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Prostacyclin: its biosynthesis, actions and clinical potential

By S. Moncapa anDp J. R. Vang, F.R.S.
Wellcome Research Laboratories, Langley Court, Beckenham, Kent BR3 3BS, U.K.

Prostacyclin (PGI,) is the product of arachidonic acid metabolism generated by the
vessel wall of all mammalian species studied, including man. Prostacyclin is a potent
vasodilator and the most potent inhibitor of platelet aggregation so far described.
Prostacyclin inhibits aggregation through stimulation of platelet adenyl cyclase lead-
ing to an increase in platelet cyclic AMP. In the vessel wall, the enzyme that syn-
thesizes prostacyclin is concentrated in the endothelial layer. Prostacyclin can also be
a circulating hormone released from the pulmonary circulation. Based on these
observations we proposed that platelet aggregability iz vivo is controlled via a prosta-
cyclin mechanism.

The discovery of prostacyclin has given a new insight into arachidonic acid metabol-
ism and has led to a new hypothesis about mechanisms of haemostasis. Reductions in
prostacyclin production in several diseases, including atherosclerosis and diabetes,
have been described and implicated in the pathophysiology of these diseases. Addition-
ally, since prostacyclin powerfully inhibits platelet aggregation and promotes their
disaggregation, this agent could have an important use in the therapy of conditions
in which increased platelet aggregation takes place and in which, perhaps, a prosta-
cyclin deficiency exists.

Prostacyclin has been used beneficially in humans during extracorporeal circulation
procedures such as cardiopulmonary bypass, charcoal haemoperfusion and haemo-
dialysis. Its possible use in other conditions such as peripheral vascular disease or
transplant surgery is at present being investigated.
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During 1975, Moncada and coworkers began to look for biosynthesis of thromboxane A,
(TXA,) by various tissues other than platelets. Vascular tissues did not generate TXA,, but
the cascade bioassay technique (Vane 1964) showed that microsomal fractions of blood vessels
converted the endoperoxide precursor enzymically into an unknown product that was labile
and relaxed the coeliac and mesenteric arteries of the rabbit (Moncada et al. 19764). They called
this substance PGX, and showed also that it inhibited platelet aggregation; in fact it was the
most potent inhibitor of platelet aggregation known, being 30-40 times more potent than PGE,
(Moncada & Vane 1978). In later work PGX was characterized further; it potently relaxed
coronary (Dusting et al. 1977a) as well as splanchnic vascular strips in vitro (Bunting et al.
1976), dilated vascular beds in vivo (Armstrong et al. 1977, 1978; Dusting et al. 1978¢) and had
strong antithrombotic activity in vivo (Higgs et al. 1977; Ubatuba et al. 1979). Furthermore, it was
the major metabolite of arachidonic acid in vascular tissues (Johnson et al. 1976; Salmon et al.

B

1978). PGX was the unstable intermediate in the formation of 6-oxo-PGF,,, a compound des-
cribed by Pace-Asciak (1976) as a product of prostaglandin (PG) endoperoxides in the rat
stomach. The work that led to the elucidation of the structure of PGX was carried out as a
collaborative effort between scientists from the Wellcome Research Laboratories and from the
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Upjohn Company (Johnson et al. 1976). PGX was then renamed prostacyclin with the abbrevia-
tion of PGI,. It has now been given the approved name of epoprostenol, but the trivial name of
prostacyclin will be used throughout this review.
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The discovery of prostacyclin, together with the isolation and characterization of the prosta-
glandin endoperoxides and TXA, which preceded it (Hamberg & Samuelsson 1973; Hamberg
et al. 1974, 1975; Nugteren & Hazelhof 1973), have added substantially to our understanding
of platelet — vessel wall interactions, and opened new lines of research in haemostasis and
thrombosis. Another consequence that is also gathering momentum is a better understanding
of the basis of some diseases. In this chapter we shall deal mainly with the way in which the
balance between aggregatory and anti-aggregatory metabolites of arachidonic acid affects the
processes of haemostasis and thrombosis. We shall discuss the regulation and pharmacological
manipulation of prostacyclin biosynthesis as well as disturbances in its biosynthesis in some
pathological conditions. The therapeutic potential of prostacyclin as an antithrombotic agent
will be addressed in the last section.

The ability of the vessel wall to synthesize prostacyclin is greatest at the intimal surface and
progressively decreases towards the adventitia (Moncada ef al. 1977). Cultures of cells from
vessel walls also show that endothelial cells are the most active producers of prostacyclin
(Maclntyre et al. 1978; Weksler et al. 1977b) ; moreover, this production persists after numerous
subcultures in vitro (Christofinis et al. 1979).

Initially it was demonstrated that vessel microsomes in the absence of cofactors could utilize
prostaglandin endoperoxides, but not arachidonic acid, to synthesize prostacyclin (Moncada
et al. 1976 a). Later it was shown that fresh vascular tissue could utilize both precursors, although
the endoperoxides were much better substrates (Bunting et al. 1976). Moreover, vessel micro-
somes, fresh vascular rings or endothelial cells treated with indomethacin could, when incubated
with platelets, generate a prostacyclin-like anti-aggregating activity (Bunting et al. 1976, 1977;
Gryglewski ef al. 1976). The release of this substance was inhibited by 15-hydroperoxyarachi-
donic acid (15-HPAA) and other fatty acid hydroperoxides known to be selective inhibitors
of prostacyclin formation (Gryglewski et al. 1976; Moncada et al. 19765; Salmon et al. 1978).
From all these data we concluded that the vessel wall can synthesize prostacyclin from its own
endogenous précursors, but also that it can utilize prostaglandin endoperoxides released by
the platelets, thus suggesting a biochemical cooperation between platelet and vessel wall
(Moncada & Vane 1978, 19795).

This hypothesis was challenged by Needleman et al. (1978), who demonstrated that while
arachidonic acid was rapidly converted to prostacyclin by perfused rabbit hearts and kidneys,
PGH, was not readily transformed. They concluded that some degree of vascular damage is
necessary for the endoperoxide to be utilized by prostacyclin synthetase. On the other hand,
incubation of platelet-rich plasma (p.r.p.) with fresh, indomethacin-treated arterial tissue leads
to an increase in platelet cyclic AMP (cAMP) (Best et al. 1977) that parallels the inhibition of
the aggregation and can be abolished by previous treatment of the vascular tissue with tranyl-
cypromine, a less active inhibitor of prostacyclin formation (Gryglewski ef al. 1976). Further-
more, Tansik et al. (1978) showed that lysed aortic smooth muscle cells could be supplied with
prostaglandin endoperoxides by lysed human platelets to form prostacyclin. Finally, un-
disturbed endothelial cell monolayers readily transform PGH, to prostacyclin (Marcus et al.
1978).

Needleman et al. (1979) and Hornstra et al. (1979), using vessel microsomes or fresh vascular
tissue, concluded that endoperoxides from platelets cannot be utilized by other cells under their
experimental conditions. However, more recently, Marcus et al. (1979; see also Marcus et al.,
this symposium) showed that feeding of endoperoxides to endothelial cells suspended in p.r.p.
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takes place in vitro, but only when the platelet number is around normal blood levels. Too high
a platelet concentration induces a platelet-platelet interaction that limits the platelet — endo-
thelial cell reaction. It should be stressed, however, that the possibility of platelet-released
endoperoxides being utilized by endothelial cells has not yet been tested in vivo. Adherence of
the platelet to the vessel wall could well provide the proximity that would be needed for such
‘cooperation’.

It is also possible that formed elements of blood such as the white cells, which produce
endoperoxides and TXA, (Davison et al. 1978; Goldstein et al. 1977; Higgs et al. 1976) could
interact with the vessel wall to promote formation of prostacyclin. Moreover, leucocytes
themselves generate prostacyclin in whole blood, especially in the presence of thromboxane
synthetase inhibitors (Flower & Cardinal 1979). Thus, prostacyclin might regulate white
cell behaviour (Higgs et al. 19785; Weksler et al. 1977a), and help to control white cell activity
during the inflammatory response. Interestingly, an artificial surface, when exposed to
blood in vive, initially becomes coated with platelets, but this coat is slowly replaced by a pave-
ment of white cells. The white cell pavement is then unattractive to platelets, and this could be
due to prostacyclin generation by the leucocytes.

Bradykinin and angiotensin release prostaglandins from the kidney (Aiken & Vane 1973;
McGiff et al. 1970, 1972), lungs (Vane & Ferreira 1976) and other organs in vivo (Ferreira et al.
1973). Before the discovery of prostacyclin, Gimbrone & Alexander (1975) had demonstrated
that angiotensin II stimulated the generation of an immunoreactive, PGE-like substance by
human umbilical endothelial cells in culture. Needleman and coworkers (Blumberg et al. 1977;
Needleman 1976; Needleman et al. 1975) had also described the release by angiotensin and
bradykinin of a PGE-like substance from rabbits’ isolated perfused hearts and mesenteric
vessels. The PGE-like substance was characterized by bioassay on gastrointestinal tissues and
chromatographic mobility on thin-layer plates. It is now clear that these techniques do not
readily distinguish between prostacyclin (or 6-oxo-PGF,,) and PGE, (Moncada & Vane 1978;
Omini et al. 1977), and Needleman et al. (1978) have now shown that bradykinin or angiotensin
I1 release a prostacyclin-like substance from Langendorff-perfused hearts of rabbits. Moreover,
Dusting and coworkers (Dusting & Mullins 1980; Dusting ¢t al. 1981) demonstrated that
angiotensins I and II release much more prostacyclin than PGE, from perfused isolated
mesenteric vasculature of rats, and prostacyclin was identified as the major prostacyclin
released from the pulmonary circulation of the dog in vivo by antiotensin I or II (Mullane &
Moncada 19804). In contrast, the isolated perfused kidney of the rabbit converts exogenous
arachidonate predominately into prostacyclin, but PGE, is the main prostanoid released by
bradykinin and angiotensin II into the venous effluent (Needleman et al. 1978). However,
perfusion of isolated kidneys with albumin-free Krebs’s solution produces a large increase in
glomerular filtration rate so that medullary perfusion is enhanced. Since PGE, is prevalent in
the medulla and the effluent assayed is a mixture of venous and urinary outflow, this technique
could account for the large quantities of PGE,. In the canine kidney iz vivo, prostacyclin and
not PGE, was identified as the main prostaglandin released into renal venous blood by angio-
tensin and bradykinin (Mullane & Moncada 19804). Small quantities of PGE, (approximately
109, of those of prostacyclin) were observed in some experiments by these workers. These
findings have renewed interest in the concept proposed by Vane & McGiff (1975) that prosta-
glandins released by angiotensin and bradykinin may modulate or partly mediate the renal
and vascular actions of these peptides.
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The pulmonary circulation has long been recognized for its ability to transform arachidonic
acid rapidly into more polar products. Indeed most known metabolites of arachidonic acid
have at one time or another been proposed as major products generated by the lungs. Isolated
perfused lungs of guinea pigs, rats and rabbits release prostaglandins E, and F,,, TXA,, lipoxy-
genase metabolites of arachidonic acid, prostacyclin and metabolites of all these substances
when they are challenged with histamine, bradykinin, 5-hydroxytryptamine, arachidonic acid
or anaphylactic shock. These products are also generated when pulmonary tissue is subjected
to mechanical trauma. Gryglewski (1979) has recently reviewed evidence that isolated per-
fused lungs of cats, rats, rabbits and guinea-pigs release spontaneously a prostacyclin-like
substance, and little other arachidonate-derived material, when perfused through the pulmonary
artery with Krebs’s solution. Prostacyclin has been identified in the pulmonary effluent by
relaxation of bovine coronary artery strips, by disaggregation of platelet clumps, and by mass
spectrometric quantification of the stable degradation product of prostacyclin, 6-oxo-PGF;;.
The output of prostacyclin is blocked by cyclo-oxygenase inhibitors and is stimulated by low
concentrations of arachidonic acid (100 ng/ml), angiotensin I, angiotension II or bradykinin.

The release of prostacyclin induced by angiotensin I is blocked by the converting enzyme
inhibitor, captopril, in isolated guinea pig lungs, rat mesenteric vasculature (Dusting &
Mullins 1980; Dusting et al. 1981; Grodzinska & Gryglewski 1980; Gryglewski 1979) and the
pulmonary and renal circulation of anaesthetized dogs iz vivo (Mullane & Moncada 1980a).
Prostacyclin release induced by angiotensin I or I1 is also abolished by the receptor antagonists
saralasin or [Sar'-Ala®]-angiotensin II in both the rat and the dog (Dusting 19814; Dusting
et al. 1981; Gryglewski 1979). Thus, prostacyclin is released by activation of an angiotensin II
receptor, and is not released directly by angiotensin I. Activation of the angiotensin II receptor
appears to be linked to a phospholipase, since angiotensin II-stimulated prostacyclin release
can be abolished by dexamethasone or mepacrine (Dusting 1981 a).

Other peptides or amines tested do not release prostacyclin from perfused lungs (Gryglewski
1979). Noradrenalin and vasopressin do not release prostacyclin from rat mesenteric vessels,
despite their potent vasoconstrictor effects (Dusting & Mullins 1980; Dusting et al. 1981). More-
over prostacyclin release into the circulation of the dog was not observed after injections of
adrenalin, noradrenalin or 5-hydroxytryptamine (Mullane & Moncada 1980b), despite
changes in systemic blood pressure.

Therefore, the release of prostacyclin induced by angiotensin and bradykinin does not
appear to be a simple consequence of the mechanical events associated with alterations in
vessel diameter. These observations, together with the finding that low concentrations of
prostacyclin are released from the lungs iz vivo, prompted the proposal that the pulmonary
endothelium may be regarded as an endocrine organ regulating platelet behaviour (Gryglewski
et al. 19784, b; Moncada et al. 1978).

In rats and dogs, prostacyclin is a much more powerful vasodepressor agent than PGE,, but
only when the two substances are given intravenously, and not if they are given into the aorta
(Armstrong et al. 1977, 1978). Using dogs, we showed by direct bioassay in circulating blood
that prostacyclin escapes the pulmonary inactivation process (Dusting et al. 19776), which
normally removes 95 9, or more of PGE, or PGF,, in a single circulation iz vivo. Thus, prosta-
cyclin can recirculate (Dusting et al. 19785). Furthermore, infused arachidonic acid is con-
verted into prostacyclin in passage across the lung circulation in vivo (Dusting et al. 1978a;
Mullane et al. 1979). Therefore, prostacyclin generated in the lung or elsewhere would not be
confined to a local site of action, and is potentially a circulating hormone.
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Gryglewski et al. (19784) developed a technique for continuously measuring platelet aggrega-
tion in circulating blood of anaesthetized cats, and showed that arterial blood contained higher
concentrations of an anti-aggregatory substance than mixed venous blood. They concluded that
the arterial-venous difference was due to prostacyclin released from the lungs since the differ-
ence was abolished by aspirin or by incubating the blood at 37 °C for 10 min, during which time
prostacyclin activity disappears (Dusting et al. 19775, 19785). Moncada et al. (1978) applied
this technique to anaesthetized rabbits, and came to the same conclusion, since the greater
disaggregatory activity present in arterial blood was abolished by an antibody raised against
5,6-dihydro prostacyclin (6B-PGI,), which cross-reacts with prostacyclin. Moreover, the prosta-
cyclin-like, disaggregatory substance in arterial blood is increased during hyperventilation of
the lungs, or after pulmonary embolism by intravenous injection of air (Gryglewski 1979). In
a recent study, 6-oxo-PGF,,, measured by mass spectrometry, was at a higher concentration
in the arterial than in the venous side of the circulation of five patients undergoing cardiac
catheterization (Hensby et al. 1979a). Thus, the lungs may constantly release small amounts of
prostacyclin into the passing blood. This, combined with 509, overall inactivation in one
circulation through peripheral tissues (Dusting ef al. 1978 ), would account for higher levels in
arterial than in venous blood.

Three reservations about these results should be mentioned. First, in the studies with anaes-
thetized cats and rabbits, blood was drawn through an extracorporal circuit with a peristaltic
pump. Under such conditions, the circulating blood volume would be slightly reduced and
this may lead to a stimulation of the renin-angiotensin system, which in turn could stimulate
prostacyclin release (see below). In addition, it is now well recognized that surgical procedures
in anaesthetized small animals can exaggerate the contribution of prostaglandins to renal
homoeostasis (Terragno et al. 1977), and by analogy, the same may be true for the lungs.
Secondly, in these extracorporeal experiments platelet emboli dislodged from the collagen
strips return to the animal in the venous blood. The trapping of platelet emboli in the lungs
may be an additional stimulus for generation of prostacyclin under these conditions (Aiken
1979). Platelet emboli are also generated, and returned to the animal in other extracorporeal
systems, particularly when venous blood is reoxygenated for bioassay on a cascade of smooth
muscle strips. Thirdly, the biotransformation of prostacyclin in the human circulation is not
yet fully understood, and the assumption that 6-oxo-PGF,, determined in blood samples is a
reliable index of concentrations of active prostacyclin in circulating blood may not be valid.
Recent studies of human platelet aggregation performed within 3 min of withdrawal of arterial
or venous blood (Steer et al. 1980) led to the conclusion that circulating levels of prostacyclin
in resting man were too low to influence aggregability of platelets, but again it is important to
note that these tests were performed in vitro. Studies in which levels of prostacyclin or its meta-
bolites have been determined in man have failed to clarify the situation. Prostacyclin-like
activity was detectable in human venous blood used to superfuse various tissues sensitive to
prostacyclin (Neri Serneri ef al. 1980). The level rose by several nanograms per millilitre with
relief of ischaemia, and was reduced by pretreatment with indomethacin. However, in a study
in which 6-0x0-PGF,, in human blood samples was measured by mass spectrometry, levels of
80 pg/ml in venous blood and approximately double that in arterial blood were obtained
(Hensby et al. 19794). Although these levels are lower than those achieved by bioassay, they
are still much higher than those obtained by measuring the daily turnover in urine of a
metabolite of prostacyclin (Oates et al. 1980). Further work is necessary to establish clearly the
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routes of catabolism of both prostacyclin and 6-oxo-PGF,, in the human circulation, to deter-
mine whether there is an effective level of circulating prostacyclin in normal man at rest or
during exercise.

Prostacyclin is the most potent endogenous inhibitor of platelet aggregation yet discovered.
It is 30-40 times more potent than PGE, (Moncada & Vane 1977). and more than 1000 times
more active than adenosine (Born 1962). In vive, prostacyclin applied locally in low concentra-
tions inhibits thrombus formation due to ADP in the microcirculation of the hamster cheek
pouch (Higgs et al. 1977) and given systemically to the rabbit it prevents electrically induced
thrombus formation in the carotid artery and increases bleeding time (Ubatuba et al. 1979).
The duration of these effects in vivo in short: they disappear within 30 min of administration.
Prostacyclin disaggregates platelets in vitro (Moncada et al. 19766; Ubatuba et al. 1979), in
extracorporeal circuits where platelet clumps have formed on collagen strips (Gryglewski ef al.
19784, ¢), and in the circulation of man (Szczeklik et al. 1978 b). Moreover, it inhibits thrombus
formation in a coronary artery model in the dog when given locally or systemically (Aiken
et al. 1979) and protects against sudden death (thought to be due to platelet aggregation)
induced by intravenous arachidonic acid in rabbits (Bayer et al. 1979).

Prostacyclin is unstable and its activity disappears within 15s on boiling or within 10 min
at 22 °C at neutral pH. In blood at 37 °C, the activity of prostacyclin (as measured by bioassay
on vascular smooth muscle) has a half-life of 2-3 min (Dusting et al. 19776, 19785). It has been
reported that prostacyclin has an extended stability in plasma or blood (Gimeno et al. 1980;
Wynalda & Fitzpatrick 1980) and that this may be associated with binding to albumin or with
metabolism to 6-oxo-PGE, (Blasko et al. 1980). The relevance of these observations to the actual
biological activity remains unclear. Alkaline pH increases the stability of prostacyclin (Cho &
Allen 1978; Johnson ef al. 1976) so that at pH 10.5 at 25 °C, it has a half-life of 100 h. It can be
stabilized as a pharmaceutical preparation by freeze-drying and can be reconstituted in an
alkaline glycine buffer for use in man.

The generation of prostacyclin is an active mechanism by which the vessel wall could be
protected from deposition of platelet aggregates. Prostacyclin formation thus provides an
explanation of the long recognized fact that contact with healthy vascular endothelium is not
a stimulus for platelet clumping. An imbalance between formation of prostacyclin and TXA,
could be of dramatic consequence.

Vascular damage leads to platelet adhesion but not necessarily to thrombus formation. When
the injury is minor, platelet thrombi are formed which break away from the vessel wall and
are washed away by the circulation. The degree of injury is an important determinant, and
there is general agreement that for the development of thrombosis, severe damage or physical
detachment of the endothelium must occur. All these observations are in accord with the
differential distribution of prostacyclin synthetase across the vessel wall, decreasing in con-
centration from the intima to the adventitia (Moncada et al. 1977). Moreover, the pro-
aggregating elements increase from the subendothelium to the adventitia. These two opposing
tendencies render the endothelial lining anti-aggregatory and the outer layers of the vessel wall
thrombogenic (Moncada et al. 1977).

The ability of the vascular wall actively to prevent aggregation has been postulated before
(Saba & Mason 1974). For instance, the presence of an ADPase in the vessel wall has led to the
suggestion that this enzyme, by breaking down ADP, limits platelet aggregation (Heyns ¢t al.
1974; Lieberman et al. 1977). We have confirmed the presence of an ADPase in the vessel wall.
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However, the anti-aggregating activity is mainly related to the release of prostacyclin, for
15-HPAA or 13-hydroperoxylinoleic acid (13-HPLA), two inhibitors of prostacyclin forma-
tion that have no activity on ADPase, abolish most if not all of the anti-aggregatory activity of
vascular endothelial cells (Bunting e al. 1977). Similar results have been obtained with an
antiserum which cross-reacts with and neutralizes prostacyclin in vitro (Bunting et al. 1978).
Endothelial cells pretreated with this antiserum can no longer inhibit ADP-induced aggregation
(Bunting et al. 1978; Christofinis et al. 1979). ‘

It is not yet clear whether prostacyclin is responsible for all the thromboresistant properties
of the vascular endothelium and it would be unusual for an important biological principle to
rely on a single mechanism. However, Czervionke ef al. (1979), using endothelial cell cultures,
have demonstrated that platelet adherence in the presence of thrombin increases from 4 % to
449, after treatment with 1 mum aspirin. This increase was accompanied by a decrease in
6-0x0-PGF,, formation from 107 nm to less than 3 nm and could be reversed by addition of
25 nu endogenous prostacyclin. This suggests that prostacyclin, although not responsible for
all the thromboresistant properties of vascular endothelium, plays an important role in the
control of platelet aggregability.

Prostacyclin inhibits platelet aggregation (platelet—platelet interaction) at much lower con-
centrations than those needed to inhibit adhesion (platelet—collagen interaction) (Higgs et al.
19784). This suggests that prostacyclin can allow platelets to stick to vascular tissue and to
interact with it, while at the same time preventing or limiting thrombus formation. Certainly,
platelets adhering to a site where prostacyclin synthetase is present could well feed the enzyme
with endoperoxide, thereby producing prostacyclin and preventing other platelets from clump-
ing onto the adhering platelets, limiting the cells to a monolayer. Weiss & Turitto (1979) have
observed some degree of inhibition of platelet-endothelium interactions with low concentra-

ions of prostacyclin at high shear rates, but at none of the concentrations used could they
observe total inhibition of platelet adhesion.

Prostacyclin inhibits platelet aggregation by stimulating adenylate cyclase, leading to an
increase in cAMP levels in the platelets (Gorman et al. 1977; Tateson et al. 1977). In this respect
prostacyclin is much more potent than either PGE, or PGD, (Tateson et al. 1977). 6-Oxo-
PGF,, has relatively weak antiaggregatory activity and is almost devoid of activity on platelet
cAMP (Tateson et al. 1977).

Prostacyclin is not only more potent than PGE, in elevating cAMP but the elevation persists
longer. The elevation induced by PGE, in platelets in vitro starts falling after 30 s, while prosta-
cyclin stimulation is not maximal until after 30 s. It is then maintained for 2 min after which
it gradually wanes over 30 min (Gorman et al. 1977). Prostacyclin also strongly stimulates
adenylate cyclase in isolated membrane preparations (Gorman et al. 1977).

Prostacyclin, PGE, and PGD, stimulate adenylate cyclase by acting\on\two\distinct\receptoré
on the platelet membrane (Miller & Gorman 1979; Whittle et al. 1978). PGE, and prostacyclin
act on one, whereas PGD, acts on another. This is shown by differences in activity in different
species (Whittle ef al. 1978), and by the use of a prostaglandin antagonist (Eakins ez al. 1976) that
selectively prevents the inhibition of platelet aggregation induced by PGD, but not that induced
by prostacyclin or PGE, (Whittle ez al. 1978). Moreover, studies of agonist-specific sensitization
of cAMP accumulation in platelets show that PGE, or PGE, can desensitize for subsequent
PGE, or prostacyclin activation, and that subthreshold concentrations of prostacyclin de-
sensitize for PGE, stimulation. PGD,, however, desensitizes to a further dose of PGD, but not
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to PGE, or prostacyclin. These results suggest (Miller & Gorman 1979; Whittle et al. 1978) that
the receptor in platelets previously described as a PGE, receptor (MacDonald & Stuart 1974) is,
in fact, a prostacyclin receptor.

There have not been many detailed studies of the mechanism of action of prostacyclin. In
contrast to TXA,, it enhances Ca?* sequestration (Kazer-Glanzman et al. 1977). Moreover,
inhibitory effects on platelet phospholipase (Lapetina et al. 1977; Minkes et al. 1977) and platelet
cyclo-oxygenase have been described (Malmsten et al. 1976). All these activities are related to
its ability to increase cAMP levels in platelets. Moreover, prostacyclin inhibits endoperoxide-
induced aggregation, which suggests additional sites of action still undefined but dependent on
the cAMP effect (Minkes ef al. 1977). These observations have extended and given important
biological significance to the original observation of Vargaftig & Chignard (1975), who demon-
strated that substances such as PGE, that increase cAMP in platelets inhibit the release of
TXA, (measured as rabbit aorta contracting activity) in platelets. Prostacyclin, by inhibiting
several steps in the activation of the arachidonic acid cascade, exerts an overall control of
platelet aggregability in vivo.

The fact that prostacyclin increases CAMP levels in cells other than platelets (Gorman et al.
1979; Hopkins et al. 1978) and the possibility that in those cells an interaction with the throm-
boxane system could lead to a similar control of cell behaviour to that observed in platelets,
suggests that the prostacyclin-thromboxane A, system has wider biological significance in cell
regulation.

Prostacyclin relaxes in vitro most vascular strips, including rabbit coeliac and mesenteric
arteries (Bunting et al. 1976), bovine coronary arteries (Dusting et al. 1977a; Needleman et al.
1978), human and baboon cerebral arteries (Boullin ef al. 1979), and lamb ductus arteriosus
(Coceani et al. 1978). Exceptions to this include the porcine coronary arteries (Dusting et al.
1977¢), some strips of rat venous tissue, and isolated human saphenous vein (Levy 1978), which
are weakly contracted by prostacyclin. Whether these same effects are induced in the corre-
sponding circulations in the intact animals or man has not been studied. In the human umbilical
arterial strip, prostacyclin induces a dose-dependent relaxation at low concentrations (less than
1 um) and a dose-dependent contraction at higher concentrations (more than 10 um) (Pomerantz
et al. 1978). As mentioned earlier, prostacyclin, and not PGE,, is the main metabolite of arachi-
donic acid in isolated vascular tissue, and this has led to an intense reassessment of the effects
and role of arachidonic acid and its metabolites in vascular tissue and the cardiovascular
system (for review see Dusting ¢t al. 1979).

In their early experiments, Gryglewski et al. (1976) observed that a fatty acid peroxide, 15-
hydroperoxyarachidonic acid, strongly and selectively inhibited prostacyclin synthetase, the
enzyme responsible for the formation of prostacyclin from endoperoxides in vessel microsomes
(i.c.50 = 0.5 pg/ml). Other fatty acid hydroperoxides and their methyl esters also inhibit this
enzyme (Moncada & Vane 1978; Salmon ¢t al. 1978). Tranylcypromine, which is a well known
inhibitor of enzymes not related to the metabolic pathway of arachidonic acid, is a somewhat
weaker inhibitor of prostacyclin synthetase (i.c.;p = 160 pg/ml) than are the fatty acid
hydroperoxides (Gryglewski et al. 1976). Unfortunately, hydroperoxides of fatty acids are not
useful tools for examining the role of endogenous prostacyclin biosynthesis in vivo (Dusting et al.
1978¢), probably because they are rapidly reduced by enzymes such as glutathione peroxidase
(Christopherson 1968). Other substances that inhibit prostacyclin synthetase in blood vessel
microsomes include an analogue of prostaglandin endoperoxide (9,11-diaza- and 9,11-epoxy-
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imino-prosta-5,12-dienoic acid) (Fitzpatrick et al. 1978), and a hydroperoxy derivative of indole
(Terashita et al. 1979).

Prostaglandin endoperoxides are at the crossroads of arachidonic acid metabolism, for they
are precursors of substances with opposing biological properties. On the one hand, TXA, pro-
duced by the platelets contracts large blood vessels and induces platelet aggregation; on the
other prostacyclin produced by the vessel wall is a strong vasodilator and the most potent
inhibitor of platelet aggregation known. Each substance has opposing effects on cAMP concen-
trations in platelets (Moncada & Vane 197956), thereby giving a balanced control mechanism
which will therefore affect thrombus and haemostatic plug formation. Selective inhibition of
the formation of TXA, should lead to an increased bleeding time and inhibition of thrombus
formation, whereas inhibition of prostacyclin formation should be propitious for a ‘pro-
thrombotic state’. The amount of control exerted by this system can be tested, for selective
inhibitors of each pathway have been described (see above and Moncada & Vane (1978) and
Nijkamp ef al. (1977)).

The use of aspirin as a pharmacological tool to investigate the interaction between these two
substances has been fruitful. Aspirin is active against platelet cyclo-oxygenase in vivo and in vitro.
Moreover, this effect is long lasting because aspirin acetylates the active site of the enzyme
leading to irreversible inhibition (Roth & Majerus 1975; Roth & Siok 1978). Because platelets
are unable to synthesize new protein (Marcus 1978), they cannot replace the cyclo-oxygenase.
The inhibition will therefore only be overcome by new platelets coming into the circulation
after the block of cyclo-oxygenase in megakaryocytes has worn off (Burch et al. 1978). Inter-
estingly, the cyclo-oxygenase of vessel walls seems less sensitive to aspirin than that of platelets
(Baenziger ¢t al. 1977). Indeed, it has been suggested that indomethacin as well as aspirin may
have restricted access to the cyclo-oxygenase that generates prostacyclin in the lung during
stimulation by angiotensin (Dusting 19814, 4). Thus, the secretion of prostacyclin into the
circulation may be partly resistant to inhibition after single doses of these anti-inflammatory
drugs.

Studies in rabbits and cats also suggest that administration of low doses of aspirin reduce the
formation of TXA, more than that of prostacyclin (Amezcua et al. 1978; Korbut & Moncada
1978). Infusions of arachidonic acid in untreated animals had an antithrombotic effect and
increased bleeding time. These effects were potentiated by small doses of aspirin (up to
10 mg/kg) and blocked by larger doses (20-200 mg/kg), which presumably inhibit formation
of both prostacyclin and TXA,,.

Endothelial cells recover from aspirin inhibition more rapidly than do platelets in rabbits
and rats (Kelton et al. 1978; Villa et al. 1979). Endothelial cells probably recover their ability
to synthesize prostacyclin by regeneration of cyclo-oxygenase (Czervionke et al. 1978; Kelton
et al. 1978), because recovery can be prevented by the protein synthesis inhibitor cycloheximide
(Czervionke et al. 1979).

Until the discovery of prostacyclin, the use of aspirin as an antithrombotic agent based on
its effects on platelets seemed logical (Majerus 1976), although the results of clinical trials were
inconclusive (Verstraete 1976). Now, however, the situation needs further clarification, especi-
ally with respect to the optimal dose of aspirin. Aspirin in large doses (200 mg/kg) increases
thrombus formation in a model of venous thrombosis in the rabbit (Kelton et al. 1978), and
in vitro treatment of endothelial cells with aspirin enhances thrombin-induced platelet adherence
to them (Czervionke et al. 1978). In addition, there is an inverse correlation between the amount
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of prostacyclin produced by the tissue on the one hand, and platelet adhesion or aggregation
on the other. Moreover, aspirin treatment of arterial tissue i vitro increases its thrombogenicity
(Baumgartner & Tschopp 1979).

In man, O’Grady & Moncada (1978) showed that a small single dose of aspirin (0.3 g) in-
creased bleeding time 2 h after ingestion, whereas a large dose (3.9 g) had no effect. Some
workers have confirmed these results (Rajah et al. 1978), but others have been unable to do so
(Godal et al. 1979). The variability might be linked to the differences in methodology or to
the age of the subjects. Indeed, Jorgensen et al. (1979, 1980) showed that the cutaneous bleeding
time in man decreases with age and the response to aspirin varies according to the age, being
prolonged in young male volunteers and not in older subject. Moreover, platelet aggregation
and TXA, formation are blocked 2 h after a single dose of aspirin (3.9 g). The bleeding time
is unchanged at that time, but 24 and 72 h after aspirin it is increased and slowly recovers
towards pretreatment levels over a period of 168 h, in a manner that mirrors the recovery of
TXA, formation and platelet aggregability (Amezcua et al. 1979). An extension of the concept
comes from the demonstration that tranylcypromine, an inhibitor of prostacyclin formation,
enhances platelet aggregation in an experimental model of thrombosis in the microcirculation
of the brain of the mouse (Rosenblum & El-Sabban 1978).

All these results show that the prostacyclin-thromboxane balance is an important mechanism
of control of platelet aggregability in vivo. Clearly, manipulation of this control mechanism
might lead to prothrombotic or antithrombotic states of clinical relevance. In this context it is
interesting that Mustard’s group has shown that hydrocortisone treatment of normal or
thrombocytopenic rats blocks prostacyclin formation in the vessel wall and decreases the
bleeding time (Blajchman et al. 1979), a result that would be expected because steroids prevent
activation of phospholipase (Flower 1978), and should thereby inhibit the vascular release
of prostacyclin induced by substances that release endogenous arachidonic acid, such as
angiotension.

Attempts to measure, in man, TXB, and prostacyclin or 6-oxo-PGF,, after different aspirin
dose schedules have confirmed the higher sensitivity of platelet cyclo-oxygenase to aspirin.
Masotti et al. (1979) found that aspirin at 3.0-3.5 mg/kg gave, in a sample removed 2 h later,
a 50 %, inhibition of ex vivo platelet aggregation by several agents, while 5.0 mg/kg was needed
for 50 9, inhibition of prostacyclin formation as measured by cascade superfusion bioassay. It
has also recently been demonstrated that a single daily dose of aspirin (160 mg) reduced
significantly (by 40 %) the incidence of thrombosis over a 5 month observation period in
artificial arterio-venous shunts in patients (Harter et al. 1979).

From all these results it is clear that a selective inhibitor of thromboxane formation should
now be tested for antithrombotic efficacy (Moncada & Vane 1977, 1978), because theoretically
this provides an advantage over aspirin in allowing prostacyclin formation by vessel walls or
other cells either from their own endoperoxides or from those released by platelets. This should
be the main criterion for determining a ‘superior’ mechanism of action over a small dose of
aspirin. Studies iz vivo are not yet available, but Needleman et al. (1979) made the observation
that when platelets were treated with a thromboxane synthetase inhibitor in vitro, endo-
peroxides were available for utilization by the vessel wall. Interestingly, in the presence of a
thromboxane synthetase inhibitor, arachidonic acid or collagen added to blood in vitro lead to
the formation of 6-0x0-PGF,, rather than TXB,. Platelets cannot synthesize prostacyclin, so
some other cell in the blood must have done so (Blackwell et al. 1978; Flower & Cardinal 1979).
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These results support our suggestion that thromboxane synthetase inhibitors might have a
superior antithrombotic effect to simple cyclo-oxygenase inhibitors (Moncada & Vane 1977,
1978). It is important to realize at this stage, however, that all these observations have been
made iz vitro, and that iz vivo experiments are necessary to clarify further the nature of the
interaction between platelets and normal or damaged vessel walls.

Whether other drugs exert their antithrombotic effect by acting on the prostacyclin—
thromboxane system is not yet known, but studies with the use of sulphinpyrazone in cultured
endothelial cells (Gordon & Pearson 1978) and ticlopidine given orally to rats (Ashida & Abiko
1978) suggest that these compounds have little or no effect on prostacyclin formation at con-
centrations at which they affect platelet behaviour. A compound that might stimulate prosta-
cyclin formation in humans after oral ingestion has also been described (Vermylen et al. 1979).

Selective inhibition of prostacyclin formation by lipid peroxides could also lead to a condition
in which platelet aggregation is increased ; this could play a role in the development of athero-
sclerosis. Indeed, lipid peroxidation takes place as a non-enzymic reaction (Harman & Piette
1966), and it is known to occur in certain pathological conditions (Slater 1972). Hence, lipid
peroxides present in these conditions could be shifting the balance of the system in favour of
TXA, and predisposing to thrombus formation.

The role of lipid peroxides in the development of atherosclerosis has been debated for almost
30 years, since Glavind ef al. (1952) described the presence of lipid peroxides in human athero-
sclerotic aortae. They found the peroxide content in diseased arteries to be directly propor-
tional to the severity of the atherosclerosis. Subsequent investigations by Woodford et al.
(1965) suggested that Glavind’s findings were based on artefacts, ascribing the presence of lipid
peroxides to their formation during the preparative procedure. Despite this, the presence of
conjugated diene hydroperoxides in lipids of human atheroma has again been reported
(Fukazumi 1965; Fukazumi & Iwata 1963), and lipid peroxides have been found in athero-
sclerotic rabbit aortae (Iwakami 1965) subjected to an extraction procedure that avoids lipid
peroxidation in vitro. Some authors (Brooks et al. 1971; Harland et al. 1971) favour the suggestion
that lipid peroxides do accumulate in atherosclerotic plaques, whether or not these peroxides
act by inhibiting prostacyclin formation and as a consequence reduce the arteries’ defence
mechanism. This theory is of interest especially since other substances related to atherosclerosis
such as the cholesterol carriers, the low-density lipoproteins (LDLs), also inhibit prostacyclin
formation in endothelial cell cultures (Nordoy et al. 1978).

Gryglewski and coworkers (Dembinska e al. 1977) have found that there is a substantial
reduction in prostacyclin formation in the vascular tissue of rabbits made atherosclerotic, and
more recently there has been a report that human tissue obtained from atherosclerotic plaque
does not produce prostacyclin, whereas tissue obtained from a normal vessel does (D’Angelo
et al. 1978). Sinzinger et al. (1979) have also shown that different types of atherosclerotic lesions
ranging from fatty streaks to complicated lesions all produced much less prostacyclin than
normal arteries. Nordoy et al. (1978) have shown that low-density lipoproteins inhibit prosta-
cyclin formation. Gryglewski et al. (unpublished observations) have recently confirmed this
link by their finding that LDLs contain high concentrations of lipid peroxides. High-density
lipoproteins (HDLs), on the other hand, prevent the inhibitory effect of LDLs on prostacyclin
formation. From epidemiological studies there is a positive correlation between the plasma
concentration of LDLs and the risk of developing clinical coronary heart disease (Medalie e? al.
1973), but a stronger, inverse relation has recently been demonstrated between HDL—cholesterol
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levels and coronary heart disease (Havel 1979). Since the mechanisms relating changes in
plasma lipoproteins to increased tendency for thrombosis have not yet been adequately de-
fined, the interaction of lipoproteins with prostacyclin biosynthesis promises to be an exciting
area for further study.

Before the discovery of prostacyclin, it was suggested that the use of dietary dihomo-y-lin-
olenic acid, the precursor of the monoenoic series of prostaglandins, could be an approach to the
prevention of thrombosis, because PGG, and TXA, are not proaggregating and PGE, is anti-
aggregating (Willis ef al. 1974). Other reports tend to agree with this proposal (Sim & McCraw
1977), but there is some doubt, because feeding rabbits with dihomo-y-linolenic acid leads
to an increase in the tissue content of this acid without change in platelet responsiveness, at
least to ADP (Oelz et al. 1976). The main criticism of all this work, including that of human
platelets (Kernoff et al. 1977), is that the conclusions are based on studies performed in vitro in
which platelets are studied as isolated cells without contact with vessel walls.

It is now evident that the use of dihomo-y-linolenic acid in an attempt to direct the synthetic
machinery of the platelets is not the most rational approach for the prevention of thrombosis.
This is because the endoperoxides PGG, and PGH, are not substrates for prostacyclin syn-
thetase; indeed, they or their precursor might adversely affect the prostacyclin protective
mechanism. Eicosapentaenoic acid (C20:503), the precursor of the trienoic prostaglandins,
could, however, act as a precursor for an antiaggregating agent, A-7prostacyclin (PGIj), and it is
known that C20:503 is itself a weak anti-aggregating agent. TXA,, if generated, is a weaker
proaggregating agent than TXA, (Gryglewski et al. 1979). Thus, the use of this fatty acid could
afford a dietary protection against thrombosis. Indeed, it has been suggested that the low
incidence of myocardial infarction in Eskimos and their increased tendency to bleed could be
due to the high eicosapentaenoic acid and low arachidonate content of their diet and con-
sequently of their tissue lipid (Dyerberg ¢t al. 1978). In Greenland Eskimos, there is an elevated
content of C20:503 (compared with Danes) in the platelet lipids and a prolonged bleeding
time. Furthermore, their platelets are resistant to aggregation (Dyerberg & Bang 1979). In a
recent study in which thrombosis and subsequent infarction were induced in dogs, dietary
supplementation with fish oil resulted in a more normal electrocardiogram pattern and a
reduced infarction size compared with the control group (Culp et al. 1980). The understanding
of the role of fatty acids and their oxidized products in thrombosis and /or atherosclerosis is,
however, at an early stage, and much experimental and clinical work is needed before the full
picture emerges (see also Dyerberg, this symposium).

B-Thromboglobulin is a small protein related to platelet factor IV and is stored in the
a-granules of platelets and released with other granular constituents during aggregation or
adherence of the platelets to a damaged vessel wall (Moore et al. 1975). Hope et al. (1979)
demonstrated that B-thromboglobulin inhibits formation of prostacyclin by bovine aortic
endothelial cells in culture, at concentrations that are exceeded locally during platelet aggrega-
tion and release. Platelet factor IV does not have this action (Hope et al. 1979). This pheno-
menon may be an important component of the process of thrombosis, but the precise mechanism
of inhibition has not been determined.

Maclntyre et al. (1978) have found in cell-free plasma a factor that stimulates prostacyclin
production by pig aortic endothelial cells. Thrombin, trypsin and a calcium ionophore have
also been shown to stimulate prostacyclin formation in human endothelial cells (Weksler et al.
1978). The mechanism of action and significance of these factors in regulating prostacyclin bio-
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synthesis has yet to be established. Finally, unidentified factors that inhibit prostacyclin
formation have been found in renal cortex (Terragno et al. 1978) and in a microsomal fraction
of rat placenta (Harrowing & Williams 1979). Both these inhibitors appear to act at the cyclo-
oxygenase level and they may be related to a similar endogenous cyclo-oxygenase inhibitor
found in plasma (Saeed et al. 1977). More work is necessary to define the significance and
function of these factors.

Increased production of prostaglandin endoperoxides or TXB, in vitro by platelets has been
found in blood from patients with arterial thrombosis, deep venous thrombosis or recurrent
thrombosis; these conditions are associated with a shortened platelet survival time (Lagarde &
Dechavanne 1977). In addition, increased sensitivity of platelets to aggregating agents
and increased release of TXB, has been described in rabbits made atherosclerotic by diet
(Shimamoto et al. 1978) and in patients who survived myocardial infarction (Szczeklik et al.
19784). An increased level of TXB, in blood has been observed in patients with Prinzmetal’s
angina (Lewy et al. 1979). Moreover, platelets from rats made diabetic release more TXB, than
platelets from normal rats (Harrison et al. 1978; Johnson et al. 1978).

Changes in prostacyclin production associated with disease have also been postulated. An
increased production in uraemic patients has been suggested to explain their haemostatic defect
(Remuzzi ¢t al. 1977). On the other hand, a lack of prostacyclin production has been suggested
in patients with idiopathic thrombocytopaenic purpura (Remuzzietal. 1978), and a recent report
suggests the absence of detectable levels of 6-0x0-PGF,, in humans suffering from this condition
(Hensby et al. 19796). Both diseases may be linked by the accumulation during uraemia or the
lack of production during idiopathic thrombocytopaenic purpura of a ‘plasma factor’ that
stimulates prostacyclin synthesis (MacIntyre ef al. 1978). A lower release of prostacyclin by the
blood vessels of rats made diabetic has also been described (Harrison et al. 1978; Johnson et al.
1978) : this decreased production can be corrected by chronic insulin treatment (Harrison et al.
1978). Prostacyclin production by blood vessels from patients with diabetes is also lower than
normal (Johnson et al. 1979), and circulating levels of 6-oxo-PGF,, are reduced in diabetic
patients with proliferative retinopathy (Dollery et al. 1979).

Pace-Asciak et al. (1978) demonstrated that aortae from spontaneously hypertensive rats of
the Japanese strain generate more prostacyclin than aortae from normotensive rats when
incubated with exogenous arachidonic acid in vitro. Furthermore, Armstrong et al. (1976) found
that prostaglandin endoperoxide (PGH,) has a greater hypotensive effect in genetically hypo-
tensive rats of the New Zealand strain than in normotensive controls, whereas PGE, had a
similar hypotensive action in the two strains. These results indicate that PGH, may be more
readily converted to prostacyclin in hypertensive rats, and it has been suggested that the greater
formation of prostacyclin in blood vessels represents an adaptive mechanism to the elevated
arterial pressure (Pace-Asciak et al. 1978). However, chronic treatment with indomethacin or
aspirin does not alter arterial pressure in spontaneously hypertensive rats (Antonaccio et al.
1979; DiNicolantonio et al. 1981), although it does markedly reduce the vasodepressor action
of intravenous arachidonic acid (DiNicolantonio et al. 1981).

It is interesting that plasma exchange in patients suffering from hypertension as a complica-
tion of haemolytic uraemic syndrome restored a ‘prostacyclin stimulating factor’, and led to
improved control of blood pressure (Remuzzi et al. 1978). Moreover, others have reported that
plasma exchange has an antihypertensive effect in patients with glomerulonephritis and essential
hypertension (Whitworth et al. 1978). These observations suggest that essential hypertension in
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man may be associated with impairment, rather than enhancement, of prostacyclin formation
in the vasculature. Clearly, more work is necessary to define any role of prostacyclin in the
experimental models of hypertension in the rat, and to substantiate the relevance of develop-
ment of hypertension in the rat to essential hypertension in man.

Intra-arterial thrombus formation and haemostatic plug formation have been described in
general terms as equivalent phenomena (Mustard & Packham 1975). It is, however, possible
that the relative importance of prostacyclin and TXA, in these conditions is different, because
prostacyclin, at least under some conditions, is an unstable circulating hormone (Gryglewski
et al. 1978 a; Moncada et al. 1978) as well as a locally generated one. Its role in controlling intra-
arterial thrombus formation might be more important than that of TXA,, which seems to be
generated only after strong interaction between aggregating platelets or by their interaction
with vessel wall materials.

As far as aspirin is concerned, more information is needed on the rate of recovery of the
endothelial cyclo-oxygenase in vivo after single doses of aspirin. Equally important is the assess-
ment of any cumulative effect of a multiple-dose régime on platelet and endothelial cyclo-
oxygenase, to establish the optimal interval of administration. The demonstration of the ability
of aspirin to prevent thromboembolism in some circumstances but not in others (Jobin 1978;
Verstraete 1976) may suggest a qualitative or quantitative difference in the underlying patho-
physiology. Further clinical trials should be conducted in which aspirin is given at low doses
either alone or combined with phosphodiesterase inhibitors such as dipyridamole. Ideally, a
selective inhibitor of thromboxane synthetase should be developed to be used alone or in com-
bination with phosphodiesterase inhibitors (Moncada & Vane 1978).

A more direct approach to antithrombotic therapy, however, would be to control platelet
cAMP; increasing platelet cAMP inhibits most forms of aggregation whether or not they are
dependent on arachidonic acid metabolic products. Since prostacyclin is the most powerful
substance known in both preventing aggregation and increasing platelet cAMP (Gorman
et al. 1977; Tateson et al. 1977), prostacyclin or an analogue, alone or in combination with a
phosphodiesterase inhibitor, should be a more comprehensive approach to the control of
platelet aggregation in vivo. Alternatively, drugs that stimulate endogenous prostacyclin pro-
duction (Vermylen et al. 1979) could be developed. Several of these possibilities are at present
being explored.

Prostacyclin or chemical analogues may find a use as a ‘hormone replacement’ therapy in
conditions such as atherosclerosis, acute myocardial infarction or ‘crescendo angina’ and other
states in which excessive platelet aggregation may take place in the circulation or in specific
areas such as in organ transplants. Moreover, we have suggested its use in extracorporeal
circulations such as cardiopulmonary bypass and renal dialysis (Moncada & Vane 1979a).
In these systems the main problems are platelet loss with the formation of micro-aggregates
which, when returning to the patient in bypass, are responsible for the cerebral and renal
impairment observed after operation (Abel et al. 1976; Branthwaite 1972). In addition, there
are side effects associated with the chronic use of heparin, especially the development of osteo-
porosis (Griffith et al. 1965).

Several anti-platelet drugs have been proposed to deal with these two problems and some
have been used with moderate success. PGE, has been reported to be beneficial during cardio-
pulmonary bypass in dogs (Balanowski ¢t al. 1977). However, prostaglandins of the E type induce
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diarrhoea (Main & Whittle 1975), an effect not shared by prostacyclin (Robert et al. 1979;
Ubatuba et al. 1979). Therefore, prostacyclin is not only more potent but more specific in
achieving platelet protection. Prostacyclin has proved beneficial in several systems of extra-
corporeal circulation in experimental animals, including renal dialysis, cardiopulmonary by-
pass and charcoal haemoperfusion (Bunting et al. 1979; Coppe et al. 1979; Longmore et al. 1979;
Woods et al. 1978). In one of these systems (renal dialysis), prostacyclin can replace heparin
altogether (Woods et al. 1978). In charcoal haemoperfusion, heparin is also necessary since
charcoal seems to activate the clotting cascade directly (Bunting et al. 1979).

Prostacyclin has potent effects on platelets and on the cardiovascular system in man
(Szczeklik et al. 1978 b). During infusion of prostacyclin in healthy volunteers for 60 min at rates
ranging from 2 to 16 ng kg—! min~! there was a dose-related inhibition of platelet aggregation
measured in platelet-rich plasma and in whole blood (O’Grady et al. 1979). Similar inhibition
of platelet aggregation was seen when the responses were measured 15 or 45 min after starting
the infusion. At infusions of 8 ng kg—! min—, partial inhibition of aggregation was demonstrable
for up to 105 min after the end of infusion, and this persistence of effect on platelets has recently
been confirmed (Chierchia et al. 1979). Template bleeding time was not significantly increased
though Szczeklik et al. (19785) found an approximate doubling of bleeding time in response to
prostacyclin at 20 ng kg—! min—1.

Prostacyclin disperses circulating platelet aggregates (Szczeklik et al. 19785). Significant
inhibition of platelet aggregation induced by ADP was seen (FitzGerald et al. 1979) when
prostacyclin was administered under blind conditions at rates of 4 and 8 ng kg=! min—!. Other
haematological variables such as platelet count, platelet factor 3 concentration, accelerated
partial thromboplastin time, prothrombin time, euglobin clot lysis time, concentration of
fibrinogen degradation products and blood glucose were not affected by prostacyclin (O’Grady
et al. 1979; Szczeklik et al. 1978b).

It was originally suggested (Szczeklik et al. 1978b) that prostacyclin had direct positive
chronotropic and inotropic effects in man. However, in a double blind controlled study with
the use of prostacyclin up to 4 ng kg=! min—! an increase in heart rate accompanied by decrease
in diastolic blood pressure, pre-ejection period and QS, index was observed (Warrington &
O’Grady 1980). Systolic blood pressure, left ventricular ejection time index and the normalized
first derivative of the apex cardiogram were unaltered by prostacyclin. These findings were
consistent with an arteriolar vasodilator effect of prostacyclin, which would be expected to
lower diastolic and mean blood pressure and thus reflexly increase heart rate and contractility.

When heart rate was increased by more than 10 %, over control values during prostacyclin
infusion, peripheral temperature measured at the great toe increased by 1-6 K (O’Grady et al.
1979). Increases in skin temperature as well as facial flushing were also observed at rates of
2-5 ng kg~ min—! (Szczeklik et al. 1978b). Facial flushing invariably occurs at doses above
4 ng kg—! min—! when an increase in heart rate of more than 109, is recorded (O’Grady et al.
1979). This flushing limits the extent to which double blind studies with prostacyclin can be
performed.

The cardiovascular effects of prostacyclin are shorter-lived than those on platelets and dis-
appear within 15 min of the end of infusion (O’Grady et al. 1979). Plasma renin activity rises
significantly during prostacyclin infusion but plasma noradrenalin and plasma aldosterone
levels did not change significantly (FitzGerald et al. 1979).

Renal blood flow measured by using !#*I-hippuran increased in response to an infusion of
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prostacyclin (6 ng kg—! min—!) that caused a small reduction in diastolic blood pressure, while
the glomerular filtration rate measured by using 5'Cr-EDTA remained unchanged (J. Henry
& J. O’Grady, unpublished).

Headache has been reported when doses greater than 8 ng kg=! min—! are administered
(FitzGerald et al. 1979; O’Grady et al. 1979 ; Szczeklik et al. 1978 5). Colicky central abdominal
discomfort has been less frequently experienced but was reproducible in one subject (O’Grady
et al. 1979). The precise mechanism of these gastrointestinal effects is unclear. It may be that
they reflect the contraction of human gastrointestinal smooth muscle by prostacyclin; they
may also be vagally mediated or represent secondary effects of prostacyclin or of its metabolic
products.

Ill-defined sensations of unease and restlessness have been experienced by subjects receiving
higher infusion rates of prostacyclin (Chierchia et al. 1979; O’Grady et al. 1979; Szczeklik et al.
19785). In two subjects, the administration of prostacyclin at the rate of 50 ng kg—! min—1!
(Szczeklik et al. 1978b) caused sudden weakness with pallor and nausea, a fall in systolic and
diastolic blood pressure and bradycardia. It is possible that this effect is mediated by a vagal
reflex, which has been observed in dogs (Chapple ¢t al. 19784, 6).

Following reports that PGE, has been used successfully in the treatment of peripheral
vascular disease (Carlson & Olsson 1976), prostacyclin has been shown to have a similar effect,
producing a long-lasting increase in muscle blood flow, disappearance of ischaemic pain and
healing of trophic ulcers after an intra-arterial infusion to the affected limb for 3 days (Szczeklik
et al. 1979). In a subsequent trial in 30 patients, symptoms were alleviated in 22 patients;
this improvement was sustained for up to 15 months in 12 of them (Szczeklik ef al. 1980; see also
Gryglewski et al., this symposium).

Recently, the first report (Gimson et al. 1980) on the use of prostacyclin during charcoal
haemoperfusion in humans has demonstrated that there is a protection against platelet loss and
activation (assessed by the prevention of the release into the plasma of B-thromboglobulin).
These are basically the results obtained in clinical trials with prostacyclin in cardiopulmonary
bypass operations (Bunting ef al. 1981 ; Walker et al. 1980; see also Longmore, this symposium).
Many other uses of prostacyclin are yet to be explored in clinical conditions. One of them is its
use in transplant surgery, where in animals, prostacyclin added to the washing solution nor-
mally used to flush the donor kidney before transplant improved the efficacy (Munday et al.
1981). Prostacyclin also protected against hyperacute kidney rejection in a dog model (Munday
et al. 1980). Results in these and other areas will certainly be produced in the near future.
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Discussion

EvrspeTH B. Smita (Department of Chemical Pathology, University Medical Buildings, Foresterhill,
Aberdeen, U.K.). In the trial with low-dose aspirin [data not in published report] I was interested
to see that there were two non-responders, both with the same initial. Were they members of
the same family? Is there evidence of a familial factor in response to aspirin?

S. MoncapA. They were not members of the same family; there is no evidence of a familial
factor in response to aspirin, although we have not looked at this in detail.

D. B. LoneMORE (National Heart Hospital, London, U.K.). In this very important paper, the
possible role of prostacyclin in cross-species transplantation has been mentioned. In the mid-
1960s at the National Heart Hospital, we attempted animal-man transplantation unsuccess-
fully. We used a pigs heart-lung as a supplementary organ system to boost the circulation in
two patients whose cardiovascular system was inadequate to enable us to wean them off the
heart-lung machine. There was total cessation of coronary flow within 4-6 minutes. We have
recently tried pig-dog and dog-pig cross-species heart transplant experiments in our labora-
tories with prostacyclin. We have tried dose levels of PGI, varying between 8 and 15 ng
kg=1 min—1. We have achieved a lengthening of the time for vascular occlusion of up to 2 h.
We wonder why, in spite of the PGI, infusion and the initially high flow rates through the
transplanted organ, total occlusion of the vascular system should still occur relatively quickly.
The addition of dipyridamole, a powerful coronary vasodilator in dogs, has not in our initial
experiments made any difference to this acute intravascular clotting. PGI, is obviously helpful,
but a survival time of an hour or two is of little value to the patient receiving a cross-species
heart transplant. Has Dr Moncada any suggestions as to how we should try to extend the
beneficial effect of PGI, in this difficult situation?

S. Moncapa. A lengthening of about 1 h in xenografts is already a great improvement since
controls run for about 5-6 min. What we have to study now in detail is, first, whether prosta-
cyclin is effective in other mechanisms apart from inhibiting platelet aggregation and second,
whether by increasing prostacyclin doses we shall obtain a further prolongation in the time.
This is, of course, difficult to do since the cardiovascular effects of prostacyclin prevent us from
increasing the dose.

H. O. J. CorriER (Miles Laboratories Limited, U.K.). May I call attention to a third factor that
may affect the outcome of an interaction between prostacyclin and thromboxane A, at the
platelet? Awareness of this factor derives from our observation that blood plasma or serum
inhibits synthesis of the main prostaglandins from arachidonic acid n vitro (Saeed et al. 1977;
Collier et al. 1980; Denning-Kendall et al. 1981). This ability of plasma can be expressed in its
inhibition of arachidonate-induced aggregation of platelets. Thus, we have found that platelets
suspended in plasma require about ten times more arachidonate to induce their aggregation
than do washed platelets suspended in buffer (Collier & McDonald-Gibson 1980). This inhibi-
tory effect on platelet aggregation can largely be attributed to plasma albumin, which is a
potent inhibitor of prostaglandin synthesis (Collier & McDonald-Gibson 1980; Collier et al.
1981).

The authors have said that there is not enough prostacyclin in plasma to inhibit strongly
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platelet aggregation in the circulating blood. If this is so, then the presence of free arachidonic
acid in the blood, which might arise from its ingestion or from its liberation from store, would
threaten to induce aggregation of circulating platelets, if another inhibitory mechanism did not
operate. We have proposed that a hitherto unrecognized function of plasma albumin may be
to make it harder for free arachidonic acid in the plasma to induce aggregation, since, in the
presence of albumin, a greater amount of arachidonic acid, such as might be liberated at a
damaged vessel wall, would be required to induce aggregation (Collier & McDonald-Gibson
1980).
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