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Summary

The precise role of eicosanoids in the development of myocardial injury during ischemia and reperfusion is
still a matter of debate. Enhanced local production of these bioactive compounds appears to be a common
response to tissue injury. Most likely, the cardiac tissue has the capacity to generate prostaglandins,
thromboxanes as well as leukotrienes. Prostacyclin (PGI,) is the major eicosanoid produced by the jeopar-
dized myocardium. In addition, at sites of tissue injury activation of platelets and infiltrating leukocytes
results in the formation of considerable amounts of thromboxanes and leukotrienes. The production of
eicosanoids requires prior release of arachidonic acid (AA) from phospholipids. Both ischemia and reperfu-
sion are associated with a rise in the tissue level of AA. The absence of a proportional relationship between
the tissue level of AA and the amounts of PGI, produced suggests that the sites of AA accumulation and PGI,
formation are different. It is conceivable that AA accumulation is mainly confined to myocytes, whereas the
capacity to synthesize PGI, mainly resides in vascular cells. Both beneficial and detrimental effects of
eicosanoids on cardiac tissue have been described. Prostaglandins act as vasodilators. Besides, some of the
prostaglandins, especially PGI,, are thought to possess cyto-protective properties. Thromboxanes and
leukotrienes may impede blood supply by increasing smooth muscle tone. Besides, leukotrienes augment
vascular permeability. Experimental studies, designed to evaluate the effect of pharmacological agents, like
PGl,-analogues and lipoxygenase and cyclo-oxygenase inhibitors, indicate that eicosanoids influence the
outcome of myocardial injury. However, the delineation of the physiological significance of the locally
produced eicosanoids is complicated by such factors as the wide variety of AA derivatives produced and the
dose-dependency of their effects.

Introduction

The enzymatic oxidation of fatty acids with a 20-
carbon structure, i.e. eicosatrienoic, eicosatetrae-
noic and eicosapentaenoic acid, leads to a variety
of products, commonly referred to as ‘eicosanoids’.
The eicosanoids represent a family of biologically
very potent and versatile compounds, which are
thought to be of importance as modulators of a
multitude of (patho)physiological processes, like
thrombosis, inflammation, immune response, tis-

sue perfusion and atherosclerotic diseases. Recent
findings indicate that myocardial ischemia and re-
perfusion can elicit a local generation of eicosa-
noids. Besides, at sites of myocardial injury eicosa-
noids will be produced by platelets and leukocytes.
The enhanced local production and versatile bioac-
tive properties of the arachidonic acid (AA) deriv-
atives suggests that these substances play a role as
mediators and/or modulators of myocardial injury
during ischemia and reperfusion. Nevertheless, it is
still obscure to which extent and in which manner
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these locally produced eicosanoids affect the out-

come of a (transiently) ischemic insult. Studies di-

rected to elucidate the role of eicosanoids in myo-

cardial ischemia and reperfusion are complicated

by such problems as

(a) methodological aspects of their determination,

(b) short half-lives,

(c) the dose-dependency of their effects,

(d) mutual interaction of individual eicosanoids,

(e) the large number of cell-types involved, each
producing a different spectrum of eicosanoids,
and

(f) the limited specificity of the pharmaca used to
modulate eicosanoid formation and function.

The arachidonic acid cascade

Since in mammalian species eicosatetraenoic acid,
i.e. AA, is by far the most important substrate for
the enzymes involved, the entire process of eicosa-
noid formation is also often referred to as the ‘ara-
chidonic acid cascade’. In this cascade the oxyg-
enation of AA can either be catalyzed by lipoxyge-
nases, which leads to the formation of hydroperox-
ide-derivatives (HPETE’s), or by cyclo-oxygenase,
which leads to the formation of endoperoxide-de-
rivatives, such as PGG, and PGH, (Fig. 1). Recent-
ly, a third pathway, the so-called epoxygenase
pathway, for the metabolism of AA has been dis-
covered in renal tissue [1]. In this metabolic route
AA is converted into, among others, epoxides and
HETE’s through cytochrome P-450 dependent
mono-oxygenases. It is unknown whether the en-
zyme system is also involved in the production of
eicosanoids in the myocardium.

In the lipoxygenase pathway the HPETE’s are
converted to their corresponding hydroxy acids
(HETE’s). Moreover, 5-HPETE can also be trans-
formed into leukotriene A, (LTA,). LTA,, in turn,
can be converted to LTB, or the peptide leuko-
triene LT'C,. In the latter case the tripeptide glu-
tathione (GSH) is coupled to L'TA,, a reaction cata-
lyzed by glutathione-S-transferase. The subse-
quent elimination of the glutamic acid and glycine
moieties from LTC, yields LTD, and LTE,, respec-
tively. In the cyclo-oxygenase pathway the enzy-
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Fig. 1. The arachidonic acid cascade. In this simplified scheme
only the major pathways of eicosanoid formation are shown.
HPETE and HETE indicate hydroperoxy and hydroxy eicosa-
tetraenoic acid, respectively. Other abbreviations are explained
in the text,

matic conversion of the endoperoxide PGH, leads
to two classes of products, the thromboxanes
(TX’s) and the prostaglandins (PG’s). Thrombox-
ane synthase catalyzes the conversion of PGH, into
TXA,. Various transformations, involving isom-
crases and reductases, lead to the synthesis of the
different PG’s, among which prostacyclin or PGI,
(Fig. 1).

Both TXA, and PGI, are chemically unstable
compounds and are non-enzymatically converted
into their biologically less active or inactive stable
analogues, TXB, and 6-keto-PGF,,, respectively.
This conversion occurs rapidly. Half lifes of only 30
seconds and 5 to 10 minutes have been reported for
TXA, and PGI,, respectively [2]. Moreover, in the
circulation both products are rapidly metabolized
by various enzymes. The consequence of the chem-
ical conversion is that the sites of formation and
action of the eicosanoids most likely coincide. In
other words, the eicosanoids are autacoids, i.e.
potent modulators and/or mediators of cellular
function, which are generated and act locally.

Cardiac eicosanoid production

The heart is composed of various cell types. On a
volume base by far the largest part of the tissue is
accounted for by myocytes. With respect to the
cardiac eicosanoid generating capacity other cell
types, like endothelial cells, smooth muscle cells
and fibroblasts, are probably of more importance.
Using “C-archidonate and a differential labeling



technique Hsueh and Needleman [3] were able to
demonstrate that in the isolated rabbit heart the
vasculature is the principal site of PG formation. In
vivo blood cells may contribute to cardiac eicosa-
noid production. Substantial amounts of TX’s may
be formed in response to platelet activation. LT’s
are produced by leukocytes, when activated. Nota-
bly, in response to certain stimuli, like the calcium-
paradox or the calcium ionophore A23187, LT’s are
released from isolated, Krebs-Henseleit perfused,
hearts [4, 5] indicating that the cardiac tissue is able
to synthetize LT’s.

It is unclear whether eicosanoids are produced
under normoxic conditions and, if so, whether this
is of physiological importance. Under resting con-
ditions 6-keto-PGF,, levels were found to be higher
in the coronary sinus than in the aorta of the open-
chest dog. No such difference was observed for
TXB,. These findings suggest that under normoxic
conditions the in vivo heart releases PGI,, but not
TXA, [6]. The normoxically perfused, isolated
heart produces PGI, [7-9]. Besides, PGE, and
PGF,, are synthetized, although in appreciably
lower quantities [7, 8]. De Deckere [10] reported
that the concentrations of PGI, released from nor-
moxically perfused hearts are in the same range as
those that elicit a vasodilatory effect.

Ischemia and reperfusion are potent stimuli to
activate the AA cascade. Although questioned by
some investigators [11-13], it is generally believed
that coronary artery occlusion leads to enhanced
production of PGE,, PGF,,, PGIL, and TXA, [14-
17]. Restoration of flow may even enhance cardiac
eicosanoid production [8, 18].

After application of exogenous AA adult myo-
cytes were able to synthetize PG’s, like PGI,,
PGF,,, PGD, and PGE, [19, 20]. The main prod-
ucts generated by cultured endothelial cells are
PGI,, PGE,, and PGF,,. The ratio between the
amounts of PGI,, PGE, and PGF,, released may
depend on the origin of the endothelial cells (spe-
cies, organ, arterial or venular, vessel-size) [21-
23]. PGE, was reported to be the predominant
eicosanoid species released by smooth muscle cells
and fibroblasts [24]. The ability of endothelial cells,
smooth muscle cells and fibroblasts to produce
TXA, or LT’s, if any, is low [19, 22, 24, 25].
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Regulation of cardiac eicosanoid production

In theory, the synthesis of eicosanoids depends on
the activity of the enzymes and the availability of
substrate and co-factors (molecular oxygen, perox-
ides, glutathione, calcium). It has been shown that
the rates of eicosanoid formation, by for instance
endothelial cells or platelets, are far below the
reported V. values of the different enzymes in-
volved. So, the enzyme concentration appears not
to be rate-limiting. Furthermore, the oxygenases
have a high affinity for O, (K, value of about
5 uM). Therefore, only under conditions of very
severe ischemia the concentration of this essential
co-factor will put restraints on eicosanoid synthesis
[26]. Furthermore, it has been established that 5'-
lipoxygenase is a calcium-dependent enzyme [2].
Peroxides are known to modulate cyclo-oxygenase
activity. Low concentrations appear to be re-
quired, whereas higher concentrations inactivate
the enzyme [2]. GSH is required as co-substrate for
the synthesis of peptide LT’s. It is conceivable that
the ischemia/reperfusion-induced generation of re-
active oxygen species and alterations in the tissue
glutathione level affect eicosanoid production.

AA is the main substrate for the cyclo-oxygenase
and lipoxygenases. The cardiac content as well as
the serum level of AA is very low, i.e. in the order
of 2nmol/g wet weight and 3 nmol/ml of plasma,
respectively [27]. However, in the tissue AA is
amply present in bound form. The majority of
bound AA is incorporated in phospholipids, im-
portant constituents of cellular membranes. The
amount of AA esterified to phospholipids amounts
to about 12 umol/g wet weight [28]. This implies
that less than 0.02% of AA is present in the un-
esterified form. This empirical finding underlines
the notion that the endogenous production of eico-
sanoids depends on the enzymatic release of AA
from phospholipids.

The phospholipid pool is in dynamic equilib-
rium, i.e. continuously subjected to deacylation
and reacylation of the fatty acyl moieties. Accord-
ingly, enhanced release of AA from the phospholi-
pid pool could either result from an activation of
phospholipases and/or impairment of the incorpo-
ration of fatty acids into phospholipids. Increased
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hydrolysis of phosphatidylcholine by phospholi-
pase A, has been suggested to be the major path-
way of AA release. In addition, enhanced activity
of phosphatidylinositol specific phospholipase C in
combination with diglyceridase activity contributes
to the release of AA. Possibly, the preferred path-
way of AA release varies for each cell-type.

Reacylation of phospholipids is most likely regu-
lated at the level of fatty acid activation, a reaction
catalyzed by acylCoA synthetase. This reaction is
ATP dependent and is inhibited by AMP and ade-
nosine. About the relevance of a reduced reac-
ylation of AA into phospholipids in the formation
of eicosanoids can only be speculated. This mecha-
nism might be operative during ischemia since un-
der these conditions tissue levels of ATP decrease
and AMP and adenosine increase [29].

Influx of calcium is currently considered the
most likely mechanism to activate phospholipase
activity and, hence, AA release. This notion is
substantiated by observations demonstrating that
PG synthesis is stimulated by the calcium iono-
phore A23187 and is inhibited at low calcium con-
centrations or in the presence of calcium channel
blockers [30].

It has been stated by various investigators that
the availability of substrate, i.e. AA, is the rate
limiting step in the formation of eicosanoids from
tissues [31]. During ischemia the tissue level of AA
rises. Reperfusion does not reverse this process,
but promotes further accumulation of AA [29]. If
the rate of eicosanoid synthesis is determined by
the availability of AA, a relation between AA ac-
cumulation and eicosanoid formation might be an-
ticipated. In line with this notion is the observation
that the cumulative release of 6-keto-PGF,, during
reperfusion of isolated rat hearts is related to the
tissue content of AA at the end of the preceding
ischemic period (Fig. 2). In a similar model Karma-
zyn and coworkers [32] also observed an enhanced
release of 6-keto-PGF,, upon reperfusion. In their
study the amount released did not depend on the
time duration of the preceding ischemic period. In
addition, 6-keto-PGF,, release already occurred
after periods of ischemia that are not likely to elicit
a rise in the tissue content of AA [29, 33].

Following ischemia the release of 6-keto-PGF,,
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Fig. 2. Tissue content of arachidonic acid of normoxically per-
fused isolated rat hearts and hearts subjected to 30, 45 and 60
min of global ischemia (A) and the cumulative release of 6-keto-
PGF,, into the coronary effluent during the subsequent 30 min
of (re)perfusion (B). Means + SD. * p<0.05 vs control.

is of transient nature, whereas AA continues to
accurnulate during the entire reperfusion phase
(Fig. 3). Moreover, following 60 min of ischemia
the amount of 6-keto-PGF,, released during reper-
fusion represents less than 0.5% of the AA content
of reperfused hearts. The transient character of
PGI, synthesis has been ascribed to peroxide-in-
duced self-deactivation of the cyclo-oxygenase en-
zyme [26]. Alternatively, it is feasible that either
the release of PGI, is not solely determined by the
availability of AA or the sites of AA accumulation
and eicosanoid formation do not coincide [5, 9].
This notion is further supported by the observa-
tions that, as compared with transient ischemia,
induction of the calcium paradox and administra-
tion of A23187 resulted in smaller increases in the
tissue AA content, but a more pronounced release
of 6-keto-PGF,, from isolated rat hearts [5].
Several other findings also argue against a direct
relationship between AA availability and eicosa-
noid production. Otani and colleagues [18] demon-
strated that reperfusion following global ischemia
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Fig. 3. Time course of changes in the tissue content of arachi-
donic acid (A) and the release of 6-keto-PGF,, (B) during 60
min of ischemia followed by 30 min of reperfusion of isolated rat
hearts. Means = SD. * p<0.05 vs preischemic value.

of pig hearts was associated with a substantial de-
crease of the cardiac phospholipid content (over
20%) and release of 6-keto-PGF\,. Administration
of both mepacrine and superoxide dismutase
(SOD) plus catalase prevented the degradation of
phospholipids. However, mepacrine reduced 6-ke-
to-PGF,, release, whereas SOD plus catalase in-
creased 6-keto-PGF,, release. Finally, studies us-
ing isolated hearts prelabeled with “C-AA, indi-
cate that the administration of bradykinin results in
a tight coupling between AA release from phos-
pholipids and prostaglandin formation [34, 35].
These findings suggest that this agent stimulates
the myocardial production of eicosanoids by trig-
gering the release of AA from a phospholipid pool,
closely linked to the AA converting enzymes. Un-
der these circumstances the formation of eicosa-
noids might also be rather insensitive to the overall
tissue AA level.

117

Do eicosanoids play a role in myocardial ischemia
and reperfusion?

Reviewing the evidence for the contribution of
LT’s as mediators in ischemia and shock, Lefer [36]
formulated four criteria which should be met by
any substance in order to be considered as a media-
tor of a pathophysiological state, First of all, such a
substance should exert one or more pathophysi-
ological effects. Second, its production would have
to increase during the development of the patho-
physiological state. Third, if exogenously applied it
should mimic some of the effects of the disease
state. Finally, inhibition of the mediator should
diminish the disease state.

Indeed, the production of several potentially
harmful eicosanoids is enhanced during ischemia
and/or reperfusion. Investigations employing (a)
cyclo-oxygenase or lipoxgenase inhibitors or (b)
thromboxane synthase inhibitors or thromboxane
receptor antagonists demonstrate that these com-
pounds are of therapeutic use in the setting of
myocardial ischemia and reperfusion. In addition,
the administration of eicosanoids, like TXA,, LTC,
or LTD,, known to exert deleterious effects,
evokes pathophysiological phenomena in the heart
[37]. These findings suggest that these eicosanoids
are true mediators of myocardial injury.

Studies on hormones indicate that generally
these compounds are biologically active at concen-
trations in the same order of magnitude as the
association constant of these ligands and their re-
ceptors. This would imply that PG’s are effective at
concentrations in the order of 10™° to 107® mol/
litre. On the basis of these arguments Schroer [38]
infered that dose-dependent biological effects of
PG’s and TX’s occur at concentrations in the nano-
molar range. The corollary of this notion is (a) that
local concentrations should reach this level in order
to become effective and (b) that studies in which
these substances are found to be effective only at
much higher concentrations should be interpreted
with care.
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LTB, is a very potent chemotactic, whereas the
peptide LT’s are known for their vasoconstrictive
effects and their ability to increase vascular perme-
ability [36]. Vasoconstriction as well as edema for-
mation might lead to a further impedement of tis-
sue perfusion during ischemia and/or no-reflow
during reperfusion.

Circumstantial evidence indicates that LT’s are
no virtual mediators of cardiac cell death. In-
creased release of LT’s is only observed after 24
hours of coronary artery occlusion, whereas the
onset of irreversible cell damage takes place within
a few hours. LT release parallels the infiltration of
polymorphonuclear neutrophils (PMN’s) in the in-
farcted area and, hence, the PMN’s are considered
the main source of the L'T’s produced. It has been
proposed that the production of L'I’s by PMN’s is
related to the late arrhythmias and to infarct expan-
sion [39]. Indeed, various studies have shown that
lipoxygenase inhibitors are able to reduce infarct
size [40, 41]. Accordingly, lipoxygenase inhibitors
may attenuate the infiltration and subsequent acti-
vation of PMN’s and, in this way, reduce the pro-
duction of reactive oxygen species and the release
of proteolytic enzymes in the infarcted area. It
should be noted, that beneficial effects of lipoxyge-
nase inhibitors have been reported, either preced-
ing PMN infiltration or being unrelated to the num-
ber of PMN’s infiltrating the infarcted area [41].
However, interpretation of studies with lipoxyge-
nase inhibitors is complicated by the fact that the
specificity of many of these drugs is limited. Most
of them also act as free radical scavengers [40].

In cultures of myocardial cells it was found that
during hypoxia creatine kinase release, a marker
for cell necrosis, preceded the release of LTC,.
Furthermore, the addition of LTC, to the culture
medium did not evoke enzyme release. According-
ly, release of LT’s was not considered a mediator,
but only a result of cell injury [42].

Thromboxanes

TXA,; is a strong vasoconstrictor and has pro-ag-

gregatory effects. In this way platelet derived TX’s
might aggrevate the degree of ischemia by further
reducing blood supply. Both TX synthase inhib-
itors and TX receptor antagonists have been shown
to reduce enzyme release during myocardial ische-
mia [43, 44] and to preserve the myocardial ade-
nine nucleotide content in reperfused dog hearts
[45]. Often TX synthase inhibitors also augment
PGI, and PGE, production. Hence, it is hard to
delineate whether the observed effects are actually
a result of the prevention of TXA, synthesis or the
induction of PG synthesis. TX receptor antagonists
do not affect TXA, levels and therefore may pro-
vide more direct insight into the pathophysiological
role of TX’s.

Prostaglandins

Although not equally potent, in general, the PG’s
induce vasodilatation and prevent platelet aggrega-
tion. Conflicting results have been reported re-
garding the inotropic and electrophysiological ef-
fects of PG’s (reviewed by Karmazyn and Dhalla
[46]). In addition, some of the PG’s (PGE,, PGIL,)
are said to possess ‘cyto-protective’ properties.
This term refers to the beneficial effects of eicosa-
noids on (transiently) ischemic cardiac tissue, that
appear not to be related to systemic effects, tissue
perfusion and alterations in the inotropic or chro-
notropic state. PGI, is not only the quantitatively
most important eicosanoid generated by the myo-
cardium, but also the most potent representative of
the prostaglandin family.

Upon reperfusion the 6-keto-PGF,, concentra-
tion in the coronary effluent of isolated working rat
hearts peaks and rcaches values averaging 1.5
nmol/litre [9]. Therefore the amounts of PGI, pro-
duced are in the order of magnitude as the associ-
ation constant of the prostacyclin receptor [38]
and, as a consequence, will likely affect cellular
processes.

Numerous studies with in vivo heart models have
provided evidence that infusion of PGI, or its ana-
logue iloprost affords substantial protection to the
ischemic and reperfused myocardium [47-51]. In
the in vivo model various factors may contribute to



the protective effects of PGI, or iloprost, such as a
reduction of mean arterial pressure (i.e. reduction
of workload), coronary vasodilatation, inhibition
of platelet aggregation and/or leukocyte infiltra-
tion, and the so-called cyto-protective effects.

In ex vivo heart models both beneficial and detri-
mental effects of PGI, have been reported. It
should be noted that in these models effects of PGI,
on peripheral resistance and platelet and leukocyte
function are irrelevant. Araki and Lefer [52] found
a reduction of enzyme release and improved post-
ischemic recovery of isolated cat hearts treated
with PGIL,. Other investigators [53, 54] reported no
or only modest protective effects. Karmazyn [8, 32]
and Moffat [55] showed that PGI, exerts deleteri-
ous effects, as evidenced by a decrease of post-
ischemic function and an improved functional re-
covery and reduction of enzyme release when iso-
lated rat hearts are perfused in the presence of PG
synthase inhibitors. Moreover, the beneficial effect
of these inhibitors was reversed by the concomitant
administration of PGI,.

The modulation of adenylate cyclase activity via
a PGI, receptor likely represents an important
mechanism by which this substance exerts its bioac-
tive effects. The anti-aggregatory action of PGI, on
platelets is related to its ability to elevate the in-
tracellular cAMP content. cAMP levels in vascular
smooth muscle and endothelium also rise in re-
sponse to PGI, [56]. Remarkably, reduced cAMP
levels are observed in ischemic cardiac tissue after
treatment with PGI, [50, 57]. This could indicate
that interaction of PGI, with receptors on the sar-
colemma of myocytes leads to an opposite re-
sponse. Alternatively, PGI, also reduces ischemia-
induced catecholamine release [58] and, hence,
might inhibit the catecholamine-induced activation
of adenylate cyclase and subsequent risc in cAMP.

Several other mechanisms have been proposed
to explain the observed effects of PGI, on myo-
cytes. Beside reducing the cAMP level PGI, pos-
sesses membrane stabilizing properties, which
might promote lysosomal stability [58, 59]. Ad-
verse cellular effects include the inhibition of the
sarcolemmal Na*/K*-ATPase and facilitation of
Ca** transport across cellular membranes [55, 60,
61]. At present it is unclear which effects will pre-
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vail at (patho)physiological concentrations of
PGL,.
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