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I. INTRODUCTION 

The aggressive behavior of blood  platelet^^'^^^"^^'^ and the defensive role of vascular 
e n d ~ t h e l i u m ~ ~ ’ . ~ ~ ~  in the development of arterial thrombosis and atherosclerosis are 
unquestionable. On the other hand an interaction between platelets and vascular en- 
dothelium is a morphological phenomenon, , the pathophysiological significance of 
which is explained as the “support” offered by platelets to the endothelium.’-‘ 

I believe that a common biochemical link for these two diverse platelet functions is 
closely associated with the metabolism of arachidonic acid in platelets and in arteries. 
Recent discoveries of a vasoconstrictive, proaggregatory factor (thromboxane A*) in 
blood  platelet^^.^ and a vasodilative and antiaggregatory factor (prostacyclin) in arter- 
ies’-’O focused the attention of many cardiologists on the metabolism of arachidonic 
acid in the circulation. 

Thromboxane A, and prostacyclin are formed from prostaglandin endoperoxides, 
during the progression of the so-called “arachidonic acid cascade.”’oo A part of the 
“cascade” is constituted by “classical” prostaglandins (PGE,, PGD, and PGF,,). 
Prostaglandins are of no interest to us since they are not major metabolites of arachi- 
donic acid either in platelets3” or in blood vessels.325 The word “prostaglandins” in 
the title has been used as an old-fashioned designation for prostacyclin and thrombox- 
ane A,. 

An attempt will be made to predict the possible impact of the discovery of throm- 
boxane A2 and prostacyclin on our understanding of the pathogenesis, prevention, and 
treatment of arterial thrombosis and atherosclerosis. 

11. THE ARACHIDONIC ACID CASCADE 

Arachidonic acid (eicosa-S,8,11,lCtetraenoic acid) (Figure 1) is a polyunsaturated 
fatty acid (PUFA). In order to stay healthy we need several PUFAs of plant origin to 
supplement our diet. These PUFAs are jointly named “vitamin F” or more correctly, 
“essential fatty acids” (EFA). In mammalian organisms, EFA can be desaturated elon- 
gated. Arachidonic acid and its trienoic analog (dihomo-y-linolenic acid) seem to be 
the most important products of the desaturation of linoleic acid (1 8:206). 

In 1964 Bergstrom et al.” and Van Dorp et al.’, demonstrated that in mammalian 
seminal vesicles arachidonic acid is the substrate for the generation of prostaglandin 
E, (PGE,). As far as the circulatory system is concerned, arachidonic acid is trans- 
formed in platelets to proaggregatory thromboxane A, (TXA2)S.6 and in blood vessels 
to antiaggregatory prostacyclin (PG12).7-10 We are not so sure about the site and extent 
of the in vivo generation of two other antiaggregatory prostaglandins, i.e., PGD2 from 
arachidonic acid” and PGE, from dihomo-y-linolenic acid. I‘ 
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FIGURE 1. The scheme of the arachidonic acid cascade. PGGl and PGHl (cyclic 
prostaglandin endoperoxides), 12-HPAA (HPETE) (12-l-hydroperoxy-S,8,10,14- 
eicosatetraenoic acid), IS-HPAA (1 S-hydroperoxyarachidonic acid), HHT (12-L- 
hydroxy-5.8.10-heptadecatrienoic acid), MDA (malondialdehyde), PGs (prosta- 
glandins). 

The pathways by which arachidonic acid is oxygenated in the body are named “the 
arachidonic acid cascade.” Both in  platelet^'^.'^ and in endothelial cells,” arachidonic 
acid is esterified and fixed mainly in membrane phospholipids. In order to be metab- 
olized by oxidative tissue enzymes, arachidonic acid has to be liberated from the mem- 
brane phospholipids by phospholipase Al Phospholipase A, in platelets requires 
Ca++ for its biochemical activitya0.” and it is likely that the availability of this cation 
regulates platelet phospholipase A1 activity. The activation of this enzyme causes the 
release of arachidonic acid mainly from diacyl phosphatidyl ethan01amine’~,’~ which 
compromises only 15% of platelet membrane  phospholipid^.'^ 

that the activation of phospholipase A1 in intact tissues is 
hindered by glucocorticosteroids as well as by steroid anti-inflammatory drugs. Other 
authors have since been able to confirm our h y p o t h e s i ~ . ~ ~ - ~ ~  Mepacrine is a direct in- 
hibitor of phospholipase A, activity.l0 

We have 
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In  platelet^^.^^ and in lung ho rnogena te~~~ .~ ’  free arachidonic acid may be the sub- 
strate for the animal lipoxygenase catalyzed synthesis of 12-hydroperoxyarachidonic 
acid (HPETE) and its corresponding hydroxy acid (HETE). The physiological signifi- 
cance of HPETE and HETE remains unknown, although HPETE has been claimed 
to inhibit thromboxane A, synthetase.’, 

During spontaneous autooxidation in animal tissues3’ or in vitro arachidonic acid is 
peroxidized to  15-hydroperoxy-arachidonic acid (ISHPAA),  which is also the product 
of the enzymic peroxidation of arachidonic acid by soybean I ipoxygena~e.~~ Vitamin 
E and butylated hydroxytoluene (BHT) are selective inhibitors of spontaneous lipid 
peroxidation and lipoxygenase-catalyzed peroxidation .35 

The most important pathway of the enzymatic transformation of arachidonic acid 
involves its cyclooxygenation to intermediate prostaglandin endoperoxides (PGG, and 
PGH,)36.37 and then to prostaglandins (PGE,, PGD,, and PGF2a), thromboxanes 
(TXA, and TXB,), and prostacyclin (PGI,). 

Previously, when only prostaglandins were known, this multienzymic, membrane- 
bound, microsomic complex was called “prostaglandin synthetase”. Owing to the sep- 
aration and partial purification of its c o m p ~ n e n t s ’ ~ - ~ ~  the complex was separated into 
a number of distinct enzymatic units. For our purposes, it is sufficient to know that 
cycfo-oxygenase transforms arachidonic acid to PGG,, while the corresponding syn- 
thetases convert prostaglandin endoperoxides to thromboxane A25.6 and to prostacy- 
clin.’-’O The conversion of prostaglandin endoperoxides to the “classical” prostaglan- 
dins is conceived to be an enzymatic p r o c e ~ s , ~ ~ . ~ ~  however, there are no known specific 
inhibitors of this conversion, and an isomerization of PGH, to PGD, takes place in 
the presence of serum albumin4’ alone. 

Prostaglandin endoperoxides are unstable in aqueous solution and are sponta- 
neously broken down to malondialdehyde (MDA) and to 12L-hydroxy-5,8,10-hepta- 
decatrienoic acid (HHT).30 

The activity of cyclooxygenase is selectively and irreversibly inhibited by aspirin, 
indomethacin, and by other nonsteroidal, anti-inflammatory d r ~ g s . ~ ’ - ~ ~  Any type of 
enzymic peroxidation of arachidonic acid is inhibited by its acetylenic analog - eicosa- 
5.8,11,14-tetraynoic acid (TYA).45.47 The only known prostacyclin synthetase inhibi- 
tors are lipid peroxides (e.g., 15-HPAA) and tranylcypromine.’ Thromboxane synthe- 
tase inhibitors are reviewed in Section X. 

Prostaglandin endoperoxides play a pivotal role in the metabolism of arachidonic 
acid, however, as far as blood platelets and arteries are concerned, I believe that pros- 
taglandin endoperoxides are no more than unstable intermediates in the synthetic path- 
way of thromboxane A, or prostacyclin. The inherent biological activity of prostaglan- 
din endoperoxides reported so far4’-’’ may be attributed to the generation of either of 
their two hormonal products. Indeed, PGH,-induced relaxation of a mesenteric artery 
strips is abolished by pretreatment with a prostacyclin synthetase inhibitor (15-HPAA)9 
and PGH,-induced platelet aggregation is inhibited by a thromboxane synthetase in- 
hibitor (azo analogue of PGH2).’’ 

I t  may well be that in the circulation there are only two enzymatic routes opened to 
prostaglandin endoperoxides, namely, conversion to thromboxane A, in platelets and 
conversion to prostacyclin in vascular endothelium. The transformation of prostaglan- 
din endoperoxides to “classical” prostaglandins perhaps acts as an “outlet” which is 
used by the organism when the regular pathways are blocked or when a surplus of 
endoperoxides is formed. I believe that the biological effects previously assigned to 
endogenous “classical” prostaglandins (e.g., vasodepression by PGE,, vasoconstric- 
tion by PGF,., or suppression of platelet aggregability by PGD,) are actually manifes- 
tations of prostacyclin and thromboxane A2 actions. Prostaglandins are only imitators 
of these two hormones. 
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111. ARACHIDONIC ACID 

In mammalian organisms most of arachidonic acid stays “frozen” in triglycerides, 
cholesterol esters, and in phospholipids. There is little chance for free arachidonic acid 
to reach a blood level which would induce systemic biological effects. That is why 
prostaglandins are “local hormones”. Nonetheless, it is interesting to follow the phar- 
macological effects of exogenous arachidonic acid in the circulation as the preference 
of enzymatic pathways of arachidonic acid is then disclosed. 

Smith and S i l ~ g r ’ ~ ~  reviewed the action of arachidonic acid on platelets. Arachidonic 
acid is avidly oxidized, both by cyclooxygenase and lipoxygenase in washed platelets 
which are resuspended in saline. A high concentration of arachidonic acid (300 to 
600pM) has to be used in order to stimulate cyclooxygenase when platelets are sus- 
pended in human plasma. This suggests that the affinity of plasma albumin for arach- 
idonic acid is greater than the affinity of platelet cyclooxygenase for the same sub- 
strate. The high affinity of albumin for arachidonic acid has been utilized in order to 
trap this, fatty acid and thus to shift its metabolism in the perfused organs.s3 

On the other hand [‘4C]-arachidonic acid, when added to platelet rich plasma, is 
easily incorporated into platelet phospholipids,16 although the distribution of the in- 
corporated arachidonic acid does not match its relative abundance in various types of 
natural platelet phospholipids. Is 

The binding of arachidonic acid by plasma albumin and its incorporation into tissue 
 phospholipid^'^.^^ may be considered as a defensive mechanism against dangerous ele- 
vations of free arachidonic acid in the blood. An intravenous injection of arachidonic 
acid (1.4 mg/kg) in rabbits causes sudden death due to the obturation of their pulmo- 
nary circulation with platelet  aggregate^.'^ Rabbits can be protected from this arachi- 
donate-induced death by the pretreatment with aspirin but not with heparin. Ob- 
viously, arachidonate-induced fatal thrombosis in rabbits is caused by a burst of 
conversion of arachidonic acid in their platelets to proaggregatory thromboxane A,. 

An intravenous infusion of arachidonic acid (0.3 mg/kg) into dogs results in throm- 
bocytopenia, increased platelet aggregability, and v a ~ o d e p r e ~ s i o n . ~ ~  This last effect is 
not dependent on the presence of platelets in the c i r~u la t ion .~~  Unfortunately, dogs 
are not the best animals for this kind of study, since the involvement of the cyclooxy- 
genase pathway in their reactions to arachidonate has been que~tioned.~’ On the other 
hand an intravenous infusion into dogs of dihomo-y-linolenic acid (2.0 mg/kg) (the 
precursor of antiaggregatory PGEI) causes decrease of platelet aggregability.s* 

Four healthy, brave volunteers ingested ethyl arachidonate at a dose of 6 g daily for 
a period of 2 to 3 weeks. In all these volunteers, platelet aggregability to ADP was 
increased. s9 

The above experiments show that an elevation in the blood level of arachidonic acid 
stimulates platelet cyclooxygenhse. If vascular cyclooxygenase could utilize sufficient 
amounts of arachidonic acid, then antiaggregatory prostacyclin would be formed and, 
consequently, the rabbits would not die because of intravascular platelet aggregation. 
Also, platelet aggregability in. humans would not be enhanced after administration of 
arachidonic acid. 

Unlike arachidonic acid, prostaglandin endoperoxides, when injected at a low dose 
of 1 to 2 pg into ratsIs1 cause a vascular reaction typical to the prostacyclin response. 
Vascular responses both to prostaglandin endoperoxides and to prostacyclin are “ac- 
tivated” across the pulmonary c i r c ~ l a t i o n . ~ ’ . ~ ~ . ~ ~  It seems that intravenously injected 
PGG, and PGH, are better substrates for the endothelial prostacyclin synthetase than 
for the platelet thromboxane synthetase. 

Summing up, the following assumptions are proposed. Firstly, in the circulatory 
system, a potent cyclooxygenase activity is located in platelets but not in vascular en- 
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dothelium. Secondly, when competing with platelet thromboxantase for prostaglandin 
endoperoxides, vascular prostacyclin synthetase prevails. Indeed, these two assump- 
tions have gained additional support from the in vitro data.7,9.62 Furthermore, in vitro 
a biochemical association between platelets and vascular walls has been shown to exist. 
Platelets are assumed to supply endothelial prostacyclin synthetase with their own 
prostaglandin en doper oxide^.^.^^ This interaction will be the subject of Section VI. 

IV. THROMBOXANE A2 

Arachidonic acid induces platelet a g g ~ e g a t i o n , ~ ~ , ~ ~ , ” ~  and this effect has been as- 
signed to vigorous conversion of arachidonic acid in platelets to prostaglandin endo- 
peroxides. This assumption is experimentally well-founded since PGG, and PGH, are 
strongly proaggregatory65,66 and cyclooxygenase inhibitors (e.g., aspirin) abolish ar- 
achidonate-induced aggregati~n.~’ Prostaglandin endoperoxides are labile intermedi- 
ates in the arachidonic acid cascase (t ‘/z = 4 to 5 min, at  37°C) and teleologically 
thinking (as we are always inclined to do) further products of their biotransformation 
rather than prostaglandin endoperoxides themselves are expected to  induce platelet 
aggregation. Neither “classical” prostaglandins nor HHT, however, are proaggrega- 
tory. 

In 1974/75 Swedish scientists discovered that platelets5 and lung h~mogena te s”~~’  
convert arachidonic acid via endoperoxides to a new, stable, nonprostaglandin com- 
pound that was later named thromboxane B, (TXB,). TXB, is devoid of any biological 
activity aside from being chemotactic for leukocytes.6* 

The breakthrough came when Samuelsson and colleagues6 were able to demonstrate 
that between PGH, and TXB, there exists for a short while (t ‘/z = 32.5 & 2.5 (S.D.) 
sec. at 37°C)67 a substance with powerful p r ~ a g g r e g a t o r y ~ ~ . ~ ~  and ~ a ~ ~ ~ ~ n ~ t r i ~ t o r ~ ~ ~ ~ ~  
properties. This ephemeride has been named thromboxane A, (TXA2). TXA, is 
thought to be responsible for arachidonate-induced platelet aggregation and its life 
span in human plasma seems to be somewhat longer than in a b ~ f f e r . ” ~  

The discovery of TXA, was facilitated by its earlier biological characterization as a 
“rabbit aorta contracting substance” (RCS). RCS is a labile factor released from 
guinea pig lungs during a n a p h y l a ~ i s , ~ ~  by infusion of arachidonic acid74 and hista- 
mine,75 as well as by the activation of phospholipase Rabbit spleen slices release 
RCS.76 Platelets aggregated with arachidonic acid,64 t h r ~ m b i n , ’ ~  and ADP7’ 
also release RCS. At present we know that the major component of RCS in all the 
above situations is TXA,. 

The only direct way to detect and quantify TXA, is based on its contractile action 
on vascular strips and on its instability. Confusion may arise from the fact that rabbit 
aortic strips are contracted not only by TXA, but also by prostaglandin endoperoxides, 
and, therefore, a factor characterized biologically as RCS may in fact be either TXA,, 
PGG,, PGH,, or a mixture of these three s ~ b s t a n c e s . ~ ~ . ~ ~ . ~ ~  In comparison to TXA,, 
prostaglandin endoperoxides are more stable and 7 to 20 times less active as contractile 
agents on a rabbit aortic This, however, is a poor basis for differentiation 
between PGH, and TXA, by bioassay. 

Bunting et al.78 have introduced a new bioassay technique that differentiates between 
prostaglandin endoperoxides and TXA,. The assay organ (a rabbit mesenteric or celiac 
artery strip) is relaxed by prostaglandin endoperoxides and contracted by TXA, (Figure 
2). Amazingly enough, some of the stable synthetic endoperoxide a n a l o g ~ e s ~ ~ . ~ ~  behave 
like TXA2, i.e., they contract a strip of rabbit mesenteric artery. We have successfully 
used an 11,9-epoxymethano analogue on PGHl (U 46619) as the reference substance 
for quantification of the TXA, that is generated in stimulated platelet-rich plasma 
(Figure 2).72.81 
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20 min 
I 

RABBIT 
MESENTERIC 
ARTERY 
STRIP A 

FIGURE 2. Bioassay of TXAa that is generated 
in human platelet-rich plasma (PRP) during ag- 
gregation induced by arachidonic acid (AA, 300 
p M ) .  The assay organ is a superfused strip of the 
rabbit mesenteric artery. This organ differen- 
tiates between TXAa (contraction) and prostag- 
landin endoperoxides (PGHI) (relaxation). Sta- 
ble prostaglandin endoperoxide analog, (U 46619 
( I  1.9-epoxymethano analog of PGHa, BMA), 
behaves like TXA,. i.e., i t  contracts the assay or- 
gan. 

Many estimate TXB, by mass spectrometric or by radioimmunolog- 
ical techniques. Bioassay, however, allows us to get results which would not otherwise 
be obtainable. 

For example, using bioassay we have recently found that 45 sec after instillation of 
ADP to platelet-rich plasma a small peak of TXA,-like activity appears, which wanes 
within the next minute.’, When TXB, is measured in the stimulated platelet-rich 
plasma, a sigmoid curve is obtained and the concentrations of TXA, at different time 
intervals may only indirectly be c a l c ~ l a t e d . ~ ~  Freshly generated TXA, can be trapped 
in methanol and then its derivative mono-Omethyl TXB, is formed and assayed using 
radioimmunological te~hnique.’~ This method is the next best alternative to the direct 
bioassay of TXA,. 

Assay of TXA,, mono-Omethyl TXB,, or TXBI released from the stimulated pla- 
telets is the best way to determine the activity of platelet cyclooxygenase. Depending 
on the local laboratory facilities, other methods may be used to reach the same goal. 
Measured “markers” of the decomposition of prostaglandin endoperoxides, in plate- 
lets are available e.g., PGF,. by radioimm~noassay,~‘ a C17 hydroxyacid (HHT) by 
mass spectrometry,*s or malondialdehyde (MDA) by its reaction with thiobarbituric 

The HHT and MDA assays may become as good as the TXB, assay under 
the condition that Anderson et al.09 are right that TXA, along with HHT are produced 
simultaneously from two molecules of PGH,. 

A burst in oxygen consumption which accompanies platelet stimulation by thrombin 
and collagen in the presence of antimycin A is due to the oxidation of endogenous 
arachidonic acid.,, In these conditions oxygen consumption by platelets is measured 
by a Clark electrode. This method does not differentiate between cyclooxygenase and 
lipoxygenase activities. 

Thromboxane synthetase has been isolated from platelet microsomes, characterized, 
resolved, and s o l ~ b i l i z e d . ~ ~ . ~ ~ ~ ~ ~  This enzymatic system converts prostaglandin endo- 
peroxides to a less stable substance with an enhanced contracting potency on a rabbit 
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aortic strip. This substance is rapidly and spontaneously decomposed to TXB,, which 
can be identified by mass spectrometry. 

TXA,-like activity has been detected in aggregating platelet-rich p1asma64.7z,74 in 
phagocytizing in stimulated lungs,27.73-75 in vibrated spleen slices,76 and 
in incubated human iris micro some^.^^ Our interest is focused on platelets. What is 
the biological significance of TXA, in platelets? Is TXA, required for platelet 
aggregation? Does TXA, influence arterial blood flow? 

When platelets transform arachidonic acid into prostaglandin en doper oxide^^^-^^ 
and subsequently into TXA,6,67 aggregation occurs. Proaggregatory concentrations of 
arachidonic acid in human platelet-rich plasma are 300 to 600 pM,O1 while 0.03 to 0.015 
pM of PGH, will do the same job.6S It is understandable that arachidonate-induced 
platelet aggregation is inhibited by cyclooxygenase inhibitors (e.g., by aspirin), while 
PGH,-induced aggregation is not. Will it be inhibited by TXA, synthetase inhibitors? 
In other words, is conversion of PGH, to TXA, necessary for platelet aggregation? 
Needleman et a1.92,93 say no. They consider PGH,, alone, as the intrinsic proaggrega- 
tory factor in the arachidonic acid cascade, whereas, according to these authors, the 
biological significance of TXA, is restricted to its vasoconstrictor action. 

The above point of view is not shared by the ~ t h e r ~ . ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~  For example, we have 
f o ~ n d ~ ~ . ~ ~  that a selective inhibition of TXA, biosynthesis in platelet-rich plasma by 
low concentrations of nictinodole makes platelets resistant to the proaggregatory ac- 
tion of arachidonic acid. Direct evidence has been obtained by Fitzpatrick and Gor- 
man,69.94 who have demonstrated that platelet-rich plasma transforms exogenous 
PGH, to TXA, and when this transformation is abolished by imidazole90 or by 9 , l l -  
azaprosta-5,13-dienoic acidp4 then PGH,-induced platelet aggregation is inhibited at 
all concentrations of PGH,. The experiments of Fitzpatrick and G ~ r m a n ~ ~ . ~ ~  clearly 
indicate that PGH, has no intrinsic proaggregatory potency and it must be converted 
to TXA, in order to induce platelet aggregation.TXA, is the intrinsic substance in the 
arachidonic acid cascade that results in irreversible platelet aggregation. 

There is little doubt that endogenous arachidonic acid is released and metabolized 
in platelets aggregated by ADP,72 and e p i n e ~ h r i n e . ~ ~  It seems 
that the formation of endogenous TXA, plays an essential role in the second (irrever- 
sible) phase of ADP-induced and epinephrine-induced platelet aggregation7’.05 and 
most of all in collagen-induced, but not in thrombin-induced, a g g r e g a t i ~ n . ~ ~ . ~ ~ . ~ ~  

The mechanisms by which TXA, contributes to platelet aggregation are not known. 
The original concept was that PGH, and hence TXA, cause platelet aggregation by 
provoking dense granule ~ e c r e t i o n . ~ ~  The secreted ADP was considered to be the final 
proaggregatory messenger. Recently, the first direct evidence has been provided show- 
ing that TXA, causes primary aggregation of human platelets without the stimulation 
of dense granules to secrete ADP.’O1 

have demonstrated that TXA, inhibits the PGE,-stimulated accumu- 
lation of cyclic AMP in human platelets. These authors consider that platelet aggreg- 
ability in the circulation is controlled by a balance between prostacyclin and TXA,. 
Prostacyclin stimulates platelet adenylate cyclase,103-105 inhibits Ca** mobilization, and 
thus prevents platelets from aggregation. TXA, lowers the cyclic AMP level in plate- 
lets, stimulates Ca++ mobilization, and therefore leads to platelet aggregation.”’ 

H o l m ~ e n ~ ~ ~  postulates the existence of a “basic platelet reaction” defined as a re- 
sponse of platelets to a great variety of stimuli. According to his hypothesis the “basic 
platelet reaction” consists of the following sequential events: shape change, aggrega- 
tion, PGHJTXA, biosynthesis, dense granule secretion, and a-granule secretion. 
These events are supposed to be independent of each other and result from an increase 
in the cytoplasmic concentration of Ca++, which rises due to the interaction of an ex- 
ogenous stimulus within the platelet cell membrane. The extent to which this process 

Miller et al. 
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WE, AA PRP+M EMA PSI1 

H U M  

BWINE 

FIGURE 3.  The effects of PGEI, arachidonic acid 
(AA), TXAI generated by platelet-rich plasma 
(PRP) from AA, 11,9-epoxymethano analog of 
PGHl (EMA) and prostacyclin (PGII) on the tone 
of superfused strips of the human and bovine coro- 
nary arteries. The bovine coronary artery was ex- 
cised from the bull’s heart immediately after the an- 
imal was slaughtered, whereas the specimen from 
the corpse of a 36 year old man was obtained 8 hr 
after a fatal street accident. 

occurs in a platelet depends on the strength of exogenous stimulus and on the release 
of endogenous, platelet-produced amplifiers, e.g., TXA,. TXA, sets the positive feed- 
back loop into motion. Let us give an example. A weak, exogenous stimulus would 
probably cause only a shape of the platelets, if not for the accompanying release of 
TXA,. TXA, potentiates the weak action of an exogenous stimulus and thus aggrega- 
tion occurs. Cyclooxygenase and TXA, synthetase inhibitors block this positive feed- 
back loop and therefore are considered to be antiaggregatory drugs.”’ A similar role 
for TXA, in the positive feedback mechanism has been proposed in the histamine- 
induced contraction of lung paren~hyma.’~ 

TXA, is a powerful vasoconstrictor. It is at least as active as angiotensin I1 in causing 
rabbit aortic strip to contract7’ and it is 26 to 308 times more potent than PGFh in 
causing contractions of a strip of swine coronary artery.323 Needleman et a1.92*93 con- 
sider that the vascular action of TXA, is sufficient to explain its pathological signifi- 
cance in the organism. TXA, contracts strips of coronary arteries from man,7o swine,Io6 
and bull (Figure 3). It is tempting to speculate that continuous generation of labile 
TXA, by platelets sticking to the damaged walls of coronary arteries results in their 
localized vasoconstriction. At the same time the released TXA2 induces the circulating 
platelets to aggregate and to form a mural thrombus. At the site of thrombus forma- 
tion the coronary artery will be more and more constricted by increasing amounts of 
labile TXA,. The central role of platelets in the development of coronary heart disease 
is generally a ~ c e p t e d . ~ ” ’ ~ ’ ~  Might it be that the intravascular generation of TXA, by 
platelets constitutes a part of the natural history of ischemic heart disease? Arachidon- 
ate-aggregated platelets of many of our patients suffering from myocardial infarction 
generated more TXA, than platelets of the healthy subjects.” 

A few words should be said about TXB,, the only product of spontaneous decom- 
position of TXA2 in vitro. When administered to humans, TXB, is metabolized to a 
couple of derivatives. Less than 3010 is excreted unchanged into the urine.1o’ This fact 
complicates the quantitative studies on thromboxane biosynthesis in vivo. 

V. PROSTACYCLIN 

In 1976 we were looking for thromboxane synthetase activity in various microsomal 
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preparations. When incubating aortic microsomes with prostaglandin endoperoxides 
we observed’-’O that PGH, is not converted to expected “classical” prostaglandins. 
Neither TXA, nor HHT are formed, and yet biological activity of PGH, instantly 
disappears from the incubation mixture. After .several unsuccessful attempts to find 
out what aortic microsomes were generating from PGH, we were able to demonstrate 
that an unknown, labile vasodilator, and antiaggregatory substance is produced. This 
substance had many nicknames, but finally we named it PGX.7-10 

PGX, when left standing, is broken down within a few minutes to a stable, biologi- 
cally inactive compound with chromatographic mobility close to that of PGE,.‘ The 
biological significance of the discovery of PGX was fully realized by us when we dem- 
onstrated that prostaglandin endoperoxides generated by platelets can feed arterial 
“PGX ~ynthe tase”~ and that this enzyme is selectively inhibited by low concentrations 
of lipid peroxides, e.g., by 15-hydroperoxyarachidonic acid ( 15-HPAA).7 

When speculating as to the possible chemical structure for PGX we came across the 
paper of Pace-Asciak and Wolfelo* in which the authors describe a novel transforma- 
tion of arachidonic acid (and PGG2)’09 to 6(9)-oxy-11,15-dihydroxyprosta-7,13-dienoic 
acid by rat stomach homogenates. The existence of an unstable recursor of this new 
metabolite of arachidonic acid had been hypothesized.108.109 Could this hypothetical 
labile precursor be similar to  our PGX? Indeed, rat stomach microsomes when incu- 
bated either with PGH, or PGG, produce a principle which we previously characterized 
as PGX.’ 

At this stage the chemists110 isolated, characterized, and determined the chemical 
structure of PGX, which was renamed to prostacyclin. Some anonymous people’” 
gave another name to the same substance (PGI,) although the basic chemical structure 
and the conformation of prostacyclin differ from those of “classical” prostaglandins. 
As compared to prostaglandins, the prostacyclin molecule has an additional furane 
ring which is formed due to the presence of an oxygen bridge connecting carbon atoms 
6 and 9 (Figure 1). The other characteristic feature of the prostacyclin molecule is the 
presence of a 5,6 double bond which “stiffens” the rectangular shape of the prosta- 
cyclin molecule, so different from the hair pin-like shape of the prostaglandin mole- 
cules. Prostacyclin is hydrolyzed rapidly to  biologically inactive 6-keto prostaglandin 
(F,. (6-keto-PGF,.), a compound first described by Pace-Asciak111*112 and Dawson et 
al.”’ The methods of chemical synthesis of prostacyclin are relatively 

In aqueous solution at pH 7.4 and at  37°C prostacyclin is not stable. Its half-life in 
extravasated dog blood at 37OC is 3 min.’” On the other hand at  pH 9.5 to 10.5 and 
at a low temperature aqueous solutions of prostacyclin are stable for at least several 
weeks. 

Bioassay is unbeatable in handling the unstable members of the arachidonic acid 
cascade. The quantitative bioassay of prostacyclin is based on its ability to relax a 
bovine coronary artery stripat9 (Figure 3) or to inhibit platelet aggregation.’-lO Using 
this last methodological principle, prostacyclin can be monitored continuously in the 
circulating blood of anesthetized animals (Figure 4). 120.121 Recently, antisera against 9- 
deoxy-6,9-epo~y-PGF~.~~’ have been developed. These antisera also cross-react with 
prostacyclin. What an elegant way to assay prostacyclin! The above discoveries not 
only offer a new assay method for prostacyclin but they will also encourage investiga- 
tion on extracellular phenomena regulated by prostacyclin, since these antisera can 
remove prostacyclin from body fluids. 6-Keto-PGFI. is quantified by radioimmunoas- 
say124 and by mass spectrometry. 111.112*125 

The product of prostacyclin hydrolysis in vitro, 6-keto-PGF1, is not the major prod- 
uct of prostacyclin biotransformation in vivo. In rats injected with prostacyclin several 
different metabolites are formed. Biotransformation of prostacyclin seems to be in- 
itiated by its enzymatic to 15-keto-prostacyclin, not by its hydrolysis to 6-keto- 
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30 rnin 
I 

FIGURE 4. Assay of prostacyclin blood levels 
in vivo. Assay is based on the deaggregatory 
properties of prostacyclin. Collagen strips are su- 
perfused with mixed venous (V) and aortic (A) 
blood or an anesthetized and heparinized 

Platelet clumps are formed and cause a cat*12' 121 

gain in weight of the blood superfused strips (0 
to 500 me). Intravenous 3 min lasting infusions 
of prostacyclin (0.1 to 3.0 Vg/kg/min) cause a 
dose-dependent deaggregation of platelet clumps 
in aortic blood, which is seen as a decrease in 
weight of the blood-superfused collagenstrip. 
The deaggregatory response to prostacyclin at 
doses 0.1 to 1.0 pp/kg/min occurs only in aortic 
blood, since there is found endogenous prosta- 
cyclin which is generated by the breathing 

PGF,..126 Blood vessels transform prostacyclin to 6,15-diket0-PGF,..'~~ Relatively 
large amounts of prostacyclin metabolites may constitute the immunoreactive PG-like 
material in the human urine.1an 

In vitro the following cardiovascular tissues generate prostacyclin (sometimes de- 
tected as 6-keto-PGFI.): aortic microsomes from pig and rabbit,7,n,129 arterial and ven- 
ous ring slices obtained from man,130*131 rabbit,10.132 and rat; 133 homogenates of ductus 
arteriosus and fetal arteries from the ~ a l f ~ ~ ~ * ~ ~ ~  and perfused hearts from rabbit 
and rat, II9.152.136.l37 and cultured arterial cells.62.13n.159 Prostacyclin synthetase is local- 
ized mainly in the endothelial layer of the vascular wall. Other layers have little capac- 
ity to generate prostacyclin. 

Prostacyclin is the main metabolite of prostaglandin endoperoxides in the vascular 
wall. The early findings that vascular tissue converts arachidonic acid to various types 
of p r o ~ t a g l a n d i n s ~ ~ ~ . ~ ~ '  and generates prostaglandin-E like material in response to hor- 
monal ~ t i r n u l a t i o n " , ~ ~ ~ - ' ~ ~  need to be reassessed in the light of the discovery of prosta- 
c~clin. '- '~ Chromatographic separation, bioassay, and radioimmunoassay techniques 
which have been used in the above experiments are not sufficiently specific to differ- 
entiate between prostaglandins on one side and prostacyclin and 6-keto-PGF1. as well 
as their metabolites, on the other. 

Prostacyclin (or 6-keto-PGFI.) is also produced in vitro by nonvascular tissues such 
as ram129.146 and seminal vesicle microsomes, rat stomach homogenates and 
micro some^,'^^^^^^^^^^^' rat stomach mucosa, 149 rat, guinea pig, and sheep ~ t e r i , ' ~ ~ . ~ ~ '  
bovine corpora lutea, 129 and placenta. 151 Rat lung hornogenate~'~~ and immunologi- 
cally-triggered, perfused guinea pig lungs113 also generate considerable amounts of 6- 
keto-PGF1. and so do 23 other microsomal preparations of various mammalian tis- 
sues. 

This flood of information reminds me of smething we used to call creative bliss in 
our country. Before any conclusions can be drawn, we have to assure ourselves that 
prostacyclin is produced by all three organs in vivo. Prostacyclin is only one of the 
numerous members of the arachidonic acid cascade319 and the isolated enzymes of this 
cascade are not, as yet, readily available in laboratory practice. The properties of mi- 
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crosomes and homogenates are far removed from the properties of pure enzymatic 
preparations on one side, and from the in vivo situation on the other. Most of the 
homogenates and microsomal preparations will convert arachidonic acid to any of its 
metabolites, provided that the incubation mixture will be supplied with adequate co- 
factors and set at pH, temperature, and substrate concentration optimum for a given 
metabolic route. Sometimes these crucial experimental conditions are simply acciden- 
tal. A convincing example of my thesis is arachidonate metabolism in the lungs. There 
is no single known metabolite of arachidonic acid which would not be proposed as a 
major product generated by the 1ungs.'3~27~30~3'~7s~1 13.L48 

Does this mean that at the moment I am typing these words my lungs produce this 
mess? I hope not. I am sure they do  not, since we have shown that quietly perfused 
guinea pig and rat lungs, as well as the lungs of anesthetized cats, spontaneously and 
continuously generate only small amounts of prostacyclin.60.61 Thromboxane A, and 
prostaglandins can be produced by the lungs in response to anaphylactic shock, during 
intoxication with histamine or with arachidonic a ~ i d , ~ ~ . ~ ~ . ~ ~  as well as  when the lungs 
are squeezed, chopped, minced, homogenized, anything but quietly breathing. There 
exists a tremendous discrepancy between the potential routes of metabolism of arach- 
idonic acid in a tissue in vitro and the actual performance in vivo. The former cannot 
be mistaken for the latter. 

The antiplatelet and vasodilator actions of prostacyclin determine its biological sig- 
nifi~ance.~-,O When prostacyclin (0.3 to 3.0 nM) is preincubated for a couple of seconds 
with platelet-rich plasma, human, rabbit, guinea pig, or feline subsequent addition of 
ADP, collagen, or arachidonic acid fail to  induce platelet aggregation. On the average, 
prostacyclin is a 20 to  30 times more potent antiaggregatory agent than PGE,.@ 

The antiaggregatory properties of PGE,Is4 and PGDZas5 were early associated with 
their potencies to stimulate platelet adenylate cyclase. 156-1s9 Cyclic AMP phosphodies- 
terase inhibitors enhance the antiaggregatory action of PGEI.'S7 Prostacyclin is 30 
times more potent than PGE, and 10 times more potent than PGD, as a stimulator of 
human platelet adenyl c y c l a ~ e . ~ ~ ' - ~ ~ ~  Have all of them a common receptor on the pla- 
telet membrane or are there three separate regulatory subunits of adenylate cyclase 
specific for PGE,, PGD,, and PGI,? We do  not know, however, PGE, and PGD2 can 
hardly be considered as physiological mediators in platelets. Dihomo-d-linolenic acid, 
the precursor of PGE,, constitutes only a minor portion of the fatty acid pool available 
to cyclooxygenase in platelets.3z4 PGD, is not detected in healthy a r t e r i e ~ , ~  although 
minute amounts are formed during platelet aggregation. 

The discovery of prostacyclin has had a direct impact on research dealing with the 
mode of antiaggregatory cyclic AMP activity.I6' The concept of Holmsen3I3 is that 
cyclic AMP inhibits platelet aggregation by affecting the distribution of intracellular 
Ca'+. Does cyclic AMP inhibit the generation of TXA, in platelets? Some authors say 
Yes'6'.163 and the others say no.IL4 Malmsten et al.163 consider cyclic AMP to be an 
inhibitor of platelet cyclooxygenase and therefore an increase of platelet cyclic AMP 
levels is accompanied by a decrease in the generation of PGG,, PGH2, TXA,, and, 
consequently, platelet aggregation is inhibited. Recently Minkes et a1.'6s and Lapetina 
et al.Isl put forward another concept stating that cyclic AMP is the inhibitor of Ca"- 
dependent phospholipase A219-22 and thus it restricts the availability of free arachidonic 
acid which is necessary for the generation of cyclic endoperoxides and TXA,. Accord- 
ing to Gerrard et al.ls4 this last concept may constitute the basis for the unifying theory 
on the mode of the antiaggregatory action of cyclic AMP. Cyclic AMP, by the seques- 
tration of Ca" inside cellular stores, has two parallel inhibitory actions: (1) it hinders 
phospholipase A, activity and hence the release of TXA, precursors, and (2) it inhibits 
Ca++-dependent activation of the platelet contractile proteins. 

In vivo prostacyclin not only prevents platelets from aggregation (antiaggregatory 
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-1 P 
FIGURE 5. The effects of intravenous infusions of prostacyclin 
(2 to 20 ng/kg/min) into six healthy men on ADP-induced platelet 
aggregation (antiaggregatory action), dissipation of circulating 
platelet aggregates (deaggregatory action), template bleeding time, 
and blood loss after the skin incision. Each point represents mean 
of three to six observations i S. E. 

action) but it also reverses platelet. aggregation (Figure 4) by dissipation of the pre- 
formed platelet clumps (deaggregatory action).Iao Prostacyclin (10 to 100 ng/kg/min, 
i.v.), infused into anesthetized rabbits, inhibits electrically induced thrombus forma- 
tion in the carotid artery, prolongs bleeding time, and inhibits ex vivo ADP-induced 
platelet aggregation. All these effects of prostacyclin are potentiated by theophylline, 
an inhibitor of phosphodiesterase.166 

We have shown in anesthetized, heparinized catstz' the deaggregatory action of pros- 
tacyclin.'zO Prostacyclin in a single bolus injection of 7.5 pg/kg, i.v., "dissolves" 50% 
of the preformed white thrombi weighing 300 to 500 mg. We have also seen a potentia- 
tion of the deaggregatory action of prostacyclin by theophylline (3 mg/kg, i.v.). At 
this dose theophylline has little effect on the hypotensive action of prostacyclin.Iz0 

My colleagues and I were the first men to experience the effects of intravenously 
infused p r ~ s t a c y c l i n . ' ~ ~ ~ ~ ~ ~  When infused intravenously for a period of 30 min, prosta- 
cyclin (2 to 20 ng/kg/min) inhibits ex vivo ADP-induced platelet aggregation, dissi- 
pates circulating platelet aggregates, 169 and prolongs bleeding time (Figure 5 ) .  Prosta- 
cyclin does not influence the platelet count or the functional integrity of coagulation 
and fibrinolytic systems. The most spectacular feature of prostacyclin action is vaso- 
dilatation appearing in the regions of the face, neck, and palms. Due to the profound 
erythema the temperature of the forehead skin rises by 0.3 to 0.8"C. Prostacyclin, at 
a dose of 20 ng/kg/min, evokes feelings. of restlessness and lightheadedness. In some 
of us it has also elicited a slight diuretic effect. A moderate tachycardia precedes a 
discrete lowering in diastolic blood pressure (Figure 6). There is little effect on the 
mean arterial blood pressure, unless a dose of 50 ng/kg/min is infused. This dose of 
prostacyclin may result in collapse in which case the hypotensive action of prostacyclin 
produces a distinct bradycardia. Any action of prostacyclin disappears briefly after 
termination of the infusion. 

In general, the vascular action of prostacyclin is weaker than its antiplatelet action. 
Isolated strips of blood vessels are unevenly affected by prostacyclin. The strongest 
relaxation is evoked by prostacyclin in strips of bovine coronary artery (Figure 3).119.132 
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FIGURE 6. The circulatory effects of prostacyclin infused 
intravenously at doses of 5 to 20 ng/kg/min into a healthy 
man. BP - blood pressure measured at the left thigh, HR - 
heart rate. 

This relaxation is dose dependent and fairly specific for prostacyclin. Strips of bovine 
coronary arteries are used as the assay organs for prostacyclin. The reaction of the 
human coronary artery is weaker (Figure 3), while swine coronary artery is alleged to 
be contracted by pro~tacyclin.'~' In our laboratory we have seen that the coronary 
artery strips from all three species are relaxed to varying extents by prostacyclin, 
whereas PGE, contracts all of them. Perfused rabbit hearts produce 
p r ~ s t a c y c l i n ~ ' ~ ~ ' ~ ~ . ~ ~ ~ ~ ~ ~ ~  and the hormone seems to derive mainly from the coronary 
arteries. 132.172 

Strips of the rabbit celiac and mesenteric a r t e r i e ~ ~ * ' ~ . ~ ' ~  and of the lamb ductus arter- 
i o ~ u s l ~ ~  are moderately relaxed by prostacyclin, whereas PGE, is a much more power- 
ful relaxant in these vascular preparations. We have shown that the P G H h d u c e d  
relaxation of rabbit mesenteric artery occurs because of the intramural conversion of 
PGH, to prostacyclin. When the strip is pretreated with 15-HPAA (a prostacyclin syn- 
thetase inhibitor) then prostaglandin endoperoxides contract the rabbit mesenteric ar- 
tery as they contract the rabbit aorta." On the other hand, strips of rabbit aorta and 
vena cava are neither contracted nor relaxed by prostacyclin. 

The above in vitro data seem to favor the concept that prostacyclin is an endogenous 
vasodilator generated by the coronary vascular bed, a t  least in some  specie^.^'^.^^^ Not 
only is the coronary vascular bed sensitive to the vasodilator action of prostacyclin in 
vivo, the hypotensive action of prostacyclin in laboratory animals is greater than those 
of PGE,, PGE,, and PGD,,174-"7 and in humans a low dose of prostacyclin (5  ng/kg/ 
min, i.v.) results in a distinct erythematous reaction. Therefore, the statement of Co- 
ceani et al.173 that " . . . the prime function of PGI, concerns platelet aggregability 
and not the regulation of vascular tone . . . " might be premature. 

As 1 am writing this chapter, the available reports on cardiovascular responses to 
prostacyclin in vivo are few and conflicting. L 7 4 - 1 7 7  Dose-dependent vasodepression has 
been reported in rats, rabbits, and dogs, however, in dogs prostacyclin is claimed to 
be cardiodepressive, 17' while in rats it is ca rd ios t im~lan t . ' ~~  The positive chronotropic 
effect of prostacyclin in rats is supposed to be either r e f l e ~ t o r y ' ~ ~  or direct.175 We have 
to wait for further information on the cardiovascular action of prostacyclin, especially 
in man. 
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Prostacyclin is synthesized in the endothelium, but its action is directed to blood 
platelets and vascular myocytes. 

VI. INTERACTION BETWEEN THE VASCULAR WALL AND BLOOD 
PLATELETS 

In thrombocytopenic animals an artificial injury to the arterial wall is not followed 
by formation of a while in normothrombocytemic animals myocardial 
infarction is followed by an enhancement of platelet aggregabili t~.’~~ These two facts 
indicate the importance of platelets in formation of intra-arterial thrombi. 

The platelet life span is around 10 days,06 daily production being 1.5 x 10” plate- 
lets.’Bo A suspension of washed platelets shows a high respiration rate. This is dramat- 
ically accelerated by exogenous and endogenouszz arachidonic acid, owing to the stim- 
ulation of l i poxygena~e~*~~  and c y c l o ~ x y g e n a s e ~ ~ ~ ~ ~  pathways. 

In contrast to platelets, the mitotic and respiratory activities of the vascular endo- 
thelium are very 10w.’~’ The life span of aortic endothelial cells is 100 to 180 days.’” 
They have a very low basic respiratory activity which is hardly stimulated by exogenous 
arachidonic acid. An interaction between these stationary, “slow going”, “antithrom- 
botic” endothelial cells and the circulating, highly reactive, “prothrombotic” blood 
platelets is responsible for maintaining homeostasis in the arterial portion of the cir- 
culation. 

The importance of vascular endothelium in maintaining blood fluidity has been as- 
sumed for many years,317 however, too much attention was paid to the passive role of 
the endothelium in preventing thrombosis. Glycoproteins of the endothelial cell plasma 
membrane in forming a blood-compatible ~ u r f a c e ’ ~ ~ ~ ’ ~ ~  were thought to be solely re- 
sponsible for the repulsion of blood platelets from vascular walls. One of the active 
roles of the endothelium in prevention of thrombosis was recognized due to the discov- 
ery of VanelB4 that pulmonary endothelium removes a variety of vasoactive substances 
including kinins, catecholamines, 5-hydroxytryptamine, and adenine nucleotides from 
the circulation. 185.186 These biologically active substances potentiate or induce platelet 
aggregation. There are other mechanisms by which the endothelium can actively de- 
fend blood vessels against thrombosis, e.g., the endothelium contains a plasminogen 
activator,lB7 binds thrombin,’B8 and releases a low molecular weight labile factor that 
acts as a broad-spectrum inhibitor of platelet function.’89 

However, the main active antithrombotic function of the vascular’-’o and pulmo- 
narydov6’ endothelium is to generate prostacyclin. Indeed, we believedo that the pulmo- 
nary endothelium is a vast endocrine organ that secretes a hormone into the circula- 
tion, namely, prostacyclin. Hormonal prostacyclin potentiates the antithrombotic 
action of vascular prostacyclin, mainly in coronary and cerebral arteries which are in 
the closest vicinity of the “endocrine gland” (i.e., the lung). It might well be that this 
interaction between platelets and endothelial cells enhances the efficacy of the endo- 
thelium to generate prostacyclin, at least the existence of this interaction was shown 
for the vascular tissue.’O 

Ten years ago it was recognized that endothelial cell function appears to depend on 
the presence of blood platelets in the fluid perfusing the arteries.’a3 Ultrastructural 
studies have revealed that platelets can be assimilated into vascular endothelial matrix 
or even incorporated into endothelial This phenomenon was described as the 
platelet “support” to endothelium. Very little is known concerning the biochemical 
character of this platelet-endothelium interaction. We have suggested that the mor- 
phological interaction enables the transfer of prostaglandin endoperoxides from pla- 
telets to endothelial cells in order to accelerate the generation of pro~tacyclin.~ 

When incubated in a buffer, the chopped rings of rabbit mesenteric arteries avidly 
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generate prostacyclin either from exogenous prostaglandin endoperoxides (80 to 90% 
conversion) or from the endogenous substrates; however, the conversion rate of exog- 
enous arachidonic acid to prostacyclin does not exceed 0.5 to 1% c o n ~ e r s i o n . ~  Indo- 
methacin-treated arterial rings do  not produce prostacyclin at  all unless prostaglandin 
endoperoxides or blood platelets are added to the incubation mixture. In both instances 
the generation of prostacyclin by arterial rings is abolished by a prostacyclin synthetase 
inhibitor (w)lS-HPAA).’ The only conclusion that may be drawn from these experi- 
ments is that platelets supply arterial rings with their own prostaglandin endoperox- 
ides. In vitro, using the arterial cell cultures, it has been ~ o n f i r m e d ~ ~ . ~ ~ ~  that endothelial 
cyclooxygenase is the rate-limiting enzyme in generation of prostacyclin and that arte- 
rial cells can utilize endoperoxides from blood platelets in order to generate prostacy- 
clin. 

We believe that the in vivo synthesis of prostacyclin by arterial walls could partially 
derive from prostaglandin endoperoxides supplied by blood platelets which try to ad- 
here to the endothelium. In health, this might be the mechanism by which endothelium 
repels platelets and protects itself against the deposition of mural thrombi. 

Let us imagine that, when subjected to  mild mechanical deformations in rheologi- 
cally “hazardous” regions of the vascular bed,Ig0 blood platelets are prone to generate 
minute amounts of prostaglandin endoperoxides from arachidonic acid which is liber- 
ated from their temporarily deformed cell membranes.16.’g1 The resulting concentration 
of prostaglandin endoperoxides in platelets is too low to stimulate the enzymatic ma- 
chinery of thromboxane synthetase, but it is sufficiently high to trigger endothelial 
prostacyclin ~ y n t h e t a s e . ~ . ~ ~  The nascent endothelial prostacyclin repels these deformed 
“feeding” platelets and the deposition of mural platelet aggregates does not occur. 
This transfer of prostaglandin endoperoxides could be the key to the understanding 
of the mysterious platelet endothelial “support” me~han i sm, ’ -~  especially since an en- 
dothelium-repairing function of prostacyclin has already been p r ~ p o s e d . ~  

Our hypothesis offers a reasonable explanation for the fact that aortic microsomes 
reverse ADP-induced platelet aggregation in platelet-rich plasma.’92 The activation of 
platelet cyclooxygenase by ADP is so weak that only a trace of thromboxane A, is 
formed and this occurs exclusively during the second wave of aggregat i~n.~’  However, 
these minute amounts of cyclic endoperoxides from ADP-aggregated platelets are suf- 
ficient to trigger prostacyclin synthetase in aortic microsomes. The resulting amounts 
of prostacyclin in platelet-rich plasma are high enough to  reverse ADP-induced platelet 
aggregation,I9* although this fact has not been established by the authors of this obser- 
vation. 

Summing up, when thromboxane synthetase and prostacyclin synthetase are brought 
together and supplied with a small concentration of prostaglandin endoperoxides (de- 
rived from ADP-aggregated platelets)” only prostacyclin will be formed and a para- 
doxical antiaggregatory or even deaggregatory effect of ADP will be 

The above phenomenon explains the fact that ADP, the most powerful proaggrega- 
tory agent in vitro also has a slight thrombolytic effect in V ~ V O . ’ ~ ~ . ’ ~ ~ . ~ ’ ~  ADP-aggre- 
gated platelets, while trying to adhere to the intact intimal surface of arteries, auto- 
matically initiate the generation of prostacyclin and this hormone disperses platelet 
clumps. 

I assume that conditio sine qua non for the formation of intra-arterial platelet 
thrombi is the inability of endothelial prostacyclin synthetase to generate enough pros- 
tacyclin. Platelets are then free to adhere to the defenseless arterial wall, produce 
TXA,, and give way to the full progression of various phases of their aggregation and 
release 

Thus arterial thrombosis develops when endothelial prostacyclin synthetase is inac- 
tivated by lipid  peroxide^,^ when endothelium becomes detached exposing the under- 
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lying connective tissue to p l a t e l e t ~ , I ~ ~ * ’ ~ ~  or when polymerizing fibrin prevents the in- 
teraction between platelets and endothelial cells.197 

On the other hand, minor injury might even increase endothelial capability to pro- 
duce prostacyclin.I0 Indeed, in vitro, platelets do not adhere to endothelium scraped 
from rabbit aortalPa and there is little platelet adhesion to patches of endothelium in 
the mechanically injured aorta in ~ i v 0 . l ~ ~  We have observed that spirally cut strips of 
rabbit aorta are not covered with platelet clumps when superfused with bloodI2’ unless 
the aortic strips are prepared from atherosclerotic All these phenomena 
may be ascribed to the accelerated rate of prostacyclin formation by endothelium as a 
consequence of cutting, squeezing, scraping, crushing, etc. 

There are, however, certain limits beyond which trauma no longer stimulates the 
endothelium but rather begins to destroy the prostacyclin synthetase apparatus. Exper- 
imentally this effect is probably reached after heat injury from a laser beam directed 
onto the arterial wall. 199 On the basis of our experimental we hypothesize 
that the contamination of endothelial cells with lipid peroxides in experimental ather- 
osclerosis has a similar injurious effect on the arterial wall. The details of our hypoth- 
esis will be presented in Section VIII. 

VII. PLATELETS - EFA - ATHEROSCLEROSIS - MYOCARDIAL 
INFARCTION 

Although many factors in the pathogenesis of atherosclerosis still remain unknown, 
some evidence that intra-arterial platelet aggregation is an important factor in the de- 
velopment of this disease has appeared in the literature. The thrombogenic hypothesis 
of atherosclerosis (the so called “incrustation theory”) was originally proposed by von 
RokitanskyZ0’ in 1842, but Virchow’s “infiltration theory” prevailed and dominated 
the academic community for many years, owing greatly to Anichkov’s experimental 
demonstrationzo2 that atherosclerosis in rabbits could be induced by a diet high in lipid 
and cholesterol content. The yellow streaks of lipids which “infiltrated” the rabbit 
aorta could be seen with the naked eye and under a microscope. 

More than a century after von Rokitansky had put forward his original hypothesis, 
pathologists could see that myointimal cells of arteries were growing over mural 
thrombi and thus forming an atherosclerotic p l a q ~ e . ~ ~ ’ . ~ ~ ~  They noted that platelets 
and fibrin seemed to “incrustate” the vascular wall. In view of the fact that intra- 
arterial platelet adhesion and aggregation is the key event in the initiation of arterial 
thrombosis (Mustard and Packham, 1975 and Baumgartner and Muggli, 1976) and 
that the concept of von Rokitansky has gained a wide acceptance, one can deduct that 
atherosclerosis arises from some kind of imbalance between platelets and arterial walls. 
Indeed, aggregating platelets produce a factor that stimulates proliferation of arterial 
myocytes and promotes their migration to the atherosclerotic cap.203.zo4 The experimen- 
tal intimal thickening due to smooth muscle cell hyperplasia following injury to the 
arterial endothelium is mediated through substances released from a carpet of platelets 
that covers the site of the injury.zo5 Homocysteinemia is an inborn error of metabolism 
which is associated with premature atherosclerosis. A baboon model of homocysteine- 
induced atherosclerosis is characterized by focal vascular loss of endothelium and an 
immense increase in platelet consumption. This is followed by arterial myocyte prolif- 
eration.’06 

Other data suggests that platelets play an important role in the development of ath- 
erosclerosis. The epidemiological risk factors of coronary heart disease are known to 
activate platelets. 

High fat diet may be one of the risk factors for humans. The hardened coconut oil 
induces intra-arterial occlusive thrombosis in rats. 207.208 
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High cholesterol blood levels are considered to be a predisposing factor in atheros- 
clerosis. The aggregability of platelets is increased after cholesterol is incorporated into 
their plasma cell membrane.'09 

Tobacco smoking is a well-recognized risk factor. Cigarette smoking increases pla- 
telet aggregability.2'o 

Atherosclerosis and resulting myocardial infarction are less common in women be- 
fore menopause than in men. Testosterone enhances platelet aggregability in manza1 
and in animals. z12.213 Estradiol and progesterone attenuate the platelet response to 
proaggregatory agents.'I3 Platelet responsiveness to the proaggregatory action of ADP 
is ten times greater in male than in female rats. Castration reduces aggregability in 
males four times and increases it in females by three These data of the Ram- 
well's group provide the significant experimental evidence for an association between 
sex, platelet reactivity, and atherosclerosis. 

Long lasting diabetes mellitus may be a predisposing factor towards atherosclerosis. 
Platelets obtained from diabetic patients show increased activity of cyclo~xygenase"~ 
and this is probably related to the enhanced platelet aggregability reported many times 
in this 

A variety of platelet abnormalities have been described in patients with coronary 
heart and in experimental arterial insufficiency. Increased platelet sensitivity 
to proaggregatory agents has been reported in acute myocardial i n f a r c t i ~ n ~ ' ~ ~ ~ ' ~  and 
long after its o c ~ u r r e n c e . ~ ' + ~ ' ~  Experimentally this same effect has been noted 20 to  80 
days after coronary artery ligation in and 5 months after feeding rabbits an 
atherogenic diet.z00 Spontaneous platelet aggregation in various types of arterial insuf- 
ficiency has also been shown.81.z18*zz0 In 40% of the survivors of myocardial infarction 
an increased platelet aggregability to arachidonic acid was associated with an aug- 
mented rate of its conversion to TXAz (Figure 7).01 Platelet survival time in men with 
diagnosed arterial atherosclerosis is significantly shortened.zz'-zz3 

In humans208 and in animalszo7 platelet aggregability is suppressed by a diet rich in 
linoleic acid."' Linoleic acid (1 8:206), the principal EFA present in sunflowerseed oil 
and in corn oil, is a common precursor both for dihomo-y linolenic acid (20:306) and 
for arachidonic acid (20:406). Dihomo-y-linolenic acid constitutes only a tiny portion 
of the EFA pool available to cyclooxygenase in mammalian Probably this 
precursor of monoenoic prostaglandins is rapidly desaturated to arachidonic acid and 
has little chance to be incorporated into the tissue phospholipids. 

A 12-year long trial carried out in hospitalized Finnish patients has shown that a 
high linoleic acid diet reduces the incidence of death by coronary heart disease in 
men.zz5 There is a number of similar reports claiming that the high linoleic acid diets 
have antithrombotic and antiatherosclerotic action .314 An elevation of the linoleic acid 
content in the diet to 4 to 12 cal% has also been shown to have an antihypertensive 
effect in manzz6~zz7 and in animals.zz8 

The rationale for the antithrombotic, antiatherosclerotic, and antihypertensive ac- 
tion of dietary linoleic acid has been seen in the accumulation of dihomo-y-linolenic 
acid in tissues, followed by an increased generation of PGE,. Dihomo-y-linolenic acid, 
injected into rats or dogs, inhibits platelet aggregation ex V ~ V O . ~ * . ~ ~ O  Because of an 
instant desaturation of dihomo-y-linolenic acid to  arachidonic acid in the mammalian 
organismz2' and in light of our discovery of p r o s t a ~ y c l i n , ~ - ~ ~  I am inclined to explain 
the beneficial effects of the high level linoleic acid diet as a result of an increase in the 
generation of prostacyclin by vascular and pulmonary endothelium. Would an in- 
creased generation of PGE, really be so desirable? PGE, has only 3 to 5% of the 
antiaggregatory activity of pro~tacyclin,~ while both of them seem to compete for the 
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FIGURE 7. The generation of TSA, (see Figure 2) in platelet- 
rich plasma (PRP) of a myocardial infarction survival (M.I.) and 
in PRP of a control subject (control). PRP was aggregated by ar- 
achidonic acid (AA) at concentrations of 50 to SO00 pM. Triangles 
indicate the threshold proaggregatory concentrations of AA. 

same active site on the platelet membrane. An increased generation of PGE, at the 
expense of prostacyclin might be a hazardous game, which actually seems to be played 
by the atherosclerosis organism. 

Atherosclerosis in man is associated with a dramatic drop in the plasma ratio of 
arachidonic acid to dihomo-y-linolenic acid.’” The plasma level of arachidonic acid is 
lowered by more than 50%, while the level of dihomo-y-linolenic acid is raised by 
4OVo. The plasma levels of eight other free fatty acids remain within the range of the 
controls, except for an understandable fall in the 18:306 plasma level. These data may 
suggest that in survivals of myocardial infarction (clinical evidence for coronary artery 
atherosclerosis) there exists a partial block in the last biosynthetic step of arachidonic 
acid, resulting in an accumulation of its immediate precursor, dihomo-y-linolenic acid. 
When feeding an atherosclerotic person with sunflowerseed oil we will probably cause 
an accumulation of dihomo-y-linolenic acid in his plasma and subsequently the tissue 
ratio of PGG,/PGG2 and PGEJPGL will be increased. As has been previously men- 
tioned this probably isn’t a desirable shift in the efficacy of the antiaggregatory mech- 
anism. 

Another aspect of the high degree of unsaturation of the dietary fats is a danger 
arising from their autooxidation either in vitro or in the biophase. The lipid peroxides 
and the corresponding free radicals thus generated are potent prostacyclin synthetase 
inhibitors.’ The same peroxides and free radicals are also thought to be responsible 
for the complex biological phenomena of 

Harman’”’ has shown that an increase in degree of unsaturation of dietary fat causes 
a significant decrease in the mean life span of female C3H mice. The same tendency 
has been observed in a group of Charles River male rats. One of the most hazardous 
diets for animals was one with a high content of sunflower seed oil (8.2% of saturated 
fatty acids and 76.4% of 18:2 acids). The safest was a mixed diet based principally 
upon menhaden oil (42.3% of saturated fatty acids and 1.1070 of 18:2 acids). 
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The role of the degree of unsaturation of dietary fats in the prevention and treatment 
of atherosclerosis and aging is still disputable. 

Myocardial infarction in humans is usually associated with a preexisting atheroscle- 
rosis of coronary arteries. Acute myocardial ischemia rarely results from the slowly 
developing atherosclerotic stenosis of a coronary artery without any complicating fac- 
tors such as the formation of the platelet clump, hemorrhage into an atherosclerotic 
plaque, or discharge of atheromatous debris into the bl00d.”~ What is the role of 
platelets in precipitation of acute myocardial infarction? Even those scientists who are 
convinced about the key role of platelets in the etiology of a the ro~c le ros i~ ’~~  still con- 
sider coronary thrombosis to  be secondary to the myocardial infarction. There are two 
basic clinical observations which have led to the above suggestion: firstly the incorpo- 
ration of ‘2SI-labeled fibrinogen into coronary arterial thrombi still occurs after my- 
ocardial infarction has been completed, and secondly one can rarely see arterial 
thrombi in patients dying suddenly because of a heart attack. Nevertheless these two 
facts do  not exclude platelet-mediated intra-arterial thrombosis as the cause of my- 
ocardial infarction. The appearance of radioactivity from 12SI-fibrinogen upon the 
heart need not be explained by the de novo formation of thrombi. It may arise from 
the hardening of a preexisting platelet clump, which was originally responsible for the 
myocardial infarction by fibrin. 

The formation of transient platelet clumps inside coronary arteries, and not the for- 
mation of a fibrinous “red thrombus,” may constitute the principal cause of sudden 
cardiac death. These “white thrombi” are loose and after causing an immediate death 
they spontaneously deaggregate and hence, they are not detected by pathologists. 
These platelet clots need time in order to undergo the process of fibrinous transfor- 
mation. Therefore the frequency of coronary thrombosis increases in direct proportion 
to the survival time which elapses after myocardial infar~tion.”~.”“ It is also worth- 
while to mention the fact that aggregating platelets would be expected to produce sig- 
nificant amounts of TXAl which would exacerbate the occlusive effect of the incipient 
thrombi by contracting the coronary artery around them. 

In his elegant review, Jorgensen (1976) has presented a vast number of experimental 
and clinical evidence which clearly indicates that the occurrence of platelet aggregates 
in myocardial microcirculation is the causative factor leading to myocardial ischemia, 
cardiac arrhythmias, and sudden death. Whatever the mechanisms of the occurrence 
of these microthrombi, TXA, has to participate in the formation of the platelet aggre- 
gates and in trapping them in locally constricted fine coronary blood vessels (Section 
IV). This is a rationale for the administration of cyclooxygenase inhibitors (Section 
IX) and thromboxane synthetase inhibitors (Section X) in prevention of coronary 
thromboembolism. 

While aspirin and thromboxane synthetase inhibitors may be used in the prevention 
of arterial thrombosis, prostacyclin and its analogues have a great chance to become 
the drugs that will cure acute myocardial infarction and other forms of arterial insuf- 
ficiency. Indeed, we have shown that prostacyclin “dissolves” preformed platelet 
clumps in animals,’20.121 disintegrates circulating platelet aggregatePs in 
and that its deaggregatory action is enhanced by theophylline. ‘66 

Prostacyclin is also a circulating hormone generated by the 1ung.60*6’ The endocrine- 
like activity of this organ is increased during hyperventilation.60 Could this be the rea- 
son for “deep breathing” exercises which one starts to  perform involuntarily when 
chest pain occurs? Arterial blood would not only be better oxygenated but also en- 
riched with hormonal prostacyclin which would help to disperse platelet aggregates 
which are trapped in the myocardial microcirculation. Upon reaching the coronary 
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circulation, hormonal prostacyclin induces b rady~ard ia . ’~~  Thus in addition to its an- 
tiaggregatory, 7-10 deaggregatory, 1’1.167.168 coronary vasodilator119.172 and peripherial re- 
sistance s u p ~ r e s s i n g ~ ~ ~ - ’ ~ ~  properties, prostacyclin reduces cardiac energy expendi-ture 
by slowing the heart rate.’14 Since prostacyclin is not removed from the circulation 
across the lung, its intravenous infusion may serve to aid myocardial performance 
while recovering from injury. 

Pharmacological stimulation of the endocrine-like function of the lung is another 
possible approach to the treatment of arterial thromboembolism. Dextran has been 
recently reported to release “prostaglandin-like activity” from perfused rabbit 

On the other hand, air pollutants, such as tobacco smoke, which have been 
linked with coronary heart disease, should be carefully studied as potential inhibitors 
of prostaglandin production by the lung. 

VIII. THROMBOXANE As - PROSTACYCLIN - ATHEROSCLEROSIS 
(A HYPOTHESIS ON THE ETIOLOGY OF ATHEROSCLEROSIS) 

We postulate that the beginning of atherosclerosis is causally associated with an 
increase in lipid peroxidation either in the human body (i.e., in vivo) or in the dietary 
fat (i.e., in vitro). The accumulation of lipid peroxides in certain regions of the vascular 
bed inhibits the formation of prostacyclin in these areas of arterial endothelium. The 
endothelium when deprived of its powerful antiaggregatory hormone becomes a sur- 
face prone to platelet adhesion and aggregation. As a consequence, adherent platelets 
release harmful substances and cause endothelial damage which is followed by a known 
sequence of events leading to the formation of an atherosclerotic p l a q ~ e . ~ ”  

The details of our concept are as follows. Potentially atherogenic lipid peroxides 
can be easily formed in dietary fats by autooxidation. It has been pointed that 
standards for some polyunsaturated dietary fats limit lipid peroxides to 20 pg/kg, 
which seems to be unduly high. One can imagine that high concentrations of lipid 
peroxides may be formed in an oil used repeatedly day and night for frying french 
fries. The same can happen to  fat-containing products kept in a refrigerator for a 
period of several months. In vitro cholesterol esters of polyunsaturated fatty acids of 
human serum can be peroxidized in air.237 It may well be that an overloading of the 
organism with dietary lipids induces a similar spontaneous peroxidation in vivo. It is 
more likely, however, that lipid peroxides are formed in the body due to a disturbance 
in fat metabolism which could result from exposure to previously mentioned risk fac- 
tors of atherosclerosis. Pathological, i.e., controlled lipid peroxidation, is known to 
occur in mammalian tissues during vitamin E deficiency, intoxication with carbon tet- 
rachloride, exposure to ionizing irradiation, carcinogenesis, and aging,233.z38 and we 
believe that it occurs during the hyperlipidemia which precedes the development of 
a t h e r o ~ c l e r o ~ i ~ . ~ ~ ~  

The rheologically hazardous regions of arteries represent the highest risk of lipopro- 
tein a b ~ o r p t i o n , ’ ~ ~  and, possibly, of lipid peroxides if their accumulation in body fluids 
occurs. Indeed, lipid peroxides have been detected in atherosclerotic  aorta^.'^'-'^^ It 
may be predicted that when the local concentration of lipid peroxides in the arterial 
endothelium attains a level equivalent to 2.0 to 5.0 pEq/l of 15-hydroperoxyarachi- 
donic acid (WHPAA),’ then the affected region of an artery will stop its production 
of prostacyclin. 

At this stage of development of atherosclerosis there is no anatomical damage to 
arterial wall. The only defect is a lack of active prostacyclin synthetase. The patches 
of the prostacyclin-deprived endothelial cells are soon covered with carpets of adhering 
and aggregating platelets. A similar picture is seen when endothelial cells are damaged 
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by dessicationzos or by a biolaser beam.’99.’44 The difference is that, in the above exper- 
imental models, endothelial cells are washed away after injury by the blood stream 
and the subendothelial layers are immediately exposed to platelets. In contrast, during 
the first stage of atherosclerosis, although their biochemical capabilities are severely 
compromised, endothelial cells still protect the arterial wall. Platelets form mural mi- 
crothrombi, the boundaries of which are circumscribed by healthy endothelium which 
is capable of generating prostacyclin and thus of rejecting platelets from its surface. 
Aggregated platelets, adhering to the endothelium, release TXA,, S-hydroxytrypt- 
amine, nucleotides, lysosomal proteases, and p h o ~ p h o l i p a s e s . ” ~ ~ ~ ~ ~  The released con- 
tent of platelets accumulates between the “platelet carpet” and the “biochemically 
dead” endothelium. The artery is locally contracted by TXA, and S-hydroxytrypt- 
amine, while the endothelium is digested by lysosomal enzymes. Morphological injury 
to endothelium occurs. The second stage of atherosclerosis is characterized by a mas- 
sive platelet aggregation which is activated by the naked subendothelial layers. High 
concentrations of prostaglandin endoperoxides, TXA2, and PGE, released from pla- 
telet aggregate help other platelet factors (Ross and Glomset, 1976) set myocytes out 
on their migration from media to intima. The proliferative inflammatory focus in the 
arterial wall is burning as a result of the action of chemical mediators released from 
platelets. Their inflammatory action is temporally limited by their short life span and 
by their diffusion into the blood. The inflammatory response of the arterial wall is 
also spacially restricted by the boundaries set by the surrounding, healthy endothelium 
which can eventually cover the area of injury. If, however, the process is repeated on 
several occasions over a long period of time, an irreversible damage to the vascular 
wall occurs which opens the way to secondary changes such as lipid and cholesterol 
infiltration. The full-scale proliferative and reparative responses develop. Myocytes 
and fibrous tissue grow over the mural thrombus and over the tissue debris and an 
atherosclerotic plaque is formed.322 

Indirect evidence supporting our hypothesis is as follows. 

1. 

2. 

3. 

4. 

5 .  

Lipid peroxides are consistently found in human atherosclerotic  aorta^'^'-"^ but 
are absent in healthy arteries. Trace amounts of lipid peroxides are detectable in 
human plasma233~z3’~24s but not in the plasma of laboratory animals (e.g., mice 
and rats)’” in which spontaneous atherosclerosis is rare. 
In premature infants inhaling pure oxygen a marked rise in plasma lipid peroxides 
occurs. At the same time in retinal blood vessels lesions develop which closely 
resemble those characteristic for atherosclerosis. Both the rise in plasma lipid 
peroxide levels and the vascular damage can be prevented by administration of a 
potent antioxidant ( H i b ~ n @ ) . ’ ~ ~ . ’ ~ ~  
In vitro, prostaglandin endoperoxides from blood platelets are converted by ar- 
terial slices9 and by cultured arterial cells6’ into prostacyclin. This last conversion 
is not inhibited by indomethacin, but it is abolished by ls-hydroperoxyarachi- 
donic acid (15-HPAA).9 This fact points to the possibility of an existence of a 
similar biochemical link between platelets and endothelial lining in vivo, a link 
that is broken by lipid peroxides. 
Human veins obtained from surgical specimens generate about eight times more 
prostacyclin than human a r t e r i e~ . ”~  This difference might account, at least in 
part, for the fact that atherosclerosis does not develop in human veins. In the 
rat, an animal which is notably resistant to spontaneous atherosclerosis, arteries 
possess as high a capacity to generate prostacyclin as reins.247 
Many patients with atherosclerosis of coronary arteries have platelets which gen- 
erate more TXAl than platelets of healthy subjects.*’ These subjects are also 
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6. 

7. 
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h ’  

FIGURE 8. Suppression of prostacyclin generation by 
the incubated slices of mesenteric arteries. aortas, and 
by perfused hearts of the rabbits fed for I ,  3, and 5 
months an atherogenic diet.’” 

hyperreactive to aggregatory Could this be due to the limited trans- 
fer of prostaglandin endoperoxides from platelets to atherosclerotic arteries? If 
so, then platelets would have to convert more of their PGH, to TXA,. 
The above concept is favored by the fact that the deep suppression of prostaglan- 
din synthetase activity in arteries of atherosclerotic r a b b i t P  (Figure 8) appears 
earlier than the “activation” of platelet aggregability in these animals. Platelet 
“activation” is detected only after 5 months of feeding an atherogenic dietzo0 to 
a bull 4 months after the radical decrease of arterial prostacyclin synthetase activ- 
ity. 
The selective inhibition of thromboxane synthetase in platelets by i m i d a z ~ l e ~ ~ . ~ *  
causes a diversion of prostaglandin endopejoxide metabolism to “classical pros- 
taglandins”. A similar phenomenon occurs in atherosclerotic arterial walls 
which generate large amounts of PGE224P and PGDzJ3‘ and small amounts of 
prostacyclin (Figure 8).  therefore it could be concluded that atherosclerosis 
causes damage to prostacyclin synthetase and not to cyclooxygenase in arterial 
walls. Lipid peroxides are thesonly known endogefous substance which selec- 
tively inhibit prostacyclin synthetase.’ On the other hand, the generation of PGE, 
and PGD, by atherosclerotic arteries may represent an effect on the part of the 
organism to substitute the lacking prostacyclin with prothetic substances, a va- 
sodilator PGE, and an antiaggregatary PGD,. 155 
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If further evidence were to be obtained in favor of our hypothesis more attention 
should be paid to the possible harmful effects of an excess of polyunsaturated, easily 
peroxidizable fats in the diet, especially in the developed countries, the inhabitants of 
which have become increasingly exposed to this kind of the diet. Prophylactic and 
therapeutic trials with chosen antioxidants (e.g., vitamin E) cyclooxygenase inhibitors, 
thromboxane synthetase inhibitors, prostacyclin, and its analogues would also be war- 
ranted. 

Over the past 30 years several clinical studies have appeared concerning the preven- 
tive or therapeutic actions of vitamin E in arterial thrombosis, angina pectoris, my- 
ocardial infarction, and intermittent claudication. These were short-term studies, lim- 
ited to small numbers of patients and platelet behavior was the main concern of the 
investigators. It is not surprising that their opinions on the role of vitamin E in the 
prevention of thromboembolism and arterial insufficiency are controversial and incon- 
c1usive.z50-2s6 

Vitamin E (a-tocopherol) is a physiological antioxidant whose mechanism of action 
is still uncertain. In most tissues, the ratio of vitamin E to unsaturated fatty acids is 
1:200. while blood platelets take up vitamin E until a ratio of 1:20 is reached.z50 In 
man, an oral dose of 1,800 i.v. results in a complete saturation of platelets with vitamin 
E,25’ which, in turn, reduces platelet aggregability to collagen251 but not to ADP and 
ep ine~hr ine . ’~~ In vitro a concentration of 1 m M  of vitamin E inhibits platelet aggre- 
gation induced by ADP, a r a ~ h i d o n a t e , ~ ~  collagen, thrombin, and e~ inephr ine . ’~~  In 
vitamin E deficient rats, platelet aggregability is enhan~ed’~‘ and prostaglandin biosyn- 
thesis although, in vitro, vitamin E (1 to 4 mM) has no direct effect on 
cyclooxygenase activity.35 

If vitamin E exerts any beneficial effect in prevention of atherosclerosis and in intra- 
arterial thrombosis it does not necessarily do so via platelets which have been thought 
until now to be the main target for the antithrombotic action of vitamin E. Vitamin E 
may inhibit lipid peroxidation in body fluids and inside the arterial wall, thus protect- 
ing prostacyclin synthetase against its inactivation by lipid peroxides. The question as 
to whether vitamin E is effective in the prevention of atherosclerosis still remains open 
and the answer can be obtained in long-term, multicenter, prospective clinical studies 
and in basic research on the antioxidant action of vitamin E in the arterial endothe- 
hum. 

Among synthetic antioxidants, special attention should be paid to butylated hydrox- 
ytoluene (BHT) which shares some important biochemical properties with vitamin E. 
BHT, at a concentration of 400 pM, does not inhibit the activity of mammalian cy- 
clooxygenase, whereas it is a powerful inhibitor of soybean lipoxygenase (ICso = 0.01 
PM).’~ According to our concept of the development of atherosclerosis an antioxidant 
that will block all pathways of lipid peroxidation except for the cyclooxygenase path- 
way will be the ideal potential antiatherosclerotic drug (Figure 1). 

IX. ASPIRIN - CYCLOOXYGENASE INHIBITORS - 
THROMBOEMBOLISM 

The clinical aspects of the effectiveness of aspirin in arterial and venous thrombosis 
have been reviewed by J ~ b i n . ~ ’ ~  Aspirin and a number of other cyclo-oxygenase inhib- 
itors, when administered at  theurapeutic doses in humans, abolish ex vivo platelet ag- 
gregation induced by collagen and arachidonic acid. They also reduce the second wave 
aggregation (TXA2 mediated)72 induced by ADP and e~ inephr ine .~~’  Platelet adhesion 
to subendothelium and collagen fibrils in flowing bloodz5’ is not reduced following 
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2ooo 

4500 

((00 

590 

0 

U.,Sd,, sO%TxA* 

a 1  2 t c s t r r r s n a  
DAYS AFTER y(#sTIoN OCMPIRIN 

FIGURE 9. Irreversible inhibi- 
tion of platelet cyclooxygenase by 
aspirin as the basic for assessment 
of platelet life span in humans. In 
arachidonate (1500 p M )  - aggre- 
gated platelet rich plasma (PRP) of 
a 46 year old man there was bioas- 
sayed TXA, (see Figure 2) in nan- 
ogram equivalents of 11,9-epoxy- 
methano analog of PGH, (EMA). 
The TXA, assay started at the “0” 
day before an oral ingestion of as- 
pirin at a single dose of 600 mg and 
the assay of TXA, was repeated 
each day during the next eight 
days. Aspirin completely sup- 
pressed the generation of TXA, by 
PRP for a period of 2 days. A re- 
covery up  to the initial TXA, syn- 
thetizing capacity gradually ap- 
peared. In the subject studies 
TXAI synthetizing capacity in 
PRP recovered up to 5070 of the 
initial value after 5.45 days from 
the moment of the aspirin inges- 
tion. 

ingestion of aspirin,’s9.z60 while the template bleeding time is doubled.26’ These prop- 
erties of aspirin in man seem to be directly related to a blockade of the arachidonic 
acid cyclooxygenation to prostaglandin en doper oxide^'^^^'^^ and hence to TXAz .725264 
Aspirin does not change platelet morphology.z6s 

Aspirin irreversibly acetylates an active site on the cyclooxygenase molecule (rnol 
wt 85.000) in platelets.266 Since platelets have no nuclei they cannot synthetize new 
enzyme proteins and, therefore, a single ingestion of two tablets of aspirin (600 mg) 
causes a long lasting suppression of platelet a g g r e g a t i ~ n ~ ~ ’ . ~ ~ ~  and inhibition of the 
generation of p r o s t a g l a n d i n ~ , ~ ~ ~ . ~ ~ ~  TXAz,z64 and malondialdehyde.a6 This suppression 
of platelet function lasts for several days until new platelets from bone marrow replace 
the “aspirin-blocked” ones. The persistence of the antiplatelet action of aspirin is re- 
producible in an individual who has undergone aspirin trials for the evaluation of the 
platelet life span (Figure 9).86.z64 
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The impairment of platelet function by aspirin is persistent, but mild, and cannot 
be enhanced by an increase in the dosage of the As a matter of fact, the 
optimum dose of aspirin which will induce maximum platelet dysfunction and mini- 
mum inhibition of endothelial cyclooxygenase remains to be determined. We should 
realize that the ingestion of a tablet of aspirin leads not only to the inhibition of TXAz 
for-mation by platelets, but also creates the potential danger of silencing the endothe- 
lial production of prostacyclin, firstly, because of a direct inhibition of endothelial 
cyclooxygenase activity, and secondly, because of the disappearance from platelet of 
prostaglandin endoperoxides which could be the substrate for the endothelial prosta- 
cyclin ~ynthetase.~ Some hope remains that cyclooxygenase from platelets is more sen- 
sitive to the inhibitory action of aspirin than the isoenzymes in other cells and tissues. 
As compared to  ram seminal vesicle cyclooxygenase, the platelet enzyme is 31 times 
more sensitive to the inhibitory action of aspirin.27o Nonetheless, low concentrations 
of i n d o m e t h a ~ i n ~ " ~  and aspirin*47 efficiently inhibit the generation of prostacyclin by 
vascular tissues in vitro. Villa and G a e t a n ~ " ~  have shown that in rats a bolus intrave- 
nous injection of a lysine salt of aspirin at a dose of 10 mg/kg causes substantial 
reduction in the spontaneous generation of prostacyclin by arterial tissue ex vivo. This 
effect is still observed 24 hr after injection of the drug. In our laboratory we have seen 
that in rabbits an intravenous injection of the sodium salt of aspirin at a dose of 15 
mg/kg does not inhibit the generation of prostacyclin by arterial slices while the pla- 
telet cyclooxygenase is inhibited significantly. Aspirin at  a dose of 25 mg/kg results in 
a nearly equipotent suppression of TXAl generation in platelets and of prostacyclin 
in the mesenteric artery slices of rabbits (Figure 10). The aspirin-mediated removal of 
prostacyclin from arteries may explain the failure of this drug (20 to 200 mg/kg) to 
affect platelet-mediated myointimal cell hyperplasia in rat carotid arteries subjected to 
endothelial injury,2os as well as the lack of protection aspirin (30 to 60 mg/kg) against 
myocardial ischemia in cats"' and against coronary thrombosis in dogs. 2 7 2  

The above laboratory data should be a warning against using excessive doses of 
aspirin in antithrombotic therapy in humans. In humans, a single oral dose of 5 mg/ 
kg (a tablet of 325 mg) of aspirin inhibits platelet cyclooxygenase activity by 89% for 
a period of 2 In most clinical antithrombotic studies, aspirin is used within a 
range of doses from 900 to 1500 mg daily.315 

In various models of experimental thrombosis, aspirin has been found 
or i n e f f e c t i ~ e ~ ~ ~ ~ ~ ~ ~  as a preventive countermeasure. Similarly, clinical 

studies on the prevention of thromboembolism by aspirin have yielded mixed 
N o  firm conclusions can be drawn. Generally speaking, aspirin seems to be less effec- 
tive in venous than in arterial thrombosis, although successful aspirin prophylaxis of 
venous thromboembolism after a total hip replacement has been reported.276 Interest- 
ingly, only male patients benefit from the aspirin treatment. Also, only men, among 
patients who previously suffered from transient cerebral ischemia, benefited from the 
aspirin treatment.315 

Most controversial and fascinating is the problem of protecting the myocardium 
against infarction by the regular intake of aspirin. Reports have repeatedly appeared 
stating that patients who undergo long-term, sustained aspirin treatment for rheuma- 
toid arthritis have a considerably lower incidence of myocardial infarction than appro- 
priate c o n t r 0 1 . ~ ' ~ - ~ ~ ~  Epidemiological studies seem to  confirm the protective action of 
aspirin against fatal coronary thrombosis,2"' however, the results of double blind pro- 
spective studies on secondary prevention of incidence and mortality from myocardial 
infarction are not c o n c 1 u ~ i v e . ~ ~ ~ - ~ " ~  Two long-term, prospective, multicenter, random- 
ized studies - (1) Aspirin Myocardial Infarction Study, 1975 (AMIS) and (2) Persan- 
tine-Aspirin Re-infarction Study, 1975 (PARIS) - have been undertaken by the Med- 
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c. 
ARTERIAL RINGS 
par W 9 )  

T T  A- T 

RABBITS 

DOSE OF ASPIRIN (mg/kg , p.a) 

FIGURE 10. The effects of aspirin in rabbits on the generation of prostacyclin (PGI,) by their mesenteric 
artery slices and on their platelet aggregability to archidonic acid (AA). Aspirin was administered orally at 
doses of 5 .  10, 15, 20, 25, or 50 mg/kg into 43 rabbits. Blood was withdrawn 3 hr later by cardiac puncture 
in order to prepare platelet-rich plasma (PRP). The animals were killed and mesenteric artery was sliced 
into small rings. The generation of prostacyclin by arterial rings was bioassayed in parallel to the assessment 
of the threshold proaggregatory concentration of AA in PRP. It has been found that the platelet cyclooxy- 
genase is more sensitive than the arterial cyclooxygenase to inhibitory action of aspirin, however, this differ- 
ence in the sensitivity of the enzymes may be spotted only after administration of low doses of aspirin (5  to 
15 mg/kg). The asterisks denote a statistically significant (p <0.01) difference in comparison to the aspirin 
nontreated animals.’O’ The unpublished data of R. Gryglewski et al. 

ical Research Council of Great Britain and will hopefully answer the questions, “Does 
aspirin protect against myocardial infarction?” 

Among the many cyclooxygenase inhibitors endowed with antiplatelet proper tie^,'^' 
sulfin pyrazone (Anturana) gained a wide popularity in the prevention of thromboem- 
b01ism.~’~ Sulfinpyrazone, a drug first introduced as an uricosuric agent in vitro inhib- 
its collagen-induced platelet aggregation and in vivo protects against thrombogenesis 
and prolongs the shortened platelet life span in patients suffering from various types 
of vascular ins~fficiency.’’~ When compared with aspirin, dipyridamole, clofibrate, 
and hydroxychloroquine, sulfinpyrazone has the broadest spectrum of efficacy in the 
treatment of various types of arterial and venous thromboembolism.’86 Recently, sul- 
finpyrazone was reported to protect a high percent of MI survivors against reinfarc- 
tion. ’07 

Aspirin is used in the treatment of rheumatoid arthritis, influenza, and headache. 
My guess is that the best chance for aspirin-mediated antithrombotic therapy lies in 
the combined administration of low doses of aspirin along with either prostacyclin 
analogues or phosphodiesterase inhibitors. Fleming et al.’44 have shown the existence 
of a supraadditive interaction between aspirin and PGEl in preventing intra-arterial 
thrombosis in rabbits. PGEl just mimics the antiplatelet action of pro~tacyclin.’.~ The 
antiplatelet action of PGEl is potentiated by phosphodiesterase inhibitors,1S7 including 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 317 

THROMBOXANE SYNTHETASE 
INHIBITORS 

lC50 hM) 

* 
H NlCTlNDOLT 

300 

1.0 

37s 

IHIDAZOLE 
N 
H 

FIGURE 11. Nonacidic heterocyclic 
thromboxane synthetase inhibitors and 
their antienzymatic potency ( lG0  p M). 

dipyridamole. 157m Benefit of combined therapy with aspirin plus dipyridamole has 
been claimed in arterial thrombosis in man.zz0.318 On the other hand, the potentiation 
of the antithrombotic action of prostacyclin by another phosphodiesterase inhibitor 
(theophylline) has been demonstrated in cats120 and rabbits.166 Another therapeutic 
approach to thrombosis is the simultaneous administration of aspirin and heparin. In 
humans, these drugs synergistically depress the availability of platelet factor 3. The 
enhanced aggregability of platelets due to heparin is suppressed by a simultaneous 
administration of aspirin. lo9 In my opinion, however, selective thromboxane synthe- 
tase inhibitors and prostacyclin analogues (Section X) will soon replace aspirin in an- 
tithrombotic therapy. 

X.  FUTURE TRENDS: THROMBOXANE SYNTHETASE INHIBITORS 
- PROSTACYCLIN ANALOGUES 

By definition, thromboxane synthetase inhibitors invalidate the conversion of pros- 
taglandin endoperoxides to TXA2. A selective thromboxane synthetase inhibitor is ex- 
pected not to influence the activities of cyclooxygenase and prostacyclin synthetase. 
The superiority of thromboxane synthetase inhibitors over cyclooxygenase inhibitors 
is based on the fact that the former do not inhibit generation of prostacyclin by arterial 
walls. A search for selective thromboxane synthetase inhibitors is a search for potential 
antithrombotic drugs, which may replace or supplement heparin, K antivitamins, as- 
pirin, sulfinpyrazone, dipyridamole, and clofibrate in the prevention of myocardial 
reinfarction and arterial thromboembolism. 

The known thromboxane synthetase inhibitors do  not constitute a homogenous 
group, either chemically or pharmacologically.290 

Two nonacidic anti-inflammatory drugs, first known as cyclooxygenase inhibitors, 
benzydaminez9' and nictindole (L 8027),95-97 have recently been shown to  inhibit 
thromboxane synthetase a t  a lower range of concentrations than that needed for inhi- 
bition of cyclooxygenase activity (Figure 11). Benzydamine is a weak thromboxane 
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FIGURE 12. Influence of nictindole on the second 
(TXA, - mediated) wave of ADP-induced platelet 
aggregation in cat platelet rich plasma. 

synthetase inhibitor with an ICs0 = 300 pM, but it is even weaker as a cyclooxygenase 
inhibitor with an ICs0 = 750 pM.291 The corresponding IN,d for nictindole are 1.0 
pMand 6.0 pM.05 Nictindole inhibits in vitro platelet aggregation in human and rabbit 
platelet rich plasma. At threshold, proaggregatory concentrations of arachidonic acid, 
the antiaggregatory activity of nictindole appears at concentrations as low as 2 X lo-’’ 
M(2 fM). There exists a distinct difference between the mode of antiplatelet action 
of any cyclooxygenase inhibitor (e.g., indomethacin) and the mode of action of nictin- 
dole. The latter is obviously a competitive inhibitor of arachidonate-induced platelet 
aggregation. Nictindole also inhibits platelet aggregation precipitated by collagen as 
well as the second phase of aggregation induced by epinephrine and by ADP (Figure 
12). i.e., the phase that is mediated by TXA2.’2 In vitro nictindole is a potent and 
fairly selective thromboxane synthetase inhibitor. In vivo nictindole is also a potent 
antiaggregatory agent,121 however, one cannot be sure about the actual mechanism of 
its antiplatelet action. The maintenance of low “antithromboxane synthetase” nictin- 
dole levels in the blood is difficult since the drug seems to be avidly removed from the 
circulation. 

Imidazole, a compound first known as a stimulator of cyclic AMP phosphodiester- 
a~e , ’~ ’  has recently been found to inhibit thromboxane ~ y n t h e t a s e . ~ ~ * ~ ~ * ~ ~ ~  Imidazole is 
a weak but selective thromboxane synthetase inhibitor with an IcsO = 375 pM(Figure 

Therefore imidazole  derivative^,^' histamine and antagonists of histamine H2 
receptors, such as burimamide, metiamide, and ~ i m e t i d i n e , ~ ~ ~  have been studied as 
potential thromboxane synthetase inhibitors. Only 1 -methyl-imidazole (ICsO = 180 
pM)9’ and burimamide ( I G O  = 25 pM)’03 inhibit the enzyme activity. Unexpectedly, 
the influence of imidazole on platelet aggregation is rather erratic. Imidazole causes a 
delay in platelet aggregation in platelet-rich plasma but it is without any effect in 
washed platelet suspensions aggregated with arachidonic acid or with prostaglandin 
en doper oxide^.^^ At high concentrations, imidazole may, in fact, enhance platelet ag- 
gregability through a mechanism independent of thromboxane ~ynthesis.~’ Perhaps a 
direct stimulatory effect of imidazole on phosphodiesterase activityz9’ or on Ca+* trans- 
port through b i o r n e m b r a n e ~ ~ ~ ~  may offer an explanation for the paradoxical proaggre- 
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BIOLOGICAL EFFECTS 
PRO -AGGREGATORY VASOCONSTRICTOR 

SUBSTITUENTS 

x - Y  = O - 0  1 . 0  I . o  
X - Y  = N * N  7 . 9  6 . 9  
X - Y  = O - C H 2  0 . 6  3 .6 
X - Y * CH,-O 3 . 7  6 . 2  
X - Y = CH =CH 0 .  I 0.1 
x - Y  I s - s  - 2 . 0  2 4 . 0  

FIGURE 13. Relative proaggregatory and vasoconstrictor 
potencies of prostaglandin endoperoxide analogs as compared 
with the activity of PGH, (relative potency = I).’9~’o~2e’~*9’ 

gatory action of this compound. Imidazole is also an irritant to mammalian tissues. 
Thus for different reasons nictindole and imidazole are both useless for the in vivo 
administration as thromboxane synthetase inhibitors. 

The failure of imidazole to  block the aggregation of washed platelet suspensions has 
been used by Needleman et al.93 as evidence for the hypothesis that the generation of 
TXA, is not necessary for platelet aggregation and that prostaglandin endoperoxides 
can do the same job. The problem has been elucidated by the synthesis of antimeta- 
bolites, of PGH, which are endowed with a selective and potent inhibitory action 
against thromboxane s y n t h e t a ~ e . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ’ ~ ~  Using these pharmacological tools, it has 
been shown that TXA, plays a crucial role in the spontaneously irreversible wave of 
platelet aggregati011.l~ as discussed in Section IV. 

The chemical group of prostaglandin endoperoxide analogues and related prostanoic 
structures are of great biological interest. The first representative of this group was 
the 9.11-azo analog of PGH,.’97 This compound and some other analogues of 
PGH,79.80.298 have the biological activity of the parent structure, i.e., they induce pla- 
telet aggregation and contract aortic strips (Figure 13). Interestingly enough, the bio- 
logical activity of some PGH, analogues resembles the biological activity of TXA, 
rather than that of prostaglandin endoperoxides (Figures 2 and 3). 

Replacement of the 15-hydroxy group in the PGH, molecule by a hydrogen atom 
and replacement of the -0-O- bridge by azo or epoxyimino bridgeszg5 yields a series 
of potent and markedly selectively thromboxane synthetase inhibitors (Figure 
14).51.69.94.196 The most potent is 9.1 1 -azaprosta-5,13-dienoic acid (U-5 1 605y4 which 
simultaneously inhibits thromboxane synthesis and PGH,-induced platelet aggrega- 
tion, both in washed platelet suspensions29o and in platelet-rich plasma.69 U-5 1605 also 
inhibits the activity of cyclooxygenase in ram seminal vesicles and prostacyclin synthe- 
tase from sheep aorta and from rabbit lungs. It is in this respect 10 to 40 times weaker 
than a thromboxane synthetase inhibitor in human platelet m i c r o ~ o m e s . ~ ~ ~ * ~ ~  A little 
bit weaker, but much more selective, is 9,ll-iminoepoxyprosta-6, 13-dienoic a ~ i d . ’ ~ ’ . ’ ~ ~  
Indeed, this last compound opens a new class of the selective thromboxane synthetase 
inhibitors which are antimetabolites of the substrate for TXA, biosynthesis. 

Eakins et al. 299 have discovered that p-benzyl-4-[ 1 -oxo-2-(4-chlorobenzyl)-3-phenyl 
propyl) phenyl phosphate (N-0164) a t  concentrations of 1 to 10 pM antagonizes the 
contractile action of prostaglandins at  their “receptor sites” in gastrointestinal smooth 
muscle. In addition, high concentrations of N-0164 (20 to 100 p M )  inhibit the forma- 
tion of TXA, from prostaglandin endoperoxides by human platelet r n i c r o ~ o m e ~ , ~ ~ ~ ~ ~ ’  
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~ - X - v  - N=N 0.23 8.0 
X - Y  =HN-0 
X - Y -  0-NH 62 .o 39.0 

m 100 > I00 
> 100 

4 . 3  

FIGURE 14. Prostanoic acid derivatives which inhibit throm- 
boxane synthetase. Comparison of their inhibitory potency on 
TXA, synthetase in platelet microsomes, PGIr synthetase in arte- 
rial microsomes, and arachidonic acid (AA) cyclooxygenase in 
seminal vesicle micro~ome~.'*~~~~~'~*~~~~*~ 

and block the cyclooxygenation of arachidonic acid in platelets.290 N-0164 inhibits pla- 
telet aggregation by acting at the extracellular site as a TXA, receptor antagonist rather 
than as an inhibitor of thromboxane synthetase or cyclooxygenase. Therefore N-0164 
is not a selective thromboxane synthetase inhibitor. The complex action of N-0164 on 
platelets will probably stimulate Eakins and colleagues to look to derivatives of N-0164 
as the selective receptor antagonists of TXA2. This, as yet, undiscovered group of 
TXA, antagonists might be as interesting as the group of thromboxane synthetase in- 
hibitors. 

Nicotinic acid inhibits TXAl synthesis in platelets and suppresses their aggrega- 
t i o n ~ , ~ ~ ~  but its mechanism of antiplatelet action is not clear. 

Inhibition of the biosynthesis of TXAl in platelet or neutralization of its action on 
the platelet membrane may be beneficial in the prevention and treatment of atheroscle- 
rosis and arterial thrombosis when platelet reactivity is heightened and the platelet 
generation of TXA, is accelerated.*'."''' 

Another approach to the therapy of arterial insufficiency and thromboembolism is 
based on the antiplatelet and vasodilator properties of prostacyclin. When infused in- 
travenously into humans, the natural hormone inhibits ex vivo platelet aggregation 
and dissipates the circulating platelet  aggregate^,'^'.'^^ however, at a high dose it can 
cause collapse because of its vasodepressor action. Because of its instability the route 
of administration of prostacyclin is restricted to intravenous infusion. When a spray 
of prostacyclin is inhaled, circulatory and antiplatelet effects also appear, however, 
the dosage of the hormone is not precise.33s 

The chemical synthesis of prostacyclin analogues is undertaken for the following 
reasons: (1) to improve its stability, and (2)  to separate the antiplatelet and vasode- 
pressor properties of the natural hormone. The third possible reason, i.e., an increase 
in the antiplatelet activity, is not an obligatory requirement. The natural hormone is 
powerful enough to allow for a 100-fold reduction of its biological activity in the form 
of a hypothetical analogue, and still be a highly active, antiplatelet drug. There is no 
doubt that at least two big industrial firms, deeply involved in prostacyclin research, 
synthesize and study hundreds of prostacyclin analogues, although only a few pub- 
lished reports have appeared regarding their synthesis, nomenclature, and biological 
proper tie^.^^^.'^ In our laboratory we use the following outline for the screening of 
the biological activity of prostacyclin analogues. 

A. Assessment of the General Pharmacological Profile 
Synthetic prostacyclin analogues may be endowed not only with prostacyclin-like 

activity, but also with the pharmacological properties typical for prostaglandins or for 
TXA2. The life span of the aqueous solution of an analogue is also an important fact 
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RAT 
C0u)N 

FIGURE IS. A comparison of the smooth muscle activity 
of a prostacyclin analog (6,9-thiaprostacyclin. TP)'O' with 
those of prostaglandin E l  ( E l ) ,  prostacyclin ( I I ) ,  and 11,9- 
epoxymethano analog of PGH, (EMA). The doses are in 
nanograms (ng). It  may be seen that in a molecule of TP 
there are combined prostacyclin-like properties (relaxation 
of bovine coronary artery), prostaglandin-like properties 
(contraction of rat colon), and thromboxane-like properties 
(contraction of rabbit mesenteric artery). 

to be obtained. These goals are reached in a single experiment. A strip of bovine cor- 
onary artery,'I9 a strip of rabbit mesenteric artery,78 a rat colon, and a second strip of 
bovine coronary artery are superfused in cascade with Kreb's solution (at 37OC, pH 
7 ,  6, 3 mf/min) which also contains a mixture of antagonists of biogenic amines.I7O 
The changes in length of the assay organs are recorded by auxotonic levers. In this 
assay system, prostacyclin causes a strong relaxation of the bovine coronary artery, a 
weak relaxation of the rabbit mesenteric artery, and sometimes an inhibition of spon- 
taneous movements of the rat colon. PGE, contracts the bovine coronary artery and 
rat colon and relaxes the rabbit mesenteric artery. PGE,, evokes a strong contraction 
of the rat colon and has no effect on the other two organs. TXA, contracts both 
arterial strips and has no effect on the rat colon (Figure 15). Thus prostacyclin can be 
easily distinguished from the other biologically active metabolite of arachidonic acid. 
The strip of bovine coronary artery at  the bottom of the cascade is separated from the 
one at the top by a warmed (37OC) delay coil. The delay time can be regulated from 1 
to 10 min. A difference in the relaxant potencies of a prostacyclin analogue between 
the upper and the lower coronary arteries is used for calculation of the life span of 
the studied substances. .Although it seems impossible, we have seen several prostacyclin 
analogues which combine prostacyclin-like, prostaglandin-like and TXA,-like proper- 
ties in one molecule (Figure 14). 
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FIGURE 16. A comparison of the deaggregatory potency of 
a prostacyclin analog (6.9-thiaprostacyclin, TP)’OJ with that of 
prostacyclin (PGL). The compounds were infused intrave- 
nously into anesthetized and heparinixd cats, the mixed-ven- 
ous blood of which superfused a collagen strip (blood on).1*0.’21 
The preformed platelet clots which adhered to the blood-super- 
fused strip were dissipated by the studied compounds. TP was 
12 times less active than PGll 

B. Assessment of Antiaggregatory Activity In Vitro 
Citrated human platelet-rich plasma is aggregated with ADP (1.5 p M )  in a Born 

aggregometer. Sixty seconds before instillation of ADP, various concentrations of an 
experimental analogue of prostacyclin or PGE, are added to platelet-rich plasma.* The 
ratio of the antiaggregatory potency of an analogue to prostacyclin and to PGE, is 
calculated. Prostacyclin inhibits the release of TXAl aggregated by arachidonic acid 
and collagen. Assessment of the inhibitory action of prostacyclin analogues on the 
platelet release of TXA, is studied by the method described previously.’* 

C. Assessment of Deaggregatory and Vasodepressor Activities In Vivo 
In vivo platelet clumps are formed on collagen fibers superfused with the blood of 

heparinized and anesthetized cats.”’ These clumps are dispersed by an intravenous 
injection of prostacyclin (Figure 4) and its analogues (Figure 16) but not by cyclooxy- 
genase and thromboxane synthetase inhibitors which only prevent the formation of 
platelet clumps in vivo. ,*’ The deaggregatory and hypotensive actions of prostacyclin 
analogues are studied simultaneously. 

This is a relatively simple way of looking for an “improved” prostacyclin among 
its analogues. Our approach does not exclude the detection of substances with prostag- 
landin-like or TXAJike activities, or their antagonists. 

D. Structure-Activity Relationship 
An example of a study on the relationship between chemical structure and biological 

activity within a series of prostacyclin analogues is presented in Figure 17. It may be 
seen that certain synthetic analogues of prostacyclin are more active biologically than 
the natural hormone. 

The platelet receptors for prostacyclin are far more sensitive to structural variations 
in the molecule of prostacyclin than the smooth muscle receptors. This specificity of 
the platelet prostacyclin receptor may prove useful for designing a selective antiaggre- 
gatory drug, whose structure will be similar to that of p r ~ s t a c y c l i n . ~ ~ ~  
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FIGURE 17. Structure-activity relationship within a series 21-methyl- 
PGl, analogs which were synthetized by C. A. Gandolfi, Carlo Erba, 
Milan. Their biological activity was assessed as described in Section X. 
In this figure antiplatelet and vasodilator activities refer to the in vitro 
tests. The following conclusions can be drawn. 

Elongation of the aliphatic chain of PGI, by a methyl group increases 
vasodilator activity of prostacyclin (PGI, and 11). 
The desaturation of 13,14-double bond to an acetylenic bond renders 
a compound with a stronger antiplatelet and antiaggregatory activities 
than the material structure(1, 11). 
The transposition of 15-hydroxy group to 15-epihydroxy group weak- 
ens or abolishes biological activity (111, X). 
The hydrogenation of the double the 5,6 double bond weakens biolog- 
ical activity when the hydrogen atom at the C6 is placed in the position 
beta (VI, VIII) or abolishes biological activity of PGl, when hydrogen 
atom at C6 is fixed in the position alpha (IX, X).’09 

XI. CONCLUSIONS 

Blood platelets tend to adhere to and to aggregate on any surface but the intimal 
vascular lining. The endothelium repels platelets from its surface owing to the contin- 
uous generation of an antiaggregatory and vasodilatory local hormone prostacyclin. 
Prostacyclin may be also considered as a circulating hormone, since it is secreted by 
the lungs (pulmonary endothelium?) into arterial blood (Figure 18). Prostacyclin is 
biosynthetized from arachidonic acid via prostaglandin endoperoxides. These unstable 
intermediates in prostacyclin biosynthesis arise by the cyclooxygenation of arachidonic 
acid either in vascular walls or in platelets and from there are transferred to endothelial 
cells. This “feeding” of endothelium by the platelet prostaglandin endoperoxides 
could be the biochemical explanation of the morphologically detected “support” of- 
fered by platelets to endothelium. 

Aggregating blood platelets convert their endogenous arachidonic acid through pros- 
taglandin endoperoxides to a proaggregatory and vasoconstrictor local hormone, 
thromboxane A2. A balance between enzymic generation of prostacyclin and throm- 
boxane A2 may be a principal factor responsible for maintaining homeostasis in the 
arterial segment of the circulation. 

Prostacyclin synthetase is resistant to inactivation by a great number of trivial toxins 
with one exception: it is irreversibly inhibited by a low concentration of lipid peroxides. 
We believe that aging and atherosclerosis arise from the same common root, i.e., they 
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FIGURE 18. The lungs as the generator of prostacyclin. 
Some prostaglandins are removed from blood across pulmo- 
nary circulation (e.g.. prostaglandin Ez). Prostacyclin is not 
removed by the lungs. On the contrary, its concentration in 
arterial blood (A) leaving lungs is higher than in venous blood 
(V). I t  has been proposed that the lungs act like an endocrine 
gland that continuously generates its hormone - prostacy- 
clin.‘O 

develop as a result of the pathological peroxidation of polyunsaturated fatty acids 
(Figure 19). Atherosclerosis is a consequence of an inability of endothelial prostacyclin 
synthetase to generate enough hormone. This biochemical defect of the arterial wall 
causes the loss of its unique antiplatelet properties. Platelets stick to the peroxide-con- 
taminated patches of endothelial cells. Between a carpet of adherent platelets and a 
floor of defenseless endothelium a space exists where the substances released by plate- 
lets accumulate. These are proinflammatory mediators (prostaglandin endoperoxides, 
prostaglandin E,, thromboxane A2) and the destructive lysosomal enzymes (proteases, 
phospholipases). A local inflammatory reaction is followed by anatomical damage to 
arterial endothelium. The naked subendothelial layers amplify the aggregatory re- 
sponse of platelets and then the “myocyte migration factor” of Ross is released. The 
inflamed arterial wall proliferates in the form of an atherosclerotic plaque. The ulcer- 
ation of an atherosclerotic plaque is the source of secondary intra-arterial thrombosis. 

If the above concept gains further experimental and clinical support then prophy- 
laxis and therapy of atherosclerosis and arterial thromboembolism need to be re- 
formed. Hypocholesterolemic, anticoagulant, and fibrinolytic drugs should be re- 
placed by se-lective antioxidants, thromboxane synthetase inhibitors, and prostacyclin 
analogues. Should these drugs be developed? Yes, since in several clinical studies, it 
has been shown that cyclooxygenase inhibitors (e.g., aspirin and sulfinpyrazone) are 
effective in the prevention of a second myocardial infarction. Cyclooxygenase inhibi- 
tors are not the best choice for antiplatelet therapy. Aspirin inhibits not only biosyn- 
thesis of thromboxane A2 in platelets but also suppresses the generation of prostacyclin 
in arteries. Unlike prostacyclin, aspirin does not reverse, but only prevents, platelet 
aggregation. Cyclooxygenase inhibitors, however, are the only drugs available on the 
market which interfere with the “arachidonic acid cascade”. If this nonselective inter- 
ference in the platelet metabolism of arachidonic acid is successful in the prevention 
of thromboembolism, then it is necessary to undertake clinical trials with selective 
thromboxane synthetase inhibitors. An even better opportunity is present in the form 
of stable prostacyclin analogues which can deaggregate platelet clumps and dilate cor- 
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ANllOXYDANTS 

I 
IMIDUQLE 

NICTINDU 
N- 0114 AA - oon 

FIGURE 19. Possible interrelations within the 
arachidonic acid cascade. In circles there are 
shown major metabolites of arachidonic acid 
(AA) in circulation (see Figure 1). In frames 
there are shown the substances which inhibit the 
arachidonic acid metabolism at various stages. 
Nonsteroidal antiinflammatory drugs (e.g.. as- 
pirin. indomethacin, sulfinpyrazone) inhibit the 
conversion of AA to prostaglandin endoperox- 
ides (PGGI and PGHa) and thus abolish the gen- 
eration of both TXAa and PGIa. TXAl synthe- 
tase inhibitors (imidazole. N-1064 and 
nictindole) inhibit selectively TXAI formation in 
platelets, whereas prostacyclin synthetase is in- 
hibited by lipid peroxide (AA-OOH) which may 
arise from AA due to its pathological peroxida- 
tion in the body. Activation of this pathological 
route of oxidation of polyunsaturated fatty acids 
is suggested to be responsible for the develop- 
ment of atherosclerosis. Vitamin E and some se- 
lective antioxidants might be helpful in blocking 
of this pathological route. 

onary arteries. In advanced atherosclerosis, prostacyclin analogues may be considered 
to supplant the absent hormone and may be used as insulin is used in the treatment of 
diabetes mellitus. 

Finally, when considering the risk factors of atherosclerosis, one should remember 
how dangerous lipid peroxides are. It may well be that a dietary supplement with selec- 
tive antioxidants (cyclooxygenase pathway must remain open) will help us to defend 
ourselves against atherosclerosis, although the main problem is to spot biochemical 
deviations that cause pathological lipid peroxidation in the organism. 

ADDENDUM 

Recently there appeared  paper^^*^.'*^^"^ suggesting that a low incidence of myocar- 
dial infarction among the population of northwest Greenland Eskimos could be ex- 
plained by high levels of eicosapentaenoic acid and low levels of arachidonic acid 
found in their plasma. 

Most vegatable oils contain linoleic (18:206), a-linolenic (1 8:303) or  oleic (1 8: 1 w9) 
acids. Because of the presence of linoleic acid, the vegetable oils (e.g., sunflower oil) 
are recommended as the supplement to the European and American It is be- 
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lieved that linoleic acid through biotransformation to dihomo-y-linoleic acid (20:3w6) 
gives rise to a vasodilator and antiaggregatory and vasoconstrictor TXA,. 

Cod liver oil or other fish oils constitute the main dietary lipids for Eskomos. These 
oils hardly contain any linoleic acid but are rich in twenty and twenty-two carbon 
polyunsaturated fatty One of those acids, all-cis5,8,11,14,17-eicosapentae- 
noic acid (20:5w3, EPA) is the substrate for generation of prostaglandin endoperox- 
ides, PGH, and PGG,, for generation of prostaglandin endoperoxides, PGH, and 
PGGj, which in turn are the precursors of PGEj, PGL, and TXA3.33' It has been 
claimed that unlike TXA,, TXAj has no proaggregatory activity on human blood pla- 
telets, while PGI, has antiaggregatory and vasodilator properties similar to those of 
prostacyclin (PGI,).J30 Therefore, at  least theoretically, high levels of EPA and loa 
levels of arachidonic acid in human tissues should lead to an antithrombotic state in 
which an active PGI, and nonactive TXAj are generated.330 

Indeed, extensive epidemiological and analytical studies in northwest Greenland 
have shown that a low incidence of acute myocardial infarction, low levels of plasma 
cholesterol and triglycerides, and bleeding tendency among E s ~ ~ ~ o s ~ ~ ~ - ~ ~ ~  are not 
genetic in origin but are clearly a result of the Eskimo diet.3z6.3*s This diet causes a 
profound difference in the composition of plasma lipids between Eskimos and the 
Western population. In Eskimos the phospholipid plasma fraction has a very low con- 
tent of arachidonic acid (0.8Cr0) and a very high concent of EPA (7.1%), contrary to 
what is found in Caucasian Danish population (8.0% of arachidonic acid and 0.2% 
of EPA).3zS.330 It seems that those two fatty acids compete for the same site of binding 
in phospholipids and therefore the composition of human phospholipids could be con- 
trolled by an appropriate diet. 

Unlike arachidonic acid, EPA does not induce platelet aggregation; on the contrary 
it has an antiaggregatory effe~t .~, '  There is little known about cardiovascular effects 
of EPA. The antithrombotic action of EPA in Eskimos is without doubt, although 
the mechanism of this action remains hypothetical. It may well be that dietary enrich- 
ment with EPA will be beneficial for the higly civilized societies suffering from ather- 
osclerosis as it is beneficial for Eskimos. 

REFERENCES 

I. Kitchens, C. S. and Weiss, L., Ultrastructural changes of endothelium associated with thrombocy- 
topenia, Blood, 46,567, 1975. 

2. Gimbrone, M. A., Aster, R. H., and Cotran, R. S.. Preservation of vascular integrity in organs 
perfused in vitro with platelet-rich medium, Nature (London), 222.33, 1969. 

3 .  Wojcik. J. D.. VanHorn. D. L., and Weber, A. J., Mechanism whereby platelets support endothe- 
lium. Transfusion (Philadelphia), 9,324, 1969. 

4. Johnson, S.A., Endothelial supporting function of platelets, in The Circulating Platelets, Johnson, 
S .  A.,  Ed., Academic Press, New York, 1971,284. 

5. Hamberg. M. and Samuelsson, B., Prostaglandin endoperoxides. Novel transformation of arachi- 
donic acid in human platelets, Proc. Natl. Acad. Sci. U.S.A.,71, 3400. 1974. 

6. Hamberg. M., Svensson, J., and Samuelsson, B., Thromboxanes: a new group of biologically active 
compounds derived from prostaglandin endoperoxides, Proc. Natl. Acad. Sci. U.S.A., 72, 2994. 
1975. 

7. Gryglewski, R. J. .  Bunting, S., Moncada, S., Flower. R. J., and Vane, J. R. ,  Arterial walls arc 
protected against deposition of platelet thrombi by a substance (prostaglandin X) which they make 
from prostaglandin endoperoxides, Prostaglandins, 12,685, 1976. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 327 

8. Moncada, G., Gryglewski. R. J., Bunting, S.. and Vane, J. R.. A lipid peroxide inhibits the enzyme 
that generates from prostaglandin endoperoxides the substance (prostaglandin X) which prevents 
platelets from aggregation, Prostaglandins, 12, 715, 1976. 

9. Bunting, S., Gryglewski, R.J., Moncada, S., and Vane, J .  R., Arterial walls generate from prostag- 
landin endoperoxides a substance (prostaglandin X) which relaxes strips of mesenteric and coeliac 
arteries and inhibits platelet aggregation, Prostaglandins, 12,897, 1976. 

10. Moncada, S., Gryglewski, R. J., Bunting, S.. and Vane, J. R., An enzyme isolated from arteries 
transforms prostaglandin endoperoxides to an unstable substance that inhibits platelet aggregation, 
Nature (London), 263,663, 1976. 

10a. Ramwell. P. W., Leovey, E. M. K., and Sintelos, A. L.. Regulation of the arachidonic acid cascade, 
Biol. Reprod., 16,70, 1977. 

1 1 .  Bergstrom. S., Danielsson. H., and Samuelsson. B., The enzymatic formation of prostaglandin E, 
from arachidonic acid, Biochim. Biophys. Acta, 90,207, 1964. 

12. Van Dorp, D. A., Beerthius, R. K.. Nugteren, D. H., and Vonkeman, H.. The biosynthesis of pros- 
taglandins, Biochim. Biophys. Acta, 90,204, 1964. 

13. Smith. J. B., Silver, M. J.. Ingerman, C. M., and Kocsin, J. J.. Prostaglandin D, inhibits the aggre- 
gation of human platelets, Thromb. Res., 5,291, 1974. 

14. Bousser, M. G., Prostaglandin E,  and platelets, Biomedicine, 18,95, 1973. 
15. Jesse. R. L. and Cohen, P., Arachidonic acid release from diacyl phosphatidylethanolamine by hu- 

man platelet membranes, Biochem. J., 158, 283. 1976. 
16. Blackwell, G. J., Duncombe. W. G.. Flower, R.J., Parsons, M. F., and Vane, J .  R., The distribution 

and metabolism of arachidonic acid in rabbit platelets during aggregation and its modification by 
drugs, Br. J. Pharmacol..59.353. 1977. 

17. Selivonchick, D.P. and Roots. B. I., Lipid and fatty acyl composition of rat brain capillary endothelia 
isolated by a new technique, Lipids, 12, 165, 1976. 

18. Schoene, N. W. and Iacono, J. M., Stimulation of platelet phospholipase A1 activity by aggregating 
agents, Fed. Proc.,34.257, 1975. 

19. Bills, T., Smith, B. J.. and Silver, M. J., Metabolism of [“C] arachidonic acid by human platelets, 
Biochim. Biophys. Acta, 424, 303, 1976. 

20. Pickett. W., Jesse. R., and Cohen, P.. Initiation of phospholipase A, activity in human platelets by 
calcium ionophore A 23 187, Biochim. Biophys. Acta, 486,209, 1977. 

21. Derksen, A. and Cohen, P., Patterns of fatty acid release from endogenous substrates by human 
platelet homogenates and membranes, 1. Biol. Chem., 250,9342, 1975. 

22. Feinstein. M. B., Bccker, E. L., and Fraser. C., Thrombin, collagen and A 23187 stimulated endog- 
enous platelet arachidonate metabolism: differential inhibition by PGE,, local anaesthetics and a 
serine-protease inhibitor, Prostaglandins, 14, 1975, 1977. 

23. Gryglewski, R. J., Panczenko, B.. Korbut, R., Grodzinska, L.. and Ocetkiewicz, A.. Corticosteroids 
inhibit prostaglandin release from perfused mesenteric blood vessels of rabbit and from perfused 
lungs of sensitized guinea pig, Prostaglandins, 10,343, 1975. 

24. Gryglewski, R. J., Steroid hormones, anti-inflammatory steroids and prostaglandins, Pharmacol. 
Res. Commun., 8,337, 1976. 

25. Flower, R. J.. Steroidal anti-inflammatory drugs as inhibitors of phospholipase A,, in Advances in 
Prostaglandin and Thromboxane Research, Vol. 3, Galli, C., Galli, G.. and Procellati, G., Eds., 
Raven Press, New York, 1978, 105. 

26. Floman. Y.. Floman, N., and Zor, U., Inhibition of prostaglandin E release by anti-inflammatory 
steroids. Prostaglandins, 11, 591, 1976. 

27. NijKamp, F. P., Flower, R. J., Moncada, S.. and Vane. J .  R.. Partial purification of rabbit aorta 
contracting substance-releasing factor and inhibition of its activity by anti-inflammatory steroids, 
Nature (London), 263,479, 1976. 

28. Vargaftig, B. B. and Dao Hai, N., Selective inhibition by mepacrine of the release of “rabbit aorta 
contracting substance” evoked by the administration of bradykinin, J. Pharm. Pharmacol., 24, 159, 
1972. 

29. Nugteren, D. H., Arachidonate lipoxygenase, Biochim. Biophys. Acta, 380,299, 1975. 
30. Hamberg, M. and Samuelsson, B., Prostaglandin endoperoxides. VII. Novel transformation of ar- 

3 I .  Hamberg, M., On the formation of thromboxane B, and 12 L-hydroxy-5,8,10.14-eicosatetraenoic 

32. Hammarstrom, S. and Falardeau, P., Resolution of prostaglandin synthetase and thromboxane syn- 

33. Barber, A. A. and Bernheim. F.. Lipid peroxidation: its measurement, occurrence and significance 

achidonic acid in guinea pig lungs, Biochem. Biophys. Res. Commun., 61,942, 1974. 

acid in tissues from the guinea pig, Biochim. Biophys. Acta, 431, 65 1, 1976. 

thetase of human platelets, Proc. Natl. Acad. Sci. U.S.A., 74,3691, 1977. 

in animal tissues, Adv. Gerontol. Res., 2, 355, 1967. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



328 CRC Critical Reviews in Biochemistry 

34. Cook. H. W. and Lands, W. E. M., Further studies of the kinetics of oxygenation of arachidonic 
acid by soyabean lipoxygenase. Can. 1. Biochem., 53, 1220. 1975. 

35. Panganamala. R. V.. Miller. J. S.. Gwebu. E. T., Sharma, H. M., and Cornwell. D. 0.. Differential 
inhibitory effects of vitamin E and other antioxidants on prostaglandin synthetase, platelet aggrega- 
tion and lipoxydase, Prostaglandins, 14,261, 1977. 

36. Hamberg, M. and Samuelsson, B.. Detection and isolation of an endoperoxide intermediate in pros- 
taglandin biosynthesis. Proc. Natl. Acad. Sci. U.S.A., 70,899, 1973. 

37. Nugteren, D. H. and Hazelhof, E., Isolation and properties of intermediates in prostaglandin biosyn- 
thesis, Biochim. Biophys. Acta, 326,448, 1973. 

38. Miyamoto. T., Ogino. N.. Yamamoto. S., and Hayaishi, 0.. Purification of prostaglandin endope- 
roxide synthetase from bovine vesicular gland microsomes, 1. Biol. Chem., 251.2629. 1976. 

39. OW. S., Ogino. N.. Yamamoto, S.. Hayaishi, 0.. Yamamoto, H.. Miyake, H.. and Hayashi, M.. 
Inhibition of prostaglandin endoperoxide synthetase by thiol analogues of prostaglandin. Proc. Natl. 
Acad. Sci. U.S.A.,74, 144, 1977. 

40. Ogino, N., Miyamoto. T., Yamamoto, S., and Hayaishi, O., Prostaglandin endoperoxide E isomer- 
ase from bovine vesicular gland microsomes, a gluthatione requiring enzyme, J. Biol. Chem., 252, 
890, 1977. 

41. Hamberg. M. and Fredholm. B. B., lsomerization of prostaglandin H1 into prostaglandin D, in the 
presence of serum albumin, Biochim. Biophys. Acra, 431, 189, 1976. 

42. Vane. J. R.. Inhibition of prostaglandin synthesis as a mechanism of action of aspirin-like drugs., 
Nature (London) New Biol., 231,232, 1971. 

43. Smith, J. B. and Willis. A. L., Aspirin selectively inhibits prostaglandin production in human plate- 
lets, Nature (London) New Biol.. 231,235, 1971. 

44. Fmeira. S. H.. Moncada, S.. and Vane, J. R.. lndomethacin and aspirin abolish prostaglandin 
release from the spleen, Nature (London), New Biol., 231,237,1971. 

45. Flower, R. J., Drugs which inhibit prostaglandin biosynthesis, Pharmacol. Rev., 26,33,1974. 
46. Gryglewski, R.. Structure-activity relationship of prostaglandin synthetase inhibitors, in Prostaglan- 

din Synthetase Inhibitors, Robinson, H. and Vane, J. R., Eds., Raven Press, New York, 1974, 33. 
47. Willis, A. L.. Kuhn. D. C., and Weiss, H. J., Acetylenic analog of arachidonate that acts like aspirin 

on platelets, Science, 183,327, 1974. 
48. Hamburg, M.. Hedquist, P., Strandberg, K., Svensson, J., and Samuelsson, B.. Prostaglandin en- 

doperoxides. IV. Effects on smooth muscle, LifeSci., 16,451, 1974. 
49. Gorman, R. R.. Hamberg, M., and Samuelsson, B., Inhibition of basal and hormone-stimulated 

adenylate cyclase in adipocyte ghosts by the prostaglandin endoperoxide, prostaglandin H,, J .  Biol. 
Chem.,250,6460, 1975. 

50. Gerrard, J. M. and White, J. G., The influence of prostaglandin endoperoxides on platelet ultrastruc- 
ture, Am. J. Pathol., 80, 189, 1975. 

51. Armstrong. J. M., Boura, A. L. A., Hamberg, M.. and Samuelsson. B., A comparison of the vaso- 
depressor effects of the cyclic endoperoxides PGG, and PGH, with those of PGDl and PGE, in 
hypertensive and normotensive rats, Europ. J. Pharmacol.. 39.251, 1976. 

52. Fitzpatrick. F. A. and Gorman. R. R., A comparison of imidazole and 9,11-azaprosta-5,13-dienoic 
acid: two selective thromboxane synthetase inhibitors, Proc. Natl. Acad. Sci. U.S.A., in press. 

53. Isakson. P. C.. Raz, A., Denny. S. E.. Wyche, A.. and Ncedleman, P., Hormonal stimulation of 
arachidonate release from isolated perfused organs. Relationship to prostaglandin biosynthesis, Pros- 
taglandins, 14, 853, 1977. 

54. Silver, M. J.. Hoch. W., Kocsis, J. J.. Ingerman. C. M., and Smith, J. B.. Arachidonic acid causes 
sudden death in rabbits, Science, 183, 1085, 1974. 

55. Rose, J. C., Johnson, M., Ramwell, P. W., and Kot, P. A., Effect of arachidonic acid on systemic 
arterial pressure, myocardial contractility and platelets in the dog, Proc. Soc. Exp. Biol. Med., 147, 
652, 1974. 

56. Johnson, M., Wicks, T. C., Fitzpatrick. T. M., Kot. P. A., Ramwell, P. W., and Rose, J., Platelets 
and the vascular responses to arachidonic acid in dogs, Cardiovasc. Res., 1 I ,  238, 1977. 

57. Chignard. M., Lefort, J., and Vargaftig, B. B.. Platelet effects of arachidonic acid in dog blood. 1. 
Lack of involvement of cyclo-oxygenase in the in vivosituation, Prostaglandins, 14,909, 1977. 

58. Rose. J. C., Johnson, M., Ramwell, P. W.. and Kot, P. A., Cardiovascular and platelet responses 
in the dog to the nonoenoic prostaglandin precursor dihomo-y-linolenic acid, Proc. SOC. Exp. Biol. 
Med., 148, 1252, 1975. 

59. Sayberth. H. W., Oelz, O., KCMC~Y, T., Sweetman, B. J.. Danon, A., Frolich. J. C., Heimbcrg. 
M., and Oates. J. A.. Increase arachidonate in lipids after administration to man: effects on prostag- 
landin biosynthesis, Clin. Pharmacol. Ther., 18.521, 1975. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 329 

60. Gryglewski, R. J., Korbut, R., and Ocetkiewicz, A., Generation of prostacyclin by lungs in vivo and 
its release into the arterial circulation. Nature (London), 273,767, 1978. 

61. Moncada, S.. Korbut, R., Bunting, S., and Vane, J. R., Prostacyclin is a circulating hormone, Nature 
(London), 273,767, 1978. 

62. Tansik, R. L., Namm, D. H., and White, H. L., Synthesis of prostaglandin 6-keto F,. by cultured 
aortic smooth muscle cells and stimulation of its formation in a coupled system with platelet lysates, 
Prostaglandins, 15,399, 1978. 

63. Silver, M. J..  Smith, J. B., Ingerman, C., and Kocsis, J. J.. Arachidonic acid-induced human platelet 
aggregation and prostaglandin formation, Prostaglandins, 4,863, 1973. 

64. Vargaftig, B. and Zirinis, P.. Platelet aggregation induced by arachidonic acid is accompanied by 
release of potential inflammatory mediators distinct from PGE, and PGF,.. Nature (London) New 
Biol., 244, 114, 1973. 

65. Hamberg, M., Svensson, J., Wakabayashi, T., and Samuelsson. B., Isolation and structure of two 
prostaglandin endoperoxides that cause platelet aggre4ation, Proc. Natl. Acad. Sci., U.S.A., 71, 345, 
1974. 

66. Willis, A. L., Isolation of a chemical trigger for thrombosis, Prostaglandins, 10, I ,  1974. 
67. Svensson, J . ,  Hamberg, M.. and Samuelsson, B., On the formation and effects of thromboxane A, 

in human platelets, Acta Physiol. Scand., 98, 285, 1976. 
68. Boot, J.  R., Dowson, W., and Kitchen, E. A., The chemotactic activity of thromboxane B,: a possible 

role in inflammation, J .  Physiol. (London), 257,47P, 1976. 
69. Fitzpatrick, F. A. and Gorman, R. R., Platelet rich plasma transforms exogenous prostaglandins 

endoperoxide HI into thromboxane A,, Prostaglandins. 14. 881, 1977. 
70. Ellis, E. F., Oelz, O., Roberts, L. J., Payne, N. A., Sweetman, B. J., Nies, A.S., and Oaks, J. A., 

Coronary arterial smooth muscle contraction by a substance released by platelets: evidence that it is 
thromboxane A,, Science, 193, 1135, 1976. 

71. Needleman, P.. Moncada. S., Bunting, S., Vane, J. R., Hamberg, M., and Samuelsson, B., ldenti- 
fication of an enzyme in platelet microsomes which generates thromboxin A, from prostaglandin 
endoperoxides. Nature, 261, 558, 1976. 

72. Marcinkiewicz, E., Grodzinska. L., and Gryglewski, R. J.. Platelet aggregation and thromboxane 
A, formation in cat platelet rich plasma, Pharmacol. Res. Commun., 10, 1, 1978. 

73. Piper, P. J .  and Vane, J. R., Release of additional factors in anaphylaxis and its antagonism by 
antiinflammatory drugs, Nafure(London), 223.29, 1969. 

74. Svensson, J . ,  Hamberg, M., and Samuelsson, B., Release of rabbit aorta contracting substance (RCS) 
and prostaglandin endoperoxides from guinea pig lung and human platelets, Acta Physiol. Scand., 
94,222.197s. 

75. Gryglewski, R., Dembinska-Kim, A., Grodzinska, L., and Panczenko, B., Differential generation 
of substances with prostaglandin-like and thromboxane A1-like activities by guinea pig trachea and 
lung strips, in Lung Cells in Disease, Bouhuys, A., Ed., North-Holland, Amsterdam, 1976,289. 

76. Gryglewski, R. J .  and Vane, J. R., The release of prostaglandins and rabbit aorta contracting sub- 
stance (RCS) from rabbit spleen and its antagonism by anti-inflammatory drugs, Br. J .  Pharmacol., 
45,37, 1972. 

77. Gryglewski, R. J. and Vane, J. R., Generation from arachidonic acid of rabbit aorta contracting 
substance by a microsomal enzyme preparation which also generates prostaglandins, Br. J.  Pharrna- 
col.,46,449, 1972. 

78. Bunting, S.. Moncada, S.. and Vane, J. R., The effects of prostaglandin endoperoxides and throm- 
boxane A, on strips of rabbit coeliac artery and certain other smooth muscle preparations, Br. J. 
Pharmacol., 57,462P, 1976. 

79. Malmsten. C., Some biological effects of prostaglandin endoperoxide analogs, Life Sci., 18. 169. 
1976. 

80. Sun, F. F., Biosynthesis of thromboxanes in human platelets. I. Characterization and assay of throm- 
boxane synthetase. Biochern. Bjophys. Res. Commun., 74, 1432. 1977. 

81. Szczeklik, A.. Gryglewski, R. J. and Musial. J., Platelet aggregation and thromboxane A, generation 
in survivals of myocardial infarction, Thromb. Haemostas., in press. 

82. Yeshimato, T., Yamamoto, S., Okuma, M.. and Hayaishi, O., Solubilization and resolution of 
thromboxane synthetizing system from microsomes of bovine blood platelets, 1. Biol. Chem., 252, 
5871, 1911. 

83. Granstrom, E., Kindhal, H.. and Samuelsson, B., A method for measuring the unstable thromboxane 
A,: radioimmunoassay of the derived mono-0-methyl-thromboxane B1, Prostaglandins, 12, 929, 
1976. 

84. Patrono. C., Ciabattoni. G., Grossi-Belloni, D., Release of prostaglandin F,. and F1. from super- 
fused platelets: quantitative evaluation of the inhibitory effect of some aspirin-like drugs, Prostaglan- 
dins,9,557, 1975. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



330 CRC Critical Reviews in Biochemistry 

85. Malmsten, C.. Hamberg. M., Svensson. J.. and Samuelsson, B., Physiological role of an endoperox- 
ide in human platelets: hemostatic defect due to platelet cyclo-oxygenase deficiency, Proc. Natl. 
Acad. Sci. U.S.A., 72, 1446, 1975. 

86. Stuart, M. J., Murphy, S., and Oski, F. A.. A simple non-radioisotope technique for the determina- 
tion of platelet life-span, N. Engl. J. Med., 1, 1310. 1975. 

87. Smith, J. B., Ingerman, C. M., and Silver, M. J.. Malondialdehyde formation as an indicator of 
prostaglandin production by human platelets, J .  Lab. Clin. Med., 88, 167, 1976. 

88. Macfarlane. D. E., Gardner, S., Lipson, C., and Mills, C. B., Malondialdehyde production by pla- 
telets during secondary aggregation, Thromb. Haemostas., 38. 1002, 1977. 

89. Anderson, M.W., Crutchely, D. J., Tainer. B., and Eling, T. E., Thromboxane synthetase is not an 
isomerase, Prostaglandins, 15, 722. 1978. 

90. Higgs, 0. A.. Bunting, S.. Moncada, S., and Vane, J. R., Polymorphonuclear leukocytes produce 
thromboxane A,-like activity during phagocytosis, Prostaglandins, 12, 749, 1976. 

91. Kulkami. P. S. and W i n s ,  K. E., The enzymatic conversion of prostaglandin endoperoxides to 
thromboxane A A k e  activity by human iris microsomes. Prostaglandins, 14,601, 1977. 

92. Needleman, P., Minkes, M.. and Raz, A., Thromboxane: selective biosynthesis and distinct biologi- 
cal properties, Science, 193. 163, 1976. 

93. Needleman, P., Raz, A., Fmendelli, J. A., and Minkes, M.. Application of imidazole as a selective 
inhibitor of thromboxane synthetase in human platelets, Proc. Natl. Acad. Sci. U.S.A., 74, 1716. 
1977. 

94. Gorman. R.. Bundy, 0. L., Peterson, D. C., Sun. F. F., Miller. 0. V.. and Fitzpatrick. F. A.. 
Inhibition of human platelet thromboxane synthetase by 9.11-azaprosta-5,13-dienoic acid, Proc. 
Natl. Acad. Sci. U.S.A., 74,4007, 1977. 

95. Gryglewski. R. J.. Zmuda, A.. Korbut. R.. Krecioch. E.. and Bieron. K., Selective inhibition of 
thromboxane A, biosynthesis in blood platelets, Nature (London), 267,627, 1977. 

96. Gryglewski, R. J., Dembmska-Kiec, A., and Krecioch, E.. A potent inhibitor of thromboxane A, 
biosynthesis in aggregating human blood platelets, Pharmacol. Res. Commun., 9. 109, 1977. 

97. Gryglewski. R. J., Prostaglandin and thromboxane biosynthesis inhibitors, Naunyn-Schmiedeberg’s 
Arch. Pharmacol.. 297, S85, 1977. 

98. Moncada, S., Bunting, S., Mullane. K., Thorogood, P., Vane, J. R.. Raz, A., and Needleman, P., 
Imidazole: a selective potent inhibitor of thromboxane synthetase, Prostaglandins, 13.61 1. 1977. 

99. Kinlough-Rathbonc. R. L., Packham, M. A., and Mustard. J. F., Synergism between platelet aggre- 
gating agents: the role of the arachidonate pathway, Thromb. Res., 11, 567, 1977. 

100. Varpftig, B. B., Carrageenin and thrombin trigger prostaglandin synthetase-independent aggrega- 
tion of rabbit platelets: inhibition by phospholipase A, inhibitors, J .  Pharm. Pharmacol., 29, 222, 
1977. 

101. Charo, I. F., Feinman, R. D., Detwiler. T. C., Smith, J. B., Ingerman. C. M., and Silver, M. J.. 
Prostaglandin endoperoxides and thromboxane A, can induce platelet aggregation in the absence of 
secretion, Nature (London), 269,66, 1977. 

102. Miller, 0. V., Johnson, R. A.. and Gorman, R. R., Inhibition of PGE,-stimulated CAMP accumu- 
lation in human platelets by thromboxane A,, Prostaglandins, 13.599, 1977. 

103. Best. L. C.. Martin, T. J.. Russell, R. 0. 0.. and Preston, E. F., Prostacyclin increases cyclic AMP 
levels and adenylate cyclase activity in platelets, Nature (London), 267, 850. 1977. 

104. Goman. R.. Bunting, S.. and Miller, 0. V., Modulation of human platelet adenylate cyclase by 
prostacyclin (PGX), Prostaglandins. 13.377.1977. 

105. Tateson. J .  E., Moncada, S., and Vane, J. R., Effects of prostacyclin (PGX) on cyclic AMP concen- 
trations in human platelets, Prostaglandins, 13,389, 1977. 

106. Svensson, J. and Hamberg, M., Thromboxane A, and prostaglandin H2: potent stimulators of the 
swine coronary artery, Prostaglandins, 12,943, 1976. 

107. Roberts, L. J., Sweetman. B. J., and Oates, J. A., Metabolism of thromboxane BI in man, Prosta- 
glandins. 15, 716, 1978. 

108. Pace-Asciak. C. and Wolfe. L. S., A novel prostaglandin derivative formed from arachidonic acid 
by rat stomach homogenates, Biochemistry, 10,3657,1971. 

109. Pace-Asciak, C., Nashat, M., and Menon, M. K., Transformation of prostaglandin GI into 6/91 
oxy-l 1 ,lS-dihydroprosta-l, 13-dienoic acid by the rat stomach fundus. Biochim. Biophys. Acta, 424, 
323, 1976. 

110. Johnson, R. A., Morton, D. R., Kinner, J. H.. Gorman, R. R.. McGuire. J. C.. Sun. F. F., Whit- 
taker, N., Bunting, s., Salmon, J., Moncada, s., and Vane, J. R., The chemical structure of pros- 
taglandin X (prostacyclin), Prostaglandins, 12.915, 1976. 

I1 1. Ppce-A&!iak, C., A new prostaglandin metabolite of arachidonic acid. Formation of 6-keto-PGF,. 
by the rat stomach, Experientia, 32,291, 1976. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 33 1 

112. Pace-Asciak. C., Isolation, structure and biosynthesis of 6-keto prostaglandin F,. in the rat stomach, 
J. Am. Chem. Soc.,98.2348, 1976. 

113. Dawson, W ., Boot. J .  R., Cockerill. A. F., Mallen, B. N. B.. and Osborne, D. J., Release of novel 
prostaglandins and thromboxane after immunological challenge of guinea pig lung, Nature (London), 
262,699, 1976. 

114. Johnson, R. A., Lincoln, F. H.. Thompson, J. L., Nidy. E. G., Mizsak. S. A., and Axen, U.. 
Synthesis and stereochemistry of prostacyclin and synthesis of 6-keto prostaglandin F,., 1. Am. 
Chem. SOC., 99.12, 1977. 

115. Tomoskozi, I., Galambos, G., Simonidesz, V., and Kovacs, G., A simple synthesis of PGL. Tetra- 
hedron Lett., 30.2627, 1977. 

116. Whittaker, N., A synthesis of prostacyclin sodium salt, Tetrahedron Lett., 32,2805, 1977. 
117. Nicolaou, K. C.. Barnette, W. E., Gasic, 0. P.. Magold, R. L., and Sipio, W. J., Simple efficient 

118. Dusting, G. J., Moncada. S., and Vane. J. R.. Disappearance of prostacyclin (PGL) in the circulation 

119. Dusting, G. J., Moncada, S., and Vane, J .  R., Prostacyclin is the endogenous metabolite of arachi- 

120. Gryglcwski, R. J.. Korbut, R., and Ocetkicwicz, A., De-aggregatory action of prostacyclin in vivo 

121. Crydewski, R. J., Korbut. R., Ocetkiewicz. A., and Stachura. J., In vivo method for quantitation 

122. Bunting. S.. Moncada. S.. Reed, P.. Salmon, J. A., and Vane, J. R., An antiserum to 5,6-dihydro 

123. Fitzpatrick. F. A. and Gorman. R. R., An antiserum against 9-deoxy-6,9-epoxy-PCF,~ recognizes 

124. Salmon, J .  A., Radioimmunoassay for 6-keto-prostaglandin F,., Prostaglandins, 15, 383, 1978. 
125. Pace-Asciak. C. and Rangaraj, G., The 6-ketoprostaglandin F,. pathway in the lamb ductus arterio- 

sus, Biocbim. Biopbys. Acta, 486,583, 1977. 
126. Sun, F. F.. McGuire. J .  C., and Taylor, B., Metabolism of prostacyclin (PGI,). Prostaglandins, 15 

(Abstr.), 724, 1978. 
127. Wong. P., Y-K., Sun, F. F.. and McGiff. J .  C., Metabolism of prostacyclin (PGI,) in blood vessels, 

Prostaglandins, 15 (Abstr.), 719. 1978. 
128. Patrono, C., Ciabattoni. G., Cinotti, G. A., Pugliese. F.. De Salvo, A., and Casturcci, G., Charac- 

terization of human urinary prostaglandin-like immuno-reactivity, Prostaglandins, 15 (Abstr.), 700, 
1978. 

129. Wallach, D., Biosynthesis of 6-keto PGF,. by microsomal acetone-pentane powder preparations from 
hog aorta, ram seminal vesicles, and bovine corpora lutea: properties of same, Prostaglandins, 15, 
671, 1978. 

130. Moncada, S., H i s s ,  E. A., and Vane, J. R., Human arterial and venous tissues generate prostacyclin 
(prostaglandin X), a potent inhibitor of platelet aggregation, Lancet, I ,  18, 1977. 

131. R e m u d ,  0.. Cavenaghi, A. E.. Mecca. G., Donati, M. B. and de Gaetano. G.. Prostacyclin-like 
activity and bleeding in renal failure, Lancet, 2, 1195. 1977. 

132. Dembmska-Kiec, A., Gryglewski, T.. Zmuda, A., and Gryglewski, R. J., The generation of prosta- 
cyclin by arteries and by the coronary vascular bed is reduced in experimental atherosclerosis in 
rabbits, Prostaglandins, 14, 1025, 1917. 

133. Villa, S. and de Gaetano, G., Prostacyclin-like activity in rat vascular tissues. Fast, long-lasting in- 
hibition by treatment with lysine acetylsalicylate, Prostaglandins, 14, 11 17, 1977. 

134. Powell. W. S. and Solomon, S., Formation of 6-oxoprostaglandin F,. by arteries of the fetal calf, 
Biochem. Biopbys. Res. Commun.,75, 815, 1977. 

135. Terragno, N. A.. Terragno. A., McCiff. J. C., and Rodriguez, D; J., Synthesis of prostaglandins 
by the ductus arteriosus of the bovine fetus, Prostaglandins, 14, 721, 1977. 

136. De Deckere, E. A. M., Nugtcrcn. D. H.. and Ten Hoor, F., Prostacyclin is the major prostaglandin 
released from the isolated perfused rabbit and rat heart, Nature (London), 268. 160, 1977. 

137. Isakson. P. C.. Raz. A.. Denny, S. E.. Pure, E.. and Needleman. P.. A novel prostaglandins is the 
major product of arachidonic acid metabolism in rabbit heart, Proc. Natl. Acad. Sci. U.S.A., 74, 
101, 1977. 

138. Bacnziger, N. L., Dfflender, M. J., and Majerus, P. W., Cultured human skin fibroblasts and arterial 
cells produce a labile platelet-inhibitory prostaglandin, Biochem. Biopbys. Res. Commun., 78, 294. 
1977. 

139. Weksler, B. B., Marcus, A. J., and Jaffe, E. A.. Synthesis of prostaglandin 1, (prostacyclin) by 
cultured human and bovine endothelial cells, Proc. Natl. Acad. Sci. U.S.A., 74,3922. 1977. 

synthesis of prostacyclin (PGI,), J .  Cbem. SOC. Cbem. Commun., I ,  630, 1977. 

of the dog, Br. 1. Pbarmacol., 62,4148, 1978. 

donic acid which relaxes coronary arteries, Prostaglandins, 13.3, 1977. 

and its enhancement by theophylline, Prostaglandins, 15,637, 1978. 

of anti-platelet potency of drugs, Naunyn-Scbmiedeberg’s Arch. Pbarmacol.. 302,25, 1978. 

prostacyclin (PGI,) which also binds prostacyclin, Prostaglandins, 15,565, 1978. 

and binds PGIl (prostacyclin), Prostaglandins, 15, 725, 1978. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



332 CRC Critical Reviews in Biochemistry 

140. Herman, A. G.. Moncada. S.. and Vane, J. R., Formation of prostacyclin (PGI,) by different layers 
of the arterial wall, Arch. Int. Pharmacodyn.,227. 162, 1977. 

141. Hollander. W., Kramsch. D. M.. Franzblau, C., Paddock, J., and Colombo. M. A., Suppression of 
atheromatous fibrous plaque formation by anti-proliferative and anti-inflammatory drugs, in Cir. 
Res.,34(Suppl. l), 141. 1974. 

142. Terragno, D. A., Crowehaw, K., Tmagno, N. A., and McOiff, J. C., Prostaglandin synthesis by 
bovine mesenteric arteries and veins, Circ. Res. Suppl., 36 and 37.76. 1975. 

143. Minkes, M. S.. Douglas, J. R.. and Needleman. P.. Prostaglandin release by the isolated perfused 
heart, Prostaglandins. 3,439, 1973. 

144. Oibrone,  M. A.. Jr. and Alexander. R. W.. Angiotensin I1 stimulation of prostaglandin production 
in cultured human vascular endothelium, Science, 189,219, 1975. 

145. Gryglcwski. R. J. and Korbut, R., Prostaglandin feedback mechanism limits vasoconstrictor action 
of norepinephrine in perfused rabbit car, Experientia. 31.89, 1975. 

146. Cottee, F., Flower, R. J., Salmon, J. A., and Vane, J. R., Synthesis of 6-keto-PGFI. by ram seminal 
vesicle microsomes, Prostaglandins, 14,413, 1977. 

147. Chang. W. C. and Murota, S. I., Identification of dketo prostaglandin F,. formed from arachidonic 
acid in bovine seminal vesicles, Biochim. Biophys. Acta.486, 136. 1977. 

148. PaccAsciak, C. and Rangaraj. 0.. Distribution of prostaglandin biosynthetic pathways in several 
rat tissues. Formation of 6-kctoprostaglandin Fl., Biochim. Biophys. Acta, 486,579. 1977. 

149. Whitle. B. J. R., Moncada, S., and Vane, J. R.. Formation of prostacyclin by the gastric mucosa 
and its actions on gastric function, Prostaglandins. 15 (Abstr.), 704, 1978. 

150. Jones, R. L., P o w .  N. L.. and Wilson. N. H., Production of 6-0x0-prostaglandin F,. by rat, guinea 
pig and sheep uteri in vitro, Proc. Br. Pharmacol. SOC., p. 40, 1977. 

151. Williams, K. J., Dembinska-Kiec, A., Zmuda. A., and Grygleweki, R. J.. Prostacyclin formation 
by myometrial and decidual fractions of pregnant rat uterus, Prostaglandins, 15, 343, 1978. 

152. Myatt, L. and Elder. M. C., Inhibition of platelet aggregation by placental substance with prostacy- 
clin-like activity, Nature (London), 268, 159.1977. 

153. Sun, F. F., Chapman, J. P.. and McOuire, J. C., Metabolism of prostaglandin endoperoxides in 
animal tissues, Prostaglandins, 14, 1055, 1977. 

154. Sekhar. N. C., Effects of eight prostaglandins on platelet aggregation, J. Med. Chem., 13, 39, 1970. 
155. Smith, J. B., Silver. M. J.. Ingerman, C. M., and Kocsis, J.. Prostaglandin D, inhibits the aggrega- 

tion of human platelets, Thromb. Res.. 5,291. 1974. 
156. Shio. H.. Shaw, J., and RamweU, P. W., Relation of cyclic AMP to the release and actions of 

prostaglandins, Ann. N. Y. Acad. Sci., 185,327, 1971. 
157. Vigdahl, R. L.. Mongin, J.. and Margiur, N. R.. Platelet aggregation, IV. Platelet phosphodiesterase 

and its inhibition by vasodilators, Biochem. Biophys. Res. Commun..42. 1088, 1971. 
158. McDonald, J. W. D. and Stuart, R. K., Interaction of prostaglandins El and El in regulation of 

cyclic AMP and aggregation in human platelets: evidence for a common prostaglandin receptor, 1. 
Lab. Clin. Med.,84, 111, 1974. 

159. Mi, C. B. and Macfarlane. D. E.. Stimulation of human platelet adenylate cyclase by prostaglandin 
D,, Thromb. Res., 5,401, 1974. 

160. Oelz, 0.. Oelz, R.. Knopp, H. R., Sweetman, B. J., and Oates, J. A., Biosynthesis of prostaglandin 
D,. 1. Formation of prostaglandin D, by human platelets, Prosta&ndins, 13,225, 1977. 

161. Lapetina, E. 0.. Schmitgcs, C. J., Chandrabose, K., and Cuatrcscasa, P.. Cyclic adenosine 3'3'- 
monophosphate and prostacyclin inhibit membrane phospholipase activity in platelets, Biochem. Bio- 
phys. Res. Commun., 76,828, 1977. 

162. Vargaftig, B. B. and CXgnard, M., Substances that increase the cyclic AMP content prevent platelet 
aggregation and the concurrent release of pharmacologically active substances evoked by arachidonic 
acid, AgentsActions.5.137, 1975. 

163. Malmstm. C., Granstrom, E., and 'hmuclsson. B., Cyclic AMP inhibits synthesis of prostaglandin 
endoperoxide (PGG,) in human platelets, Biochem. Biophys. Res. Commun., 68,569, 1976. 

164. Gmard, J. M.. Pellcr, J. D., Krick, T. P.. and White. J. G., Cyclic AMP and platelet prostaglandin 
synthesis, Prostaglandins, 14, 39, 1977. 

165. Minkes. M., Stanford, N., Chi. M., Roth, 0.. Raz, A., Needleman, P.. and Majcrus, P., Cyclic 
adenosine 3'5'-monopho!phate inhibits the availability of arachidonate to prostaglandin synthetase 
in human platelet suspensions, 1. Clin. Invest., 59,449. 1977. 

166. Ubatuba, F. B.. Moncada, S., and Vane, J. R., The effect of prostacyclin (PGL) on platelet behav- 
iour, thrombus formation in vivoand bleeding time. Thrornb. Haernostasis, in press. 

167. Gryglewski. R.. Szczeklik, A., and Nizankowski, R.. Anti-platelet action of intravenous infusion of 
prostacyclin in man. Thromb. Res., 13, 153,1978. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 333 

168. Szczcklik. A.. Gryglewski. R. J., Nizankowski, R.. Musial. J., Picton. R.. and Mnzk, J., Circulatory 
and anti-platelet effect of intravenous prostacyclin in healthy man, Pharmacol. Res. Commun., 10. 
545, 1978. 

169. Wu. K. K. and Hoak, 1. C., A new method for the quantitative detection of platelet aggregates in 
patients with arterial insufficiency, Lancet, 2. 923, 1974. 

170. O m i ,  C., Moncada, S., and Vane, J. R., The effects of prostacyclin (PG12) on tissues which detect 
prostaglandins, Prostaglandins, 14,625, 1977. 

171. Dusting. G. J.. Moncada, S., and Vane, J. R., Prostacyclin (PGI1) is a weak contractor of coronary 
arteries of the pig. Eur. 1. Pharmacol.,45, 301, 1977. 

172. Raz, A., Isakson, P. C., Minkes, M. S., and Ncedlcman, P.. Characterization of a novel metabolic 
pathway of arachidonate in coronary arteries which generates a potent endogenous coronary vasodi- 
lator, 1. Biol. Chem., 252, 1123, 1977. 

173. CocCani, F.. Bodach. E.. White, E., Bishai. L., and OUey, P. M., Prostaglandin 11 is less relaxant 
than prostaglandin Ea in the lamb ductus arteriosus. Prostaglandins, IS. 551, 1978. 

174. Fitzpatrick. T. M., Alter, I., Corcy, E. J., Ramwell, P. W., Rose, J. C., and Kot, P. A.. Cardiovas- 
cular responses to PGl, (prostacyclin) in the dog. Circ. Res., 42, 192,1978. 

175. Pinelis, V. G., Markov, C. M.. Ismailov. S. I.. and Forster. W., Effects of prostacyclin and prostag- 
landin E, on haemodynamics in rats, in Abstracts of the First Soviet Union Conference on Prosta- 
glandins in Experimental and Clinical Medicine, Markov, C. M., Ed., Soviet Ministry of Health, 
Moscow, 1978,40. 

176. Armstrong, J. M., L a t h e r ,  N., Moncada. S.. and Vane, J. R., Comparison of the vasodepressor 
effects of prostacyclin and 6-0x0-prostaglandin F,. with those of prostaglandin El in rats and rabbits, 
Br. 1. Pharmacol., 62,125, 1978. 

177. Pace-Asciak. C. R. and Carrara, M. C., Evidence suggesting a systemic antihypertensive role for 
PGI,, Prostaglandins, 15 (Abstr.). 704. 1978. 

178. Mackawa. T., Kobyashi. K., Arai. H., and Takcuchi, T., Role of blood platelet in the formation of 
thrombus, Thromb. Res., 8 (Suppl. 2). 227,1976. 

179. Fleming, S. J. and Buyiski, J. P., Enhanced platelet aggregability in dogs following myocardial in- 
farction, Life Sci., 20,843, 1977. 

180. Crosby, W. H., Normal platelet numbers. Pulmonary-platelet interaction, Ser. Haematol., 8, 89, 
1976. 

181. Wright, H. P., Mitosis patterns in aortic endothelium, Atherosclerosis, 15,93,1972. 
182. Jones, D. B.. The morphology of acid muco-substances in leukocpic sticking to endothelium in acute 

inflammation, Lab. Invest., 23,606, 1970. 
183. Saltman, E. W., Surface effects in hemostasis and thrombosis, in The Chemistry of Biosurfaces, 

Vol. 2, Hair, M. L., Ed., Marcel Dekker. New York. 1972,489. 
184. Vane, J. R., The release and fate of vaso-active hormones in the circulation, Br. 1. Pharmacol., 35, 

209, 1969. 
185. Smith, U. and Ryan, J. W.. Pulmonary endothelial cells and the metabolism of adenine nucleotides. 

kinin and angiotensin 1, Adv. Exp. Med. Biol., 21,267, 1972. 
186. Strum. J. M. and Junod. A. F.. Radioautographic demonstration of 5-hydroxytryptamine-’H uptake 

by pulmonary endothelial cells, 1. Cell. Biol., 54.456, 1972. 
187. Risberg, B., Peterson, H. I.. and Zettergren, L.. Fibrinolysis of the lung: an experimental study on 

the localization of plasminogen activator in the rat lung, Microvas. Res., 9.222, 1975. 
188. Awbrcy, B. J.. Owen, W. 0.. and Fry, G. L.. Binding of human thrombin to human endothelial 

cells and platelets, Blood, 46, 1046, 1975. 
189. Saba, S. R. and Mason, R. G., Studies of an activity from endothelial cells that inhibits platelet 

aggregation, serotonin release and clot retraction, Thromb. Res., 5 ,  747, 1974. 
190. Fung, Y. C. B., Interaction of blood cells with vessel walls in microcirculation, Thromb. Res., 8 

(Suppl. 2), 315, 1976. 
191. salrman, E. W.. Lindon. J. N., and Rodvien. R., Cyclic AMP in human blood platelets: relation to 

platelet prostaglandin synthesis induced by centrifugation or surface contact, J .  Cyclic Nucleotide 
Res., 2,25, 1976. 

192. Ho, P. P. K.. Hmmann. R. G. ,  Towner, R. D.. and Walters, C. P., Reversal of platelet aggregation 
by aortic microsomes, Biochem. Biophys. Res. Commun., 74.514, 1977. 

193. Arakawa. T. and Spact, R. H.. Hypercoagulability and thrombosis: effect of injected thrombokinase 
and adenosine diphosphate on established microthrombi in rabbits, Proc. SOC. Exper. Biol. Med., 
116, 1034, 1964. 

194. Begent. N. and Born, 0. V. R., Growth rate in vivo of platelet thrombi, produced by ionophoresis 
of ADP as a function of mean blood flow velocity, Nature (London), 227,926, 1970. 

195. Gloster, E. S., Stmeman, M. B., and Spaet. T. H.. Platelet interaction with human umbilical cord 
vascular membrane, Blood Vessels, 13,267, 1976. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



334 CRC Critical Reviews in Biochemistry 

196. Baumgartna, H. R., Platelet interaction with vascular structures, Thromb. Diath. Haemorrh., 
Suppl. 43, 161,1971. 

197. Niewiarowski, S., Rcgoc~d, F., Stewart, G. J., Scnyi, A., and Mustard, J. F.. Platelet interaction 
with polymerizing fibrin. J .  Clin. Invest., 51,685. 1972. 

198. Spaet. T. H. and Erichson, R. B., The vascular wall in the pathogenesis of thrombosis, Thromb. 
Diath. Haemorrh.. Suppl. 21,67,  1966. 

199. Arfors, K. E.. Hint, H. C.. Dhall, D. P., and Matheson. N. A., Counteraction of platelet activity at 
sites of laser-induced endothelial trauma, Br. Med. J., 4,430,  1968. 

200. Zmuda, A., Dembinska-Kiec. A., Chytkowski, A., and Gryglewski, R. J., Experimental atheroscle- 
rosis in rabbits: platelet aggregation, thromboxane A2 generation and antiaggregatory potency of 
prostacyclin. Prostaglandins, 14, 1035. 1977. 

201. Von Rokitansky, C., Handbuch der Patologischen Anatomie, Vol. 4. 1842, English translation by 
Day, 0. E., Sydenham Society. London, 1852,261. 

2021 Anitschkow, N., Uber Veranderungen der Kaninchen-Aorta bei experimenteller Cholesterinsteatose, 
Beitr. Pathol. Anat. Allg. Pathol., 56,379, 1913. 

203. Ross, R. and Glomset. J. A., Atherosclerosis and the arterial smooth muscle cell, Science, 180. 1332, 
1973. 

204. Ross. R., Glomset, J. A.. Karija, B., and Harker, L., A platelet-dependent serum factor that stimu- 
lates the proliferation of arterial smooth muscle cells in vitro, Proc. Natl. Acad. Sci.. U.S.A., 71. 
1027,1974. 

205. Clowes, W. A. and Karnowsky, M. J., Failure of certain antiplatelet drugs to affect myointimal 
thickening following arterial endothelial injury in the rat, Lab. Invest., 36,452, 1977. 

206. Harker. L. A.. Slichter. S. J., Scott. R.. and Ross, R., Homocystinemia-vascular injury and arterial 
thrombosis, N. Engl. J.  Med..291.537,1974. 

207. Hornstra, G., The influence of dietary sunflowerseed oil and hardened coconut oil on intra-arterial 
occlusive thrombosis in rats, Nutr. Metabol., 13, 140, 1971. 

208. Hornstra. 0.. Chait, A., Karvonen. M. J., Lewis, B.. Turpeinen. O., and Vergroesen, A. J.. Influ- 
ence of dietary fat on platelet function in men, Lancet, I .  1155, 1973. 

209. Shattil. S. J., Anayaya. R., Bennet, J.. Colman. R. W., and Cooper, R., Platelet hypersensitivity 
induced by cholesterol incorporation, J. Clin. Invest., 55,636. 1975. 

210. McVerry, B. A. and Levine, P. H., Effects of cigarette smoking on the function of the blood platelets, 
in Current Cardiovascular Topics, Vol. 2, Thrombosis, Platelets, Anticoagulation and Acetylsalicylic 
Acid, Donoso, E. and Haft, J. I., Eds.. GeorgeThieme, Stuttgart, 1976. 122. 

211. Johnson, M., Ramey. E.. and Ramwell, P. W.. Sex and age differences in human platelet aggrega- 
tion, Nature (London), 253.355, 1975. 

212. Uzunova, A.. Ramey. E., and Ramwell, P. W., Effect of testosterone, sex and age on experimentally 
induced arterial thrombosis, Nature(London), 261,712, 1976. 

213. Uzunova, A. D., Ramey, E. R., and Ramwell. P. W., Arachidonate-induced thrombosis in mice: 
effects of gender or testesterone and estradiol administration, Prostaglandins, 13, 995, 1977. 

214. Johnson, M.. Ramcy. E.. and Ramwell, P. W., Androgen-mediated sensitivity in platelet aggrega- 
tion. Am. 1. Physiol., 232. H381.1977. 

215. Halushka, P. V., Laurie, D.. and Colwell. J. A., Increased synthesis of prostaglandin-E-like material 
by platelets from patients with diabetes mellitus, N. Engl. 1. Med., 297, 1306. 1977. 

216. Sagel, J., Colwell, J. A., Crook. L., and Laimins, M.. Increased platelet aggregation in early diabetes 
mellitus, Ann. Intern. Med., 82, 733, 1975. 

217. pleischman. A. I., Bierenbaum. M. L., Justice, D., Stier, A.. and Sullivane. A., In vivo platelet 
function in acute myocardial infarction, acute cerebrovascular accidents and following surgery, 
Thromb. Res.,6,205, 1975. 

218. Zahavi, J., The role of platelets in myocardial infarction, ischemic heart disease, cerebrovascular 
disease, thromboembolic disorders and acute idiopathic pericarditis, Thromb. Haeostas., 38, 1073. 
1977. 

219. Salky, N. and Dugdale, M.. Platelet abnormalities in ischemic heart disease, Am. J. Cardiol., 32, 
612, 1973. 

220. Vrecken. J. m d  A k a .  W. 0.. Spontaneous platelet aggregation of blood platelets as a cause of 
idiopathic thrombosis and recurrent painful toes and fingers, Lancet, 2, 1394, 1971. 

221. Wu. K. K. and Hoak, J. C., Spontaneous platelet aggregation in arterial insufficiency: mechanisms 
and implications, Thromb. Haemostas., 35,702, 1976. 

222. Ritchie, J. L. and Harker. L.. Platelet and fibrinogen survival in coronary atherosclerosis. Response 
to medical and surgical therapy, Am. 1. Cardiol., 39, 595, 1977. 

223. Stccle, P. and Oenton, E., Platelet survival and thrombosis in cardiac disease, in Current Cardiovas- 
cular Topics, Vol. 2, Thrombosis, Platelets, Anticoagulation and Acetylsalicylic Acid, Donoso. E. 
and Haft, J. I., Eds., Georg Thieme, Stuttgart, 1976,86. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1980 335 

224. Danon, A., Heimberg, M., and Oats, J .  A., Enrichment of rat tissue lipids with fatty acids that are 
prostaglandin precursors, Biochim. Biophys. Acta, 388.3 18, 1975. 

225. Miettinen, M.. Turpeinen, 0.. Karvonen, M. J., Elosuo, R., and Paavilainen, E., Effects of choles- 
terol-lowering diet on mortality from coronary heart disease and other causes, Lancet, 2, 835. 1972. 

226. Iacono, J .  M.. Marshall. M. W., Dougherty. R. M.. Wheeler, M. A., Mackin, J. F., and Canary, J .  
J., Reduction in blood pressure associated with high polyunsaturated fat diets that reduce cholesterol 
in man, Prev. Med., 4,426,  1976. 

227. Comberg, H. U., Heyden. S., and Hames, C. 0.. Hypotensive effect of dietary prostaglandin pre- 
cursor in hypertensive man, Prostaglandins, I S ,  193, 1978. 

228. Trick. G., Block, H. U., and Forster, W., On the blood pressure response of saltloaded rats under 
different content of linoleic acid in the food, Acta Biol. Med. Ger., 35, 1223. 1976. 

229. Hwang. D. H., Mathias, M. M., Dupont, J., and Meyer. D. L., Linoleate enrichment of diet and 
prostaglandin metabolism in rats, J. Nutr., 105,995, 1975. 

230. Willis, A. L., Comai, K., Kuhn, D. C., and Paulsrud. J. R., Dihomo-y-linolenate suppresses platelet 
aggregation when administered in vitroand in vivo, Prostaglandins, 8, 509,  1974. 

231. Hagenfeldt, L., Paasikivi, J., and Sjorgen, A., Plasma levels of free polyunsaturated fatty acids in 
patients with ischemic heart disease, Metabolism, 22, 1349, 1973. 

232. Harman, D., Free radical theory of aging: effect of the amount and degree of unsaturation of dietary 
fat on mortality rate, J .  Gerontol., 26,451, 1971. 

233. Demopoulos, H. B., Control of free radicals in biologic systems, Fed. Proc., 32, 1903, 1973. 
234. Hintze, T., Kalcy, G., Martin, E. G., and Messina, E. J., PGI, produces bradycardia in the dog, 

235. Vaage, J., Scott, E., and Wiberg, T., Dextran-induced release of prostaglandins (PGs) from lungs, 

236. West, C. E. and Redgrave. T. G.. Reservations on the use of polyunsaturated fats in human nutrition, 

237. Di Luzio, N. R., Anti-oxidants, lipid peroxidation and clinical-induced liver injury, ked. Proc., 32, 

238. Harman, D., Chemical protection against aging, Agents Actions, 1.3 ,  1969. 
239. Ross, R. and Harker, L., Hyperlipidemia and atherosclerosis, Science, 193, 1094, 1976. 
240. Hoff. H. F., Jackson. R. L., Mao. S. J. T.. and Gotto, A. M., Jr., Localization of low-density 

lipoproteins in atherosclerotic lesions from human normolipemics employing a purified fluorescent- 
labeled antibody, Biochim. Biophys. Acta, 351,407, 1974. 

241. Glavind, J., Hartman, S., Clemensen, J., Jessen, K. E., and Dam, H., Studies on the role of lipid 
peroxides in human pathology. 11. The presence of peroxidized lipids in the atherosclerotic aortas, 
Acta Pathol. Microbiol. Scand., 30, I ,  1952. 

242. Fukuzumi, K., Lipids atherosclerotic artery. The cause of atherosclerosis from the view point of fat 
chemistry, Fetre, Seifen, Anstrichm., I I ,  953, 1969. 

243. Filipovic, J. and Rutemoller, M., Comparative studies on fatty acid synthesis in atherosclerotic and 
hypoxic human aorta, Atherosclerosis, 24,457, 1976. 

244. Fleming. J. S., Buchanan, J .  0.. King, S. P., Cornish, B. T., and Bierwagen, M. W., Use of the 
biolaser in the evaluation of antithrombotic agents, in Platelets and Thrombosis, Sherry, S. and 
Scriabine, A., Eds., University Park Press, Baltimore, 1974, 247. 

245. Hiramitsu, T., Majima, Y., Hascgawa, Y.. Hirata. K., and Yaki, K., Lipidperoxide formation in 
the retina in occular siderosis. Experientia, 32, 1324, 1976. 

246. Yagi, K., personal communication. 
247. Villa, C., Mysliwiec, M., and de Gaetano, G., Prostacyclin and atherosclerosis in rats, Lancet, 1 ,  

1216. 1977. 
248. Nijkamp. F. P.,  Moncada, S., White, H. L., and Vane, J .  R.. Diversion of prostaglandin endope- 

roxide metabolism by selective inhibition of thromboxane A2 biosynthesis in lung, spleen and plate- 
lets, Eur. J. Pharmacol.. 44, 179, 1977. 

249. Berberian, P. A., Ziboh, V. A.. and Hsia, S. L., Prostaglandin E2 biosynthesis: changes in rabbit 
aorta and skin during experimental atherosclerosis, J .  Lipid Res., 17,46, 1976. 

250. Strom, E. and Nordoy. A., Alfa-tocopherol (vitamin E) in human platelets, (Abstr.), Thromb. Res., 
4 (Suppl. 1). 73, 1974. 

251. Steiner, M. and Anastasi, J., Vitamin E, and inhibitor of the platelet release reaction, 1. Clin. Invest., 
57,732,1976. 

252. Gomes. J. A. C., Venkatachalapathy, D., and Haft, J .  I., The effect of vitamin E on platelet aggre- 
gation, Am. Heart J . ,  91.425, 1976. 

253. Fong, J.  S. C., Alpha-tocopherol: its inhibition of human platelet aggregation, Experientia, IS,  639, 
1976. 

Prostaglandins, I5 (Abstr.). 712, 1978. 

and its inhibition by a histamine receptor-blocker, Prostaglandins, 15 (Abstr.), 713, 1978. 

Int. Lab., 3/4,45, 1975. 

1875, 1973. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



336 CRC Critical Reviews in Biochemistry 

254. Machlin. L., Filipski, J. R., Willis, A. L.. and Kuhn, D. C.. lnfluence of vitamin E on platelet 
aggregation and thrombocytemia in the rat, Proc. SOC. Exp. Biol. Med., 149,275, 1975. 

255. Hope, W. C., Dalton, C., Machlin. L. J.. Filipski. J. R.. and Vane, F. M.. Influence of dietary 
vitamin E on prostaglandin biosynthesis in rat blood, Prostaglandins, 10,557, 1975. 

256. Olson, R. E., Vitamin E and its relation to heart disease, Circularion, 48, 179. 1973. 
257. Gryglmski, R., Screening and assessment of the potency of anti-inflammatory drugs in vitro, in 

Ferreira, S. H. and Vane, J. R., Eds., Handbuch der Experimental Pharmakologie, Vol. 5012, Sprin- 
ger-Verlag. Berlin, 1978,Z. 

258. Baumgartner. H. R., Tschopp, T. B., and Weiss, H. J., Platelet interaction with collagen fibrills in 
flowing blood, 11. lmpaired adhesion-aggregation in bleeding disorders. A comparison with suben- 
dothelium. Thromb. Haemostas.. 37, 17, 1977. 

259. Tschopp, T. B.. Deposition of platelets on collagen evaluated by 51Cr-label or morphometry: effects 
of aspirin, Thromb. Haemostas., 38 (Abstr.). 80, 1977. 

260. Weiss, H. J . ,  Tschopp. T. B., and Baumgartner, H. R., lmpaired interaction (adhesion-aggregation) 
of platelets with the subendothelium in storage-pool disease and after aspirin ingestion, N. Engl. 1. 
Med., 293,619, 1975. 

261. Mielke, C. H., Heiden, D., Britten, A. F. H., Ramos. J., and Flavelli, R. A.. Hemostasis, antipyret- 
ics, and mild analgesics, Acetaminophen vs aspirin, JAMA, 236,613, 1976. 

262. Smith, J. B. and Willis, L., Aspirin selectively inhibits prostaglandin production in human platelets, 
Nature(London) New Biol.,231,235,1971. 

263. Willis. A. L., An enzymatic mechanism for the antithrombotic and antihemostatic actions of aspirin, 
Science, 183,325. 1974. 

264. Gryglewski, R., Szczeklik, A.. Grodzinska, L., and Krecioch, E., A new method for the determina- 
tion of platelet life span which is based on the inhibition of thromboxane A1 generation by aspirin, 
in Abstr. lnt. Conf. Atherosclerosis, Milan, November 9-12. 1977,111. 

265. Fajardo, L. F., Platelet morphology after aspirin, Am. J. Clin. Patho/.,63,554, 1975. 
266. Roth, G. J., Stanford, N.. and Majenrs, P.. Acetylation of prostaglandin synthetase by aspirin, 

Proc. Nat. Acad. Sci., U.S.A.. 72,3073. 1975. 
267. Vinazzer, H., Putter, J., and Loew, D.. lnfluence of intravenously administered acetylsalicylic acid 

on platelet functions, Haemostasis, 4, 12. 1975. 
268. Kocsis. J. J., Hernandovich, J., Silver, M. J., Smith. J. B.. and Ingerman, C., Duration of inhibition 

of platelet prostaglandin formation and aggregation by ingested aspirin or indomethacin. Prostaglan- 
dins.3, 141, 1973. 

269. Jafari, E., Saleem, A., Shaikh. B. S., and Demers. L. M., Effect of aspirin on prostaglandin synthesis 
by human platelets, Prostaglandins, 12, 829, 1976. 

270. Burch, J. W.. Stanford, N.. and Majerus, P. W., lnhibition of platelet cyclo-oxygenase by oral 
aspirin. J. Clin. Invest.,61,314, 1978. 

271. Ogletree, M. L., and Lefer, A. M., Influence on nonsteroidal anti-inflammatory agents on myocar- 
dial ischemia in thecat, J .  Pharm. Exp. Ther., 197.582, 1976. 

272. Moschos, C. B.. Lahiri, K., Peter, A., Jesrani, M. U., and Regan, T. J., Effect of aspirin upon 
experimental coronary and non-coronary thrombosis and arrythmia. Am. Heart J., 84.525, 1972. 

273. Rosenberg, F. J., Phillips, P. G., and Druzba, P. R., Use of a rabbit extracorporeal shunt in the 
assay of antithrombotic and thrombotic drugs. in Platelets and Thrombosis, Sherry, S. and Scriabine, 
A.. Eds., University Park Press, Baltimore, 1974,223. 

274. Maekawa, T.. Arai, H., and Kobayashi, N., The effects of aspirin on platelets and experimental 
thrombosis, in Platelets, Thrombosis and Inhibitors. Didisheim. P., Shimamoto, T., and Yamazaki, 
H., Eds.. F. K. Schattauer Verlag, Stuttgart, 1974.363. 

275. Herrman, R. 0.. and Lacefield, W. B.. Effect of antithrombotic drugs on in vivo experimental 
thrombosis, in Platelets and Thrombosis, Sherry, S. and Scriabine, A.. Eds., University Park Press, 
Baltimore, London, 1974,203. 

276. Harris, W. H., Aspirin prophylaxis against thromboembolic disease, Thromb. Haemostas., 38 
(Abstr.), 237, 1977. 

277. Cobb. S.. Anderson, F.. and Bauer. W., Length of life and cause of death in rheumatoid arthritis, 
N. Engl. J. Med., 249,553,1953. 

278. Wood, L.. Aspirin and myocardial infarction, Lancet, 2, 1021,1972. 
279. Davis, R. F. and Eaeman,  E. 0.. Incidence of myocardial infarction in patients with rheumatoid 

arthritis, Arthritis Rheum., 17. 527, 1974. 
280. Czaplicki, S., Oictka. J.. and Sulek, K., The frequency of coronary heart disease and myocardial 

infarction in patients with rheumatoid arthritis, A bsfr. V t b  Congress Int.  SOC. Thromb. Haemostas, 
1975,504. 

281. Boston Collaborative Drug Surveillance Group, Regular aspirin intake and acute myocardial infarc- 
tion, Br. Med. J., 1,440, 1974. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April I980 331 

282. Elwood, P. C., Cochrane, A. L., Burr, M. L., Sweetman, P. M.. Williams, G . ,  Welsby, E.. Hughes. 
S. J.. and Renton, R., A randomized controlled trial by acetyl salicylic acid in the secondary preven- 
tion of mortality from myocardial infarction, Br. Med. 1.. I ,  436, 1974. 

283. The Coronary Drug Project Group, Aspirin in coronary heart disease, J .  Chronic Dis., 29,625, 1976. 
284. Breddin, K., Uberla, K.. and Walter, E., German-Austrian multicenter two years prospective studies 

on the prevention of the secondary myocardial infarction by ASA in comparison to phencumaron 
and placebo, Thromb. Haemostas., 38 (Abstr.). 168, 1977. 

285. Zirinis, P.. Effect of prostaglandin synthetase inhibitors in rats measured by filtration pressure or 
arachidonic acid treated blood, Pharmacol. Res. Commun., 7,535, 1975. 

286. Aledort, L. M., Platelets and thromboembolism, in Current Cardiovascular Topics, Vol. 2, Throm- 
bosis, Platelets, Anticoagulation and Acetylsalicylic Acid, Donoso. E. and Haft, J. I . ,  Eds., Georg 
Thieme, Stuttgart, 1976, 156. 

287. The Anturan Reinfarction Trial Research Group, Sulfinpyrazone in the prevention of cardiac death 
after myocardial infarction, N. Engl. J .  Med., 298, 289, 1978. 

288. McElroy, F. A. and Philp, R. B., Relative potencies of dipyridamole and related agents as inhibitors 
of cyclic nucleotide phosphodiesterases: possible explanation of mechanism of inhibition of platelet 
aggregation, LifeSci., 17, 1479. 1975. 

289. Loew. D. and Vinauer, H.. Influence of simultaneous administration of low-dose heparin and ace- 
tylsalicylic acid on blood coagulation and platelet functions, Haemostasis, 3 ,3  19, 1974. 

290. Needleman. P., Bryan, B., Wyche, A., Bronson, S. D., Eakins, K.. Ferrendelli. J. A., and Minkes. 
M., Thromboxane synthetase inhibitors as pharmacological tools: differential biochemical and bio- 
logical effects on platelet suspensions, Prostaglandins, 14, 897, 1977. 

291. Moncada. S., Needleman. P., Bunting, S., and Vane, J. R., Prostaglandin endoperoxide and throm- 
boxane generating systems and their selective inhibition, Prostaglandins, 12.323, 1976. 

292. Butcher, R. W. and Sutherland, E. W., Adenosine 3‘5-phosphate in biological materials. I. Purifi- 
cation and properties of cyclic-3‘5’-nucleotide phosphodiesterase and use of this enzyme to character- 
ize adenosine 3’5’-phosphate in human urine, J. Biol. Chem.237, 1244. 1962. 

293. M a n ,  G. and Eakins, K. E., Burimamide is a selective inhibitor of thromboxane A2 biosynthesis in 
human platelet microsomes, Prostaglandins, 15,659, 1978. 

294. Kazic, T.. Action of methylxanthines and imidazole on the contractility of the terminal ileum of 
guinea pig. Eur. J. PharmacoL.41, 103, 1977. 

295. Bundy, G. L. and Peterson, D. C., The synthesis of 15-deoxy-9.1 I-epoxyimino prostaglandins-potent 
thromboxane synthetase inhibitors, Tetrahedron Lett., 1.41. 1978. 

296. Pike, J. E., The synthesis and biological activities of analogs of prostaglandins and other arachidonic 
acid cascade metabolites, in Abstr. First Soviet Union Conf.. Prostaglandins, Moscow, April 18 to 
20. 1978, 18. 

297. Corey, J. E.. Nicolaou, K. C., Machida. Y., Malmsten. C., and Samuelsson, B., Synthesis and 
biological properties of 9,1 I-azo-prostanoid: highly active biochemical mimic of prostaglandin en- 
doperoxides, Proc. Natl. Acad. Sci., U.S.A., 72,335, 1975. 

298. Okuma, M., Yoshimoto, T., and Yamamoto, S.,Human platelet aggregation induced by prostaglan- 
din endosulfide, Prostaglandins, 14,891, 1977. 

299. Eakins. K. E.. Rajadhyaksha. V., and Schroer. R., Prostaglandin antagonism by sodium p-benzyl- 
44 I-oxo-2-(-4-chlorobenzyl)-3-phenyl propy1)phenyl phosphate (N-0164), Br. 1. Pharmacol., 58, 333, 
1976. 

300. Kulkami, P. S. and Eakins. K. E., N-0164 inhibits generation of thromboxane AJike activity from 
prostaglandin endoperoxides by human platelet microsomes, Prostaglandins, 12,465, 1976. 

301. Eakins, K. E. and Kulkami. P. S., Selective inhibitory actions of sodium p-benzyl-4-(l-oxo-2-(4- 
chlorobenzyl)-3-phenyl propyl) phenyl phosphate (N-0164) and indomethacin on the biosynthesis of 
prostaglandins and thromboxanes from arachidonic acid, Br. J .  Pharmacol., 60. 135, 1977. 

302. Vincent, J. E. and Zijlstra, F. J., Nicotinic acid inhibits thromboxane synthesis in platelets, Prosta- 
glandins, 15, 629, 1978. 

303. Nicolaou, K. C., Barnette, W. E., Gasic, G. P., and Magolda, R. L.. 6.9-Thiaprostacyclin. A stable 
and biologically potent analogue of prostacyclin (PGII), J. Am. Chem. Soc.,99,7736, 1977. 

304. Johnson, R. A., Morton, D. R., and Nelson, N. A., Nomenclature for analogs of prostacyclin 
(PGI,), Prostaglandins, 15, 737, 1978. 

305. Fried, J. and Barton, J., Synthesis of 13,14-dehydroprostacyclin methyl ester: a potent inhibitor of 
platelet aggregation, Proc. Natl. Acad. Sci. U.S.A., 74,2199, 1977. 

306. Paustian, P. W., Chapnick, B. M., Feigen. L. P., Hyman, A. L., Kadowitz. P. J., Fried, J.. and 
Barton, J., Effects of 13,14-dehydroprostacyclin methyl ester on the feline intestinal vascular bed, 
Prostaglandins, 14. 1141, 1977. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



338 CRC Critical Reviews in Biochemistry 

307. Crane. B. H., Maish. T. W., Maddox, Y. T., Corey, E. J., Szekely. J., and Ramwell, P.. Effect of 
prostaglandin I 2  and analogues on platelet aggregation and smooth muscle contraction, J. Pharma- 
col..206. 132, 1978. 

308. Gryglewski. R., unpublished data. 
309. Gandolfi. C. A. and Gryglewski, R., to be published. 
310. Baumgartner, H. R. and Mu@. R., Adhesion and aggregation: morphological demonstration and 

quantitation in vivo and in vitro, in Platelets in Biology and Pathology, Gordon, J. L., Ed., North 
Holland, Amsterdam, 1976,23. 

311. Born, 0. V. R., Research on the mechanisms of the intravascular adhesion of circulating cells, in 
Platelets and Thrombosis, Sherry, S. and Scriabine. A., Eds., University Park Press, Baltimore, 
1974, 13. 

312. Haft, J. I., Platelets, coronary artery disease and stress, in Current Cardiovascular Topics, Vol. 11, 
Thrombosis. Platelets, Anti-coagulation and Acetylsalicylicacid, Donoso, E. and Haft, J. I., Eds., 
Georg Thieme, Stuttgart, 1976, 97. 

3 13. Holmsm, H.. Prostaglandin endoperoxide-thromboxane synthesis and dense granule secretion as 
positive feedback loops in the propagation of platelet responses during “the basic platelet reaction”, 
Thrombos. Haemostas., 38, 1030, 1977. 

314. Homstra, G., Dietary fats and arterial thrombosis, Haemostasis, 2,21, 1973174. 
3 15. Jobin, F., Acetylsalicylic acid, hemostasis and human thromboembolism, seminars, in Thrombos. 

Hemostas., 4, 199, 1978. 
3 16. Jorgensm. L., Thrombosis, platelets and sudden cardiac death, in Current Cardiovascular Topics. 

Vol. 2, Thrombosis, Platelets, Anti-coagulation and  acetylsalicylic acid. Donoso, E. and Haft, J.  I., 
Eds., GeorgThieme, Stuttgart, 1976, 131. 

317. Mason, R. 0.. Sharp, D., Chuang. H. Y. K., and Mohammad, F.. The endothelium; roles in throm- 
bosisand hemostasis. Arch. Parhol. Lab. Med., 101,61, 1977. 

318. Mustard, J. F. and Packham, M.A.. Platelet, thrombosis and drugs, Drugs, 9. 19, 1975. 
319. PaceAsciak, C. R., Oxydative biotransformation of arachidonic acid, Prostaglandins, 13,811, 1977. 
320. Roberts. W. C. and Ferrans, V. J.. The role of thrombosis in the etiology of atherosclerosis (a positive 

one) and in precipitating fatal ischemic heart disease (a negative one), in Current Cardiovascular 
Topics, Vol. 2, Thrombosis, Platelets, Anti-coagulation and Acetylsakylic Acid, Donoso, E. and 
Haft, J. I., Eds.. Georg Thieme, Stuttgart, 1976, 143. 

321. Robertson, A. L., Jr. and Rosen, A.. The arterial endothelium: characteristics and function of the 
endothelial lining of large arteries, in Microcirculation, Vol. 1, Kaley, G. and Altura, B. M., Eds., 
University Park Press, Baltimore, London, 1975, 145. 

322. Ross, R. and Glomset. J. A,. The pathogenesis of atherosclerosis (two parts), N. Engl. 1. Med., 295, 
369 and 420, 1976. 

323. Samuelsson. B.. Folco. G., Granstrom. E., Kindhal. H., and Malmsten, C., Prostaglandins and 
thromboxanes: biochemical and physiological considerations, in Advances in Prostaglandin and 
Thromboxane Research, Vol. 4, Coceani. F. and Olley, P. M., Eds., Raven Press, New York, 1978. 
1. 

324. Smith, J. B. and Silver. M. J., Prostaglandin synthesis by platelets and its biological significance, in 
Platelets in BiologyandPathofogy, Gordon, J. L., Ed., North Holland, Amsterdam, 1976,331. 

325. Vane, J. R., Inhibitors of prostaglandin, prostacyclin and thromboxane synthesis, in Advances in 
Prostaglandin and Thromboxane Research, Vol. 4, Coceani. F. and Olley, P. M.. Eds.. Raven Press, 
New York, 1978.27. 

326. Bang, H. 0.. Dyerberg, J., and Hjorne, N.. The composition of food consumed by Greenland Eski- 
mos, Acta Med. Scand., 200,69. 1976. 

327. Dyerberg, J. and Bang, H. O., Dietary fat and thrombosis, Lancet, I ,  152,1978. 
328. Dyerberg. J.. Bang. H. 0.. and Hjorne. N., Fatty acids composition of the plasma lipids in Greenland 

329. Dyerberg, J., Bang, H. O., and Hjorne, N., Plasma cholesterol concentration in Caucasian Danes 

330. Dyerberg. J.. Bang, H. O., Stoffersen, E., Moncada, S., and Vane, J. R.. Eicosapentaenoic acid 

331. Needleman. P., Minkes, M.. and Raz, A.. Thromboxanes: selective biosynthesis and distinct biolog- 

332. Vergroesen. A. J., Linoleic acid, its PGs and atherosclerotic CVD. Prostaglandins and Ther., 4(2). 

333. Anon., Prostaglandins, 13,375, 1977. 
334. Gryglewski, R. J..  unpublished data, 1979. 
335. Szczcklik. A.. Gryglewski. R. J., Nizankowska, E., Nizankowski, R., and Musial. J., Pulmonary 

and anti-platelet effect of intravenous and inhaled prostacyclin in man, Prostaglandins, 16,651, 1978. 

Eskimos, Am. J .  Nutr., 28,958. 1975. 

and Greenland West-Coast Eskimos, Dan. Med. Bull., 24. 52, 1978. 

and prevention of thrombosis and atherosclerosis? Lancet, 2, 117. 1978. 

ical properties, Science, 193. 163, 1976. 

1, 1978. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


