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Preface

Since the chemical structures of the prostaglandins were elucidated and their
biosynthesis from polyunsaturated fatty acids discovered in the early 1960’s, the
following two decades have seen an almost explosive development in prostaglandin
research.

During the last ten years numerous discoveries were made in this field, and
research was initiated in a large number of new areas. Among the mile-stones of this
last decade were the isolation of the potent endoperoxide intermediates; the dis-
covery of non-steroidal anti-inflammatory drugs as inhibitors of the fatty acid
cyclooxygenase; the discovery of the mutually antagonistic endoperoxide products,

@

5-HPETE =~ LTA, = LTB,,C,,D 4 E, — Metabolites

\@@ 8-HPETE
/ 9_HPETE ?

11-HPETE
ARACHIDONIC 12.HPETE —# EP.ETE —# THETE

ACID 15-HPETE —p14,15-LTA, — Di HETE
®@ PGFy @
® PGE, %
INHIBITORS ENDOPEROXIDES PGD, Metabolites

PGly —»6K-Fq

TxA2 — Tx82

O = chapter number

the thromboxanes and prostacyclins, whose existence had earlier gone unnoticed
mostly because of their instability and the fact that they were formed only in small
amounts from the precursor fatty acids; the elucidation of prostaglandin metabolism
with the structure determination of a vast number of final break-down products and
the identification of metabolites suitable for monitoring in various biological sys-
tems; the development of sensitive and specific quantitation methods and their



viii

application in a large number of biological studies; studies on the release of
precursor fatty acids from esterified forms catalysed by various hydrolases as a key
event in prostaglandin biosynthesis; the inhibition of phospholipase-catalysed fatty
acid release by anti-inflammatory steroids and the elucidation of the underlying
mechanism; the discovery of novel pathways in the conversion of polyunsaturated
fatty acids leading to the recently discovered non-prostanoate compounds, the
leukotrienes and their related products; the recognition of numerous biological roles
of the members of the prostaglandin family and their involvement in the pathogene-
sis of a multitude of disorders and diseases; and finally, the beginning of the clinical
use of certain prostaglandins in the treatment of gynecological, gastro-intestinal and
circulatory conditions.

The rapid development of a greatly enhanced volume of published scientific data
has increased the need for comprehensive reviews, written by scientists who are
themselves active in the field, and providing the current state-of-the-science of the
area.

The contributors of this volume in the New Comprehensive Biochemistry series
cover the biosynthesis and metabolism of the prostaglandins, thromboxanes and
leukotrienes; the analytical methods currently in use; the purification and properties
of several enzymes involved in the formation and catabolism of these substances;
activators and inhibitors of these enzymes; as well as the involvement of the
members of the prostaglandin family in numerous physiological and pathological
processes.

Bengt Samuelsson
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INTRODUCTION

Physiological implications of products
in the arachidonic acid cascade

MARIE L. FOEGH ® and PETER W. RAMWELL®

Departments of Medicine * and Physiology and Biophysics °,
Georgetown University Medical Center, Washington, D.C. 20007, U.S.A.

Physiology is the study of function. The classical procedure used to define physio-
logical roles is by extirpation, ablation or nerve section to reveal inadequate or
inappropriate function in the absence of the postulated mechanism. This approach
cannot be used to study the physiological role of arachidonate metabolites since they
are not organ-localized like the adrenal steroids or concentrated in specific cells like
the adrenergic transmitters. The problem is compounded also by the fact that
arachidonate oxygenation is almost a universal phenomenon. Finally the metabolites
are not stored like histamine or serotonin but are released immediately upon
synthesis. Consequently it is always necessary to initiate synthesis to study release.
Thus release i1s synonymous with synthesis.

The emphasis on physiology in this section also relates to the nature and quantity
of the arachidonate metabolites released. For example some naive authors state that
“Prostaglandins at physiological concentrations were found to be...”. It is ex-
tremely difficult for such concentrations to be defined and such authors are begging
the question as to what is physiological. The other ‘begging’ question is to assume
that the cell or tissue ‘sees’ only one metabolite in vivo, ie. the one in which the
author is interested. This has been a particular problem in macrophage studies where
the usual product measured is prostaglandin E, and little account has been taken of
the other metabolites. In rodent and human macrophages frequently equimolar
amounts of both TXB, and PGE, are released but little is known of their interaction.
It is possible that the thromboxane released may completely block PGE mediated
elevations in cyclic AMP, or again, because of its transient nature, TXA, may have
little effect. Nevertheless, to avoid consideration of all the products and their
interaction is simplistic.

Two other points are frequently neglected when discussing physiological roles.
The first is that arachidonate metabolite receptors may be subject to regulation.
Thus it is not enough to define the concentration of product formed if there are
marked changes in the receptors. This appears to be the case for PGE compounds in
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the myometrium and liver [1]. PGE analogues clearly may down-regulate PGE
receptors in the liver and estrogen down-regulates the myometrial receptors to
PGF, , and PGE,. Other hormones may be involved; recent studies have implicated
prolactin in ovarian receptor regulation and the PGF,, receptors in the corpus
luteum are known to be regulated by luteinizing hormone [2]. There is evidence from
our own laboratory that estrogen and testosterone regulate prostaglandin receptors
in rat aorta [3].

The second point is the role of converting and catabolising enzymes. There is now
evidence for the conversion of PGI, to the stable product 6-keto-PGE, which has
very similar properties [4]. There is also convincing evidence for PGE, to PGF;,
conversion [5] and vice versa [6]. Finally there is strong evidence that the further
metabolism of PGs by prostaglandin dehydrogenase (PGDH) has a significant role
as demonstrated by PGDH inhibition leading to luteolysis in rodents [7]. These
therefore are points which need to be borne in mind when interpreting data as to the
physiological role of arachidonate metabolites.

An approach to functional ablation has been to evaluate the effects of acute
essential fatty acid (EFA) deficiency. This deficiency has been shown to cause
dermatoses in both humans [8,9] and animals [10]. Van Dorp (1971) [11] reported a
marked decrease in PGE, in skin of EFA-deficient rats and Ziboh and Hsia (1972)
[12] subsequently found that topical application of PGE, cleared the scaly der-
matoses. However, a potential difficulty is the accumulation of 5.8, I'l-eicosatrienoic
acid (20: 3, n-9) which may be responsible for some of the symptoms namely loss of
skin elasticity, alopecia and scaliness. Ziboh et al. [13] showed that this trienoic acid
inhibits cyclooxygenase activity. Since this fatty acid accumulates in the skin of EFA
deficient rats it was tested on the skin of nude mice where at only 50 puM it
significantly reduced PGE, and produced the scaly dermatoses. In addition it is
possible that blocking the cyclooxygenase shunts arachidonate through the lipo-
xygenase pathway and products of this pathway are reported elevated in psoriasis
[14]. Since 5,8,11-eicosatrienoic acid has proved to be a substrate for 5 lipoxygenase
and thus can yield leukotrienes, it is likely that the dermatoses characteristic of EFA
deficiency may not necessarily result from a PGE, deficiency only. Especially since
lipoxygenase products are associated with psoriasis. Consequently care must be
taken in interpreting data from EFA deficient animals. However it is possible to
avoid the problem of redirection of synthesis by use of receptor antagonists.

Although the attempt to “ablate” or “extirpate” arachidonate metabolites by
using EFA deficiency can be complex, nevertheless it is an approach to the
physiological role of these metabolites which deserves further exploration since it
offers so many experimental models. For example in immunology, evidence is
accruing that the cyclooxygenase products which elevate cyclic AMP are immuno-
suppressive [15]. Feeding with essential fatty acids also produces immunosuppres-
sion [12} whilst indomethacin abrogates this effect [17]. Moreover there have been
reports that cyclooxygenase inhibitors may increase anti-body response in vivo [18].
These EFA feeding experiments raises the interesting question of immune responses
in Eskimos. Does the fish diet which is so rich in eicosapentaenoic acid, lead to
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enhanced immune response? One might anticipate this to be the case since this acid
competes with arachidonate for the cyclooxygenase and thus acts as a “nutritional
aspirin’.

An extremely important approach to blocking all arachidonate metabolism is the
use of 5.8,11,14-eicosatetraynoic acid [19]. This acetylenic analogue of arachidonate
was first used to inhibit cyclooxygenase in 1970 and was replaced in 1971 by the non
steroidal anti-inflammatory drugs. Later it returned to favor when it was realized
that tetraynoic acid blocks the lipoxygenase pathways too. Consequently eico-
satetraynoic acid treatment does not involve the complications involved in the use of
either eicosapentaenoic acid or other essential fatty acids.

Eicosatetraynoic acid treatment of rats leads to the same deleterious effect on the
gastro-intestinal mucosa as seen with indomethacin [20]. These effects, like the skin
lesions in EFA deficiency, can be prevented by treatment with prostaglandins. The
concept that prostaglandins of the E series are cytoprotective in the stomach has
been suggested in several other body systems. One might also use the term cytopro-
tective to describe the prominent and widespread immunosuppressive effect of these
types of arachidonate metabolites.

A less rigorous approach to evaluating the physiological role of the cycloo-
xygenase products has been to use potent cyclooxygenase inhibitors such as in-
domethacin. These compounds have many side effects and as discussed earlier,
cyclooxygenase inhibition may lead to increased lipoxygenase product formation.
Nevertheless the approach has been effective in revealing the role of the cycloo-
xygenase products. The most significant area has been cardiovascular homeostasis
which will be discussed later in terms of renal and perinatal cardiovascular homeos-
tasis.

The drawback to the use of cyclooxygenase inhibitors respecting arachidonate
diversion to lipoxygenase products can be overcome by specific inhibition of
individual pathways. This more precise approach is proving a useful method of
dissecting out the roles of the individual metabolites. The importance of thrombo-
xane synthase inhibition with the substituted imidazoles and pyrimidine was quickly
appreciated. Inhibition of prostacyclin synthase with 15 hydroperoxy eicosa-
tetraenoic acid or with tranylcypromine has been less successful. By and large the
data indicate in pathophysiological models that inhibition of thromboxane synthase
is protective to some degree but this may be related to an increase in prostacyclin
due to divergence of the endoperoxides. An example of such divergence was seen in
vitro in human peritoneal macrophages [21] as well as in vivo in baboons [22] treated
with the thromboxane synthase inhibitor OKY-1581. Aiken has provided striking
evidence for a physiological role for prostacyclin in the dog coronary circulation
[23].

An even more precise tool is the use of receptor antagonists. In this respect the
evaluation of the role of histamine is particularly instructive. Histamine was clearly
recognised as a mediator of tissue injury by Sir Thomas Lewis in his classical triple
response studies. This is the case now with respect to leukotrienes and thromboxane
in immunological and cardiovascular pathology. But in order for histamine to be



convincingly shown to have a physiological role in gastric secretion for example, it
was necessary to await the development of the H, receptor antagonist in the early
1970s by Black [24]. In the prostaglandin area an analagous situation is particularly
the case with prostacyclin. The many roles for this important metabolite have been
so strongly asserted that only a specific receptor antagonist will separate the puffery
from reality. The advantage of receptor antagonists is that they do not cause
redirection of synthesis as is seen with thromboxane synthase inhibitors for example.
It is aiso possible to manipulate prostaglandin receptors like other receptors with
thiol reagents. The prostaglandin receptors are far more sensitive to dithiothreitol for
example than acetylcholine. This approach is useful since it is reversible and
moreover the receptor can be “capped” or protected with prostanoic acid [25].

Valuable clues as to the physiological roles of endogenous substances are fre-
quently derived from glandular failure as for example in Hashimoto’s disease which
involves destruction of the thyroid glandular epithelium. Unfortunately no such
syndrome has yet been identified with respect to arachidonate synthesis. Perhaps the
nearest to such an effect is the essential fatty acid deficiency due to liver failure in
cirrhosis of the liver [26]. Defects in metabolic pathways or in the absence of
receptors also frequently provide valuable clues. A deficiency in platelet cycloo-
xygenase has been reported but this defect apparently involves only a minor
bleeding tendency [27.28]. More such defects are being reported now. For example
attention is being focused particularly on the relation of diabetes to decreased
endothelial prostacyclin synthesis {29] and possible elevation of platelet thrombo-
xane. Changes in the response of coronary artery preparations have also been
reported in experimentally induced diabetes in the dog [31].

A number of these approaches have been applied to evaluating the role of
arachidonate metabolites in perinatal physiology [32-34]. The evidence that
arachidonate metabolites have a regulatory role in fetal homeostasis is becoming well
established. This is because attention became directed to the key role of the ductus
arteriosus. The mechanism concerning the role of arachidonic metabolites in
maintaining patency is particularly interesting in that the lipoxygenase pathway does
not appear to be involved and only one cyclooxygenase metabolite may be im-
plicated namely PGE,. However, a role for both PGD, and PGI, has been also
postulated. PGD, increases cardiac output and reduces pulmonary and systemic
resistance but is only a very weak dilator of the ductus arteriosus [35]. PGD, is
particularly interesting as there is evidence that PGD, receptors appear relatively
late in gestation. Thus it is possible that PGD, and PGE, may be acting synergisti-
cally. The case for PGI, is attractive but more conjectural. It has been suggested that
if PGI, is the primary ductus vasodilator then the high pO, on delivery may destroy
the notoriously susceptible prostacyclin synthase and the loss of PGI, permits the
human ductus to be obliterated [36]. Nevertheless based upon the utility of in-
domethacin to close the patent ductus and the properties of the vascdilator cycloo-
xygenase metabolites on pulmonary vessels, as well as the ductus, there is little doubt
as to the significance of their role in perinatal hemodynamics. One additional aspect
is that the cyclooxygenase vasoconstrictor products PGF,  and TXA, may exert a
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tonic constrictor effect. This is a biochemical hypothesis with little hemodynamic
support. Nevertheless it would be easy to test in view of the availability of specific
thromboxane synthase inhibitors, as well as receptor agonists to thromboxane and
PGE,,.

A great deal of effort has been invested into determining the role of arachidonate
metabolism in the kidney. As McGiff [37] points out it 1s useful to consider two roles
for arachidonate metabolites, firstly with respect to the blood compartment and
secondly with respect to tubular mechanisms. The role of the arachidonate metabo-
lites in the regulation of the renal circulation is to protect the kidney against
powerful vasoconstrictor substances such as angiotensin II {38]. The renal vascular
vasodilator arachidonate metabolites such as PGE, are released under these circum-
stances and also following renal sympathetic activity [39,40]. Where the renal
circulation is compromised in the diseased kidney or during dehydration then
indomethacin decreases kidney function often in a reversible manner [41]. The
suggestion has been offered that this deterioration may not be entirely due to lack of
arachidonate vasodilator metabolites but may also be due to products with vaso-
constrictor effects. The effect of leukotrienes on renin release is currently being
investigated, but the vasodilator arachidonate metabolites are well known to release
renin [37-39].

The renal kallikrein-kinin [40] system has been suggested as influencing renal
hemodynamic as well as excretory function. This activity may also be linked to
arachidonate metabolites, like PGE,, since increased excretion of cyclooxygenase
products are associated with increased kallikrein-kinin excretion. However, the
physiological significance of this relationship is uncertain.

The role of arachidonate metabolites in tubular function [41,42] is more complex
although the PGE compounds were shown early on to block the effect of the
antidiuretic hormone (ADH) on transporting epithelia. The reason for the complex-
ity is the effect of PGE compounds on sodium and water transport on the one hand
and their effect in changing renal blood flow and intrarenal distribution on the
other. It is now generally believed that the role of the vasodilator metabolites is to
preserve renal homeostasis and that their effect becomes apparent when the kidney
function is compromised [43]. The problem with which one is faced is to fit into this
scheme the ADH-like effects of thromboxane [44] and the effects of the leukotrienes,
when they are properly defined. It is possible that thromboxane and leukotrienes
only become prominent in the pathological situation but this remains to be docu-
mented.

In conclusion, the oxygenation of arachidonic acid yields an extensive series of
products which are universally distributed in all animal species and nearly all cells.
These metabolites constitute a modulating system for maintaining homeostasis, e.g.
for preserving hemostasis, hemodynamic and renal function, for signalling pain, for
regulating immunological responsivity etc. One may think of them as a Claude
Bernard homeostatic hormone. The role of such a universal system needs to be
modulatory since so many substances involved in injury and inflammation interact
with it, e.g. vasoactive amines, kallikrein and kinins, clotting factors and thrombin,
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complements, plasmin, platelet activating factor and oxygen derived products.

The homeostatic role of the vasodilator cyclooxygenase products in preserving
hemostasis, and in pain, cytoprotection and immunosuppression can be readily
appreciated and to this one can add the role of thromboxane in bleeding. It may well
be that thromboxane has a very limited role probably due to its short half-life. The
role of PGF, , per se is more difficult to distinguish; an interesting view is that the
conversion of PGE, to PGF,, by the renal 9-ketoreductase is a method for
regulating PGE, concentrations [45]. This idea may have general applicability since
the enzyme is widely distributed. This type of conversion is especially interesting
since PG, is converted to its stable “mimic” 6-keto-PGE, by a 9-hydroxy dehydro-
genase [46]. Unlike the 9 keto reductase, this latter enzyme will serve to facilitate
PGI,-like activity. Another promising interaction is the stimulation of cycloo-
xygenase product formation by the leukotrienes [47]. This may be a positive
feedback to promote the formation of the adenylate cyclase stimulating vasodilator
products.

The physiological role of thromboxane is delineated by its short half-life. The
fleeting existence of this molecule serves to localize and to limit its pathogenic
properties to the microvasculature during bleeding. If the synthase were to be
induced, then physiology would change to pathology.

In summary, a primary homeostatic mechanism, which is present in most cells,
depends upon the selective oxygenation of arachidonic acid. The role of these
oxygenated products is to protect and preserve not only cells but tissues and perhaps
organs. This protection is jeopardized in trauma and multiple injury. Under these
circumstances, there is massive release of free arachidonate leading to formation of
large amounts of oxygen-related free radicals and excessive production of deleterious
arachidonate metabolites. The effect of these metabolites is mediated in part by
promoting Ca** influx. Thus one can anticipate that protection can be obtained not
only by interdicting arachidonate metabolites, but also by using Ca** blocking
agents which are now so widely available.
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1. Introduction

“The arachidonic acid content of active tissues is high... and it is natural to assume
some important role for this highly unsaturated, long chain fatty acid”. George O.
Burr and Mildred M. Burr, 1930 [1].

Around 1930, two important but seemingly unrelated observations were made.
Burr and Burr found that a deficiency state could be induced in rats on fat-free
diets, which could be prevented by addition of polyunsaturated “essential” fatty
acids to the diet [1,2]. At the same time two gynaecologists, Kurzrok and Lieb,
discovered that human semen contained a factor that could cause either strong
contraction or relaxation of human uterine smooth muscle [3]. Thirty years later,
these observations could be linked together mainly through the pioneering work of
von Euler, Bergstrom, van Dorp and their colleagues.

von Euler characterized the biological effects and the chemical nature of the
factor in semen and described it as an acidic lipid, which he named prostaglandin
[4,5]. von Euler also encouraged Bergstrom to determine the chemical structure of
prostaglandin. In 1962, Bergstrom and coworkers announced the chemical formulae
of prostaglandin (PG) E,, E, and E,, [6.7]. Two years later, Bergstrom and
collaborators and a research group led by van Dorp showed independently that
PGE, and PGF,  were formed from arachidonic acid (20:4w6), one of the most
abundant polyunsatured, long chain fatty acids in man and other mammals [8,9]. We
know today that arachidonic acid and some other essential fatty acids are precursors
of many different biologically active compounds, but it was the diverse and potent
biological actions of prostaglandins on almost all organs which stimulated the
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interest in this research field. The literature on prostaglandins has increased almost
exponentially over the last 20 years. Consequently, only a few important topics will
be covered in this chapter.

2. Structure and nomenclature

The systematic nomenclature of prostaglandins and prostagiandin metabolites is
based on prostanoic acid, a monocarboxylic acid with 20 carbon atoms, arranged as
two side chains with 7 and 8 carbons, respectively, linked to a central cyclopentane
ring (Fig. 1). Prostaglandins have functional groups with oxygen at carbons 9, 11
and 15 of prostanoic acid and also one, two or three double bonds in the side chains.
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Fig. 1. (a) The structure of prostanoic acid, the carbon skeleton of the prostaglandins, and the structure
and functional groups of the cyclopentane ring in prostaglandins A to . (b) Structures of prostaglandins
E,;. E, and F, . the first prostaglandins to be identified (cf. refs. 6, 7).
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E. (1981) Kidney Int. 19, 771-780.

Prostaglandins of the 1 series have a trans double bond in the A" position and are
thus derived from prost-13-trans-enoic acid, while prostaglandins of the 2 and 3
series have, in addition, a cis double bond at A° or ¢is double bonds at both A*> and
A", respectively. These prostaglandins are thus derived from prosta-5-cis,13-trans-di-
enoic acid and from prosta-5-cis,13-trans,17-cis-trienoic acid, respectively. As shown
in Fig. 2, monoenoic, bisenoic and trisenoic prostaglandins are biosynthesised from
the precursor acids 20:3w6 (dihomo-y-linolenic acid), 20:4w6 (arachidonic acid)
and 20:5w3 (timnodonic acid), respectively. Furthermore, the primary prostaglan-
dins all have a 15(S)-hydroxyl group, which seems to be important for their
biological activity [10,11].

Prostaglandins are also classified by the functional groups of the cyclopentane
ring. The systematic nomenclature from prostanoic acid is straightforward, but for
practical reasons the non-systematic use of capital letters to denote the ring
substituents has become widely accepted. The structures of the cyclopentane ring
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with functional groups of A, B, C, D, E, F, G, H and I prostaglandins are shown in
Fig. 1. Prostaglandins of the A, B and C type can be obtained from PGE by
dehydration and isomerisation of the introduced double bond. The suffix of F, and
F, prostaglandins indicates the orientation of the 9-hydroxyl group (« or 8). PGE,
(9-keto-11a.15(S)-dihydroxyprosta-5-cis,13-trans-dienoic acid) and PGF,,
(9a,11a,15(S)-trihydroxyprosta S-cis,13-trans-dienoic acid) as well as the E and F
prostaglandins of the 1 and 3 series are often referred to as the primary prostaglan-
dins, partly for historical reasons [6,7] and partly because they are directly derived
from the endoperoxides PGG and PGH. Some authors tend to include also PGD
among the primary prostaglandins.

Prostaglandins can be metabolised by one or two steps of S-oxidation (see below).
These metabolites are systematically named from 2,3-dinorprostanoic acid and
2,3.4,5-tetranorprostanoic acid, respectively, but are often referred to as C,, and C,
metabolites. Carbon 20 of prostaglandins may be w-oxidised to a carboxyl group,
and this side chain may then also be B-oxidised to shorter compounds. These
metabolites are often named after w-dinorprostanoic acid or w-tetranorprostanoic
acid. Other prostaglandin metabolites are sometimes described by a combination of
systematic and non-systematic nomenclature. Thus, 15-keto-13,14-dihydro-PGF, , is
often used for 9«,11a-dihydroxy-15-ketoprost-5-cis-enoic acid, etc.

It is conceivable that fatty acids other than the three precursor acids of pros-
taglandins might be substrates for the prostaglandin synthesising enzymes in some
tissues. In renal papilla, 22:4w6 (adrenic acid) is metabolised to dihomo-pros-
taglandins, i.e. prostaglandins elongated with two additional methylene units in the
carboxyl side chain [12]. Dihomo-prostaglandins are biologically active but it is not
known if they are formed in vivo. The nomenclature of thromboxanes and pros-
tacyclin (PGI,) is discussed in chapters 2 and 3 of this volume. The systematic
nomenclature of prostaglandins has been reviewed by Nelson [13].

3. Essential fatty acids

A common chemical property of polyunsatured fatty acids, which are needed to
maintain animals in healthy condition, seems to be cis double bonds at the w6 and
@9 positions [14]. Important essential fatty acids in the diet are linoleic (18:2w6)
and a-linoleic (18:3w3) acids, which both occur in plants. In the mammalian
organism, these fatty acids can be desaturated and elongated to form the “derived”
essential fatty acids, dihomo-y-linolenic acid (20 : 3w6), arachidonic acid (20 :4w6)
and timnodonic acid (20: Sw3), the three precursor acids of prostaglandins (Fig. 2,
see also Fig. 11). The derived essential fatty acids can also be obtained in the diet.
Arachidonic and dihomo-y-linolenic acids occur in animal tissues timnodonic acid in
fish. The mammalian organism cannot introduce double bonds at the w3 and w6
positions of long-chain fatty acids, which partly explains why fatty acids of the w3
and w6 series must be provided in the diet (see refs. 15-18 for reviews). These fatty
acids are also essential to man, however, deficiency states can only be induced by
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parenteral nutrition or by an extreme dietary regimen [19,20].

Polyunsaturated fatty acids are normal constituents of phospholipids in cell
membranes and seem to be of importance for maintaining the fluidity of the
membranes [21,22]. Polyunsaturated fatty acids are esterified to glycerophospholi-
pids almost exclusively in the 2-acyl position [23-25]. Arachidonic acid is the most
abundant of the prostaglandin precursor acids in almost all tissues. A variety of
different stimuli lead to liberation of arachidonic acid from the glycerophospholi-
pids, presumably mainly through hydrolysis by phospholipase A, [26]. The con-
centration of free arachidonic acid in unstimulated cells ts normally very low, and
the liberation of arachidonic acid is therefore considered to be the rate-limiting step
in biosynthesis of prostaglandins and possibly other oxygenated metabolites of
arachidonic acid. The mechanisms controlling arachidonic acid release are of consid-
erable biological importance, and some of them are summarised in Figs. 3 and 4.
This topic was recently reviewed by Irvine {23].

In resting tissues, arachidonic acid is presumably to a large extent rapidly
esterified with CoA at the expense of ATP and then transferred into the 2-acyl
position of phospholipids (e.g. lysophosphatidylcholine). Free arachidonic acid is
thus in equilibrium with its arachidonoyl esters, and the formation of the latter
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seems to be favoured {23,25,27,28]. It is possible that in stimulated cells a decrease in
the formation of these esters may contribute to an increased level of arachidonate
[23,28].

In platelets or other cells, stimulated by thrombin, bradykinin, ischaemia or by
other means, there is an increased release of arachidonic acid, presumably to a large
extent derived from hydrolysis of phospholipids (e.g. phosphatidylethanolamine,
phosphatidylcholine and phosphatidylinositol). Phosphatidylethanolamine and phos-
phatidyicholine are generally believed to be hydrolysed by phospholipase A, [26],
while phosphatidylinositol is hydrolysed by phospholipase C and then by other
lipases as discussed below. It is not known whether activation of these lipases are
primary or secondary events in cell activation [23]. The activity of phospholipase A,
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seems to be increased by the presence of Ca?™, at least in vitro, and may also be
regulated by a sequential methylation of phosphatidylethanolamine in membranes as
proposed by Axelrod and coworkers [29]. The latter process, called phospholipid
methylation, may increase Ca?* transport over membranes and may thus stimulate
Ca’"-coupled cell reactions (see ref. 29 for review and refs. 30 and 31 for critical
comments).

The hydrolysis of phosphatidylinositol may be of special biological interest
[32,33]. This phospholipid consists largely of I-stearoyl-2-arachidonoyl-glycero-3-
phosphoinositol in many tissues (e.g. platelets, brain, liver and mouse pancreas
[34,35]). Stimulation of several endocrine or exocrine glands has been found to
involve an increased turnover of this phospholipid and formation of phosphatidic
acid (see ref. 33 for review). This “phosphatidylinositol response” might be im-
portant for hormone induced mobilization of Ca®*, at least in some tissues (see refs.
33, 36, 37 and for critical comments refs. 38 and 39).

The mechanism of an increased phosphatidylinositol metabolism has been studied
in platelets stimulated with thrombin in some detail. Thrombin stimulation leads to
formation of the 1,2-diacylglyceride and inositol phosphate through hydrolysis by
phospholipase C (Fig. 4). According to Majerus and coworkers, the diacylglyceride is
then hydrolysed by a diglyceride lipase with liberation of arachidonic acid [35,40]. In
contrast, Lapetina and his colleagues [41,42] propose that the diacylglyceride is
phosphorylated to phosphatidic acid, a likely calcium ionophore {43], which in turn

Cortico -
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Fig. 5. Mechanism of action of corticosteroids and a non-steroidal anti-inflammatory drug (indomethacin)
on cellular metabolism of arachidonic acid. Treatment with corticosteroids induces synthesis of lipomod-
ulin or macrocortin, which inhibits the release of arachidonic acid from phospholipids. Indomethacin
inhibits the enzyme fatty acid cyclo-oxygenase and thus the formation of all prostaglandins and
thromboxanes.
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leads to a Ca®' mobilisation, stimulation of phospholipase A, and release of
arachidonic acid from the phospholipids. Phosphatidic acid may then be converted
to phosphatidylinositol by the phosphatidylinositol cycle (Fig. 4). Arachidonic acid
can be released from phosphatidylinositol by these mechanisms in many other cells
[44-46).

In 1975, Gryglewski and coworkers demonstrated that glucocorticoids reduced
the availability of free arachidonic acid in responsive cells [47). Similar findings were
reported by Hong and Levine [48]. These observations have now been confirmed and
the mechanism has been studied in detail by Flower and Blackwell [49) and by
Hirata et al. [SO]. Treatment with corticosteroids induces synthesis of proteins that
inhibit phospholipase A activity, and these proteins have been isolated from macro-
phages and neutrophils. They have been named macrocortin (from macrophages) or
lipomodulin (from neutrophils) but physicochemical investigations indicate that the
proteins might be identical [23]. The likely sequence by which glucocorticoids induce
synthesis of proteins that inhibit arachidonic acid release is summarised in Fig. 5.

In summary, arachidonic acid is rapidly liberated from and reesterified into
phospholipids, but a fraction of the released arachidonic acid can also be oxygenated.
The profile of oxygenated metabolites formed seems to be specific for different cell
types and organs, but it is also influenced by numerous other factors.

4. Oxygenation of essential fatty acids

An obstacle in the study of the enzymatic oxygenation of polyunsaturated fatty acids
1s the fact that these acids can be non-enzymatically transformed to hydroperoxides
and many other products [51]. Hematin and hematin-containing compounds, e.g.
hemoglobin, myoglobin or cytochromes, catalyse the non-enzymatic formation of
lipid hydroperoxides. Hydroperoxides may also be formed when unsaturated fatty
acids are exposed to air. This autooxidation of polyunsaturated fatty acids is
stimulated by light and heat and may eventually lead to complete consumption of
the fatty acids.

Autooxidation of arachidonic acid leads primarily to six cis,frans-conjugated
diene hydroperoxides as the major products {52]. The first step in their formation is
the removal of a hydrogen, which is attached to carbons 7, 10, or 13 of arachidonic
acid. The hydrogen is abstracted by a free radical mechanism, which leads to the
formation of a radical with the W conformation (52,53]. In the next step, a
hydroperoxy group is introduced at carbons 5, 8, 9, 11, 12 or 15, and a cis,trans-con-
jugated hydroperoxide is formed. The reaction mechanism is outlined in Fig. 6.
5-Hydroperoxyeicosatetraenoic acid (5-HPETE) and 9-HPETE are thus formed by
hydrogen abstraction at carbon 7. An initial removal of hydrogen at carbon 10, in
analogy, leads to the formation of products oxygenated at carbon 8 or 12, etc.

The cis, trans-conjugated hydroperoxides are the major products of autooxidation,
but hydroperoxides with the trans,trans-configuration can also be formed. This
mechanism has been studied by Porter et al. [52,53]. Oxygen addition seems to be
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C. The enzymatic sequence in cytochrome P-450 mediated oxygenation. The first electron is donated from
NADPH via the flavoprotein (Fp) NADPH-cytochrome-P-450-reductase, while the second electron
comes either from NADPH or NADH. In this way the monooxygenase enzymes introduce one oxygen
from air into the substrate.

reversible. 15-HPETE (cis.trans), for example, may lose OOH but the radical formed
may now have two possible configurations, since the substituents at carbon 15 of
15-HPETE were free to rotate. One radical has the initial W configuration, while the
other one has an isomerized configuration. The latter may be converted to the
trans,trans hydroperoxide by addition of oxygen at carbon 11 (formation of
trans,trans 11-HPETE). Obviously, the trans,trans conjugated products can be ex-
pected to be formed only in very small amounts.

Autooxidation of arachidonic acid and other polyunsaturated fatty acids may also
lead to the formation of even more complex compounds. Prostaglandins, monohy-
droxy-epoxy-eicosatrienoic acids and other products have been described [54-57].
The formation of prostaglandins by the action of a plant lipoxygenase on arachidonic
acid has also been reported {58].

Arachidonic acid is the biologically most interesting essential fatty acid of the w6
series. Besides the normal B-oxidation, the common fate for all fatty acids in the
body, arachidonic acid can be enzymatically oxygenated by three different enzyme

types (Fig. 6):
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(1) by lipoxygenases to form hydroperoxyeicosatetraenoic acids (e.g. S-HPETE or
12-HPETE);
(2) by fatty acid cyclooxygenase to form prostaglandin endoperoxides; and
(3) by monooxygenases, which metabolize arachidonic acid by w!l and «2 hydrox-
ylation, and by w6, w9, w12 and w15 epoxidation.
The two former routes give biologically active compounds of great biological
importance, viz. the prostaglandins, thromboxanes, prostacyclin and leukotrienes.
Some tissues are particularly rich in other polyunsaturated fatty acids. Thus,
20:3w6 is abundant in ovine vesicular gland, 22:4w6 in lapine renal papilla,
22 :5w6 in the testis and 22 : 6w3 in the brain of some species [15-18]. Interestingly,
the docosatetraenoic acid (22:4w6) can also be metabolised to biologically active
compounds in the renal papilla (dihomo-prostaglandins and -thromboxanes) in
vitro, however these products were less active than the corresponding prostaglandins
on adenylate cyclase activity [12].

5. Biosynthesis and metabolism of prostaglandin endoperoxides

The enzyme fatty acid cyclooxygenase, that catalyses the biosynthesis of pros-
taglandin endoperoxides, has been demonstrated in almost all animal tissues [59].
The enzyme is particularly abundant in seminal vesicles, lungs and renal medulla.
The cyclooxygenase catalyses a complex reaction, the mechanisms of which were
elucidated by Samuelsson and Hamberg (see ref. 60 for review). A thorough
description of the enzyme fatty acid cyclooxygenase is given in chapter 5 of this
volume.

Fig. 6A shows the principal steps in the biosynthesis of prostaglandin endoper-
oxides. The first step is the stereospecific removal of a pro S hydrogen at carbon 13
and introduction of molecular oxygen at carbon 11 with a shift of the 11-cis double
bond to the 12-trans position. In the next step the peroxide group, introduced at
carbon 11, attacks carbon 9, leading to the formation of a peroxide between carbons
9 and 11. Simultaneously, ring closure between carbons 8 and 12 leads to the
formation of the cyclopentane ring. Finally, the 14-cis double bond is shifted to the
13-trans position and a hydroperoxy group is introduced at carbon 15. This reaction
sequence was elucidated in 1965-1966 (see ref. 60 for review). The existence of an
intermediary prostaglandin endoperoxide was postulated by Samuelsson from ex-
periments using '°0,/'#0O, mixture [61].

Eight years later, two groups, i.e. Hamberg and Samuelsson, and Nugteren and
Hazelhof, were independently able to isolate the postulated intermediates. In fact,
two endoperoxides were identified: 9a,1la-peroxido-15(S)-hydroperoxyprosta-5-
cis,13-trans-dienoic acid (PGG,) and 9a,lla-peroxido-15(S)-hydroxyprosta-5-
cis,13-trans-dienoic acid (PGH,) [62,63]. As could be expected, the endoperoxides
were unstable in aqueous media and decomposed with a half-life of 4-6 min into
stable prostaglandins. The endoperoxides were found to possess considerable bio-
logical activity. Among other activities, they contract certain smooth muscles and
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induce platelet aggregation. Furthermore, it soon became evident that the endoper-
oxides could also be transformed into products other than prostaglandins. Sys-
tematic studies on their biological activities and their metabolism led to the dis-
covery of thromboxanes and prostacyclin (Chapters 2 and 3).

Fatty acid cyclooxygenase also seems to catalyse the enzymatic conversion of
PGG to PGH since so far the cyclooxygenase (leading to PGG) and the hydroxyper-
oxidases (reduction of the hydroperoxy group at C-15) enzyme activities have not
been separated [64-66]. The hydroperoxidase reaction may lead to transfer of
oxygen from PGG, into drugs, at least in vitro (refs. 67, 68, and see ref. 69 for
review). By this mechanism, toxic drug metabolites may be formed in the presence of
arachidonic acid and fatty acid cyclooxygenase, and this “‘cooxygenation” might
account for some toxic effects of paracetamol and other drugs in the kidney and the
urinary tract [70].

The classical prostaglandins, E, D. and F, are subsequently formed from the
endoperoxides in enzymatic or non-enzymatic reactions. The endoperoxides are
either isomerized to a B-hydroxy ketone (E and D type prostaglandins) or reduced to
a 1,3-diol (PGE,). Factors catalysing these conversions are described in chapter 5.
Isomerisation to E prostaglandins occurs in the lung, the renal medulla and in many
other tissues. Isomerases that transform endoperoxides to D prostaglandins, have,
for example, been found in the cytosol of tissues from the central nervous system
[71]. Formation of PGD, also occurs in mast cells, platelets and other cell types
[72,73]. F prostaglandins are presumably to a large extent formed by non-enzymatic
reduction of the endoperoxides [73].

6. Biological effects of prostaglandins
(a) General

Von Euler noted in his early studies that “prostaglandin” caused contractions of
several different smooth muscle preparations and lowered the arterial blood pressure
in the rabbit {4,5). When prostaglandins became generally available for pharmaco-
logical studies, this research area expanded rapidly. 1t soon became apparent that
prostaglandins could affect almost all body functions, at least in pharmacological
doses. Indeed, the broad spectrum of prostaglandin effects has been described as
“bewildering” and “awesome”, and it seems today that there is hardly a single organ
or function in the body that has not been shown to be influenced one way or other
by prostaglandins.

If, for simplicity, we choose to focus on one single type of effect, for example
smooth muscle contractility, the field unfortunately remains disturbingly complex.

First, different PGs may have opposite effects on the same organ: prostaglandins
of the E type are bronchodilators whereas the F compounds are bronchoconstric-
tors; the cervix of the uterus is relaxed by PGEs but contracted by PGFs.

Second, the same compound may have different effects in different parts of an
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organ: PGE, may, for example, contract the corpus of the uterus and at the same
time relax the cervix; prostaglandins of the E type may contract the longitudinal
muscle of the gastrointestinal tract and simultaneously relax the circular muscle.

Third, an organ may respond differently during different physiological or patho-
logical conditions. For example, the uterus is known to react differently during the
various phases of the menstrual cycle and also during pregnancy.

Fourth, one compound may exert opposite actions in different species: as an
illustration, PGF,_, has been found to lower the blood pressure in rabbit and cat,
whereas it acts as a weak pressor in man, rat and dog.

Fifth, opposite effects can sometimes be registered with different concentrations
of the same compound: low amounts of prostaglandins of the E type have proin-
flammatory effects, whereas high amounts are antiinflammatory.

Finally, it has even been found that two prostaglandins belonging to the same
type (but differing in degree of unsaturation) may exert opposite actions: PGE,
causes an increase in platelet cyclic AMP whereas PGE, lowers the cAMP levels,

The wide range of biological effects of these compounds may also be illustrated
by the following, very incomplete list of activities that have been registered for one
single compound, PGE, (ignoring species, dose, and tissue differences):

PGE, contracts smooth muscle in general, lowers arterial blood pressure, inhibits
gastric acid secretion, exerts cytoprotection of gastric mucosa, inhibits platelet
aggregation, raises cAMP levels in most cell types but lowers cAMP in bladder
epithehum and adipose cells, induces vascular leakage, produces fever, dilates
bronchi, stimulates pancreatic secretion, blocks resorption of sodium and water in
the gastrointestinal tract, counteracts the effects of vasopressin on the distal tubules
of the kidney, inhibits lipolysis, stimulates bone resorption, induces vasodilation in
many vascular beds, etc. It should be noted, however, that in some cases effects are
registered only by using pharmacological doses of the prostaglandin. Fig. 7 may
serve as an illustration to the great complexity of this field.

In spite of this bewildering complexity of biological actions of the prostaglandins,
their roles in certain organs and /or physiological processes have been relatively well

PGE2 PGA2 PGD2 PGb PGF2a PGHZ TXAZ
(1ng) (10ng) (5ng) (10ng) (20ng) (4Ong) (20mg)

L A A a4

RbSS

v v Vv
RbCA v vV - ‘\f -~ ‘/\/‘ ‘f\
RSS JU —_ S\ -/L A S

Fig. 7. Profile of responses of three isolated bioassay tissues, the rabbit transverse stomach strip (RbSS),
rabbit coeliac artery (RbCA) and rat stomach strip (RSS) superfused in cascade, to several arachidonic
acid metabolites. Reproduced with permission from Whittle, B.J.R., Mugridge, K.G. and Moncada, S.
(1979) Eur. J. Pharmacol. 53, 167-172.
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established. If we restrict our discussion to a few organ systems, the area can be
more easily comprehended.

A substantial part of our knowledge stems from studies on, first, the direct effects
of the prostaglandins as described above or the effects of prostaglandin precursors;
second, from measurements of prostaglandin levels in body fluids or tissues; and
third, from registered biological effects of inhibitors of prostaglandin biosynthesis.

In 1971, Vane and collaborators made the important discovery that aspirin,
indomethacin and other non-steroidal antiinflammatory drugs (NSAIDs) were potent
inhibitors of prostaglandin synthesis by a direct action on fatty acid cyclooxygenase
[74-76). NSAIDs have many other pharmacological effects in common but their
effect on prostaglandin synthesis seems to correlate well with their efficiency in
various inflammatory disorders. This discovery led to a renewed interest in the
biological effects of NSAIDs and made studies on the physiological effects of
prostaglandin synthesis inhibition possible (for reviews, see refs. 77 and 78).

NSAIDs soon found novel use in many clinical conditions. Patency of the ductus
arteriosus in neonates, mastocytosis, dysmenorrhoea and other conditions are often
remarkably improved by these drugs. At the same time, many adverse effects of
NSAIDs can be interpreted as due to inhibition of prostaglandin synthesis. In
gynaecology, for example, NSAIDs were thus found to delay parturition and cause
haemorrhagic complications in the mother, and to induce premature closure of the
ductus arteriosus in the infant (for reviews see refs. 79 and 80).

Prostaglandins of the 2-series, which are derived from arachidonic acid, are
quantitatively dominating in most tissues. The consensus seems to be that these
prostaglandins may also be of the greatest biological importance. Prostaglandins of
the 1 and 3 series may be formed in many organs. The fatty acid 20:3w6 is
abundant in seminal vesicles, and prostaglandins, which are derived from this fatty
acid (PGE,, PGF,,) also occur in semen of several species. Let us now consider
some of the most conspicuous actions of prostaglandins on various organs, keeping
in mind that species variations are common.

(b) The reproductive system

It was the high concentration of prostaglandins in seminal fluid that originally led to
their discovery [3-5]. Levels of certain prostaglandins in normal human seminal
plasma are in the order of magnitude of several hundred pg/ml [81-84], which is at
least 106 fold the prostaglandin concentration in other biological fluids [cf. 85]. It is
therefore surprising that the physiological roles of prostaglandins in semen are still
largely unknown. Actions in the male as well as the female reproductive tract have
been implicated [86]. In spite of our lack of knowledge of such roles, however, the
prostaglandins have proved to be of great interest in obstetrics and gynaecology, and
this area was the first one where the prostaglandins were employed as pharmacologi-
cal tools [87].

Prostaglandins of the F type contract and prostaglandins of the E type relax
human uterine smooth muscle in vitro [88,89]. Given intravenously, both E and F
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compounds elicit a prompt increase in uterine tonus with superimposed labour-like
rhythmic contractions [90]. The first clinical application of prostaglandins, intro-
duced in the late 1960s, was induction of labour at term [91,92]. Large amounts of
endogenously produced prostaglandins have also been detected during normal,
spontaneous labour [93-96]. That this endogenous production of prostaglandins is
of considerable importance for normal labour is demonstrated by the well known
prolonged duration of gestation as well as prolonged and inefficient labour that
occur after intake of prostaglandin synthesis inhibitors towards the end of preg-
nancy [97]. Prostaglandins produced in excess by the human uterus may also be
responsible for the hypercontractility of this organ found in dysmenorrhoea [98].

Of special interest is the unique effect of prostaglandins to induce abortion in the
first and second trimester of pregnancy [99,100], and various prostaglandin ana-
logues have now been developed that increase efficiency and reduce side effects
when employed as abortifacients [101-104].

Prostaglandins are also of importance in animal reproduction. PGF,, has been
identified as the endogenous luteolytic hormone in many species [105,106], and
administration of this prostaglandin or certain similarly acting analogues is now
frequently used to synchronise estrus in domestic animals and thereby to increase
the efficiency of artificial insemination [107].

For recent reviews on the roles of prostaglandins in reproduction, see e.g. refs.
108 and 109, and on prostaglandins in therapeutic use in human reproduction, e.g.
refs. 79, 90, 110 and 111.

(c) Kidney function

The importance of essential fatty acids for maintaining renal function was described
in one of the classical papers by Burr and Burr [1], who found the most common
cause of death in essential fatty acid deficient animals to be renal failure. In spite of
this early observation, more than 30 years elapsed before formation of prostaglan-
dins in the kidney was discovered [112,113].

The renal medulla of several species has a very high capacity to form PGE,,
PGF,,, PGD, and PGI, [114-117]. The medullary prostaglandin synthesis is in-
fluenced by the sodium balance, and changes in prostaglandin biosynthesis may
affect medullary blood flow and the osmotic gradient in the papilla [118-121].
Medullary prostaglandins may also counteract the tubular effects of vasopressin
[122,123], while inhibition of prostaglandin synthesis by NSAIDs will augment the
effects of this hormone [124]. The influence of prostaglandins on renal water
excretion has recently been reviewed [125].

The renal cortex has a much lower capacity to form classical prostaglandins than
the medulla [120,126,127], but the cortical vascular endothelium forms PGI, in
relatively high amounts [120,127]. PGD,, PGE, and PGI, are potent renal vasodila-
tors when infused into the renal artery [116,128,129]. The arterial levels of these
prostaglandins are very low, and studies with NSAIDs to inhibit prostaglandin
biosynthesis indicate that prostaglandins are of little importance for maintaining
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renal blood flow under normal conditions [128]. Under the influence of vasoconstric-
tor hormones, e.g. angiotensin II, or when the blood flow is compromised by other
methods, prostaglandins seem to be of greater importance, as NSAIDs may then
profoundly reduce renal blood flow [128]. NSAIDs should thus be used with caution
in patients with renal disease {130,131].

Cortical prostaglandins have also been implicated in the control of renin release.
NSAIDs have been found to suppress renin secretion following many stimuli, while
prostaglandins may augment renin release (see refs. 128, 132 and 133 for reviews).
NSAIDs have also been used with success to reduce the hyperreninemia of Bartter’s
syndrome [134]. For general reviews on the roles of prostaglandins in the kidney, see,
e.g. refs. 128, 132, 133 and 135.

(d) Platelets

The prostaglandin endoperoxides, PGG, and PGH,, are both potent inducers of
platelet aggregation and the release reaction [136,137]. The compounds are both
efficiently converted by the platelets into the even more potent proaggregatory
thromboxane A, [138], and the question whether the endoperoxides exert their
aggregatory action per se or via TXA, formation has still not been conclusively
settled [139,140].

The classical prostaglandins also affect platelet aggregation although they are
usually inhibitory. PGE, and PGD, are potent inhibitors of platelet aggregation,
presumably by increasing the concentration of cyclic AMP [141-144]. The inhibitory
effect of PGE, persists, however, after the level of cyclic AMP has declined. The
increased levels of cyclic AMP can therefore only partly explain the effects of PGE,.

The most potent inhibitory prostaglandin is, however, PGI, [145]. Since platelet
function is thus more influenced by the mutually antagonistic compounds, TXA,
and PGl,, than by other compounds in this field, this topic will be discussed more in
detail in the subsequent two chapters.

(e) Gastrointestinal functions

E prostaglandins suppress gastric acid secretion in man and in experimental animals
[146-148]. In lower doses, which do not inhibit gastric acid secretion, some pros-
taglandins also have specific protective effects on the gastric mucosa against many
noxious stimuli [149]. This effect has been demonstrated in man as well as in
experimental animals [150]. Gastrointestinal bleeding induced by acetylsalicylic acid
or indomethacin treatment can be prevented by oral administration of prostaglan-
dins, particularly of the E type [150,151]. This cytoprotective effect can also be used
to accelerate healing of duodenal ulcer in man [152]. For reviews on the antacid and
cytoprotective effects of prostaglandins, see refs. 146, 150, 153 and 154.

The prostaglandins also exert various effects on the intestines. As was mentioned
above, prostaglandins of the E type may stimulate the longitudinal muscle layer but
relax the circular layer. This has been found both in animals and in man [155,156].
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Prostaglandins of the F and D type generally contract both types of muscle,
however, both regional and species differences occur [157.158].

Gastrointestinal cramps and diarrhoea were among the first side effects to be
noted when prostaglandins were employed in gynaecological practice [159,160]. Part
of these actions may be attributed to such direct effects of prostaglandins on the
gastrointestinal muscle layers. However, besides these effects on motility, the pros-
taglandins also influence water and electrolyte transport across the intestinal mucosa,
thus enhancing the diarrhoea [161,162]. PGE,, PGE, and PGF,, inhibit reabsorp-
tion of water and electrolytes in the small intestine, leading to enteropooling. Other
compounds, such as PGD, and PGI,, exert the opposite effects [153]. It has been
postulated that, e.g., the strongly diarrhoea-inducing cholera toxin and prostaglan-
dins of the E type may act via a common mechanism, viz. increasing the cAMP
content of the intestinal mucosa [163,164].

(f) The vascular system

Many autacoids have effects on the circulatory system. This is also the case with
many prostaglandins. Among the first effects to be registered was the vasodilating
activities of the E prostaglandins (review, ref. 165). Infusion of prostaglandins of the
E type lowers the arterial blood pressure in most species [166,167]. Due to the rapid
metabolic inactivation of prostaglandins in most tissues and organs (see below), it is
however unlikely that these compounds are circulating hormones and thus that they
affect the circulation in general. However, locally generated prostaglandins may well
have effects on the microcirculation, both under normal conditions and in certain
pathological processes. Many stimuli, for example ischaemia and inflammation, are
known to increase prostaglandin biosynthesis, and in such situations, prostagiandins
may affect the local blood flow and vascular permeability (review, ref. 133).

The potent vasodilatory effects of PGE, have been used with success in treatment
of severe forms of Raynaud’s disease as well as vascular insufficiency in systemic
sclerosis and other connective tissue diseases [168]. PGE, and PGE, also relax the
ductus arteriosus of newborns. Infusions of PGE, (50 ng/kg,/min) to newborns with
certain cardiac malformations, which make the persistence of the ductus essential for
the systemic or pulmonary circulation, improves the clinical condition and allows
surgery to be delayed to a more suitable time (see ref. 169 for a review). The tone of
the ductus arteriosus seems to be balanced between the constrictor effects of oxygen,
possibly also other vasoconstrictor substances, and the dilatory effects of pros-
taglandins formed intramurally [170]. Inhibitors of prostaglandin biosynthesis have
been used to induce closure of patent ductus arteriosus of newborns, and in most
cases the conventional surgical treatment could be omitted [171]. For reviews on the
role of prostaglandins in the vascular system see refs. 133, 165, 172 and 173.

(g) The respiratory system

The lung has long been recognized as one of the major sites of both biosynthesis and
metabolic inactivation of prostaglandins [6,174-178]. The possible physiological or
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pathophysiological roles of prostaglandins in the complex functions of the respira-
tory system, being of both respiratory, vascular and metabolic nature, have conse-
quently been extensively studied (for reviews, see e.g. 179~182). Only one aspect will
be dealt with here, viz. the possible involvement of prostaglandins in human
bronchial asthma.

PGFE,, contracts and PGE, generally relaxes bronchial smooth muscle in vitro in
many species, including man (reviews, refs. 180 and 182). Asthmatics were found to
be particularly sensitive to PGE,_ [183], and a release of PGF,, was demonstrated
during allergen provoked asthma attacks [184]. Because of these findings, a role for
the bronchoconstrictor PGE, , in human asthma was postulated. Later it was found
that the endoperoxides, and still later TXA,, were considerably more potent
bronchoconstrictors [185,186], and consequently these compounds were then be-
lieved to be more important in asthma than PGF,,. Thromboxane formation in
human asthmatic lung has also recently been demonstrated [187]. Research in this
field has however been considerably hampered by the lack of a suitable animal
model. One frequently employed approximation is pulmonary anaphylaxis in the
guinea pig, and numerous studies have appeared where the roles of arachidonate
metabolites in this condition have been investigated (e.f. refs. 188-191). However,
certain differences exist: for example, thromboxane seems to be biosynthesized
much more by the guinea pig anaphylactic lung than by the human asthmatic lung
[187-194]. Also, the fact that aspirin and other NSAIDs are generally ineffective in
the treatment of human asthma, contradicted the postulated importance of cyclo-
oxygenase products in this disease. Certain corticosteroids, on the other hand, are
powerful tools in the treatment of this disease. This discrepancy between the effects
of two types of compounds, both known to inhibit prostaglandin formation although
at different levels (see above), led to the hypothesis that other, even more potent
bronchoconstrictors might be formed from arachidonic acid, but via pathways
separate from the cyclooxygenase catalysed step. That this was indeed the case was
demonstrated when the cysteinyl containing leukotrienes were identified [195-197];
these compounds are now believed to be primarily responsible for the symptoms of
human asthma [187,198-200].

The possible roles of the prostanoids in the lung are further discussed in Chapter
2.

(h) The nervous system

A number of procedures are known to cause release of prostaglandins in the brain.
Electrical stimulation, trauma, hypoxia, ischaemia, hypoglycemia, convulsion, pyro-
gen fever all cause a rapid increase in free arachidonic acid and stimulation of
prostaglandin biosynthesis. For general reviews of eicosanoids in the nervous system,
see refs. 201-203.

Considerable species differences exist with respect to the pattern of prostaglan-
dins formed in the nervous system. In mice and rats PGD, is by far the dominating,
with lower levels of PGF, , and PGE, [204-206]. PGF, , dominates in the dog and in
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man [207,208], PGE, in the cat [209] and thromboxane B, in the guinea pig [210].
Some studies indicate a greater synthesis in the brain of female animals [210,211].

Higher capacity to form prostaglandins have been noted in some brain areas,
notably in the hippocampus, the median eminence, pineal gland and pituitary
[206,212]. In the rat and human cerebral blood vessels a high capacity for PGI,
production was noted [208,213,214]. It is believed that high levels of 6-keto-PGF,, in
cerebrospinal fluid could originate from vascular tissue [215].

The prostaglandins in the nervous system have been implicated to have physio-
logical roles in temperature regulation, brain circulation and possibly in neuromodu-
lation [201]. The administration of prostaglandins of the E-series intraventricularly
has been shown to have sedative effects in rodents and chickens [216). In the mouse,
a dose-dependent inhibition of picotoxin and pentahazol induced convulsion was
observed [217,218]. In the cat prostaglandins inhibited penicillin induced seizures
[219]. The mechanism of the anticonvulsive action of PGE compounds is not clear.

Prostaglandins of the E series have been suggested to mediate pyrogen fever
(reviews, refs. 220, 221). Four lines of evidence support this hypothesis. First, a
release of PGE-like activity has been observed during pyrogen fever in the cat.
Second, endogenous pyrogen stimulates brain prostaglandin biosynthesis. Third,
injection of small amounts of PGE, or PGE, in the anterior hypothalamus elicits
fever. Fourth, inhibition of the brain cyclooxygenase by indomethacin or aspirin
reduces both pyrogen fever and prostaglandin levels in the cerebrospinal fluid.
However, several critical counterarguments have been raised (see refs. 203 for
references). Lesions in the anterior hypothalamus reduce PGE production but not
pyrogen fever. Criticism has also been raised at the unspecific methods used to
measure PGE compounds in cerebrospinal fluid. Furthermore, aspirin, which in-
hibits prostaglandin formation in the periphery, does not appear to cross the blood
brain barrier [222], and paracetamol, which is an excellent antipyretic drug, is only a
weak inhibitor of fatty acid cyclooxygenase.

Vasodilating prostaglandins may play a role in maintaining cerebral blood flow.
The evidence is based on the high capacity of brain blood vessels to form vasodilat-
ing eicosanoids [208,213,214] and the fact that the increase in cerebral blood flow
due to hypercapmnia is reduced by indomethacin treatment [223-225]. It has therefore
been suggested that prostacyclin could serve as a link between cerebral metabolism
and blood flow. However, the results could not be reproduced using other inhibitors
of the fatty acid cyclooxygenase [226,227], and the role of prostaglandins in the
maintenance of brain blood flow is not clear at present.

Eicosanoids have been suggested to play a part in the pathophysiology of several
diseases of brain circulation, such as intravascular aggregation in transient ischaemic
attacks (TIA) and in the severe vasospasm occurring after subarachnoid haemorr-
hage (for review see ref. 228).

Prostaglandins have also been suggested to have a modulating function on
neuronal activity. Administration of exogenous PGE compounds has been shown to
have an inhibitory effect on adrenergic neurotransmission in the peripheral nervous
system [229]. This could be shown to be due to an inhibitory effect on norepineph-
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rine release. Conversely, inhibition of prostaglandin biosynthesis led to an enhanced
release of norepinephrine following nerve stimulation. Hedqvist has put forward the
hypothesis that prostaglandins may be responsible for negative feedback control in
sympathetic neurotransmission [229]. However, doubt has been raised as to the
generality of this phenomenon, which for instance has not been shown to occur in
the brain (for discussion see ref. 201).

Prostaglandins of the D type can also depress sympathetic neurotransmission
[230] in the cat and increase the activity of brain adenylate cyclase [231]. The
physiological relevance of these findings may, however, be limited because of the
very low synthesis of PGD, in the cat and human nervous system [206,208,232].

Roles have been proposed for the prostaglandins in schizophrenia [233), mano-
depressive psychosis [234], alcoholism [235], migraine [236] and in the mechanism of
action of psychotropic drugs including cannabis [237]. It is evident that such
suggestions are highly speculative at the present stage of knowledge.

7. Metabolism of prostaglandins

In view of the high biological potencies of most prostaglandins, it is not surprising
that most tissues are endowed with enzymes that rapidly and extensively inactivate
the compounds by metabolic degradation. The organs mainly responsible for pros-
taglandin uptake and metabolism are the lungs, liver and kidney. This was first
demonstrated in studies employing whole body autoradiography of animals given
3H-labeled prostaglandins [238,239]. These were followed by studies on each specific
organ from several species (lung, refs. 240-249; liver, refs. 250-253; and kidney,
refs. 254-259), as well as on numerous other organs and tissues.

Still later, a number of in vivo studies were carried out in many species, which led
to the identification of a large number of final degradation products excreted into
urine (e.g. the rat, 260-265; guinea pig, 266—268; rabbit, 269; monkey, 270, 271 and
man, 272-278) (cf. also Fig. 8). The structures of major circulating prostaglandin
metabolites were also identified [272,278,279-281].

In general, the initial metabolic attack converts the 15-hydroxyl of the pros-
taglandin into a keto group [240,251,282] (Fig. 9), which considerably reduces the
biological activity of the compound [10, 283-287]. This reaction is followed by
enzymatic reduction of the A'* double bond which further reduces the potency of the
metabolites. In fact, the products of these two reactions, the 15-keto-13,14-dihydro
prostaglandins (Fig. 9), are biologically essentially inactive (10, 283-287].

The first reaction is catalysed by the enzyme 15-hydroxyprostaglandin dehydro-
genase (EC 1.1.1.141) (15-PGDH), which is particularly abundant in the lung,
kidney, spleen and placenta [288-291], but which occurs in lower amounts also in
many other cell types and tissues {288,289,292,293]. Even microorganisms have been
reported to carry out this metabolic step [294]. The 15-hydroxyprostanoate dehydro-
genase has been studied extensively: for a review, see e.g. ref. 293 (see also Chapter 5
of this volume).



20

Cog ACIDS Cig ACIDS Cqg ACIDS Cq, ACIDS
Ho, Ho, HO,
/~S—=—""CO0H =" COOH WS COOH
N \ COOH COOH
HO OH HO ) Ho'
HO, HO, HO,
I~ ="COOH e COOH Yo~ COOH
@\/YVVCOOH Q\/\B/\/\/COOH O\/\r(vCOOH
) 0 no' o' 0
HO, HO, HO
OH OH
& & &
HO' H OH HO 0 no' ¢}
PGF,y
Ho@ HO,/ HO,;
SO SOWNiy S oSy
& @\W\/V
HO 0 Ho" o] HO' o]
HO, HO, HO,
S Oui SOwiy) QT
N N N
HO OH no' OH HO oH
H HO, HO,
%, W= COOH o~ COOH I COOH
O\/Y\/\/COOH O\/Y\/\/COOH
HO OH HO' OH o' o
0
HO,

*,

IS ~COOH
Ho o

o]

Fig. 8. Structures of urinary metabolites of prostaglandin F,, in the human.

Dehydrogenation of the 15-hydroxyl group of a prostaglandin that has reached
the blood stream is a very rapid process. Thus, a prostaglandin injected into one
cubital vein of a human subject is converted almost quantitatively into 15-keto
metabolites during one single passage through the pulmonary circulation, i.e. in
blood samples taken from the contralateral arm vein about 1 min after the injection,
less than 3% of the sample radioactivity was due to the unconverted parent
prostaglandin [272,279]. The major products were identified as the corresponding
15-keto-13,14-dihydro-prostaglandins, which had considerably longer half-lives,
about 10 min [272,279], and consequently accumulated to much higher levels in the
circulation than the parent compounds [278]. The same findings have been reported
for other species [281,295]. Such events are compatible with the efficient inactivation
of biologically active prostaglandins noted in perfused organs [11,178,296,297]: as
was mentioned above, 15-keto-prostaglandins have in general been found to be
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Fig. 9. Initial steps in the metabolic inactivation of prostagiandins (here PGF, ).

almost inactive. However, in certain studies considerable biological activity has been
registered for this type of compounds [285,298,299]. It is, however, known that
15-ketodihydro compounds may be further metabolised into 15-hydroxy compounds
(13,14-dihydroprostaglandins), either by a reversal of the dehydrogenase reaction
[293] or by the action of a third enzyme in this cascade, viz. a prostaglandin
15-keto-reductase (Fig. 9). It is possible that some of the biological activity of
15-keto-prostaglandins may be attributed to this subsequently formed compound,
which possesses biological potencies comparable to, or even exceeding, those of the
parent prostaglandin [10,286,287].

Major final degradation products excreted into urine are generally extensively
oxidised, e.g. tetranor dicarboxylic acids [262,269,272,274]. The further metabolism
of the initially formed 15-keto-13,14-dihydroprostaglandins thus involves one or two
steps of B-oxidation, wl- or w2-oxidation to wl- or w2-hydroxyl, wl-aldehyde or
w2-ketone and, in the former case, also w-carboxylic groups. Compounds with the
w-carboxylic group can be B-oxidised also from the w-end.

B-Oxidation of prostaglandins was first studied in vitro using mitochondria from
rat liver [300]. All compounds studied were found to undergo one or two steps of
degradation by this mechanism. In vivo, B-oxidation is likely to follow the metabolic
conversions at C-13 to C-15, since dinor and tetranor compounds were found to be
poor substrates for 15-PGDH [301], whereas 15-keto prostaglandins were in general
more extensively degraded than the parent compounds [300]. Later studies on
B-oxidation, employing intact tissues, showed that these metabolic conversions could
also take place to a considerable extent under such circumstances [252,302]. It was
also demonstrated that prostaglandins were likely to utilize the common
carnitine-dependent system for the B-oxidation of long-chain fatty acids [303].

w-Oxidation of prostaglandins was first reported in 1965 [81,304] when several
19-hydroxylated prostaglandins of the A and B type were identified in human
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seminal plasma. It was later shown that this w2-hydroxylation had taken place
already with the primary prostaglandins [305-307], and that the conversion into
corresponding A or B compounds was likely to have occurred ex vivo on storage of
the seminal plasma. The site of this w2-hydroxylation has not yet been determined.

Organs with considerable capacity for w-oxidation (wl- as well as w2-hydroxyla-
tion) in several species are the liver, lung and kidney [249,308-312]; this metabolic
pathway has, however, been detected also in other tissues [313].

During the last few years several studies on the mechanisms of the wl- and
w2-hydroxylation of prostaglandins have appeared. These are discussed more in
detail below (see section on Monooxygenase metabolism).

Subsequent oxidation of 20-hydroxy prostaglandins may lead to the formation of
aldehyde compounds [314] and finally to w-carboxylic metabolites
[261-263,269,271,272,274,275]. After this step has taken place, one or two steps of
B-oxidation can take place also from this end of the prostaglandin molecule
[265,271,275-277]. Thus, several highly degraded prostaglandin metabolites have
been identified in human [275-277] and rat urine [265]: C,, compounds which are
generally tetranor, w-dinor dicarboxylic acids but in one case a dinor, w-tetranor
dioic compound [276].

A further metabolic fate of prostaglandins is the interconversion of compounds of
the E and F type. Reduction of the keto group at C-9 in PGE, to form F,
compounds was first noted in guinea pig liver [250] and was later found to take place
also in vivo in the human [273]. The enzyme responsible for this reaction, pros-
taglandin 9-keto-reductase, was later found to have a widespread occurrence: it has
been detected in sheep blood [315], in the kidney of several species, such as the rat
[316,317], monkey [318], swine [319] and rabbit [317,320], as well as in liver and
many other tissues [319,321-324]. This enzyme may well prove of great interest,
since it can regulate the proportion in vivo of two prostaglandins which are often
antagonistic in their actions (see above).

Interestingly, a different reduction to form an F; compound had earlier been
discovered as a major metabolic pathway of PGE in the guinea pig [226]. This
reaction has also been recognised in the rat [264].

The reverse reaction has also been noted, i.e. the formation of PGE compounds
from prostaglandins of the F series. This reaction is catalysed by an enzyme
different from the 9-keto reductase, prostaglandin 9-hydroxy dehydrogenase
[325-327]. In vivo, this reaction may take place to a considerable extent in certain
species, for example the rat and the guinea pig [281], whereas it seems to be of minor
importance in others, such as the human [274,280,281].

Reduction of the C-11 keto group of PGD compounds to form PGF, metabolites
has also been found, for example in sheep blood [328], in various rabbit tissues
[329,330], and in an in vivo study in the monkey {271]. The enzyme, prostaglandin
11-keto-reductase, was purified to homogeneity from rabbit liver [329]. The impor-
tance of this reaction may be analogous to that of the 9-keto-reductase, viz. to
regulate the balance between two prostaglandins that are agonists in certain systems
but antagonists in others.
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To our knowledge the opposite reaction, i.e. conversion of PGF, compounds to
PGD compounds, has not been demonstrated (yet).

8. Assay of prostaglandin production

During the past decades the prostaglandins have been postulated to be involved in a
vast number of physiological processes. Also many diseases have been believed to
involve derangements in arachidonate metabolism in their pathogeneses or even
etiologies. One of the major obstacles in obtaining support for such hypotheses is the
difficulties involved in measurements of prostaglandins in biologic material. Due to
the rapid metabolic inactivation of prostaglandins after they have reached the blood
stream (see above), it is feasible to assume that these compounds exert their actions
close to the site of their formation. When attempts are made to measure the tissue
levels of prostaglandins, it should be borne in mind that, due to their extremely high
biological potencies, these compounds are not likely to be stored as such in the cells.
Thus, the local in vivo concentration of prostaglandins in most tissues can be
expected to be very low. Reported tissue levels of prostaglandins however span at
least three orders of magnitude, i.e. from picograms to nanograms per mg tissue,
even in studies of very similar design carried out on the same tissue. It is known that
the prostaglandin concentration in cells and tissues with high capacity for pros-
taglandin biosynthesis increases rapidly with time following ischaemia or mechanical
stimulation or by other means. Thus, the sampling technique is extremely important,
when assay of primary prostaglandins is intended: this pertains to tissue as well as
blood samples. A rapid interruption of the artifactual ex vivo biosynthesis is
mandatory: deep-freezing of e.g. a tissue biopsy within seconds using liquid nitrogen
may be necessary (e.g. refs. 119, 331, 332). Another technique leading to rapid
inactivation of the prostaglandin synthesizing enzymes is the use of microwaves on
the studied tissue in situ [333]. The addition of a prostaglandin synthesis inhibitor to
the samples may however not be sufficient, since the time required for efficient
inhibition may be relatively long, whereas prostaglandin biosynthesis is a very rapid
process.

Because of these problems, assay of primary prostaglandins in tissues or blood
may be of relatively little physiological relevance. An alternative to the measurement
of true endogenous levels of prostaglandins is to assay the capacity for prostaglandin
biosynthesis in the studied cell or tissue type instead. This approach has been used in
many studies in this field (e.g. refs. 206, 334).

In many pathophysiological situations, an overproduction of certain prostaglan-
dins or related compounds is suspected, for example in dysmenorrhoea, inflamma-
tory diseases, asthma or thrombotic disorders. A subnormal production may how-
ever also be at hand, such as is postulated in duodenal ulcer (see above). Theoreti-
cally, it should be easier to demonstrate an overproduction of a prostaglandin than
an underproduction, at least with a reasonably sensitive assay method. In reality,
however, this is not necessarily the case. Many factors influence the outcome of such
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a study, apart from the quality of the assay. One of the most important factors is
probably the variability of the prostaglandin output, which may result in irregular
fluctuations in the tissue or blood levels of these compounds. This renders the timing
and/or the frequency of the sample collection a crucial factor. Unless the samples
are taken at exactly the right times or with very short intervals, even a comparatively
long and pronounced prostaglandin release may be missed entirely [335].

When the pitfalls in prostaglandin assay became recognized, interest turned to
certain prostaglandin metabolites and derivatives instead. It was discovered that the
circulating levels of their initial metabolites, the 15-keto-13,14-dihydro compounds,
were some 50-fold higher than those of the parent compounds [278]. Furthermore,
the metabolic half-lives of these metabolites in the circulation were considerably
longer, around 10 min, compared to less than 1 min for the parent prostaglandin
[272,279]. These findings, taken together with the fact that 15-ketodihydro com-
pounds are not formed as artifacts during blood sampling, rendered these metabo-
lites far more suitable as targets for measurement.

To date a very large number of biological studies have been carried out where the
endogenous PGF,, production has been followed in various situations by monitor-
ing 15-keto-13,14-dihydro PGE,, in peripheral plasma instead of PGF,_ itself. The
corresponding PGE, metabolite proved more difficult to measure because of its
pronounced chemical instability: several dehydrated derivatives as well as highly
polar conjugates are rapidly formed in biological material, leading to the rapid
disappearance of the monitored metabolite [336,337]). This assay problem however
got its solution when a stable degradation product of the metabolite was identified
[336,337). The formation of this degradation product, 11-deoxy-13,14-dihydro-15-
keto-118,164-cyclo-PGE,, can be quantitatively induced by treatment of the samples
with alkali, and subsequent assay of this bicyclic prostaglandin gives a very reliable
estimation of the original metabolite levels in the sample [338,339].

An alternative to blood analyses, which has been used successfully in many
studies, is measurement of the prostaglandin content of urine instead [335]. Depend-
ing on the aim of the study either the primary prostaglandins (which mostly reflect
the renal prostaglandin biosynthesis [128,340]) or suitable metabolites (which reflect
the total body synthesis of prostaglandin [266,272]) may be monitored.

Since the major part of a prostaglandin that is released into the blood stream will
eventually be excreted as degradation products into the urine, there is no risk of
missing even a short surge of prostaglandin production, provided 24 h portions of
urine are analysed. This approach may thus seem ideal, however, in human clinical
studies it may for practical reasons be difficult to ascertain that the whole 24 h
portion was actually collected, thereby reducing the reliability of this approach.
Relating the prostaglandin metabolite levels to the creatinine excretion into urine
may give a somewhat safer measurement [341]. However, an obvious draw-back of
urine analyses is that rapid changes in prostaglandin production cannot be seen,
consequently temporal endocrine relationships may thus be difficult to study with
this approach.

Judging from these difficulties, the safest alternative may after all be measure-
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ment of prostaglandin levels in blood. Unfortunately, however, other problems then
appear. Although it can be definitely stated that the 15-keto-13,14-dihydro metabo-
lites are circulating compounds, in contrast to the parent primary prostaglandins,
their metabolic half-life of about 10 min still implies that they are very short-lived
substances. In the normal clinical situation, where it may be desirable to draw
conclusions from only one or a very limited number of samples, measurements of the
15-ketodihydro compounds cannot be trusted to give a true picture of the endoge-
nous situation.

Recent metabolic studies on the profiles of prostaglandin metabolites in the
circulation have provided alternative targets for measurements: it was demonstrated
both in man [280] and in several animal species [281,342,342a] that more degraded,
“urinary-type” metabolites gradually accumulated in blood and in fact dominated
the metabolic picture for a long time after the initial C,, metabolite had disap-
peared. That such shorter compounds are in many cases more reliable prostaglandin
parameters was also demonstrated in several clinical studies [280,343,344].

Concerning the methods employed for quantitative measurements of the pros-
taglandins (or their metabolites), three types of methods have long dominated this
area. These are bioassay, gas chromatography-mass spectrometry, and radioim-
munoassay. Such assay methods have been covered in numerous review articles and
volumes (see e.g. refs. 345, 346 and references in those volumes).

Bioassay is often the method of choice when biologically active compounds are
monitored, and may also be the only possible method, for example when assaying
compounds of unknown structure, or highly unstable substances, such as PGI, or
TXA ,. The widely used organ bath technique has more recently been developed into
the more sensitive and specific superfusion cascade type, where frequently amounts
in the low nanogram range of a compound can be estimated, and where confusion
with other bioactive compounds can be minimised [347]. Bioassay is, however, not
possible to use for assay of prostaglandin metabolites, which are generally biologi-
cally inactive. In such cases one of the other method types may be employed.

Gas chromatography-mass spectrometry, using the reverse isotope dilution method
[348], has been used mainly during the past decade. The method is based on the
addition to the sample of a large amount of the compound to be measured, but
labeled with a stable isotope (e.g. deuterium). This compound acts as a carrier during
the subsequent purification procedure and then as an internal standard during the
final GC/MS step. Selected ions, characteristic of the isotope labeled as well as the
natural (e.g. protium) form of the compound, are monitored using the mass
spectrometer, and the amount of the natural prostaglandin is calculated from the
measured proportion between the two forms. This method is often highly specific
and has generally been used as a reference method for the other assay types.

The assay method that 1s most widely used today is probably radioimmunoassay.
This method, based on the competition between radiolabeled and “cold” molecules
of a compound for antibody binding sites, is very sensitive and has a high sample
capacity. The method may however be very non-specific, and a large number of
highly unrealistic data have unfortunately been published, based on this methodol-
ogy (for a review, see e.g. ref. 349).
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During the last few years, other analytical methods have gradually come into
increasing use as alternatives to the above-mentioned assay types. With the growing
complexity of the prostaglandin family, analysis of biological materials is now often
aimed more at obtaining total profiles of prostanoids than at measuring absolute
amounts of one single compound. This has become facilitated by the improvement
of chromatographic separation techniques that has occurred with the introduction of
high performance liquid chromatography (HPLC) as well as the increased use of
capillary columns in gas chromatography.

The problem in common for such techniques is the detection method. Methods
based on conventional flame ionization detection in gas chromatography, or changes
in refraction index in liquid chromatography, which should detect all compounds,
are normally not sensitive enough (cf. however ref. 350). On the other hand, the
more sensitive monitoring of compounds by electron capture in gas chromatography
[351,352] or ultraviolet absorption in liquid chromatography [353,354] favours the
few compounds that already have the desired properties, such as PGB compounds or
leukotrienes. In order to assay all prostanoids in a sample, the compounds thus have
to be converted into derivatives with the desired properties, i.e. easily detectable
chemical groups have to be introduced. It is then customary to take advantage of the
carboxyl group, which is a common feature for all naturally occurring prostanoids.
This approach has recently been used in a number of analytical methods in this field.
For example, prostanoid esters with fluorescent properties can be prepared by
reaction with 4-bromomethyl-7-methoxycoumarin [355] or p-(9-anthroyloxy)phena-
¢yl bromide [356]; in the latter case high ultraviolet absorptivity is also obtained.
Such derivatives are suitable for HPLC separation and quantitation, and lower limits
of detection around 20 ng [355] or 50-280 pg [356] have been reported. For analysis
by gas chromatography or GC/MS, other derivatives may be preferred: electron
capturing properties can be introduced into the prostanoids by converting them into
pentafluorobenzoyl esters [357-359], and such derivatives are also highly suitable for
analysis by the negative ion chemical ionization (NICI) type of mass spectrometry
[360-362]. In the latter case the detection limit may be in the low picogram range.

The presence of a carboxyl group in all prostanoids has also been used in the
“classical” assay types: this chemical group can be used to introduce labelled
substituents for use as heterologous tracers in radicimmunoassay [363-365], or it
may serve as a site of labeling with stable isotopes ('*O) for use in quantitative mass

spectrometry [366].
If the analytical method is aimed only at detecting carbonyl containing com-

pounds, various oximes may be prepared instead: methyl esters of pentafluorobenzyl
oximes or p-nitrobenzyl oximes of prostaglandins of the E, D, 6-keto-E or 6-keto-F
type as well as of TXB, have been analyzed by GC/MS methods or HPLC methods,
respectively [357,367-369].
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9. Monooxygenase metabolism of prostaglandins and essential farty acids

w-Oxidation of saturated fatty acids was originally discovered in vivo and named by
Verkade et al. [370,371]. In presence of NADPH and molecular oxygen, liver
microsomes were later found to catalyze wl- and w2-hydroxylation of saturated fatty
acids [372-375). The wl-hydroxylating enzyme system could be solubilised and
resolved into three components, which were needed for full activity, viz. the
hemoprotein cytochrome P-450, the flavoprotein NADPH-P-450 reductase and a
lipid factor (e.g. dilauroylphosphatidylcholine [376]. ). Cytochrome P-450 occurs in
multiple forms and can oxidise a wide variety of endogenous and exogenous
compounds (see ref. 377 for review). The monooxygenase reaction, which is cata-
lyzed by these enzymes, is summarized in Fig. 10. Alkyl chains may be hydroxylated
and double bonds may be epoxidized in this way [376,378,379].

wl- and w2-hydroxylation of saturated fatty acids has been studied in detail. In
the liver these reactions may partly be catalysed by different forms of cytochrome
P-450 [374,377,380]. Significant hydroxylation of saturated fatty acids also occurs in
particulate fractions of renal cortex, lung and small intestine [381--384]. The highest
activities are found in the liver and the renal cortex [377,381,385]. Hepatic mono-
oxygenases also oxygenate many other substrates at high rates, while the renal
cortical monooxygenase system seems to be rather specific for fatty acids. One form
of cytochrome P-450 dominates in the kidneys and it catalyses formation of both wl-
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Fig. 10. Summary of the enzymatic metabolism of arachidonic acid by cytochrome P-450. The epoxides
presumably all have the cis configuration although this has only been shown for the w6 oxide. The
epoxides are hydrolysed by epoxide hydrolase into the vicinal diols. Arachidonic acid and the vicinal diols
may be further metabolised by wl- and w2-hydroxylation.
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and w2-hydroxylated products (see ref. 385 for review). Following wl- or w2-hydrox-
ylation of fatty acids, soluble or microsomal enzymes may further oxidise the
primary alcohol to a carboxyl group or the secondary alcohol to a ketone (e.g. ref.
386).

Quantitative studies show that only a small fraction of the fatty acids are subject
to w-oxidation in the liver under normal conditions [387]. Starvation, diabetes
mellitus and ketosis apparently augment w-oxidation of fatty acids in experimental
animals and man [388-390]. In these situations, several investigators estimated that
10-40% of the fatty acids may be initially w-oxidised [388,389,392]. The increase was
probably not due to induction of the monooxygenase enzymes but could reflect a
decreased rate of formation of fatty acid esters for reacylation [390]. However,
monooxygenase metabolism of fatty acids is inducible. Treatment with pheno-
barbital increased the hepatic w2-hydroxylation, while the wl-hydroxylation of fatty
acids was little affected [374]. Renal cortical hydroxylation of fatty acids could be
induced by a high intake of fat in the diet [393].

Monooxygenase metabolism of essential fatty acids has received comparatively
little attention. DiAugustine and Fouts found that in liver microsomes, linoleic acid,
linolenic acid and arachidonic acid induced spectral changes of type I, which are
associated with metabolism, but the products were not identified [394). These
polyunsaturated fatty acids could be expected to be wl- and w2-hydroxylated like
their saturated counterparts and to be transformed into hydroxylated cis,trans
conjugated products by chemical peroxidation (autooxidation) as discussed above.
Recent studies show that cytochrome P-450 can metabolise polyunsaturated fatty
acids to a large extent by epoxidation. The epoxides are rapidly hydrolysed to vicinal
diols by microsomal or soluble enzymes.

The monooxygenase metabolism of arachidonic acid has been studied in greatest
detail. Hepatic and renal cortical microsomes of normal rabbits were found to form
two 1,2-diols as major products, viz. 11,12-dihydroxy-5,8,14-eicosatrienoic acid and
14,15-dihydroxy-5,8,11-eicosatrienoic acid [395,396].

The biosynthesis required NADPH and was inhibited by carbon monoxide.
Experiments using '*O, strongly indicated that the 1,2-diols were formed by hydrol-
ysis of the w6- and w9-epoxides of arachidonic acid, respectively [396], and these
epoxides could later be isolated [397]. Other identified metabolites were formed by
wl- and w2-oxidation [395]. Formation of several monohydroxy-eicosatetraenoic
acids has also been reported [398].

Preparations of purified phenobarbital-induced cytochrome P-450 ( P-450 PB-B,
and P-450 LM, from rat and rabbit liver, respectively [377,399]), metabolised
arachidonic acid by epoxidation of each of the four double bonds [397]. Using such
preparations with negligible epoxide hydrolase activity, the four epoxides could be
isolated [397,400). The monooxygenase metabolism of arachidonic acid is sum-
marised in Fig. 10. In the presence of soluble or microsomal epoxide hydrolase, the
corresponding 1,2-diols are rapidly formed. Liver and renal cortical microsomes may
further metabolise the 1,2-diols by wl- and w2-oxidation to yield a family of
trihydroxy compounds and other metabolites, with polarity similar to those of many
prostaglandins [396,401].
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Preparations of S-naphthoflavone-induced cytochrome P-450 ( P-450 BNF-B, and
P-450 LM,) or rabbit lung microsomes did not form significant amounts of the
epoxides or vicinal diols, but wl- and w2-hydroxylated metabolites of arachidonic
acid were formed [397,402]. Epoxidation and hydroxylation may therefore be
catalysed by different enzymes in the rabbit and the rat. However, in bacillus
megaterium the same cytochrome P-450 enzyme seems to catalyse both types of
reactions [403].

Linoleic and linolenic acid are metabolised by hepatic microsomes of the rabbit
and NADPH in an analogous way [404,405]. Linolenic acid is thus transformed into
three 1,2-diols, viz. 15,16-dihydroxy-9,12-octadecadienoic acid, 12,13-dihydroxy-
9,15-octadecadienoic acid and 9,10-dihydroxy-12,15-octadecadienoic acid. They were
the major metabolites formed and apparently stem from hydrolysis of the w3-, w6-
and w9-epoxides of linolenic acid, respectively. Linoleic acid can also be w6-
w9-epoxidised by this system [395,404,405].

Unlike wl- and w2-hydroxylation of fatty acids, it is not known whether epoxides
of essential fatty acids are formed by monooxygenases in vivo. However, isolated
renal cells and hepatocytes of the rat metabolise exogenous arachidonic acid to
11,12-dihydroxy- and 14,15-dihydroxy-eicosatrienoic acids [402]. Surprisingly, the
capacity of renal cells to form these 1,2-diols was several times higher than that of
the isolated hepatocytes.

Alkyl chains of many other lipids can be metabolised by wl- or w2-hydroxylation,
and, for example, prostaglandins and leukotrienes may be transformed in this way.
As discussed above, w-oxidation of prostaglandins is one of the metabolic processes
that lead to formation of the main urinary metabolites.

Monooxygenase metabolism of prostaglandins has been studied in particulate
fractions of several organs. Many results are analogous to those from studies with
saturated fatty acids. In the liver of several species, wl- and w2-hydroxylation seems
to be catalysed by different monooxygenases, and w2-hydroxylation is inducible
with phenobarbital treatment [311]. In renal cortex, however, one type of mono-
oxygenase seems to catalyse both wl- and w2-hydroxylation of prostaglandins [406].
Pregnancy or treatment with progesterone induces a several-fold increase in w2-hy-
droxylation but not in wl-hydroxylation in rabbit lung [249,309,310,313]. The
biological significance of this observation is not known.

10. Dietary factors influencing prostaglandin production

As was mentioned above, the activity of the arachidonic acid system is dependent
both on the availability of arachidonic acid at the precursor storage site in mem-
brane phospholipids and on the release and reacylation mechanisms controlling the
amount of free arachidonic acid. The formation of the prostaglandin precursor acids
from the dietary linoleic (18:2w6) and a-linolenic (18 : 3w3) acids is dependent on
the general nutritional state and on the presence of other dietary fatty acids, which
may compete at sites of interconversion and storage. A general outline of the
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Fig. 11. Biosynthesis of polyunsaturated fatty acids from exogenous and endogenous precursors. The
figures 6, 5 and 4, refer to the position of double bonds introduced by desaturases.

polyunsaturated fatty acid desaturation and chain elongation ladder is shown in Fig.
11. For reviews, see refs. 15-18 and 407-411.

Linoleic acid (18:2wb6) 1s one of the classical essential fatty acids [1,2]. It is
desaturated by the A®-desaturase, and then chain-elongated to form dihomo-y-lino-
lenic acid (20 : 3w6), the precursor for the monoenoic prostaglandins. In most tissues
it is, however, further desaturated by the A°-desaturase to arachidonic acid, the
precursor for the bisenoic prostaglandins. Analysis of tissue levels of these two
prostaglandin precursors have revealed 3-50 fold higher concentrations of
arachidonic acid [17,18]. Exceptions to this rule are the adrenal and vesicular glands,
where the levels of dihomo-y-linolenic acid are higher {18,24,412].

There is no direct evidence that a-linolenic acid (18 : 3w3) is essential in man, and
it can only cure some of the signs of essential fatty acid-deficiency in animals. Rats
fed a-linolenic acid as the only source of essential fatty acids have normal reproduc-
tion except for a deficient process of parturition [408]. This is possibly due to
insufficiency of the uterine prostaglandin production. It should also be noted that
long chain derivatives of the w3 series are found in high concentration in brain and
retinal phospholipids, implying a specific role in brain function and in vision
[413,414).

The metabolic transformation of the C,; essential fatty acids to their longer chain
fatty acid derivatives has been studied mainly in the liver and to some extent in the
brain. Animals and tissues vary greatly in their efficiency of desaturation and chain
elongation [18,414,415]). Thus young rats have a particularly active system whereas
cats are unable to perform this metabolic reaction. The failure of the cat family to
desaturate linoleic acid has been suggested to be a possible reason behind the cats’
evolution to carnivorous animals [416] (e.g. eating rats). Humans occupy an inter-
mediate position.

The available studies indicate that a reciprocal inhibition occurs in the desatura-
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tion-chain elongation mechanisms between the fatty acids of the w3, w6 and w9
series [411] (Fig. 11). The balance between the levels of linoleic acid (w6) and
linolenic acid (w3) in the diet modulates the relative rates of long chain fatty acids
formed from them. Also in essential fatty acid-deficient animals oleic acid (18 : 1w9)
can be converted to 20: 309 in appreciable quantities. This acid (“Mead acid”) has
thus become one of several biochemical indicators of essential fatty acid-deficiency
[407-411].

Alterations in the dietary content of essential fatty acids have become one of the
chief ways of providing a modulation of the prostaglandin system. Dietary regimens
have ranged from frank essential fatty acid-deficiency to specific feeding programs
using oils rich in 18:2w6, 18:3w6, 18:3w3, 20:4w6 and 20:5w3. These studies
show that essential fatty acid-deficiency decreases the in vivo prostaglandin produc-
tion, whereas dietary loading with acids of the w6 series will enhance prostaglandin
formation [409,410].

Essential fatty acid-deficient rats excrete less prostaglandin metabolites in urine
[417], and less prostaglandins are accumulated in kidney and blood [418,419]. Only a
small addition of linoleic acid (0.4-0.5% of energy) is necessary to elevate urine and
tissue prostaglandins back to normal levels. Further dietary loading with 18:2w6 up
to 28% of dietary energy will additionally enhance the in vivo formation of
prostaglandins in the rat {417]. Interestingly, dietary linoleic acid will decrease the
incidence of arterial thrombosis in the rat in a dose-dependent manner and will
prevent salt-induced hypertension [420].

Also in man there is evidence for a relationship between dietary linoleate and the
activity of the prostaglandin system. In essential fatty acid-deficient infants Fried-
man and Oates noted a decreased excretion of the major urinary metabolite of PGE
[421]. A quantitative relationship between dietary linoleate intake and excretion of
total tetranordioic metabolites in urine has also been observed in carefully con-
ducted feeding experiments [422]. After a 2 week diet with 0, 4 or 20% of the energy
as linoleic acid given to young women, the mean excretion of metabolites convertible
into tetranorprostanedioic acid was 123 +5.2, 175+ 7.0 and 352 + 10.8 pg/day,
respectively. Patients given a linoleic rich diet showed a decreased platelet aggrega-
tion and a lower cardiovascular death rate [420]. Patients with recent myocardial
infarction had a significantly lower proportion of linoleic acid in their erythrocyte
membranes, which reflect long term dietary fat intake [423]. There is thus consider-
able evidence that the level of dietary intake of linoleic acid influences both
prostagiandin production and the tendency for cardiovascular disease.

Since the A%-desaturase is believed to be the rate limiting step in the conversion of
linoleic acid to arachidonic acid, efforts have been made to utilize the relatively high
content (7%) of y-linolenic acid (18:3w6) in the evening primrose oil to influence
the activity of the prostaglandin system. The essential fatty acid potency of y-lino-
lenic acid is 50% greater than that of linoleic acid [424]. However, there is to date no
evidence on the possible relationship between dietary intake of this acid and of levels
of prostaglandins and prostaglandin metabolites metabolites in vivo.

The most direct way to provide a dietary stimulation of prostaglandin production
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would be to feed dihomo-y-linolenic acid or arachidonic acid, preferably in a low fat
diet, to minimise competition from other unsaturated fatty acids. In feeding experi-
ments both these approaches have been used. Hassam and Crawford gave '*C-labeled
dihomo-y-linolenic acid to rats and found substantial desaturation to arachidonic
acid [425]. However, 33-50% of the radioactivity was recovered as unchanged
dihomo-y-linolenic acid in plasma and liver phospholipids. Feeding this acid in
larger amounts should therefore be expected to increase the precursor pools of the
monoenoic prostaglandins. Indeed, feeding 1 g/kg/day of ethyl dihomo-y-lino-
lenate to rabbits resulted in increased incorporation in tissue phospholipids and a
20-30 fold increase in PGE, and a 5 fold increase in PGE, by a hormone responsive
renal papilla preparation in vitro [426,427]. Dihomo-y-linolenate feeding has been
shown to inhibit platelet aggregation in the rat, guinea pig and baboon [18]. The
production of the major urinary metabolite was increased 4.6 fold and the platelets
showed less reactivity to aggregating stimuli [428]. In man dihomo-y-linolenate
feeding resulted in increased incorporation of the acid into membrane phospholipid
pools [429,430]. The effects on prostaglandin production were not clear. It should be
observed that dihomo-y-linolenic acid is primarily converted to the inactive metabo-
lite 12-hydroxy-heptadecadienoic acid by human platelets.

Intravenous administration of arachidonic acid to rabbits and dogs leads to
increased formation of prostaglandins in various tissues. This technique has been
widely used as an experimental tool to enhance the activity of the prostaglandin
system in vivo and in vitro. If, however, the infused amounts of arachidonic acid
become excessive, intravascular aggregation occurs and the animals may die. It is
therefore not surprising that clinical investigators have been reluctant to administer
pure arachidonate to humans. In two studies ethyl arachidonate has, however, been
added to the diet of human volunteers resulting in elevated levels of phospholipid
arachidonate and of urinary prostaglandin metabolites [{431,432].

One of the more interesting approaches to the dietary modification of the
prostaglandin system has come from observations of the protective effect of a fish
diet on cardiovascular disease [433]. Since oils from fish contain large amounts of
fatty acids of the w3 series, particularly eicosapentaenoic acid (20 : 5w3, Figs. 2 and
11), interest has been focussed on the possibility of a competition between arachidonic
acid and eicosapentaenoic acid at sites of storage and prostaglandin formation.
Animal experiments have shown that fish oil feeding results in decreased formation
of platelet TXA, and vascular PGI, [418,434,435]). No appreciable formation of
TXA ; and PGI; could be shown. Eicosapentaenoic acid is thus displacing arachidonic
acid from storage sites and is not converted to physiologically active eicosanoids in
any significant amounts.

Clinical experiments have largely borne out these conclusions. Intake of salt water
fish, providing a dietary content of up to 7-11 g of eicosapentaenoic acid per day,
gave a marked increase in the ratio of 20:5/20: 4 in platelet membranes [436,437].
Bleeding time, platelet aggregation and TXA, production was decreased upon
challenge with low dose collagen. The concept of polyenoic acid competition as a
dietary means of preventing thrombotic disease in man is now being tested in large
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scale trials. The therapeutic potential of eicosapentaenoic acid has been reviewed in
ref. 438.

The incorporation of unsaturated fatty acids into membrane lipids of human and
animal tissue may also be affected by other dietary factors. One of them is chronic
exposure to ethanol [439-442]. Ethanol can decrease the amounts of the w6 series of
essential fatty acids in membrane lipids and can markedly lower the ratio of
Cy0.406/Cig:206- These changes have been attributed to a decreased absorption
and/or an increased utilization of essential fatty acids and to inhibition of the
A®-desaturase enzyme by chronic intake of ethanol [443,444].

Like general anesthetics, ethanol appears to act by changing the fluidity of
membrane lipids, leading to a perturbed function of the membrane proteins. During
development of tolerance to ethanol, the membrane phospholipids acquire more
saturated fatty acids, which seems to counteract the effects of ethanol on membrane
function.

Another explanation for decreased levels of C,, 4, could also be an increased
metabolism, leading to prostaglandins or other compounds. In the rat, chronic
ethanol exposure aggravated the biochemical indicators of essential fatty acid
deficiency and increased utilization of arachidonic acid, as indicated by an increased
renal excretion of prostaglandins [445]. Whether similar effects can be demonstrated
in chronic alcoholism in humans must await the results of further studies.

11. Perspectives

Studies on the oxidative metabolism of arachidonic acid during the last decades have
repeatedly revealed that different cells and tissues transform arachidonic acid into
their own specific profile of eicosanoids. Seminal vesicles and the renal medulla form
E and F prostaglandins. PGD, is formed by the rodent brain, by mast-cells and in
small amounts by platelets. Platelets mainly transform arachidonic acid to thrombo-
xanes and 12-hydroxy-eicosatetraenoic acid, while the vascular endothelium forms
PGI,. Yet other products are formed by monooxygenases in the liver and the renal
cortex. Polymorphonuclear leukocytes and eosinophils form leukotrienes which are
of paramount biological interest. It may not be too presumptuous to believe that still
more routes of metabolism of arachidonic acid leading to still other biologically
active principles await discovery in the future.
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CHAPTER 2
The thromboxanes

ELISABETH GRANSTROM, ULF DICZFALUSY
and MATS HAMBERG

Department of Physiological Chemistry, Karolinska Institutet,
S-104 01 Stockholm, Sweden

1. Introduction

The existence of endoperoxide intermediate(s) in prostaglandin biosynthesis was
postulated in 1965 [1]. One year later strong evidence for prostaglandin endoper-
oxide(s) oxygenated at C-15 was presented [2,3]. In later studies two endoperoxide
intermediates were detected [4,5] and isolated [6-8]. One compound formed from
arachidonic acid carried a hydroxyl group at C-15 (prostaglandin H,; PGH,)
whereas the other one had a hydroperoxy group at C-15 (prostaglandin G,; PGG,).
The half life of the two endoperoxides in aqueous medium at 37°C was 4-5 min. In
organic solvents, on the other hand, they were quite stable: they could be stored for
months in dry acetone at —20°C. This made it possible to isolate milligram amounts
of pure PGG, and PGH, needed for study of their chemical and biological
properties.

Labelled endoperoxides were rapidly converted into prostaglandin E, (PGE,)
and prostaglandin F,, (PGE, ) when incubated with homogenates of the sheep
vesicular gland. In addition, formation of another stable prostaglandin, i.e. pros-
taglandin D, (PGD,), could be studied with labelled endoperoxides: PGD, was
formed enzymatically in e.g. rat brain homogenates [9] as well as non-enzymatically
upon treatment with serum albumin [10] and Silica gel G [6].

The prostaglandin endoperoxides were potent stimulators of airway and vascular
smooth muscle [6,11,12] and were found to cause irreversible aggregation of human
blood platelets [7,13].

2. Discovery of the thromboxanes

The finding that the prostaglandin endoperoxides were potent stimulators of the
isolated rabbit aorta [6,11] brought to mind the so-called “rabbit aorta contracting
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substance” (RCS) [14]. RCS was characterized in 1969 as an unstable factor released
from guinea pig lung and causing contraction of the rabbit aorta. Its formation was
inhibited by a number of non-steroidal anti-inflammatory drugs, and it thus ap-
peared conceivable that the prostaglandin endoperoxide(s) were identical with RCS.
However, in a careful study the half life of the factor responsible for the major part
of the biological activity of RCS was found to be 30-40 s, i.e. much shorter than that
of the endoperoxides (4-5 min) [15]. Furthermore, the content of endoperoxides in
perfusates of guinea pig lung containing RCS activity was very small. The conclu-
sion was that the major part of the rabbit aorta stimulating activity of RCS was due
to a very unstable factor different from the prostaglandin endoperoxides [15].

The finding that the endoperoxides caused platelet aggregation made it of interest
to study the transformations of arachidonic acid in suspensions of human platelets.
Two pathways were identified [16]. The initial reaction of one of them was catalyzed
by fatty acid cyclooxygenase and led to the formation of three major end-products,
i.e. 12L-hydroxy-5,8,10-heptadecatrienoic acid (HHT), malondialdehyde, and a novel
hemiacetal derivative named thromboxane B, (TXB,). The other pathway consisted
of conversion of arachidonic acid into 12L-hydroperoxy-5,8,10,14-eicosatetraenoic
acid (12-HPETE) by a novel lipoxygenase. The hydroperoxide was subsequently
converted into a stable end-product, 12L-hydroxy-5,8,10,14-eicosatetraenoic acid
(12-HETE) by a glutathione peroxidase [16,17].

(a) Elucidation of the thromboxane structure

Treatment of suspensions of human platelets with aggregating agents led to forma-
tion and release of large amounts of TXB,, HHT, and 12L-HETE, whereas the
amounts of PGE,, PGFE,, and of intact endoperoxides were approximately 2
magnitudes lower [18]. In subsequent studies filtrates of platelets incubated with
arachidonic acid were found to contain a pro-aggregating factor which was active on
untreated as well as indomethacin-treated platelets [19,20] (Fig. 1). Interestingly, the
pro-aggregating factor was much more unstable than the prostaglandin endoperox-
ides (7, ,, in aqueous medium at 37°C, 32 s) and was released in small amounts after
incubation of platelets with PGG,/PGH,.

The factor was thus different from the endoperoxides, a conclusion independently
supported by measurements of PGG, + PGH, in filtrates and the finding of only
minute amounts of these endoperoxides, clearly insufficient to cause aggregation of
the recipient platelets. Instead, strong evidence for the identity of a factor with that
responsible for the major part of the biological activity of RCS was obtatned [19,20].

In parallel with these experiments, studies on the mechanism of formation of
TXB, were carried out {19]. It appeared conceivable that more than one reaction
would be needed for the formation of the non-prostanoic acid structure of TXB,
from PGG,/PGH,. An attractive sequence of reactions consisted of enzymatic
formation of a bicyclic oxetane-oxane derivative followed by non-enzymatic hydrol-
ysis of the oxetane ring to yield TXB,. In order to test this possibility, short time
incubations (30-60 s) of arachidonic acid with platelets were carried out. The
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Fig. 1. Generation of proaggregating material (TXA,) upon treatment of platelet suspensions with
arachidonic acid (20:4). Platelet suspensions (1 ml) were stirred at 37°C for 30 s with 0.25-2.5 ug of
arachidonic acid. Subsequently, 0.1 ml of the mixtures were rapidly transferred to aggregometer tubes
which contained 0.5 ml of platelet suspensions preincubated with 14 uM indomethacin. The recipient
platelets aggregated as shown by the aggregometer recordings A-D. Prostaglandin endoperoxides
(PGG, + PGH,) were measured in the 0.1 ml aliquots by SnCl,-reduction followed by determination of
PGF,, by multiple ion analysis [15]. The contents of PGG, +PGH, in the aliquots that produced
aggregation curves “A” and “B” (1.2 and 0.4 ng, respectively) were approximately 2 orders of magnitude
lower than the amounts of PGG, needed to give equal responses. Prostaglandin endoperoxides could thus
not explain the aggregation observed. Furthermore, since the recipient platelets were preincubated with
indomethacin, the aggregatory responses could not be explained by transfer of arachidonic acid.

reaction was stopped by the addition of a large excess of methanol and the products
were analyzed by thin layer radiochromatography. In addition to the products
previously identified a pair of compounds less polar than TXB, appeared. These
compounds were absent when arachidonic acid was incubated with platelets for a
longer period of time (5 min) prior to addition of methanol. Structure determination
showed that the compounds were epimeric mono-O-methyl derivatives (at the
hemiactal group) of TXB,. This was in agreement with the sequence of reactions
proposed, methanol replacing H,O as nucleophile in the second, non-enzymatic
reaction. Analogous results were obtained using ethanol and sodium azide as
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Fig. 2. Scheme of transformations of endoperoxides into thromboxane derivatives (Reproduced from
Hamberg, M., Svensson, J. and Samuelsson, B. (1975) Proc. Natl. Acad. Sci. USA 72, 2994-2998, with
permission from the publisher).

nucleophilic reagents. Two other structures of the unstable factor would give the
same results upon trapping with nucleophiles, i.e. a dihydropyrane structure and a
carbonium ion [19] (Fig. 2). The former structure could be excluded by experiments
in which CH,0?H was used as the trapping agent and the finding that the epimeric
mono-O-methyl TXB, derivatives were completely devoid of 2H. The latter structure
seemed extremely unlikely, taking into account the very short half life expected for a
carbonium ion of this kind.

The factor which thus likely contained a fused oxetane-oxane ring system was
called thromboxane A, (TXA,). Synthesis of stable analogues of TXA, have been
carried out (see below). The finding that such analogues have biological activity
similar to that of TXA,, i.e. stimulation of smooth muscle from vascular tissue and
the respiratory tract and/or induction of platelet aggregation [19-21] support the
oxetane-oxane structure proposed. Final proof for the structure of TXA,, e.g. by
NMR spectroscopy, would however require preparation of the pure compound,
devoid of any other product. This has so far not been possible to achieve because of
the pronounced instability of TXA,.
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(b) Nomenclature for thromboxanes

The discovery of the thromboxanes, and especially subsequent studies on the
metabolism of TXB,, made it necessary to introduce a nomenclature for the
thromboxanes [22]. The basis for the nomenclature is the parent compound throm-
bane and corresponds to that in prostaglandin nomenclature [23] with the exception
of the oxane oxygen which is designated “11a” (Fig. 3).
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Fig. 3. Thromboxane nomenclature: 1. Thrombane. 2. Thrombanoic acid. 3. 2,3-Dinor-thrombanoic acid.
4. 2,3,4,5-Tetranor-thrombanoic acid. 5. Thrombane-1,20-dioic acid. 6. 2,3-Dinor-thrombane-1,20-dioic
acid. 7. 2,3,4,5-Tetranor-thrombane-1,20-dioic acid. 8. 9,11,15(S)-Trihydroxythromba-5Z,13E-dienoic
acid (TXB,). 9. 9a,11a-Epoxy-15(S)-hydroxythromba-5Z,13E-dienoic acid (TXA,). 10. 9a,11,15(S)-Tri-
hydroxy-thromb-13E-enoic acid (TXB;). 11. 9a,11a-Epoxy-15(S)-hydroxythromb-13E-enoic acid (TXA ,);
12. 9a,11,15(S)-Trihydroxy-2,3-dinor-thromba-5Z,13E-dienoic acid. 13. 9a,11,15(S)-Trihydroxy-2,3,4,5-te-
tranor-thromb-13E-enoic acid. 14. 9q,15(S)-Dihydroxy-11-oxothromba-5Z,13E-dienoic acid. 15.
9a,15(S)-Dihydroxy-11-oxothromba-5Z,13E-diene-1,20-dioic acid. 16. 9a,11-Dihydroxy-15-oxothromb-
5Z-enoic acid. 17. 9a-Hydroxy-11,15-dioxothromb-5Z-enoic acid. 18. 8-(1,3-dihydroxypropyl)-9,12(S)-Di-
hydroxy-5Z,10E-heptadecadienoic acid. (Reproduced from Samuelsson, B., Hamberg, M., Roberts II,
L.J., Oates, JLA. and Nelson, N.A. (1978) Prostaglandins 16, 857860, with permission from Geron-X,

Inc. USA).
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(¢) Biological effects of thromboxanes

After the isolation of the pure prostaglandin endoperoxides PGG, and PGH,, the
biological activity of the compounds was investigated. It was found that the two
compounds, apart from causing platelet aggregation and the platelet release reaction,
stimulated smooth muscle from the respiratory tract and from blood vessels. Thus,
PGG, and PGH, were found to be 80 and 210 times, respectively, more potent
stimulators than PGE, of the isolated superfused rabbit aorta [11]. PGH, was also
found to be a potent stimulator of the isolated swine coronary artery (16 and 50
times more potent than PGE, and PGE,_, respectively [12]). In contrast, dog
coronary artery has been reported to be dilated by PGH, (and PGI,) and to be
unaffected by TXA, [24]. The human umbilical artery was contracted by low
concentrations of PGG,, and PGH, (threshold concentrations, 1-10 ng/ml in
comparison with PGE,, 200 ng/ml) [25].

The contractile effects of PGG, and PGH, on smooth muscle from the isolated
guinea pig trachea was about 10 times stronger than that of PGF,  [11]. In addition,
when injected intravenously into anaesthetized, artificially ventilated guinea pigs, the
endoperoxides (about 10 ug) caused a pronounced increase in the tracheal insuffla-
tion pressure. PGE,, was found to be about 10 times less effective in this respect
[11].

After the discovery of TXA,, this compound was found to possess qualitatively
similar properties as the endoperoxides: to some extent the endoperoxides may in
fact partially exert their action by conversion into TXA , by the studied cell type or
tissue. Thus, in addition to causing platelet aggregation and the release reaction (see
below, Roles of thromboxane in platelet function), TXA , was found to stimulate the
same type of smooth muscle organs as the endoperoxides, although its potency was
greater [12,21]. In these studies TXA , was generated by incubation of suspensions of
human platelets with arachidonic acid for 30 s. The mixture was rapidly filtered
through a Millipore filter and aliquots of the clear filtrate (266 + 46 ng/ml of
TXA,) were added to the test organs. The following potencies relative to PGH,
were found: rabbit aorta, about 11; swine coronary artery, about 5; human umbilical
artery, about 23; and guinea pig trachea, about 5. Like the endoperoxides, TXA,
caused a pronounced increase of the tracheal insufflation pressure when injected
intravenously into anaesthetized guinea pigs (about 37 times more potent than
PGH,). That the biological effects recorded for the filtrates really were due to TXA,
was shown by addition of appropriate antagonists to the test systems. Routinely, the
filtrates were also tested after an incubation period of 2.5 min. In these cases the
response declined to about 6% of the original value. This is in agreement with the
half life of TXA, in aqueous medium, i.e. 32 s [19].

Many other reports have been published concerning the effects of TXA, on
various vessels, such as the aorta [14,15], coronary arteries [12,26-28] and the
mesenteric and coeliac arteries [29,30].

Recently TXA , was also shown to be a potent constrictor of gastric vessels in the
dog [31]. The vasoconstriction was followed by ulceration of the gastric mucosa.
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These effects did not occur when the TXA, generating system, ie. platelets in-
cubated with arachidonic acid, had been pretreated with indomethacin or the
thromboxane synthetase inhibitor, 1-benzylimidazole, which indicated that the active
factor was indeed a thromboxane.

The vasoconstrictor and proaggregatory effects of TXA, suggest that the com-
pound very probably plays a role in normal hemostasis in vivo, and possibly also in
pathological conditions with increased tendencies to vasospasm, ulcerations and /or
thrombosis. Several reviews have been written on the biological effects and possible
roles of thromboxane in vivo (e.g. refs. 32, 33).

As mentioned above, TXA, was also found to be a potent contractile agent in
airways [21]. This effect is demonstrable both in vitro and in vivo, and this discovery
together with other findings led to the hypothesis that TXA , might be a mediator of
broncho-constriction in asthma. The possible roles of the thromboxanes in the
respiratory system, as well as their interactions with the even more potent
leukotrienes, are discussed more in detail below (see Thromboxanes and the lung).

Although most interest has been focussed on the effects of TXA, on vascular and
respiratory smooth muscle, other types of smooth muscle also react to the com-
pound. Thus, uterine smooth muscle from the guinea pig appears to be stimulated by
PGH, and TXA, [34]. Interestingly, the two compounds had little or no effect on rat
uterine smooth muscle.

Evidence has been presented that TXA, mediates augmented adhesiveness of
polymorphonuclear leukocytes [35]. This is another area where thromboxane and
leukotrienes may act as agonists. The cyclooxygenase inhibitor, indomethacin, as
well as the thromboxane synthetase inhibitors imidazole, 9,11-azoprosta-5,13-dienoic
acid, and 1-benzylimidazole, suppressed the stimulation of adherence by 74, 31, 66
and 83%, respectively. Exogenous PGE,, PGE,, and PGF,, did not increase
polymorphonuclear leukocyte adherence. However, adherence induced by
arachidonic acid was abolished by inhibitors of cyclooxygenase or thromboxane
synthetase. Furthermore, augmented leukocyte adherence was accompanied by
release of TXB,. Finally, specific rabbit antibodies to TXB, inhibited enhanced
adherence, strongly suggesting a primary role for TXA, as the mediator of aug-
mented adherence.

Most studies on thromboxane bioactivities have dealt with TXA,. There are
however also reports on structurally related compounds as well. Recently 15-hydro-
peroxythromboxane A, was prepared by incubation of PGG, with purified throm-
boxane synthetase from human platelets [36]. The hydroperoxythromboxane was
about 25 times more potent than PGG, in causing platelet aggregation and 30 times
more potent than PGG, as a stimulator of rabbit aorta smooth muscle {37}. PGH,
and TXA,, formed from 5,8,11,14,17-eicosapentaenoic acid, were found to be
somewhat less active on arterial smooth muscle than the corresponding compounds
of the 2-series [38]. Surprisingly, when their effects on platelets were studied, they
were found to increase platelet cyclic AMP and thus act as anti-aggregatory
compounds [39]. This effect was however interpreted as caused by the presence of
PGD,, a break-down product of PGH; and a powerful anti-aggregating compound.
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The stable hydrolysis product of TXA , is TXB,, which was originally considered
biologically inactive. Recently, however, this compound has also been shown to
possess some activity. In relatively large doses it exerts some constrictor action in
vivo on bronchial smooth muscle and pulmonary vasculature of the dog and cat
[40,41]. TXB, and PGE, were found to have comparable pressor effects due to
constriction of the pulmonary veins, although PGF, , was more potent in this respect
[41]. In this connection it may also be mentioned that TXB, has been reported to
inhibit the pulmonary inactivation of PGE, in the dog [42].

TXB, has also been found to contract several smooth muscle preparations of the
rat: the strongest effect was registered with the aorta [43]. Even a weak chemotactic
activity of TXB, has been demonstrated [44].

3. Biosynthesis of thromboxanes
(a) Occurrence of thromboxane synthetase

Following the characterization of TXA, as the proaggregatory substance formed
from PGH, in platelets [19], and the demonstration that the main component of
“rabbit aorta contracting substance”, RCS, [14] consisted of TXA, [19], great
interest arose in screening other tissues for thromboxane synthesizing capacity.

Homogenates from the lung and spleen from guinea pigs produced large amounts
of TXB, and 12-hydroxy-5,8,10,14-eicosatetraenoic acid (12-HETE) from endoge-
nous arachidonic acid upon incubation at 37°C for 30 min [45]. Thromboxane
synthesis was also demonstrated in lung from many other species, i.e. sheep [46],
cattle [47], cat [48], rabbit [49,50] and rat [443]. However, the capacity for the
transformation of arachidonic acid into TXA, is different in tissues from different
species. It was shown that in this respect human and rat lung were less effective than
guinea pig [S1].

Thromboxane is synthesized by the kidney [52] and the production is enhanced in
many situations leading to renal failure, i.e. uretereal obstruction (in the rabbit [53],
in the rat [54]), renal vein constriction [55] and glycerol induced renal failure [56].
TXA , is the major metabolite of arachidonic acid in human cortical hydronephrotic
tissue [57]. ,

A number of other cell types and tissues have also been shown to possess
thromboxane synthesizing capacity. Thus in rat heart myocytes incubated with
['4Clarachidonic acid, the main products formed were PGE, and PGA,; however,
PGI,, TXB, and PGF,, were also found. In contrast, dog heart myocytes synthe-
sized mainly PGI, and PGD, [58]. Thromboxane biosynthesis has also been demon-
strated in the brain [9,59—62]. Bone marrow from Rhesus monkey was reported to
convert exogenous PGH, into TXA, [49]. Thromboxane formation was also ob-
served in leukocytes, macrophages and lymphocytes [63—-68]. The monocyte/
macrophage can generate TXB, as well as PGE, [69]. Purified human lymphocytes
have the capacity of synthesizing 5-hydroxy-eicosatetraenoic acid, 12-hydroxy-
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eicosatetraenoic acid and TXB, as shown by incubation of '*C-labelled arachidonic
acid. Since phytohemagglutinin (PHA) releases cell bound arachidonic acid, it
appears likely that the products mentioned above are formed upon PHA stimulation
{70].

Thromboxane production was determined in cultured fibroblasts from mouse
embryo, baby hamster kidney {71] and lung [72,73]. Both rabbit [74,75] and human
ocular tissues (anterior uvea) {76,77] are capable of synthesizing TXA,. Human
anterior uvea also synthesized PGI,, PGF,,, PGE, and PGD, from ['"*C]PGH, [77].
Vascular tissue was demonstrated to possess thromboxane synthesizing capacity
[78,79]. Incubation of isolated human umbilical artery in organ bath produced
TXA, in the bath medium, indicating thromboxane generation by the umbilical
artery [25].

Furthermore, thromboxane synthesis has also been reported in the urinary
bladder [80-83], the gastrointestinal tract [84—86], endometrial tissue [87], decidual
tissue and amniotic fluid [88-90] as well as in inflamed tissues [91-94]. The
information on species differences in these tissues is scanty.

(b) Purification of thromboxane synthetase

Thromboxane synthetase of lyzed human platelets was localized in the micro-
somal fraction, sedimenting between 12000 X g and 100000 X g [95]. When this
fraction was treated with the non-ionic detergent Triton X-100, the enzymes required
for the conversion of arachidonic acid into TXB, were solubilized. Chromatography
of the solubilized material on a DE-52 column resolved two enzyme activities, one
that converts arachidonic acid into PGH, and another one converting PGH, into
TXB,. These two enzymes, prostaglandin endoperoxide synthetase and thromboxane
synthetase, respectively, showed similar subcellular distribution, and since pros-
taglandin endoperoxide synthetase has earlier been localized to the dense tubular
system, this was also suggested to be the site of thromboxane synthetase [95]. Similar
procedures resolved the two enzymes from bovine platelets [96], bovine lung [47] and
sheep lung [46]. In an experiment with human and bovine platelets, Tween 20, which
is a more hydrophilic detergent that Triton X-100, was found to be less effective
than Triton X-100 in solubilizing the endoperoxide and thromboxane synthetases
[97]. The solubilized thromboxane synthetase was stable for weeks at +4°C [97].

Porcine lung microsomes were solubilized with the detergent Lubrol PX [98]. The
solubilized material was treated with DEAE-cellulose in a batchwise manner; this
resulted in the removal of a substantial amount of inactive proteins. The residual
fraction was adsorbed to Affi-Gel Blue, from which thromboxane synthetase was
eluted by washing with a buffer containing 2 M KCI. The eluate was dialyzed; in the
fraction so obtained, a purification of 16.6 times compared to that of the lung
microsomes was achieved. This purified enzyme preparation was stable for 1 month
at —80°C [98].
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(¢c) Properties of thromboxane synthetase

The biosynthesis of TXA, from its precursor fatty acid, arachidonic acid, proceeds
via the intermediate prostaglandin endoperoxides [19]. Studies on the kinetics of this
reaction sequence indicated that the formation of the prostaglandin endoperoxides is
the rate limiting step [99]. Variations in the pH of the incubation medium between
pH 5 and pH 8 did not influence the reaction rate appreciably [95,100,101].
Quantitation of the three major metabolites of arachidonic acid in platelets,
12-hydroxy-5.,8,10,14-eicosatetraenoic acid (12-HETE), 12-hydroxy-5,8,10-heptade-
catrienoic acid (HHT) and TXB, revealed that approximately equal amounts of
HHT and TXB, were formed after stimulation with thrombin [18]. In a study on the
effect of thromboxane synthetase inhibitors on PGH, metabolism in platelet micro-
somes it was found that the TXB, and HHT formation were always inhibited
concomitantly and to the same extent by all the inhibitors examined. Both products
disappeared upon boiling of the platelet microsomes, indicating their enzymatic
origin. It was suggested that these two compounds, HHT and TXB,, were both
formed by the same enzyme, thromboxane synthetase [102]. Experiments involving
the addition of a large excess of methanol to the incubation mixture after different
incubation times supported the idea that HHT is not a breakdown product of TXA,
but is formed independently [102]. Addition of methanol converts the labile TXA ,
into O-methyl TXB,, whereas TXB, is not influenced [19]. After an incubation
period of 10 s, 55% of the recovered radioactivity from ['*C]PGH, was present as
HHT, 21% as O-methyl TXB, and 22% in the form of TXB,. When the incubation
time was prolonged to 2 min, HHT still represented 55% of the recovered radioactiv-
ity, however, O-methyl TXB, accounted for less than 3% and TXB, had increased to

Olumm

Dt
H

one

1

(oSN Ot

om
om

H H
L El
Quwed H Qs X
OH OH
E2 2

Fig. 4. Structures of prostaglandin H, and analogues: precursors of thromboxanes: (1) Prostaglandin H,,
(2) Prostaglandin H,, (3) A*Prostaglandin H,, (4) a-homo Prostaglandin H,, (5) w-homo Prostaglandin
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42%. Thus, it appears that in the system used, TXA , was decomposed exclusively to
TXB,. A hypothetical reaction mechanism was outlined where PGH, is first proto-
nated at the C-9 oxygen. The cation so formed can then either isomerize to TXA , or
decompose to HHT [102,103]. An alternative mechanism in which TXA, is the
common intermediate for HHT and TXB, has also been discussed [103]. Based on
kinetic evidence, it has been proposed that the formation of TXA, should be a
bimolecular reaction rather than an isomerization [104].

PGH,, which lacks the A’-double bond of PGH, (Fig. 4), is converted in human
platelets to TXA, [105]. The conversion is however poor and the predominant
product formed is 12-hydroxy-8,10-heptadecadienoic acid (HHD) [100]. An ana-
logue of PGH, in which the A°-double bond had been moved one methylene unit
closer to the carboxyl group, i.e. A*PGH, (Fig. 4), was prepared and incubated with
human platelet microsomes. The main product obtained was 12-hydroxy-4,8,10-
heptadecatrienoic acid, and only minute amounts of thromboxane were formed
[100]. These experiments suggested that the position of the double bond in the
carboxyl side chain is important for the transformation of the endoperoxide into a
thromboxane. Additional experiments were carried out to reveal the structural
requirements for the conversion to thromboxanes. Two C,,-endoperoxides were
prepared, a-homo-PGH, and w-bomo-PGH, (Fig. 4), and both these PGH,-ana-
logues were converted into thromboxane and hydroxy acids by platelet thromboxane
synthetase. The product pattern was very similar to that of PGH, [106]. Both side
chains of the endoperoxides could thus be elongated without disturbing the transfor-
mation into thromboxanes. Both C,,-endoperoxides, however, had a double bond in
the carboxyl side chain at the same distance from the cyclopentane ring as PGH,.

Incubation of 5,8,11,14,17-eicosapentaenoic acid (EPA, timnodonic acid) with
human platelet thromboxane synthetase yielded only little TXA , [107]. This was not
due to poor conversion of PGH; into TXA; but rather poor conversion of the
precursor fatty acid into PGH, [38,39,107].

Human platelet thromboxane synthetase does not possess peroxidase activity,
since the two hydroperoxides, 12-hydroperoxy-5,8,10-heptadecatrienoic acid and
15-hydroperoxy TXB, were detected in incubates from PGG, with partially purified
thromboxane synthetase which was devoid of cyclooxygenase activity [36].

(d) Modulation of thromboxane synthesis

i. Inhibition
Shortly after the discovery of the thromboxane pathway, reports began to appear
describing different agents with inhibitory effect on thromboxane synthetase.
Benzydamine was examined for inhibitory action on the transformation of PGG,
into TXA , by horse platelet microsomes [108]. The concentration required for 50%
inhibition (IC,) was determined to be 100 ug/ml. The conversion of arachidonic
acid into prostaglandin endoperoxides by ram seminal vesicle microsomes was also
affected. However, some selectivity was achieved, since the I1C;,, of the latter reaction
was 250 ug,/ml [108]. Incubation of benzydamine with a human platelet microsomal
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fraction at concentrations < 1 X 107> M did not interfere with thromboxane bio-
synthesis [109].

A phenyl phosphonate, sodium p-benzyl-4-(1-ox0-2-(4-chlorobenzyl)-3-phenyl
propyl) phenyl phosphonate (N-0164), inhibited thromboxane biosynthesis in hu-
man platelet microsomes with an ICs, of 2.2 X 107> M [110,111]. However, this
compound also acts as a prostaglandin receptor antagonist [112,113].

The non-acidic anti-inflammatory compound 2-isopropyl-3-nicotinylindole (L-
8027) inhibits thromboxane biosynthesis {114—116] with simultaneous inhibition of
PGE formation, indicating that the compound is not a specific inhibitor of thrombo-
xane synthetase [117]. Metopyrone (2-methyl-1,2-di-3-pyridyl-1-propanone), which
shares some structural features with L-8027, was reported to inhibit thromboxane
formation in microsomes from human platelets and bovine lung [118].

As the inhibitory effect appeared to be dependent on the nicotinyl moiety, a study
was undertaken to see if the potency and specificity could be increased by replacing
this group with a more basic imidazoylmethyl group. A series of 3-(1-imidazolyl-
methyl) indoles were synthesized, and two of these, 2-isopropyl-3(1-imidazo-
lylmethyl) indole (UK-34787) and 3-(1-imidazoylmethyl) indole showed almost
complete selectivity against thromboxane synthetase with an IC,, of 2 X 1078 M
[119,120].

Imidazole was shown to selectively inhibit thromboxane synthetase with an 1Cs,
of 55%x107* M [121-123]. Of several imidazole derivatives tested, 1-methyl-im-
idazole, was found to be more potent than imidazole itself [122]. This finding
initiated extensive research on substituted imidazoles. A number of reports ap-
peared, describing various substituted imidazoles as thromboxane synthetase inhibi-
tors, e.g. l-n-butyl-imidazole [124], 1-(3-phenyl-2-propenyl)-1H-imidazole (SQ
80,338) [125] and 1-(1-O-chlorophenyl-1,1-diphenylmethyl) imidazole (clotrimazole)
[126]. A study of a series of substituted imidazoles showed that substitution at the
I-position retained the inhibitory activity of imidazole while substitution at other
positions rendered the compound inactive. It seems that the nitrogen at the 3-posi-
tion must be sterically unhindered for inhibitory activity. In a study of a series of
1-substituted imidazoles it was shown that the potency of the compounds increased
with increasing chain length of the substituent. Thus 1-nonylimidazole was the most
potent inhibitor tested, with an IC,; of 0.01 uM [127]. However, nonylimidazole did
not inhibit thromboxane formation in guinea-pig platelet rich plasma at concentra-
tions which blocked platelet aggregation, and it was therefore questioned whether
this compound should be considered a specific thromboxane synthetase inhibitor
[117]. In another study [128], it was shown that I-alkylimidazoles, with a chain
length of 8 to 16 carbon atoms, inhibited prostaglandin endoperoxide synthetase. In
contrast to l-alkylimidazoles, 1-carboxyalkylimidazoles with a chain length between
7 and 10 carbon atoms inhibited thromboxane formation without interfering with
either prostaglandin endoperoxide synthetase, PGD,- or PGI,-isomerase. I-
Carboxyheptylimidazole was the most potent inhibitor investigated with an 1C,, of
0.14 pM [128].

The histamine H,-receptor ﬁntagonist burimamide, a derivative of imidazole, was
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shown to be equipotent to imidazole as a thromboxane synthetase inhibitor. Other
histamine H,-receptor antagonists of related structure, such as metiamide and
cimetidine, exhibited only weak inhibitory activity. Selectivity studies showed that at
concentrations 20 to 100 times IC,, of that of thromboxane synthetase, neither
cyclooxygenase (of sheep seminal vesicle microsomes) nor prostacyclin synthetase
was inhibited. The thromboxane inhibiting activity of burimamide was not related to
its histamine H,-receptor blocking properties [50,129,130].

The imidazole derivative, 4-(2-(1H-imidazol-1-yl)ethoxy) benzoic acid hydrochlo-
ride (UK-37,248), a thromboxane synthetase inhibitor, was given orally to healthy
volunteers. Thromboxane B, levels in venous blood were measured, and it was found
that the production of TXB, was inhibited in a dose-related manner [131]. After
ingestion of 200 mg of the compound, arachidonic acid induced platelet aggregation
was completely inhibited [132].

Among other heterocyclic compounds tested for thromboxane inhibiting activity,
pyridine and some pyridine derivatives were found to be active [133,134]. Pyridine
was equipotent to imidazole in this respect. Substitution in the 3- or 4-position with
a hydrophobic group increased the inhibitory potency, while substitution in the
2-position rendered the molecule inactive [134,135]. Nicotinic acid (pyridine-3-
carboxylic acid) had a weak inhibitory effect on thromboxane synthetase but it was
less potent than pyridine [133,136].

The synthetic pyridine derivative, B-(4-(2-carboxy-1-propenyl)benzyl) pyridine
hydrochloride (OKY-1555) inhibited thromboxane formation selectively and had an
IC,, of 3 nM [135]. Also the corresponding sodium salt (OKY-1581) was a potent
and selective inhibitor of thromboxane synthetase [137,138].

Three vasodilating agents, hydralazine, dipyridamole and diazoxide, were re-
ported to be weak inhibitors of thromboxane biosynthesis in human platelets
[50,139-141]. Dipyridamole has also been shown to inhibit 3":5-cyclic AMP
phosphodiesterase of platelets [142].

Synthetic stable analogues of prostaglandin endoperoxides and TXA , were early
considered potential inhibitors, agonists and antagonists (see below). Replacement
of one of the endoperoxide oxygens by a methylene group, as in 9,11-epoxymethano-
15-hydroxyprosta-5,13-dienoic acid and in 9,11-methanoepoxy-15-hydroxyprosta-
5,13-dienoic acid, yielded stable analogues of PGH, [143]. The 9,11-epoxymethano
analogue inhibited thromboxane formation in human platelet microsomes with an
IC,, of 2 X 107° M [109]. The 11,9-epoxymethano analogue was not active in the
concentration range studied [109], while 9,11-epoxymethanoprostanoic acid was a
potent inhibitor with an 1Cs, of 7 uM [101]. Another, still more powerful inhibitor
was found in 9,11-azo-15-hydroxyprosta-5,13-dienoic acid (IC;, = 2 pM) [109]. This
compound mimicked the actions of the prostaglandin endoperoxides with respect to
platelet aggregation and the platelet release reaction [144]. The corresponding
15-deoxy compound, 9,11-azoprosta-5,13-dienoic acid, was a selective thromboxane
synthetase inhibitor, which also inhibited platelet aggregation [145—147]. In prepara-
tions of the corpus luteum, however, this compound inhibited prostacyclin syn-
thetase [49]. The prostaglandin endoperoxide analogue 9,11-azo-13-oxa-15-hydroxy-
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prostanoic acid was a potent inhibitor of thromboxane synthetase (IC;,=1x 107°
M) and, in addition, it showed PGH, /TXA , receptor blocking properties [148,149].

Substitution of one of the endoperoxide oxygens of PGH, for an imino group, as
in 9,11-iminoepoxyprosta-5,13-dienoic acid, yielded a selective thromboxane syn-
thetase inhibitor [150,151]. The corresponding 9,11-epoxyimino analogue was devoid
of thromboxane inhibiting activity but acted as a thromboxane antagonist [152]. The
9,11-iminomethano analogue of PGH, inhibited thromboxane biosynthesis in plate-
let suspensions and was reported to be 830 times more potent than imidazole [153].

Some stable thromboxane A, analogues with thromboxane synthetase inhibiting
properties have also been synthesized [154-156], but these compounds exhibited
agonistic or antagonistic properties as well (see below).

A protease inhibitor, L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK),
specific for chymotrypsin, has been shown to exert a number of effects on platelet
processes. This compound also interferes with arachidonic acid metabolism in
platelets. The 12-lipoxygenase was inhibited by TPCK, but the main effect was an
irreversible inhibition of thromboxane synthetase [157].

Several reviews dealing with the screening and evaluation of thromboxane syn-
thetase inhibitors have been published together with a number of related articles of
more general character [158-162].

ii. Potentiation of thromboxane biosynthesis

Several factors are known to enhance the formation of thromboxanes, although their
site of action may not necessarily be the enzyme, thromboxane synthetase. Some of
these factors may be involved in the regulation of thromboxane biosynthesis in vivo.
Thus, they may be of importance for the development of certain diseases: a number
of pathological conditions are known that seem to involve an increase in the
thromboxane production by platelets or other cell types. These will be covered more
in detail below (see section on Thromboxane production in pathological conditions).

Heparin has been found to increase TXA, synthesis in human platelet rich
plasma [163]. Administration of heparin to patients with angina pectoris also
markedly increased the synthesis and release of thromboxane [164]. There was no
correlation between the simultaneously increased plasma levels of free fatty acids
and plasma TXB,, suggesting that the cause of increase in TXB, levels was indirect
[164-166].

Cholesterol was found to enhance the conversion of released arachidonic acid into
TXB, [167]. This stimulation was believed to occur primarily at the level of the
cyclooxygenase rather than the thromboxane synthetase.

Calcium ionophores, such as A23187 and X538A, are known to stimulate throm-
boxane biosynthesis in platelets [168]. These compounds mobilize calcium from
intracellular storage sites, leading to an increased calcium concentration in the
cytosol. This in turn stimulates the release of arachidonic acid from its esterified
storage form, and the subsequent conversion into prostaglandins and thromboxanes
1s thus increased [168].

Other factors known to stimulate thromboxane formation by various cell types
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are norepinephrine (brain tissue [59]), vasopressin (toad urinary bladder [81]), and
estrogens in oral contraceptives (platelets [169]). The mode of action of these
compounds is not known.

iii. Dietary manipulations of thromboxane biosynthesis

A lower incidence of death from cardiovascular disease has been observed among
Eskimos from western Greenland who consume a diet rich in w3 polyunsaturated
fatty acids. Analysis of their platelet lipids revealed higher percentages of eicosa-
pentaenoic acid and docosahexaenoic acid than in a Danish control group and
considerably less arachidonic acid. A significantly longer bleeding time was also
observed among the Eskimos, due to reduced platelet aggregation and even a
bleeding tendency. It has therefore been suggested that dietary enrichment of
eicosapentaenoic acid can reduce the incidence of thrombotic disorders [170,171].
Eicosapentaenoic acid does not induce platelet aggregation [172]. It is a poor
substrate for fatty acid cyclooxygenase but has a high binding affinity for the
enzyme, thereby inhibiting arachidonic acid conversion into the pro-aggregatory
thromboxane A, [39,107]. Human platelets can convert eicosapentaenoic acid into
thromboxane A, [107], but this compound does not induce platelet aggregation.
Elcosapentaenow acid, however, gives rise to prostaglandin I, a potent anti- aggrega-
tory substance [39].

The effect of dietary supplementation of fish oil, rich in elcosapentaenom acid, on
experimentally induced myocardial infarction in dogs was studied, and it was shown
that the size of the infarction was reduced in oil-fed dogs [173]. Dietary supplement
of fish-oil also had a protective effect on focal cerebral infarction [174].

A group of volunteers were put on a mackerel diet corresponding to a daily intake
of 7-11 g of eicosapentaenoic acid. Analysis of their platelet lipids after six days on
the diet showed a five-fold increase in eicosapentaenoic acid, while the arachidonic
acid fraction decreased considerably. A decrease in collagen induced platelet aggre-
gation was found that correlated with diminished TXB, formation and with an
increase in the eicosapentaenoic acid to arachidonic acid ratio in platelet phospholi-
pids [175].

Dietary supplement of cod liver oil was studied in another group of men. A daily
dose of 20 ml of cod liver oil, corresponding to 1.8 g eicosapentaenoic acid and 2.2 g
docosahexaenoic acid, was given. The proportions of eicosapentaenoic acid’ and
docosahexaenoic acid in platelet lipids were increased mainly at the expense of w6
unsaturated fatty acids. After three weeks with cod liver oil supplement ‘the mean
bleeding time was significantly prolonged [176].

A hypothetical combined therapy consisting of an eicosapentaenoic a01d rich diet
with the addition of a thromboxane synthetase inhibitor has been discussed [177].
This combination might abolish the production of the pro-aggregatory TXA, and
enhance the formation of the anti-aggregatory prostacyclin.

Dihomo-y-linolenic acid has also received some attention as a potential anti-
thrombotic substance [177-179]. This compound does not give rise to a pro-aggrega-
tory thromboxane but is the precursor of the anti-aggregatory prostaglandin E,
[180-182].
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Among common foodstuffs, onion and garlic have been reported to contain a
heat-stable, lipid soluble factor that inhibits platelet aggregation [183-186]. This
factor inhibits thromboxane synthesis in platelets from exogenous ['*CJarachidonic
acid. Along with the decreased thromboxane formation, a new metabolite of
arachidonic acid appeared, 10-hydroxy-11,12-epoxy-5,8,14-¢eicosatrienoic acid, prob-
ably via the platelet lipoxygenase pathway [185].

The influence of cholesterol on thromboxane biosynthesis was briefly mentioned
above. Cholesterol-rich platelets were shown to release more arachidonic acid than
cholesterol-depleted ones upon stimulation with thrombin, and the subsequent
conversion of the precursor into TXB, was also higher in the cholesterol-rich
platelets [167). An increased thromboxane production from platelets in vivo in the
rabbit has also been demonstrated after a cholesterol-rich diet [187].

4. Metabolism of thromboxanes

Thromboxane metabolism has attracted great interest since the thromboxane path-
way was discovered in 1975. The potent TXA , was already then known to be rapidly
hydrolyzed into the almost inactive TXB, with a ¢, ,, of about 30 s in buffer solution
at pH 7.4 and at 37°C [19]. It was then erroneously assumed that this hydrolysis of
TXA, always occurred to completion under all circumstances, and most studies of
thromboxane metabolism have thus dealt with the further transformations of TXB,
[188-195].

Metabolic studies were first undertaken because of the necessity to find an
alternative to TXB, for monitoring, particularly in the circulation. A stable, major
plasma metabolite was looked for, which should not be formed as an artifact during
collection and handling of the blood sample. In analogy with the prostaglandin
transformations, this expected metabolite was 15-keto-13,14-dihydro-TXB,. How-
ever, incubations using crude preparations of 15-hydroxyprostanoate dehydrogenase
from liver, kidney [194,195] or lungs failed to yield the expected metabolite, and the
conclusion was that TXB, was not a substrate for this enzyme. Furthermore,
intravenous injection of [’ H]JTXB, into monkeys did not result in the appearance of
15-keto-13,14-dihydro-TXB, as a metabolite in plasma [188] or in urine [188-190].
In the circulation, [PHJTXB, itself remained as the dominating compound for a
considerable time and was only slowly replaced by more polar compounds [188].

Before being excreted into urine, TXB, is degraded mainly by B-oxidation. The
major urinary metabolite was identified as dinor-TXB, in the guinea pig, monkey
and man, [188-192,194,195]; in the rat, however, the major product was tetranor-
TXB, [193]. In the simian and human species, a number of additional metabolites
were identified [190,195], which have been formed by various combinations of
well-known metabolic reactions such as B-oxidation and w-oxidation. Several
metabolites, however, had the saturated keto structure in the side chain, and it was
proposed that some of the break-down products were better substrates for the
15-hydroxy dehydrogenase than TXB, itself, or alternatively, that any formed
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15-keto-13,14-dihydro TXB, was immediately further metabolized into more de-
graded products [190,195].

Three primary pathways of metabolism were identified in primates [190,195]. The
major pathway retained the original hemiacetal ring of TXB,: degradation occurred
exclusively by B-oxidation, leading first to the dominating urinary metabolite,
dinor-TXB,, and subsequently to the less abundant tetranor product. Another major
pathway of metabolism involved dehydrogenation of the hemiacetal alcohol group at
C-11 of TXB,, leading to a series of metabolites with a §-lactone instead of the
oxane ring. These two pathways were about equal in importance in man [195]. A
third, minor pathway involved an initial reduction of the hemiacetal ring, leading to
acyclic compounds with alcohol groups at C-11 and C-12. The enzymes responsible
for the latter two pathways were localized to the soluble fraction of guinea pig liver
homogenates [195].

For quantitation of thromboxane formation in vivo, it seemed preferable to

monitor the major urinary metabolite, dinor-TXB,, instead of a circulating com-
pound. A mass spectrometric method for this compound was developed and used for
a quantitative study in the guinea pig [192]. The basal excretion of this metabolite
was very low. Surprisingly, when anaphylaxis was induced in sensitized guinea pigs
by challenge with the immunogen, no increase at all was seen in the excretion of
dinor-TXB,. This was difficult to explain, as anaphylactic lungs are known to
produce large amounts of TXA, [14,196]. A possible explanation was that the
released TXA, was metabolized by a different pathway than by hydrolysis into
TXB, and later B-oxidation into dinor-TXB,. This has also been supported by
findings from perfusion experiments with anaphylactic guinea pig lungs [197-199].
The anticipated thromboxane metabolite, 15-keto-13,14-dihydro-TXB,, was identi-
fied in the perfusate [197,198,200] and was later also quantitated together with
several other products [199]. In non-sensitized lungs it occurred in small amounts,
but the importance of this metabolic pathway increased after sensitization, and after
repeated challenges 15-keto-dihydro-TXB, was by far the major metabolite [199, cf.
also 201,202]. The explanation for the different results in these two quantitative
studies on sensitized guinea pigs [192,199] may thus be that the wrong compound
was monitored in the former study. TXA , is hydrolyzed into TXB, in buffer solution
in vitro, but this may in complex biological systems, such as the anaphylactic lung,
be preceded by the actions of 15-hydroxy prostanoate dehydrogenase and A'’-re-
ductase. Whether the 15-keto-dihydro metabolite is normally a major circulating
metabolite of TXA , in vivo, and thus the proper target for plasma measurements, is
not known yet.
»  TXA, metabolism has been shown to be unexpectedly complicated also in
simpler systems, such as in platelet rich plasma (PRP) in vitro. As no metabolizing
enzymes are present in such a system, TXB, was supposed to be the only end
product. However, it was discovered that released TXA , is extensively trapped by
proteins, mainly albumin, in the presence of plasma [203-205]. It is conceivable that
this reaction takes place also with TXA, released from platelets in vivo.

Albumin binding of TXA , has been noticed earlier [206,207]; however, in those
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studies a different phenomenon was seen: the half-life of this very unstable com-
pound was considerably prolonged in the presence of albumin. This was apparently
caused by the common, non-covalent binding by albumin, which considerably
protected the compound against hydrolysis. Thus, albumin seems to exert two
opposite actions: one protective and one destructive action. The relative importance
of these two phenomena and their functions in vivo is not known at present.

The metabolic fates of TXA, thus seem to be very complicated. A few years ago,
TXB, was almost automatically considered the end product of TXA , formation and
a reliable parameter for monitoring thromboxane biosynthesis. Now it has become
clear that under many circumstances it is only a minor and insignificant product.
TXA, seems to be metabolized partially via different pathways and forms covalent
derivatives with proteins, or is converted via the 15-hydroxy dehydrogenase path-
way. The further fates of these products are not known. It is also possible that
thromboxane formed in different cell types may undergo different fates.

5. Assay methods for thromboxanes

The biosynthesis and release of thromboxanes by a biological system can be
monitored using several different approaches and a number of different types of
assay methods. Many review articles discussing these problems have been published
recently; most of them describing assay for prostaglandins as well as thromboxanes
(see e.g. refs. 208-215).

Measurement of thromboxane biosynthesis is generally done either by assay of
the immediate product, TXA,, (as such or as a derivative), or of the subsequently
formed hydrolysis product, TXB,. Both these approaches can be used to monitor
thromboxane produced from either endogenous or exogenous precursors, but may
give somewhat different information, as discussed below. A common approach in
many studies is to measure only the conversion of exogenous substrate by the
studied biological system: in this case a convenient method is the use of radiolabeled
precursor and monitoring the formed labeled thromboxanes [19,101,216-218]. In
certain cases neither TXA, nor TXB, may be reliable as an indicator of thrombo-
xane formation: the best target for measurements may then instead be a metabolite.
As was pointed out in the preceding section, it is of great importance to establish
which compound is the proper target for measurements in each biological situation:
monitoring the wrong compound may lead to quite erroneous results (see above,
Metabolism of thromboxanes).

(a) Assay of TXA,

Since TXA, is an extremely unstable, highly potent compound, immediate bioassay
is the only possible method for the assay of the intact compound. The most
commonly employed assay organs are various vascular preparations, such as the
rabbit aorta, mesenteric artery or celiac artery [15,19,20,29,30,108]. Other possibili-
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ties are the rabbit inferior caval vein [29], the rat aorta [219] and the bovine and
porcine coronary arteries {12,26,220,221]. A frequently used non-vascular assay
organ is the guinea pig lung parenchymal strip, which is highly sensitive to TXA,
[15]. Platelet aggregation is also commonly employed as a sensitive bioassay for
TXA,.

One draw-back of bioassay however is its inherent non-specificity. Reactions to
bioactive substances not related to this field of biochemistry can generally be
blocked by pretreatment of the assay organ with specific antagonists and inhibitors
[212]. However, even using these precautions, many bioassay systems for detection
and assay of TXA , are not entirely specific for this compound but react in a similar
fashion also to the endoperoxides. This is the case with two of the most frequently
used systems: platelets and the rabbit aorta. Since endoperoxides may be present in
parallel with TXA, in many biological situations, this non-specificity may create a
problem. One possible solution is to use an assay more specific for TXA ,: the rabbit
mesenteric artery, for example, has been reported to be contracted only by TXA,
[215].

The specificity of the bioassay for TXA, can also be increased by insertion of a
delay coil since TXA, has a short half life [212]. Such a modification would reveal
the presence of a highly unstable compound such as TXA, in the analyzed material.
However in a situation where two antagonistic and unstable compounds are present
such as TXA, and PGI,, the delay coil is not a solution. This situation would arise
for example when perfusates from lungs are studied, since the lung can produce
large amounts of both these compounds. Obviously, the formed quantities of TXA,
would be grossly underestimated if they were assayed using only such assay systems
in which the TXA, effects would be counteracted by the simultaneous presence of
PGI,. A delay coil would probably not be of much use in this situation, since both
compounds are highly unstable. A combination of several different assay organs
with different specificities for these compounds in a so-called cascade type of assay
might solve the problem [212,215].

An alternative solution is to abandon bioassay entirely and use a more specific
approach instead. One such approach in TXA, assay is based on the rapid
conversion of this unstable compound into a stable derivative by trapping with
excess methanol or some other nucleophilic reagent (see above, Elucidation of the
thromboxane structure). If methanol is used, the formed products are two epimers of
mono-O-methyl TXB, (Fig. 2). These compounds are biologically inactive but are
instead suitable for assay by methods requiring chermical stability of the measured
compound, such as gas chromatography mass spectrometry or radioimmunoassay.

The first quantitation method based on this trapping procedure was developed for
TXA, formed from exogenous precursor and was a double isotope dilution method
[19]. Later a radioimmunoassay was developed for the major epimer of mono-O-
methyl TXB, [222]. This method allowed the assay of TXA, formed from endog-
enous precursor [e.g. 223].

It should be pointed out, however, that although the measured concentrations of
mono-O-methyl TXB, will reflect the amount of TXA , present in the sample at the
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instant the methanol was added, the levels of the derivative will not be a reliable
indicator of the total amount of TXA , formed by the system. A great part of this has
already been hydrolyzed into TXB,, and some further conversion of TXA, —» TXB,
can perhaps also take place even in excess methanol. A better indication of the total
TXA, is obtained by the sum of formed TXB, and the two epimers of mono-O-methyl
TXB, (see also below, Pitfalls in thromboxane assay).

Methanol treatment of aliquots removed from the TXA, synthesizing system,
followed by the assay of the formed mono-O-methyl TXB,, gives excellent informa-
tion about the kinetics of appearance and disappearance of TXA , in such a system.
Fig. 5 demonstrates the differences in information obtained when TXA , (assayed as
mono-O-methyl TXB, after methanol treatment) or its stable degradation product,
TXB,, were monitored after addition of arachidonic acid to a platelet suspension.
Small aliquots were removed with very short intervals before and after this addition;
they were added to 25 volumes of methanol. As soon as aggregation had occurred,
the platelets were removed by filtration (to exclude any later biosynthesis of TXA
in the system) and aliquots were then continuously removed from the filtrate. Assay
of TXB, by a specific radioimmunoassay demonstrated a sharp rise immediately
after the addition of arachidonic acid; a high level was reached which remained
constant during the rest of the experiment. Assay of mono-O-methyl TXB, however
showed a different pattern. A maximal level was obtained within the first minute
after the substrate was added; the level then rapidly declined, indicating a rapid
disappearance of the precursor of this derivative, i.e. TXA,. When the results were
corrected for cross-reaction with the very high levels of TXB, present at this stage, a
straight line was found in the semi-logarithmic diagram. The half-life of the
precursor was 32 s calculated from this diagram: this is in perfect agreement with
earlier reported data for TXA, [15,19].
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ig. 5. Mono-O-methyl TXB, (O O) and TXB, (® ®) levels (measured by radioimmunoas-
say) after addition of arachidonic acid to washed human platelets at 37°C. Light transmission was
recorded simultaneously in an aggregometer. Arrow indicates addition of arachidonic acid. (Reproduced
from Granstrom, E., Kindahl, H. and Samuelsson, B. (1976) Prostaglandins 12, 929-941, with permission
from Geron-X Inc., USA).
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(b) Assay of TXB,

The great majority of quantitative studies in this field concern the measurement of
TXB, rather than TXA ;. Although some biological activity has been found also for
TXB, (see above), bicassay is normally not employed for this compound. Since it is
chemically very stable, it is suitable for other types of quantification methods, such
as gas chromatography mass spectrometry or radioimmunoassay.

The first method developed for TXB, was a gas chromatography mass spectrome-
try method, utilizing [*H4]TXB, as a carrier [18]. This was later followed by others
of the same type [59,210,217,224]. A related gas chromatographic method was based
on the electron capture technique [225]; a liquid chromatographic method utilizing
fluorescent derivatives of TXB, has also been published [226].

By far the most common method in this field is radioimmunoassay. After the first
radioimmunoassay for TXB, was published [227], a very large number of similar
assays were developed [e.g. 217,228-232]. This type of measurement has been used
for detection and/or quantification of thromboxane synthesis in platelet prepara-
tions, tissue homogenates, organ perfusates, cell culture media, various exudates or
other biological material; it has also been used in monitoring enzyme activity of
thromboxane synthetase during purification procedures.

(¢) Pitfalls in thromboxane assay

Each type of assay method (e.g. bioassay, gas chromatography mass spectrometry,
radioimmunoassay) suffers from certain sources of error, which may seriously
influence the final results. Some bioassay problems, specific for TXA, measure-
ments, were briefly discussed above. In addition to such sources of error, however,
there are also other pitfalls in the three different approaches to thromboxane
measurements described above (i.e. direct and indirect assay of TXA ,, and assay of
TXB,, respectively).

In order to increase the specificity of TXA, quantitation, some researchers have
introduced an extraction step before bioassay of the compound [31,38,108]. This is
performed at pH 7.4 using ether as the organic solvent. Under these conditions, the
precursors, the endoperoxides and arachidonic acid, are also extracted to some
extent. Since the latter compounds are considerably more stable, their relative
amounts would increase during the subsequent evaporation step, which unfor-
tunately degrades a major portion of the unstable TXA ;. Hence, quantitative data
based on such a procedure would underestimate the true amounts of TXA,
originally present in the sample, and if endoperoxides were present their bioactivities
would prevail in the ensuing bioassay.

However, the pronounced instability of TXA, is well known, and quantitative
data concerning this compound are generally interpreted with caution. This is
unfortunately not the case in many studies where the stable hydrolysis product,
TXB,, has been monitored instead. The serious sources of error associated with
TXB, measurements are often overlooked, because this stable product of the
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thromboxane pathway is generally regarded as a reliable indicator of thromboxane
biosynthesis. In fact, it is often regarded as rhe degradation product of TXA,,
automatically reflecting all TXA, preexisting in the sample, or released into the
blood stream, etc.

This concept may however be far from true:

First, as is the well known case with prostaglandins, artifactual formation of
thromboxane may occur rapidly and extensively from e.g. blood cells during
collection and processing of a blood sample. Reported TXB, levels in plasma are
generally unrealistically high: it is unlikely that they reflect the endogenous biologi-
cal situation.

Second, even if this artifactual contribution could somehow be prevented, it is not
necessarily certain that TXA, formed in the body, in tissues or other biologic
material, is quantitatively hydrolyzed into TXB,. This hydrolysis may sometimes be
a very minor pathway of TXA , degradation. It has for example been demonstrated
that in samples containing albumin, such as platelet rich plasma, the major part of
formed TXA, is not converted into TXB, but instead covalently bound to albumin
[203-205], and will thus escape detection by conventional assay methods for TXB,.

Third, it has been demonstrated in metabolic studies that after i.v. injection of
[*H]TXB, into monkeys, the highest attained plasma level of the compound (1 min
after the injection) was only about 10% of the theoretical maximum, indicating a
rapid uptake of TXB, by tissues [188]. Thus, even if TXB, was the only product
formed from TXA, released into the blood stream, and if it could be measured
reliably, it might only represent a minor fraction of the actually formed TXA,.

That measurements of the TXB, formation may be totally misleading as an
indicator of TXA, biosynthesis was mentioned above (Metabolism of Thrombo-
xanes). It was found that TXA , formed in sensitized (and possibly to some extent
also in normal) guinea pig lungs was extensively metabolized into 15-keto-13,14-di-
hydro-TXB, [197-199]. Thus, measurement of only a TXB, metabolite following
guinea pig anaphylaxis failed to reveal any thromboxane biosynthesis during this
condition [192, cf. 14,199].

(d) Assay of thromboxane metabolites

The uncertainties and practical difficulties involved in thromboxane assay when
monitoring either TXA , or TXB, have prompted some groups to develop methods
for further degraded metabolites instead. The major urinary metabolite of TXB,, in
most species dinor-TXB, (see above), has been monitored in the urine of the guinea
pig [192] and man [194]. As mentioned above, however, it is by no means certain
that the TXB, pathway reliably reflects TXA, biosynthesis, for example after
pulmonary anaphylaxis. This condition could probably be better studied by mea-
surement of some 15-keto-13,14-dihydro products instead [197-199], either 15-keto-
dihydro-TXB, itself in the circulation or one of the more degraded products of this
pathway found in urine.

The first quantitative study monitoring 15-keto-dihydro-TXB, utilized gas chro-
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matography mass spectrometry of exudates of anaphylactic guinea pig lungs: the
results were briefly described above [199]. Later, a radioimmunoassay was developed
for the same compound [201]; the assay was recently improved to obtain higher
sensitivity [202]. This method was also used to follow thromboxane release during
guinea pig anaphylaxis, in this case in vivo.

6. Thromboxane agonists and antagonists
(a) Agonists

The discovery of the prostaglandin endoperoxides and thromboxane A ,, compounds
with pronounced biological activity but short half-life under physiological condi-
tions, initiated a search for stable synthetic compounds that mimic the actions of the
labile arachidonate metabolites. Several of these synthetic compounds are structural
analogues to PGH,.

Replacement of one or the other of the endoperoxide oxygens in PGH, by a
methylene group resulted in stable compounds that were biologically active [143].
One of these, 11a,9a-epoxy-methano-15-hydroxyprosta-5,13-dienoic acid (U46619)
was 3.7 times more potent than PGG, in inducing platelet aggregation and 6.2 times
more active than PGH, in contracting isolated rabbit aorta [233]. Cascade superfu-
sion experiments suggested that Ud46619 is a selective TXA,-like agonist [234].
Another structural analogue of PGH, which is biologically active was obtained by
replacing both endoperoxide oxygens with an azo-group [144,235]. This 9.11-
azoprostanoid was more active than PGG, in inducing platelet aggregation and the
platelet release reaction. It was also more active than PGH, in contracting isolated
rabbit aorta [144]. The 9,11-etheno-analogue of PGH, induced aggregation in
platelet-rich plasma although it was ten times less potent than PGG, in this respect.
The analogue induced ['*CJserotonin release from labelled platelets at concentra-
tions which resulted in platelet aggregation [236,237]. Substitution of the endoper-
oxide group for a dithio group yielded a compound that was 24 times more active
than PGH, in contracting aorta strips; in addition, it caused rapid and irreversible
platelet aggregation {238]. Platelet aggregation induced by arachidonic acid or
collagen was not inhibited by this prostaglandin endosulfide [239].

A series of 9a-homo-9,11-epoxy prostanoic acid analogues, where the side chains
correspond to the l-series of prostaglandins, were synthesized and examined for
various biological activities [240]. One of these analogues, GBR-30728, contracted
smooth muscle and induced platelet aggregation in rat blood, but was approximately
5000 times less potent than ADP [240].

A more active thromboxane receptor agonist was found in the 9«a-homo-9.11-
epoxy-5,13-prostadienoic acid analogue, SQ 26,538. This compound was 200 times
more potent than arachidonic acid in inducing platelet aggregation but was only
1 /10 as potent as PGH,. This effect was not blocked by inhibitors of cyclo-oxygenast
or of thromboxane synthetase [241].
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A derivative of prostaglandin F, ,17,18,19,20-tetranor-16-p-fluorophenoxy PGF, ,
(ICI 79939) as well as its 11-oxo analogue mimicked the actions of 11,9-epoxy-
methano-PGH, on four endoperoxide sensitive preparations, namely human plate-
lets, rabbit aortic strip, guinea pig tracheal chain and pig blood pressure [242]. ICI
79939 as well as a number of related analogues showed full agonist activity on a dog
saphenous vein preparation [243]. Since replacement of the four terminal carbons at
the w-end with a p-fluorophenoxy group increased the thromboxane-like activity of
PGFE,, and PGD,, the 16-p-fluorophenoxy derivative of 9,11-etheno-PGH,, struct-
urally more closely related to PGH, than PGF,, or PGD,, was prepared. This
compound caused a rapid and reversible aggregation of human platelets at 50-100
ng/ml and irreversible aggregation at higher concentrations. Like the 9,11-etheno-
PGH, analogue, its 16-p-fluorophenoxy derivative contracted rabbit aortic strip but
had a very long-lasting action [244].

Some compounds with thromboxane-like structure have been screened for agonist
activity on thromboxane sensitive systems. Carbocyclic TXA , [155,245,246] behaved
as a potent TXA , agonist on the vasculature (isolated cat coronary artery) but rather
as an antagonist on arachidonic acid induced platelet aggregation. The TXA,
analogue, 9a-homo-(11,12)-deoxa-(11,12)-methylene thromboxane A, showed weak
TXA ,-like properties with respect to vasoconstriction but had no effect on platelet
aggregation [247].

A sulphur analogue of TXA,, DL~(9,11),(11,12)-dideoxa-(9,11)-methylene-
(11,12)-epithio-thromboxane A, methyl ester, showed moderate contractile activity
on isolated rat aorta. It did not induce platelet aggregation [248]. Sulphur substitu-
tion of the oxetane oxygen in TXA,, as in the analogue DL-(9,11),(11,12)-dideoxa-
(9,11)-epithio-(11,12)-methylene-thromboxane A,, resulted in a compound with
potent contractile activity on the isolated rat aorta. In addition, this compound
caused platelet aggregation [249]. A third analogue, in which both ring oxygens of
TXA , were replaced by sulphur, showed properties very similar to natural TXA,.
This analogue effectively contracted rat aorta and caused rapid and irreversible
aggregation of human platelets [250].

(b) Antagonists

Ever since the discovery of TXA ,, much effort has been directed towards the search
for compounds that either inhibit its formation or antagonize its actions, since TXA ,
has been postulated to be involved in a number of pathophysiological conditions.
Some of the compounds that have been described as antagonists of thromboxane
action are reviewed below.

One of the first antagonists described of the TXA, receptor in human platelets
was 9,11-epoxyiminoprosta-5,13-dienoic acid (EIP) [152]. EIP antagonized TXA ,-
mediated platelet aggregation without inhibiting thromboxane synthetase or fatty
acid cyclo-oxygenase. However, EIP contracted rat aorta and thus acted as an
agonist in this system,

The PGH, analogue, 9,11-azo-13-oxa-15-hydroxy-prostanoic acid, blocked the
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actions of 9,11-epoxymethano-PGH, and TXA, on human platelet-rich plasma,
suggesting that it is a PGH,/TXA, receptor antagonist [148,251]. This compound
also inhibited thromboxane synthetase. Another nitrogen-containing compound,
13-aza-prostanoic acid, exhibited antagonistic properties on the platelet PGH,/
TXA ,-receptor. It inhibited platelet aggregation induced by arachidonic acid, PGH,
and 9,11-epoxy-methano PGH,. Neither primary aggregation induced by ADP or
thrombin nor thromboxane synthetase was inhibited [252]. 13-Aza-prostanoic acid
not only prevented arachidonic acid induced platelet aggregation, but also reversed
aggregation once the process had been initiated. However, aggregation induced by
ADP or epinephrine could not be reversed by 13-aza-prostanoic acid, suggesting that
this deaggregating effect is specific for PGH,- and TXA ,-mediated aggregation
[253].

The compound [la(Z),2B,5«]-methyl-7-[2-(4-morpholinyl)-3-oxo-5-(phenyl-
methoxy)cyclopentyl]-5-heptenoate (AH 19437) inhibited platelet aggregation and
5-hydroxytryptamine release without inhibiting fatty acid cyclo-oxygenase, thrombo-
xane synthetase, cAMP phosphodiesterase or prostacyclin synthetase, consistent
with the view that AH 19437 is a selective antagonist of platelet TXA , receptors
[254-256].

A number of carbathromboxane analogues (analogues of thromboxane A, where
one or both of the ring oxygens have been replaced by carbon) were recently
synthesized [155,156,245,246,257-260)]. Three of these, 11a-carbathromboxane A ,,
15-deoxy-15,16-dihydro-11a carbathromboxane A, and 9,11-epoxy-1la-carbath-
rombanoic acid, were examined for agonist/antagonist activity on TXA , receptors
from human platelets and rat aortic strips [154]. All three compounds were shown to
possess both thromboxane synthetase inhibiting activity and antagonistic activity on
platelet TXA ,-receptors. Interestingly, none of the compounds exhibited agonist or
antagonist activity on TXA ,-receptors from vascular smooth muscle [154]. Thus, it
seems that there are different classes of thromboxane receptors with respect to
binding characteristics. This is supported by experiments with another carbath-
romboxane analogue, carbocyclic thromboxane A, (CTA ) [155,246]. This analogue
is a potent coronary vasoconstrictor, which acts as a thromboxane agonist on the
vasculature. However, CTA, acted as a TX-antagonist on platelet aggregation; in
addition, it selectively inhibited thromboxane synthetase. In contrast, pinane throm-
boxane A, [156,261,262] showed antagonistic effects on TXA ,-receptors both in
vascular smooth muscle and in human platelets. It also inhibited thromboxane
synthetase. These properties make pinane thromboxane A, interesting as a potential
antithrombotic agent {263,264].

The synthetic thromboxane analogue, 9a-homo-9,11-epoxy-5,13-prostadienoic
acid analogue (SQ 26,536), inhibited arachidonic acid induced platelet aggregation
without inhibiting the prostaglandin synthesizing activity of bovine seminal vesicles
or thromboxane synthetase activity of lyzed human platelets {241]. This compound
thus acted as an antagonist on the platelet TXA, receptor, while its 15R-epimer
turned out to be an agonist.

A study was undertaken to find compounds with partial agonist activity on TXA,
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receptors [243]. The idea was that chemical modification of such a partial agonist
could eventually produce an antagonist of the receptor. The 9,11-etheno analogue of
PGH, was found to be a partial agonist, and chemical modification of this
compound resulted in an antagonist of the thromboxane receptor. The modified
compound (+ )-5-endo-(6’-carboxyhex-2"Z-enyl)-6-oxo[ N-(phenylcarbamoyl)-hy-
drazono-methyl]-bicyclo[2.2.1]heptane (EP 045) antagonized contraction of rabbit
aorta and dog saphenous vein by TXA ,. Platelet aggregation induced by arachidonic
acid or 11,9-epoxy-methano PGH, was inhibited, while thromboxane biosynthesis
was unaffected [265].

A number of 7 oxabicyclof2.2.1]Theptane prostaglandin analogues were synthe-
sized and evaluated as potential thromboxane synthetase inhibitors or thromboxane
antagonists. Several of the compounds tested were shown to be TXA , antagonists,
judged from platelet aggregation and thromboxane inhibition tests. Two of the
compounds also inhibited arachidonic acid induced bronchoconstriction [266].

Dantrolene has been suggested to be a competitive antagonist of TXA , in muscle
[268]. Phtalazinol (EG 626) was first reported to be a TXA, antagonist [268].
However, later it was shown that it is not a specific TXA, antagonist but has a
general inhibitory effect on smooth muscle, possibly exerted by inhibition of
phosphodiesterase [269].

7. Thromboxanes and the lung

In the guinea pig, the lung has a very high capacity for thromboxane biosynthesis
compared with other tissues [45]. This is especially the case with sensitized lungs
challenged with antigen [196]. In 1969 Piper and Vane found that perfused sensitized
guinea pig lungs released a “rabbit aorta contracting substance” (RCS) during
anaphylactic shock [14]. This substance also contracted the guinea pig trachea. The
biologically active material in RCS was later shown to consist mainly of TXA , and
smaller amounts of the prostaglandin endoperoxides, PGG, and PGH, [15,19].
TXA,, which is a strong vasopressor, is also extremely potent in contracting
respiratory smooth muscle. TXA, is about 50 times more potent than PGF,, in
contracting the isolated guinea pig trachea and 600 times more potent than PGF, , in
causing bronchoconstriction in guinea pigs in vivo [21]. Two metabolites of TXA ,,
i.e. TXB, and 15-keto-13,14-dihydro-TXB,, on the other hand display little or no
contractile activity on respiratory smooth muscle [197].

Most studies on pulmonary thromboxane biosynthesis have been performed with
homogenates of lungs, or with perfused normal or sensitized lungs, generally from
the guinea pig. In whole homogenates of normal guinea pig lungs the major products
of exogenous arachidonic acid were TXB, and HHT (about 20% of each compound)
whereas PGE, and PGF, , were found only in small amounts [2-3%) [270]. Similar
results were obtained when guinea pig lung microsomes were incubated with PGH,
[49]. TXB, was the major metabolite of arachidonic acid or PGH, also in lung
homogenates from other species, such as cattle [271,272], rabbit [49,271], and sheep



71

[271,273]. There were, however, apparent species differences in the obtained
metabolite spectra from the cyclo-oxygenase pathway. Thus the bovine, rabbit, rat
and sheep lungs had a lower capacity for conversion of arachidonic acid into TXB,
than lungs of guinea pigs [49,51,271,272,274]. No thromboxane formation was
detected at all in homogenates from human or monkey lung [49,276]. Furthermore,
in homogenates of bovine, rabbit, sheep or cat lungs, the stable product of the
prostacyclin pathway, 6-keto-PGF, ,, was also found. The conversion via this pathway
was strongly favoured over thromboxane biosynthesis at low substrate concentra-
tions [48,49].

During the fetal development bovine, rabbit and sheep lung were shown to have a
poor capacity for thromboxane synthesis compared with the adult lung. The fetal
lung was instead quite active in converting arachidonic acid into PGE, {271,272,275].

When intact, normal guinea pig lungs were perfused with arachidonic acid,
similar results were obtained as in incubations with lung homogenates. Thus, large
amounts of TXB, were detected in the perfusate, whereas only small amounts of
PGE, and PGF,, were found [270]. Normal guinea pig lungs, perfused with
arachidonic acid, were later shown to produce also 15-keto-13,14-dihydro-TXB,
together with relatively large amounts of 6-keto-PGF,, and the corresponding
metabolite, 6,15-diketo-13,14-dihydro-PGFE,, [199]. When sensitized guinea pig lungs
were employed instead, the release of TXB, and especially 15-keto-13,14-dihydro-
TXB, increased, while the production of 6-keto-PGF,, and 6,15-diketo-13,14-dihy-
dro-PGF,, correspondingly decreased.

During antigen challenge of sensitized guinea pig lungs, thromboxane biosynthe-
sis from endogenous substrate was increased several-fold [196]. The main cyclo-
oxygenase metabolite in pooled perfusates from anaphylactic guinea pig lungs was
now 15-keto-13,14-dihydro-TXB,, followed by TXB, [197,201]. The relative amounts
of the 15-keto-dihydro metabolite progressively increased with repeated immunologi-
cal challenges [199]. 15-Keto-13,14-dihydro-TXB,, formed from endogenous pre-
cursor during anaphylaxis, constituted up to 85% of the total amount of cyclo-
oxygenase products in the perfusate after repeated challenges with the antigen [199].
Anhut et al. [201] reported that the TXB, concentration in the perfusate was highest
0-3 min after challenge, while the 15-keto-13,14-dihydro-TXB, level reached a peak
about 4-6 min after administration of the antigen. When the same events were
studied in the guinea pig in vivo, the plasma levels of 15-keto-dihydro-TXB, were
found to increase about 200 times during anaphylactic shock [202]. If guinea pigs
were exposed to 100% O, before challenge of their isolated perfused lungs, the
release of TXB, increased two-fold [277,278]. The amounts of the metabolite,
15-keto-dihydro-TXB,, were not measured in this study; however, the enhanced
TXB, production was interpreted as caused by inhibition of the enzyme 15-hydroxy-
prostanoate dehydrogenase by O,.

An increased release of thromboxanes was also demonstrated when normal or
sensitized guinea pig lungs were challenged with certain mediators of anaphylaxis,
such as slow reacting substance of anaphylaxis (SRS-A), histamine or bradykinin
[14,279-281]. The thromboxane production induced by these mediators was more
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pronounced in sensitized lungs [282,283]. The increased release of TXA , induced by
histamine or SRS-A was shown to be reduced by the B-adrenergic receptor agonists,
isoproterenol and salbutamol [284]. This inhibiting effect could then be abolished by
B-adrenoceptor blocking drugs, such as practolol or sotalol. Activation of «a-adren-
ergic receptors by phenylephrine or of cholinergic receptors by carbachol did not
modify the release of TXA , induced by histamine or SRS-A [284]. However, atropin
and ipratropium bromide, a synthetic anticholinergic compound, were reported to
inhibit the TXA , release, possibly by an action at the phospholipase site [283].

The generation of thromboxanes caused by histamine or SRS-A can be inhibited
in the guinea pig by non-steroidal anti-inflammatory drugs [285], however without
significantly reducing the bronchoconstriction [286]. On the other hand, these drugs
prevented both the increased airway resistance and the thromboxane formation
induced by bradykinin [286].

Recently SRS-A was identified as a mixture of certain novel lipoxygenase
products of arachidonic acid, viz. leukotrienes C,, D, and E, [287-292] (see also
Chapter 4). When pure leukotrienes became available, it was confirmed that guinea
pig lungs, when exposed to these potent airway constrictors, release TXA,
[223,293--295]. This release was blocked by treatment with non-steroidal or steroidal
anti-inflammatory drugs, thromboxane synthetase inhibitors, the SRS antagonist
FPL 55712, and also by 8, adrenoceptor stimulation [293-295], all of these drugs
acting at their different and specific points of attack in the sequence of events
leading to thromboxane release.

The bronchoconstrictor effect of the leukotrienes may thus be augmented by a
secondary formation of TXA,. There has been some controversy concerning the
relative importance of such a mechanism. Thus, pretreatment with non-steroidal
antiinflammatory drugs may abolish [293,294], leave unaffected [295], or enhance
[296] the constrictor action of leukotrienes in guinea pig airways. Furthermore, the
bronchoconstrictor effects of intravenously injected leukotrienes are antagonized by
indomethacin, whereas the responses to aerosolized leukotrienes are enhanced by
this drug [296-298]. Therefore, it is evident that the experimental design may favor
TXA ,-dependent or independent leukotriene actions [299].

Gryglewski et al. [280] reported that histamine challenge of guinea pig lung strips
generated TXA, in the lung parenchyma, probably from the interstitial cells. On the
other hand, histamine stimulation of guinea pig trachea released mainly the
bronchodilator, PGE,, but no detectable amounts of TXA,. The thromboxane
release from the lung parenchyma was induced by stimulation of the histamine H,
receptors [282], whereas the PGE, release from trachea was induced by stimulation
of the histamine H, receptors [300]. The produced PGE, could then inhibit further
release of histamine and SRS-A. This effect has been reported both during antigen
challenge in chopped human lungs [301} and in perfused guinea pig lungs [302].
TXB,, on the other hand, increased the release of SRS-A from challenged guinea pig
Jungs [198]. It might be mentioned in this context that TXB, has also been shown to
inhibit the pulmonary degradation of PGE, when infused through the rat isolated
lung [303] or administered to anesthetized dogs [42,304].
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In human bronchial asthma a number of mediators, e.g. histamine, SRS-A,
prostaglandins and thromboxanes, have been felt to play a role [305,306]. Asthmatic
subjects were found to be markedly hyperresponsive to PGF,, aerosols: they
displayed an increase about 8000-fold in bronchial sensitivity compared with nor-
mals [307]. An enhanced release of PGF,, metabolites in urine and plasma was
demonstrated in asthmatic patients following inhalation of specific antigen [308-310}.
A marked increase in plasma levels of the major PGF,  metabolite and of TXB, was
also registered in exercise-induced asthma [311]. Inhibition of the prostaglandin and
thromboxane synthesis by the cyclo-oxygenase inhibitors, aspirin, indomethacin or
other non-steroidal anti-inflammatory drugs, did not result in any significant reduc-
tion of the bronchoconstriction during asthmatic attacks [309,310,312]. In some
asthmatic patients aspirin could instead induce bronchoconstriction [313-315]. The
identification of the leukotrienes as extremely potent bronchoconstrictors {316,317],
and the elucidation of their biosynthesis from polyunsaturated fatty acids via
lipoxygenase catalyzed pathways, provided a likely explanation for these findings:
the biosynthesis of these cyclo-oxygenase independent products is not inhibited by
non-steroidal anti-inflammatory drugs. Since the cysteinyl-containing leukotrienes
may be responsible for the major part of the bronchoconstriction during asthmatic
attacks, it is not surprising that no alleviation of the symptoms was obtained by
aspirin-like drugs. It is even possible that in “aspirin-sensitive asthma” inhibition of
the cyclo-oxygenase might instead contribute to the symptoms by diverting the
arachidonic acid metabolism into the leukotriene pathway, while at the same time
the inhibiting effect of PGE, on histamine release is abolished [305,316,318].

As mentioned above, the bronchoconstrictor effect of the leukotrienes can be
partially mediated by formation of TXA , in the guinea pig lung [223). The human
lung however has been reported to differ from the guinea pig lung in the activation
and metabolism of arachidonic acid [51,276]. The capacity for thromboxane forma-
tion from endogenous arachidonic acid after stimulation by crude SRS-A was much
lower in the human lung [51].

The interrelationship between the different arachidonic acid products, the pros-
taglandins, thromboxanes and leukotrienes, in the pathophysiology of human asthma
1s obviously complex, and extensive further studies are required to clarify the roles of
these substances as well as of other mediators of the anaphylactic reaction.

8. Roles of thromboxanes in platelet function

The arachidonic acid derived prostaglandin endoperoxides PGG, and PGH, were
found to induce platelet aggregation and the platelet release reaction in submicro-
molar concentrations [7,13]. Aspirin, a well-known inhibitor of platelet aggregation
“by e.g. collagen and arachidonic acid, and an inhibitor of the enzyme fatty acid
cyclo-oxygenase in platelets [16,319], did not prevent endoperoxide induced aggrega-
tion [7]. TXA, formed from the endoperoxides in platelets was found to be a more
potent inducer of platelet aggregation than the endoperoxides [19,20]. The question
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Fig. 6. Maximum aggregation induced by 0.1 ml suspensions of washed platelets incubated for different
times with 120 ng of arachidonic acid (@ ®). The content in these samples of PGG, + PGH, are
also given (O O). The platelet suspension in the aggregometer tube was preincubated for 2 min at
37°C with 14 uM indomethacin. (Reproduced from Svensson, J., Hamberg, M. and Samuelsson, B. (1976)
Acta Physiol. Scand. 98, 285-294, with permission from the publisher).

whether or not TXA, is the sole aggregating agent normally formed from platelet
arachidonic acid has not been settled. It seems likely, however, partly on the basis of
experiments with inhibitors of thromboxane synthetase, that TXA, is the important
mediator under physiological conditions and that the endoperoxides per se play a
minor role [121,144,156] (cf. also Figs. 1 and 6).

The mechanism by which TXA, causes aggregation is not clearly understood.
Endoperoxide- and TXA ,-induced aggregation is strongly inhibited in the presence
of an ADP consuming enzyme system [320]. This suggests that TXA ,-induced
aggregation is dependent upon the release from the very dense granules of ADP, a
well-known pro-aggregating compound [321]. In addition, there is a release of other
constituents of the very dense granules, e.g. Ca>*. This ion appears to be required
for the contractile process of the release reaction. In this connection, it may be
mentioned that a related ion, i.e. Sr?*, when added exogenously, is able to penetrate
the platelet membrane and cause synthesis and release of TXA , as well as release of
serotonin [322]. A third component’of the very dense granules, 1.e. serotonin, is also
released upon stimulation with TXA, [20]. Recent studies have shown that a number
of diseases such as aspirin-induced asthma and migraine [323] as well as endogenous
depressive states [324] are accompanied by an abnormal transport of serotonin. It
would thus be very interesting to study the TXA, formation in platelets from such
patients.

When dealing with the mechanism of TXA, induced aggregation, it should be
noted that TXA, may have an effect of its own, independent of the release of
compounds from the very dense granules. Thus a number of studies have shown that
platelets low in ADP or lacking ADP (storage pool disease) as well as degranulated
platelets may be aggregated by TXA, [325,326]. It is known that some agents that
induce platelet aggregation also lower the level of platelet cAMP, whereas other
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agents that inhibit aggregation increase platelet cAMP [327]. This relation is also
true in case of the endoperoxides and TXA ,, i.e. incubation of platelets with these
compounds leads to a decrease of cAMP. Furthermore, the level of cAMP influences
the availability of free arachidonic acid necessary for TXA , formation, i.e. increas-
ing platelet cAMP leads to inhibition of the liberation of phospholipid-bound
arachidonic acid [328].

Arachidonic acid released from platelet phospholipids is not only converted into
thromboxanes by way of fatty acid cyclo-oxygenase and thromboxane synthetase,
but is also converted by a lipoxygenase into 12L-hydroperoxy-5,8,10,14-eico-
satetraenoic acid and its stable end-product, 121.-hydroxy-5,8,10,14-eicosatetraenoic
acid [16]. The role of the lipoxygenase pathway is largely unknown. It appears likely,
however, that there is an intimate relation between the lipoxygenase and the
cyclo-oxygenase /thromboxane synthetase pathways. This is suggested by the weak
inhibitory effect of 12-hydroperoxy-5,8,10,14-eicosatetraenoic acid on thromboxane
synthetase [95] as well as by the activation of the lipoxygenase by prostaglandin
endoperoxides [329].

In recent work the origin and mechanism of formation of free arachidonic acid on
stimulation of platelets have been studied. Initially, phospholipase A, was thought
to play a key role in the liberation of free arachidonic acid from various platelet
phospholipids. Recently, a new concept implicating phospholipase C catalyzed
degradation of a specific phospholipid, i.e. phosphatidylinositol, has emerged
[330,331]. It appears that the substrate is attacked by the enzyme to form a
diglyceride. Subsequent hydrolysis catalyzed by a diglyceride lipase gives rise to a
monoglyceride and free arachidonic acid. Finally, the liberated arachidonic acid is
converted into inter alia TXA, by way of the enzymes fatty acid cyclo-oxygenase
and thromboxane synthetase. This mechanism is attractive from a purely theoretical
point of view, since it is another example of the so-called “PI-response” which
occurs upon stimulation of a large number of tissues [332,333].

In addition to TXA, another factor, viz. PGI, or prostacyclin, which is formed
from arachidonic acid and PGH, in the endothelial layer of the vessels, is of
importance in influencing platelet aggregation [32]. PGI, gives rise to an increased
level of platelet cAMP and thus inhibits aggregation. Although the physiological role
of PGI, 1s under dispute [334,335], an imbalance between the rate of synthesis of
TXA, and PGI, appears to exist in a number of pathological conditions, e.g. in
cardiovascular and cerebrovascular diseases. An imbalance between TXA , and PGI,
synthesis also appears to exist in diabetes mellitus. Thus platelets from rats rendered
diabetic by streptozotocin treatment showed markedly increased liberation of
arachidonic acid following stimulation with thrombin [336]. Also, a decreased
production of PGI, in vascular tissue was found.

In the human, diabetic subjects have an enhanced synthesis of platelet TXA,
[337,338]. Interestingly, no significant difference in the production of TXA,
(measured as TXB,) was found when normal subjects were compared with diabetic
subjects without apparent vascular damage [337]. On the other hand, when vascular
lesions were present in the diabetic subjects a significant increase in the synthesis of
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platelet TXA, was noted. In addition, platelets from diabetic subjects (with or
without vascular damage) had a lower threshold for aggregation in response to ADP
as well as collagen.

A few platelet disorders involving defective formation or action of prostaglandin
endoperoxides / TXA , have been described. The first case reported was a young man
with a mild bleeding tendency and a slight increase in the bleeding time [13]. The
defect could be tracked to deficient platelet cyclo-oxygenase (“PCO-deficiency”™), i.e.
the deficient platelets were unable to convert arachidonic acid into TXA, and
12L-hydroxy-5,8,10-heptadecatrienoic acid. Aggregation was elicited by PGG, but
not by arachidonic acid and collagen. Recently, a similar case was reported [335]. In
this case, vein biopsies were taken and the cyclo-oxygenase normally present in the
vessel wall was found to be deficient. The patient thus offered a possibility to
evaluate the relative roles of TXA , from platelets and PGI, from the vessel wall in
normal subjects. The findings that the patient lacking capacity for biosynthesis of
TXA, as well as PGI, had a mild bleeding tendency and a prolonged bleeding time
indicate the importance of TXA , formation for normal hemostasis. Another type of
bleeding disorder due to defective action of TXA , has also been described [339,340].
In this case, the TXA, formation was essentially normal. However, the response of
TXA , was impaired, possibly due to inability of TXA , to act as a calcium ionophore
[cf. 341]. This type of platelet disorder is reminiscent of dog platelets where
aggregation cannot be induced by arachidonic acid, endoperoxides or TXA ,,
although formation of TXA, from arachidonic acid proceeds undisturbed [342).

9. Thromboxane formation in pathological conditions

There are numerous pathological conditions in which derangements in thromboxane
biosynthesis are supposed to contribute to the development of the symptoms. The
well-known effects of TXA ,, bronchoconstriction, vasoconstriction and induction of
platelet aggregation, suggest the possible involvement of the compound in various
pulmonary and cardiovascular events. The roles of thromboxanes in some respira-
tory diseases as well as in certain platelet disorders have already been discussed.

Thromboxane production has been detected in several inflammatory conditions;
in inflamed joints such as urate arthritis {343] and rheumatoid arthritis [92}; in
carageenin induced pleurisy [91]; and in burns {93,94,344]. The involvement of
thromboxanes in burns has attracted particular attention. TXB, has been demon-
strated both in burn blister fluid and in lymph from the scalded limb [93,344] as well
as in burned tissue [94]; and the formation of the biologically active precursor,
TXA,, has been postulated as one factor responsible for the progressive dermal
ischemia seen after burn injury, which may lead to extensive skin necrosis [94,344].
The effects of three inhibitors of thromboxane biosynthesis on dermal ischemia were
studied [345]. All compounds were found to increase dermal perfusion after scalding
injury compared to untreated animals, which supports the theory of the deleterious
influence of TXA, upon dermal circulation in burned tissues.



77

The renal production of thromboxanes seems to be very low normally. In certain
conditions, however, the capacity of the kidney for thromboxane biosynthesis
increases greatly. Thus, ureteral obstruction led to the appearance of TXA , as well
as of large amounts of PGE, in the venous effluent of the affected kidney [346,347].
This biosynthesis was demonstrated both in the cortex and the medulla. The
interplay between the enhanced production of the vasodilatory PGE, and the
vasoconstrictive TXA, was believed to be of importance for regulating the in vivo
renal perfusion pressure in the hydronephrotic kidney.

Renal vein constriction for 1-2 days also markedly increased the biosynthesis of
both TXA, and PGE, by the kidney [55]. Acute renal failure induced by glycerol in
the rabbit also led to a pronounced TXA , production by the kidney [56].

However, most pathological conditions, believed to involve derangements in the
thromboxane biosynthesis — or in the thromboxane /prostacyclin balance — concern
the cardiovascular system. A large number of diseases affecting this organ system
have been studied in this respect, i.e. atherosclerosis, myocardial infarction, coronary
artery disease with angina of various etiologies, thrombotic disorders, hemostatic
defects, circulatory shock, ulcerative diseases, and so on. The possible roles of
thromboxane and prostacyclin in the cardiovascular system have been discussed in
several reviews, e.g. refs, 32, 33, 348-354.

Atherosclerosis is a condition with a probably very complex etiology. Platelets are
known to play important roles in the development of this disease [33,354-356].
Hyperaggregability of platelets is known to occur in this condition, not only in vivo
— which may be partially explained by the damaged vascular endothelium having
lost its protective PGI, production — but also in vitro [33,354,356]. Increased
production of TXA , has been detected in platelets from patients with atherosclerosis
[357,358).

When the coronary arteries are affected, intravascular platelet aggregation may
not only aggravate the atherosclerosis with time {361]. The simultaneous release of
the vasoconstrictive TXA, may also be one underlying cause for the transient
attacks of chest pains in angina [12,26,28]. Several types of angina have been found
to be associated with release of TXA , during attacks, such as pacing induced angina,
effort angina and vasotonic or Prinzmetal’s variant angina [166,362-367]. This
release was found to be increased after heparin treatment [164,165]. Other factors
must however also be involved; aspirin in a dose sufficiently high to abolish all
thromboxane as well as prostacyclin biosynthesis actually aggravated the condition
[368].

Related studies have shown an increased thromboxane and prostaglandin genera-
tion following myocardial infarction [{369,370]. Animal studies further point to the
possible role of TXA, in this disease: experimental heart attacks have been induced
in rabbits by TXA , [371], and inhibition or antagonism of thromboxane was found
to have a beneficial effect on ischemic myocardium [262,372].

Other conditions with an increased risk for arterial thrombosis may also be
associated with hyperaggregability of the platelets and increased TXA , production,
or at least an altered balance between pro- and anti-aggregatory arachidonate
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metabolites. This has for example been found in subjects taking oral contraceptives
[169], and in diabetics, which was briefly discussed in the section on platelets and
thromboxanes (see above). Many studies now indicate that platelets of diabetic
patients as well as of diabetic experimental animals have an increased capacity for
thromboxane biosynthesis; in some studies a decreased PGI, synthesis by vessel
walls has been found as well [336-338,373-377].

The stimulatory effect of cholesterol on thromboxane formation in platelets was
mentioned in the section on modulation of thromboxane biosynthesis. This effect
has been found both in vitro [167] and in vivo [378]; in a study on patients with type
IIa hypercholesterolemia a linear relationship was found between the serum
cholesterol level and the capacity for TXB, production by the platelets [378]. The
importance of these findings is obvious: many conditions with an increased tendency
to thrombosis may also be associated with elevated serum cholesterol levels, such as
atherosclerosis and diabetes.

Some of the profound hemodynamic changes seen in endotoxin induced shock,
viz. pulmonary hypertension, platelet aggregation and systemic hypotension, have
also been correlated with an increased thromboxane biosynthesis [379-384]. Mortal-
ity in endotoxic shock was significantly reduced following administration of the
thromboxane synthetase inhibitors, imidazole and carboxyheptyl-imidazole, as well
as of the thromboxane A , antagonist, 13-azaprostanoic acid [380,381}. However, the
increased PGI, production associated with the systemic arterial hypotension is more
likely the cause of the often fatal outcome of this event [384].

Certain ulcerative diseases may be caused by overproduction of the vasoconstric-
tive TXA , and / or underproduction of the vasodilatory PGI,. The role of TXA , for
tissue necrosis in burn injury was mentioned above; the possible involvement of
TXA, production in atherosclerotic ulcerations is also obvious. The latter condition
has sometimes been successfully treated with PGI, infusions [385,386]. Ulcerations
in the gastric mucosa by TXA, have also been reported [31]: endogenous TXA,
produced by platelets was postulated to be involved in the pathogenesis of certain
ulcerative disorders of the stomach.

Finally, other pathological conditions believed to be associated with derange-
ments in thromboxane formation, or an abnormal response to this compound, are
for example uremia [387], leukemia [388,389], schizophrenia [390,391] and
myeloproliferative disorders [392].

10. Alteration of thromboxane—prostacyclin balance in vivo: approaches
in thrombosis prevention

The anti-platelet effects of acetylsalicyclic acid, both in vitro and in vivo, were
recognized long before the biochemical details of arachidonic acid metabolism in
platelets had been elucidated, and before the inhibitory effects of aspirin on
cyclo-oxygenase were known (reviews, refs. 348-353). The drug had even been
employed in large clinical trials as an anti-thrombotic agent, for example in attempts
to prevent secondary myocardial infarction or stroke (for reviews, see e.g. refs.
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393-397). In view of the prominent roles platelets are believed to play in such
conditions, and the strong inhibitory effects of aspirin on crucial events in platelet
function, the success of these trials was unexpectedly modest.

This lack of success seemed even more difficult to explain when the biochemical
details behind the aspirin inhibition of platelet function were unravelled. Aspirin
was found to irreversibly inhibit the cyclo-oxygenase by acetylation of a serine
residue at the active site [398-400]. Since platelets lack a nucleus, they have very
little capacity for de novo protein biosynthesis, and thus the inhibition of the
cyclo-oxygenase lasts for the entire life span of the platelet, i.e. about 7-10 days
[398], and the effects of aspirin are overcome only by the gradual replacement of
these damaged cells by new ones. It seemed likely that the use of such an efficient
drug should give more pronounced clinical results than was actually the case.

However, after the discovery of the antagonistic prostacyclin [349,350], formed in
the vessel wall from the same precursor as thromboxane, an explanation for this
discrepancy was obtained. Obviously, the biosynthesis of this anti-aggregatory
vasodilating substance is also inhibited after ingestion of aspirin, and thus the net
effect of such a treatment is negligible.

Recently, it has been postulated that even using the common inhibitor aspirin it
should nonetheless be possible to interfere more or less selectively with the thrombo-
xane biosynthesis by platelets. The inhibition of the vessel wall cyclo-oxygenase was
found to be of shorter duration than that in platelets [401,402]; this is expected since
the nucleated endothelial cells can rapidly synthesize new enzyme. Furthermore, it
has been demonstrated that the platelet cyclo-oxygenase is much more sensitive to
aspirin, requiring both lower concentration and shorter exposure to the drug for
complete inhibition than does the vascular enzyme [403].

Thus it is possible that the reason for the apparent inefficiency of aspirin as an
antithrombotic agent in the clinical trials was that the drug had been given in too
high amounts and/or with too short intervals. In the abovementioned trials, doses
of 1-1.5 g/day had generally been used: thus, also the protective PGI, biosynthesis
had inadvertantly been kept suppressed continuously.

The hypothesis arose that it might be possible to employ aspirin as an efficient
anti-thrombotic agent, if the drug was given in very low doses and/or with long
intervals instead [348-353]. This hypothesis was based on data indicating that single
high doses of aspirin had a paradoxical effect, i.e. actually shortened the bleeding
time in man compared with lower doses [405,406], or had a thrombogenic effect in
animals [407,408]. Conflicting data have however also been reported [409-411].

Amezcua et al. [404] studied the temporal changes in bleeding time during one
week after a single high dose of aspirin. Initially, no change was seen, which
reflected the simultaneous inhibition of vessel wall prostacyclin and platelet throm-
boxane biosynthesis. After 1-3 days, bleeding time was significantly prolonged: this
was interpreted as due to the faster recovery of the endothelial cyclo-oxygenase.
After one week the bleeding time was again normal. All the damaged platelets had
then been replaced by new ones, and the balance between the prostacyclin and
TXA, formation was reestablished.
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After the different reactions of the platelet and the vessel wall cyclo-oxygenase
became known, a very large number of studies on this phenomenon were carried out.
Animal models have been employed in some of these studies (e.g. refs. 407, 708,
411-415) whereas others have been carried out in the human (e.g. refs. 404406,
409, 410, 413, 416—420). The results of these studies are difficult to compare, since
their designs as well as the measured parameters differ considerably. For example,
aspirin was given in single doses in some studies, and daily or even several times
daily in others. Its effects were measured after 2 h in some studies, or after 1 week in
others, etc. Parameters monitored were bleeding time, platelet aggregation in re-
sponse to various stimuli, PGI, biosynthesis by vessel biopsies, levels of TXB,,
malondialdehyde and 6-keto-PGF,,, and so on.

The human studies have generally been carried out with the aim of identifying the
lowest possible aspirin dose or the best dose schedule for successful use of this drug
in thrombosis prevention. This problem has been subject to considerabie debate
recently (e.g. refs. 421-424). The lowest daily dose suggested is 20 mg [399.425];
other investigators recommend 40 mg [426], about 80 mg [413,427] or 100 mg [428];
others consider 150-200 mg of aspirin a “low dose” [417,420]. Still others do not go
below 300-400 mg in their studies: this may however be too high for a clear
differential effect on thromboxane and prostacyclin biosynthesis (cf. refs. 418, 426).
Some even draw the line between “low” and “high” doses of aspirin at 1 g of the
drug. Judging from the extent of acetylation of the platelet cyclo-oxygenase, 20 mg
(giving 60% inhibition [399]) or a slightly higher dose may well prove sufficient.

As a general criticism to many of these studies, one might point out the fact that
there are large individual variations in the absorption and metabolism of aspirin.
Despite this, the vast majority of studies have not included any attempts to measure
the resulting acetylsalicylic acid concentrations in plasma after oral ingestion, or its
rate of disappearance from the circulation after oral ingestion: the actual concentra-
tion that the platelets are exposed to, as well as the exposure time must be much
more relevant than the given dose (cf. refs. 403, 429). Related to this problem is also
the fact that different preparations of the drugs are metabolized differently: the
“slow release preparations” carry a higher risk of hydrolysis of the active drug to its
metabolite, salicyclic acid, before absorption. This break-down product not only
does not inhibit the cyclo-oxygenase but in fact counteracts the normal inhibition by
aspirin [430-435]. The actual preparation used was however reported only in a few
of the studies. A minimum requirement at least is that the given dose of the drug had
been related to the body weight of the subject taking it [413,418]; in most studies
however only the absolute amounts of acetylsalicylic acid were reported.

Despite these uncertainties, there seems to be a general tendency in the reported
studies to support the hypothesis that low doses of aspirin may be more effective in
anti-thrombotic therapy than the conventional doses. As mentioned, the results of
these studies vary somewhat in terms of definite recommendations of the lowest,
clinically useful dose of the drug for prevention of thrombosis, possibly due to the
factors discussed above. Perhaps an even better solution would be to use long
intervals between doses: preferably the drug should not be given more often than
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1-2 times/week (cf. refs. 416, 417). Several investigators have shown a 24-48 hrs
delay after a single dose of aspirin before new, unacetylated platelets can be detected
in the circulation [399,416,436,437]. This has been interpreted as caused by an effect
of aspirin also on the megakaryocytes (cf. however ref. 438). If this is the case, it
seems superfluous — or even harmful, due to the effect of this drug on PGI,
biosynthesis — to give aspirin with intervals shorter than 48 h.

This area has however become even more complex by the abovementioned
discovery that salicyclic acid, the major metabolite of aspirin in vivo, counteracts the
inhibitory actions of aspirin [430-435]. Salicyclic acid has a much longer half-life in
blood than its parent compound and may readily accumulate to plasma concentra-
tions where this anti-inhibitory effect occurs. To complicate matters even further, it
has recently been found in the rat that this anti-inhibitory or protective effect of
salicyclic acid is considerably greater for the vascular cyclo-oxygenase than for the
platelet enzyme [439].

Thus, in view of the complexity of the pharmacology of aspirin, and the fact that
it acts on a step common to PGI, and TXA, biosynthesis, a better approach in
anti-thrombotic therapy might be to employ inhibitors specific for the thromboxane
synthetase. As has already been discussed in this chapter, a large number of such
inhibitors have been found. The most promising of these are derivatives of imidazole
[121,122}, such as l-n-butyl-imidazole [124] and 4-[2-(1H-imidazole-1-yl)ethoxy]ben-
zoic acid hydrochloride (UK 37248) [131,132].

There are several advantages with the use of a selective thromboxane synthetase
inhibitor in thrombosis prevention. First, PGI, biosynthesis is generally not in-
hibited at the doses necessary for thromboxane inhibition. Second, the biosynthesis
of anti-aggregatory substances may actually increase when thromboxane synthesis is
impaired: the endoperoxides which may accumulate when the further transformation
into TXA, is blocked may instead be converted into antiaggregatory prostaglandins
(mainly PGD, and PGI,). This has been demonstrated in several studies in vivo as
well as in vitro [131,132,440,441).

It should be mentioned that using this approach it may not necessarily be possible
to detect any inhibition of platelet aggregation in vitro, particularly when working
with washed platelet suspensions [442]. The final effects depend on the combined
actions of the platelets, the vessel wall and the plasma; the accumulated endoper-
oxides are strongly proaggregatory in themselves and may thus mask even a total
inhibition of the thromboxane biosynthesis, if platelets alone are studied.

Finally, the inhibition of thromboxane biosynthesis at a later step eliminates the
risk of channelling arachidonic acid into the lipoxygenase pathways instead. It
should be noted that many biologically active arachidonic acid metabolites have
recently been detected, that are not formed via the common cyclo-oxygenase
pathway initially, but originate in lipoxygenase catalyzed reactions instead. Some of
these, the leukotrienes, are extremely potent compounds. Their formation is not
inhibited by aspirin or related drugs: in fact cyclo-oxygenase inhibitors may stimu-
late their biosynthesis, presumably by directing released arachidonic acid into the
lipoxygenase catalyzed pathways instead (see above, section on Thromboxanes and
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the lung). This may be a possibility that should be kept in mind whenever a
cyclo-oxygenase inhibitor is considered.
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1. Introduction

A new prostaglandin pathway distinct from that which forms PGE, and PGF, , now
referred to as the prostacyclin pathway, was first described in 1970. At a time when
a major effort was being directed towards investigating the biological role of PGE,
and PGE,, (PGD had just been discovered [1]), the importance of this other
pathway was not immediately appreciated as biclogical activity data of products in
this pathway were lacking. In a series of papers ranging from 1970 to 1976
Pace-Asciak and Wolfe described the isolation, chemical structures and biosynthetic
mechanism involved in the formation from arachidonic acid of two unique bicyclic
prostaglandins having an ether bridge between carbons 6 and 9 of the prostanoic
acid skeleton [2-8]. The structures proposed were 6(9)~-oxy-11,15-dihydroxy prosta-
5.13-dienoic acid and its corresponding A™'? isomer [2-5]. They were the major
products formed by the rat stomach but were also formed by sheep seminal vesicles
[5]- A collaborative effort between Pace-Asciak and the Chemistry section at the
Upjohn Company led to a verification of the bicyclic nature of these structures
through chemical synthesis of the hydrogenated product (U. Axen, personal com-
munication), although synthetic attempts into the unsaturated structures proved
mostly unsuccessful. At a Prostaglandin Winter Conference in January 1976, Pace-
Asciak presented evidence of the rapid and almost exclusive conversion by rat
stomach homogenates of purified prostaglandin endoperoxides, PGG, and PGH,,
into another new prostaglandin, 6-keto PGF, [9—11] which was shown to exist also
in rat brain and sheep liver [12,13]. Around this time a potent antiaggregating
substance (structure unknown) had just been discovered by scientists at Burroughs-
Wellcome led by Moncada, Gryglewski and Vane which was rapidly formed from
prostaglandin endoperoxides during incubation with aortic rings. The subsequent
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demonstration by these investigators that rat stomach microsomes also transformed
endoperoxides into this antiaggregatory substance referred to as PGX [14], gave an
important clue into its biosynthetic pathway and therefore its possible structure
based on the biochemical studies of Pace-Asciak and Wolfe [2-5] and Pace-Asciak
[9-13]. It had to be either 6-keto PGF,, or one of its precursors derived from PGH,
[4]. A collaboration between chemists at the Upjohn Company and Burroughs
Wellcome now proved successful. This factor was shown in a December 1976 paper
[15] to be 6(9)oxy-11,15-dihydroxyprosta-5,13-dienoic acid reported six years earlier
by Pace-Asciak and Wolfe [4]. In separate studies Sih and Huang [16] later suggested
that in the A’ isomer reported by Pace-Asciak and Wolfe [4] the double bond had
been assigned incorrectly, a suggestion which was supported by Sih and Graber [17]
who synthesised the A™!3 bicyclic ether.

While Pace-Asciak and Wolfe described the biochemical aspects of this pathway
[1-13] avoiding to a large extent biological activity measurements, scientists at
Burroughs-Wellcome provided the much needed biological relevance by demonstrat-
ing that products in this pathway were indeed biologically active and in fact
prostacyclin has turned out to be a powerful antiaggregating substance through its
capacity to stimulate adenylate cyclase [14,15,18].

With the demonstration within one year (1976) of the biological activity and
structure of PGX, named Prostacyclin or PGI,, an explosion of research ensued
during the following five years (1977-1981) which has only now begun to subside. In
the following pages, the biochemistry, pharmacology and possible roles of the
prostacyclin pathway will be reviewed. The following review articles are recom-
mended; refs. 147154, and 295.

2. Nomenclature

The formal naming of products in the prostaglandin family is based on the
prostanoic acid skeleton. The prostacyclins are no exception. Thus the bicyclic
product now known as Prostacyclin was referred to initially as 6(9)oxy-11,15-dihy-
droxy prosta-5,13-dienoic acid [4] and subsequently when the stereochemical assign-
ment of the double bonds was established as 9-deoxy-6,9a-epoxy-11,15-dihydroxy-
prosta-5Z,13E-dienoic acid [15]. The trivial name Prostacyclin is generally referred
to the product derived from arachidonic acid and consistent with the alphabetic
naming of prostaglandins this product has been assigned the abbreviated form
PGI,.

While prostaglandins are derived from all cis essential fatty acids having 3, 4 and
5 double bonds, a cis double bond at carbon 5 of the fatty acid is essential for
prostacyclin synthesis from the precursor endoperoxide. Accordingly, 8,11,14-eico-
satrienoic acid, the precursor of PGE, and PGF,, cannot form PGI,. Such a product
however, can be derived chemically from PGI, through catalytic hydrogenation [19].
PGI, is derived from all-cis 5,8,11,14,17-eicosapentaenoic acid [20,23] and PGI,
from 5,8,11,14-eicosatetraenoic acid [4,15]. Since the biologically occurring PGIs
have a vinyl ether, they are short-lived at physiological or acidic pH [15,19-21],
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hydrolysing in aqueous medium to products named on the basis of the primary PGs,
i.e. PGI, hydrolyses into 6-keto PGF,, while PGI, hydrolyses into 4'’-6-keto PGF,,
[4,15,19,21,23]. Similarly, a proposed metabolite of 6-keto PGF,, and PGI, resulting
from the action of 9-hydroxydehydrogenase is 6-keto PGE, [23], while that which
would be derived from PGI,; would be named A'-6-keto PGE,.

COOH
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D D j
OH OH
COOH
Y
D
D .
<D
D
PR PGl,
bt D
OH OH
D D
OH [e] COOH
o‘_i/‘\/\/COOH OIH T/l\/\/
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Fig. 1. Pathway showing the conversion of octadeuterated arachidonic acid into the heptadeuterated PGI,
and 6-keto PGF .
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3. Biochemistry

(a) Biosynthesis

As is the case with the classical prostaglandins and thromboxanes (see Chapters |
and 2) products in the prostacyclin pathway were discovered using radiolabelled
arachidonic acid [1-13] and the mechanism of biosynthesis was followed through use
of radiolabelled prostaglandin endoperoxides [9-11] when these became available
[24,25].

In 1971, Pace-Asciak and Wolfe proposed a mechanism for the conversion of
arachidonic acid into the bicyclic ether now referred to as prostacyclin [4]. The

7

H " 2

TxAg o
HO2C\/\j \/\ji

|
s ”/\/m:%
T

PGly
CO2H

Fig. 2. Proposed mechanism of formation of PGI, and TXA, from PGH, showing alternative cleavage of
bonds depending on charge distribution on either of the endoperoxide oxygens (adapted from ref. 29).
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structural similarity of the backbone (carbons 13 to 20) of the bicyclic ether with
that of PGE, and PGF,, suggested a pathway in their biosynthesis not dissimilar
from that proposed by Samuelsson [25] for the prostaglandins i.e. involving as
intermediates the proposed endoperoxides to be isolated independently a few years
later by Hamberg and Samuelsson [24] and Nugteren and Hazelhoff [25] (Fig. 1).
This mechanism was confirmed in 1976 when Pace-Asciak used deuterated and
tritiated arachidonic acid as well as purified octadeuterated and octatritiated endo-
peroxides and showed them to be converted by a rat stomach preparation into
heptalabelled 6-keto PGF,, [9~11,27]. Because prostacyclin is acid labile hydrolysing
to 6-keto PGF,, it was obvious that isolation of 6-keto PGF,, in these studies
indicated that PGI, had been formed. This was clearly shown in subsequent
experiments where PGI, formed by the rat stomach was detected through bioassay
on the rat blood pressure and its conversion into 6-keto PGF,, was followed through
loss of its biological activity during purification [28].

The endoperoxide, PGH,, is the most proximal biosynthetic substrate known for
PGI, [10,14,15,23]. Mechanistically, however, very little is known regarding the
actual cleavage of the 9,11-endoperoxide group of PGH, with subsequent bridging
(cyclisation) of the oxygen at carbon 9 with carbon 6 to form PGI,. Fried and Just
[29] have proposed a common mechanism to explain PGI, and TXA, synthesis
whereby a carbonium ion is first formed on either of the endoperoxide oxygens
followed by opening of the endoperoxide through participation of 4’ to form PGI,
or with C11-12 cleavage to form TXA , (Fig. 2). It is still unclear though whether a
mechanism involving free radicals or oxonium ions ensues and whether it is
concerted or involves additional intermediates still to be described. Another unclear
point relates to the generation of the double bond at A’ (Z configuration). How is
this formed? Is the initial cyclised product bound to protein possibly covalently with
a sulfoprotein at position 5 [27] (Fig. 1).

(b) Tissue distribution

Although the early studies on the Prostacyclin or 6-keto PGF, , pathway were carried
out with preparations of the rat stomach in which this is the major pathway [2—-13],
rat brain [12,13] and liver [12] and sheep seminal vesicles [3,5] were also shown to
transform arachidonic acid or prostaglandin endoperoxide into 6-keto PGF,,. Using
bovine aortic rings incubated with endoperoxide Moncada et al. could demonstrate
the formation of PGI, directly through its inhibition of platelet aggregation [14,30].
Subsequent studies have also shown that this pathway is present in an abundance of
tissues representing the major pathway of arachidonic acid metabolism in vascular
tissue from fetal [31-34] and adult animals [30,35~39,155], cultured endothelial
[40,41], smooth muscle [42,43] and transformed cells [45], rat granuloma cells [46]
fibroblasts [47] and heart [48,49]. PGI, has been shown to be released from isolated
perfused guinea pig lungs [50} and lungs in vivo [51-53]. Through measurements of
6-keto PGF,, in arterial vs venous blood, PGI, is believed to be released by human
lungs in vivo [52]. Homogenates of a variety of tissues are capable of forming 6-keto
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PGF,,, [54] a capacity which is not restricted to adult animals as organs and blood
vessels from fetal and neonatal animals have also been shown to produce 6-keto
PGF,, [55].

The enzyme which carries out the unique cleavage of the endoperoxides with
subsequent oxycyclisation of carbons 6 and 9 has been named in terms of the actual
mechanism involved i.e. 6(9)oxy cyclase [27] or in terms of the product formed i.e.
prostacyclin synthase [15]. This enzyme appears to be distributed unequally
throughout a particular organ or tissue. In blood vessels, it was initially reported to
be more abundant on the intimal surface of the vascular endothelium rather than in
the smooth muscle cells [56] although cultured smooth-muscle cells are capable of
forming PGI, [42,43]. Through use of monoclonal antibodies and immunoradiomet-
ric assay Smith et al. [64] have recently shown that the 6(9)oxy cyclase is evenly
distributed in the endothelial cells and smooth muscle cells while PGH, synthase is
enriched in the endothelial cells. Consequently, although prostacyclin may be
formed by both cell types in different layers of the vasculature, each layer might
utilise a different substrate. For example platelet endoperoxide or endothelial cell
endoperoxide may be the substrate for PGI, synthesis by endothelial cells in the
intimal layer while smooth muscle cells deep in the blood vessel might make use of
arachidonic acid released from vascular phospholipids. Indeed the role for the two
prostacyclins of different origin might be different, on the one hand endothelial
prostacyclin might be involved in the ‘unstickiness’ of the intimal surface of the
vascular endothelium to platelets due to prostacyclin’s ability to prevent platelets
from aggregating or adhering to its surface while prostacyclin of smooth muscle
origin might, possibly in concert with PGE, which is also formed by vascular tissue,
play a role in the regulation of the tonus of the vessel.

The 6(9)oxy cyclase is also present in the kidney [54,57] where it appears to be
unevenly distributed in this organ as well. Unlike PGE, and PGF,, which are
mainly formed by the papilla [58], PGI, formation is mostly concentrated in the
vasculature of the cortex or outer medulla [57,59-62]. Monoclonal antibodies to the
purified enzyme have recently been reported [62] and preliminary data through
immunocytofluorescent studies suggest that the 6(9)oxy cyclase is found in a
previously unrecognised site of PGI, synthesis in the medulla, in a specialised type
of medullary interstitial cell associated with capillary bundles [144]. PGI, synthesis
within these cells appears to be restricted to the endoplasmic reticulum similar to
PGH, synthesis. Although the function of PGI, within these cells is unknown, it is
possible that due to the close proximity of these cells to elements of the medullary
vasculature, PGI, formed by these cells could be involved in modulating blood flow
within or to the medulla [144].

Brain contains detectable 6(9)oxy cyclase activity [13,65-67]. It is most abundant
in cerebral blood vessels and capillaries [65,67—71], although a report by Gerritsen
and Printz [70] has demonstrated that microvessels from the rat cerebral cortex
synthesise principally PGD,. PGl, is also formed by the choroid plexus [65,71]
suggesting that 6-keto PGF,_ might enter the cerebrospinal fluid (see Section 4 on
Levels in biological fluids). Although levels of PGs in brain are normally very low or
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undetectable, a transient occlusion of both common carotid arteries in the gerbil
followed by reperfusion of the brain has shown rapid accumulation of PGs including
6-keto PGF,, in the cerebral hemispheres which reach maximum level within 5
minutes of reperfusion [66]. The largest accumulation however appeared in PGD,, a
major PG found in cerebral cortex and capillaries [67,71]. These experiments suggest
that formation of prostaglandins in brain is regio-selective and that their synthesis
appears to be influenced by ischaemia (see Section 4 on Levels in biological fluids).
A variety of other organs and tissues have been shown to produce prostacyclin or
6-keto PGF,; these include seminal vesicles [2,4,72-74], testes [75], gastric mucosa
[76-78], lung [51], umbilical artery [79], uterus [80,81] and placenta [82]. Interest-
ingly, while aorta of most species produces PGI, avidly, chicken aorta is devoid of
this activity making instead PGE, [83]. Also in this species PGI, is devoid of effect
as a platelet antiaggregating substance [83,84]. Another tissue devoid of PGI,
synthetic capacity is the platelet which forms mostly thromboxane (see Chapter 2)
and the lipoxygenase product 12-hydroperoxyeicosatetraenoic acid (12-HPETE).
Cofactors do not seem to be required for the conversion of endoperoxides into
PGI,. In fact this pathway was probably missed by many investigators who used
arachidonic acid as substrate during measurement of PGE, biosynthesis because
optimal conditions for PGE, formation require the addition of reduced gluthathione
as cofactor (see Chapter 6). Thus it is quite fortuitous that the initial discovery of the
6(9)oxy bicyclic products was made in the rat stomach which has much gluthathione
oxidase activity without which the radiolabelled arachidonic acid would probably
have been shunted into PGE, [2-13]. In the absence of glutathione or other
cofactors Cottee et al. could demonstrate that the seminal vesicles, a tissue capable
of making PGE, primarily, now converted arachidonic acid mainly into 6-keto

PGF,, [72].
(¢) Enzyme properties

Like other PG synthetic enzymes, the enzyme which transforms PGH, into PGI, is a
particulate enzyme associated with the microsomal fraction of a tissue homogenate
[72]. This enzyme, 6(9)oxy cyclase, has been solubilised from microsomes of pig and
rabbit aorta with 0.5% Triton X-100 and partially purified on DEAE-cellulose
chromatography [145,146]. This preparation converted PGH, into PGI, but as
expected PGH, was not converted into a PGI,. Instead PGH, was converted into
the corresponding C,,., fatty acid (HHD) probably non-enzymatically {145]. In a
recent report the 6(9)oxy cyclase from bovine aorta was purified to homogeneity
through use of monoclonal antibodies and immunoaffinity chromatography on
Affigel [63]. The purified enzyme exhibits a single protein band (50000 MW) on
SDS polyacrylamide gel and has a reported specific activity of 570 umoles PGI,/
min/mg of protein representing a 50 fold purification over the solubilised micro-
somes [143].
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(d) Inhibitors

The first inhibitor discovered of the 6(9)oxy cyclase was 15-hydroperoxy arachidonic
acid (15-HPETE) {85]. Since then other fatty acid hydroperoxides have been shown
to inhibit this enzyme which seems to be sensitive to lipid peroxides in general [86].
Thus factors which affect lipid peroxidation are suspected to alter the activity of the
6(9)oxy cyclase. Such is believed to be the case in experimental Vitamin E deficiency
which results in a decrease in vascular prostacyclin production through increased
peroxidation of lipids [75,87,88]. Vitamin E supplementation restores the capacity to
normal [87,88] probably through its antioxidant effects. Another example of an
induced deficiency in aortic prostacyclin production is during the onset of
atherosclerosis [89] and in diabetes mellitus [90-92] although essential hypertension
is accompanied by an increase in vascular synthesis of PGI, [93-95]. In vitro,
catecholamines in large quantities (107° M) also lead to an increase in PGI,
synthesis probably through an antioxidant effect [6] as the antioxidant propyl gallate
also behaves in a similar fashion [75].

Tranylcypromine, a monoamine oxidase inhibitor also inhibits prostacyclin syn-
thetase in vitro (IC;y, = 160 pg/ml) [96). This is much weaker than the inhibition
induced by the fatty acid hydroperoxides (1C;, = 0.5 pg/ml) [85]. Fortunately, the
latter products are not active when administered in vivo due to active peroxidases
which reduce the hydroperoxides to the inactive hydroxides. Other inhibitors of
prostacyclin synthesis are the endoperoxide analogs (9,11-diaza and 9,11-
epoxyimino-prosta-5,13-dienoic acid) [97] and an indole hydroperoxide [98].

(e) Catabolism

A factor with biological properties similar to PGI, is spontaneously released by the
lungs [51]. This release can be enhanced by Angiotensin I and II [99,100] but not by
norepinephrine or vasopressin. Since the release can be blocked by the converting
enzyme inhibitor, captopril [101,102] or the receptor antagonist saralasin, ‘pros-
tacyclin’ release is likely mediated via activation of an angiotensin Il receptor.
Prostacyclin entering the circulation does not appear to be rapidly degraded as
measured by the rate of disappearance of its biological activity [103-105]. Indeed,
unlike other prostaglandins, prostacyclin is equally effective in reducing arterial
blood pressure when administered intravenously as it is intraarterially [104,105].
Consequently it appears to survive pulmonary transit and therefore the pulmonary
catabolic enzyme, 15-hydroxydehydrogenase, at least within the time frame of
several passes through the lungs [106]. Whether this is due to poor transport of
prostacyclin across the pulmonary endothelium due to its binding with albumin in
the circulation is not known. It is, however, eventually catabolised by this enzyme as
clearly shown by the studies of Sun et al. [107-109] and McGuire and Sun [108] who
evaluated the profile of products appearing in the urine of the primate and the rat
after intravenous infusion of 118-[?H]PGI, as well as the studies of Pace-Asciak et
al. {106] who evaluated the rate of appearance of 98-[*H]PGI, metabolites in the
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Fig. 3. Overall scheme of urinary catabolites of PGI, and 6-keto PGF,, (reproduced from ref. 107 with
permission),

circulation of the rat. These studies showed that PGI, is metabolised via 15-hy-
droxydehydrogenase, 13,14-reductase and 8 and w-oxidation (Fig. 3). Comparison of
the profile of urinary products observed after infusion of PGI, with the simpler
pattern of products observed during infusion of 6-keto PGF,_ [110,111] in the rat
indicated that while 6-keto PGF,_ is not a good substrate for 15-hydroxydehydro-
genase, PGI, is a better substrate since in the latter experiments products were
observed in blood and urine which contained a 15-keto group [109,111]. It appears
that the existence of 6-keto PGF| in the lactol form in aqueous medium interferes
with its uptake across the pulmonary endothelium hence becoming inaccessible to
the dehydrogenase [112]. This concept is supported by the finding that 6-keto PGF
is avidly metabolised in vitro via soluble 15-hydroxydehydrogenase e.g. tissue
homogenate (113]. An NADP-linked prostacyclin 15-hydroxydehydrogenase from
rabbit kidney has recently been purified; K PGI, =278 puM; K_NADP* =134
uM; molecular weight = 62000 [114].

When 98-[*H|PGI, is incubated with rat platelets, a loss of tritium takes place as
a function of time [115]. This loss of trittum from the 98-position results from the
action of a 9-hydroxyprostaglandin dehydrogenase, first reported in the rat kidney
[116]. Interestingly PGI, is reported to be a better substrate for this enzyme than
6-keto PGF,  [114]. The product of this enzyme activity could be either 6-keto PGE,
orits 15-keto and 15-keto-13,14-dihydro metabolites. Wong et al. first suggested that
PGl, 1s converted into 6-keto PGE, by platelets {115] as well as after passage
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through the isolated perfused rabbit lung and liver although the kidney did not
possess much capacity for this transformation [117-119]. It is worthwhile to mention
that 6-keto PGE, suggested to be derived from PGI,, possesses similar though not
as potent an ability to oppose platelet aggregation as PGI, [120]. Since 6-keto PGE,
is chemically more stable than PGI,, it is possible to some extent that some of the
biological effects of PGI, in vivo can be attributed to 6-keto PGE,, if indeed a
precursor-product relationship exists between these two products. Unfortunately,
direct proof of this interaction must await further and unambiguous experiments.

4. Levels in biological fluids
(a) Plasma

While it is uncertain to what extent PGI, is released intact (as PGI,) under
physiological conditions or as the inactive products 6-keto PGF,,, the [5-keto
13,14-dihydro metabolite, or as the B-oxidised and w-oxidised products, recent
attempts to measure the amounts of some of these metabolites in blood and urine
have been made in order to derive an estimate of the daily output of these products
via the 6(9)oxy pathway of the arachidonate cascade. The findings are summarised
in Table I. It is generally felt that plasma concentrations of PGI, are around 100
pg/ml although it has recently been reported with a highly specific and sensitive
technique of negative ion chemical ionization mass spectrometry that plasma levels
of 6-keto PGF,, are less than 2 pg/ml [134]. These low levels suggest against an
antiaggregatory role for PGI, in vivo as a circulating hormone, although the
possibility must still be left open that measurements of 6-keto PGF,, might not
necessarily reflect the true concentration of endogenously produced prostacyclin.
Other metabolites must inevitably be measured, preferably all, including 6-keto
PGE, and its metabolites, if the transformation of PGI, into these products is
indeed a prominent pathway in vivo. Estimation of all these products must be taken
into account in ascertaining a true measure of PGI, production in the body. Such
measurements will certainly become available in the near future.

With regards to the possible participation of PGI, as a circulating hormone with
systemic antihypertensive properties, suffice it to say that arterial blood pressure of
both normotensive and spontaneously hypertensive rats was unaffected by infusion
of antibodies that bind PGI, [296]. An important observation in these experiments
was the demonstration of the rate of entry of PGI, into the circulation since newly
released PGI, is sequestered by the antibodies and prevented from elimination from
the circulation during the time course of the experiment [297]. A rate of synthesis of
38 pg/min could be calculated from these studies [297].

There are some conflicting reports regarding plasma levels of 6-keto PGF,, during
gestation. Mitchell et al. [121] report through radioimmunological techniques that
plasma levels of 6-keto PGF,, in sheep generally tend to rise in both maternal and
fetal plasma at the time of delivery. In contrast Ylikorkala and Viinikka [122] report
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no differences in 6-keto PGF,, plasma levels in women during pregnancy or from
the non-pregnant controls. These investigators found no correlation between the
concentrations of 6-keto PGF,_ in plasma and pregnancy week, maternal age, parity
or lactation, while Bolton et al. [123] report increased concentrations of 6-keto
PGF,,, during the second trimester. It is unfortunate that only one product, 6-keto
PGF, , was measured in these studies. Much more consistent information would be
obtained if all metabolites were profiled as this would give a more meaningful
interpretation of differences in metabolic as well as synthetic capacities since PGI,
and 6-keto PGF,, might be handled differently during the above conditions.

Plasma concentrations of 6-keto PGF,_  have been found to be significantly
reduced in the diabetic state [90,91]. Again, however, the significance of measure-
ment of only one product in a biological fluid is quite dubious since its concentra-
tion depends on its rate of formation from PGI, vs its rate of catabolism and/or
excretion. Should the diabetic state be associated with a greater degree of metabo-
lism and / or excretion of either PGI, or 6-keto PGF,, but not of synthesis of PGI,,
then the above interpretations of reduced PGI, synthesis in the diabetic or any other
pathological or drug induced state are open to serious question.

(b) Urine

Although urinary products of prostacyclin and 6-keto PGF,, have been determined
after infusion of these products in experimental animals and man [107-111}, actual
measurements of metabolites of endogenous prostacyclin are mostly lacking. The
only study available is that of Fitzgerald et al. [124] who measured through mass
fragmentography two proposed urinary metabolites i.e. 2,3-dinor-6-keto PGF |, a
metabolite of 6-keto PGF,,, and 6,15-diketo-13,14-dihydro PGF,,, a proposed
metabolite of PGI,. As shown in Table 1, the amounts of these products excreted in
man are approx. 80 and 100 pg/kg/min respectively. These estimates also indicate
that endogenous PGI, is unlikely to act as a circulating anti-plateiet agent in healthy
man [124]. These values are in sharp contrast to those of Oliw et al. [60] who
measured the excretion of 6-keto PGF,, in the urine of rabbit. Levels of 6-keto
PGF,, in the order of 12 pg/day were found which corresponds to approx. 4
ng/kg/min. If urinary 6-keto PGF,, reflected not only renal synthesis but also
levels of PGI, or 6-keto PGF,, which entered the circulation, certainly the rates
shown above at 4 ng/kg/min would indeed provide for PGI, a significant biologi-
cal function. It is important to establish now the origin of the 6-keto PGF,, found in
urine to determine whether a role for PGI, as a circulating hormone is still plausible
at least in rabbits.

(c) Amniotic fluid
[t is not unexpected that PGI, or 6-keto PGF,, should be present in amniotic fluid

since uteroplacental tissues are capable of synthesising these products. In a recent
report Ylikorkala et al. [125]) and Bodzenta et al. [126] measured the concentrations
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TABLE 1

Reported levels of PGI, or 6-keto PGF,, and some metabolites in biological fluids

Level Sex Species  Method Comment Ref.
1. Blood pg/ml
PGI, 21 &+ 3 (M) Rabbit  [*H]cAMP 130
6-keto PGF, 2161 + 335 (M) Man RIA Long distance 135
4462 +2405 (M) Man RIA runners
1630 + 300 (M, F) Rabbit RIA endotoxin 136
740 + 302 (F) Man RIA mid-gestation ~ 143
fetal blood
122 + 51 (F) Man RIA term gestation — 143
fetal blood
94 + 29 (F) Man RIA mid-gestation — 143
maternal blood
s + 24 (F) Man RIA 137
65 + 19 (F) Monkey RIA 137
25 £ 7 (B Sheep RIA 137
22 + 3 M) Man RIA 141
255 F) Man RIA Preg. and 122
non-preg.
189 + 9 (M) Man GC-MS 133
131 + 13 (F) Man GC-MS 52
117 £ 24 (F) Man RIA 132
1+ 22 M Man RIA 132
98 M) Man GC-MS Diabetic 90
59 + 5 (M,F) Cat RIA 131
approx 100 F Sheep RIA 121
>2 M) Man NICI-GC-MS 134
6-15-diketo-13,14- 151 + 18 (M,F) Cat RIA 131
-dihydro PGF|,
2,3-dinor-6-keto 80 + 20 (M) Man GC-MS 124
PGF,,
15-keto-13,14-dihydro- 100 + 30 (M) Man GC-MS 124
2,3-dinor 6-keto PGF |,
2. Urine pg/kg,/min
6-keto PGF,, 4097 + 763 (F) Rabbit  GC-MS 60
333 £+ 70 (F) Man RIA 142
1282 + 283 (F) Man RIA Bartters 142
syndrome
2,3-dinor 6-keto 32+ 0.50M) Man GC-MS 124
PGF,,
15-keto-13,14-dihydro- 19+ 0.5 (M) Man GC-MS 124
2,3-dinor-6-keto PGF |,
3. Amniotic fluid pg/ml
6-keto PGF,, 71 £+ 9 Man RIA normal 125
134 + 9 Man RIA severe pre- 125
eclampsia
8800 41200 Man RIA normal 126
2400 +1030 Man RIA pre-eclampsia 126
5.6+ 1.1 Rat RIA, GC-MS  normal 127
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TABLE 1. Continued.

Level Sex Species  Method Comment Ref.

4. Cerebrospinal fluid pg/mi
6-keto-PGF, 120 -3600 (F) Man GC-MS normal 128
cerebral trauma,
epilepsy,
meningo-
encephalitis,
stroke,
subarachnoid
hemorrhage
15300 Man GC-MS essential 128
hypertension

(M) male; (F) female.

of 6-keto PGF,, in amniotic fluid collected at amniocentesis from women at late
normal pregnancy or during certain types of complicated pregnancies. The con-
centration of 6-keto PGF,  reported by both groups differ. Levels of 6-keto PGF,
around 170 pg/ml {125] and 8800 pg,/mi [126] were reported in normal pregnancies.
These levels did not differ in mild preeclampsia although they varied significantly in
severe preeclampsia (see Table 1). Levels in diabetic pregnancies, rhesus-immunised
pregnancies or intrauterine fetal growth retardation were not greatly different than
normals [125,126]. 6-Keto PGF,, has also been found in rat amniotic fluid [127].
Thus it is felt that PGI, may play a role in parturition.

(d) Cerebrospinal fluid

The cerebrospinal fluid acts as a sink into which prostaglandins formed within the
brain enter prior to their clearance into the general circulation by transport across
the blood-cerebrospinal fluid and blood-brain barriers. Thus CSF should reflect the
type(s) of PGs formed by brain. Indeed all the primary PGs that have been detected
in brain [13,63,65-67] have been reported in CSF [128]. The principal sites of
synthesis of PGI, are the cerebral blood vessels and capillaries [63,66,67,129]
although the origin of PGI, (6-keto PGF,,) in CSF seems to be the choroid plexus
[63,67). Levels of 6-keto PGF,, in normal human CSF appear to be in the range of
100 pg/ml. Although concentrations of other prostaglandins appear to change in
neurological conditions as cerebral trauma, epilepsy, meningoencephalitis, stroke
and subarachnoid hemorrhage [138-140], 6-keto PGF, , concentrations appear to be
greatly increased in one patient with essential hypertension [128] (see Table 1).
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5. Problems encountered with measurements of PGI, and 6-keto PGF,,

Although PGI, is unstable in physiological media it is profoundly active in vitro
when assayed on smooth muscle strips (bovine coronary artery, rat stomach, chick
rectum) or in inhibiting the aggregation of platelets in platelet rich plasma [298]. In
fact, the demonstration of the presence of the 6(9) oxycyclase activity in bovine
aorta by Moncada et al. [14] was based on these biological properties of PGI,. While
several reports have suggested that PGI, is present in the circulation or is released
from the lungs through such bioassay techniques [51,308,309] a word of caution is
needed regarding the specificity of such techniques and the interpretation of data
from such experiments. Recently, using similar bioassay techniques Masotti et al
reported detection of PGI,-like activity in the circulation of man [299]. They noted
that circulating levels of this PGI,-like substance decreased with increasing age or
during cigarette smoking, but increased during cold stimulation. The product they
observed showed spasmogenic activity similar to PGI, although its concentration
was estimated to be around 5 ng/ml in 60-year-old subjects and around 17-24
ng/ml in 20-year-old subjects. The potential errors in such measurements are
immediately apparent. Infusion of authentic PGI, to achieve such high concentra-
tions in the circulation would have profound cardiovascular effects which cannot be
tolerated [160]. Consequently the true significance of the measurements reported
above {299] must await further validation by more definitive techniques to show
what has actually been measured.

Prostacyclin is more easily assayed as its ‘stable’ hydration product, 6-keto PGF|,
by radioimmunoassay [137,300-303], or by GC-MS through isotope dilution
[31,134,304,305]. But this product is also subject to problems. For example, Mitchell
et al. have reported that authentic 6-keto PGF,, is transformed during TLC
chromatography and subsequent extraction into as many as five unidentified prod-
ucts all of which cross react to a different extent with the 6-keto PGF,, antibody
[306]. Hutton and Chow have recently confirmed that plasma assays of 6-keto PGF,
can be inaccurate due to an artefact introduced during plasma extraction [307].
Morris et al. made a careful study of variables associated with the radioimmunoas-
say of plasma samples showing considerable non-specificity in this assay [141]. The
most specific method for the assay of 6-keto PGF,, and other prostaglandins seems
to be GC-MS in the mass fragmentography mode in which endogenous compound is
diluted early in the workup by deuterium labelled product. A ratio of endogenous
product to deuterium labelled product is established and this ratio will persist during
sample purification until final analysis by GC-MS. This method has the benefit of
normalising losses through recovery or decomposition of product and more im-
portant provides unequivocal data on the identity of the product being measured.
The only limiting factor with this technique is sensitivity although in a recent report
by Blair et al. using a negative ion chemical ionisation technique, a limit of detection
of 0.5 pg was reached [134]. More data with this technique will surely be forthcom-

ing.
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6. Pharmacology

Two well-recognized pharmacological properties of PGI, are suppression of platelet
activation [14,30] and active dilation of blood vessels [39,156,157]. Recently, fibrino-
Iytic activity of PGI, has also been reported [158,159]. Because of the longevity of
therapeutic effects of PGI, in arteriosclerosis obliterans [160,161}], an additional
assumption had to be put forward that PGI, would promote the development of
collateral circulation or protect ischaemic tissue from damage, although no experi-
mental evidence is available to support this first assumption. PGI, shares with other
PGs a cytoprotective action on gastric mucosa [162] and an inhibitory action on
secretion of gastric acid [163]. PGI, shares with PGE, [164,165] and with 6-keto
PGE, [166] their stimulatory effect on the release of renin from the kidney. In this
respect PGI, seems to be a proper prostanoid agonist for macula densa [166,167].
Unlike PGE,, PG, when administered by inhalation is neither a bronchodilator nor
does 1t prevent bronchial allergic obstruction [168], although at the same time it
produces profound cardiovascular effects [169]. In contrast to other PGs, PGI,
inhibits intestinal movements and enteropooling in laboratory animals [162). PGI,
does not affect secretion of glucagon and insulin from the isolated perfused rat
pancreas [170]; however, intravenous infusions of PGI, to patients with vascular
disease may modify pancreatic secretion of insulin in response to the glucose pulse
[171].

In summary, it appears that platelet and vascular effects of PGI, play the most
important role in its pharmacological action.

(a) Effects on platelets in vitro

PGI, is a most potent inhibitor of platelet aggregation in platelet-rich plasma (PRP)
of humans, dogs, rats, rabbits, sheep and horses, with I1Cs, ranging from 0.5 to 4.0
ng/ml as measured against ADP-induced aggregation [14,172]. PGI, inhibits aggre-
gation induced by ADP, collagen, thrombin, arachidonic acid, TXA, and platelet-
activating factor (PAF) [173]. The first wave of ristocetin-induced aggregation seems
to be fairly resistant to the inhibitory action of PGI, [174]. Like PGD, and PGE,,
which also inhibit platelet aggregation, PGI, elevates cAMP levels [175,176] with a
persistence of almost 300 s that is in contrast to a much shorter effect of PGE, and
PGD,. In human PRP antiaggregatory effect of PGI, is 20 times more potent than
that of PGD, and 40 times stronger than that of PGE, while 6-keto-PGF,, has less
than 1/500 of the potency of PGI, [172]. On the other hand, 6-keto-PGE,
[115,118,177] is only 20 times less potent than PGI, when tested against ADP-in-
duced platelet aggregation in human PRP [120].

PGI, seems to act on the same platelet receptor site as PGE; and on a different
receptor site than that for PGD,. Evidence comes from the studies with compound
N-0164, sodium-p-benzyl-4-(1-oxo-2-(4-chlorobenzyl)-3-phenylpropyl)phenyl phos-
phonate, which selectively antagonizes inhibition of platelet aggregation induced by
PGD, but does not affect antiaggregatory action of PGI, or PGE, [172,178].
Indirect evidence comes from the fact that the relative potency of PGE, and PGI, is
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similar in PRP of several species. It varies greatly with species in the case of PGD,,
e.g. rat platelets are insensitive to antiaggregatory action of PGD, although they are
highly susceptible to the inhibitory action of both PGI, and PGE, [172]. Further-
more, subthreshold concentrations of PGI, or PGE, desensitize platelets to the
antiaggregatory action of pharmacologically effective concentrations of PGI, or
PGE, but not PGD,, whereas subthreshold concentrations of PGD, will only
desensitize platelets to high concentrations of PGD, but not to PGI, or PGE, [179].
The most conclusive evidence comes from binding studies which have shown that
PGE,, PGE, or PGI,, but not PGD,, can displace [?H]PGI, from human platelet
membranes [180].

In platelet microsomes PGI, was shown to stimulate adenylate cyclase direcily
{176,181] and, therefore, platelet receptor sites for PGI,, PGE, and PGD, are likely
to be associated with the regulatory subunit of this enzyme. Phosphodiesterase
inhibitors were shown to potentiate, and dibutyryl cAMP to mimic [182] the effects
of PGI, on platelets. PGI, via cAMP not only inhibits platelet aggregation in vitro
but also reduces platelet spreading on type III collagen fibres [183], inhibits shape
change and procoagulant action of activated platelets [174,184], reduces accessibility
of platelet binding sites for fibrinogen [185], seals the stomata of the open canalicu-
lar system on platelet membranes [186], inhibits adhesion of platelets to thrombin-
treated cultured endothelial cells [187] to rabbit subendothelium [188—-190] and to
type I1I collagen [182]. PGI, inhibits the release of 5-hydroxytryptamine and ADP
from dense bodies and B-thromboglobulin from a-granules [182]. The effect of PGI,
on the platelet release reaction does not seem to be closely associated with its effect
on platelet adhesion. Reduction of platelet adherence by PGI, may occur without
inhibition of 5-hydroxytryptamine release from adherent platelets [191] whereas in
other experimental conditions PGI, inhibits the release reaction more strongly than
the adhesion of platelets to collagen [182]. Thus the experiments in vitro have shown
that PGI, is able to suppress all forms of platelet activation such as spreading,
adhesion, aggregation, mobilisation of platelet membrane binding sites for fibrino-
gen, the release reaction from dense bodies and a-granules as well as the release of
procoagulant factors; most likely all these activities of PGI, are mediated by cAMP.
The relative potency of PGI, in performing all these duties is disputable and
depends largely on the choice of experimental model.

(b) Antithrombotic effect in laboratory animals

PGI, affects platelet function in vivo. When infused intravenously into healthy
volunteers [157,192,193] or into patients with arteriosclerosis obliterans [156], PGI,
reduces platelet sensitivity to ADP-induced platelet aggregation in PRP. It also
dissipates circulating platelet aggregates and prolongs template bleeding time. When
topically applied, PGl, prevents ADP-induced formation of platelet thrombi in
arterioles and venules of the hamster cheek pouch [194]. Injected intravenously to
rabbits, PGI, prevents electrically induced formation of thrombi in the carotid
artery [195]. Laboratory animals can be protected against death resulting from
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disseminated thrombosis following intravenous injection of arachidonic acid [196].
Topical or intravenous administration of PGI, to open-chest dogs inhibits platelet
thrombi formation in the partially-occluded coronary artery [197,198). PGI, not
only prevents platelets from clumping but also dissipates platelet thrombi that have
been formed in an extracorporeal system where blood of animals {199] or humans
[200,201] is perfused over collagen strips. This disaggregatory action of PGI, [199]
allows the detection of endogenous PGI, that is released into the circulation by
angiotensin 11, bradykinin [202,203], chemoreceptor stimulants {204], nicotinic acid
derivatives [205], choline esters [200] and thromboxane synthetase inhibitors {205]. In
this last case the efficacy of a thromboxane synthetase inhibitor ((E)-2-methyl-3-[4-
(3-pyridinylmethyl))phenyl]-2-propenoic acid, MPPA) for preventing cyclic decline
in blood flow in a partially obstructed coronary artery is similar to the effect of
intravenously administered PGI, [206].

There is no agreement concerning the mechanism of cyclic reductions of coronary
blood flow which follow partial obstruction of the circumflex coronary artery.
Neither is the mechanism of the beneficial action of PGI, clear. It was originally
suggested by Folts et al. [207] that the cyclic decline in blood flow was due to
platelet adhesion and aggregation in the narrowed lumen. This assumption is
confirmed by Aiken et al. {206] while Uchida et al. [208] believe that the spasm of
distal coronary vascular bed and not platelet aggregates or thrombi are responsible
for cyclic reduction of blood pressure in the partially constricted artery. Interest-
ingly, both American [197,198,206,209] and Japanese {210,211} authors found that
intravenous infusions of PGI, or any of its stable analogs [209] effectively interrupt
cyclic declines in blood flow in the partially occluded coronary or carotid arteries.
The first group of investigators pointed to the antiaggregatory action of PGI, while
the second group stressed the vasodilatory action of PGI,. A similar recurring
reduction in cerebral blood flow in dogs was observed after partial occlusion of the
common carotid artery, and again PGI, and thromboxane synthetase inhibitors
(OKY 046 and OKY 1580) stabilized blood flow at the highest possible level [211].
Therefore, it seems that there exists a common pathological mechanism that is set in
motion when a big artery becomes partially occluded. Cyclic reduction of blood flow
in distal arterial bed occurs as a symptom of PGI, /TXA , imbalance.

The effectiveness of thromboxane synthetase inhibitors in interrupting this
dangerous recurrence of phenomena may be explained in several ways. Thrombo-
xane synthetase inhibitors may eliminate vasospasm evoked by TXA , released from
platelet aggregates at the site of the occlusion [211]. In the absence of platelet
thromboxane production the antiaggregatory potency of PGI, is enhanced 30-fold
[206] and, therefore, endogenous PGI, may prevent the formation of platelet clumps
at the site of occlusion. It is feasible that platelet endoperoxides are transferred to
endothelial cells and stimulate the release of endogenous PGI, into the circulation
[205]. Indeed, a hypothesis that the vessel wall can synthetize PGI, from endoper-
oxides provided by platelets was put forward at the time of the discovery of PGI,
[30,39]. This concept was criticized [212,213] and supported [214-216] on the basis
of data which had been obtained in various experimental models in vitro. An
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interaction between platelet endoperoxides and endothelial cells occurs when the
number of platelets approaches that of normal blood. When the platelet count
increases over this number a platelet-platelet interaction occurs resulting in an
inhibition of the platelet-endothelium interaction [216]. Another concept has been
put forward suggesting that vascular damage is required before endoperoxides can
be utilized by prostacyclin synthetase [217]. Needleman et al. [213] observed that
platelet endoperoxides are available to vessel walls only after treatment with a
thromboxane synthetase inhibitor whereas Marcus et al. [216] noted enhanced
production of PGI, in a platelet-endothelial cell monolayer mixture treated with a
thromboxane synthetase inhibitor. It is highly probable that when a major artery is
partially occluded in vivo [206,209,210,211] the resulting damage to the intima
facilitates platelet adhesion and aggregation. At the site of constriction endothelial
cells and platelets remain in close proximity. Under those conditions the pharmaco-
logical blockade of thromboxane synthetase could make platelet endoperoxides
available for endothelial prostacyclin synthetase.

In summary, there is ample evidence for both antiaggregatory and disaggregatory
effects of PGI, in vivo which may result in an overall antithrombotic action.
Exogenous PGI, can be substituted by drugs which release endogenous PGI, into
the circulation. Thromboxane synthetase inhibitors have a complex mechanism of
action in vivo, including stimulation of the release of PGI, into the circulation.

(c) Cardiovascular effects

Unlike PGF,,, PGI, relaxes superfused strips of celiac and mesenteric arteries of
rabbits and in contrast to PGE, it does not contract rat colon [14,30,39]. Bovine
coronary strips are selectively relaxed by PGI, [218] making this vascular prepara-
tion most suitable for the bioassay of PGI,. In vitro PGI, relaxes most vascular
strips, e.g. human and baboon cerebral arteries [219], lamb ductus arteriosus [220]
and canine renal artery [221]. The human umbilical artery strip is relaxed by low and
contracted by high concentrations of PGI, [222]. In contrast, rabbit aortic strips
[14,20,29] as well as human and rat venous strips are not relaxed by PGI, [223]. In
isolated Langendorff-perfused hearts of the dog, guinea pig, rat and rabbit, PGI, is
not only a potent vasodilator but it is also a predominant metabolite of arachidonic
acid [224-226]. PGI, is also released from other isolated perfused vascular prepara-
tions where it exerts a strong vasodilatory action [227].

In anaesthetized or conscious dogs single bolus i.v. injection (1-3 png/kg) or
infusion (0.02-1.0 pg/kg/min) of PGI, results in a decrease in systemic and
pulmonary blood pressure as well as in a decrease in peripheral resistance [228,229].
This last effect is greatest in renal and cerebral areas [228]. In contrast to a
vasoconstrictor action of PGE, ,, PGD,, PGE, and arachidonic acid, PGI, produces
a vasodilatory response in the canine and feline pulmonary vascular beds [230,231].
The pulmonary vasodilatory response to PGI, is enhanced when the pressure in the
lobar artery is doubled by a constant infusion of an 11a,9a epoxymethano analog of
PGH, [231]. Indeed, PGI, effectively lowers pulmonary vascular resistance in
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patients with primary and secondary pulmonary hypertension [232]. Among bisenoic
PGs, only PGI, seems to have a vasodilatory action on pulmonary circulation.
However, in the conscious newborn lamb both PGI, and PGE, increase pulmonary
blood flow [232]. Otherwise, systemic hypotensive responses to PGI, are more or less
similar to those of PGE,. PGI, is equipotent as a vasodilator when given either
intravenously or intraarterially [105,234,235] whereas PGE, is much less active when
administered intravenously. This is due to inactivation of PGE, but not of PGI,
through the circulation. Perhaps the lungs of anaesthetized animals remove PGE,
from the circulation even more effectively since in conscious rats PGE, at doses of
0.1-5.6 pg/kg/min iv. shows no hypotensive action whereas PGI, at doses of
0.1-1.0 pg/kg/min i.v. 1s a potent hypotensive agent [228]. The pulmonary circula-
tion of the anaesthetized intact Rhesus monkey is resistant to the vasodilatory action
of PGI, and PGE, (0.05-3.0 ng/kg into the pulmonary artery) and, at the same
time, systemic cardiovascular effects of these PGs are well expressed [236]. In
humans [156] and in monkeys [236] the effect of PGI, on diastolic blood pressure is
stronger than its effect on systolic blood pressure.

A modest increase in heart rate in humans [156,157,193], monkeys [236] and cats
[237] has been reported. Bradycardia accompanying PGI,-induced hypotension was
observed in anaesthetized dogs [238,239] and in healthy volunteers when high doses
of PGI, (> 20 ng/kg/min, 1.v.) were used [156,157]. This is probably due to the
activation of vagal reflexes. In humans an increase in heart rate is reflected by an
increase in cardiac output. However, stroke volume is not changed by PGI, and thus
it may be concluded that in humans PGI, does not affect cardiac contractility
[156,157). In the intact heart of open-chest dogs PGI, (50-500 ng) when injected
into the coronary artery increases coronary blood flow without any effect on
systemic blood pressure [239,240]. Topical application of PGI, (20-100 ug) onto
epicardium results in a prolonged coronary vasodilation and this effect is potentiated
by the pretreatment with cyclo-oxygenase inhibitors [239,241]. However, it can
hardly be assumed that the vasodilatory effect of PGI, on coronary arteries will
contribute to its usefulness in acute myocardial ischemia. Administered systemically
to dogs PGI, does not increase coronary blood flow [241,242]. Therefore, protective
action of PGI, on myocardial ischaemia both in laboratory animals [243] and in
humans [244] must seek other explanations.

The effects of PGI, on microcirculation, local redistribution of blood and on
arterial anastomoses also have to be taken into account, in addition to the anti-
platelet, fibrinolytic [158], cytoprotective [243,245] and oxygen-sparing [246] actions
of PGI,. All these effects may contribute to the beneficial effects of PGI, in
myocardial ischaemia [243,244] as well as in ischaemia associated with arteriosclero-
sis obliterans [160,247], Raynaud’s syndrome [248], retinal vein occlusion [249],
white stroke [250], endotoxic [251,252] and traumatic [253,254] shocks.

PGI, reduces peripheral vascular resistance in humans {156] and in animals [240].
In the rat cremaster muscle [255] and in the hamster cheek pouch [256] preparations,
PGI, causes a dose-dependent dilatation of arterioles whereas the postcapillary
venules remain insensitive to PGI, [255]. The results of these simple experiments fit
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very well the proposed effects of PGI, on microcirculation in humans [156,257]. In
the human, resistance vessels highly susceptible to the dilatory action of PGI, are
those of the head, neck and palms. Erythema and a feeling of warmth in these
regions were reported to occur in patients in whom PGI, had been administered
intravenously. One of the most important papers on the effect of PGI, on microcir-
culation comes from Hallenbeck and Furlow [258]. These authors have shown that
PGI, (30-180 pg/kg/min i.v.) increases nutrient perfusion in cortex and white
matter of dog brain in the post-ischaemic period. Interestingly, indomethacin
(1.5-4.0 mg/kg, 1.v.) elicits a similar effect and a combination of both drugs
constitutes a most effective treatment. A dramatic improvement followed PGI,
administration to patients with hemiplegia and sensoro-motoric aphasia caused by
cerebral ischaemia resulting from a thrombus in the left internal carotid artery [250].
An explanation for this may be found in the laboratory data concerning the
stimulatory effect of PGI, on cerebral microcirculation [258] and the inhibitory
effect of PGI, on recurring reduction of the cerebral blood flow during partial
obstruction of the carotid artery [211].

In summary, PGI, relaxes most of arterial strips and acts as a vasodilator in
perfused isolated organs. In vivo intravenous administration of PGI, is associated
with systemic hypotension, a moderate fall in pulmonary blood pressure, decrease in
peripheral vascular resistance, blunted tachycardia and a slight increase in cardiac
output. Given intracoronary or epicardially PGI, increases blood flow through the
coronary circulation. Administered systemically PGI, hardly influences coronary
blood flow [241,242], although several authors will not agree with this statement
[259,260]. Nonetheless, PGI, rescues heart, brain, liver and other organs from
ischaemic damage. Therefore, cytoprotective and oxygen-sparing properties were
ascribed to PGI,. Another possibility is that PGI, redistributes blood flow in the
microcirculation. Cerebral and renal microcirculation seem to be most susceptible to
this action of PGI,.

(d) Clinical trials

In the clinic PGI, was first used in the treatment of advanced arteriosclerosis
obliterans of lower extremities [160]. PGI, was administered in continuous in-
travenous or intraarterial infusion at an average rate of 7 ng/kg/min for about 72
h. The observation period following the therapy with PGI, varied from 4 to 21
months [161]. The most persistent and impressive effect of the PGI, therapy was
relief of the rest pain. Sustained elongation of the walking distance and healing of
ischaemic ulcers were observed in about 40% out of 65 treated patients [161,257].
PGI, has also been found effective in thrombangitis obliterans [257] and in Raynaud’s
syndrome [248]. Indeed, the latter and another similar trial have been recently
reported by Prentice et al. [247,248] as the first double blind studies on the
effectiveness of PGI, in treatment of peripheral vascular disease. Controlled clinical
trials are essential since efficacy of the therapy with PGI, in open clinical trials
depends critically on the selection of patients [257]. Patients with spontaneous
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platelet aggregation [261] or with proximal localization of atheromata in the arterial
tree as well as patients with gangrene [257] will not respond to the treatment with
PGI,. The duration of the PGI, infusion may be of importance. Initial suppression
of platelet activity [257,262] is followed by a paradoxical enhancement of platelet
activity that appears towards the end of a prolonged infusion of PGI, into patients
with peripheral vascular disease [263,264]. Also the initial activation by PGI, of the
fibrinolytic system is observed to disappear [158]. Paradoxical behaviour of platelets
is probably caused by desensitization of platelet adenylate cyclase subsequently to
its protracted exposure to the action of pharmacological concentrations of PGI,
[265].

The mechanism of beneficial therapeutic action of PGI, in ischaemia resulting
from vascular diseases is not clear. Our hypothesis [268-271] that atherosclerosis is a
disease associated with a deficiency of PGI, constitutes a rationale for clinical trials
of PGI, in vascular diseases associated with atherosclerosis and its thrombotic
complications. PGI, deficiency can result from intoxication of endothelial PGI,
synthetase by lipid peroxides [30] which most likely abide in low-density lipoproteins
(LDL) of subjects with hyperlipoproteinemia [271]. Indeed, a diminished generation
of PGI, has been observed not only in arteries of animals with experimental
atherosclerosis {268—271] but also in human atherosclerotic arteries [272]. Adminis-
tered into rabbits which are fed an atherogenic diet, PGI, prevents the development
of atherosclerosis [273]. We consider the infusions of PGI, into patients with
atherosclerosis as a substitution therapy, even though the precise mechanism of
PGI, effectiveness remains unknown. PGE, is also effective in the treatment of
patients with peripheral vascular disease [274]}.

The therapeutic potency of PGI, in ischaemic heart disease has not as yet been
well assessed. On the basis of open clinical trials it appears that in patients with
exercise angina pectoris PGI, is ineffective in preventing pain and ischaemic changes
in ECG which occur during atrial pacing. However, in 5 out of 11 patients with
spontaneous angina (including Printzmetal angina) intravenous infusion of PGI,
reduced a daily nitroglycerine intake [244,257]. In another trial PGI, was ineffective
in two patients with spontaneous angina [275].

Central retinal vein occlusion is another vascular disease which has been treated
with PGI,. PGI, (5 ng/kg/min, i.v. 72 h of continuous infusion) was administered
at first to 3 patients [249] and then to another 8 patients {276] with central retinal
vein occlusion. Given 24-72 h after a sudden loss of vision, PGI, ameliorated visual
acuity, caused disappearance of hemorrhages, resorption of edema of fundus, and
straightened up the tortuosity of retinal blood vessels (7 patients). Administered at a
later stage of the disease PGI, had littie effect on its natural development. The
observation period after the treatment with PGI, was 3—12 months. During this time
no secondary complications (glaucoma, maculopathia) were observed in 7 re-
sponders to the PGI, therapy. Another group of 10 patients with central retinal vein
occlusion were treated in a typical way (anti-inflammatory drugs, vasodilators,
vitamins). In only one of 10 patients the therapeutic effect was comparable to that
observed in 7 out of 11 patients who had been treated with PGI, [276].
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Most challenging is the study of effectiveness of PGI, in patients with acute
cerebral ischaemia due to thrombotic occlusion of the internal carotid artery that
shows up as hemiplegia [250]. In this study the dosage of PGI, was reduced to 2.5
ng/kg/min i.v. and the time of infusion was shortened to 6 hours divided into 5-8
courses of treatment. The results of the clinical trial of 10 patients will be soon
published.

In patients with secondary pulmonary hypertension PGI, in doses of 2.5-10.0
ng/kg/min iv. for 30 min was found to reduce significantly pulmonary wedge
resistance and total pulmonary resistance. The duration of this effect was limited to
the period of infusion [232,257]. A similar pharmacological effect in patients with
secondary pulmonary hypertension was reported for PGE, [277]. PGI, or PGE,
were also successfully used in children with idiopathic pulmonary artery stenosis or
vasoconstriction [278,279]. Pharmacological manipulations of neonatal circulation
with PGI,, PGE, and PGE, as well as with cyclo-oxygenase inhibitors were recently
reviewed by Coceani [280].

Intravenous infusions of PGI, were also tried in a few patients with hemolytic
uremic syndrome [281], with thrombotic thrombocytopenia purpura [282] and with
preeclamptic toxemia [283]. The experience of these few patients suggests that the
controlled evaluation of PGI, in the treatment of those diseases is warranted.

Leithner et al. [284] have recently treated with PGI, (5 ng/kg/min i.v. for 5
days) 8 patients with chronic kidney transplant rejection. In the majority of cases
this treatment improves the function of the transplant. In presensitized dogs PGI,
suppressed the hyperacute allograft rejection [285] and in rats PGI, had a definite
beneficial effect in prolonging survival of cardiac allografts [286]. The mechanism of
this action is not clear but inhibition of the platelet release reaction and suppression
of platelet clumping in the microcirculation of the grafts is likely to be of impor-
tance.

In a series of clinical trials with PGI, in the cardiopulmonary bypass in man, it
has been shown [287-289] that PGI, significantly preserves platelet count and
function and it potentiates the anticoagulant action of heparin when extracorporeal
circulation is being maintained. These two effects of PGI, may well lead to
reduction of postoperative blood loss and to prevention of formation of microem-
boli. The cardiovascular effects of PGI, are easily managed during surgery. The way
to these clinical trials was paved by an experimental use of PGI, during hemodialy-
sis [290] and cardiopulmonary bypass [291] in dogs. Similarly, laboratory data on the
effect of PGI, on the formation of platelet aggregates and on the improvement of
hemocompatibility during charcoal hemoperfusion [292] enabled the use of PGI, in
humans in the course of treatment of fulminant hepatic failure with charcoal
hemoperfusion [293].

Headache is one of the most common side effects which may occur during
intravenous infusion of PGI,. It usually appears at doses higher than 5 ng/kg/min.
Headache disappears if the infusion rate is reduced. Some patients can tolerate PGI,
at a dose of 10 ng/kg/min without headache. The most consistent but less
annoying side effect is facial flush which occurs practically in all patients treated
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with PGI, along intravenous, intraarterial or inhalatory routes. Flushing of palms
and feeling of warmth are also quite common. Restlessness, uneasiness and drowsi-
ness are experienced by some patients. Typical cardiovascular effects of PGI, consist
of a modest hypotension and blunted tachycardia. Overdosage of PGI, may result in
a sudden drop of arterial blood pressure associated with bradycardia and fainting.
We have never seen this type of side effect in our 167 patients who were treated for
various reasons with PGI, at a dose range of 2-10 ng/kg/min i.v. A paradoxical
rise in arterial blood pressure was observed in 6 out of 167 patients receiving PGI,.
Three of these subjects had a history of untreated severe arterial hypertension. In
patients with a history of myocardial ischaemic disease infusions of PGI, may cause
chest pain, and ectopic beats may appear in their ECG. Cardiac side effects of PGI,
were relatively rare and appeared in 9 of our patients. In patients with ischaemic
ulceration pain may occur during the period of infusion of PGI,, yet finally, PGI,
will relieve patients of rest pain.

Another local pain which is quite frequently evoked by PGI, is the jaw articular
pain that 1s aggravated by chewing. The hyperglycemic effect of PGI, should be
anticipated in patients with diabetes. The effect of PGI, on carbohydrate metabo-
lism is readily reversible after termination of the infusion of PGI,. We hardly
observed in our patients any gastrointestinal disturbances during intravenous infu-
sions of PGI,, apart from a rare occurrence of nausea. The highest rate of
intravenous infusion of PGI, that is presently being used in our studies is 7.5
ng/kg,/ min, although most frequently doses of 2.5-5.0 ng /kg/ min are sufficient to
obtain a therapeutic effect. In a vast majority of patients the above described side
effects of PGI,, if they appear, are readily tempered by adjustment of the rate of the
drug infusion.

The above discussed side effects which may occur during the course of adminis-
tration of PGI, to man are listed on the basis of our published
[156,157,161,169,192,195,257} and unpublished clinical observations as well as those
of the Wellcome group [139,294].

In conclusion, open clinical trials have led to double blind studies with PGI, in
the treatment of peripheral vascular diseases including arteriosclerosis obliterans,
thrombangitis obliterans and Raynaud’s syndrome, unstable angina pectoris includ-
ing Prinzmetal angina, ischaemic stroke, retinal vein occlusion and renal transplants.
The usefulness of therapy with PGI, deserves to be evaluated in hemolytic uremic
syndrome, thrombotic thrombocytopenia purpura and preeclamptic toxemia.
Heparin-sparing effect of PGI, in extracorporeal circulation is well established.

Side effects of therapy with PGI, do not constitute serious clinical problems,
although experienced and highly qualified staff is required to run these clinical trials.

Looking to the future one may say that the pioneer clinical trials with PGI, have
opened the door of the clinic to stable analogs of PGI,, to drugs which release
endogenous PGI, and to thromboxane synthetase inhibitors.
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1. Introduction

The importance of arachidonic acid as a precursor of regulators and mediators of
various cell functions is well recognized [1,2]. Although research was initially focused
upon the cyclooxygenase pathway with formation of the prostaglandin endoper-
oxides (PGG,, PGH,), prostaglandin E,, F, and D,, prostacyclin (PGI,) and
thromboxane (TXA,), an alternate metabolic pathway via a lipoxygenase-catalyzed
reaction has recently been demonstrated (3,4]. Thus, lipoxygenase products of
arachidonic acid in platelets are known to induce directed movement of leukocytes
[5], and the carrageenan-induced leukocyte migration in vivo is stimulated by
inhibition of the cyclooxygenase pathway [6].

A major step in the understanding of lipoxygenase metabolism of arachidonic
acid and its pathophysiological importance was the discovery of new arachidonate
derived metabolites — the leukotrienes and also various hydroxy- and hydroperoxy
derivatives (for reviews, see refs. 7-11). In these studies the chemical structure of the
slow reacting substance of anaphylaxis (SRS-A) was elucidated 3] and a new
understanding of the biochemical mechanisms underlying hypersensitivity reactions
and inflammation arrived at. Unlike the prostaglandins and thromboxanes, some of
which play important roles as biological regulators, the actions of the lipoxygenase
products of arachidonic acid, so far demonstrated, appear to be exclusively of a
pathophysiological nature {12].

2. Leukotrienes: classification and nomenclature

The leukotrienes constitute a group of fatty acid derivatives, formed predominantly
in various inflammatory cells. Most of the leukotrienes described to date are derived
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Fig. 1. Structures of the leukotrienes.

from arachidonic acid (5,8,11,14-eicosatetraenoic acid). In this section, the structures
of the various leukotrienes are presented, and the nomenclature explained.

The term leukotriene (LT) was introduced for compounds which are non-cycli-
cized C,, carboxylic acid, with one or two oxygen substituents, and three conjugated
double bonds. Structurally different leukotrienes are distinguished by capital letters
A, B, C, etc. [13]. A subscript denotes the number of double bonds in the structures
[14]. More recently another criterion has been added. To be regarded as a leukotriene,
the biosynthesis leading to the compound shall involve an allylic epoxide inter-
mediate of the LTA-type [15]. In Fig. 1 the structures of LTA,, LTB,, LTC,, LTD,
and LTE, are given.

To permit denotation of isomerism of leukotrienes, regarding positions of sub-
stituents and configurations of double bonds, prefixes are used. As examples; the
structures of an isomer of LTA, (i.e. 14,15-LTA,), an isomer of LTB, (i.e.
8(5),15(S)-LTB,), and an isomer of LTE, (i.e. 11-trans-LTE,) are shown in Fig. 2.
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Fig. 2. Structures of some leukotriene isomers.
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3. Biosynthesis of leukotrienes

In this section, papers concerning the structures and biosynthesis of leukotrienes are
reviewed. Initially leukotrienes of the A and B types (oxygen substituents only) are
described, while the latter part deals with the leukotrienes of C, D and E types (i.e.
amino acid containing compounds with SRS properties).

{a) Leukotrienes of types A and B
The first enzymatic transformation in the biosynthesis of leukotrienes is an oxygena-

tion of the fatty acid substrate, by a lipoxygenase, giving a hydroperoxide. Thus,
arachidonic acid can be converted to S-hydroperoxyeicosatetraenoic acid (5-HPETE)

COCH
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Fig. 3. Leukotriene biosynthesis originating with oxygenation at C-5 of arachidonic acid.
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when incubated with rabbit polymorphonuclear leukocytes (PMNL) [16] or human
PMNL [17], as demonstrated by the isolation of the corresponding hydroxyacid
(5-HETE) from these incubations. The hydroperoxy- and hydroxyacids are discussed
further in Section 4. Alternatively to reduction, the hydroperoxy acid can be
dehydrated in a reaction (presumably enzymatic), in which one of the hydrogens at
C-10 of 5-HPETE is abstracted and the allylic epoxide 5(S)-trans-oxido-7,9-trans-
11,14-cis-eicosatetraenoic acid (LTA ;) is formed (Fig. 3). This is the second trans-
formation in leukotriene biosynthesis. The LTA , structure was first described in ref.
18. In this study it was shown that LTA , is an unstable compound with a half-life of
2 minutes in a living cell preparation. In a water/acetone mixture of pH 7.4, the
half-life increases to 4-5 minutes, whereas the compound is very short-lived under
acidic conditions [18]. The detailed structure of LTA, was determined by stereo-
chemically controlled organic synthesis of the correct isomer of LTA , [19], which s
accepted by an enzyme and is converted further to LTB, (see below) [20]. LTA, can
be isolated from cellular incubations as the methyl ester [21], showing that it exists in
the cell as a free entity.

The isolation and handling of LTA, requires special precautions, since the
compound is very sensitive to acid, radicals and oxygen [22]. Thus, it cannot be
isolated by acidic extraction to an organic phase, and when chromatographed,
stationary and mobile phases should be slightly alkaline [19,21]). LTA , exhibits a
triplet in the UV spectrum with maxima (in methanol) at 269, 278 and 289 nm. The
molar extinction coefficient is 40000 at 278 nm [19]. LTA, formation has been
demonstrated as such in human PMNL [21] and as methanol-trapping products in
rabbit PMNL [13] and in rat basophilic leukemia cells [23]. Additional synthetic
approaches leading to LTA , and isomers are presented in refs. 22, and 24-30.

From LTA,, the biosynthetic scheme of the leukotrienes diverges, i.e. LTA, can
undergo various reactions. When LTA , reacts with water, five different compounds
arise [18,20,31,32]. One of these results from enzymatic hydrolysis, while the other
four are products of non-enzymatic hydrolysis of LTA ,. The product of enzymatic
hydrolysis is referred to as LTB, with the structure 5(S),12(R)-dihydroxy-6-cis-8,10-
trans-14-cis-eicosatetraenoic acid. The covalent structure and the configurations at
C-5 and C-12 were determined in ref. 32. The configurations of the double bonds
were shown by comparison of native LTB, with a synthetic product of known
stereochemistry [33]. Parallel to the enzymatic hydrolysis, LTA , is also subjected to
nonenzymatic hydrolysis in the cell. This gives two additional 5,12-dihydroxy acids,
epimeric at C-12 (5(S),12-dihydroxy-6,8,10-trans-14-cis-eicosatetraenoic acids), and
also in lesser amounts, two diastereo-isomeric 5,6-dihydroxy-7.9,11,14-eicosa-
tetraenoic acids [31]. When these four compounds are discussed in conjunction with
LTB,, they are often referred to as compounds (or isomers) I, II, IV and V,
respectively, (the original compound /isomer 1II is LTB,) [31]. Compounds I and II
have also been denoted as the epimers at C-12 of 6-trans-LTB, [34]. LTB, and the
compounds I, II, IV and V are stable compounds, so traditional techniques for
isolation and purification of fatty acid derivatives can be utilized. For separation of
LTB,, I, II, IV and V, HPLC (reverse or straight phase) is necessary [31]. They all



TABLE 1
Reports on formation of LTB,

In the references underlined, the identification was based on GC-MS.
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Rabbit Human Rat Guinea pig
Neutrophils Neutrophils Peritoneal PMNL Peritoneal PMNL
(32, 36) (17, 35, 37, 38) (36,37 45
Eosinophils Peritoneal
(39 macrophages
(42)
Synovial fluid Neutrophils
from RA patients (43)
(40)
Basophilic
leukemia cells
44)

exhibit typical triplets in the UV-spectra with maxima around 260, 270 and 280 nm
[31-34]. For LTB, the maxima are at 260, 270.5 and 280 nm with molar extinction
coefficients of 38 000, 50000 and 39000, respectively [33].

LTB, was originally isolated from incubations of rabbit PMNL with arachidonic—
acid [32], but human PMNL also have the capacity to synthesize LTB,. An
interesting feature in these cells is that the calcium ionophore A23187 greatly
enhances the biosynthesis [17]. Opsonized zymosan, a phagocytic stimulus, also
induces formation of LTB, [35]. LTB, formation has been demonstrated in leuko-
cytes from several species (see Table 1). Organic syntheses leading to LTB, and
isomers of LTB, are described in refs. 33, 34, 46 and 47.

In this context it may be helpful to mention the finding of another isomer of
LTB,. This is 5(5),12(S)-dihydroxy-6-trans,8-cis,10-trans,14-cis-eicosatetraenoic acid,
that is not formed via the leukotriene-pathway. It will therefore be discussed in
Section 4.

A biosynthetic pathway in which leukotrienes are formed with oxygen sub-
stituents at C-14 and C-15, or at C-8 and C-15 of arachidonic acid has been
demonstrated [48-50]. The first reaction in this pathway is oxygenation of
arachidonic acid at C-15 rather than at C-5, giving 15-hydroperoxy-eicosatetraenoic
acid (15-HPETE). 15-HPETE can subsequently be converted into an allylic epoxide
with the structure of 14,15-oxido-5,8,10,12-eicosatetraencic acid, referred to as
14,15-LTA ,. The 14,15-LTA, can be hydrolyzed into two isomers of 14,15-dihy-
droxy-5,8,10,12-eicosatetraenoic acid (14,15-LTB, ), and also two isomers of 8,15-di-
hydroxy-5,9,11,13-eicosatetraenoic acid (8,15-LTB,) [48,50]. This pathway has been
demonstrated in human [48,49] and in porcine leukocytes [50]. 14,15-L TA , has been
prepared chemically [51].
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(b) Leukotrienes of types C, D and E (slow reacting substances SRS)

The elucidation of the chemistry of the biologically highly potent principle SRS has
attracted the interest of many laboratories for several years. Recently, when the
various compounds comprising SRS were structurally determined and found to be
members of the leukotriene group, they were named according to the LT nomencla-
ture. Previously, however, they were referred to as SRS, classified depending on
cellular origin and the stimulus for the biosynthesis. The SRS nomenclature is now
used in parallef with the LT nomenclature.

The term slow reacting substance (SRS) was originally introduced by Feldberg
and Kellaway [52]. In 1938 they described a factor in perfusates from guinea pig and
cat lungs formed upon treatment with cobra venom. The factor induced a prolonged
contraction with slow onset of the guinea pig jejunum. Two years later Kellaway and
Trethewie described a similar substance released from sensitized guinea pig lung
during anaphylaxis [53]. Using the guinea pig ileum bioassay, Brocklehurst showed
that the factor was a pharmacological entity distinct from histamine and other
contractile agents, and introduced the term slow reacting substance of anaphylaxis
(SRS-A) for immunologically released SRS [54]. The early pharmacology and
chemistry of SRS-A was reviewed in 1962, and it was shown that lung segments
from human asthmatics have the capacity to produce SRS-A [55]. Subsequent work
has suggested that SRS-A plays an important role as a mediator in asthma and other
types of immediate type hypersensitivity reactions [56].

The elucidation of the structures of the SRS compounds has been complicated.
Difficulties in purification and problems of identifying small amounts of biologically
active components without destroying the chemical structure hampered many at-
tempts. In order to achieve more material for structural analysis, systems other than
lung tissue with SRS-producing capacity have been used, such as rat peritoneal
cavity cells [57-61], rat basophilic leukemia cells [62,63], mouse mastocytoma cells
[64], the perfused cat paw [65] and human peripheral polymorphonuclear leukocytes
[66]. The immunologically formed SRS-A and non-immunological SRS from differ-
ent cells and species were found to have similar, although not identical, biological
and chromatographic properties [67-74]. Thus, the more productive “non-immuno-
logical” sources could be used to generate enough material for structural elucidation.
The ionophore A23187 was found to be a potent stimulus for SRS-formation in rat
peripheral cells [59] and has been used extensively in many other systems. The
purification of SRS from the various sources has been made possible through use of
HPLC [67,75].

The connection between fatty acid metabolism and SRS formation was made
when it was discovered that an intact lipoxygenase reaction was essential for SRS
formation [76-81]. Conversely, inhibition of lipoxygenase prevented SRS formation
as determined by prevention of anaphylactic bronchoconstriction [82,83]. Further
evidence for lipoxygenase involvement is provided by the enhanced antigen-induced
tracheal contraction demonstrated during cyclooxygenase inhibition [84-86] as well
as the finding of clinical cases with aspirin-induced asthma [87]. The observations
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that 5-HPETE potentiates SRS formation [88,89] and is incorporated in the biologi-
cally active compound [90], and that also labelled arachidonic acid is incorporated
[62,91,92], showed that SRS is a fatty acid derivative.

Sulphur was found through spark source mass spectrometry to be abundant in
SRS-A [93]. Also, incorporation of *°S into SRS has been reported [64,94-96]. The
observation that several thiols enhance SRS formation in different systems [97—100]
and that arylsulfatase (an enzyme that cleaves sulfate monoesters of phenolic and
other unsaturated hydroxylated systems) inactivates SRS-A [101,102] opened the
view that a thiol is a constituent of the active compound. However, it has recently
been shown that the SRS-inactivating action of commercially available arylsuifatase
1s not due to sulfate ester cleavage, but to a dipeptidase contaminant [103,104). The
destruction of different SRS compounds by lipoxygenase {67,105,106] shows that
SRS contains a cis,cis-1,4-pentadiene structure, since this is a prerequisite for a
lipoxygenase substrate [107]. For a review of the earlier structural work on SRS, see
ref. 108.

One of the important observations that linked SRS with the leukotrienes was the
UV spectrum of SRS-A [67] which indicated a conjugated triene in the SRS
molecule. This and other similarities were noted during the initial studies on the
leukotrienes in leukocytes. Subsequently, this proved to be very fruitful when the
observations from the work on leukotrienes were applied to the structural determina-
tion of SRS.

Thus, the first complete structure of an SRS-compound was described as 5(S)-hy--
droxy-7,9-trans-11,14-cis-eicosatetraenoic acid with a glutathionyl substituent at C-6
(R-configuration) [64,109,110). This compound was originally isolated from murine
mastocytoma cells, and it is named leukotriene C, (LTC,). The structural analysis of
LTC, is reviewed in refs. 7 and 12.

LTC, is enzymatically formed from LTA , [23,111] by addition of glutathione to
the epoxide-function of LTA,, catalyzed by a glutathione-S-transferase (Fig. 3).
LTC, has now been isolated in SRS derived from different cells and species, such as
human peripheral polymorphonuclear leukocytes [112], rat basophilic leukemia cells
[113-115), rat peritoneal mononuclear cells [116], anaphylactic rat peritoneal cavity
[117], guinea pig lung [117,118] and mouse peritoneal macrophages [119-121]. Also
the stereo-isomeric 11-irans LTC, has been demonstrated as a naturally occurring
SRS compound [122].

LTC, is enzymatically transformed by a y-glutamyltranspeptidase into LTD,
(5S-hydroxy-6S-cysteinylglycyl-7,9,11,14-eicosatetraecnoic acid) [123,124] (Fig. 1).
This compound has been reported as a component of SRS formed in rat basophilic
leukemia cells [113,114,123], rat peritoneal mononuclear cells {125}, anaphylactic rat
peritoneal cavity [117], cat paw perfused with histamine releasing compound 48,80
[126) and in anaphylactic human and guinea pig lung [117,118,125] and in sputum
from patients with cystic fibrosis [41]. The 11-trans isomer of LTD, is described in
ref. 127.

Finally, LTD, is enzymatically transformed to LTE, (5S-hydroxy-6S-cysteinyl--
7.9,11,14-eicosatetraenoic acid) by removal of the glycine residue [114,124,126-130].
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This compound is also a naturally occurring part of native SRS, and the 11-trans
isomer of LTE, has been described [127].

The ratio of LTC,, LTD,, LTE, and the 11-trans isomers thus varies in SRS from
different sources and possibly also with other parameters (e.g. stimulus, time,
substrates, cofactors). Since the different leukotrienes have a biological profile which
differs both quantitatively and qualitatively [117,131-135] (see below), it seems
appropriate to use the chemical characterization to describe the defined compounds,
and to use SRS nomenclature only to design biological materials where the relative
amounts of the different leukotrienes are unknown.

LTC,, LTD, and LTE, exhibit triplets in the UV spectra with maxima at 270, 280
and 290 nm [19,64,123,127,136]. The molar extinction coefficients at 280 nm are
40000 [19,127,136]. The origin of the 1l-tfrans isomers of these leukotrienes is
unclear, and several alternative explanations are given [122,137]. The UV spectra of
the 11-trans isomers are shifted to 2 nm lower values [122,127]. The first organic
synthesis of LTC, that was instrumental for the elucidation of the exact stereochem-
istry is described in ref. 19. Syntheses of LTC,, LTD,, LTE, and isomers of these
compounds are also described in refs. 22, 26, 51, 122, 127, 136, 138 and 139.

(c) Some characteristics of leukotriene producing systems

The leukotrienes described above in Sections 3(a) and 3(b) are all derived from
arachidonic acid. Other substrates, for example 5,8,11-eicosatrienoic acid and
5,8,11,14,17-eicosapentaenoic acid, are converted to leukotrienes of the 3- and
5-series, respectively, i.e. LTC, [140] and LTC, [141,142]. The essential structure
required for a fatty acid to be converted to leukotrienes in rat basophilic leukemia
cells appears to be a A>*!'-unsaturation [143]. Fatty acids with this feature give
LTB-like compounds and SRS activity in 10000 X g supernatants from rat basophilic
leukemia (RBL) cell homogenates [143]. However, 8,11,14-eicosatrienoic acid, the
precursor of the prostaglandins and thromboxanes of the 1 series, can also be
converted into a leukotriene i.e. 8,9-LTC,, but in low yield [144]. The production of
SRS activity in the RBL supernatant is dependent on glutathione [145], and
biosynthesis of 5-HETE, 5,12-DHETE (LTB,) and SRS activity is stimulated by
calcium [44,145]. The enzyme thought to depend on calcium in the RBL cell is the
lipoxygenase [44], which is also thought to discriminate towards the substrate
structure [143].

4. Other lipoxygenase products

This section reviews the formation of fatty acid derivatives not belonging to the
leukotriene group formed by lipoxygenases in some mammalian cells. The much
larger literature on lipoxygenases and their products of the plant world is reviewed
in refs. 146—-149. This knowledge is of interest since many features of lipoxygenases
from different sources are similar.
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(a) Lipoxygenase products

A variety of oxygenated derivatives is formed during the reaction of lipoxygenases
with fatty acid substrates. The biosynthesis of the monohydroxy and dihydroxy
acids proceeds via the corresponding hydroperoxy acids, as is the case in the plant
systems. The immediate product of the lipoxygenase thus is a hydroperoxy acid. This
product is reduced to the corresponding hydroxy acid, presumably both enzymati-
cally by peroxidases and through non-enzymatic decomposition. However, the
hydroperoxy acid can also be converted to a ketone or to an epoxy-hydroxy acid
that can hydrolyze into a trihydroxy acid (see below).

The criterion required of a compound to serve as a plant lipoxygenase substrate,
i.e. a cis,cis-1,4-pentadiene structure [146], seems to be valid also for the mammalian
lipoxygenases. All reports so far fit with this concept, and arachidonic acid (all
cis-5,8,11-14-eicosatetraenoic acid) is by far the substrate most studied. Oxygen can
be introduced at various positions of arachidonic acid (Fig. 4), and in Table 2 the
different monohydroxy-eicosatetraenoic acids (HETE) obtained from arachidonic
acid in different cells are summarized.

When a lipoxygenase acts on the same fatty acid substrate molecule twice, and
the hydroperoxide groups are reduced, a dihydroxy acid results. The formation of
such a compound, isomeric with LTB,, has been reported in suspensions of human
PMNL. The structure of this compound is 5(S),12(S)-dihydroxy-6,8,10,14-¢ico-
satetraenoic acid, and most probably the double bonds have the trans,cis-trans,cis
configuration, respectively (Fig. 4) [15,228]. Another dihydroxy acid formed by
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Fig. 4. Mono- and dihydroxylated derivatives of arachidonic acid, formed by single or double dioxygena-
tion followed by reduction.



TABLE 2

Formation of monohydroxylated derivatives of arachidonic acid in various cells and tissues
References in parentheses.

5-HETE 8-HETE 9-HETE 11-HETE 12-HETE 15-HETE
Rabbit PMNL Human PMNL Human PMNL Human PMNL Human PMNL Human PMNL
(16, 36) (151) (151 (150, 151) (151 (17)
Human PMNL Mouse Mouse Guinea pig Mouse peritoneal Human lung (175)
(17, 38, 150-152) peritoneal peritoneal tung (158) macrophages (155,
monocytes monocytes 162,163)
(157) (157)
RBL-cells Mouse Mouse Cyclooxygenase Human lymphocytes Guinea pig lung
(44, 88) peritoneal peritoneal (159, 160) (154) (158)
macrophages macrophages
(155) (155)
Rabbit alveolar Pig liver Rabbit alveolar Platelets, human Rat peritoneal
macrophages macrophages macrophages bovine macrophages
(153) (156) (153) (164, 165) (42)
Rat peritoneal Rat neutrophils Guinea pig lung Cyclooxygenase
macrophages (161) and spleen (160, 176)
(42) (158, 166)
Human lymphocytes Human eosino- Normal and Rat neutrophils

(154)

phils (39)

psoriatic epi-
dermis (167, 168)

(161)

9¢l



Human synovial
fluid (40)

Rat neutrophils
(43)

Human eosinophils
(39

Guinea pig

PMNL (45)

Mouse peritoneal
macrophages (155)

Pig liver micro-
somes (156)

Mouse peritoneal
monocytes (157)
Mouse peritoneal
macrophages (155)
Pig liver
microsomes (156)

Rabbit aorta

(169)

Rat serosal mast
celis (170)

Rat peritoneal
macrophages (42)
Human eosinophils
(3%

Rabbit pericardium,

pleura, peritoneum
(170

Rat brain cortex
(172)

Human colonic
tissue (173)
Perfused dog lung
(174)

Pig liver microsomes

(156)
Rat lung (416)

Mouse peritoneal
monocytes (157)
Mouse peritoneal
macrophages (155)
Rabbit peritoneal
tissues (177)

Pig liver micro-
somes (156)

LET
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double deoxygenation of arachidonic acid is 5,15-dihydroxy-6,8,11,13-eicosa-
tetraenoic acid, isolated from rat mononuclear cells [178]. Further oxygenated
metabolites of dihydroxy acids, 1.e. trihydroxy acids, have been described [15,179].
Another series of trihydroxyacids has been described in platelets and lung. In this
case, the hydroperoxy acid is first converted to an epoxy-hydroxy acid. From
12-HPETE, 10-hydroxy-11,12-epoxy-eicosa-5,8,14-trienoic acid and 8-hydroxy-
11,12-epoxy-eicosa-5,9,14-trienoic acid can be formed. The former compound has
been isolated as such [180]). The hydrolysis products of the latter allylic epoxide are
two isomeric trihydroxy acids. Formation of such trihydroxy acids was reported in
platelets [181-183] and lung [415-417]. These conversions of the hydroperoxy acid
seem to be favoured when the reducing capacity of the peroxidases present is
insufficient [184] and diminished when peroxidase activity is augmented [185].

(b} Some properties of lipoxygenases

Regarding the characteristics and properties of various mammalian lipoxygenases,
most data have been accumulated for the enzyme in platelets, which was the first
mammalian lipoxygenase described. Some data have also been presented concerning
lipoxygenases in inflammatory cells. In human platelets, however, arachidonic acid is
converted to 12(L)-hydroxy-eicosatetraenoic acid (12-HETE), via the corresponding
hydroperoxy acid [164,165]. 12-HPETE has been isolated as such from platelets in
which the peroxidase-activity was inhibited [186]. Platelets from many other species
were shown to have the same capacity [165] and the substrate specificity of the
bovine lipoxygenase was determined [165]. Two cis double bonds at position 8 and
11 (n-6, n-12) are required of eicosapolyenoic acids for them to be converted
efficiently. The specificity seemed to be related more to the distance between the
diene and the methyl end group than to the carboxyl group.

The lipoxygenase in bovine platelets was recovered in the 100000 X g supernatant
of the platelet homogenate [165]. A conflicting report on the enzyme localization in
human platelets stated that the lipoxygenase is found in the microsomal fraction, the
explanation for this could be a species difference or methodological discrepancy
[187]. In a third study on the platelet lipoxygenase, however, presence of enzyme
activity was found both in the 100000 X g supernatant and in the particulate
fraction [188]. The cytosolic enzyme could be separated into two active fractions,
one of which also contained peroxidase activity. Data regarding pH optimum,
molecular weights, and inhibitory effects of drugs are given in ref. 188. The
preparation of platelet lipoxygenase as an acetone-pentane powder is described in
ref. 189. pH optimum, heat stability and solubility data have also been reported.
Also, several divalent cations have been tested as inhibitors for the enzyme, and
Michaelis constants for three fatty acids are presented.

In a mechanistic study using [10L-*H,3-'*CJarachidonic acid as substrate for the
platelet lipoxygenase, it was found that stereospecific removal of the “L”-hydrogen
from C-10 of arachidonic acid is probably the initial step in conversion to 12-HPETE
[190]. This study also describes the activation of lipoxygenase by endoperoxides, in
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accordance with earlier reports [186,191] concerning activation of lipoxygenase
activity by its product, 12-HPETE. 15-HPETE, on the other hand, inhibits metabo-
lism of endogenous arachidonic acid in platelets. This is regarded as an effect of
inhibition of platelet diglyceride lipase [192]. A high molecular weight factor present
in serum from adjuvant arthritic rats has been reported to stimulate lipoxygenase
activity in platelets {193].

Ferric ion i1s a necessary cofactor for lipoxygenase activity in platelets, and
various chelators inhibit the enzyme [194,195]. The role of vitamin E in relation to
platelet lipoxygenase is unclear. An inhibitory effect has been reported [196,197],
whereas others have found no effect [198]. The lipoxygenase activity of human
neutrophils (see below) has been reported to be enhanced by normal plasma
concentrations of vitamin E, whereas higher concentrations are suppressive [199].

The lipoxygenases of various inflammatory cells have attracted an increasing
interest and a number of lipoxygenase metabolites have been described (see Table 2).
Some properties of the enzymes involved have also been reported. Thus, the
S-lipoxygenase in the 10000 X g supernatant from homogenized rat basophilic
leukemia (RBL) cells is stimulated by Ca®". This lipoxygenase, which catalyzes
insertion of oxygen at C-5 of arachidonic acid, thus differs from the platelet
lipoxygenase in calcium dependency [44]. For efficient conversion to monohydroxy
acids by the RBL-lipoxygenase, an all cis-5,8,11-structure is required [143]. The
calcium dependence of a lipoxygenase inserting oxygen at C-5 of arachidonic acid
also in rat neutrophils has been implicated. These cells produce 5S-HETE only when -
stimulated with a calcium ionophore, whereas in response to arachidonic acid they
only produce 11-HETE, 15-HETE as well as prostaglandins [43,161]. The calcium
dependency and other metabolic requirements of rabbit PMNL lipoxygenase have
been reported {200].

In another study, a lipoxygenase from rabbit PMNL which inserts oxygen at C-15
of arachidonic acid is described. Its molecular weight is 61000 and the effects of
various inhibitors were studied [201].

An interesting lipoxygenase has been characterized in reticulocytes from rabbits
[202]. The molecular weight (78 000), isoelectric point (5.5) and sugar content (5%),
as well as the association of two iron atoms per enzyme molecule were reported. This
lipoxygenase was found to inactivate respiratory proteins of the developing re-
ticulocyte.

The purification and characterization of a lipoxygenase-like enzyme in rat testis
has also been described. The enzyme activity could be purified from the microsomes
to almost homogeneity by affinity chromatography [203,204].

(c) Alternative preparations of lipoxygenase products

The synthetic approaches leading to hydroperoxy acids have mostly consisted of
indirect oxidations of arachidonic acid. Various methods have been described.
Oxidation with air [205], with singlet oxygen [206,207], with H,O, in presence of
Cu*" [208,209], give mixtures of H(P)ETE isomers that can be separated on HPLC.
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Oxidation catalyzed by hemoglobin or myoglobin [210] or by xanthine oxidase [211]
also give mixtures of isomers. However, specific procedures giving various isomers of
HETE as pure products have also been reported. Thus, organic syntheses of
11-HETE, 12-HETE and 15-HETE are described in ref. 212, and of 5-HETE in ref.
213. Furthermore, methods for conversion of the hydroxy acids into hydroperoxy
acids of opposite stereochemistry are given in these last two chapters.

5-HETE and 5-HPETE can also be produced in incubations of arachidonic acid
with the lipoxygenase in potato and tomato [213,214].

5. Metabolism of leukotrienes

(a) Metabolism of cysteinyl-containing leukotrienes

LTC,, LTD, and LTE,, and possibly also the 11-trans isomers, are all components
of native SRS-A. In peripheral airways, the system where SRS-A has been suggested
to exert its main effect [215,216], all the cysteinyl-containing leukotrienes have been
shown to be equipotent as constrictors [217,218], although they can differ in potency
in contracting other smooth muscle preparations [123,124,219].

LTD, and LTE, are metabolites of LTC, and are formed by a successive
elimination of glutamic acid and giycine from the peptide-chain of LTC,
[123,124,129,130]. In some cell types and tissues, LTC, has been identified as the
main SRS component, while LTD, is the main component in some others (see above,
Section 3(b)). The varying ratios of LTC,, LTD,, LTE, and the 11-trans isomers
reflect differences in the metabolic conditions in various cell types and tissues. Part
of the differences is also due to the experimental conditions used for their isolation,
e.g. incubation time and concentrations of cofactors. The sequential conversion LTC
to LTD to LTE has been demonstrated in RBL cells simply by increasing the
incubation time [124,129]. This has also been shown in rat peritoneal mononuclear
cells [220] and in human PMNL (Hansson, G., unpublished observations). Some of
the thiols, which have been used to enhance SRS formation and therefore often are
included in incubations for SRS generation, have recently been found to interfere
with the transformation of LTC to LTD to LTE. For example, high concentrations
of glutathione prevent the conversion of LTC to LTD, and in fact they have also
been shown to stimulate the reverse transformation, i.e. LTD to LTC [221]. L-Cy-
steine, on the other hand, inhibits the conversion of LTD to LTE [114,129] leading
to an accumulation of D-type leukotrienes.

The transformation of LTC, to LTD, [123], as well as LTC; to LTD, [140] and
LTC, to LTD, [141,142] is reversibly catalyzed by y-glutamyl transpeptidase (EC
2.3.2.2), a membrane-bound enzyme of widespread occurrence [222]. The kidney
possesses high concentrations of this enzyme. Inhibitors of y-glutamyl transpepti-
dase, such as L-serine-borate [223], AT-125 (L-(&S,5S)-a-amino-3-chloro-4,5-dihydro-
5-isoxazoleacetic acid) [129] and §-D-glutamyl-O-carboxy phenylhydrazine [224],
result in the accumulation of LTC, in RBL cells.

A dipeptidase catalyzes the transformation of LTD,, LTD,, LTDy and 11-trans
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LTD, to corresponding E leukotrienes [114,130,221]. This enzyme has been partially
purified from kidney [130), human plasma [128], RBL cells, guinea pig lung, and
guinea pig peritoneal eosinophils [104]. In the latter preparations, the peptidase
activity could be resolved from the arylsulfatase activity {104], which had earlier
been suggested to be responsible for inactivation of SRS [101,102]. Inhibitors of the
dipeptidase, more potent than L-cysteine, are 3-mercaptopropionic acid and D-peni-
cillamine [114].

Very few studies on the metabolism of leukotrienes of the 4-series have been
reported so far. This is mainly due to difficulties in preparing labeled leukotrienes of
this series with high enough specific activity and with the label in a metabolically
stable position. However, metabolism of LTC, has been investigated using tritium-
labeled material of high specific activity and with the label in the fatty acid of the
molecule [221]. Homogenates of guinea pig lung convert labeled LTC, into LTD;,
while liver and kidney homogenates do not catabolize LTC, to any appreciably
extent, probably due to high tissue concentrations of glutathione [221]. When LTD,
was added to liver and kidney homogenates, however, it was rapidly metabolized
into LTE,.

Distribution studies by whole body autoradiography have been performed in mice
after intravenous injection of labeled LTC, [225]. The radioactivity was distributed
mainly into the liver, bile and kidney, but also to lung and connective tissue in
various organs. Analysis of the major radioactive metabolites present in lung, liver,
bile, intestine, heart and blood of the animals, after 5, 20 and 60 min, showed
compounds with chromatographic properties identical to those of LTC,, LTD; and
LTE,. In the kidney, several additional unidentified metabolites were seen. The
relatively large amount of unaltered LTC, present in liver and bile indicated a poor
metabolism of LTC, in the liver, which agreed with the in vitro results from guinea
pig liver homogenates [221].

Excretion of metabolites of LTC, has been followed in guinea pigs after subcuta-
neous injection of labeled LTC, [221]. Quantitative excretion of the given dose was
achieved in 5 days after administration with about 60% recovered in feces and 40%
in urine. Analysis of the excreted material showed that these metabolites were not
identical to LTC,, LTD, or LTE; [221]. Others have reported that LTE, might be
one of several products found in the urine of mice after intravenous injection of
LTD, [128].

In vivo metabolism of LTC, has also been investigated in the monkey [226]. After
injection of tritium-labeled LTC, into the right atrium, the radioactivity was rapidly
eliminated from the circulation with a hundred-fold decrease over a period of 15
min. After one passage through the lungs (within 15 s), 40% of the recovered
radioactivity was accounted for by LTD,; and LTE,, and after 2 min LTE,
predominated in the blood.

(b) Metabolism of LTB compounds

Metabolites of LTB, have been identified from suspensions of human PMNL [179]
and rat mononuclear cells [178]). LTB, is metabolized in these preparations by
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w-oxidation mainly to 20-hydroxy-LTB, (20-OH-LTB,), but a small amount of
19-hydroxy-LTB, (19-OH-LTB,) was also found. In the human PMNL preparation,
20-OH-LTB, is then further oxidized to the dicarboxylic acid, 20-carboxy-LTB,
(20-COOH-LTB, ) [179]. This metabolite is the main leukotriene found when human
leukocytes were stimulated by the chemotactic tripeptide formyl-methionyl-leucyl-
phenylalanine (fMLP) [227]. The w-oxidized metabolites of LTB, were somewhat less
potent than LTB, as chemotactic agents [227] and in causing leukocyte adherence to
postcapillary venules [179], although they were equipotent with LTB, in contracting
the guinea pig lung parenchyma [179] (see below, Section 6). Another abundant
5.12-dihydroxy acid formed in preparations of human and porcine peripheral
PMNL, 5S,12S-dihydroxy-6-trans,8-cis,10-trans,14-cis-eicosatetraenoic acid [15,228]
has also been shown to be metabolized by w-oxidation to the corresponding
metabolites [15,179].

6. Biological effects of leukotrienes and other lipoxygenase products

A role has been proposed for cyclooxygenase products of arachidonic acid in
different aspects of the inflammatory response (reviewed in refs. 229-231). Most of
the evidence originates in the finding that non-steroidal anti-inflammatory drugs
inhibit prostaglandin cyclooxygenase [232). With the newly discovered lipoxygenase
products a new approach has been opened for elucidating the role of arachidonic
acid metabolism in inflammation as many of the effects of ““the leukotriene family”
are closely linked to different aspects of inflammation. Below, the effects of these
compounds on various cells and tissues are reviewed.

(a) Effects of LTB compounds

i. Polymorphonuclear neutrophil leukocytes (PMNL)
The PMNL play an important role in inflammation. These cells are aiso of special
interest since they are fairly well studied concerning the metabolism of arachidonic
acid, and since the biological effects of different arachidonate metabolites have been
studied in many laboratories. PMNL transform arachidonic acid to small amounts
of prostaglandins [233] and thromboxanes [234] but the main products are several
hydroxyacid derivatives [17,31,32,43,48,234] and leukotrienes [18,20,21,43,70,112].
The formation of these metabolites is markedly increased in the presence of calcium
ionophore A23187 [17,235]. Whether this reflects Ca** dependence of the enzymatic
reactions [44,145,235-237] or whether it is an effect on the release of endogenous
arachidonic acid from the phospholipids [238-240], or both, is not clear. PMNL
functions which have been studied with regard to arachidonate lipoxygenase
metabolism are chemotaxis and chemokinesis, enzyme secretion, aggregation/
adhesion and superoxide production.

Chemotaxis and chemokinesis Among cyclooxygenase products thromboxane B,
[241] and some prostaglandins [242] exert a slight chemoattractant effect in some
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species but give no significant response per se in human PMNL. Lipoxygenase
products from platelets (12-HETE and 12-HPETE) show some chemotactic activity
[5,243].

Chemoattractants induce release of arachidonic acid from phospholipids in
PMNL [244] and the arachidonate metabolism is stimulated in a manner similar to
that of ionophore A23187 [235,245]. Inhibitors of arachidonate metabolism inhibit
leukocyte migration [246-248]). However, with inhibition mainly of the cycloo-
xygenase pathway, an increase of PMNL migration is observed in vitro [150,247,249]
and in vivo [6,250,251]. Formation of LTB, and 5-HETE is significantly increased in
synovial fluid in rheumatoid arthritis [40]. These data support the concept that an
endogenous lipoxygenase product is involved in the PMNL chemotactic response.

Among the monohydroxy compounds formed from PMNL [31,32,151], S-HETE
exerts the most potent chemoattractant effect upon human PMNL in vitro and is
considerably more active than 8-HETE which in turn is more active than 11-HETE
[150,252]. The latter compound is equally potent with 12-HETE in promoting
leukocyte migration [252). 15-HETE is virtually inactive in this respect [253].

The most effective chemotactic agent within the lipoxygenase series of products
so far studied in vitro [37,247,254--257] and in vivo [258,259] is LTB,. It is almost as
active as fMLP at equimolar concentrations, and the response is stereospecific since
the non-enzymatic stereoisomers of LTB, give much less activity [247,249,260,261).
The w-oxidation products of LTB, are less active than LTB, itself [179], and the
cysteinyl-containing leukotrienes are inactive [247,256]. At this point, it has to be
stressed that the response in leukocyte migration to some extent depends upon the
technique and species used [253]. It also varies considerably between individuals
[262], with cell concentration [263] and with temperature [264].

The mechanism by which the arachidonate metabolites exert their chemotactic
effect is still unclear. The observation that methyl esters of biologically active
compounds in some cases inhibit the chemotactic response [265] indicates that a free
carboxyl group is essential. This, together with the finding that chemotactic hydroxy
acids are incorporated into the phospholipids [266], has given the hypothesis that
membrane modulation might be important for the response. Some support for this
idea is the observation that the chemotactic factor fMLP [267] as well as active
arachidonate metabolites [267,268] lead to an increase in plasma membrane permea-
bility to Ca®* [269]. However, although often used as a model for physiological
chemotactic peptides, it should be mentioned that fMLP might induce a cellular
response diverging from that of naturally occurring compounds [270]. Positive
evidence for this resemblance to physiological stimuli is that fMLP binds to and
activates surface receptors [271-273].

The differentiation between chemokinesis (increase of spontaneous movement)
and chemotaxis (increase of directed movement) might also be of importance [274].
Thus, dibutyryl cyclic adenosine 3',5-monophosphate produces divergent effects
upon the two parameters of leukocyte locomotion under certain conditions [275];
consequently 1t would seem that leukocyte movement should include measurements
of both chemokinesis and chemotaxis. It is also noteworthy that too large a
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concentration of a chemotaxin might cause “deactivation” and inhibition of cell
movement [247,276]. This ‘over-stimulation’ might result from a pathological in-
crease in activity of the hexose monophosphate shunt [277].

Finally, it should be mentioned that generation of a chemotactic lipid from
arachidonic acid has been reported during exposure to a superoxide generating
system [278]. Under physiological conditions products of this free radical reaction
might be of importance together with the enzymatically formed compounds, since in
vivo administration of scavengers of superoxide [279] or hydrogen peroxide [280]
inhibit infiltration during inflammation. The structure of this directly oxygenated
compound has not been established but it seems less potent that LTB,.

Enzyme secretion In contrast to lipid mediators, which are formed after simula-
tion of the cell, different lytic enzymes (e.g. lysozyme and B-glucuronidase) are
stored in granules in the PMNL, ready to be released at stimulation. Although
critical for host defence, these mediators are also responsible for a part of the tissue
damage characterising inflammation [276,281,282].

The mechanisms of enzyme secretion and chemotaxis have obvious similarities.
Thus, many chemotactic factors are also secretagogues for lysosomal enzyme secre-
tion, e.g. fMLP [283,284]. Compounds causing secretion [285] and /or phagocytosis
[286] increase the liberation of arachidonic acid from the phospholipids in a
Ca? '-dependent manner [287]. Arachidonic acid in the presence of cytochalasin B
causes enzyme release from rabbit peritoneal PMNL but not from human PMNL
[152,288,290]. The acetylenic analog of arachidonic acid (5,8,11,14-eicosatetraenoic
acid, ETYA) and nordihydroguiaiaretic acid (NDGA), both inhibitors of lipo-
xygenase, inhibit enzyme secretion induced by arachidonic acid [291,292] or chem-
otactic peptides and the complement factor C5a [289].

These observations again focus the attention on the biological activity of different
lipoxygenase products of arachidonate. Both 5-HETE and to a lesser extent 12-HETE
have been reported to possess enzyme releasing potency in chemotactic concentra-
tions [152]. In other studies no effect was observed under these conditions [252,293].
However, LTB, was found to be a more potent releasing agent [254,293,294], but it
should be stressed that the maximal level of enzyme release was far less than that of
the chemotactic fragment of C5 and formylmethionyl peptides. The cysteinyl-con-
taining leukotrienes are not active in this respect [293].

Although less clear than in chemotaxis, there is strong evidence that lipoxygenase
products of arachidonic acid are involved in enzyme secretion from PMNL. The
situation is made more complex by the observation that the response in fact might
be divided into two classes: one response induced by agents (fMLP, calcium
ionophore A23187, and immune complexes) which provoke release of both azurophil
granules (with e.g. lysozyme) and specific granules (with e.g. B-glucuronidase), and
another response induced by agents (the lectin concanavalin A and phorbol myri-
state acetate) which provoke discharge of enzymes from specific granules only
[295,296]. The enzyme release induced by 5-HETE was of the latter class [152],
whereas LTB, also causes release of S-glucuronidase [254,293]. Whether this reflects
real differences in mode of action of the two compounds, or depends on experimen-
tal conditions, s not known.
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Aggregation and adherence Aggregation and adherence are two closely related
characteristics of the PMNL. Although poorly understood these mechanisms seem to
be of importance in the inflammatory response. Thus, adherence of leukocytes to the
endothelium of microvessels and the sticking phenomena are considered initial
hallmarks of an inflammatory process in vivo [297]. As in chemotaxis and degranu-
lation these actions involve a contractile process of the cell.

Many phagocytic and /or chemotactic agents cause PMNL aggregation [289-300].
Arachidonic acid itself aggregates human [290,301,302] and rat [303] leukocytes in
vitro in a manner which resembles that of the chemotactic formylpeptide and other
agents [304]. The response is inhibited by the acetylenic analog of arachidonic acid,
1s stimulated by cytochalasin B and is dependent on divalent cations [304]. The fact
that inhibitors of arachidonate metabolism also inhibit aggregation induced by
agents other than the acid itself [290,301] supports the idea that lipoxygenase
products might also be of importance 1n this case. Release of endogenous arachidonic
acid by phorbol myristate acetate also induces PMNL aggregation. However, in this
case the response is relatively independent of extracellular Ca’" concentration,
cytochalasin B and inhibitors of arachidonate metabolism [305].

Among lipoxygenase products LTB, is a potent inducer of aggregation of rat and
human neutrophils [10,37]. Isomers of LTB, are less potent in this respect [260]. No
significant response has been reported with monohydroxy derivatives. Also, PMNL
adherence to nylon fibers is significantly increased by LTB, in vitro [249].

In vivo LTB, causes a conspicuous and reversible adhesion of leukocytes to the
endothelium in post-capillary venules [135], and the metabolites 20-OH-LTB, and
20-COOH-LTB, are approximately 50 times less potent than LTB, itself {179]. LTC,
and LTD, do not enhance leukocyte adherence in this way [135].

Superoxide production Oxygen transformed by phagocytosing leukocytes to the
biologically active species (O; , H,0,, OH and '0,) is suggested to be the form for
killing off bacteria [284] and for participating in the tissue damaging effect during
inflammation. Oxygen activation is induced by NADPH oxidase [306,307] or
possibly by a direct cytochrome b effect [308].

Formyl-Met-Leu-Phe is involved in oxygen activation and the respiratory burst
induced by this peptide is inhibited by ETYA, but not by inhibitors of cyclooxgenase
[309]. The chemotactic peptide [309,310] and other superoxide generating agents
[310] stimulate glucose metabolism via the hexose monophosphate shunt, although it
is blocked by lipoxygenase inhibition. Similar to the enzyme secretion, superoxide
production is stimulated by cytochalasin B [311], is dependent on esterase activity
[312] and on extracellular Ca®* [313]. Corticosteroids, which among other effects
inhibit liberation of arachidonic acid from phospholipids [314], decrease superoxide
production [315,316], whereas phorbol myristate acetate, which stimulates
acylhydrolase activity, enhances oxygen activation [317,318}].

From a physiological point of view, it is curious that some chemoattractants are
capable of activating the superoxide-gencrating system in vitro in addition to the
cell-directing effect. If this were to occur in vivo, a premature release of activated
oxygen would be expected. Therefore, a more complex modulation has been pro-
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posed in the control of this mechanism [319] or alternative pathways of activation
[320]. This might be a plausible explanation why neither leukotrienes nor other
hydroxylated lipoxygenase products of arachidonic acid have been reported to
significantly activate superoxide production per se [249], although there is some
evidence that lipoxygenase products might be involved also in this aspect of PMNL
function. This biological aspect might also explain why LTB, is considerably less
active in inducing enzyme secretion than chemotaxis [254,293,294].

ii. Macrophages

In addition to phagocytosis and release of different kinds of prostaglandins and
hydrolytic enzymes [321,322], macrophages have an important role in the initiation
of the cell-mediated immune reaction in response to the antigen presented. The cells
are activated by a variety of agents such as immune complexes, lymphokines,
zymosane and C3b.

The macrophages contain large amounts of esterified arachidonic acid in their
phospholipids, and up to 50% of this is released in the form of oxygenated
metabolites in response to phagocytic stimuli [323]. The main metabolic products in
mouse peritoneal macrophages are LTC, and hydroxy acids in addition to lesser
amounts of prostaglandins [119,120,162,323,324]. This has led to the hypothesis that
lipoxygenase products might be of pathophysiological importance in these cells
[325]. Thus, the alveolar macrophage derived factor (AMCEF), low molecular weight
factor(s) derived from macrophages by a variety of potentially pathogenic stimuli
that preferentially attract neutrophils [326] is proposed to be a lipoxygenase product
[153,327], possibly similar or identical to LTB,. Also in macrophages lysosomal
enzyme secretion is increased by inhibition of cyclooxygenase or in presence of
phorbol myristate acetate [328]. The association of arachidonic acid metabolism with
reactive oxygen production in peritoneal macrophages is also analogous to that
observed in PMNL [329].

ii. Lymphocytes

Following macrophage activation, which is considered to be the first step of
cell-mediated immune response, three events involving lymphocytes occur: mitogen
or antigen induced lymphocyte transformation, blastogenesis, and the cytotoxic
effect of the activated lymphocyte [231].

The role of lipoxygenase in these events is still unknown. Mitogens cause release
of arachidonic acid from the phospholipids [330] and generation of thromboxane B,
and lipoxygenase products {154]. Arachidonic acid, but not other fatty -acids,
stimulates blast transformation and incorporation of radiolabeled thymidine and
uridine [331], and this effect is inhibited by lipoxygenase inhibition [232]. Thus, it is
proposed that the lipoxygenase pathway produces factor(s) that promote mitogene-
sis.

However, the only presented significant effect upon mitogenesis exerted by a
product of arachidonic acid lipoxygenation was the opposite one, viz. inhibition.
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Thus, 15-HPETE causes inhibition of RNA and DNA synthesis and blastogenesis
[333] with alteration of intracellular cyclic nucleotide concentrations [334]. LTB, is
not generated in significant amounts in rat or human lymphocytes, and LTB, does
not change the lymphocyte response to mitogen stimulation [335]. The modulation
of lymphocyte function is still more complicated when the response to neutrophil-de-
rived factors is considered [336].

It should also be mentioned that arachidonate metabolism via lipoxygenase has
been reported to be of importance for T-lymphocyte chemokinesis [337].

iv. Basophils ~

Basophils are active in immediate type inflammatory reactions, but they also
function in important aspects of the entire inflammatory process [338]. They exert
their effects by release of mediators such as histamine and large molecular weight
mediators termed “basophil kallikrein-like activities” [338]. When stimulated, these
cells also release SRS [92,339], now chemically characterized as mainly LTC, and
LTD, [114,115,123,125]. Arachidonic acid [340] and cyclooxygenase inhibitors [341]
enhance histamine release, whereas lipoxygenase inhibitors abolish the response
{342]. As in secretion from other leukocytes, the phorbol ester induces histamine
release [343], presumably by its arachidonic acid liberation, whereas inhibition of
phospholipid methylation gives the opposite effect [344]. These observations indicate
that the mechanism of histamine release may resemble or be identical to the enzyme
secretion of PMNL. However, no leukotrienes or any other lipoxygenase products of
arachidonic acid have been reported to induce histamine release.

v. Fosinophils
It is well known that eosinophils migrate into the site of immediate type hypersensi-
tivity reactions. Among attractants the eosinophil chemotactic factor of anaphylaxis
(ECF-A) has drawn special attention. This activity is released from sensitized human
and guinea pig lung by antigen challenge [345] and in skin slices from actively
sensitized guinea pigs [346]. The factor is chemically heterogeneous and consists of
two components of MW 15000 and MW 70000 in addition to a low molecular
weight (approximately MW 500) factor, which is independent of the complement
system [345]. This last factor is also formed in PMNL after stimulation with calcium
ionophore, phagocytosis of zymosan particles [346] and arachidonic acid [348]. Its
formation is phospholipase and lipoxygenase dependent [349,350]. There is much
evidence that ECF of low molecular weight is identical to LTB, or very similar.
When incubated with arachidonic acid, eosinophils form 11-HETE, 9-HETE,
5-HETE and LTB, [39]. These monohydroxy acids are all active in inducing
chemokinesis and chemotaxis, 5-HETE being the most potent compound. In accor-
dance with PMNL migration, preliminary data indicate that LTB, is a considerably
more potent chemotactic agent in eosinophils. No effect of LTB, is reported on
release of eosinophilic enzymes (S-glucuronidase and arylsulfatase B) [39].

It is thus proposed that lipoxygenase products derived from the eosinophils
themselves, as well as from other cells, are active in modulating eosinophil function.
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(b) Effects of cysteinyl-containing leukotrienes

The immediate-type hypersensitivity reaction has many common features with the
inflammatory response. In asthma, for instance, the initiation of the reaction is the
interaction between antigens, such as pollen, etc., and IgE molecules bound to
membrane receptors of mast cells [4,351]. This results in release of factors which
influence vascular and pulmonary smooth muscles, vascular permeability and
eosinophil recruitment.

i. Effects on smooth muscle

The main LTs affecting smooth muscle tone are LTC,, LTD,, LTE, and their
11-trans isomers in various ratios (= SRS-A) together with histamine. Since anti-
histamines are not effective pharmacological tools in the treatment of asthma,
histamine might be less important.

The effects upon guinea pig ileum are interesting from the point of view that it is a
classical bioassay preparation used to define the biological activity of one unit SRS
in relation to histamine. The contractions of SRS compounds are selectively inhibited
by FPL 55712 [352,353] but unaffected by atropine and mepyramine. LTC,, LTD,
and LTE, are all potent constrictors of guinea pig ileum. LTD, is in this respect
more potent than LTC, and LTE, (approximately 5 to 20 fold) [117,123,134,219].
LTC, [142] and 11-trans LTC, [122] are less potent than LTC,, whereas LTC, and
LTD, are almost as potent as LTC, and LTD,, respectively [140]. LTB, is virtually
inactive in this respect. All active leukotrienes are considerably more potent than
histamine on a molar basis (> 50 fold).

LTC, and LTD, are largely equipotent in inducing contractions of tracheal spirals
from guinea pigs and are 30 to 100 fold more potent than histamine [131,132,134].
However, the effect differs between species, since rabbit bronchial preparations do
not respond to leukotrienes, whereas human bronchi are remarkably sensitive to
LTC, and LTD,, 107 '® M being sufficient for a significant response in the latter
tissue [131,354,355). LTE, induces bronchoconstriction in guinea pig but not in rat
after intravenous injection in vivo [219]. Also LTA, and LTB, are potent broncho-
constrictors although considerably less active than cysteinyl-containing leukotrienes
[131].

Strips of pulmonary parenchymal tissue from man [354] and guinea pig
[117,131,132,134] are still more sensitive to LTC, and LTD, (1000 fold more potent
than histamine), indicating that the main effect of the leukotrienes 1s exerted upon
peripheral airways, as earlier suggested for SRS-A [215,216] and prostaglandins
[356]. Interestingly, LTB, is also potent as a constrictor of the parenchymal strip
[357,358]. The mechanism differs from that of other leukotrienes since this effect is
inhibited by indomethacin. It has been suggested that the mechanism of this
contractile effect is activation of a specific LTB, receptor, which in turn provokes
stimulation of prostaglandin and thromboxane formation [357]. However, under
certain experimental conditions the contraction of guinea pig lung parenchymal
strips induced by LTC, can be inhibited by indomethacin [224,359-361]. Indeed,



149

LTC, and LTD, have been shown to induce prostaglandin release in rat peritoneal
macrophages [362] and thromboxane release in guinea pig lung {363], and SRS-A
induces formation of 12-HETE in isolated lung [364]. Other interactions between the
lipoxygenase and cyclooxygenase systems are that hydroperoxides of arachidonic
acid inhibit prostaglandin {191] and prostacyclin formation [365].

A vascular effect of LTC, and LTD, when injected intradermally is a rapid
constriction of the microvasculature [131-133]. Intravenous infusion in unanaesthe-
tized guinea pigs causes a short phase of hypertension, peaking at 60 s, followed by
transient hypotension. These observations are consistent with the findings in the
hamster check pouch, where LTC, and LTD, induce a short-lived constriction of
arterioles [135], whereas LTB, does not have this effect.

ii. Vascular permeability

The increase in lung vascular permeability by bacteria and endotoxins [366,367] is
augmented by inhibition of prostaglandin synthesis [368]. Some of the increased
permeability demonstrated under clinical and experimental conditions may be due
to histamine release, but since H, antagonists only partially inhibit the increase,
other factors have to be considered [369].

Among arachidonate lipoxygenase products S-HETE and LTB, showed little
effect upon vascular permeability, whereas a purified homogeneous SRS-A produced
a clear increase [369]. Plasma exudation in this study was measured as accumulation
of intravenously injected ['*'TJalbumin in guinea pig skin. Using the same technique
pure LTC, and LTD, were found to be potent and largely equi-active in one study
{131], whereas another group found a significant increase of vascular permeability by
LTC, and LTD, only in the presence of the vasodilator prostaglandin E, [133]. Since
this might reflect experimental differences, an in vivo model has been used in which
the terminal vascular bed can be studied with regard to different vascular events,
such as blood flow, vessel diameter, macromolecular permeability and blood cell-en-
dothelium interaction, i.e. the hamster cheek pouch preparation [370]. Under these
specific conditions, LTB, was shown to cause cell adhesion to the endothelium but
not to promote plasma leakage {135], while LTC, and LTD, both caused a marked
dose-dependent extravasation of macromolecules from post-capillary venules.

Reports that LTB, increases vascular permeability [371,372] might therefore
reflect the essential recruitment of leukocytes necessary for the increase of permea-
bility rather than a direct effect [373,374]. Evidence for this theory is that factors like
histamine and bradykinin exert a direct effect upon the vessel wall, whereas the
action of C5a, LTB, and formyl-tripeptides are dependent on PMNL [375].

LTC,, LTD, and LTE, (possibly also the 11-trans isomers) fulfill two important
biological criteria previously attributed to the pathophysiological agent SRS-A, i.e.
the potent smooth muscle effects preferentially in peripheral human airways and the
marked increase of vascular permeability in the venules.
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7. Assay methods for leukotrienes and other lipoxygenase products

Methods for detection and quantitation of leukotrienes and several other related
lipoxygenase products are so far predominantly based on their strong biological
activities (see above, Section 4) and ultraviolet absorption in combination with
chromatographic properties,

(a) Assays based on biological activity

Bioassays are particularly useful in determining the presence of unstable biologically
active compounds and are often the first method of choice for detection of unknown
substances. Bioassays for leukotrienes can be highly sensitive, but in contrast to most
chemical and physical methods, bioassays usually have a very low specificity, and
quantifications can only be approximate. The specificity can however be somewhat
increased by combining different biocassay systems, by using inhibitors and
antagonists, or by prior purification of the samples. The classical bioassay for
determination of SRS-A in relation to histamine is the guinea pig ileum assay [56].
Strips of guinea pig ileum are either suspended in organ baths filled with Tyrode’s
solution or superfused with buffer containing the sample to be tested. Administra-
tion of histamine gives rise to an immediate contraction of the ileum, while SRS-A
or each of the cysteinyl-containing leukotrienes (LTC, L'TD and LTE) produce a
slow onset of the contraction after a short latency period [56,64,123,130,376,377].
The contraction usually reaches a plateau within 1 to 3 minutes and persists for a
long time. Repeated washing or administration of the antagonist FPL 55712 results
in relaxation of the ileum [352]. Blockade of muscarinic and histamine receptors by
atropine and mepyramine does not affect the contraction caused by the leukotrienes.
The mechanism of the contraction is unknown, but is thought to involve a leukotriene
receptor, which utilizes a pool of calcium channels common to all smooth muscle
agonists [377]. LTC,, LTD, and LTE, are much more potent than histamine
(50-200 times) in the guinea pig ileum assay, and around 0.1 pmol (10~ '° M) of
LTD, is sufficient to cause a contraction of the ileum [360). LTD, is more potent
than LTC, or LTE,, and also shows a somewhat faster onset of the contraction
[123,126,134,224,378]. LTB, is considered to be “inactive” in this assay since much
higher doses, around 1 nmol (10~ ¢ M) [379], are required to obtain a contraction.

Several other smooth muscle preparations from guinea pig and man show a
similar type of contraction of cysteinyl-containing leukotrienes (e.g. guinea pig
trachea spirals and lung parenchymal strips, uterine strips from virgin and adult
ovariectomized guinea pig, human bronchus and human lung parenchyma)
[117,131,132,134,354,376], while corresponding preparations from rat and rabbit do
not respond or respond only weakly to leukotrienes. This fact can be used in a
differential bioassay to additionally distinguish the biological activity of SRS or
cysteinyl-containing leukotrienes from that of other chemical mediators (histamine,
serotonin, bradykinin, prostaglandin, etc.) [56].

Guinea pig lung parenchymal strips are still more sensitive to cysteinyl-containing
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leukotrienes than guinea pig ileum. In such an assay, where these substances were
added to the bath fluid under conditions of no flow, the detection limit was around
0.03 pmol (3 x 10~ " M) [360]. LTC, LTD, and LTE, as well as the 11-trans isomers
and the corresponding leukotrienes of the 3- and 5-series are equipotent constrictors
of the lung parenchyma [217]. However, some laboratories report that even in this
tissue LTD, is more potent than LTC, and LTE ,, which are more potent than their
11-trans isomers [117,127,132,224,378]. Part of these and several other contradictory
bioassay results might be due to differences in experimental conditions [360]. One
important finding to take into consideration when pulmonary parenchymal strips
are used for bioassay is the fact that leukotrienes cause tachyphylaxis of the tissue,
which makes it impossible to use cumulative administration of leukotrienes [217].
Leukotriene induced contraction of superfused guinea pig lung strips were inhibited
by indomethacin, indicating that at least part of the response was due to the release
of one or more cyclooxygenase products [224,359]. Other studies have also shown
that LTC, and LTD, stimulate formation and release of TXA, from isolated
perfused guinea pig lung [67,363]. However, in a guinea pig lung strip assay using the
organ bath technique, where the bath fluid was changed intermittently, indometha-
cin treatment had no effect on the contraction induced by LTC, [217].

In a superfused guinea pig ileum assay a major part of the LTC,-induced
contraction was reported to be due to conversion of LTC, to LTD, by y-glutamyl
transpeptidase present in the ileum. This was shown by the use of §-D-glutamyl-O-
carboxyphenyl hydrazine, an inhibitor of y-glutamyl transpeptidase [224]. Such a
conversion does not seem to be essential for the contracting activity of LTC, in the
lung parenchymal strip assay, using the organ bath technique with stopped flow
[217]. When HPLC analysis of the bath fluid was performed at regular intervals after
addition of radiolabeled L'TC, to guinea pig lung strips, no LTD, could be detected
after 3 minutes when half-maximal contraction was reached. After 10 minutes, 25%
of the amount of LTC, had been converted to LTD,.

The guinea pig lung parenchymal strip has also been used to assay LTB,
[357,358). With 30-1500 pmol LTB,, a dose dependent but relatively short-lived
contraction was seen, which was not antagonized by FPL 55712, but was nearly
completely abolished by indomethacin. The w-oxidized metabolites of LTB, give a
similar type of contraction of the guinea pig lung strip [179]. 20-hydroxy-LTB, was
somewhat more potent than LTB,, while 20-carboxy-LTB, was less potent.

Among other biological effects of leukotrienes that can be used in bioassays are
the ability of LTC, and LTD, to increase the vascular permeability in guinea pig and
rat skin, but not in rabbit skin [131,132,224,369,380]. Intradermal injection of 0.1
pmol or more of LTC, or LTD, in guinea pig skin causes an exudation of
intravenously injected dye in the presence of histamine receptor blockers. Higher
doses produced dose-dependent increase in spot diameter, which were homogenous
with LTD,, but with LTC, showed a central blanching at the site of injection. A
more sophisticated and better system for measuring macromolecular leakage in
relation to other vascular events is the hamster cheek pouch preparation [135).
Leukotrienes were applied topically to an everted hamster cheek pouch and the
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leakage of macromolecules was studied under the microscope after intravenous
injection of fluorescent dextran as a tracer.

Although LTB, has some spasmogenic properties, it is primarily involved in
leukocyte function and more sensitive assays can be obtained by following its effect
on leukocyte adherence, aggregation, enzyme secretion, chemotaxis and chemokine-
sis. In some assays based on these effects around 0.1 pmol of LTB, can be detected.
In adherence assays for LTB,, leukocyte adherence to nylon fibers [249] or to the
endothelium in post-capillary venules in the hamster cheek pouch preparation [135]
have been used. Aggregation of leukocytes caused by addition of LTB, has been
assessed by nephelometry in an aggregometer [37]. In chemotaxis and chemokinesis
assays for LTB,, 5-HETE, and related compounds, different techniques have becn
used: the Boyden chamber technique [254], the agarose microdroplet assay [37] or
studies of leukocyte migration under agarose [247].

(b) Assays bused on chromatography and UV absorption

The rapid progress over the last years in research on SRS-A and the leukotrienes is
to a large extent due to the introduction of HPLC combined with UV detectors for
purification and analysis of these compounds. Several laboratories have now de-
scribed HPLC methods (reverse phase and /or straight phase-adsorption chromatog-
raphy) with UV absorbance measurements for separation and quantification of the
different HETE, HPETE [17,205,381], di-HETE including LTB, [15,17.71] and
cysteinyl-containing leukotrienes [64,71,117,127,129,382].

Before analysis by HPLC can be performed, an initial sample purification is often
necessary. Various purification methods for leukotrienes have been described in the
literature. Depending on the type and size of the sample, and whether a total
analysis is intended or if only certain components should be analyzed, different
procedures can be used. The cysteinyl-containing leukotrienes are somewhat acid
labile and require mild conditions for extraction and purification. A first extraction
of leukotrienes from biological samples can be achieved by adsorption to some resin,
e.g. Amberlite XAD-8 or XAD-7, at slightly acid or neutral pH [64,91,112,215] or
adsorption to charcoal [75,118] or to Sephadex LH-20 [69]. Mild extraction into
organic solvents at low temperature has also been used for cysteinyl-containing
leukotrienes [119], although this method has preferably been used at a later step in
the purification procedure for these compounds [75].

The extracts are then further purified using methods such as silicic acid chro-
matography on a neutral silicic acid column [64,124], ion exchange chromatography
[95,178] or gel filtration [73,75,92]. By these methods a group separation between the
cysteinyl-containing leukotrienes and the different hydroxy acids (mono-, di- and
trihydroxy acids, as well as dicarboxylic metabolites) can be achieved, which may
simplify the subsequent HPLC profile.

After initial purification and group fractionation of the leukotrienes, the different
fractions are usually subjected to reverse phase HPLC, using either gradient or
isocratic elution systems. However, although HPLC methods wusually have a high
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separation efficiency, several of the lipoxygenase products cannot be completely
separated from each other even by reverse phase chromatography. To eliminate
cochromatography and to obtain sufficient separation between all the different
isomers of lipoxygenase products which can appear in biological samples, it is often
necessary to use at least two different types of HPLC columns, e.g. reverse phase
and straight phase adsorption columns. For example, LTB,, prepared from human
and porcine peripheral leukocyte preparations, was recently shown to be con-
taminated with another 1somer, 5S,12S-dihydroxy-6-trans,8-cis,10-trans,14-cis-
eicosatetraenoic acid, which cochromatographed on reverse phase HPLC [15,228].
This isomer had a similar UV spectrum to LTB, but was considerably less active on
the guinea pig lung strip [228] and 1n a leukotactic assay [360]. The two compounds
could however be well separated as methyl esters on straight phase adsorption
HPLC. The early attempts to quantify LTB, from biological samples by the
HPLC-UV method, using only reverse phase systems, must therefore be re-evaluated.
It might also be necessary to confirm some data on biological activity of LTB,
obtained from such isomeric mixtures.

UV spectrometry is the most frequently used method for detection and quantifi-
cation of lipoxygenase products in HPLC assays. The leukotrienes and related
compounds with three conjugated double bonds, exhibit characteristic triplets in
their UV spectra [383] with maxima around 270, 280 and 290 nm for LTA, and the
cysteinyl-containing leukotrienes [19,64,123,127,136], and around 260, 270 and 280
for LTB-like compounds [15,31-34,48]. All lipoxygenase products with conjugated
double bonds possess relatively high molar extinction coefficients: 23 000-31 000 for
HPETEs and HETEs at 232-236 nm [16,107,205, 213], 50000 for LTB, at 270 nm
[33], 40000-56000 at around 270 nm for related dihydroxy acids with triene
structure {31,46,163], 33500 at 243 nm for the 5,15-dihydroxy acid with a double
diene structure [163], and 40000 for LTA , and the cysteinyl-containing leukotrienes
at 278-280 nm [19]. This makes it possible to detect about 10 pmol of these
substances. For convenient UV detection of all different lipoxygenase products, it is
desirable to have simultaneous detection of at least two different wavelengths (e.g.
235 nm and 270 nm or 280 nm), or the possibility to get complete UV spectra of the
compounds during chromatography. In order to establish the identity and purity of
a chromatographic peak, it is important to register the complete UV spectrum before
reliable quantitative UV absorption measurements can be performed. Recoveries of
lipoxygenase products in HPLC assays can sometimes be relatively low. In one
study, only 65% of 12-HETE and 50% of arachidonic acid were recovered after
chromatography on one reverse HPLC column [381]. To this should be added the
inevitable losses during the initial purification of samples. Correction for losses
during the purification procedure and in the HPLC systems can be made by
addition of radiolabeled internal standards of high specific activity prior to purifica-
tion. Since some of the leukotrienes have so far been difficult to prepare with high
enough specific activity, other approaches have been made. Borgeat and Samuelsson
[17] added PGB, as an internal reference and standard for estimation of the
production of LTB, and the non-enzymatically formed isomers under various
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conditions. PGB, has strong UV absorption at 278 nm (£ = 26800 [384]) and
chromatographic properties very similar to LTB,.

The labile epoxide intermediate, LTA,, cannot be assayed directly with the
above-mentioned procedure, since LTA, is very sensitive to acid, radicals and
oxygen [22]. LTA, must therefore first be converted into a stable derivative.
Analysis of the kinetics of appearance and disappearance of LTA, in rabbit
peripheral leukocyte preparations and RBL cells have been performed after such a
conversion into stable 12-O-methylated dihydroxy derivatives by using methanol as
a trapping agent and PGB, as internal standard [18,23].

Another sensitive method for detection of cysteinyl-containing leukotrienes in
HPLC assays is measurement of fluorescence, which has been used in combination
with UV absorbance and radioactivity monitoring [119]. Post-column derivatization
of compounds containing free amino groups was performed on-line with fluoresca-
mine.

In certain well-defined in vitro systems more unspecific and simplified radiochem-
ical assays without HPLC can be used. Such an assay has been described to follow
the release of LTC, in macrophages after labeling of the phospholipids with
['4Clarachidonic acid [120].

(¢) Gas chromatography-mass spectrometry and radioimmunoassays

Assay methods using combined gas chromatography-mass spectrometry with selected
ion monitoring and addition of stable isotopes as carriers and internal standards
have been published for the different HETE isomers [208,236,385]. However, so far
no GC-MS-assay for LTB, and related dihydroxy acids or the cysteinyl-containing
leukotrienes have been described. Deuterated standards of HETEs were prepared
from octadeuterated arachidonic acid either by biosynthesis in mammalian tissues
[236,385] or by chemical methods [208]. Preparation of internal standards by
chemical methods resulted in deuterated standards with minimal contamination of
unlabeled material. This resulted in assays with a detection limit of about 1 pmol for
the different HETEs. A GC-MS assay without addition of deuterated internal
standards has also been described for analysis of the ratio between different HETEs
in the same sample [210].

Radioimmunoassays (RIA) have been developed for 12-HETE [386,387] and
15-HETE {388]. These compounds showed relatively weak immunogenic properties
and the titer of the antibodies was much lower than for many cyclooxygenase
products. The detection limit for these assays was around 1 pmol. A report on the
development of RIA for LTC, and LTD, has also appeared [389]. The antisera for
LTD, showed a considerable cross-reactivity with LTC, and LTE, [389]. These
biologically potent compounds are most likely produced in very small amounts
during physiological conditions. Since radioimmunological methods can often be-
come extremely sensitive, a further development of RIA for leukotrienes or for their
metabolites and stable degradation products will provide important tools for evalua-
tion of their roles in hypersensitivity and inflammation.
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8. Inhibitors of lipoxygenase and leukotriene biosynthesis, SRS
antagonists

Initially inhibitors of lipoxygenase will be discussed (Section a). Inhibitors of the
other enzymes involved in the pathways are discussed thereafter (Section b). Finally,
the antagonists of the action of SRS (cysteinyl-containing leukotrienes) are reviewed
(Section c).

(a) Lipoxygenase inhibitors

The classical soybean lipoxygenase inhibitors are the antioxidant
nordihydroguaiaretic acid (NDGA) [390] and the substrate analogue 5,8,11,14-
eicosatetraynoic acid (ETYA) [391,392] that also inhibits cyclooxygenase (for review
see ref. 393). Lipoxygenases of plants and animals are similar in many ways,
including their response to inhibitors [394]. In this review, however, only drugs that
inhibit mammalian lipoxygenases are included. Most studies regard the n-8 lipo-
xygenase (that gives 12-HETE), mostly in platelets, but several reports deal with the
lipoxygenases of inflammatory cells. Intact cells were usually studied after stimula-
tion with arachidonic acid.

ETYA (1075 M) inhibits the formation of 12(L)-HETE in intact platelets [164].
The platelet lipoxygenase is insensitive to indomethacin, aspirin and cyanide
[164,165]. The 12-lipoxygenase present in guinea pig spleen homogenates is inhibited
completely by 2 X 107* M ETYA, and to 90% by 5 X 107* M NDGA [166]. The
particulate lipoxygenase prepared from platelet microsomes [190] is sensitive to
Cu®" and hydroquinone. A series of phenylhydrazones has been tested as inhibitors
for platelet lipoxygenase (acetone-pentane powder preparation) and found effective
with IC,, values in the 1077-107°% M range [189]. The cations Zn*" and Sn’* are
also inhibitory. The phenylhydrazones also inhibit soybean lipoxygenase and
cyclooxygenase.

Since ferric ion is a cofactor for platelet lipoxygenase, various chelators should be
inhibitory. Thus, EDTA exhibited an IC, of 7 X 107° M [194] and toluene-3,4-di-
thiol an IC,, of 10~° M [195]. High speed supernatant preparations were used in
these studies. The latter study also stated cyanide as a lipoxygenase inhibitor, 1C,,
2x 1077 M. The neuroleptic drug chlorpromazine is a weak inhibitor of lip-
oxygenase in high speed supernatants from platelets, IC,, at 1073 M [395].

Extracts from onion and garlic inhibit arachidonic acid metabolism in platelets.
The exact nature of the inhibiting factor and the mechanism is not fully understood
[396,397].

Various flavonoids and related compounds have been tested as inhibitors for
cyclooxygenase and lipoxygenase. Some are more effective as lipoxygenase inhibi-
tors, and some more effective as cyclooxygenase inhibitors. Thus, 3',4’-dihydroxy-
flavone and 1,5-dihydroxy-naphthalene are potent inhibitors of 12-HETE formation
in rat lung and spleen homogenates. ICs,, values are 3.3 X 107> M and 2 X 107° M,
respectively [394].
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There 1s a need for lipoxygenase inhibitors that are specific in that they do not
also inhibit cyclooxygenase. Various poly-ynoic fatty acids are promising in this
respect. One such study concerned 5,8,11-eicosatetraynoic acid [398] which inhibited
formation of 12-HETE by intact platelets with IC;, = 2.4 X 107° M. In two other
studies some very selective lipoxygenase inhibitors are described [399,400]. One of
the most selective was 4,7,10,13-eicosatetraynoic acid. Stated IC,, values varied
(intact platelets) from 3 X 1077 M {400] to 7.8 X 107¢ M [399].

Two other drugs that are more efficient as lipoxygenase than as cyclooxygenase
inhibitors are benoxaprofen [401] and acetone phenylhydrazone [399]. Benoxaprofen
inhibits the lipoxygenases of ionophore stimulated rabbit PMNL with an IC;, of
6 < 107° M [401,402]. Acetone phenylhydrazone inhibits platelet 12-lipoxygenase,
1C,, = 1.6 X 10" ¢ M [403].

A very interesting inhibitor of the lipoxygenases which catalyzes the synthesis of
12-HETE in rabbit and human platelets and 5-HETE in rabbit and human PMNL is
15-hydroxy-5,8,11,13-eicosatetraenoic acid (15-HETE), an endogenous arachidonate
metabolite [36,404]. 15-HETE given exogenously inhibited the conversion in intact
rabbit cells with IC,,, values of 5.7 X 107® M for the 5-lipoxygenase and 3.4 X 1077
M for the 12-lipoxygenase. Also, 15-HETE was found to have more than ten times
lower effect towards the cyclooxygenase pathways.

Two structurally related drugs that have a common feature in that they inhibit
both the cyclooxygenase and lipoxygenase pathways are phenidone and BW 755C.
Thus, phenidone (1-phenyi-3-pyrazolidone) inhibits lipoxygenase in intact platelets
(IC,, 3% 10" * M) and more effectively in lung [405]. The related compound called
BW 755C (3-amino-1-(-m(trifluoromethyl)-phenyl)-2-pyrazoline), is a more potent
lipoxygenase inhibitor. The IC,, for the lipoxygenase from disrupted horse platelets
is 7.5 X 107% M [406]. Also, the biosynthesis of 5-HETE in glycogen-elicited rabbit
leukocytes was inhibited by BW 755C with an ICs, close to 5 X 10~ ¢ M [250], while
the same conversion in human PMNL (ionophore A23187 stimulated) required a
higher dose (ICs, 10-20 X 1075 M) [407]. In a study where rabbit PMNL were
stimulated with ionophore A23187, the IC,, for 5-HETE production was found to
be close to 1074 M for BW 755C [402]. In this study NDGA was also tried and
found to have an IC;, close to 3 X 107 M for the same conversion. The high I1C;,
value for inhibition of ionophore stimulated 5-HETE synthesis by BW 755C
(approximately 10™% M) was also reported for the enzyme in rat neutrophils [43).

Regarding the lipoxygenase-catalyzed S-HETE production in leukocytes, there is
some controversy about the inhibitory effect of ETYA. The observed differences
have been explained as a species- and/or tissue dependency [45]. Thus, ETYA
(6.5 X 107 M) did not inhibit the biosynthesis of 5-HETE in arachidonate-stimu-
lated rabbit PMNL [16]. This is reconfirmed in rabbit PMNL [36] and in guinea pig
PMNL [45]. Inhibition of the same pathway did occur though in human neutrophils
(IC,, close to 107> M [152] and 3-20 X 10~° M [150]), in human eosinophils (10>
M [39)), in rat neutrophils (ICs, around 3 X 107> M [43]), and in RBL-cells
(3-34x10°® M [88] and 6.7 X 1073 M [145]). In human lymphocytes ETYA
inhibition of 5-HETE formation was poor, but effective for 12-HETE [154].
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The antioxidant NDGA has also been tested for inhibition of S-HETE formation.
It was found effective in human neutrophils (5-10 X 107¢ M [39]), in RBL cells
(3% 107° M [88]), in guinea pig peritoneal PMNL (5 X 107¢ M [45]), and in rabbit
PMNL (3 x 107% M [403]). Poor efficiency was stated though in human lymphocytes
[154].

When hydroxyacids (11-HETE and 15-HETE) are produced as byproducts of the
cyclooxygenase pathway, inhibition is effected by cyclooxygenase inhibitors as
indomethacin and flurbiprofen [159,160]. Indomethacin inhibits formation of throm-
boxane B, in platelets effectively at 2.8 X 107> M, while no inhibitory effect was
seen on the formation of 12-HETE at 2.8 X 10~% M [164]. In leukocytes, however,
inhibition of lipoxygenases at an indomethacin ¢oncentration of 10™* M has been
reported [245].

(b) Inhibitors of other enzymes in the leukotriene pathways

The initial product resulting from the action of a lipoxygenase is a hydroperoxy acid.
This is quickly followed by reduction to a hydroxyacid by peroxidase. Some
common anti-inflammatory drugs have been shown to cause accumulation of
12-HPETE in platelets by inhibition of the enzymatic reduction into 12-HETE
[186,188]. Among the drugs showing this effect are aspirin, indomethacin, sodium
salicylate and phenylbutazone.

Some data have been presented regarding inhibition of the production of
leukotrienes. A number of studies have compared the effects of various lipoxygenase
inhibitors on production of 5-HETE and LTB,, and found similar effects for the two
compounds [36,43,250,401,402,407]. There are numerous observations on inhibition
of SRS production by lipoxygenase inhibitors [88,223,402). These drugs appear to
inhibit the lipoxygenase and have little if any, effect on the additional enzymes
involved in LTB, production, although the specific effect on the additional
leukotriene-forming enzymes cannot be determined from these studies.

Effects of drugs on LTB, production have also been studied utilizing bioassay
techniques. With this technique comprehensive data for many drugs studied in the
same system is presented {42,245,303,408].

Inhibition of LTA ,-synthetase has been reported [45]. In this study ETYA
inhibited production in guinea pig peritoneal PMNL of LTB, and its non-enzymati-
cally formed isomers, while 5-HETE synthesis was augmented. This is interpreted as
inhibition of the LTA ,-synthetase and a shunting of the 5-HPETE towards the
peroxidase [45].

The y-glutamy! transpeptidase which catalyzes conversion of LTC, to LTD, has
been studied with regard to its inhibition by the transition state inhibitor L-serine-
borate. When this complex was added to incubations of RBL cells, the amount of
LTD, formed was decreased, while the amount of LTC, was increased [223].
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(c) Antagonists to SRS

A compound that inhibits the contractions induced in the guinea pig ileum by SRS
is FPL 55712. As a selective inhibitor of SRS-A [352] it has been used extensively in
research concerning SRS compounds since its discovery in 1973. In fact one of the
important criteria for SRS activity has been its inhibition by FPL 55712. The IC,,
value against SRS-A-induced contractions of guinea pig ileum is reported to be 10
nM [352]. FPL 55712, and also related compounds, inhibits the action of SRS-A in
other preparations of smooth muscle as well [353,409]. It is also active in vivo, in
inhibiting antigen-induced bronchoconstriction, when given as an aerosol to guinea
pigs [353]. FPL 55712 has been administered to human asthmatics although no firm
conclusions from these results can be drawn [410].

Regarding selectivity of action, FPL 55712 has been shown to inhibit antigen-in-
duced histamine release and thromboxane synthesis [411]. Hence it is claimed that
used at concentrations exceeding 1 pM, FPL 55712 can act through mechanisms
other than simply antagonism of SRS-A.

New drugs similar to FPL 55712 but which are more effective in inhibiting the
actions of SRS and leukotrienes C and D have recently been reported [412,413].
Rotenone, a natural product used as a fish and insect poison, is also active as an
SRS-A antagonist. Inhibition of SRS-A induced constriction of the guinea pig ileum
was reported at 1C,, 110 nM [414].
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CHAPTER 5

Enzymes in the
arachidonic acid cascade

SHOZO YAMAMOTO

Department of Biochemistry,
Tokushima University School of Medicine, Kuramoto-cho, Tokushima 770, Japan

1. Introduction

In this chapter the arachidonate cascade will be reviewed from an enzymological
point of view. Most steps of the cascade are enzyme-catalyzed reactions although
some steps have only been implicated to involve enzymes. Several but not all
enzymes have been purified and their properties extensively investigated; the reac-
tion mechanisms have been discussed in detail. A number of review articles dealing
with PG biosynthesis and metabolism have been published [1-12] although only a
few of these describe and discuss the current status of studies on the enzymes
responsible for each of the individual steps of the arachidonate cascade.

2. Prostaglandin endoperoxide-synthesizing enzymes

Starting with arachidonic acid, the initial step of PG and TX biosynthesis is an
oxygenative cyclization to produce PGG, which contains both an endoperoxide and
a hydroperoxide moiety (Fig. 1). The enzyme responsible for this reaction is
generally referred to as fatty acid cyclooxygenase [13], a term which describes the
specific reaction catalyzed. However, care should be taken in the general use of this
term. As will be described later, the same enzyme also catalyzes the second step of
PG biosynthesis, i.e. the conversion of the 15-hydroperoxide of PGG, to a 15-hy-
droxyl group to form another endoperoxide intermediate, PGH, (Fig. 1). These two
successive reactions are often referred to as the fatty acid cyclooxygenase reaction
although this term is often confusing and misleading. Consequently, for clarity, the
enzyme preparation which contains these two enzyme activities has been termed PG
endoperoxide synthetase [14] or PGH synthase [15].
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Arachidonic acid

20,

PGH,

Fig. 1. Fatty acid cyclooxygenase and prostaglandin hydroperoxidase reactions.

(a) Farty acid cyclooxygenase

i. Distribution and subcellular localization
The enzyme system responsible for the conversion of eicosapolyenoic acid into PGE
is located in a particulate fraction of ovine [16,17] and bovine [18,19] vesicular gland,
and can be obtained by centrifugation at 100000 X g. The fatty acid cyclooxygenase
is thus located in the microsomal fraction of a cell homogenate. Although particulate
bound this enzyme can be solubilized from microsomes with detergent [20]. Through
use of monoclonal antibodies, the enzyme was localized in the endoplasmic reticu-
lum and nuclear membrane of Swiss mouse 3T3 fibroblast, but not in the
mitochondrial or plasma membrane [21]. The biosynthetic activity of PGE was
- extensively screened in various tissues of various animals, and the result suggests a
ubiquitous distribution of fatty acid cyclooxygenase [22]. In addition to ovine and
bovine vesicular gland the enzyme can be solubilized from the microsomes of bovine
[23] and human [24] platelets, rabbit kidney medulla [25] and rat brain [26].

ii. Molecular properties

The enzyme can be purified from the microsomes of bovine vesicular gland through
DEAE-cellulose column chromatography, isoelectrofocusing and Sepharose column
chromatography. The purified enzyme shows an apparent homogeneity upon poly-
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acrylamide disc gel electrophoresis {14]. Molecular weight of the enzyme is
300000-350000 as estimated by gel filtration although a value of 71000 is obtained
by polyacrylamide disc gel electrophoresis in 0.1% SDS [27]. The specific activity of
the purified enzyme 1s about 2.4 umol of fatty acid consumed/min/mg [14]. The
purified enzyme shows no significant absorption in the visible region indicating no
content of either heme or flavin [27]. Atomic absorption spectrophotometry shows
the content of less than 0.1 mol of iron or copper per mol of enzyme based on a
molecular weight of 71000 [27]. The enzyme is reasonably stable when handled
below room temperature, and there is no appreciable loss of enzyme activity during
storage at —70°C for many months [14].

The purification of the enzyme from ovine vesicular gland has been reported by
two groups using essentially similar procedures [28,29]. Molecular weight is 70 000
[28] or 72000 [29], the latter including the value of carbohydrate contained in an
amount of 3.4%. The specific enzyme activity is 46 pmol of oxygen consumed / min/
mg protein [28] or 7.70 pmol of fatty acid converted /min/mg protein [29]. Amino
acid composition of the enzyme is known, and the N-terminal amino acid is alanine
[29]. Conflicting results have been reported for heme content in the purified enzyme
preparation. Van der Ouderaa et al. reported negligible absorbance in the visible
region [29] while Hemler et al. reported a minor absorption peak at 412 nm with
varying intensities from preparation to preparation [28]. A significant amount of
nonheme iron is present in the preparation of Hemler et al. [28] whereas only 0.15
[29] or 0.04-0.12 {30] mol of iron per mol of enzyme was observed by Van der
Ouderaa et al.

The enzyme can be purified also from human platelet microsomes to a specific
enzyme activity of 1.39 pmol/min/mg of protein [24].

iti. Catalytic properties

The fatty acid cyclooxygenase reaction is a bis-dioxygenation of the polyunsaturated
fatty acid. As shown in Fig. 1, using arachidonic acid as substrate, the enzyme
produces PGG, by incorporation of two molecules of oxygen. One molecule is
retained as a peroxide linking C, and C,; while the second molecule of oxygen
appears as a hydroperoxide at C 5. '*O experiments have indicated that both oxygen
atoms at 9- and 11- positions originated from the same molecule of oxygen,
demonstrating that the incorporation of oxygen involves a dioxygenase reaction [31].
A hypothetical reaction mechanism has been proposed (Fig. 2), in which two
dioxygenase reactions incorporated oxygen at the 11- and 15-positions [16,31,32].
Although the intermediacy of the 11-hydroperoxide has not been proven directly,
experiments using a pseudo-substrate support this mechanism. Thus, when the
enzyme reacts with 11,14-eicosadienoic acid, a dioxygenation at the 11-position
occurs with the consumption of an equimolar amount of oxygen [33].

The stoichiometry of the cyclooxygenase reaction has been investigated with an
ovine microsomal preparation. A 1:2 ratio of fatty acid conversion and oxygen
consumption was demonstrated [34,35]. The enzyme is saturated with 30 puM oxygen,
the K, for which is about 5 uM [36]. Either arachidonic acid or §,11,14-cico-
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Fig. 2. Hypothetical mechanism of fatty acid cyclooxygenase reactions.

satrienoic acid are normally used as substrate for routine enzyme assays. The relative
reaction velocity of the enzyme with these two substrates is essentially the same, i.e.
Cy0.3/ Cap.4 = 223 /251 as determined with an electronic differentiator connected to
an oxygen electrode [37). The enzyme activity with 5,8,11,14,17-eicosapentaenoic
acid, a fatty acid of nutritional interest, is 21:38 over arachidonic acid when a
sufficient amount of hydroperoxide is present in the reaction mixture to activate the
enzyme; in the absence of hydroperoxide activator eicosapentaenoic acid is not a
substrate [37]. The role of the hydroperoxide activator is described in Chapter 6 of
this volume.

In an effort to identify an activator which had earlier been found in the
high-speed supernatant of a homogenate of sheep vesicular gland [17], hemoglobin
was found to be the active principle in the overall PGE, synthesizing system of
bovine vesicular gland although hematin was equally active [18]. The activity of
hematin and hemoglobin was also confirmed with the purified enzyme [20], and it is
now well established that heme is required as a cofactor for both cyclooxygenase and
hydroperoxidase reactions with enzymes of bovine [14,27,38] and ovine (29,39]
vesicular gland, bovine [23] and human [24] platelet, rabbit kidney [25] and rat brain
[26].

A heme-free form of the bovine or the ovine enzyme purified by van der OQuderaa
et al. [29] is essentially inactive unless heme is added to the reaction mixture, and the
addition of about 1 pM hematin gives a maximum enzyme activity [14,29]. On the
other hand, with the ovine preparation of Hemler et al. {28] as an acetone powder of
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microsomes or as the solubilized enzyme, the enzyme activity is not affected by the
addition of heme, although the purified enzyme is stimulated 3-5 fold [40]. The
results suggest that heme, which may be a native cofactor, may be lost during the
purification procedures [28].

It should be noted that in addition to hematin the cofactor function is also
observed with various protein-bound hemes including hemoglobin [14,18,27.40] and
myoglobin [14,18,27]. However, it remains unclear how the heme moiety of hemo-
globin or myoglobin can stimulate the enzyme. Hematoheme, the prosthetic group of
cytochrome ¢ is inactive [14,27]. Manganese protoporphyrin, in which the iron
moiety of heme is replaced by manganese, 18 also active although its activity is
specific for cyclooxygenase and inactive for the hydroperoxidase reaction [27,41].

Another effect of the heme cofactor is in the inactivation of the enzyme. When
the bovine enzyme is mixed with hematin or hemoglobin, enzyme activity is lost
rather rapidly. The rate of enzyme inactivation depends on the heme/enzyme ratio.
As the amount of heme is raised beyond the equimolar quantity, the inactivation
occurs faster. The half life of the enzyme is approximately 30 min when incubated
with 5-fold excess of hematin or of hemoglobin at 24°C, pH 7.4. All the active heme
compounds including the mangano analogue inactivate the enzyme. Both the
cyclooxygenase and hydroperoxidase activities are lost in parallel [27]. A similar
effect is observed with the ovine enzyme, and peroxide is presumed to participate in
the heme-induced inactivation [39]. Such an enzyme-destroying action of heme
hampers the purification and kinetic studies of the enzyme. Fortunately, however,
the enzyme is protected from the heme-induced inactivation by the simultaneous
presence of tryptophan, epinephrine, hydroquinone {27], phenol [27,39] and other
compounds, all of which are cofactors for the hydroperoxidase reaction (see below).

These observations are suggestive of a hemoprotein nature for this enzyme despite
the purified enzyme being almost heme-free and requiring the presence of exogenous
heme for its activity. When the enzyme and heme are mixed and an aliquot of the
mixture is removed and diluted before the enzyme is inactivated by its interaction
with heme, the enzyme retains almost full activity even if the final concentration of
heme is far below its saturation level in the assay mixture. This finding suggests that
heme is bound to the enzyme protein before activation of the enzyme [27]. Further-
more, when hematin is added to a solution of the ovine enzyme and a difference
spectrum is recorded between enzyme plus heme versus heme alone, an absorption at
408 nm is observed which increases as more hematin is added. A parallel increase in
cyclooxygenase and hydroperoxidase activities are seen. At maximal enzyme activity,
the saturation value of heme is 1.8 mol per mol of enzyme on the basis of a
molecular weight of 70000. An enzyme-heme complex can be prepared by equi-
librium ultrafiltration. The trivalent state of the enzyme shows an absorption peak at
408 nm, while the divalent form gives a-band at 558 nm, B-band at 530 nm and
v-band at 424 nm [30]. Another study on the same ovine enzyme reported a
conflicting result regarding heme binding. The enzyme can be purified in the
presence of flufenamic acid as a stabilizer, and an active apo-enzyme can be
prepared by the use of a heme-binding peptide of cytochrome bs. Titration of this
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enzyme preparation with heme supports a 1:1 stoichiometry of the heme-binding
[41a]. Another technique to prepare an active apo-enzyme is the anaerobic treatment
of holo-enzyme with dithionite followed by the addition of oxygen [15].

Since the dissociation of the enzyme-heme complex occurs in the presence of
non-ionic detergent, it is believed that the enzyme releases its heme prosthetic group
during solubilization with a non-ionic detergent resulting in a heme-depleted enzyme
preparation [30]. The bovine enzyme is presumed to have a looser binding of heme
{42]. The function of the heme cofactor in the cyclooxygenase reaction will be
discussed later together with that in the hydroperoxidase reaction.

Another peculiar characteristic of the cyclooxygenase is the time course of
enzyme reaction. In most other enzymes the reaction proceeds at a constant rate
exhibiting a linear time course when the enzyme is saturated with substrate,and then
slows down as the substrate decreases below the saturating concentration. In sharp
contrast, the cyclooxygenase reaction slows down gradually as soon as the reaction is
started and ceases after 1-2 min. Therefore, it is difficult to determine a precise
initial velocity of the cyclooxygenase reaction. This is possible, however, with a
specially designed electronic differentiator [43]. Kinetic studies on the cyclooxy-
genase reaction are very much hampered by this unusual property of the enzyme.
The cessation of the reaction is neither due to the exhaustion of substrate nor the
accumulation of an inhibitor since the reaction can be resumed by the addition of
fresh enzyme, but not by the further supply of substrate. Such a phenomenon has
been observed by many investigators [14,27,34.35], and is referred to as “self-cata-
lyzed destruction” [34] or ‘“‘self-deactivation” [35]. Both the cyclooxygenase and
hydroperoxidase reactions show a similar time course [27]. The reaction rate in-
creases in proportion to the amount of enzyme only over a limited range [27]. The
extent of reaction, i.e. the amount of product accumulating over the lifetime of the
enzyme, is in proportion to the amount of enzyme [27,34].

The mechanism of destruction of the enzyme has been discussed and several
attempts to elucidate this mechanism have been made. First, although interaction of
cyclooxygenase and heme causes inactivation of the enzyme, the rate of the self-in-
activation of enzyme is higher and the enzyme destruction occurs even in the
presence of tryptophan which protects the enzyme from the inactivation by heme
[27]. Second, the heme cofactor, either enzyme-bound or dissociated, may be
destroyed by the peroxide product. When the absorption of heme is followed during
the reaction, a loss of heme is observed, but heme destruction proceeds at a slower
rate than the rate of enzyme inactivation [39]. Third, the enzyme may be inactivated
by an active oxygen species which is presumably released during the hydroper-
oxidase reaction. Reduction of the 15-hydroperoxide group of PGG, to a hydroxyl
group may produce an active oxygen species if the hydroperoxide is not fully
reduced to water. This oxygen species is presumed to be a radical which would
destroy the enzyme protein or the surrounding tissue as an inflammatory agent [35].
The mechanism will be mentioned later in more detail, although this hypothesis for
the self-destruction of enzyme is believed to be insufficient for the manganese
protoporphyrin-assisted reaction of cyclooxygenase which also shows enzyme in-
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TABLE 1
Effect of various compounds on fatty acid cyclooxygenase and prostaglandin hydroperoxidase

Numbers in parentheses indicate most informative references.

Fatty acid cyclooxygenase Prostaglandin hydroperoxidase
(Arachidonic acid —» PGG,) (PGG, — PGH,)
Heme 1) prosthetic group-like activity 1) prosthetic group-like activity (38)
(14, 27, 30, 42)
2) enzyme inactivation (27, 41)  2) enzyme inactivation (27)
Manganese 1) prosthetic group-like activity 1) no prosthetic group-like activity
protoporphyrin (27) (@)
2) enzyme inactivation (27, 41)  2) enzyme inactivation (27, 41)
Peroxide 1) initiator of reaction (41, 45) 1) substitute for PGG as substrate (29, 38)

2) generator of active oxygen species
to inactivate enzyme (35)

Aromatic compounds 1) protection of enzyme from 1) hydrogen donor in peroxidase
Tryptophan heme-induced inactivation reaction (29, 38)
Phenol (27,41)
Hydroquinone, etc. 2) acceleration (39) 2) protection of enzyme from

heme-induced inactivation (27, 41)
Anti-inflammatory drugs
Aspirin inhibition (46) no inhibition (46)
Indomethacin, etc.

activation despite the absence of the hydroperoxidase activity [39]. The fourth
hypothesis attributes the enzyme inactivation to an intermediate species which may
arise during enzyme catalysis [39].

There are other factors which affect the activity of the enzyme. As reported with
the ovine enzyme, the cyclooxygenase reaction is inhibited by glutathione peroxidase
[34.,44], indicating that the cyclooxygenase reaction requires some form of peroxide.
When the oxygen consumption is followed continuously, a lag phase appears before
the enzyme shows its full activity. The lag phase is more obvious if the reaction
mixture is preincubated with sodium diethyldithiocarbamate (to remove any con-
taminating peroxide) or if the heme cofactor is replaced by manganese proto-
porphyrin [41,45]. The addition of 1 pM PGG, diminishes the lag period and
accelerates the early state of oxygen consumption while PGH, has little effect [41].
Hydroperoxides of eicosatrienoic acid and arachidonic acid (soybean lipoxygenase
products) are also active [45]. Based on these findings the cyclooxygenase reaction is
presumed to be triggered and accelerated by the accumulating PGG, the reaction
product of the enzyme [41,45].

The inhibition of cyclooxygenase by non-steroidal anti-inflammatory drugs is
well-known and will be treated in the following chapter. It should be noted that
indomethacin [14,46], aspirin [46,47] and other non-steroidal anti-inflammatory
drugs [46] inhibit cyclooxygenase specifically, but not the hydroperoxidase compo-
nent.
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The diverse effects of various compounds which either activate or inhibit cyclo-
oxygenase are summarized in Table 1.

(b) Prostaglandin hydroperoxidase

i. Glutathione peroxidase

The conversion of PGG to PGH had formerly been thought to be catalyzed by
glutathione peroxidase. This enzyme catalyzes the dehydrogenation of glutathione
(GSH) with various hydroperoxides (ROOH) as hydrogen acceptors, although it is
non-specific in terms of hydrogen-accepting peroxide (Fig. 3). Because of the
ubiquitous distribution of the enzyme and the stimulation of the overall synthesis of
PGE, from arachidonic acid by glutathione, this enzyme activity was assigned to the
PGG to PGH step [48-50].

The purified enzyme from bovine vesicular gland catalyzes the conversion of
PGG to PGH in the presence of tryptophan. If tryptophan is replaced by glutath-
ione, there is essentially no conversion of PGG to PGH. The purified enzyme is free
of glutathione peroxidase activity as tested with glutathione and cumene hydroper-
oxide [38]. Thus, glutathione peroxidase is not involved in the conversion of PGG to
PGH so far as it is catalyzed by the PG hydroperoxidase activity of PG endoper-
oxide synthetase.

. Association with cyclooxygenase

The conversion of PGG to PGH is carried out by an enzyme which is associated
with the cyclooxygenase activity [38]. The two enzymes appear at the same pH
region upon isoelectrofocusing. Both enzymic reactions show indistinguishable pH
and temperature inactivation profiles. Both activities show an identical specificity
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Fig. 3. Prostaglandin hydroperoxidase and glutathione peroxidase.
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towards heme requirement except for manganese protoporphyrin, which is active
only with cyclooxygenase. Both reactions proceed in the unusual time-course de-
scribed above. Various attempts to resolve the two enzymes as two separate proteins
have so far been unsuccessful. The close association of the two enzyme activities is
also observed with the enzyme from ovine vesicular glands [29]. The current concept
is that the two different enzyme activities are due to the same enzyme protein [29,39]
although the possibility that the two separate enzyme proteins are tightly bound
cannot be ruled out.

iii. Hydrogen donors

Various aromatic compounds stimulate the overall synthesis of PGE from arachidonic
acid. The following activators have been reported (Fig. 4); hydroquinone [16,29],
tetrahydrofolic acid [17], phenol [39,51], p-aminophenol [19], epinephrine [19],
serotonin [19], tryptophan [14,20,38], uric acid [52], tetramethylphenylenediamine
[29], benzidine [38] and guaiacol [38]. Most of these compounds behave as hydrogen
donors in the peroxidatic reaction. Therefore, it is likely that these compounds are
dehydrogenated during conversion of PGG to PGH. Actually, with epinephrine and
guaiacol the dehydrogenation occurs in a stoichiometric amount when PGG, is
converted to PGH, [38]. However, such a stoichiometric transformation is not
observed with tryptophan as hydrogen donor [38].

iv. Hydrogen acceptors
Various hydroperoxides (in addition to PGG) can serve as hydrogen acceptors
during the dehydrogenation of guaiacol or epinephrine by the bovine enzyme, e.g.

OH OH OH
HO
e

CHCH2NH
|

OH OH

Hydroquinone Epinephrine Phenol
OH
Guaiacol Benzidine p-Phenylenediamine

HO H OH F'ICH 2000H
CH -C
H HO STCHs

Tryptophan Uric acid Sulindac suifide

Fig. 4. Aromatic cofactors for PG hydroperoxidase.
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15-hydroperoxy-PGE,, 15-hydroperoxy-8,11,13-eicosatrienoic acid, hydrogen per-
oxide, ¢-butyl hydroperoxide, p-methane hydroperoxide and cumene hydroperoxide.
Among these hydroperoxides PGG is the most active in terms of V. and K. This
is followed by 15-hydroperoxy-PGE, and 15-hydroperoxy-8,11,13-eicosatrienoic acid.
Thus, the enzyme has a broad specificity for hydroperoxide requirement, but higher
activity and affinity are observed with hydroperoxides of PG-like structure [38]. The
ovine enzyme also has a peroxidase activity as tested with tetramethylphenylen-
ediamine and hydrogen peroxide [29]. An “unusual” peroxidase activity with a wide
peroxide specificity which is capable of oxidizing cofactors of PG biosynthesis has
been demonstrated with the ovine vesicular gland microsomes [53].

v. Co-oxygenation

In the conversion of PGG to PGH the bond between two oxygen atoms of the
15-hydroperoxide moiety is cleaved. Electrons must be supplied for hydroperoxide
reduction. As shown in Fig. 5, the two-electron reduction (XH,) produces a
hydroxyl group which is attached to the PG molecule and a molecule of water. This
is a typical peroxidatic reaction occurring in the epinephrine- or guaiacol-assisted
conversion of PGG to PGH by PG hydroperoxidase and also in the glutathione
peroxidase reaction with PGG as hydrogen acceptor (see above). Another possible
way for hydroperoxide cleavage is to trap one oxygen atom by a trapping agent (Y
in Fig. 5) rather than its two-electron reduction to water. For example, oxygenation
of 1,3-diphenylisobenzofuran, luminol, benzo(a)pyrene and cholesterol takes place
during the reaction of arachidonic acid with ovine vesicular gland microsomes. This
co-oxygenation can be stimulated by PGG, and 15-hydroperoxy-5,8,11,13-eicosa-
tetraenoic acid [54]. The co-oxygenation of benzo(a)pyrene produces the 1,6-, 3,6-

Fig. 5. Co-oxygenation associated with prostaglandin hydroperoxidase reaction.
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and 6,12-quinones [55]. When diphenylisobenzofuran is incubated with '*O-labeled
15-hydroperoxy-5,8,11,13-eicosatetraenoic acid, the oxygen incorporated into o-di-
benzylbenzene does not derive from the hydroperoxy oxygen but rather from
atmospheric oxygen [56]. N-[4-(5-Nitro-2-furyl)-2-thiazolyl[formamide (FANFT) a
urinary bladder carcinogen, is also co-oxygenated in the hydroperoxidase reaction,
and the co-oxygenation is reduced in the absence of atmospheric oxygen [57]. In
contrast to benzo(a)pyrene and FANFT, O atom is transferred from 15-hydroper-
oxy-PGE, to sulindac sulfide (cis-5-fluoro-2-methyl-1-[ p-(methylthio)-benzilidine]
indene-3-acetic acid) [58]. This compound is known to be co-oxygenated at its
disulfide to produce a sulfoxide in a stoichiometric amount concomitant with the
reduction of the hydroperoxy group of 15-hydroperoxy-PGE, [59]. An identical
oxygen transfer from hydroperoxide occurs in the cooxygenation of methyl phenyl
sulfide to its sulfoxide [59a].

vi. Chemiluminescence

Light emission is known to accompany some enzymatic reactions involving singlet
oxygen or certain activated species of reactant or product. When eicosapolyenoic
acids are incubated with a microsomal preparation of sheep vesicular gland capable
of PGE synthesis, light is emitted [60]. The light emission is associated with the
co-oxygenation of luminol coincident with the microsomal transformation of
arachidonate. Addition of PGG, in place of arachidonic acid also produces the
luminescence [54]. The luminol-induced luminescence is inhibited by superoxide
dismutase, catalase and hydroxyl radical scavengers. This observation is interpreted
as an interaction of luminol and hydroxyl radicals formed in a Haber-Weiss reaction
during the catalysis of heme [61]. Light emission is also observed in the reaction of
purified bovine enzyme with PGG, or other hydroperoxides [62]. It should be noted
that the luminescence produced by the bovine enzyme is specific for tryptophan or
other indole compounds. The emission spectrum has peaks around 500, 550, and 610
nm, which is distinguishable from the reported spectrum of singlet oxygen yet
similar to the emission spectrum of tryptophan presumably due to its triplet state
formed under ultraviolet irradiation [63].

(¢} Summary

As described above, a number of compounds participate in the reactions of cyclo-
oxygenase and hydroperoxidase. Some of them stimulate these reactions while others
are inhibitory. The complex effects of these activators and inhibitors on the
cyclooxygenase and hydroperoxidase reactions are summarized in Table 1. Many
things remain to be investigated before the precise reaction mechanism of the
enzyme can be understood. Particularly the role of heme must be studied at the level
now available for cytochrome oxidase, horseradish peroxidase and cytochrome
P-450. Although available evidence strongly suggests that the enzyme is a hemopro-
tein like other oxygenases, the enzyme has not been isolated and purified as a
hemoprotein as has been done with fungal lipoxygenase [64].
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A hypothetical reaction mechanism was proposed by Hemler and Lands to
harmonize various observations so far reported with ovine and bovine enzymes [39].
In this mechanism interaction of a hydroperoxide (PGG, in a normal catalysis) and
the enzyme-bound ferriheme produces a hydroperoxy radical. This radical abstracts
the 13-S-hydrogen from arachidonic acid. The resulting alkyl radical acts as an
activated form of arachidonic acid and reacts with an oxygen molecule (a biradical)
at C-11. This is followed by cyclization of the hydrocarbon chain and incorporation
of another molecule of oxygen at C-15. The resulting 15-hydroperoxy radical ends
the sequence by abstracting a hydrogen atom from the enzyme-bound hydroperoxide
to form the end product, PGG,. The inhibition by antioxidant at a higher concentra-
tion and the self-destruction of the enzyme during catalysis are related by these
authors to an intermediate radical formed on the enzyme surface. The hydroper-
oxidase activity is attributed to the catalysis of the enzyme in which the iron moiety
of the enzyme-bound heme undergoes a valency change reducing the hydroperoxide
of PGG, to water with hydrogens abstracted from hydrogen-donating cofactor. A
hypothesis was proposed for the interaction of heme and arachidonic acid [65]. The
carboxyl group of arachidonic acid attaches to one ligand of heme, and the
hydrocarbon chain curls around the outside of the heme ring. The oxygen molecule
associated with the ligand of heme on the other side reacts with C-11, followed by
the ring closure and the addition of another molecule of oxygen at C-15.

N="NcOoOH ‘<::I;;~”VACOOH \\JAV“COOH
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Fig. 6. Divergent biosynthetic pathways of PG and TX from PGH,.
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3. Prostaglandin endoperoxide-metabolizing enzymes

PGH, is at a pivotal stage in the divergent pathways leading to the synthesis of
various types of PGs and TX (Fig. 6). Most of the enzymes utilizing PGH, as
substrate, are isomerases which attack the 9,11-endoperoxide bridge of PGH,. Their
distribution in various tissues determines the tissue specificity for PG and TX
biosynthesis. The particular isomerase present in any tissue determines which PG is
to be formed presumably as an important factor in the regulation of some particular
function in that tissue.

(a) TXA synthase

The biosynthesis of TXA, can be detected in a variety of tissues [11,66,67], including
arterial tissues [67a,67b). The enzyme which produces TXA , from PGH, is localized
in a microsomal fraction of platelets [67-70], lung [67,71], spleen [67] and macro-
phage [67]. The enzyme can be solubilized with the aid of a non-ionic detergent from
a microsomal fraction of bovine [23] and human [72] platelets and bovine {73] and
porcine [73a] lung, and purified partially by the use of DEAE-cellulose. TXA, is
extremely unstable and is readily transformed to a stable degradation product
(TXB,) when it is extracted with organic solvent from the reaction mixture. If the
reaction of PGH, with the microsomes [68,74] or the solubilized enzyme [23] is
performed for 30-60 s at 0°C, the formation of TXA, can be detected by its
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Fig. 7. Reactions of TXA synthase with PGH, and PGH,.
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pro-aggregatory or rabbit aorta contractile activity. Concomitant with TXA , forma-
tion the solubilized enzyme produces 12L-hydroxy-5,8,10-heptadecatriencic acid
(HHT) in a ratio of 1-2:1 over TXB, [23,72,73]. Malondialdehyde (MDA) is also
presumably released. Since several compounds inhibit the formation of both TXB,
and HHT in parallel, it is presumed that both are formed by the same enzyme
[75,76]. HHT is considered to be produced directly from PGH, rather than via
TXA, [75,77] (Fig. 7). A hypothesis was proposed that TXA synthase is not an
isomerase but catalyzes a dismutase-type reaction [77]. An interesting observation is
the reaction of the enzyme with PGH; [73,78]. As shown in Fig. 7, PGH, is
converted predominantly to 12L-hydroxy-8,10-heptadecadienoic acid (HHD) with
only a small amount of TXB, produced. Similar dose-inhibition curves are obtained
in the inhibition of HHT and HHD formation by TXA synthase inhibitors, L-8027
and imidazole. The formation of HHD from PGH, is suppressed by PGH,. These
observations suggest that the same enzyme catalyzes the production of both HHT
and HHD. On the basis of the previously known function of cytochrome P-450 as
an oxene transferase, spectrophotometric study of platelet microsomes suggests the
participation of cytochrome P-450 in the isomerization of 9,11-endoperoxide to
produce TXA, from PGH, [78a]. In view of the pathological role of TXA, in the
cardiovascular system, a variety of compounds have been tested as inhibitors of
TXA synthase including imidazole [79] and its derivatives [80,81] and PG endoper-
oxide analogues [82].

(b) PGD synthase

The conversion of PGH, to PGD, is an isomerization of the 9,11-endoperoxide
moiety to 9a-hydroxyl and 11-keto groups (Fig. 6). The activity of the enzyme which
produces PGD, from either arachidonic acid or PGH, is detected in various tissues
of rat; lung [48], stomach [48], small intestine [48], skin [48], brain {26,67,83], spleen
[84] and mast cells [85]. As examined with rat brain, the enzyme is found predomi-
nantly in the cytosol, and can be purified to an apparent homogeneity [26]. The
regional distribution of the enzyme was studied with rat brain, and the predominant
occurrence of PGD synthase in neuroblastoma cells (an insignificant activity in
glioma cells) suggested a neuromodulator function of PGD, [86]. However, there is a
paper reporting the localization of PGD synthase in the microvasculature of rat
cerebral cortex rather than neuronal and glial cells [86a]. A similar enzyme can be
purified from the cytosol of rat spleen [84], and is also found in the cytosol of rat
mast cells [85]. The brain enzyme does not require glutathione [26] whereas the
enzyme from spleen [84] and mast cells [85] is stimulated by the addition of
glutathione.

(¢) PGE synthase

The conversion of PGH, to PGE, is an isomerization of the 9,11-endoperoxide to
9-keto and 1la-hydroxyl groups (Fig. 6). The enzyme system catalyzing the overall
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synthesis of PGE, from arachidonic acid was earlier referred to as prostaglandin
synthase (EC 1.14.99.1). However, when the enzyme system was solubilized from
microsomes of bovine vesicular gland, PGE synthase was separated from PG
endoperoxide synthetase [20]. PGE synthase, which produces PGE, from PGH, in
the presence of glutathione, is found in the microsomes of bovine vesicular gland
[48] and rabbit kidney medulla [25]. The enzyme can be solubilized from microsomes
of bovine vesicular gland and partially purified [87]. Although the enzyme is very
unstable when it is solubilized from the microsomes, it can be protected from
inactivation by various thiol compounds. Glutathione is required as a specific
coenzyme for the reaction, but it is not oxidized in a stoichiometric amount. A
hypothetical role of glutathione as a nucleophile in a 1,2-hydride shift during the
isomerization of endoperoxide has been proposed [44].

(d) PGF synthase

As shown in Fig. 6, there are three possibilities for the synthesis of PGF, . First, the
endoperoxide of PGH, can be directly reduced as was proposed previously [32]. This
proposal is primarily based on the finding that the 9-H of arachidonic acid is
retained in PGEF, . Thus the overall reaction is a reductive cleavage of the 9,11-endo-
peroxide of PGH,. The activity to synthesize PGF,, from PGH, is found in the
microsomes of cow and guinea pig uterus [88]. However, the nature of the enzyme
and the reducing agent remains unclear. The second pathway is the conversion of
PGE, into PGFE, . The 9-keto group of the former can be reduced to a hydroxyl
group. This conversion occurs in various tissues [89-91]. The third mechanism of
PGFE, , synthesis is the reduction of 11-keto group of PGD, [92-94).

(e) PGI synthase

The formation of PGI, is an isomerization of the 9,11-endoperoxide of PGH, into a
6,9-epoxide and an 1la-hydroxyl group (Fig. 8). PGI, is unstable especially at acidic
pH and is readily transformed into 6-keto-PGF,,, a stable but biologically inactive
product (see Chapter 3). The PGI synthase activity is detected in a variety of tissues;
artery, vein, heart, lung, kidney, spleen, stomach and macrophage (ref. 66 and Table
2 in ref. 11). One paper reports the lack of PGI, synthesis in aortic tissue of chicken
[94a]. The enzyme is localized in the microsomes of artery [95-97], lung [71],
vesicular gland [98,99] and corpora lutea [100]. The enzyme can be solubilized from
the microsomes of rabbit aorta [101] and pig aorta [102,103] with non-ionic deter-
gents and partially purified. The primary production of PGI, rather than 6-keto-
PGF,, by the enzymatic reaction with PGH, has been shown by the isolation of the
methyl ester of PGI, [101] which is more stable. The enzyme is inhibited by
hydroperoxide of various unsaturated fatty acids [96,97,103]. HHT is produced in a
small amount during PGI, synthesis, but unlike TXA synthase HHT formation is
not attributed to PGI synthase [102]. On the other hand, the solubilized enzyme
produces HHD from PGH, at a rate of about 70% of that of 6-keto-PGF,,
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Fig. 8. Reactions of PGI synthase with PGH, and PGH,.

production from PGH, [101] (Fig. 8). Like TXA synthase the participation of the
oxene transferase activity of cytochrome P-450 was proposed for the endoperoxide
isomerization from PGH, to PGI, [78a,103a].

(f) PGA synthase

As shown in Fig. 6, PGA, is a dehydration product of PGE,. The enzyme
responsible for this reaction has been reported in human serum [104].

(g) PGC synthase

PGC, is formed through an isomerization of the A of PGA, to A" (Fig. 6). An
enzyme previously referred to as PGA isomerase is present in the serum or plasma of
human [104], rabbit [105], cat [105] pig [105], dog [105] and rat [105]. The cat enzyme
has been partially purified [105].

(h) PGB synthase
The conversion of PGC, to PGB, occurs by an isomerization of A" into A*'?) (Fig,.

6). This reaction is considered to be an enzymatic reaction and the enzyme is found
in human and rabbit serum [104].
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4. Prostaglandin and thromboxane-catabolizing enzymes

Studies on the catabolism of PG were initiated by the isolation and identification of
catabolites in urine and plasma which established catabolic pathways especially of
PGE and PGF [1,4]. Each step of the catabolic pathway is catalyzed by an enzyme.
In this chapter only papers describing the properties of individual enzymes will be
reviewed.

(a}l5-Hydroxy-PG dehydrogenase

Since this enzyme was first isolated and purified from swine lung [106], a number of
papers have been published reporting its occurrence in animal tissues, substrate
specificity, enzyme inhibitors, reaction mechanism and physiological function. These
papers have been anteceded by two comprehensive review articles [107,108].

i. NAD-linked dehydrogenase (Type 1}
This enzyme is specific for the 15-hydroxyl group of the PG molecule, which is
transformed into a 15-keto derivative as shown in Fig. 9. NAD serves as a specific
hydrogen acceptor. No oxidation occurs with steroid alcohols, hydroxy acids or
aliphatic alcohols [106]. The enzyme has been purified from pig lung [106,109], beef
lung [110], monkey lung [111], human placenta [112}, rat kidney [113] and porcine
kidney [114]. Distribution of the enzyme in other tissues is described in refs. 107 and
108. Enzyme activity [106,109-114] is found either in the high-speed supernatant of
a tissue homogenate or it is considered to be a cytosolic enzyme as judged from its
behavior during purification.

Substrate specificity of different enzyme preparations is listed in Table V in ref.

O

OH OH

PGE

NAD (P}

NAD (P)H2
/\:/\/\COOH

OH o
16 -keto-PGE »

Fig. 9. NAD- and NADP-linked 15-hydroxy-PG dehydrogenase.



TABLE 2

Substrate specificity of 15-hydroxy-PG dehydrogenases for naturally occurring PGs

Enzyme Pig Pig Pig Pig Monkey Monkey Pig Human Human Human Rabbit

source lung lung lung lung lung lung kidney placenta placenta placenta kidney

H-acceptor NAD NAD NAD NAD NAD NAD NAD NAD NADP NADP NADP

Parameter Relative Relative Relative  Relative Relative K, K., Relative Relative Relative Relative
activity activity activity activity activity M aM activity activity activity activity

PGE, 100 100 100 100 14.5 1.2

PGE, 97 100 67 100 210 11.9 1.2 100 0.5 0.1 4.1

PGE, 60 90 34

PGF,, 75 69 58 95 19.2 34

PGF,, 62 66 76 100 56 12.5 97 0.4 22

PGF;, 62

PGA, 45 86 52 1.7 65 8.4 29

PGA, 33 48 50 82 135 4.6

PGB, 0 0 0 100 100

PGB, 0 0 0 inactive

PGD, 4 1.6

PGD, 8 0

PGG, 0

PGH, 189

PGI, 91 7.4 5.0 73 0.9 100

6-keto-PGF, 88 5.1 48 0.9 1.7

TXB, 400 0 1.7 0

Reference 106 115 116 117 It 119 114 118 118 129 134

881
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107 and Table I1I in ref. 108. As listed in Table 2 in this chapter, which includes
recent findings, PGE, PGF and PGA are active substrates for all the NAD-linked
dehydrogenases, while PGB and PGD are either poor or inactive substrates. As
examined with some enzyme preparations, PGI, and 6-keto-PGF,, are also active
substrates whereas TXB, is a poor substrate. The structure-activity relationship of
various PGs and their derivatives was reviewed in ref. 107. The reaction of
15-hydroxy-PG dehydrogenase is known to be reversible; ie. 15-keto-PGE, is
reduced back to PGE, using NADH as a hydrogen donor [112,120,121]. The
optimum pH for the forward reaction is 8.8 or higher, and that for the backward
reaction is 5.5 [121]. Since the metabolic deactivation of biologically active PGs is
catalyzed by 15-hydroxy-PG dehydrogenases [122], a number of studies on the
inhibitors of the enzyme have been reported and reviewed in references 107, 108 and
123. The Type I dehydrogenase has been shown to change markedly in its activity as
a function of the state of the animal and during development. It has been studied in
vitro in the kidney [160] and lung [161] of the developing rat, the kidney [162], lung
[163], brain [164] and liver [165] of the fetal sheep, and in lungs from pregnant rabbit
[166,167,168] and rat [169]. This has been reviewed in ref. 165. In some organs,
activity is several fold greater during the fetal or postnatal period than in the adult,
in others it is lower, reaching adult levels of activity at a well defined period in fetal
or postnatal life.

ii. NADP-linked dehydrogenase (Type 11}

This enzyme catalyzes the oxidation of the 15-hydroxyl group of PG with NADP as
a more effective hydrogen acceptor than NAD (Fig. 9). The enzyme was first found
in monkey and human brain, erythrocytes and in swine kidney [124]. It has been
purified from swine kidney [125,126], chicken kidney [127], human erythrocyte {128]
and human placenta [129]. As shown in Table 2, PGB is a better substrate of this
enzyme than PGE and PGF in contrast to the NAD-linked enzyme [118,129]. It
should be noted that this enzyme also exhibits PG 9-keto reductase activity
[126,128,130]. The two enzymes cannot be separated from each other during purifi-
cation from human erythrocyte [128] and human placenta [130]. Both activities of
the latter enzyme are inhibited by ethacrynic acid, furosemide and indomethacin
[130]. The enzyme purified to homogeneity from swine kidney shows essentially the
same sensitivities of the two enzyme activities to heat treatment and indomethacin
inhibition [126]. Thus, the enzyme catalyzes four types of reactions; 9-keto reduction
(PGE, — PGFE,,), 9-hydroxy dehydrogenation (PGF,, — PGE,), 15-keto reduction
(15-keto-PGFE, , — PGF,_ ) and 15-hydroxy dehydrogenation (PGE, — 15-keto-
PGE,) using NADPH or NADP [126].

iti. PGA-specific dehydrogenase

An NAD-linked 15-hydroxy-PG dehydrogenase specific for A-type PGs is found in
a soluble fraction of rabbit kidney papilla. The enzyme is active with PGA,
(K, =15 pM) and PGA, (K, = 6 pM) but neither PGE,, PGE,, PGF,, PGF,, or
PGB, is an active substrate [131].
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iv. PGD-specific dehydrogenase

An NADP-linked 15-hydroxy-PG dehydrogenase specific for D-type PG can be
partially purified from the cytosol of swine brain [132]. PGA ,, PGB,, PGD,, PGE,
and PGF,, are poor substrates. As shown in Fig. 10, the reaction product is
15-keto-PGD, which is unstable and is readily converted into an enolate anion
under alkaline condition. 15-keto-PGD, is enzymatically converted into 13,14-dihy-
dro-15-keto-PGD, by an NADPH-linked reductase which is present in the partially
purified preparation.

HO
V7
1
o] OH
PGD,
NADP
HQ NADPH, HO

15-keto-PGD,

NADPH,
HO NADP

COOH

O O
13,14-dihydro -15-keto-PGD>

Fig. 10. 15-Hydroxy dehydrogenation and A'*-reduction of PGD,.

v. PGl-specific dehydrogenase

An NADP-linked 15-hydroxy-PG dehydrogenase specific for PGI, can be purified
from an ultracentrifuged homogenate of rabbit kidney [133,134]. PGE,, PGFE,,,
6-keto-PGF,, and TXB, are oxidized with reaction rates less than 4% that of PGI,.
The enzyme catalyzes oxido-reduction more rapidly at C-15 than at C-9. NAD is
inactive as hydrogen acceptor [134]. The enzyme is purified to homogeneity and has
a molecular weight of 56 000-62 000 containing no flavin [170].

(b) 9-Hydroxy-PG dehydrogenase

The enzyme which attacks specifically the 9-hydroxyl group of the PG molecule with
NAD as a hydrogen acceptor was first found in the cytosol of adult rat kidney
[135,136]. As shown in fig. 11, the rat kidney enzyme purified to homogeneity
oxidizes the 9-hydroxyl group of 15-keto-13,14-dihydro-PGE,, and 15-keto-PGF,,
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Fig. 11. Enzymes involved in PG metabolism. 15-OHD, 15-hydroxy-PG dehydrogenase; AR, PG A"
reductase; 9-OHD, 9-hydroxy-PG dehydrogenase; 9-COR, PG 9-keto reductase; w-OH, w-hydroxylase.

and PGF,_ with relative V, ,, of 100:64.7:15.0 [137]. A similar enzyme which
oxidizes PGF 5. and PGF,, was also found in rabbit kidney [138,139], stomach [139]
and ileum [139]. Since the enzyme is much more active with NAD than NADP as
cofactor and specific for the A-side of NAD, the enzyme reaction is distinguishable

from the reversal of the PG-9-keto reductase reaction [137].
(¢c) PG 9-keto reductase

The enzyme which transforms PGE, to PGE,, by the reduction of the 9-keto group
of the former, was first found in heart, kidney, brain and liver of rat [140]. This
enzyme uses NADPH more effectively and is located in the cytosol of pigeon heair.
brain, lung, liver and other mammalian tissues while the enzyme utilizing NADi
more effectively is found in the microsomes of monkey liver [141]. The NADPH-lixx~
ked enzyme can be partially purified from chicken heart and resolved into two
enzyme fractions [142]. Many other papers reported the occurrence of PG 9-ketw
reductase in various mammalian tissues: liver of guinea-pig, rabbit and horse an.
heart of horse [91], rabbit kidney [143,144], human [145] and rat [146] testis, rat and
human skin [147), pig kidney [125,126], chicken kidney [127], human placenta [12(}
and human erythrocyte [128]. As shown in Fig. 11, the purified enzyme from chicken
heart catalyzes the reduction from PGE, to PGE,, and from 15-keto-PGE, to
15-keto-PGFE,, {142]. A finding of pharmacological importance is the bradykinin-en-
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hanced conversion of PGE to PGF by PG 9-keto reductase [148]. Furthermore, as
described in the section of 15-hydroxy-PG dehydrogenase, PG-9-keto reductase
activity is associated with the NADP-linked 15-hydroxy-PG dehydrogenase activity
[126,128,130).

(d) PG A -reductase

The occurrence of a reductase which saturates the A double bond of 15-keto-PG
was presumed from structures of urinary metabolites of PGE and PGF. Swine
tissues including kidney, lung, liver, intestine, adrenal and brain were screened for
A" reductase activity [149]. The enzyme purified from chicken heart [150] uses
NADPH as a hydrogen donor while NADH is almost ineffective. The reduction of
A" occurs specifically with 15-keto-PGE, and 15-keto-PGF,,, but not PGE, and
PGF,, (Fig. 11). In contrast, the purified enzyme from bovine lung [151] utilizes
both NADH (higher K, and V,,,) and NADPH (lower K, and V). The enzyme
reaction is irreversible when examined with 13,14-dihydro-15-keto-PGE, and NAD
or NADP [151]. The highly purified enzyme from human placenta [152] is specific
for NADH while NADPH is inactive, and relative V, _, of various 15-keto-PGs is as
follows: 15-keto-PGE,, 100%; 15-keto-PGE,, 55%; 15-keto-PGF,,, 56%; 15-keto-
PGA |, 108%; 15-keto-PGB,, 79%. The enzyme reaction is irreversible.

(e) B-Oxidation

The B-oxidation system of rat liver mitochondria [153] is capable of shortening the
a-side chain of various PGs, PGE,, PGB,, PGF,, and PGF,, into the correspond-
ing C,, homologues (Fig. 11). PGA |, 1la,15-dihydroxy-9-ketoprostanoic acid and
1la-hydroxy-9,15-diketoprostanoic acid are transformed into both C,, and C
homologues. In the neonatal rat in vivo, the B-oxidation system is already active at 7
days after birth as determined by intravenous infusion of tritiated PGF,, and
monitoring of the urinary metabolites [172].

(f) w-Oxidation

The occurrence of 19-hydroxylated PGA,, A,, B, and B, in human seminal plasma
[154] suggested the involvement of an w-hydroxylase system in the synthesis of these
compounds. Later 19-hydroxylated PGE, and PGE, were isolated from fresh human
seminal plasma [155] or from seminal plasma that had been subjected to O-methyl-
oxime hydrochloride treatment [156]. These results suggested that the previously
identified 19-hydroxy-PGA and 19-hydroxy-PGB were artifacts [155]. 19-Hydroxy-
PGF,, and 19-hydroxy-PGF, , were also isolated [157]. Earlier 19- and 20-hydroxyla-
tion of PGA, was demonstrated with microsomes of guinea pig liver in the presence
of NADPH, while hydroxylation of PGE, occurred only in small amount [158]. On
the other hand, analysis of urinary metabolites of PGs revealed the formation of
w-oxidized PGs [1,4]. In the presence of NADPH a particulate fraction from lung of
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pregnant rabbit hydroxylates the C-20 of PGE,, PGE,, PGF,,, 13,14-dihydro-15-
keto-PGE, and 13,14-dihydro-15-keto-PGE, , [159]. The participation of the hepatic
microsomal P-450 system in the w-hydroxylation of PG is suggested from studies
with guinea pig liver microsomes [173]. PGA | and PGE, are hydroxylated primarily
(> 95%) at the (w-1)-carbon and to a minor extent (< 5%) at the w position (Fig.
11). Inhibitors of P-450 (SKF 525A, metyrapone, nicotinamide and carbon mono-
xide) and antibody against NADPH-cytochrome ¢ reductase inhibit the hydroxyla-
tion. Microsomes of guinea pig kidney cortex hydroxylate PGE, in a similar manner
[174]). Microsomes of both liver and kidney of pig catalyze the (w-1)- and w-hydrox-
ylation of PGA, and PGE,, but only PGA, is w-hydroxylated by a reconstituted
system of pig kidney [175). Incubation of arachidonic acid with the microsomes of
rabbit renal cortex produces 19- and 20-hydroxy-arachidonic acid in the presence of
NADPH. Since carbon monoxide inhibits formation of these compounds, they are
likely formed by the microsomal cytochrome P-450 system of rabbit renal cortex
[171). The activity of the w-oxidation system has been studied in the developing rat
through analysis of tritiated metabolites appearing in the urine after tritiated PGF,,
infusion. While little or no w-oxidized products were detected before 24 days of age,
adult-like activity was observed by 34 days postnatally [172].

5. Lipoxygenases

In addition to fatty acid cyclooxygenase (11,15-bis-lipoxygenase) there are several
other lipoxygenases in mammalian tissues (Fig. 12). Leukocytes and mast cells
contain a S-lipoxygenase which leads to the biosynthesis of leukotrienes from
arachidonic acid [176,177}. 12-Lipoxygenase, rich in platelets, initiates a biosynthetic

— _ COOH —\ /= COOH

OOH l Arachidonic acid \
(5) (15)
' (11,15) }
ThP & ThF THETE
512-LT & 11,12-LT
o0
—— COOH O COOH
LT SO
— N @]
l OOH
| ¢
LT PG & TX 14,15-LT & 8,15-LT

Fig. 12. Mammalian lipoxygenases. PG, prostaglandin; TX, thromboxane, LT, leukotriene; THETE,
trihydroxyeicosatetraenoic acid; ThP, tetrahydropyranyl compound; ThF, tetrahydrofuranyl compound.
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TABLE 3

Occurrence of lipoxygenases in mammalian cells

Enzyme Animal Tissue References
5-Lipoxygenase Human Lymphocyte 208
Polymorphonuclear leukocyte 196
Horse Eosinophil 207
Rabbit Polymorphonuclear leukocyte 194, 195
Alveolar macrophage 210
Murine Mastocytoma cell 201
Rat Mononuclear cell 203
Basophilic leukemia cell 205, 206
Guinea pig Peritoneal leukocyte 199
8-Lipoxygenase Human Neutrophil 196
9-Lipoxygenase Human Neutrophil 196
11-Lipoxygenase Human Neutrophil 196
Sheep Vesicular gland 193
Guinea pig Lung 209
Rabbit Alveolar macrophage 210
12-Lipoxygenase Human Platelets 185-187, 198
Hprse, cow Platelets 187
pig and sheep
Rabbit Aorta 189
Guinea pig Lung 188
Spleen 188
Human Neutrophil 196
Lymphocyte 208
Mouse Peritoneal macrophage 190
Rat Mast cell 191
Lung 180
Pig Polymorphonuclear leukocyte 200
15-Lipoxygenase Human Polymorphonuclear leukocyte 182, 195
Lung 192
Guinea pig Lung 209
Sheep Vesicular gland 193
Rabbit Polymorphonuclear leukocyte 211
Reticulocyte 213

pathway from arachidonic acid towards formation of several trihydroxy fatty acids
[178,179,180] and leukotrienes [181]. 15-Lipoxygenase produces another group of
leukotrienes [182] while an 11-lipoxygenase may open the way to the synthesis of
tetrahydrofuranyl and tetrahydropyranyl compounds [183,184]. Most of these lip-
oxygenases have still to be purified, and little is known about their properties. Table
3 lists various mammalian lipoxygenases whose occurrence has been proved by the
isolation of the enzyme or implicated by the isolation of arachidonic acid derivatives

hydroxylated at the appropriate position.
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(a) 12-Lipoxygenase

The occurrence of 12-lipoxygenase was shown during the synthesis of TXA, [185].
The enzyme activity is found in the high speed supernatant of broken platelets of
various animals (horse, cow, sheep, pig and man), and a partially purified enzyme
produces a hydroperoxy acid [187]. Stereochemically labeled arachidonic acid has
been used to show that elimination of the “L” hydrogen from C-10 may be the
initial reaction in the formation of 12-hydroperoxy eicosatetraenoic acid {197]. A
similar enzyme is found in the particulate fraction of human platelets [186]. The
enzyme of human platelet cytosol can be partially purified. Two separate lipo-
xygenase activities are detected upon gel filtration and ion-exchange chromatog-
raphy. One of the two fractions (molecular weight 100000) has little or no per-
oxidase activity producing predominantly 12-hydroperoxy-eicosatetraenoic acid. The
other fraction (molecular weight 160000) contains both 12-lipoxygenase and per-
oxidase activities and may be a functional complex of the two enzymes thereby
producing 12-hydroxy acid [198]. Another 12-lipoxygenase is found in the cytosol of
porcine polymorphonuclear leukocytes and can be partially purified to a
peroxidase-free preparation. In addition to arachidonic acid the enzyme is active
with 5-hydroxy-6.8,11,14-eicosatetraencic acid (a S-lipoxygenase product from
arachidonic acid) producing 58,12S-dihydroxy-(E, Z, E, Z)-6,8,10,14-¢eicosa-
tetraenoic acid {199,200].

(b) 5-Lipoxygenase

The occurrence of 5-lipoxygenase was implicated from the isolation of 5-hydroxy-
6,8,11,14-eicosatetraenoic acid produced from arachidonic acid by rabbit polymor-
phonuclear leukocytes [194). The enzyme is now known to initiate the biosynthetic
pathway of some leukotrienes, and is considered to occur in various leukotriene-
synthesizing tissues: rabbit peritoneal polymorphonuclear leukocytes [194], murine
mastocytoma cells [201], human polymorphonuclear leukocytes [202], rat peritoneal
mononuclear cells [203,204], rat basophilic leukemia cells [205,206], and horse
eosinophils [207]. The 10000 X g supernatant of rat basophilic leukemia cells pro-
duces 5-hydroxy arachidonic acid, and the reaction requires the presence of calcium
ion and glutathione [206]. The 100000 X g supernatant of guinea pig peritoneal
polymorphonuclear leukocytes contains a 5-lipoxygenase, which also requires calcium
ion and produces 5-hydroperoxy acid in the absence of glutathione [199].

(¢} 15-Lipoxygenase

This enzyme is found in the cytosol of rabbit peritoneal polymorphonuclear leuko-
cytes and can be purified about 250-fold. The reaction product from arachidonic
acid is 15-hydroperoxy-5,8,11,13-eicosatetraenoic acid which undergoes non-en-
zymatic degradation to 15-hydroxy-, 15-keto-, 13-hydroxy-14,15-epoxy- and
11,14,15-trthydroxy derivatives [211].
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{d) Reticulocyte lipoxygenase

A unique lipoxygenase was isolated and purified from rabbit reticulocytes [212]. The
purified enzyme with a molecular weight of 78000 contains two moles of iron per
enzyme molecule. The enzyme is identical with the previously known protein factors
which inhibit the respiratory chain. The purified lipoxygenase causes a loss of
acid-labile sulfur from mitochondrial electron transfer particles and acts preferably
on the mitochondrial membrane. The enzyme is considered to work in the lysis of
mitochondria during the maturation of erythrocytes. The major product from
arachidonic acid is 15S-hydroperoxy-5,8,11,13-eicosatetraenoic acid, although the
12S-hydroperoxy derivative is produced as a minor product [213].

(e) PG production by soybean lipoxygenase

Lipoxygenase-2, an 1sozyme distinct from the well-known soybean 15-lipoxygenase
(lipoxygenase-1), transforms arachidonic acid into a product which is reduced to
PGF,, by dithionite reduction and is presumed to be PGG, [214].

6. Cytochrome P-450

Arachidonic acid is oxygenated by either of two types of cytochrome P-450, and the
reaction is dependent on the presence of NADPH, oxygen and NADPH-cytochrome
P-450 reductase. The product profile is unique for the type of cytochrome P-450, the
result suggesting an enzyme-directed oxygenation of a specific site of arachidonic
acid [215]. Among the products by rat liver microsomes are 9-, 11-, 12- and
15-monohydroxy derivatives of arachidonic acid [216]. Compounds known to inhibit
cytochrome P-450 reduce the amount of the oxygenated products. The stoichiomet-
ric utilization of NADPH and oxygen conforms to a monooxygenase reaction [217].
In addition to the monohydroxy acids, four types of epoxy acids are produced;
5,6-epoxy-8,11,14-, 8.9-epoxy-5,11,14-, 11,12-epoxy-5,8,14- and 14,15-epoxy-5.8,11-
eicosatrienoic acids [218]. Rabbit liver microsomes also catalyze oxygenation of
arachidonic acid. The reaction requires NADPH and oxygen, and is inhibited by
carbon monoxide. The products identified are 14,15- and 11,12-dihydroxy-
eicosatrienoic acids [219]. Furthermore, four epoxide derivatives are found;
5(6)oxido-8,11,14-, 8(9)oxido-5,11,14-, 11(12)oxido-5,8,14- and 14(15)oxido-5,8,11-
eicosatrienoic acids. These compounds are converted to the corresponding vic-diols
by the action of epoxide hydrolase. In contrast to the lipoxygenase pathway
described above in which the hydroperoxide product is transformed to an epoxide
and further to a diol, the hepatic microsomal system may monooxygenate arachidonic
acid directly to epoxy derivatives. These epoxides may be rapidly hydrolyzed by
epoxide hydrolase to vic-diols [220].
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CHAPTER 6

Inhibitors and activators
of prostaglandin biosynthesis

WILLIAM E.M. LANDS and ARTHUR M. HANEL

Department of Biological Chemistry, University of Illinois at Chicago, Chicago, IL
60612, U.S.A.

1. Introduction

The enzyme reaction which converts polyunsaturated fatty acids to prostaglandins is
a complex polyatomic reaction. It inserts two moles of oxygen into the polyun-
saturated fatty acid to give five new chiral centers with no definite recognized
reaction intermediate. The insertion of the 4 oxygen atoms by the cyclooxygenase
activity requires no additional cosubstrates, and is achieved by a bis-dioxygenation
process in which both oxygen-oxygen bonds are kept intact [1]. The resultant
endoperoxide hydroperoxy derivative, PGG, is readily reduced by peroxidase activ-
ity to the endoperoxide hydroxy derivative, PGH. Both the cyclooxygenase and the
peroxidase activities appear to be catalyzed by the same purified protein which is
named prostaglandin H synthase. The enzyme has been purified to homogeneity
[2,3,4] and it appears to be similar in many tissues of many different species.
Cyclooxygenase activity has attracted much interest since the time that it was
recognized to be the site of action for non-steroidal antiinflammatory agents such as
aspirin and other aspirin-like drugs {S]. It is the cyclooxygenase activity which
appears to be responsible for the wide range of pathophysiologic events that are now
recognized to be due to excessive prostaglandin generation. Exposure of the enzyme
to some antiinflammatory agents can completely inactivate the cyclooxygenase
activity while leaving peroxidase activity relatively unaffected {3,4]. Developing a
rationale for how the wide variety of different pharmaceutical agents exert their
effect requires some detailed understanding of the mechanism whereby cyclo-
oxygenase action occurs. The following sections are intended to examine several
aspects of activation of cyclooxygenase action for use in the subsequent interpreta-
tions of the action of the inhibitors.

The formation of prostaglandins from polyunsaturated fatty acids appears to be a
lipid hydroperoxide-initiated free radical chain reaction in which positive feedback
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Fig. 1. Proposed mechanisms for prostaglandin H synthase. The holoenzyme catalyzes both the cyclo-
oxygenase reaction (at the right) and the peroxidase reaction (at the left).

aspects of product activation are countered with negative feedback features of
self-catalyzed inactivation [6]. These complex features make traditional kinetic
analyses somewhat oversimplified and inadequate. As a result, attempts to interpret
the mechanism of a given inhibition or activation of cyclooxygenase activity have
sometimes produced disconcerting paradoxes. Fig. | helps interpret the site of action
of the activators and inhibitors to be discussed. Reaction steps 1-6 represent steps
related to the cyclooxygenase activity and steps a—d represent those catalyzed by the
peroxidase activity. The likelihood of paradoxical situations being generated is
evident in the relationship whereby the product of reaction 5 can be the activator for
reaction 1 and yet it is destroyed in the process of reaction b. Thus, we recognize
that the PGH synthase has the ability to generate and to destroy lipid peroxides that
are necessary for its own activity.

The design and conduct of experimental protocols which can elaborate on these
mechanistic features represent a difficult challenge encountered by laboratories
around the world. When the cyclooxygenase reaction is initiated in the presence of
small amounts of lipid hydroperoxide, the overall consumption of oxygen proceeds
at a rapidly accelerating rate as reaction 5 generates more activating lipid hydroper-
oxide. The oxygenation reaction reaches an optimum velocity value and then
deccelerates as a result of the self-catalyzed inactivation (indicated as step 6) until
finally no further oxygenation occurs. Many kinetic details are not apparent when
investigators only isolate the products that have accumulated within 60 or 120
seconds. As a result, some mechanistic features of activation and inhibition are not
adequately treated in many reports although general overall phenomena are repro-
ducibly observed by most investigators. The following discussion of activators
involves three different types of factors that enhance prostaglandin production;
heme, peroxidase cosubstrates and lipid hydroperoxide. These three activators act in
concert with the enzymic protein and the two substrates, oxygen and fatty acid, to
form prostaglandins. All are essential except the peroxidase cosubstrates, which are
probably abundant in vivo and which appear to be stimulatory only in certain
conditions in vitro. It seems likely that the major physiologic aspects of controlling
prostaglandin biosynthesis in tissues are the regulation of the availability of both the
substrate fatty acid and the activator hydroperoxide.
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2. Activators of prostaglandin biosynthesis
(a) Heme

Heme is an essential component of fully active cyclooxygenase [2,3,4]. It binds
tightly to the apoenzyme [2,6,7] but can be removed during purification procedures,
especially in the presence of detergents [7]. Binding of heme to PGH synthase has no
definite stoichiometry, and catalytically inactive heme was bound in amounts up to 4
moles per 70000 daltons [2,8] when excess heme was present. This was 5 to 10 times
that which was actually needed for full catalytic action [6,8]. Crude acetone powder
preparations of sheep seminal vesicles contain both apo (heme-free) and holo
(heme-containing) forms of the enzyme, and they exhibit a time-dependent increase
in total activity while standing in buffered systems that contain a stabilizing agent
such as phenol [9,10]. This progressive increase in enzyme activity has been attri-
buted to a slow transfer of heme from other microsomal proteins to the apocyclo-
oxygenase [11]. The purified apoenzyme that is free from other competing proteins is
activated immediately by added hematin. The slow activation noted with acetone
powders [9] raises the question of whether heme supply could be limiting pros-
taglandin formation in vivo. The answer will require knowing the intracellular
location of the cyclooxygenase in various tissues and the amount of heme available
at those loci. The primary site for the enzyme in the endoplasmic reticulum {12] has
an abundance of heme that makes it less hikely that heme availability is generally
limiting the biosynthesis of prostaglandins in most tissues. Nevertheless, specialized
cells that synthesize only limited amounts of heme may be limited in a full
expression of their apoenzyme potential because of competition for heme among the
various hemeproteins.

An interesting feature of the mangano-protoporphyrin analog of PGH synthase is
its ability to perform cyclooxygenase reactions while providing no measurable
peroxidase activity [13]). This finding has allowed study of the cyclooxygenase
activity separate from that of the peroxidase [14] whereas both activities occur
simultaneously when the enzyme is assisted by Fe protoporphyrin.

(b) Peroxidase cosubstrates

Peroxidase cosubstrates, particularly phenolic agents, have been reported to increase
the synthesis of prostaglandins in vitro [9,15,16]. This activation of cyclooxygenase
action generally increases the optimal rate of biosynthesis in vitro several fold,
thereby providing larger yields of prostaglandins in the same period of time. The
customary explanation of the stimulation of horseradish peroxidase by reducing
agents [17] seems appropriate also for the prostaglandin peroxidase activity, and it
helps interpret the manner in which stimulating prostaglandin peroxidase action can
aid cyclooxygenase action. Peroxidase action cleaves peroxide bonds while forming
metastable oxidized forms of the enzyme noted as “compound I” and “compound
I1”. The hypothesis is that the reducing agents serve as peroxidase cosubstrates to
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speed the return of intermediate oxidized heme forms of the enzyme back to the
initial state (reactions C and D, Fig. 1). These steps restore the enzyme to forms that
can then participate in the cyclooxygenase process. Support for this concept derives
from the finding that the oxygenation catalyzed by the mangano-protoporphyrin
form of the enzyme (which has no peroxidase activity) was not stimulated by the
peroxidase cosubstrate [6]. Also, when peroxidase activity of the ferriprotoporphyrin
enzyme is blocked by cyanide, added phenol no longer stimulates cyclooxygenase
activity [6].

Phenolic agents which activate cyclooxygenase activity often manifest a stimula-
tion at low concentrations and an inhibition at high concentrations [6]. This biphasic
response creates a paradoxical situation since the same agent may cause either
stimulation or inhibition depending upon its concentration or upon the environment
of the cyclooxygenase. Phenolic agents vary in their relative tendencies to activate
and inhibit [16,18], and some have proved useful in modifying pathophysiologic
conditions associated with the overproduction of prostaglandins. This section is
directed to activators of prostaglandin synthesis, and the inhibitory action of
phenolic agents such as Tylenol and MK-447 will be reviewed after examining the
role of hydroperoxide activators. The inhibitory action of phenolic agents is particu-
larly dependent upon the availability of hydroperoxide activator which is discussed
in the following section.

(¢) Lipid hydroperoxides

Lipid hydroperoxides serve as essential activators of both of the known purified
fatty acid oxygenases: soybean lipoxygenase [19] and cyclooxygenase [20,21]. A wide
variety of hydroperoxides can facilitate prostaglandin biosynthesis [22], and the
demonstrated effectiveness of the generated intermediate hydroperoxide, PGG,
provides an explanation for the rapid initial acceleration noted in some experimental
conditions [23]. The observed cessation of the fatty acid oxygenation reaction by
removal of hydroperoxide indicates a need for the continued presence of this
activator even after the reaction has been initiated. When PGG was added to slowly
accelerating systems it eliminated the lags whereas the hydroxyl analog, PGH, had
no effect [24]. The fact that acceleration was observed during fatty acid oxygenation
was important kinetic evidence for the enzymatic generation of an essential activator
of the overall oxygenation reaction with both lipoxygenase and cyclooxygenase.
Removal of hydroperoxides by added glutathione peroxidase can slow their accumu-
lation rate and increase the time required for the enzyme system to reach an
optimum velocity of oxygenation. Such lag times can become more pronounced for
the cyclooxygenase in the presence of phenolic agents (see Fig. 5 in ref. 6) which
appear to terminate radical intermediates of the cyclooxygenase-catalyzed reaction
and thereby greatly decrease the rate of hydroperoxide generation relative to
hydroperoxide destruction.

The ability of PGH synthase to effectively catalyze oxygenation while simulta-
neously removing much of the hydroperoxide activator by peroxidatic action indi-
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cates that the oxygenation reaction has a greater affinity than the peroxidase for
hydroperoxide. This is further supported by the fact that glutathione peroxidase
alone does not appreciably inhibit the PGH synthase but is inhibitory only when an
additional inhibitor (such as phenol or cyanide) is present to synergistically slow the
rate of accumulation of activator. Overall, the results indicate that about 10°% M
hydroperoxide can trigger the oxygenation catalyzed by PGH synthase [25]. Since
this amount represents 0.01% of the polyunsaturated fatty acid in a 10~ * M solution,
it is easy to understand how most experiments contain enough hydroperoxide so that
the requirement is not observed with in vitro protocols. Nevertheless, cells of most
tissues normally contain appreciable amounts of peroxidase activity and essentially
undetectable amounts of hydroperoxides. Thus, in vivo, the supply of these activa-
tors tends to be low so that very small increases in their content could have a major
activating action on cellular cyclooxygenase activity in the presence of substrate
fatty acid.

3. Inhibitors of prostaglandin biosynthesis

(a) General aspects

There are four important components involved in the PGH synthase reaction:
enzyme, two substrates and activator. An agent which interferes with the availability
or functioning of any of these components would necessarily inhibit the oxygenation
reaction to some degree. Thus, for this discussion, we have divided the inhibitors
into four types depending on whether they interfere with: enzyme availability; fatty
acid availability; oxygen availability; or hydroperoxide availability.

.. Enzyme availability

The question of the availability of active enzyme includes the availability of the
protein portion, or apoenzyme, as well as the availability of the heme cofactor that
binds to the protein. At the present time, there are no major recognized selective
therapeutic inhibitors of protein synthesis, nor are there recognized selective ther-
apeutic tactics which interfere with the binding of the iron protoporphyrin to the
apoenzyme. Both the process of protein synthesis and of heme-protein interaction
are so general as to make it unlikely that effective therapeutic agents would be
available to selectively inhibit only the cyclooxygenase-related processes. A report of
the presence in plasma of an endogenous inhibitor of the prostaglandin H synthase
noted that it was located in the haptoglobin fraction [26]. Its mode of action and
physiologic importance is not clear, but it may be altering enzyme or heme
availability. Recent reports indicate that cyclooxygenase activity can be induced in
mastocytoma cells by sodium butyrate [27,28]. This inducible nature of the enzyme
opens the possibility that selective inhibition of the induction could be examined in
these cells, but no clear evidence for a selective inhibitor or inducer is available at

the present time.
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One technique in altering the availability of the active enzyme at a tissue site is
the irreversible inactivation [9] by certain antiinflammatory agents which bind at the
substrate site and irreversibly inactivate the enzyme. Restoration of activity pre-
sumably requires synthesis of new catalytically active protein within the cell. This
type of enzyme loss when applied selectively to platelets relative to vascular
endothelial cells may have benefits in antithrombotic preventive therapy [29)].

One important mechanism of limiting the availability of active holoenzyme in a
tissue is prevention of the appearance of cells that contain large amounts of active
cyclooxygenase. Thus, a number of antiinflammatory agents which limit the total
amount of hydroperoxide synthesized in a tissue prevent the migration to the
inflammatory site of cells which contain appreciable amounts of cyclooxygenase
activity [30]. This inhibition of migration could be achieved by several methods,
including blocking the cellular chemotactic receptors or blocking synthesis of the
chemotactic agents. Such indirect modes of limiting prostaglandin biosynthesis need
to be evaluated when comparing observed in vivo inhibitions of hydroperoxide
biosynthesis with results obtained in vitro.

ii. Fatty acid availability

Evaluation of fatty acid availability can be divided into two aspects: the availability
of the non-esterified fatty acid in the immediate microenvironment of the cyclo-
oxygenase, and the effective binding of that fatty acid at the active site of the
cyclooxygenase. The local availability is regulated predominantly by the nutritional
supply of the acid to the cell and by the activity of acylhydrolases and
acyltransferases. Some cellular acylhydrolase activity appears to be suppressed by a
polypeptide which is formed in greater amounts when induced by antiinflammatory
steroids [31]. This seems to be a major mechanism by which steroids lower the
amount of substrate available to the cyclooxygenase. The effectiveness of substrate
acid binding to the cyclooxygenase active site can be diminished by a variety of
physiologic and pharmacologic competitive agents discussed below.

Prostagiandins are synthesized from an essential polyunsaturated fatty acid which
cannot be synthesized de novo in mammalian tissues. As a result, the dietary supply
of polyunsaturated acid is an important modulating factor in making the ap-
propriate substrate available to the enzyme. The two major types of polyunsaturated
fatty acids in mammals are derived from linoleic acid (the (n-6) type) and linolenic
acid (the (n-3) type). Arachidonic acid (20 : 4n-6), derived from linoleic acid (18 : 2n-
6), is the most common twenty-carbon polyunsaturated fatty acid in human tissues.
It is an essential fatty acid in mammals, and it is a major mediator of pathophysio-
logic events as it is converted to the dienoic prostaglandins and thromboxanes and
the tetraenoic leukotrienes [32,33]. Our daily diet usually contains appreciable
amounts of grain and cereal products rich in the n-6 fatty acids, and human
deficiencies of the n-6 acids are not common.

Eicosapentaenoic acid (20:5n-3) which is of the linolenic (n-3) family has
attracted much attention recently. This fatty acid is particularly abundant in marine
organisms and constitutes a major polyunsaturated fatty acid in the diet of individu-



209

als in coastal fishing villages [34]. It is incorporated into tissue lipids in a manner
like arachidonate, competing for esterification at the 2-position of the phospho-
glycerides. The incidence of myocardial infarction in Greenland Eskimos [35]
appears to be a manifestation of the inhibition of prostaglandin synthesis [36] by the
long-chain polyunsaturated acids of the linolenic series (20:5n-3, 22:5n-3 and
22:6n-3). Although cyclooxygenase activity can convert eicosapentaenoic acid to
triene prostaglandins in vitro [37,38,39], considerable evidence shows that abnorm-
ally high peroxide levels are necessary to activate reaction with this acid [25,40].
Thus, under conditions of low peroxide concentrations more closely resembling the
physiologic levels in tissues, we find that polyunsaturated acids of the linolenic type
(n-3) are unable to be oxygenated by cyclooxygenase activity, and therefore, they
serve principally as competitive substrate analogues which block the synthesis of
prostaglandins from arachidonate. The fatty acids with longer chain length and
greater number of double bonds are most effective in competing for binding [36].
Presumably the reduced incidence of thrombosis in Eskimos is due to competition
by the n-3 fatty acids at the active site of cyclooxygenase within blood platelets.
Competitive inhibition by the linolenic type of polyunsaturated acid [36] appears to
be a more significant mechanism of inhibition of prostaglandin formation than the
proposed role of the linolenic type in serving as precursor for trienoic prostaglandins
[39].

1. Oxygen availability

Although two moles of oxygen combine with arachidonate in forming PGG, at the
catalytic site, there is no clear evidence for oxygen binding to the enzyme or for it
being blocked by analogs such as carbon monoxide [6,41]. Cyanide can inhibit
cyclooxygenase activity when present at high concentrations, but such levels are
much higher than that needed to inhibit other heme proteins. Estimation of the
affinity for oxygen indicated that the cyclooxygenase activity was essentially saturated
with oxygen above 10 uM O, [42]. This value is similar to that reported for
cytochrome oxidase [43). Thus, at all levels of oxygen availability that permit cell
respiration, prostaglandin biosynthesis can be expected to function. Oxygen availa-
bility in tissue may become limiting in regions 50 u from the capillary or among
vigorously respiring cells. In those conditions, the oxygen availability may also limit
prostaglandin biosynthesis.

iv. Hydroperoxide availability

The essential role of hydroperoxides in promoting prostaglandin biosynthesis has
been generally overlooked, and few reports explicitly describe the ways by which
peroxides may become more or less available to the cyclooxygenases. In the same
manner that more cyclooxygenase activity i1s made available, the recruitment of
peroxide forming cells to a site can elevate lipid hydroperoxides. These cells are
stimulated to produce peroxides by a variety of conditions [44,45]. Factors that limit
either the recruitment or the stimulation of these cells could limit prostaglandin

formation.
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A second method for maintaining low levels of lipid hydroperoxide activator is
prevention of its synthesis. Lipid hydroperoxides are formed in phagocytic cells as a
result of the attack of reactive oxygen products on saturated fatty acids [46], and
they are also formed by lipoxygenases [47]. In an inflamed lesion, phagocytosing
leukocytes have an accelerated generation of superoxide anions as a consequence of
their increased NAD(P)H oxidase activity [48]. The hydrogen peroxide and super-
oxide anion formed by various oxidases [49] can lead to the formation of more
reactive oxygen species which, in turn, initiate lipid peroxidation, thus making these
cells a potential source for the activator lipid hydroperoxide. Superoxide dismutase,
catalase and radical scavengers may act to limit the formation of lipid hydroper-
oxides [49], and antioxidants such as vitamin E (tocopherol) [50] may also be
important in this regard. Hydroxyl radical scavengers such as mannitol and benzoate
[51] have also been reported to limit lipid hydroperoxide formation in vitro.
Likewise, B-carotene [52] and furan derivatives [53] can limit the formation of lipid
hydroperoxides.

Lipid hydroperoxides are also produced enzymatically by lipoxygenase activity.
Preparations of purified [54] or semi-purified lipoxygenase [47] allowed isolation of
the hydroperoxy acid. However, most reports of tissue lipoxygenase action describe
only the production of hydroxy acids by intact cell or crude homogenates [55-59)]
that rapidly reduce the hydroperoxy acid to the hydroxy acid [47]. Cook and Lands
[21] have suggested that there is continuous physiological control by cytosolic
factors, glutathione and glutathione peroxidase, which rapidly destroy the lipid
hydroperoxide activator.

Glutathione peroxidase is the primary mechanism in cells for lipid hydroperoxide
removal [60]. Glutathione peroxidase activity is a function of the level of enzyme,
which may be induced by prolonged exposure to increased lipid hydroperoxide levels
[61], and a function of the level of reduced glutathione, which is a cosubstrate in the
reduction of the lipid hydroperoxide. Glutathione peroxidase activity requires
selenium, and a dietary deficiency in this metal can increase the tendency of tissues
to form peroxides. Though manipulation to enhance glutathione peroxidase activity
seems unlikely in the near future, therapeutic advances in limiting lipid hydroper-
oxide abundance by using radical scavengers and antioxidants may prove fruitful.

(b) Mechanisms of inhibitor action

i. Competitive substrate analogs

All long chain fatty acids have some ability to mimic arachidonate and bind at the
substrate site of prostaglandin H synthase. Thus, competitive inhibition has been
described by several laboratories [62,63,64] with stronger binding and inhibition
occurring for the more highly unsaturated acids [36,65]. The conjugated analogs
(5,8,12,14- and 8,12,14-) are stronger inhibitors than the natural non-conjugated
forms [63]. As noted in the general comments above on fatty acid availability, the
esterification and release of various dietary acids can affect the binding of
arachidonate to the catalytic site. This may give physiologic suppression of pros-
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taglandin formation as suggested by model studies with animals [66,67] and the low
incidence of heart attacks in Eskimos [68].

Some aromatic acids are also capable of selective, competitive interaction at the
substrate site. These arylacetic and 2-phenylpropionic analogs are members of a
large set of non-steroidal anti-inflammatory agents now recognized as anti-cyclo-
oxygenase agents. The two most widely used agents, aspirin and indomethacin, bind
competitively at the substrate site [10,69] and additionally cause irreversible inactiva-
tion of cyclooxygenase activity (see Section 11 below). Many other agents of the
arylacetic acid type exhibit a reversible, competitive inhibition of the cyclooxygenase
activity. In cases where there is an asymmetric center next to the carboxyl group, the
more active stereoisomer tends to have the S-configuration [70]. The chiral influence
is variable with a 6-fold preference for dextrorotatory pirprofen and a 130-fold one
for dextrorotatory naproxen [71]. The reversible binding of these agents provided
classical competitive Lineweaver-Burk plots [72-75] although some reports noted
linearity only at substrate concentrations above 60-100 uM [72,73]. Non-linear
features below 50 pM indicated a greater degree of inhibition than expected for a
classical Michaelis kinetic formulation [72,73]. This effect at low substrate levels is
predicted by the complex enzyme mechanism reflecting the need for the cyclo-
oxygenase to generate its own activating hydroperoxide when it is not provided
exogenously (see section 3¢ below). Reviews of the optimal structural characteristics
(e.g. refs. 76, 77) emphasized a biplanar array for the substrate site following earlier
suggestions of Shen [78]. Recent computer-assisted modelling studies [79] led Shen to
reaffirm some of the prior concepts while emphasizing a probable carboxyl binding
locus below the plane of the “ring binding region”. Another computer study
produced a different concept: that the inhibitors may relate closer to the geometry of
the peroxyradical [80] that forms during the reaction. Such heuristic examinations of
structure activity relationships may develop clearer alternatives for the dimensions of
the hypothetical complementary active site.

Acetylenic fatty acids are substrate analogs which provide unusual insight into the
interaction of fatty acids with the cyclooxygenase active site. They exhibit both
competitive and non-competitive aspects. All of the 18- and 20-carbon acetylenic
acids examined [81,10] exhibited a reversible interaction at the active site competitive
with arachidonate (K, = 2 to 20 uM).

The tetrayne analog of arachidonate irreversibly inhibited prostaglandin forma-
tion [82] and a 9,12-diynoic analog of linoleate was effective against both cyclo-
oxygenase and lipoxygenase activity [83]. In the latter study, no other positional
isomers of the diynoic acids and none of the 15 isomers of octadecanoic acid were
reported to be effective [83]. In a detailed reexamination of the inhibitory character-
istics of the monoynoic substrate analogs, a time-dependent, irreversibie inactivation
of the cyclooxygenase activity was found for only two isomers: the 10- and
13-octadecynoic acids [81].

The first order rate constants for the irreversible inactivation by various acetylenic
analogs ranged from 0.08 to 0.26 min~' [81], and the affinity for the active site was
comparable to that of arachidonate (K, = 5 pM). The acetylenic analogs could still
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inactivate the cyclooxygenase activity when glutathione peroxidase was added to
remove peroxides [10]. However, when the enzyme-phenol complex was formed, the
irreversible inactivation did not occur in the presence of glutathione peroxidase. This
result is analogous to that for substrate-mediated inactivation in that the enzyme-
phenol complex (Ea, ref. 20) does not sustain the self-inactivating cyclooxygenase
reaction in the presence of glutathione peroxidase [20]. The ability of catalase to
prevent the time-dependent inactivation by the acetylene acids suggests that H,0,
may serve in the generation of a transient intermediate radical that destroys the
catalytic site [84]. Apparently, certain acetylenic isomers react in part as a substrate
even though there is no measurable consumption of oxygen. Perhaps these positional
isomers form a metastable intermediate of oxygen with the acetylenic bond that
leads to destructive side reactions which inactivate the catalytic site rather than
providing oxygen consumption and continued turnover at the catalytic site. The high
selectivity of this event indicates a strict orientational arrangement with the radical
generating part of the catalytic site and certain positions of the acyl chain.

ii. Irreversible time-dependent agents
Soon after the action of antiinflammatory agents upon cyclooxygenase activity was
recognized [5], we observed that indomethacin [9,10] and aspirin [10] caused a
progressive, irreversible inhibition when left in contact with the enzyme. These
agents also compete with arachidonate for the cyclooxygenase substrate site, but
their binding constants are not exceptionally strong [10,69]. Their inhibitory potency
appeared more dependent upon their rate of inactivation (k) and the length of
exposure (1) than upon their binding affinity (K,) for the active site [69]. The
effectiveness of these relatively weak binding agents creates a paradox in comparing
the time-dependent, concentration-dependent, irreversible loss of activity to the
inhibition by simpler competitive binding agents. Many reports of inhibitors of
prostaglandin biosynthesis are based upon the amount of product accumulated over
a period of time (often 2 to 20 min) rather than upon the rate of enzyme action.
Since the enzyme is exposed to the agent throughout that period of time, and in
many cases for a period of time prior to adding substrate, a lower amount of product
accumulated may be due not only to competitive binding, but also to an irreversible
loss of enzyme. The apparent K, value obtained in such assays can be appreciably
lower than that due to the actual affinity of the agent for the active site. Because of
the inactivation phenomenon, agents of similar binding affinity can have very
different effectiveness. As an example, 0.3 pM of the irreversible inactivator,
flurbiprofen, can rapidly become more inhibitory than 50 pM ibuprofen which has a
similar binding constant at the substrate site, but is fully reversible (ref. 69, Fig. 1).
Inactivation thus creates a paradoxical behaviour that is very dependent upon the
degree of exposure of the enzyme to drug prior to assaying the product formed.
Irreversible drugs like aspirin and indomethacin [9] are prevented from inactivat-
ing the cyclooxygenase in a competitive manner by o-phenanthroline [9,10], doco-
sahexaenoic acid [10] and arachidonic acid [64]. All of these compounds appear to
bind to the complementary active site for substrate described in 3b(i) above. Thus
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irreversible inactivation by indomethacin and aspirin can be prevented by any
reversible competitive inhibitor which binds to that hydrophobic site. Furthermore,
since the substrate, arachidonate, can bind more tightly than aspirin or indometha-
cin [64,69], little inhibition is observed when the drug is added to the enzyme at the
same time as substrate. On the other hand, a very brief exposure of the enzyme to
low levels of an irreversible agent prior to adding substrate will give extensive
inhibition of prostaglandin formation. Thus, a very low level of the irreversible agent
indomethacin (0.16 pM) with seminal vesicle microsomes for 2 minutes gave 53%
inhibition which was reduced to 24% in the presence of 330 pM of salicyclic acid
and prevented completely by 660 uM salicylate [85]. These results confirm the more
detailed results with o-phenanthroline blocking the irreversible action of in-
domethacin that were described earlier [10].

Although the 660 puM salicylate could effectively compete against the 0.16 pM
indomethacin (when the concentration of [I] was less than the K| value), it could not
appreciably inhibit at 110 pM arachidonate (when {S] was 10 to 20 times the K|
value). Similarly, the ability of 8 uM of the reversible inhibitor diflunesal to block
the irreversible action of 0.16 uM indomethacin is predictable since IC;,, considera-
tions (see Table 1) indicate that diflunesal was present at 3 to 8 times its K| value
whereas indomethacin was present at much lower amounts relative to its binding
constant. The assignment of an extremely low value (0.16 pM) for the apparent
“K,” of the irreversible agent, indomethacin, illustrates the paradoxical effect of
inadequate kinetic treatments. Thus the recent attribution of the antagonized inhibi-
tion that is described above to a putative supplementary site on the enzyme [85]
needs a careful reassessment.

Detailed structure-activity studies showed that small structural differences in the
agents determined whether or not they caused irreversible inactivation. Particularly
striking was the conversion of the free carboxylic acid to the methyl ester which gave
an agent that had a similar binding affinity [86], but appeared to be completely
devoid of ability to irreversibly inactivate the cyclooxygenase activity. The value of
the apparent inactivation constants (K’) for the acidic forms of the compounds
ranged from zero for ibuprofen and mefenamic acid to 0.0003, 0.04, 0.4 and 1.1 M~ !
min "' for aspirin, indomethacin, meclofenamate and flurbiprofen, respectively [86].

iii. Non-competitive radical trapping agents

The phenolic inhibitors which can serve as radical trapping agents provide a major
paradoxical effect; stimulating cyclooxygenase activity in conditions when relatively
high amounts of peroxide occur, and inhibiting when the amount of peroxide is
relatively low [6]. This biphasic character seems most likely due to the separate
actions of these agents in stimulating peroxidase activity (via CH action, Fig. 1) and
also inhibiting the cyclooxygenase activity (via AH action, Fig. 1). Thus, when
testing for stimulatory (coenzyme) activity, several dihydroxynapthalenes were ob-
served to be potent inhibitors [87]. The inhibition of cyclooxygenase exerted by
phenolic antioxidants was not correlated with either their general antioxidant
potency or with their ability to inhibit soybean lipoxygenase [88].
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Phenolic inhibitors and their general inhibitory actions were reviewed recently by
Dewhirst [18]. Their efficacy in numerous over-the-counter preparations may reflect
their ability to inhibit cyclooxygenase activity, and some stringent structural require-
ments indicate a probable direct interaction with the catalytic protein [18]. Several
irreversible phenolic inhibitors appeared to be equal to or more potent than
indomethacin in preventing platelet aggregation [18]. Alternatively, this result could
reflect a possible lack of irreversible action by indomethacin on cyclooxygenase
activity In platelets. In such a case, the apparent “K,” of indomethacin would
resemble the higher value of the “true” K,. The report [18] noted, however, that
longer preincubation times could give lower 1C;, (or K ) values for the irreversible
agent.

Xylenols and tricresol were effective in blocking prostaglandin formation by 3T3
fibroblasts in culture {89]. Inhibition of aggregation and prostaglandin formation
from arachidonate was also described, although the substituted phenols did not
block aggregation induced by PGG. Thus, the phenolic agents could inhibit
arachidonate oxidation without preventing the conversion of PGG to thromboxane.

A recent provocative interpretation of the role of PGG in inflammation [90]
suggested that PGG may act by forming a free radical (tentatively identified as a
hydroxyl radical). Support for the concept was based on the effective suppression of
inflammation by agents regarded to stimulate the peroxidase-catalyzed conversion of
PGG, to PGH,. Since studies showed that prostaglandin synthase activity in vitro
could be stimulated by phenol and MK-447, a paradox evolved from the observation
that both inhibitors and stimulators of the formation of prostaglandins can suppress
inflammatory responses. Resolution of the paradox may come from the fact that
phenolic agents do not stimulate when peroxide levels are low in vitro or when
prostaglandin peroxidase activity is absent [6]. This reflects again the biphasic effect
of agents that have both CH and AH activities (see Fig. 1). Emphasis on the CH
activity of some agents [90,91] omits consideration of the inhibitory action (AH) on
cyclooxygenase that can be expected with low hydroperoxide levels that do occur in
Vivo.

(¢) 1C;, concepts and concerns

Published evaluations of the effectiveness of inhibitors of prostaglandin biosynthesis
have produced varied quantitative values for a given compound. The preceding
sections on the mechanism of action of the enzyme with its activators and inhibitors
indicate some of the complex and apparently contradictory aspects of prostaglandin
biosynthesis that can occur. This section is designed to review some of the quantita-
tive relationships among the enzyme, substrates, activators and inhibitors that are
important in assessing fully the effectiveness of an inhibitor. In many cases, the level
of peroxides in in vitro assay systems exceed that necessary for full enzyme
activation (P> K, ) and no evidence for their requirement is observed. Thus, the
general kinetic formulation (I) for the early phases of oxygenase action [92] can be
represented in an abbreviated form (II), deleting terms dependent upon hydroper-
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oxide, P. This indicates that the customary Michaelis kinetic formulation can
represent the early phases of the oxygenase reaction when adequate hydroperoxide is
present,

- ki[E ]
’ KS I K? /I KS A L l
P+ =2+ +—T 1+ =+ 21+ =+ =+
S, K?) P—ky(P)| K S KP  K{ KK}
(I)
| e RS L
S K

An earlier review of these relationships provides more details [{86], and this section
focuses upon the way that the commonly reported dimension of 1C;, relates to the
molecular events.

i. Substrate related inhibitors

A classical competitive inhibitor binds reversibly to the enzyme at the substrate
binding site to form an EI complex with an inhibition constant, K, that is the
dissociation constant for the enzyme-inhibitor complex:

EJlI
E+ 1= EI K1=[ 1] (Scheme 1)

Equation I1, which is the classical relationship for a simple competitive system,
illustrates that at constant [S] and [I], the more potent inhibitor, producing a smaller
v, will have a smaller observed K. The K| values (dissociation constants) are useful
measures of affinity for competitive inhibitors, and they can be obtained easily in
the laboratory by recording reaction velocities at a number of inhibitor concentra-
tions at different levels of substrate. The fractional remaining uninhibited velocity
(v,/v) in a competitively inhibited system will be

_ [S] + K
8]+ Ko (1 + 1]/

v/ v (a)

In this case, the fractional uninhibited velocity depends upon the substrate
concentration, ranging from (a) at very high [S] to 1/(1 + {I]/K) at very low [S]
values. Thus, reported I1Cs, values for such an agent may vary appreciably although
the K| value is constant.

Non-competitive inhibitors presumably bind at a locus on the enzyme other than
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the substrate site to form the inactive EI and EIS.

k?
E i— S= IiS — E + Product (Scheme 2)
1 I
1 T
El EIS
K, =[E][1]/[E]] K =[ES][1]/[ESI]

k,[E] total

"+ Ky/[SHO + [11/K,) ()

When binding of either [I] or [S] does not affect the affinity for the other,
K;= K,, and equation (b) indicates that a lower velocity will be associated with a
small K, value. In this type of inhibition, the fractional uninhibited velocity will be
v./v=1/(1+[1}/K,), and the IC;, values should be constant and independent of
substrate concentration.

Table 1 lists the predicted ICs, values for an agent with a K| of 1 uM acting
either competitively or non-competitively on an enzyme system for which the
substrate has a K, value of 5 uM.

TABLE 1
The effect of assay conditions on 1Cs, values

Substrate Predicted ICs,, value (pM)
concentration (M) Competitive Non-Competitive
1 1.2 1
5 2.0 1
10 3.0 1
50 11.0 1
100 21.0 1
300 31.0 1

ii. Time-dependent (irreversible) inhibitors

Many of the inhibitors that react with cyclooxygenase in a time-dependent irreversi-
ble manner do so by reversibly forming an EI complex at the substrate site which
then leads irreversibly by a first-order process to an inactive form of the enzyme, E.
The overall scheme of such a competitive, time-dependent inhibitor is then:

ky
E+S=ES—E+P

ks
E+ [ =El - Ef
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In this example, there is a K| value for the binding of inhibitor, and the rate of
enzyme inactivation is d[EY]/dt = k[EI}, where k is the rate constant for the
inactivating event (reviewed in ref, 86).

_ ky[E] exp(—k[1]t/K ([S]/K, + [1]/K, + 1)) (©
o L+ K,(1+[11/K,)/[8]

This equation is similar to the rate equation for a classical competitive inhibitor
except for the exponential term that modifies the total amount of functional enzyme
at any given time. Two constants in equation (¢) define the time-dependent activity
of the inhibitor: K, and k. Like the classical competitive example above, the K,
represents the dissociation constant for the enzyme-inhibitor complex. Both ligands,
S and I, compete for the catalytic site, and the smaller the value of the K and K|,
the greater is the affinity of the enzyme for the substrate and inhibitor, respectively.
The rate constant for enzyme destruction, k, generally has dimensions of min~"' for
the first order process. A larger numerical value for the k indicates a faster
conversion of the EI complex to inert enzyme.

When experiments are performed to estimate either K or IC;, values, the results
will depend on the time, ¢, at which the velocity is observed as well as upon the
concentration of substrate. When ¢ is relatively small, the expression simplifies to
equation II, the classical formation. However, as it becomes larger, the velocity falls
significantly in a manner dependent upon k.I.7z. Many investigators have used an
averaged velocity based on the amount of product accumulated in one or two
minutes without regard for the widely varied velocities that occur during this time.
Such an approach simplifies the effort needed and accommodates a pragmatic
priority for the recognition of relatively effective drugs irrespective of mechanism.
The comparative 1C;, values obtained may show inconsistencies when applied to
interpretations of in vivo effectiveness (see also variable 1C;, values in Table 2).
Failure to account for irreversible inactivation of the enzyme makes uncertain some
interpretations (e.g. ref. 85).

Incubation of enzyme and inhibitor in the absence of substrate (often called
preincubation) provides a simpler system in which the apparent rate constant for
irreversible enzyme loss will be:

Ky, = (d)

This equation predicts higher values for the apparent destruction constant, k.
at higher concentrations of inhibitor. At very low levels of inhibitor ([I} < K) the
value for the k,, will vary directly with [I} in a manner similar to curves published
for indomethacin and aspirin [10]. In this case, the term k,,,/[1} which is subse-
quently defined as k&’ in this discussion will be approximately equal to k/K, in
magnitude and constant for different [I] values (see Fig. 2a).

Thus, the k&’ values reported for several recognized antiinflammatory agents had
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dimensions of min~! uM ' [42). These were obtained in studies that had small
amounts of irreversible inhibitor relative to that needed for binding ( K, value). The
inhibitory action followed the pattern illustrated in Fig. 2A. At levels of inhibitor
that are in the same concentration range as the K, both the k, ., and the k" values
will vary with [I] (Fig. 2B). At very high levels of inhibitor ([I]> K,) the values for
k ,pp from the graph will be nearly independent of [I} and approximately equal to &
(Fig. 2C) in a manner similar to curves reported for the acetylenic inhibitors [81]. In

that report, the k,,, values were conveniently expressed as min”~ L

ii. Peroxide antagonists

The phenolic radical trapping agents exhibit properties of both non-competitive and
competitive inhibition, yielding curvilinear double reciprocal plots that make “sim-
ple Michaelis-Menten” analysis unreliable. Thus, Vanderhoek and Lands [88] noted
that estimates of K, were difficult at times for the antioxidants tested because of
non-linear responses. A general kinetic formulation of fatty acid oxygenase action
that included terms for peroxide activation gave very close agreement with the actual
observed behavior of both soybean lipoxygenase [93] and sheep cyclooxygenase [23]
activities. That algebraic formulation used equilibrium binding affinities to describe
enzyme interactions with the substrate (K;) and the hydroperoxide (K,) in the
system. When this equation was used to evaluate the inhibition of cyclooxygenase by
acetamidophenol, it allowed assignment of K, values for 1.2 mM and 0.4 mM at the
substrate site and hydroperoxide activator site, respectively [23]. These K, values
provide pragmatic summaries of the interactions of enzyme with inhibitor, and in
this case, they direct attention to an apparently stronger interference of acetami-
dophenol with the hydroperoxide activator site. The graphical display of the
expected and observed relationship between substrate and inhibitor concentration
and reaction velocity showed that interference with hydroperoxide activation gave
curvilinear plots with a greater degree of inhibition than was expected for inter-
ference only with the substrate binding. Antagonists of the peroxide activation
caused increased lag times in the initial phase of the reaction reflecting the need for
greater amounts of peroxide to overcome the antagonism [23]. The IC;, values are
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Fig. 2. Kinetic patterns of cyclooxygenase activity loss by irreversible inactivators.
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thus very dependent upon the prevailing steady state level of hydroperoxide activa-
tor [92]. Thiol analogs of prostaglandins, resembling in part the activating hydroper-
oxide PGG, were reported to be reversible, noncompetitive (rather than competitive)
inhibitors [94]. These seem likely to be capable of serving as hydroperoxide
antagonists, and they could be expected to be increasingly effective at lower
surrounding concentrations of hydroperoxide activator.

(d) General data available

The preceding section illustrated how the three different types of inhibitory process
can produce 1C;, values that have different relationships to substrate and activator
levels. Thus, it is not surprising that the reported values of 1C,, for a given agent can
vary widely (see Table 2) in a way that partially reflects the different substrate
concentrations and assay conditions used. For example, IC, values of 0.7, 2, 6.3 and
15 pM were reported from different laboratories for mefenamic acid using substrate
concentrations of 1, 10, 100 and 330 uM respectively. Similarly in the case of
flufenamic acid, 1C;, values of 0.8, 3, 30 and 48 uM were separately reported using
substrate levels of 1, 10, 100 and 300 uM respectively. Such varied results illustrate
the shift in IC;, values expected for a competitive inhibition for these agents (see
Table 1). A more detailed kinetic analysis of mefenamic [69] gave a value of 1 uM

TABLE 2

Reported 1C5, values for anti-inflammatory agents

The values in this table represent the values (in p M) for the IC;, and the arachidonate concentration used
in the assay; the letter designates the reference indicated below. Thus, ‘204 /330 /d’ indicates that an 1Cg,
value of 204 pM was obtained when 330 uM archidonate were used as cited by Taylor and Salata [72].
Abbreviations indicate tissues for which the archidonate concentration was not specified: BSV, bovine
seminal vesicles; HRS, human rheumatoid synovium; cell, MC5-5 cell line.

Phenylbutazone7.2 /33 /a, 12.0 /cell /b, 150,10 /¢, 204 /330 /d, 420,330 /¢, 875,/100/1, 1400,/100,/g

Ibuprofen 3.8 /cell /b, 6 /1/h, 34.9/30/1, 1200,/330 /¢, 2000/100 /g

Naproxen 6.8 /cell /b, 32 /330 /d, 100,330/5, 220,330 /¢, 370,/100 /g

Tolmetin 5.4 /cell /b, 11.7/330/d

Ketoprofen 0.9 /cell /b, 9.0/30 /1

Niflumic acid 0.11/33/a,0.3/1 /h, 18 /100/k

Flufenamic 0.8/1/h,3/10/¢c,6/330/d,8.5/100/K, 30,/100/f, 48,/330/¢

Mefenamic 0.7/1/h,0.75/33/a,2/10 /¢, 4/330/d, 6.3 /100/k, 15 /330 /¢

Meclofenamic 0.1/33/a,0.6/1/h, 10/100/g

Flubiprofen  0.017/BSV/1,0.136 /150 /m, 0.17/HRS /1, 1.4 /cell /b

Indomethacin 0.36 /HRS /1, 0.6 /cell /1, b, h, 0.88 /3.3 /n, 1.4 /330 /a, 1.7/150/m, 2,/330 /e, c,
2.8/100/f, 7.0/330/j, 10,/330,/d, 17 /33 /a, 40,/100 /g, 43.3 /30 /1

Aspirin 2.3/330/4,37/33/a,60,/330/0,93/HRS /1, 110/cell /b, 120/3.3 /n, 476 /BSV /1, 600,10 /c.
820,330/¢, 1,100/1 /h, 1,600,100 /f, 4,400 /30 /1, 9,000,100 /g, 15.000,/330 /)

a-Flower et al. [96]; b-Carty et al. [97]; c-Ziel and Krupp [98]; d-Taylor and Salata [72]; e-Takeguchi and Sih
[99]; f-Horodniak et al. [100}; g-Flower et al. [101}; h-Cushman and Chueng [102]; i-Tachizawa et al. [103];
j-Tomlinson et al. [104]; k-Egan et al. {105]; 1-Crook et al. [106]; m-Nozu [107]; n-Gafni et al. [108];
o-Horodniak et al. [109].
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for the competitive inhibition constant, K;. This single value is consistent with the
various ICs, values reported from other laboratories. The value of this K| constant is
independent of varying substrate concentration, and it corresponds, for example, to
an 1C;, value of 2 uM when the substrate concentration in the assay is the K_ value
of 10 uM (see Table 1).

The relationship between reported IC;, values and substrate concentrations are
not as easily interpreted for the agents known to cause a time-dependent, irreversible
inactivation of the cyclooxygenase activity such as meclofenamic acid, flurbiprofen,
indomethacin and aspirin [69]. The IC;, values for these agents also reflect the
duration of exposure of enzyme to the inhibitor, and appreciable preincubation can
produce very low IC;, values. Thus, the apparent “effectiveness” of these agents is a
complex result of several factors that investigators may wish to avoid (for example,
see ref. 72). Nevertheless, 1C,,, values can cause considerable confusion in compari-
sons between different systems with different substrate and cofactor levels. Also,
neglect of irreversible inactivation in assessing inhibitors of cyclooxygenase activity
can make subsequent interpretations somewhat compromised. An example is the
report that IC,, values for fenaprofen varied from 1 to 100 uM with varied substrate
levels from 1 to 82 uM, and relatively invariant IC,; values occurred for in-
domethacin [95]. The assays were initiated by adding enzyme to substrate and
inhibitor, and products were isolated after 15 minutes of incubation. The competi-
tion of substrate and inhibitor for the cyclooxygenase active site during that time
provides complex kinetics not easily summarized in a single value such as an 1C,,.

4. Summary

The cyclooxygenase catalyzed formation of prostaglandin G, from arachidonic acid
appears to be a hydroperoxide initiated free radical chain reaction. Physiologic
suppression of this synthetic event is primarily achieved by suppressing the availabil-
ity of both the nonesterified substrate acid and the hydroperoxide activator.
Pharmacologic suppression of prostaglandin biosynthesis has been achieved: by
limiting the availability of the nonesterified substrate acid with antiinflammatory
steroids; by competitively interfering with hydrophobic analogs; by antagonizing the
action of hydroperoxide activators with antioxidant radical trapping agents; by
irreversibly inactivating the cyclooxygenase activity with specific acidic compounds.
The complexity of the activator and inhibitor interactions has often provided
paradoxical reports that require more complete consideration of the factors involved
to fully evaluate the mechanism of action and relative effectiveness of an agent.
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