trihydroxy product is 9,10,13th-18:1, which is accompanied

7
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by a smaller amount of 9,12,13th-18:1. The ratio of
9,10,13th-18:1 to 9,12,13th-18:1 (2.7:1( 15 similar to that of
éh—18=2 to 13h-18:2 (see Fi1g.12), raising the possibility

that 9hp—18:2 1s the precursor of the 9,10,13-tribhydroxy
isomer, whereas 13hp—-18:2 is the precursor of the 9,12,13-
trihydroxy tsomer.

We isolated 3 stereoisomers of each of 9,10,13th-18:1 and
9,12,13th-18:1 (section 3.2.1.(a) fractions f and gq). The
9— and 13-hydroperoxy precursors of these compounds are
probably each mixtures of D and L 1somers, sihce Hamberg .and
Samuelsson (289) found that PG endoperoxide synthase from
sheep seminal vesicles converts 18:2 to a 4:1 mixture of the
L and D forms, respectively, of Qh:{B:Z and 13h-18:2.
Addition of oxygen to the hydroperoxides cauld girve a total
of four possible diastereoisomers for each epoxyhydraxy

product. Hydrolysis of the epoxide could yield additional
}

stereoisaomers.

It is not clear whether all the steps in the formation of
trihydroxy metabolites fraom polyunsaturated fatty acids in
aorta are enzymatically catalyzed. The mixture of stereo
and positional 1somers observed for the trihydroxy
metabolites of 1B:2 could be interpreted as an ;nd1cation of
at least some non-enzymatic steps. However, as discussed
above, it must bé kept in mind that the first step i1n the
metabolism of 18:2, which is catalyzed by PG endaperoxide

synthase may result in the formation of four 1someric

products (1.e. the D and L forms of 92h—-18:2 and 13h-18:2).

In a recent report, i1somers of 9,10,13th418:1 an
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2,12,13th-18:1 were isolated from onion bulbs and were found

to exhibit prostaglandin-E like activity, detected as .
vascular smooth muscle relaxing and non-vascular smooth .
muscle stimulating activity in a cascade superfusion system
(291). These products, thaugh, were three orders of

magni tude less potent than PGEz. They did not inhibit

platelet aggregation in concentrations up to 10 ug/ml. It

may very well be that trihydroxy PUFA products represent
decompasition products of their hydroperoxy precursors and
they may serve no special cellular function.

Incubation of ﬁuman platelets with 20:4 (111-113) or 20:3 ,
(290) also has been reported to give rise to epoxyhydroxy
and trihydroxy products via 12hp-20:4 and 12hp—-20:3,

respectively. Rabbit pol ymorphonuclear leukocytes convert
20:4 to epoxyhydroxy and trihydroxy metabolites of 1Shp- -
20=4, which is formed by a lipoxygenase in these cells

(130). Therefore, in addition to its frequent occurence in
plants, the-conversiun of fatty acid hydroperoxides to

epoxyhydroxy and trihydroxy producis also seems to be a

common feature of many mammalian cell types.

4.5. Matabolism of Epoxyhydroxy Products to Trihydroxy
Products 3

k]

The two sterecisomers of 11,12e-10h-17:1, formed from

20:3 by aorta, were shown to be enzymatically converted to

10,11,12th~17:1 (Fig.10). Since there are two stereoisomers

of the epoxyhydroxy compound, one would expect at least two

stereaisomers of the [corresponding trihydroxy product.

T
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Presumably the chromatographic system used in ‘this study was

incapable of resolving these isomers, since we only abtained

¢

a singielskoéd peak using isocratic conditions. 9,10e;11h—
18:1 was converted to 9,10,11th—18:1 by an epoxide hydrdlase
in a manner similar to 11,12e-10h—17:1. .

The rates of metabolism of 11,12e~-10h-17:1 and 9,10e-11h-
18:1 by fetal calf aorta are relitively slow compared to the
rates of 9etabolism of similar compounds (e.g. 11,12-epoxy-

75,8,14—eicosatrienoic acid and 14,15-epoxy-5,8,11—

eicosatrienoic acid) by microsomal fractions from rabbit

livelr and renal cortex (142). This could be &he to the

proximity of the hydroxyl substituent, which could interfere
with the access of the epoxy group to the active site of the
enzyme. It is not clear whether the other epoxyhydroxy
intermediates, 9,10e—-13h—-18:1‘and 12,13e-9h-18:1 (see
Fig.22), are converted enzymatically to the corresponding
trihydroxy products. These allylic epoxides may hndergo
rapid non—-enzymatic solvolysis. On the other hand, 12,13e-

9h—18:1 was the main product isolated after incubation of

13hp~18:2 with hemoglobin in buffer, while very little
?,12,13th-18:1 was formed (271). This suggests that 12,13e-
9h—-18:1 ﬂf fairly stable chemically, and that our failure go
isolate the two allylic epoxide intermediates could be due
én their rapid\metabolism by an epbxide hydrolase. These
Substances coﬁid be metabolized at a faster rate than 9,10e-
11h—18:1, since their hydroxyl groups are further away from
the epoxide group, permitting a greater degree of

interaction with the enzyme.

-




)
on
«
N
3

r . -172~ -

o

The partially purified epoxide hydrol ase fraom rat lung

cytosol was able gu campletely convert Qoth 11,12e-10h-20:3
and 11,12e-8h-20:3 to the corresponding trihydroxy products
in 20 min (284). This enzyme may, therefore; be more active ﬁ
or may be ¥ound in larger amounts in the lung than in aorta,

although direct conclusions cannot be formulated since the |

extent of purification of the enzyme uUpon ammonium sul fate

precipitation was not given.

Current data suggest that epoxide hydrolases in nuclear
and microsomal 1liver fr*ctions are similar (292).
Mitochondrial and cytosaolic liver epdxide‘hydrolase .
activities differ from that found in microsomal fractions
with respect to pH optima and substrate specificity (see
293;. However, both the microsomal and cytusolkc epoxide
hydrol ase enzymes exhibit a fairly broad Qubstnate ik
specificity (293,294); It is quite like&y,vthen, that thg ~
aortic cytbsol and microsomal epoxide hydroi‘se activities
display a uide‘range of substrate spéciiicity and represent

different forms of the enzyme.®

Epaoxide Hydrélases seem to operate by a common mechanism
(293). They generally display low enantiasglectivity and
high regiospecificity. Their action involves specific
activation of water, brabasly by means of general base
catalysis, followed by nucleqphilic attack ag hernxide at
theyless hindered epdxide carbon, giving rise to the thred

1,2-diol. Elucidation of the mechanism of action aof the

’

aortic epoxide hydrolase enzyme was not paossible since s

¥
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!
we did not investigate the stereochemistry of the

epoxyhydroxy and trihydrfnxy products, or study the

incbrparation of labeled oxygen into the epoxyhydroxy

metabolites.

v

Liver microsomal epoxide hydrolases are thought to serve
a protective -Fupr:tio; by converting chemically reactive
epoxides formed in situ by cy‘tgochrome P-450 monooxygenases to
less toxic 1,2—diolls (29&). Without this conversion these
epoxides are capable of irreversibly binding to nucleophilic
sites present in tissue macromolecules and may initiate
toxic or carcinogenic reactions. It is possible that the

aortic enzyme(s)/fﬁay serve a similar function on blood—borne
//

epoxides or epc:vfxides formed lnc;lly within the aorta.

. w
8.4, Efftects of 18:2 oan Praostacycliin Production-

It was originally speculated)lat 18:2 or its hydroperaxy.
metabolites might interfere with the synthesis of PGI, by
aorta (cf. ref. 178,179) but thié was not supported ;y
campetition experiments in the present study (Fig.30). 1t

is possible that i f the metabolism of 9hp—18:2 and 13hp-18:2

to monohydroxy and epoxyhydroxy products is diminished in

some circumstances these intermediates could accumulate,

~
.

resulting in inhibition of PG endoperoxide synthase or

prostacy:clin synthase. However, the rate of oxygenation of

" 18:2 is much slower than that of 20:4 (Fig.21), so that

hydroperoxy intermediates such as PGG, and 15-

hydroperoxyPGl; (254), derived from 20:4 itse’lf, might be

.more important in regulating PGl; synthesis by vascular '

* -

>
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tissue. The inhibitory effect of 18:2 on PEI, formation
ubstrved in cultured cells may not be inconsistent with our
q:taﬁ;arFieddaut with particul ate fractions. An intact

" cellul ar structure may be required to observe this
inhibition., 18:2 could alter the lipid micro-environment of
membrane-bound cyclooxygcnnsq and/or prostacyclin IY??hlil,

, thus affecting their activities.

4.7. Oxygenated PUFA Metabolites Synthesized by Vascular
Slices

Once the major pathways of PUFA metabolism by aorta‘and
ductus arteriosus had been elucidated, the next step was to
quantitate tﬁe major PUFA metabolites synthesized from
-ﬁdogenouﬁ substrate by vascular tissue. A method was
therefore d-velop-g)to measure the amounts of these produqts
_synthesized by slicgﬂ of blood vessels incubated in
physiological nsy{um. After preliminary investigations to
screen #or thc/éeasibility of quantitating variocus
nonbhydroxy an# trihydroxy PUFA products and brostaglandins
" a GC-MS assiy with selected ion mo;itoring was established
'io measure some of the uajnrAPUFA products.

‘Rnutiﬁely, Q products were quantitated. Three were

derived from 18:2 (9h—-1822, 13h—-18:2 and th-18:1) and six

&

were derived from 20:4 (12h—-17:3, 11h—-20:4, 12h—20:4, 15h-

20:4, PGE, and 6-0x0PGFyq). The production of these 18:2

-

and 20: 4 metabolites by aorta was investigated in three

different species: rat, rabbit and bovine. Differences in,
-

the production of these products in fetal and adult -bovine

aorta were also investigated.'

. .




4.7.1. 2034 Metabolites

. Although there were considerable quantitative differencea

EY

' between species, the major oxygenated PUFA metabplite

released by aorta was, in all cases, 6-oxoPGF; 4. Rat aorta
produced very large amounts of this product, whereas rabbit
aorta released only about one-tenth as much., Adult bovine

aorta produced an intermediate amount of 6—oxoPGF, 4. Much

smaller amounts of PGE; ‘and 12h-17:3 were detected in all

cases. °
Fetal calf aorta Qas much more active than adult povinet
aorta in produc;ng &-0x0oPGF 4 ¢ and other cyclooxygenase
products. This cannot be explained by a higher ratio of
endothelial cells to tissue uefght for fetal acorta, since
the outer layer (outer media + adventitia) of fetal ;arta
also had mucp higher cy;lnqugenaie activity than the auinr .
layer of adult aorta. It is possible that the increased
praductiog afLPBIz'cpuldqseEve soﬁe special funétiaa in the
fetus, for exemble, decéedsing pdlmbnqry Q‘séﬁlér resistance.
Ihérn was very littlg difference between the amounts of
qugenatsd 18:2 and 20:4 metabolites *armed‘by fetal cal+#f
forta ;nd the ductus arteriosus. The ductus arteriosus
produced about 4200 ng 6-0xoPGF,g/g tissue,’ compared to only
abaut‘%ﬂ% ng PGE,/g tissue. rTbis relatively small amount n#
PGE; could be quite 'idportant, however, since PGE, has'Very(
thent vasodilato;y effects on the ductus, and appears to ﬁe
necessary for maintaining ifs patenéy during fetal life /
(234). PGI,, on the other hand, is -a much weaker /

]
g, /
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‘vasodilator with respect to the ductus, and is over: 1000

£

times less potent than bGEz, at least in the sheep (235).
The major monohydroxy 20:4 products released by gl}cescbi\N
of aorta and ductus arteriosus were 11h-20:4 and 15h-20:4, -
»

which were previously identified, but not quantitated, after

“E %qf%%%?mw%ﬁ?ﬁﬁwtﬂwﬁx:#w SR SIS s

incubaéion of slices‘of fetal calf aorta in physiological

medium in the absence of exogenous substrate (254). These

N

products have also been identified after incubation of
cultured smooth muscle cells from rat (297) and rabbit (298)

adrta with exogenous arachidonic acid. InéﬂLatiun of rabbit

[N

. aorta. smooth muscle cells with 20:4 also led to the
formation of %, 8, 9, and 12 monohydroxy metabolites (298).

We were able to detect little or none of the former three

# "* »
‘products aften incubation of rabbit aorta in q&:iiolugical

mediume In the three species we investigated, 12-

'lipoxygenaée activity, although it was always detectable,
was very low. This could still be important, however, since
12h-29:4 has been reported to be an extremely potent

chemokinetic agent for vascular smooth muscle cells (299).

o

4.7.2. 20:3 Metabolites

Aorta formed only small améénts of 20:3 metabolites. The

-

major product formed‘{rom exogenous 20:3 by particulate

fractions from adult and fetal boviné aorta was 12h=17:2

P R A

SRR CMY L

(25@). Epoxyhydroxy and trihydroxy metabolites derived from.

4

i)

i[ ’ 12hp-17:2 were also igrmed, but onfy small amounts of PGE,

‘and PGFx were detected (256). In preliminary experiments

>

only small amounts (2-3 ng/g tissue) of 8,11,12th—-17:1 from
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fetal‘calf aorta could be detected. . Larger amounts of 12Zh-
17:2 (ca. 150 ng/qg tissue for fetal calf aorta) were formed,
but in subsequent -experiments, the combined amounts 'of this

product and 12h-17:3 were measured.

4.7.3. 1812 Metabolites

g

. );
(a) Released Products , ) /f.

Substantial amounts of the 18:2 metabolites (9h—18:2,

13h—18:2 and th-18:1) were found to be released from aorta,
'\'"\ N
especially from rat and rabbit aortae, which contain large

[

amounts of 18:2. In contrast to particulate fractions, PG
endoperoxide synthase was not required for the formation of
these products,, since their formation was not inhibited by

indomethacin. It is pdssible that ;they could ha§; been

formed by a lipoxygenase from free 18:2. However,
%

,lipoxygenases are quite spgtific in their formation of a

pgrticular isomer and in thse studies approximately equal

ampunts of bath the 9- and 13- isomers were produced.

‘

Alternatively, the 18:2 metabolites could have been released

by the hydrolysis of lipids%containing oxidized fards.
The 12-hydroxystearate detected in the hydrogenatéd free
A

and esterified fractions from aorta &uuld have arisen from

12°hydroxy-9,13-octadecadienoic acid (12h=18:2), which is a

R
singlet oxygen derived metabalite of 18:2 (300).

Alternatively, lz-hydroxystéarate itsel¥ could have been
present i1n aorta. Various hydroxystearste 1somers,
synthesized by microoganisms in the gut, have been detected

in human fecal lipids (301). Another possible source is

’ S

Y
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/

ricinoleic acid (12-hydroxy—-9-octadecenoic acid), which is

th% major fatty acid in castor bean seeds, and has been

1}
L

shown to be incorporated into triglycerides from rat fat
pads after administration of castor oil (302). A product
which gives rise to 12~hydrox¢stearate after hydrogenation

-

has also been reported to be released from rabbit peritoneal
tissue (281). Although this product was assumed to have
been derived ffrom 12h-18:2, this was not supported by any

experimental evidence.

v

(b) Esterified Products /

1 ®

“

The major proportion of oxygenated 18:2 metabolites were
present in the esterified form in lipids. These oxygenated
products did not appear to be synthasized toc a large extent
during the‘20 min>incu$ations, but were pre;ent in the
tissue priar to incubafion,.as shown in Table 7. Although
the atsolute amounts of %h—-18:2, 13h-18:2, and tb-lB:l
varied considerably from one species to ancther, they
represented about the same proportion (ca. 0.2%) of total ©
18:2 in aorta from adults of all three species. 20:4
metabolites (1ih—20=4, 1Z2h~20:4, and 15h—-20:4) were also
present in aortic lipids, but in much §ma11érfquantities,

®

which;, in a&ult aortae, amounted to only about 0.02-0.03% of

total aortic 20:4. This could possibly be due to different

distributions of 18:2 and  20:4 in different lipid fractions.

We have not as yet determined the type of lipid which is the -

source of” the oxygenated PUFA metabolites. Cholesteryl

hydroxylinol eate has previously been identified in samples

1
&

4

«4
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of atherosclerotic human aorta (303). It naé not detected
in normal aorta, however, but the method used was not very
~ +
sensitive. Esterified hydroxy—PUFA have also been detected

' .
by HPLC in liver phospholipids after treatment of mice with

2
o~

cart.mn tetrachloride (304).
There are several possible mechanisms-for the formation.
of éh; esterified oxygenated PUFA. One possibility could be

that free 18:2 and 20:4 were oxygenat?d and then
incorporated ﬁnto lipids in a manner similar to the
incorporation of Sh—-20:4 into lipids in leukocytes 277).
Free 13h-18:2 and th-18:1 were not well intorpd;ated into
either vascular e&dothelial or smooth muscle éells, however ,
so0 it seems much more likely that it was the esterified
fatty acids uh;chfuere 6xygenqted. These'oxygenated lipids
are unlikely to h;ve arisen by the action b¥’z§cloaxygenase,
since they are ngx substratgs:for this enzyme (303).
Mareover, indomethacin did not affect their formation. The

N

oxygenated préducts cbulq have accumulated in lipids either
~

due to autoxidation in vivo, or to the action of an enzyme
similar to thé lipoxygenase in reticulocytes (306) which has
been reported to céﬁvert estécified 18:2 and 20:4 in rat
liver mitoplasts to monohydroxy and trihyqraxy metabolites
(307). |

The precursors of the monchydroxy and trihydroxy lipids
in aorta are presumably hydroper;%y lipids, which may be

enzymatically ar‘ﬁon—enzymatftally‘reduced to the

correspaonding hydroxy lipids. 1f they are hot reduced

- . a

-
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) glutathione peroxidase, recently isolated from pig liver

“ liver cytqsolic fractions }313). This activity has been ° .

. peroxidase (312). The amount of phospholipid hydroperoxide

-180- ; . Q

\ T

-

répidly enough, they could have toxiec effects, and could

o

inhibit PGI, formation, as do hydroperoxy fatty~acids and

their methyl esters (178). As well as being“reduced to

'

hydroxy lipids, the lipid hydropergxides could be conVertéd

.

nonenzymatically to epoxyhydroxy products. In situations where
lipldohydraperoxides may accumulate, as they may do in
atherosclerosis (228), there could be an increase in the Y

relative amounts of the trihydroxy metabolites of these
J .
epoxyhydroxy caompounds. ‘ «

.

4.8. Reduction of Hydroperoxides .

°

The cell has developea a host of factors to defend

. . ,
against harmful lipid hydroperoxides. As was discussed .
:'v ’ . 4 - -

uearlier, selenium—deqendent glutathione peroxidase catalyzes

the reduction of hydroperoxides tao their corresponding

-

hydroxy derivatives. This enzyme resides in the cytosolic

o

fraction and acts upan a wide variety of free orgaﬁic

-

hydropepoxides, but is not reactive towards phospholipid

. hydroperoxides (308). Another selenium—-dependent

* .

(309), heart (310} and brain (31%), acts upon these latter

v 4

praoducts, and has been termed "peroxidatian inh?biting
- . -*

- ‘ ¥
protein” (PIP) or "phospholipid hy&rnperoxide" glutathiane

reduced by PIP is stoichiometrically equivalent to the
amount of oxidized ﬁlutathicﬁe'tﬁatais formed (309). Non¥

T

selenium dependent glutaﬁhiane peroxidase is present in rat -

19 .
- . -— I

¢
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identified as two glutathione transferases (B and AA) (314).
Non—seleni um dependent glutathione peroxidase activity has
also been demonstrated in rabbit liver (315) and kidneys
from rat (313) and rabbit (315). 1In contrast to the
selenium~-dependent form, non—selen:ium dependent glutathione
peroxidase only reduces organic hydroperoxides and shows
little ;cti vity towards hydrogen‘ peroxide (314).

The .peroxi1dase component of P6 endoperoxide synthase,
localized in the endoplasmic reticulum, catalyzes the
reduction of PGG5 t‘O PGH,. This enzyme could also be very
important in reducing other PUFA hydraoperoxides.

Other 1mportant cellular agents, such as vitamn E,
ascorbic acid and glutathione, by way of their antioxidant
act).cm,. infiuence hydroperoxi1de lev&ls. Superoxide

dismutase and catalase will have a role to play, as well.

¢

4.9." Effect of Selenium Deficiency on the Production
of Oxygenated PUFA Metabolites by Aorta Slices .

Fatty acid hydraperaoxides formed during the metab011§m of
PUFA by aorta, 1f not rapidly metabotltized, i1nhibit PGI,
proaoduction. A reducti1on in the capability of vascular
tissue to réduce hydroperoxy F’UFA‘ could result 1n.decreased
synthesis of PGl;, and increased ‘metabnllsm ;af
hydroperoxides via the epoxyhydroxy—trihydroxy pathway. As
mentioned above, one mechanism of reductxon’ of cellular
hydroperoxy PUFA 1s by selenitum-dependent glutathione

’

peroxi1dase. We attempted to determine whether a deficiency

¢

in this enzyme would result in diminished vascular ‘synthesis

of PGIz. .

[
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Rortic glutathione peroxidase activity was virtually
completely inhibited 1n rats after S5—7 weeks on a selenium-
deficient diet (Table 9). Tchis degree of inhibition is in
agreement wi th studies from other groups (112,317), who
found marked 1nhibition of glutathione peroxidase activity
in platelets (112), liver (317) and erythrocytes (317). 0On
the other hand, selenium deficiency only reduced rabbit
aortic glutathione peroxidase activity to 56 % of control
values after 7 weeks of feeding. After having started this
experiment a few reports were found in the literature
indicating that rabbits are unresponsive to a diet defit;ient
in selenium and have a lower selenium requirement than other
species (315,318). This is consistent with thels;naller
effect of selenium deficiency on peroxidase activity in
rabbr1t compared to rat.

The production of PGIz (measured as 46-oxoPGF, ) and th-—-
18:1 were not significantly altered by selenium deficiency,
in both the rat and rabbit (Figs.43 and 44). The object of
this study as stated above was designed only {to test the
effect of decreased selenium—dependent glutathione
peroxidase activity on @te production of nxygenated PUFA
metabolites. The lack of difference in production of PUFA

metabolites between control and selenidm—de§ic1ent groups

¢ ’ ’

would seem to indicate th(at this enzyme 1s not very

«

important for the reduction of hydroperoxy PUFA to their

corresponding hydroxy compounds. This 1s probably’

accomplished by other mechanisms as discussed above.
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The results reported here tend to differ from similar
studies carried out in other laboratories. Masukawir et al.
(319) found that aortic rings taken from a selenium-—
deficient group of Wistar rats released significantly less
PGIl,-like biocactivity than a control group. Their results
were expressed as the percent inhibition of ADP-induced
platelet aggregation (selenium-deficient group: 16.45 #
3.28, n=8 ; control group: 31.93 % 4.21, n=8). They also
found thét the malondialdehyde level of the aorta (an i1ndex
of lipid peroxide levels) was significantly higher in
sel enium—deficient rats (1.77 & 0.15 nmol MDA/mg protein,
n=7) than selenium—supplemented rats (1.34 * 0O.11 nmol ’
MDA/mg protein).

Doni et al (320) investigated the influence of selenium
administration on PGI1, production. Adult male Wistar rats
were divided 1nto two groups. One group had sadium selenite
added to its drinking water for B0 days, corresponding to a
daily i1ntake of 0.3 ppm/rat while the other group’'s drinking
nater had no supplement. The rats were fed a standard diet,
presumably/;ontaining selenium. PGlz—1li1ke biocactivity was
then assessed, by an aggregometric assay (ADP—-induced
piatelet aggregation), from slices of aorta, vena cava,
lower lung lobe and heart apex. They found a 90 % increase
of glutathione peroxidase activity 1in erythrocytéz\o4 the
selenium—supplementéd rats. Aorta from this group released
44 Z more (p < 0.003, n=12) PGlz—-1like activity. However,

' selenium supplementation had no effect on the praduction of

PGI,-li1ke activity by other tissues. They also reported
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that incubation of aortae from selenium—supplesented rats
with a glutathione peraoxidase inhibitor (3-amino-1,2,4-
triazole) resulted in a 90 Z reduction aof PGIx—-like

synthesis.

i In another study (321), it wa; abserved that selenium,
when added to culture medium of confluent pig aortiF
endothelial cells, enhanced the ability of these cells to
produce PGI,; (measured by radioimmunoassay of é&—-oxoPGF,gq)
when stimulated with 20:4 or thrombin. Concomitant with

this increase in PGIz production was a time—dependent

increase in glutathione peroxidase activity.
The three studies mentioned abave tend to support a role

for selenium and glutathione peroxidase in controlling

aortic synthesis of PGI,. The data suggest that glutathione

peroxidase is capable of reducing the levels of cellular

a—

hydr-operoxides, thus protecting prostacyclin synthase from
tg;ir inhibitory effect. The reasan for the apparent
discrepancy between their data and that presehted here is
unknown. It is possible that the method of assay could be

an impartant factor. The use of GC-M5 with selected ion

monitoring is a very specific assay, whereas measurement of
PGIz—~like bicactivity by platelet aggregametry is lacking in
Various differences in the experimental

thi1s respect.

procedure (e.g. incubation cgnditions, stimulation of

k .

%i tissue) could account for the divergence in results.

Alternatively, the strain of rat (Sprague-Dawley vs Wistar)

might be a factor. ,

K el B nby b
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In_addition to the studies performed with aorta, several
studies with platelets have been performed. Bryant and
Bailey (112,322) found a decreased glutathione peroxidase
activity and an altered profile of lipaoxygenase praoducts
(incubation with [14C320:4) in platelets from selenium-
deficisnt rats. 12hp-20:4 was increased sevenfold, and its
trihydroxy degradation products (8,9,12th-20:3 and
8,11,12th-20:3), 3 to 4 fold. 12h-20:4 synthesis was
marginally reduced (8 %) in one of their studies (322) and
reduced by 20-30 %4 in the other (112). 1Ihese reports

3
suppart a role for platelet selenium—dependent glutathione

peroxidase in the enzymatic reduction of platelet-produced
12hp-20:4- In a similar investigation (323), it was found
that selenium—-deficient platelets produced larger amounts of
thrombokane Bz compared to control platelets. However, in
contrast to the decré;sed finding of Bryant and Baileyzh
there was no difference in the productian nf~trihydrnxy
metabolites of 20:4 between sélenium—de;iéienﬁ and control
groups. These results sq;gest that the act;vity af the
cycloaxygenase pathway is increased (increased TXB3
formation) in selenium deficiency, possibly due to increased
hydrdberoxide activatar levels.

No cﬁénge in the amounts of esterified oxygenated 18:2
metabolites was seen between the control and selenium-—
deficient groups in the present study(ﬁFigs.43 and 44).
Selenium—-dependent glutathione peroxidase is not capable of
reducingAhydroperoxidized phospholipids or iowering lipid

peroxidation in rat liver microsomes (324). Only after
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treatment of phospholipids or microsomes with phosphol ipase

A2z gould this enzyme reduce hydroperoxides (324). In
'\59"I

rast, the selenium—dependenf enzyme, PIP or phospholipid
hydroperoxide glutathione peroxidase can reduce phospholipid
hydrapérn*ides. If éhis enzyme is present in rat aorta aﬁd
reduced in a state of selenium deficiency (results which
have not been reported), a difference in the amounts of
esterified oxygeriated metabolites might have been expected
between the control and selenium~deficient groups. However,
factors such as vitamin E may be capable of handling an
increased oxidative stress in the absence of this enzyme.f

The present st&dy, there{aré; has raised a number of
questions regarding the control of aortic cellular
hydroperoxide levels by peroxidéses and other non—enzymatic
means, and the regulation df PGI, synthegis by these
factors. Further investiga%iun into the intricate control - .
mechanisms of aortic PUFA mtfabolism is definitely requirad.

]

|
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. trihydroxy-il—-aoctadecenoic acid and 9,12,13—trihydroxy—-10—

indamethacin and acetylsalicylic acid, blbcked the synthesis
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= SUMMARY AND CONCLUSIONS

The metabolism of polyunsaturated fatty acids by vascular
tissue has been studied. Particulate fractions from fetal
calf aorta converted 20:3 to two stereoisomers of 11,12-
epaxy~10—hygrax§—8—heptadecenoic acid, which are bresent in

/
relatively large amounts after short incubation periods (5-

10 min). Their amounts slowly decreased after 10 min due to
metabolism by epaxide hydrolase(s) to 10,11,12-trihydroxy—-8-

heptadecenoic acid.
Linoleic acid is metabolized by particulate fractions and -

haomogenates from aorta and ductus arteriosus to oxo,

¥

monohydroxy, epoxyhydraoxy and trihydroxy products. The
products identified by GC—MS were: 9-oxo-10,12-
octadecadienoic acid, 9-hydroxy—10,12—actadecadienoic acid,
lS—hydroxy—?,ll—octadej:::)noic acid, 9,10—-epoxy—11i-hydroxy-

12—octadecenoic acid, 12,13—epoxy—1l—hydroxy:9—octadecenoid
" . .

acid, 9,10,11—-trihydroxy-12-octadecenoic écid, 9,10,13~

octadecenoic acid. The latter two trihydroxy products’ each

/ |
consisted '‘of mixtures of at least 3 stereoisomers. The

initidl oxygenation of 18:2 to 2hp-18:2 and 13hp-18:2 by o

aorta particulate fractions occurs via prostaglandin

-

endoperoxide synthase, since inhibitors oz/this enzyme,

of 9h-18:2 and 13h—-18:2, the major products formed under the
incubation conditions. Subsequent transformation of the
hydraoperoxy intermediates appears to occur by a mixture of

-

enzymatic and non-enzynatic steps. Metabolism to oxo and

&
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epoxyhydroxy products is likely a non—enzymatic procass,
whereas reduction to hydroxy products may occur either
enzymatic‘:ally. by the peroxi_dasé component of prostaglandin
endoperaxide synthase,” or nan-enzymatically. — -
Epoxyhydroxyoctadecenoic acids are converted by epoxide
hydrula‘se(s) to the corresponding trihydroxy products.

18:2 is not a 'very potent inhibitor of the metabali;n of
20:4 by fetal calf aorta particul ate fractions. In
contrast, 20:4 markedly inhibits the formation of
monochydroxy metabqlii’.es of 18:2. The formation of the
trihydraxyll 1851 isomers was inhibited to a much lesser

extent, probably due to competition with PG, and/or 15hp-— : 3

PGI, for the peroxidase component of prostaglandin - . :

endoperoxide synthase.

. Incubation of slices of fetal calf aorta in Krebs-Ring;r
Tris medium res.ulted in the synthesis. of 9h—=18:2, 13h-18:2,
?,10,11th-18:1, 9,10,13th—18:1 and 9,12,13th—18:1 from
eﬁdogenous substrate. A GC—MS assay using selected ion ‘ o 5
manitoring was developed to quantitate all of the above
products (except for 9,10,11th-18:1), along with the major
oxygenated metabolites of 20:4 fo;'med by aorta. g-axoPBF,q
was the major -oxygenated PUFA metabolite produced by rat and
t;avine aorta and fetal calf ductus arterigsus. Much smaller
amounts of ot'her cycl ooxygenase products (PGE5;, HHT, 11h— -
20:4 and 15h-20:4) were formed. Substantial amounts of free
and esterified monoh)\rdroxy and trihydroxy 18:2-der i ved

metabolites were detected, especially in rat and rabbit
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;ortan. Indomethacin did not inhibit the fé;ndtinn of th-Q-
oxygenated 18’:2 metabolites. Neither exogenous 13h—-168:2 nor
th-18:1 was incorpo;ated to a large extent iqtn-lipids from
vascul ar ;nduthnlial or smooth muscle cells, suggesting that
the esterified 18:2 oxygenation products had arisen mainly
via direct oxygenation of lipids. °

F-ed\i\.ng rats a snlmiud\-deficimt diet for S5-7 ks
inhibit*? aogrtic glutathione peroxidase activity by 97 %.
Selenium' deficiency, however, did not significantly alter
the formation of 6-oxoPGF,q or any other oxygenated PUFA
metabolites by rat aorta. Rabbit aortic glutathione
peroxidase activity ;as inhibited by 44 % after feeding.a
selenium—-deficient diet for the -ame‘tiue period. Only the
formation of the minor lipoxygenase product, 12h-20:4, was -

°

significantly reduced during incubations of rabbit aorta in
'Kribs—Ring¢r~Tris medium. o
The fact that PUFA are raadily‘axygenated by vascular
tissue to potentiafly harmful hydroperoxy intermediates
teveals the need for mechanisms to control their
intracellular levels. fﬁ situations where lipid
hydroperoxides may accumulate, as {n atherosclerosis, there
éBQld be:an increase in the rglative amounts of hydroperoxy
metabolites, such as trihydroxyoctadecenoic acids.
Efterified monohydroxy and trihydroxy PUFA metabolites found
jthin aortic lipids raise the possibility gbat esterified
. hydrioperoxy précursors are present which may inhibit PG;z
synthesis as do free hydroperoxy PUFA. Further stu&y is

necessary to define the intricate caontrol of hydroperoxide
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'levels and the role they play in the regulation of PGI,
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CLAIMS TO ORIBINAL RESEARCH

1) Bovine aorta particulate frq;txans convert 20:3 to two
ster-oi!oners‘of 11,12-epoxy—-10-hydroxy—8—-heptadecenoic acid

(11,12e—10h—17:1) , which were identified by GC-MS.

2) 11,12e-10h-17:1 is converted to 10,11,12-trihydroxy—-8-

» v

hlpéadlcnnoic acid by spoxide hydrolase(s) present in both

. ]
cytosolic and %rrticulatc fractions of aorta.

3) Linoleic acid is converted by homogenates and
particulate frartions of bovine aorta and ductus arteriosus
to oxo (9-oxo0-10,12-octadecadienoic acid), monohydroxy (9-
h}draxy—xo,}z—octadécadienoic acid and 13-hydroxy-9,11—
actad&cadienoic acid), epoxyhydroxy (9,10—¢&axy—11~hydroxy—
12-octadecenoic acid and 12,13—epoxy—11-hydroxy—9-

octadecenoic acid) -and trihydroxy (9,10,11-trihydroxy—12-

a

. .
octadecenoic acid, 9,10,13-trihydroxy-ii-octadecenoic acid

v

and 9,12,13—-trihydroxy—-10-octadecenoic acid) products.

~

. .
4) Formation of the oxygenated metabolites of 18:2 by

L]

aorta particulate fractions is inhibited by prostaglandin

endoperoxide synthase inhibitors (indomethacin and

acetylsalicylic acid) in a dose—-dependent fashion.

s5) 9,10e~-11h-18:1 is converted to 9,10,11th—18:1 by

epaoxide hydrolase(s) in cytosolic and particulate fractions
. o

of.aorta.
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6) 20:4 is a much better substrate for prostaglandin
endoperoxide synthase thm‘lesz and is a potent inhibitor of
oxygenation of the latter compound. In contrast 18:2 is na!:
a very potent inhibitor of 6-OxOPEF;q praduction from 204

by aoftic particulate fractions.

7) A GC-HS_issny with ul-étc& ion moni toring has been
developed for the quantitation of at least nino'axygm"at-d

PUFA metabolites (4-oxoPGF,q, PBE, 12h-17313, 11h-20:4, 12h-

20:4, 15h-20:4, 9h—18:2, 13h—18:2 and éh-—lB: 1). The amounts

of these products forsed from endogenous Iublfl;.tl by fetal

calf ,norta and ductus arteriosus and adult bovine, rat - and

rabbit aortae were determined.

ar Substantial amounts of free and esterified monohydroxy.

and trihydroxy metabolites of 18:2 were detected, lspcé,i ally

in (‘rabbit ‘and rat aortae. The esterified products were

EY

present in the tissue sven before im:ubaticms: the tissue..
These products had not been previously detec .An normal

mammalian tissues.

-

P Selenium dcfici.ﬁlcy does not alter the pr,ncl.uction of .
oxygenated PUFA metabolites from rat ‘aorta. ,On’ly the nin_or.
lipoxygenase product, 12h-—20: 4,. was significantly reduced by
seienium defﬁ:iency in tﬁc rabbit‘. This suggests that
glutathione peroxidase ‘may nota be very ;mporta'nt for the
reductior; of ’ﬁydrfoperoxy PL{FA to their cdrrq‘spc’mding-hyd_roxy

t.:ombbunds - o

.
,
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