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Introduction

Many reactions including thrombosis, inflammation,
wound healing, and allergy are modulated by oxygen-
ated metabolites of arachidonate and related polyun-
saturated fatty acids that are collectively termed ei-
cosanoids. These mediators include prostaglandins,
thromboxanes, leukotrienes, hydroxylated derivatives
of arachidonate, and probably other oxygenated me-
tabolites not yet discovered. In most instances, these
mediators are not required to produce a response but
rather modulate its intensity (either stimulate or in-
hibit). Thus, platelets will aggregate and form a he-
mostatic plug in response to thrombin, even when
thromboxane A2 production is inhibited; however,
thromboxane A2 will stimulate platelet plug formation.
When thromboxane A2 production is blocked, a mild
hemostatic defect is produced as evidenced by pro-
longation of the skin bleeding time. Many eicosanoids
are labile, producing their effect for only seconds to
minutes. Interference with eicosanoid production is
the basis for many therapeutic agents, including a
number of analgesics, antiinflammatory drugs, and
antithrombotic agents. Production of eicosanoid me-
diators is controlled by cellular mechanisms for the
uptake and release of arachidonate from cellular phos-
pholipids. Whenstimulated by a hormone, coagulation
factor, or other agonist for which a particular cell has
receptors, hydrolases release arachidonate from com-
plex lipids. Arachidonate is then converted to an ei-
cosanoid that is characteristic for the particular cell
type.
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Role of eicosanoids in platelet function

The major products of arachidonate metabolism in
platelets are a 12-hydroxy metabolite of arachidonate,
which is a molecule of unknown function, and throm-
boxane A2 (1), which is a labile inducer of platelet
aggregation and a potent vasoconstrictor. Aspirin in-
hibits thromboxane production by covalent acetylation
of the active site of cyclooxygenase (2), the enzyme
that produces the cyclic endoperoxides, prostaglandins
G2 and H2 (PGG2 and PGH2),' as shown in Fig. 1.
Acetylation permanently inactivates the enzyme, and
since platelets are incapable of protein synthesis, they
cannot produce new, active enzyme. The aspirin effect
lasts for the life of the platelet (7-10 d) so that repeated
dosage leads to cumulative inhibition of cyclooxygenase.
Daily administration of very small amounts of aspirin,
much less than those required for other therapeutic
actions of the drug, completely inactivate platelet cy-
clooxygenase (3).

Arachidonate metabolism by endothelium

Kulkarni et al. (4) demonstrated that blood vessels
convert arachidonate to a potent vasodilator, the pro-
duction of which is inhibited by aspirin. The substance
was identified by Johnson et al. (5) as prostaglandin I2
(PGI2), a previously discovered arachidonate metabolite
of unknown function (6). PGI2, or prostacyclin, is a
labile, potent inhibitor of platelet aggregation (7), which

' Abbreviations used in this paper: PGD2, PGH2, PGI2,
prostaglandins D2, H2, and I2, respectively.
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FIGURE 1 Arachidonate metabolism in endothelium and platelets. TXA2, thromboxane A2.
(From Gorman, R. R., and A. J. Marcus. 1981. Prostaglandins and Cardiovascular Disease. In
Current Concepts. The Upjohn Co., Kalamazoo, MI)

acts by increasing platelet cyclic AMP levels. High
cyclic AMP levels in platelets raise the threshold for
response to thrombin and other agonists. PGI2 action
is opposite to that of thromboxane A2. Moncada and
Vane (8) proposed that vascular homeostasis is deter-
mined by a balance between the production of throm-
boxane A2 and PGI2 and that the occurrence of throm-
botic disorders might be influenced by factors that alter
this balance. Thus, the use of aspirin might have par-
adoxical effects, since inhibition of endothelial cycloox-
ygenase by aspirin might actually promote thrombosis.
Recent studies indicate that this speculation is probably

incorrect. I will now address several questions that have
been the subject of recent investigations.

What is the source of arachidonate for vascular
PGI2 synthesis? Studies with cultured cells and iso-
lated vessels indicate that endothelial cells have re-
ceptors for thrombin (9), bradykinin (10), and hista-
mine (11), and that each of these agonists stimulates
arachidonate release from phospholipids with subse-
quent conversion to cyclic endoperoxides and then to
PGI2. Smooth muscle cells also produce PGI2 in re-
sponse to serotonin and platelet-derived growth factor.
An alternative source for the substrate for PGI2 is
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cyclic endoperoxides formed in platelets, as outlined
in Fig. 1. Endoperoxides may escape from platelets
and be converted to PGI2 by endothelium (8). The
phenomenon of "endoperoxide steal" has been dem-
onstrated in vitro (12); its importance in vivo is un-
certain, although it may explain the action of throm-
boxane synthetase inhibitors as outlined below.

Is there a dose of aspirin that blocks thromboxane
production without inhibiting PGI2 production?
Early in vitro studies suggested that platelet cycloox-
ygenase is more sensitive to aspirin than that in vascular
cells (13), and that, because of new enzyme synthesis
by endothelium, vascular PGI2 production was restored
quickly after aspirin administration (14). However,
studies using fragments of human veins incubated in
vitro after patients were given aspirin in vivo (15-17)
indicated that doses >40 mg of aspirin/d inhibit vas-
cular PGI2 production for at least 48 h (-60% inhibition
of PGI2 synthesis in response to exogenous arachidon-
ate). In these studies, PGI2 production was measured
in response to the trauma of cutting up the vessel or
to exogenous arachidonate. These methods may not
assess the ability of vessels to synthesize PGI2 in response
to a physiological agonist in vivo, where arachidonate
release may be tightly coupled to cyclooxygenase and
PGI synthetase. In another type of study, urinary me-
tabolites of PGI2 have been measured after aspirin ad-
ministration. Patrignani et al. (18) have shown that
0.45 mg/kg per d of aspirin inhibited thromboxane
production in platelets by >95% without any effect on
basal urinary 6-keto prostaglandin Fla levels or on in-
creased levels after furosemide infusion. FitzGerald et
al. (19) found that low doses of aspirin (<160 mg/d)
totally inhibit urinary excretion of thromboxane me-
tabolites, while PGI2 metabolites persist at 25-40% of
the uninhibited values even with doses of aspirin of
2.6 g/d. These excretion studies are difficult to interpret
since it is not certain that the urinary metabolites are
derived from vascular sources as opposed to other tissues
that synthesize thromboxane A2 and PGI2 (e.g., stomach,
lung, and kidney). In summary, it appears that platelet
cyclooxygenase is more sensitive to aspirin than that
in endothelium, but even low doses of aspirin inhibit
PGI2 synthesis in part. High doses of aspirin, however,
do not completely block PGI2 production.

Is inhibition of PGI2 production associated with
any adverse effects? The concept of a balance be-
tween PGI2 and thromboxane A2 controlling platelet
adhesion and thrombus formation implies that PGI2
is produced by normal endothelium. Several recent
studies suggest that this is not the case (20-22).
FitzGerald et al. (23) estimate that circulating PGI2
levels (-3 pg/ml) are -10-fold lower than the min-
imal amount that inhibits platelet function. It is, of

course, possible that local concentrations of PGI2 at
sites of endothelial injury may reach higher, physio-
logically important concentrations. Follow-up of pa-
tients with rheumatoid arthritis treated with large
doses of aspirin does not uncover an increase in throm-
bosis or atherosclerosis (24, 25). Furthermore, patients
with congenital cyclooxygenase deficiency who lack
PGI2 do not suffer from thrombotic episodes (26). A
recent study by FitzGerald et al. (27) indicates that
patients with atherosclerosis are not PGI2-deficient but
have higher than normal levels of urinary PGI2 me-
tabolites. Studies of endothelial cells in culture indicate
that the nonthrombogenic properties of endothelium
are, in fact, not explained by the production of PGI2
by this tissue (28). An SV40-transformed line of en-
dothelium to which platelets adhere abnormally is not
returned to the normal nonadherent state, even with
pharmacologic doses of PGI2. In summary, the im-
portance of PGI2 in thromboresistance has probably
been overemphasized. There is currently no evidence
that inhibition of PGI2 production is an undesirable
side effect of pharmacologic inhibition of thromboxane
A2 production.

Does low-dose aspirin (160 mg/d or less) have in-
creased antithrombotic efficacy compared with larger
doses? The clinical trials of the efficacy of aspirin in
the prevention of strokes and myocardial infarction
have all been carried out at doses of greater than or
equal to 0.3 g/d (- 1 g/d as average). The largest body
of data is from six randomized trials of aspirin in men
who had survived a myocardial infarction. While none
of these trials gives a conclusive result, when all are
pooled it appears that aspirin is of modest benefit re-
ducing deaths by 16% and recurrent infarction by 21%
(29). It is clear that much lower doses of aspirin will
effectively block platelet thromboxane production. In
a study of prevention of shunt thrombosis in patients
on hemodialysis, 160 mgaspirin per day was shown to
be effective (30). Currently, several trials are underway
to evalute low-dose aspirin as an antithrombotic agent.
In light of the questions about the importance of PGI2
outlined above, I doubt that increased efficacy will be
achieved. It is likely, however, that lower doses of as-
pirin will be associated with fewer toxic reactions and
this is highly desirable, given that the drug is being
used as preventive medicine in relatively healthy pop-
ulations.

Are thromboxane synthetase inhibitors useful an-
tithrombotic agents? Several selective inhibitors of
thromboxane synthetase are currently under investi-
gation. Originally it was thought that these would be
ideal antithrombotic drugs sparing PGI2 production
while blocking synthesis of thromboxane A2. However,
thromboxane synthetase inhibitors allow accumulation
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of cyclic endoperoxides (Fig. 1) in platelets, and the
endoperoxides are potent platelet-aggregating agents.
In fact, these drugs may act primarily by stimulating
production of platelet inhibitory eicosanoids (31). PGI2
production is increased (27) by endoperoxide steal and
conversion of PGH2to prostaglandin D2 (PGD2) occurs
in plasma. Both PGI2 and PGD2stimulate cyclic AMP
production in platelets and thereby inhibit platelet
function. However, the elevations of PGI2 and PGD2
are relatively modest as judged from the levels of
metabolites, and the drugs currently known have a
very short duration of action. While the final answer
will come from clinical trials, it seems unlikely that
a drug of this class will surpass aspirin as an antithrom-
botic agent.

New strategies for altering eicosanoid
production
The production of eicosanoids is controlled by cellular

mechanisms for uptake and release of arachidonate from
phospholipids (32). Elucidation of the mechanism of
arachidonate release has proven difficult because a small
fraction of cellular arachidonate is liberated in response
to agonists. Thus, maximal PGI2 production results from
liberation of only 1% of endothelial arachidonate. In
platelets, -10% of phospholipid arachidonate is lib-
erated in response to thrombin. Arachidonate is lib-
erated from phosphatidylinositol and phosphatidyl-
choline. Phosphatidylinositol-arachidonate is liberated
by a novel pathway involving three enzymes (32); (a)
a phospholipase C that forms 1,2-diacylglycerol and
cyclic inositol phosphate (33), (b) a diacylglycerol lipase
that forms 2-arachidonoylglycerol (34), and (c) a
monoglyceride lipase that liberates arachidonate (34).
The enzymatic mechanism for release of arachidonate
from phosphatidylcholine is not clear, although a phos-
pholipase A2 enzyme may function in this capacity
(35). The main difficulty with invoking a role for phos-
pholipase A2 is that cells stimulated with agonists lib-
erate mainly arachidonate or other eicosanoid precur-
sors (36) and no phospholipase A2 has been discovered
that has such a fatty acid specificity. While inhibitors
of arachidonate-releasing enzymes might be potent
pharmacologic agents, no specific inhibitors have been
discovered. Drugs such as mepacrine and local anes-
thetics interact with membrane lipids and interfere
with lipase activity, but since they are not enzyme
inhibitors but rather bind to substrates, they have no
specificity (37). p-Bromophenacyl bromide, a potent
lacrimator that destroys free SH groups, is also not
specific (37). Recently, a diacylglycerol lipase inhibitor
(RHC80267) was described (38). Unfortunately, this
drug is ineffective in intact platelets even though it
does inhibit diglyceride lipase activity in platelet mi-
crosomes (Bross, T. E., S. M. Prescott, and P. W. Ma-

jerus, unpublished observations). Corticosteroids inhibit
arachidonate release in some cells but not in platelets.

Thromboxane and other eicosanoids are all produced
from essential polyunsaturated fatty acids that must be
provided in the diet. The major source of arachidonate
in man is dietary linoleate (18:2, A9,12). Many tissues
in man lack the desaturase enzymes needed to convert
linoleate to arachidonate (20:4 A5,8,11,14), and there-
fore depend on uptake of arachidonate from plasma.
Neither platelets (39) nor endothelial cells (40) can
convert linoleate to arachidonate. Since arachidonate
levels in plasma are low (- 1% of free fatty acid), these
cells must have an efficient system for uptake and es-
terification. This is provided by a recently described
acyl-coenzyme A (CoA) synthetase that is specific for
arachidonate and other eicosanoid precursors (41, 42).
Furthermore, the arachidonoyl-CoA synthetase may
also be required for normal eicosanoid production in
response to agonists. Werecently isolated a mutant line
of mouse fibrosarcoma cells that lacks arachidonoyl-
CoA synthetase (43). This cell line, although relatively
deficient in arachidonate, can be repleted by linoleate
since it contains desaturase enzymes. Whenstimulated
with bradykinin to produce prostaglandin E2, the mu-
tant line shows only - 10% of the response of the control
line. This suggests that arachidonoyl-CoA synthetase
may charge particular phospholipid pools that release
arachidonate in response to agonists. Inhibitors of this
enzyme might be effective as antithrombotic or even
antiinflammatory agents. That changes in the natural
history of diseases may be achieved by altering eicos-
anoid precursor availability is suggested by recent
studies in New Zealand black/New Zealand white mice
with autoimmune nephritis. These mice were fed diets
deficient in arachidonate (44) or diets supplemented
with eicosapentaenoic acid (20:5) (45), which competes
with arachidonate, resulting in a reduction in active
eicosanoid mediators. In both these eicosanoid-deficient
states there is an amelioration of the autoimmune ne-
phritis.

In summary, much remains to be learned about the
physiologic actions of eicosanoids and of the mecha-
nisms controlling their production. While preliminary
results suggest that alteration of eicosanoid production
may be beneficial in treating or preventing vascular
disorders, the basic information currently available is
insufficient to provide definitive plans for intervention.

ACKNOWLEDGMENTS
I thank Ellis Neufeld, Dave Wilson, Mike Laposota, Doug
Tollefsen, Hatem Salem, and Steve Prescott for their thouights
on this subject.

This research was supported by grants HLBI 14147 (Spe-
cialized Center in Thrombosis) and HL 16634 from the Na-
tional Institutes of Health.

1524 P. W. Majerus



REFERENCES

1. Hamberg, M., J. Svensson, and B. Samuelsson. 1975.
Proc. Natl. Acad. Sci. USA. 72:2994-2998.

2. Roth, G. S., N. Stanford, and P. W. Majerus. 1975. Proc.
Natl. Acad. Sci. USA. 72:3073-3076.

3. Burch, J. W., N. Stanford, and P. W. Majerus. 1978. J.
Clin. Invest. 61:314-319.

4. Kulkarni, P. S., R. Roberts, and P. Needleman. 1976.
Prostaglandins. 12:337-353.

5. Johnson, R. A., D. R. Morton, J. H. Kinner, R. R. Gorman,
J. C. McGuire, F. F. Sun, N. Whittaker, S. Bunting, J.
Salmon, J. Moncada, and J. R. Vane. 1976.Prostaglandins.
12:915-928.

6. Pace-Asciak, C., and L. S. Wolfe. 1971. Biochemistry.
10:3567-3664.

7. Moncada, S., R. Gryglewski, S. Bunting, and J. R. Vane.
1976. Nature (Lond.). 163:663-665.

8. Moncada, S., and J. R. Vane. 1979. N. Engl. J. Med.
300:1142-1147.

9. Weksler, B. B., C. W. Ley, and E. Jaffe. 1978. J. Clin.
Invest. 62:923-930.

10. Needleman, P., S. D. Bronson, A. Wyche, M. Sivakoff,
and K. C. Nicolaou. 1978. J. Clin. Invest. 61:839-849.

11. Baenziger, N. L., L. E. Force, and P. R. Becherer. 1980.
Biochem. Biophys. Res. Commun. 92:1435-1444.

12. Marcus, A. J., B. B. Weksler, E. A. Jaffe, and M. J. Broek-
man. 1981. J. Clin. Invest. 66:133-142.

13. Burch, J. W., N. L. Baenziger, N. Stanford, and P. W.
Majerus. 1978. Proc. Natl. Acad. Sci. USA. 75:5181-
5184.

14. Jaffe, E. A., and B. B. Weksler. 1979. J. Clin. Invest.
63:532-535.

15. Preston, F. E., S. Whipps, C. A. Jackson, J. French,
P. J. Wyld, and C. J. Stoddard. 1981. N. Engl. J. Med.
304:69-76.

16. Manley, S. P., J. Beron, S. R. Cockbill, and S. Heptinstall.
1981. Lancet. 1:969-971.

17. Weksler, B. B., S. F. Pett, D. Alonso, R. C. Richter, P.
Stelzer, V. Subramanian, K. Tack-Goldman, and W. A.
Gay. 1983. N. Engl. J. Med. 308:800-805.

18. Patrignani, P., P. Filabozzi, and C. Patrono. 1982. J.
Clin Invest. 69:1366-1372.

19. FitzGerald, G. A., J. A. Oates, J. Hawiger, R. L. Maas,
L. J. Roberts II, S. A. Lawson, and A. R. Brash. 1983.
J. Clin. Invest. 71:676-688.

20. Smith, J. B., M. L. Ogletree, A. M. Lefer, and K. C.
Nicolaou. 1978. Nature (Lond.). 274:64-65.

21. Steer, M. L., S. E. MacIntyre, L. Levine, and E. W.
Salzman. 1980. Nature (Lond.). 287:194-195.

22. Pace-Asciak, C. R., M. D. Carrera, L. Levin, and K. C.
Nicolaou. 1980. Prostaglandins. 20:1053-1060.

23. FitzGerald, G. A., A. R. Brash, P. Falordeau, and J. A.
Oates. 1981. J. Clin. Invest. 68:1272-1276.

24. Davis, R. F., and E. G. Engelman. 1974. Arthritis
Rheum. 17:527-533.

25. Linos, A., J. W. Worthington, W. O'Fallon, and et al.
1978. Mayo Clin. Proc. 53:581-586.

26. Pareti, F. I., P. M. Manaucci, A. D'Angelo, J. B. Smith,
L. Sautebin, and G. Gulli. 1981. Lancet. I:898-901.

27. FitzGerald, G. A., A. R. Brash, J. A. Oates, and A. K.
Pederson. 1983. J. Clin Invest. 72:1336-1343.

28. Curwen, K. D., M. A. Gimbrone, and R. I. Houkin. 1980.
Lab. Invest. 42:366-374.

29. Prescott, S. M., and P. W. Majerus. 1983. In Preventive
Cardiology. N. Kaplan, editor. W. B. Saunders, Phila-
delphia. In press.

30. Harter, H. R., J. W. Burch, P. W. Majerus, N. Stanford,
J. A. Delmez, C. G. Anderson, and C. A. Weerts. 1979.
N. Engl. J. Med 301:577-579.

31. Gorman, P. R. 1983. Adv. Prostaglandin Thromboxane
Leukotriene Res. 11:235-240.

32. Majerus, P. W., S. M. Prescott, S. L. Hofmann, E. J.
Neufeld and D. B. Wilson. 1983. Adv. Prostaglandin
Thromboxane Leukotriene Res. 11:45-52.

33. Hofmann, S. L., and P. W. Majerus. 1982. J. Biol. Chem.
257:6461-6469.

34. Prescott, S. M., and P. W. Majerus. 1983. J. Biol. Chem.
258:764-769.

35. McKean, M. L., J. B. Smith, and M. J. Silver. 1981. J.
Biol. Chem. 258:1522-1524.

36. Bills, T. K., J. B. Smith, and M. Silver. 1977. J. Clin.
Invest. 64:1-6.

37. Hofmann, S. L., S. M. Prescott, and P. W. Majerus. 1982.
Arch. Biochem. Biophys. 215:237-244.

38. Sutherland, C. A., and D. Amir. 1982. J. Biol. Chem.
257:14006-14410.

39. Needleman, S. W., A. A. Spector, and J. C. Hoak, 1982.
Prostaglandins. 24:607-622.

40. Spector, A. A., T. L. Kadine, J. C. Hoak, and G. L. Fry.
1981. J. Clin. Invest. 68:1003-1011.

41. Wilson, D. B., S. M. Prescott, and P. W. Majerus. 1982.
J. Biol. Chem. 257:3510-3515.

42. Neufeld, E. J., D. B. Wilson, H. Sprecher, and P. W.
Majerus. 1983. J. Clin. Invest. 72:214-220.

43. Neufeld, E. J., T. E. Bross, and P. W. Majerus. 1983. J.
Biol. Chem. In press.

44. Hurd, E. R., J. M. Johnston, J. R. Okita, P. C. Mac-
Donald, M. Ziff, and J. N. Gilliam. 1981. J. Clin. Invest.
67:476-485.

45. Pickett, J. D., D. R. Robinson, and A. D. Steinberg. 1981.
J. Clin. Invest. 68:556-559.

Arachidonate Metabolism in Vascular Disorders 1525


