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of arachidonic acid in the rat mesenteric and pulmonary

circulation

Marc d’Alarcao, E. J. Corey, *Cynthia Cunard, *Peter Ramwell, *'? Pekka Uotila,

*Roberto Vargas & *Barbara Wroblewska

Department of Chemistry, Harvard University, Cambridge, MA 02138, U.S.A. and *Department of Physiology
and Biophysics, Georgetown University, Washington D.C. 20007, U.S.A.

1 The effects of 15-hydroperoxy metabolites of arachidonic acid on vascular tone were evaluated in
the perfused mesenteric preparation, the isolated perfused lung and segments of pulmonary arteries of
the rat.

2 In the mesenteric preparation, precontracted with phenylephrine, both 15-hydroperoxy-5,8,11,13-
eicosatetraenoic acid (15-HPETE, EDj, 1.6 nmol) and 8,15-dihydroperoxy-5,9,11,13-eicosatetraenoic
acid (8,15-diHPETE, EDj, 0.3 nmol) induced dose-dependent vasodilatation, whereas 5,15-diHPETE
(0.2-100 nmol) had no effect. Prostacyclin (EDy, 0.01 nmol) was, however, more potent than the
hydroperoxides.

3 In the rat isolated lung, precontracted with the stable thromboxane agonist U-46619, dose-
dependent decrease in the perfusion pressure occurred with 15-HPETE (ED,, 40 nmol), 5,15-diHPETE
(EDj, 30 nmol) and 8,15-diHPETE (EDy, 7 nmol) while 13-hydroperoxide of linoleic acid had no effect.
Prostacyclin was 10 times more potent than 8,15-diHPETE. The vasodilator effects were not affected
by indomethacin.

4 In both endothelium intact and denuded rat pulmonary arteries the hydroperoxides 15-HPETE,
8,15-diHPETE, and $5,15-diPETE induced dose-dependent relaxation. The hydroperoxide, 8,15-
diHPETE was at least 3 times more potent than 15-HPETE or 5,15-diHPETE. The hydroperoxides
had no effect on the basal tone of vessel segments and the relaxation induced by 15-HPETE was not
attenuated by methylene blue (5 pM).

5 These data indicate that 8,15-diHPETE may be a significant endothelium-independent vasodilator

product of arachidonate lipoxygenation.

Introduction

The prominent lipoxygenase in both the vascular
endothelium (Hopkins et al., 1984) and the lung
(Hamberg et al., 1980) is 15-lipoxygenase. Ara-
chidonic acid is metabolized in human endothelial
cells by 15-lipoxygenase to metabolites, such as 15-
hydroperoxy-5,8,11,13-eicosatetraenoic acid (15-
HPETE), 15-hydroxy-5,8,11,13-eicosatetraenoic acid
(15-HETE), 8-15-dihydroperoxides (8,15-diHPETEs)
and corresponding dihydroxy acids (8,15-diHETEs)
(Hopkins et al., 1984). In contrast, linoleic acid is
metabolized by 15-lipoxygenase to 13-hydroperoxy-
9,11-octadecadienoic acid (13-HPODE) and 13-
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hydroxy-9,11-octadecadienoic acid (13-HODE),
which are continuously released from human vascular
endothelium (Buchanan et al., 1985). The predomin-
ant product of the cyclo-oxygenase pathway of ara-
chidonic acid in endothelial cells is prostacyclin (Bunt-
ing et al., 1976).

Endothelial eicosanoids from both the cyclo-
oxygenase and 15-lipoxygenase pathways induce
changes in the vascular tone of blood vessels; for
example prostacyclin causes relaxation of the bovine
coronary artery and contraction of the rat abdominal
aorta (Dusting et al., 1977; Van Dam et al., 1986). The
hydroperoxides induce vasodilatation of feline pial
vessels, contraction of the coronary artery but have no
effect on noradrenaline-precontracted rabbit aorta
(Koide et al., 1982; Christman et al., 1984; Forsterman
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& Neufang, 1984). One explanation of the variation
between these findings is that the vascular effects of
endothelium-derived eicosanoids are modified locally.

The purpose of these studies was to compare the
actions of 15-HPETE, 8,15-diHPETE, 5,15-diHPETE,
13-HPODE and prostacyclin in selected isolated
blood vessels and perfused vascular beds of male rats.

Methods
Animals

Mature male Sprague-Dawley rats (weighing 270—
410g) from Charles River Breeding Laboratories
(Wilmington, MA) were the source of all organ and
tissue preparations. The animals were exsanguinated
under  anaesthesia  (sodium  pentobarbitone,
40mgkg™', i.p.).

The isolated perfused mesenteric vascular bed

A ventral midline incision was made and the mesen-
tery was exteriorized into a Petri dish containing
Krebs Ringer bicarbonate (KRB) of the following
composition (mM): NaCl 118.2, KCl 4.7, CaCl, 2.5,
MgSO, 1.2, NaH,PO, 1.2, NaHCO, 25, glucose 5.6
and indomethacin 5.5pM. The KRB solution was
equilibrated with 95% O, and 5% CO, and kept at a
constant temperature (37°C) and pH (7.4) throughout
the experiment. The superior mesenteric artery was
perfused as described by McGregor (1965) with the
following modification to preserve the microvas-
culature: the mesenteric vascular bed was isolated with
the intestine and perfused in situ. In preliminary
studies complete dose-response curves for phenyle-
phrine were obtained. From these data the dose of
phenylephrine inducing 80% of the maximum res-
ponse was determined to be 2 uM. After an equilibra-
tion period of 30min, the KRB containing 2uM
phenylephrine was infused at 2.4 ml min~'. When the
pressure was stable acetylcholine (0.8 pM), was injec-
ted. Only those preparations were used in which
acetylcholine induced more than 50% decrease in the
pressure and only one dose-response curve was
derived for the hydroperoxides on each preparation.

The isolated lung preparation

After heparinization and thoracotomy the main pul-
monary artery was cannulated and the lungs were
excised and transferred to a perfusion apparatus and
rodent respirator as described by Heikeld et al. (1982).
The isolated lungs were perfused through the pulmon-
ary artery with 37°C KRB in a nonrecirculating system
at a constant flow rate of 8 mlmin~'. The perfusion
medium was aerated with 5% CO, in O,. The pulmon-

ary artery pressure was measured with a Harvard
pressure transducer. After a S min equilibration period
either U-46619 or prostaglandin F,, (PGF,,) were
infused at a flow rate of 0.1 ml min~"' (final concentra-
tion 25 and 200 nM, respectively). When a sustained
increase in the perfusion pressure was obtained the
different hydroperoxides or prostacyclin were injected
into the main pulmonary artery. The effects of
hydroperoxides and prostacyclin on the basal vascular
tone were also evaluated. Experiments were perfor-
med in the presence and absence of indomethacin
(10 uM) in the perfusate.

The isolated pulmonary artery preparation

Ring segments of the rat pulmonary artery were
prepared essentially as described earlier by Cunard et
al. (1986). The vessel segments were pre-contracted
with submaximal concentrations of U-46619 (28 nM).
The functional integrity of the endothelium in intact
and denuded vessel segments was determined by using
acetylcholine to test relaxation as described by Furch-
gott (1983). After contracting the segments with
U-46619, dose-response relaxation curves were obtained
for 15-HPETE (0.2 to 20 uM), 5,15-diHPETE (0.05 to
5puM), 8,15-diHPETE (0.01 to 5uM), and 13-HPODE
(0.2 to 20 uM). The effect of the hydroperoxides was also
evaluated in vessel segments precontracted with phen-
ylephrine, histamine, noradrenaline, 5-hydroxytryp-
tamine (5-HT) and PGF,,. Relaxation responses to
different hydroperoxides were separated by periods of
60 to 90 min during which time the vessel segments
were washed with 150ml of the KRB solution.
Indomethacin (10 uM) was always present in the KRB
bathing solution.

Drugs

15(S)-hydroperoxy-5(Z),8(Z),11(Z),13(E)-eicosatetr-
aenoic acid (15-HPETE) and the dihydroperoxides,
8(S),15(S)-dihydroperoxy-5(Z),9(E),11(Z),13(E) -eic-
osatetraenoic acid (8,15-diHPETE) and 5(S),15(S)-
dihydroperoxy-6(E), 8(Z),11(Z), 13(E)-eicosatetraen-
oic acid (5,15-diHPETE) were prepared from ara-
chidonic acid by soybean lipoxygenase and separated
by h.p.l.c. (Baldwin et al., 1978; Van Os et al., 1981).
13(S)-hydroperoxy-9(Z),11(E)-octadecadienoic acid
(13-HPODE) was prepared from linoleic acid by
soybean lipoxygenase (Holman et al., 1969). Soybean
lipoxygenase, (—)-phenylephrine hydrochloride,
indomethacin, noradrenaline, histamine, 5S-HT, meth-
ylene blue and acetylcholine chloride were obtained
from Sigma Chem. Co (St Louis, MO, U.S.A)).
Prostacyclin (PGI,), U-46619 (9,11-dideoxy-11a,9a-
epoxymethano-prostaglandin F,,) and prostaglandin
F,. (PGF,, tromethamine) were obtained from
Upjohn Co (Kalamazoo, MI, U.S.A)).
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Data analyses

The molar concentration of agonist which induced
50% of the maximum response (ED,,) was estimated
graphically from the dose-response relaxation curves.
All data are expressed as the mean * s.e.mean.

Results
Rat perfused mesenteric vascular bed

The basal pressure of the perfused mesenteric vascular
bed was 43.3 + 2.7mmHg (n = 22). Phenylephrine
infusion (2 uM) increased the pressure by a further
54.6 + 6 mmHg (n = 22). Bolus injections of 15-
HPETE or 8,15-diHPETE (0.05 to 3.0 nmol) induced
dose-dependent decreases in the perfusion pressure
but the dihydroperoxide 5,15diHPETE (0.2 to
100 nmol) was ineffective (n = 4) (Figures 1 and 2).
The estimated EDy, values for 8,15-diHPETE and 15-
HPETE were 0.3 and 1.6nmol, respectively.
Indomethacin had no effect on the relaxation induced
by the hydroperoxides. Bolus injections of prostacy-
clin (1.3 to 42 pmol) decreased the perfusion pressure
in the mesenteric vascular bed in the presence of
indomethacin in a dose-dependent manner (Figure 1).

Rat perfused pulmonary bed

The mean perfusion pressure in the rat isolated lung
was 8.8+ 0.2mmHg (n=57). The thromboxane
agonist U-46619 (25 nM) increased the pressure by a
further 7.2 £ 0.2 mmHg (n = 39). Bolus injections of
the hydroperoxides 15-HPETE, $5,15-diHPETE and
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8,15-diHPETE induced dose-dependent decreases in
the pulmonary artery pressure whereas 13-HPODE (2
to 200 nmol) had no effect (Figures 2 and 3). The
estimated ED,, values for 8,15-diHPETE, 5,15-
diHPETE, and 15-HPETE were 7, 30, and 40 nmol,
respectively. The perfusion pressure decreased 10-15 s
following the injection of 8,15-diHPETE and 20to 30 s
following the 15-HPETE and 5,15-diHPETE (Figure
2). The perfusion pressure returned to the preinjection
levels 1min after 8,15-diHPETE (1 to 2nmol).
Indomethacin (10 uM) did not affect the relaxation
induced by the hydroperoxides. Prestacyclin was
about ten times more potent than 8,15-diHPETE and
the estimated EDj, valued for PGI, was 0.7 nmol. The
vasodilator effects of 15-HPETE and 8,15-diHPETE
were also evaluated after pulmonary vasoconstriction
had been induced by PGF,,. Both, 15-HPETE and
8,15-diHPETE, induced dose-dependent vasodilata-
tion to the same degree as observed during U-46619
infusion with approximate ED,, values of 50 nM and
7nM, respectively. In contrast to the effects on
preparations with increased vascular tone, none of the
hydroperoxides had any effect on the basal perfusion
pressure when 10nmol 8,15-diHPETE or 5,15-di-
HPETE and 50 nmol 15-HPETE or 13-HPODE were
injected into the pulmonary circulation. Prostacyclin
(2 nmol) decreased the basal perfusion pressure by less
than 0.5 mmHg (data not shown).

Pulmonary artery relaxation

The hydroperoxides 15-HPETE, 5,15-diHPETE, and
8,15-diHPETE elicited dose-dependent relaxations of
U-46619 pre-contracted pulmonary artery rings which
were intact (Figure 4a) or where the endothelium had
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Figure 1 The effect of arachidonate hydroperoxides and prostacyclin on the perfusion pressure in the rat mesenteric
vascular bed. The decreases in the pressure (induced with constant infusion of 2 uM phenylephrine) to bolus injections
of 8,15-diHPETE (A), 15-HPETE (@) and PGI, (O) are shown as a mean from at least 4 experiments with s.e.mean

shown by vertical lines.
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Figure2 Representative recordings illustrating the effects of hydroperoxides on the pulmonary artery pressure of the
rat isolated lung (a) and the perfusion pressure of the rat mesenteric vascular bed (b); The pressure in the pulmonary
and mesenteric circulation was increased with infusion of 25 nM U-46619 and 2 pum phenylephrine, respectively. The *
vasodilator response (> 50% decreases) to 0.8 uM acetylcholine (ACh) was established for each mesenteric

preparation.

been removed (Figure 4b). The tension induced by
28uM U-46619 was 1.14+0.04g (n=21) and
1.30 £ 0.12g in intact and denuded (n =7) vessel
segments, respectively. The maximum relaxation
induced by 13-HPODE (20 uM) in intact vessel seg-
ments (n = 4) was 20.9 + 7.7%. The potency of the
hydroperoxide 8,15-diHPETE was 3 fold that of
15-HPETE and 5 fold that of 5,15-diHPETE in the
dose-range of 0.2 to 5uM. In denuded vessels the
potency of 8,15-diHPETE was 4 fold that of
15-HPETE over a dose-range of 0.2 to 1uM. The
relaxation induced by 13-HPODE was neither dose-
dependent nor reproducible in denuded vessel seg-
ments (n =4). The relaxant effects of 15-HPETE
(5pM) on intact pulmonary artery segments (n = 5)
were the same whether the segments were contracted
with PGF,, or U-46619. In contrast, regardless of the
dose, 15-HPETE had little or no effect on intact or
denuded pulmonary artery segments contracted with
histamine, 5-HT, noradrenaline, or phenylephrine. In
intact vessel segments (n = 3), the relaxation induced
by 15-HPETE was not affected by concentrations of
methylene blue (5uM, 15min preincubation) which
attenuated acetylcholine-induced relaxation by
82.7 £ 7.9%. The hydroperoxides 15-HPETE (5 uM)
and 8,15-diHPETE (1 uM) did not affect basal tension
of intact vessel segments (n=2) at doses that
produced marked relaxation when the same vessels

were contracted with U-46619. The relaxation induced
by 15-HPETE (5 uM) and 8,15-diHPETE (1 uM) in
intact vessel segments was stable for up to 1 h but the
relaxation induced by lower concentrations began to
decay within 5 min.
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Figure 3 The dose-dependent decrease in the pressure
induced by bolus injections of hydroperoxides into the
pulmonary circulation during U-46619 (25 nM) infusion.
The responses to 15-HPETE (@), 5,15-diHPETE (0O),
8,15-diHPETE (A), 13-HPODE (A) and prostacyclin
(O) are expressed as a mean for at least 4 animals;
s.e.mean shown by vertical lines.
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Figure 4 Relaxant effects of hydroperoxides on rat isolated pulmonary artery ring segments with intact endothelium
(a) or with endothelium removed (b). The rings were precontracted with U-46619 (28 nMm). Symbols indicate: 8,15-
diHPETE (A), 15-HPETE (@), 5,15-diHPETE (O) and 13-HPODE (A). The results are shown as mean from at least
4 (a) or the indicated number of experiments (b); vertical lines show s.e.mean.

Discussion

The putative vasodilator properties of lipoxygenase
products are of considerable interest in the light of
recent studies on endothelial lipoxygenation of ara-
chidonate and linoleate (Hopkins et al., 1984;
Buchanan et al., 1985). Here we describe the properties
of three hydroperoxides of arachidonate and one of
linoleate. The most important finding was that 8,15-
diHPETE is a potent and reversible vasodilator in the
rat perfused mesenteric preparation which was con-
stricted with phenylephrine. It was about ten times less
potent than prostacyclin. The estimated EDjy, values
for PGI,, 8,15-diHPETE and 15-HPETE were: 0.01,
0.3 and 1.6 nmol, respectively. Neither 5,15-diHPETE
nor 13-HPODE was effective.

In the perfused lung preparation 8,15-diHPETE
was the most potent compound (ED,, 7 nmol) foll-

owed by 5,15-diHPETE (ED,, 30nmol) and 15-
HPETE (EDj, 40 nmol). Again 13-HPODE was inef-
fective. Prostacyclin was ten fold (ED;, 0.7 nmol) more
potent than 8,15-diHPETE. Unlike PGI, the
hydroperoxides did not affect the basal perfusion
pressure. Indomethacin did not modify the response to
the hydroperoxides. Consequently it is unlikely that
vasodilatation was due to the generation of prostacy-
clin.

All the hydroperoxides relaxed to some degree the
pulmonary artery preparations which were precontrac-
ted with U-46619. The potency rank order was similar
to that obtained with the perfused lung preparation in
that 8,15-diHPETE and 13-HPODE were the most
and least active compounds respectively.

Methylene blue reduced the acetycholine-induced
endothelium-dependent relaxation but had no such
effect on the relaxation response to hydroperoxides.



632 M. D’ALARCAO et al.

These data and the lack of effect of removing the
endothelium indicate that the relaxant effect of the
hydroperoxides is due to a direct action on the
vascular smooth muscle. This is supported by the
recent finding of Herman et al. (1986) that 15-HPETE
relaxes a variety of arteries precontracted with PGF,,
and that the endothelium was not necessary for this
effect.

Because both PGF,, and U-46619 possess a
hydroxyl group at carbon-15, one may speculate that
the effect of 15-hydroperoxides is due to the receptor
interaction with PGF,, and U-46619. This possibility
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