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The metabolism of arachidonic acid is highly complex
and leads to a variety of biologically active com-
pounds, including the prostaglandins (PGs), the
thromboxanes  (TXs) and  hydroxy- or
hydroperoxy-eicosatetraenoic acids (HETEs or
HPETES) [1]. The latest addition to the series of
bioactive metabolites of arachidonic acid are the
leukotrienes (LTs). LTs were initially discovered as
the major products of the oxidative metabolism of
arachidonic acid in rabbit peritoneal polymorpho-
nuclear leukocytes (PMNL) [2, 3] and human blood
PMNL [4]. Figure 1 shows the structures and the
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mechanism of biosynthesis of LTs with recognized
biological activities. Another family of LTs derived
from the C-15 lipoxygenase has been described
recently [5, 6].

The biosynthesis of LTs is initiated in a
lipoxygenase-type reaction leading to the 5S-
hydroperoxy-6,8,11,14-(E,Z,Z,Z)-eicosatetraenoic
acid (SS-HPETE), which is, in turn, transformed
into leukotriene A4 (LTA,), an unstable allylic epox-
ide, the key compound in the LT pathway. LTA, is
the precursor of leukotriene B4 (LTB.) and of leu-
kotriene C, (LTC,). Peptidases transform LTC, into
leukotrienes D4 and E4 (LTD, and LTE,) (see Ref.
7 for a review).
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Fig. 1. Structures and biosynthesis of LTs. The chemical synthesis of the compounds depicted above
has been performed; this allowed the determination of the detailed stereochemistry of the LTs and
confirmed the sequence of biochemical events as presented in this scheme.
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The elucidation of the LT pathway and the con-
comitant identification of the bioactive components
of the slow-reacting substance of anaphylaxis
(SRS-A) and other SRS as mixtures of LTC, and/or
LTD, and LTE, appear of major interest in the
biochemistry and pharmacology of allergy and
inflammation (see Ref. 8 for a review). Several years
ago, SRS-A was proposed as an important mediator
of the bronchospasm associated with anaphylactic
reactions [9]. Recent studies with synthetic LTs sup-
port this hypothesis. Indeed, it has been shown that
LTs are potent myotropic substances and cause the
contraction of human and guinea pig respiratory
tract smooth muscles. For instance, LTD, was found
to be several orders of magnitude more potent (on
a molar basis) than histamine or PGF,, on the guinea
pig lung parenchymal strip. LTs show some tissue
selectivity, being more active on the peripheral air-
ways [10,11]. Interestingly, the LTs have little
activity on rat and rabbit smooth muscles prep-
arations [12]. Other studies have indicated vascular
effects of LTs [13]. LTC,, D4 and E, are also active
in vivo and cause bronchoconstrictions and cardio-
vascular effects [14]. In addition, LTB, shows several
proinflammatory properties; indeed, the compound
stimulates leukocyte aggregation and adhesion to
vascular endothelium {15], is a potent chemotactic
and chemokinetic agent towards PMNL, monocytes
and macrophages [16,17], alters Ca** homeostasis
in PMNL [18], releases lysosomal enzymes {19], and
increases vascular permeability [20].

The data already accumulated on the biological
properties of LTs, together with the finding that LTs
are released by lungs and leukocytes by allergic and
inflammatory stimuli {21}, clearly support the
hypothesis that these compounds may be involved
in immediate hypersensitivity reactions, for instance
asthma, as mediators of the bronchospasm, mucosal
oedema and leukocyte accumulation, as well as in
non-immunological inflammatory reactions. Thus,
the discovery of LTs and the elucidation of their
mechanism of formation brought some hope for
major progress in the pharmacology of allergy and
inflammation. However, the rational development
of new therapeutic approaches based on these recent
findings requires a better understanding of the mech-
anisms involved in the modulation of LT biosynthesis
in health and disease.

THE BIOSYNTHESIS OF LEUKOTRIENES

The successive findings in the past few years of
several metabolic pathways of arachidonic acid in
mammalian tissues have raised questions about the
control of the synthesis of the various metabolites.
The problem is particularly important in view of the
potent biological properties of the various com-
pounds formed and because of the presence of up
to three different pathways in a single cell type (the
human PMNL contains cyclooxygenase and C-5 and
C-15 lipoxygenases; see Refs. 2,22 and 23).

The concept that the formation of the various
arachidonic acid metabolites is dependent on sub-
strate availability is well accepted [24], and the
addition of arachidonic acid to cells and tissues in
vitro usually results in the rapid synthesis of PGs,
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TXs and hydroxy acids. The concentration of free
arachidonic acid in cells under normal conditions is
low as compared to the total amount of the fatty acid
present in the form of esters. The formation of
cyclooxygenase and lipoxygenase products is thus
initially controlled by the activity of the various
lipases which make arachidonic acid available to
metabolizing enzymes [24]. The effects of the diva-
lent cation ionophore A23187, which unspecifically
stimulates the release of arachidonic acid (likely
through stimulation of Ca®*-dependent phospholi-
pase A;) and the synthesis of cyclooxygenase and
lipoxygenase products in a variety of systems. sup-
port this concept [25, 26].

Concerning more specifically the C-5 lipoxygen-
ase, this scheme must be somewhat modified. The
synthesis of S-HETE and LTs also depends on sub-
strate availability; addition of arachidonic acid to a
suspension of rabbit peritoneal PMNL (glycogen-
induced) results in the formation of 5-HETE and
LTB, [2,3]. However, in other systems, such as in
human blood PMNL, the C-5 lipoxygenase will not
readily, or only to a small extent, transform exogen-
ous arachidonic acid, whereas incubation of these
cells in the presence of the ionophore A23187 leads
to synthesis of substantial amounts of 5-HETE and
LTB, from endogenous arachidonic acid [4]. These
data indicated that the ionophore not only caused
the release of arachidonic acid but also activated the
C-5 lipoxygenase involved in the further transfor-
mation of the fatty acid, suggesting that this enzyme
was Ca?* dependent [4]. This stimulatory effect of
the ionophore A23187 on the C-5 lipoxygenase was
indirectly reported in previous studies on SRS-A
synthesis [27]. Since then the Ca’” requirement for
the activation of LT synthesis has been supported
in studies involving a cell-free system from rat baso-
philic leukemia cells (RBL-1) [28].

These considerations leave open the question of
the control of the transformation of arachidonic acid
through the multiple pathways in a system such as
PMNL, since a single stimulus that alters Ca-'
homeostasis might unspecifically trigger the release
and the metabolism of the fatty acid. Recent studies.
however, suggested that given stimuli could induce
Ca®* influx (or delocalisation) in discrete areas of
the cells causing the formation of selected metab-
olites of arachidonic acid. For instance, it has been
observed that zymosan and the Ca®” ionophore
stimulate the formation of both cyclooxygenase and
C-5 lipoxygenase products in mouse peritoneal
macrophages, whereas phorbolmyristate acetate and
lipopolysaccharides specifically induce PGE. syn-
thesis, suggesting the presence of independent
sources of substrates in these cells [29].

Other interesting aspects in the control of arach-
idonic acid metabolism concern interactions between
the various pathways. It is now well documented
that 15-HPETE is a potent inhibitor of PGI; synthesis
[30]; more recently, 15-HETE was shown to inhibit
the platelet C-12 lipoxygenase [31] as well as the
leukocyte C-5 lipoxygenase [32]. In addition, LTs
stimulate the synthesis of cyclooxygenase products
in leukocytes [33] and lungs [34,35]. These data
clearly point out the occurrence of inhibitory and
stimulatory interactions between the various dioxy-
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genases. In the next paragraphs, we should like to
summarize and discuss some recent data on lipoxy-
genase interactions which might be of major import-
ance for the modulation of LT biosynthesis.

Double dioxygenation of arachidonic acid by
lipoxygenases

The discovery of metabolites of arachidonic acid
formed by successive dioxygenation brought direct
evidence of interactions between lipoxygenases and
lipoxygenase products. We have recently reported
the synthesis of a stereoisomer of LTB, in porcine
blood leukocytes and human blood leukocytes [36].
The compound was isolated and identified by gas
chromatography-mass spectrometry (GC-MS),
ultraviolet spectrometry, and steric analysis as the
58,128-dihydroxy-6,8,10,14(E,Z,E,Z)-eicosatetra-
enoic acid (5S,12S-DiHETE). Studies on its mech-
anism of biosynthesis, involving 180, labeling experi-
ments, indicated that the 55,12S-DiHETE was the
product of a double dioxygenation of arachidonic
acid, as opposed to LTB, and its A®-trans isomers
which are derived from hydrolysis of LTA, [37, 38].
The mechanism of biosynthesis was confirmed in
experiments where leukocytes incubated with 12-
HETE, and platelets incubated with 5-HETE,
released the 5S5,12S-DiHETE. We also showed that
direct addition of LTA. to leukocyte suspensions did
not lead to detectable formation of 5S,12S-DiHETE,
whereas LTB. and its A®-trans isomers were pro-
duced in substantial amounts. The acetylenic acid
inhibitor of cyclooxygenase, C-12 and C-15 lipoxy-
genases, 5,8,11,14-eicosatetraynoic acid (ETYA),
inhibited the formation of the 5S,12S-DiHETE (but
not of other C-5 lipoxygenase products), in agree-
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ment with a role for the C-12 lipoxygenase in the
formation of this compound [37]. In human leuko-
cyte suspensions, the synthesis of the 58,12S-DiH-
ETE was dependent on the presence of contami-
nating platelets as the source of C-12 lipoxygenase
activity. In porcine leukocytes, the 5S-12S-DiHETE
was produced by the actions of endogenous C-5- and
C-12 lipoxygenases on arachidonic acid (porcine pla-
telets have very low C-12 lipoxygenase activity).
Rabbit peritoneal PMNL, as well as human blood
PMNL, contain C-5 and C-15 lipoxygenase activities
(3, 4,23]; the 5-HETE and 15-HETE both fulfill the
structural requirements for reaction with lipoxygen-
ases, suggesting the possible occurrence of a 5,15-
DiHETE in leukocytes. Careful analysis of the prod-
ucts formed upon incubation of porcine blood leu-
kocytes with arachidonic acid and the ionophore
A23187 led to the detection of an unknown metab-
olite which was identified as a 5,15-DiHETE by
GC-MS and ultraviolet spectrometry analysis. An
identical compound [as judged by GC-MS, ultra-
violet spectrometry and high performance liquid
chromatography (HPLC) analysis] was obtained
upon incubation of human blood leukocytes with
15-HETE or 15-HPETE, suggesting that the com-
pound could be formed by successive dioxygenations
by C-15- and C-5 lipoxygenases, and was probably
the 5§,15S-dihydroxy-6,8,11,13(E,Z,Z E)-eicosate-
traenoic acid (5S,15S-DiHETE, unpublished data;
the 5§8,158-DiHETE was also reported by other
workers, see Ref. 6). These data constituted the first
observations of the transformations of HETEs into
DiHETE:s and raised the question of the biological
significance of these lipoxygenase interactions.
Figure 2 shows the products of the double dioxy-
genation of arachidonic acid in leukocytes.
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Fig. 2. Pathways of the double dioxygenation of arachidonic acid in leukocytes. C-5 and C-15 lipoxygenase
activities are present in human leukocytes; however, C-12 lipoxygenase has not been reported in these
cells. Therefore, the synthesis of 55,12S-DiHETE most likely involves leukocytes and platelets.



384 P. BORGEAT, B. FRUTEAU DE LACLOS and J. MACLOUE
A B
e LTl
N S\ . o+ 58 15S-DIHETE
i o\ | e+ 5-HETE
20 B

L5 4

z

>

@

<

T 904

fou]

@

<

[l T S — T T T T
0 3 0 12 24 36 48 680 72
15-HETE (M) 15-HPETE {uM)

Fig. 3. Effect of increasing concentrations of 15-HETE (A) and 15-HPETE (B) on the synthesis of
C-5 lipoxygenase products by human leukocytes. The cells were obtained from EDTA-treated blood
by dextran sedimentation and ammonium chloride lysis for elimination of red cells. The mononuclear
cells and PMNL were not separated. The leukocyte suspensions (60 X 10° cells/2 ml of Dulbecco’s
phosphate-buffered saline) were incubated for 5 min at 37° in the presence of the ionophore A23187
(2 uM) and of increasing concentrations of 15-HETE or 15-HPETE, which were added 15-30 sec before
the ionophore. The samples were analyzed by adsorption HPLC and ultraviolet spectrophotometry
using an internal standard. Results are expressed in arbitrary units; in the sample incubated with 7.5 uM
15-HPETE, the amounts (approximate) of metabolites formed, as measured by comparison of pcak
areas (corrected for differences in attenuation settings and absorption coefficients) were as follows:
LTB.. 0.9 ug; AStrans LTB, and A®-zrans-12-epi-LTB, (not shown), 0.1 ug each: 5,15-DiHETE, 4 ug;
and 5-HETE, 2.5 ug. As indicated, the magnitude of the 5S.15S-DiHETE curve in part B has been
reduced 4-fold.

Inhibitory effect of HETEs on the C-5 lipoxygenase

In the course of our initial studies on the mech-
anism of formation of the 5S,12S-DIHETE. we
observed that the synthesis of the C-5 lipoxygenase
products in human blood leukocytes was prog:es-
sively inhibited by increasing concentrations of 12-
HETE (50% inhibition at about 30 uM), whereas in
the same experiments the formation of the 5S,12S-
DiHETE increased up to concentrations of 12-
HETE of 3045 uM and decreased at higher con-
centrations [37]. These data led us to speculate on
the role of the platelet C-12 lipoxygenase in the
control of LTs synthesis {39]. Other workers reported
that 15-HETE inhibited the activity of the C-5 lipoxy-
genase in rabbit peritoneal PMNL (50% inhibition
at 6 uM) and that addition of arachidonic acid to
these cells led to the formation of inhibitory con-
centrations of the 15-HETE, in agreement with a
regulatory role of 15-HETE on the activity of the
C-5 lipoxygenase [32]. Figure 3A shows the effect
of 15-HETE on human blood leukocytes activated
with the ionophore A23187. The 15-HETE caused
a rapid inhibition of the formation of 5-HETE and
LTB. (50% inhibition at 7 uM), whereas the syn-
thesis of the 5S,15S-DiHETE increased up to con-
centrations of 15-HETE of 4-6 yM and decreased
rapidly at higher concentrations. The observations
that two hydroxy acids (12-HETE and 15-HETE)
with inhibitory effects on the C-5 lipoxygenase were
also substrates for the enzyme were suggestive that

the metabolism of the HETEs was related to their
inhibitory action. However, as seen in Fig. 3A, the
maximal formation of the 5S,15S-DIiHETE occurred
at a 15-HETE concentration that did not inhibit the
synthesis of S-HETE or LTB.. In other experiments,
we have found that 15S-hydroxy-8,11,13(Z.Z,E)-
eicosatrienoic acid was as good an inhibitor of the
C-5 lipoxygenase as 15-HETE although it did not
react with the enzyme, indicating that there is no
clear relationship between the inhibitory action of
HETEs and the formation of corresponding
DiHETEs. A comparison of Fig. 3A and 3B indicates
that the effects of 15-HETE and 15-HPETE on the
C-5 lipoxygenase differ considerably. The amount
of 5S,15S-DIiHETE formed from 15-HPETE was
four times that obtained from 15-HETE. The dif-
ference between the inhibitory effects of 15-HETE
and 15-HPETE (see the concentration scales in Fig.
3A and 3B) is striking in view of the expected rapid
reduction of the 15-HPETE into 15-HETE in leu-
kocytes; these results clearly suggest that the inhi-
bition of the C-5 lipoxygenase by the 15-HETE gen-
erated upon addition of the 15-HPETE is reduced
significantly by an opposing stimulatory effect of the
hydroperoxide.

Stimulatory effect of platelets on the C-5 lipoxygenase

We consistently observed that human leukocytes
do not efficiently metabolize exogenous arachidonic
acid, the formation of 5-HETE and LTB, being less
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Fig. 4. Effect of platelet-leukocyte coincubation on the synthesis of 5-HETE and LTB;. Human blood
leukocytes (mixed cells) were prepared as described in the legend to Fig. 3. Platelets were obtained by
centrifugation (650 g X 15 min) of the platelet rich-plasma from the same blood sample. The cells were
incubated for 5min at 37° in Dulbecco’s phosphate-buffered saline. The products were measured by
HPLC as described in the legend to Fig. 3. A and B refer to experiments performed using cells from
two different donors. Key: (1) incubation of platelets (250 x 10%ml) with arachidonic acid (60 uM): the
C-5 lipoxygenase products were not detectable (ND); (2) incubation of leukocytes (10 x 10%ml) with
arachidonic acid, the platelet-leukocyte ratio being about 2:1; and (3) coincubation of leukocytes
(10 x 10%ml) with platelets, the platelet-leukocyte ratio being about 25:1. Results are expressed as the
percentage of the ionophore A23187 (2 uM) stimulated release.

than 15% of that obtained from cells stimulated with
the ionophore A23187 (no arachidonic acid added).
We also observed that platelets alone did not produce
5-HETE or LTB, upon addition of arachidonic acid.
However, the mixed suspensions of leukocytes and
platelets did produce substantial amounts of the C-
5 lipoxygenase metabolites [40]. Figure 4 shows the
results obtained with leukocytes and platelets from
two human subjects. The coincubation of leukocytes
and platelets with arachidonic acid caused, respec-
tively, 3- to 5-fold and 4- to 8-fold increases in 5-
HETE and LTB. formation compared with the
amounts of these compounds obtained upon incu-
bation of leukocytes alone with the fatty acid. The
use of inhibitors (indomethacin and ETYA) indi-
cated that a metabolite of the oxidative metabolism
of arachidonic acid in platelets, most likely a product
of the C-12 lipoxygenase pathway, was the mediator
of this effect on 5-HETE and LTB. synthesis.
Time-course studies showed that, in a 5-min pre-
incubation period of the platelets with arachidonic
acid, the stimulatory effect on leukocyte oxidative
metabolism was lost, suggesting the involvement of
the unstable 12-HPETE. The direct addition of the
12-HPETE to leukocyte suspensions confirmed this
hypothesis. Indeed, 12-HPETE was found to stimu-
late (maximal effect at 5 yM) the synthesis of 5-
HETE, LTB, and 5S,12S-DiHETE to levels equal
to, or higher than, those obtained upon stimulation
of the cells with the ionophore A23187; the corre-
sponding 12-HETE had no effect under similar con-
ditions [40].

The specificity and mechanism of the effect of the
12-HPETE are presently unknown; experiments
such as those shown in Fig. 3A and 3B, however,

indicate that hydroperoxy fatty acids other than
12-HPETE (including PGG;) show some stimulatory
activity on the C-5 lipoxygenase.

DISCUSSION AND COMMENTS

It has become obvious that interactions between
the various dioxygenases involved in the metabolism
of arachidonic acid occur and may have important
biological significance. Thus, in addition to the
inhibitory effect of 15-HPETE on PGIL, synthesis
[30], recent studies suggest that generation of hydro-
peroxy and hydroxy acids may constitute important
biochemical mechanisms in the physiological control
of the synthesis of LTs. From the data available, it
seems most likely that C-15 and C-12 lipoxygenases
exert, respectively, inhibitory and stimulatory influ-
ences on the synthesis of LTs in leukocytes. Indeed,
15-HETE, which is formed in leukocytes, is a more
potent inhibitor of the C-5 lipoxygenase than 12-
HETE (50% inhibition at 6 and 30 uM respectively),
whereas platelet-derived 12-HPETE is an efficient
activator of the enzyme. Vanderhoek and coworkers
first suggested a role for the C-15 lipoxygenase in
the regulation of the LT pathway [32]; interestingly,
the same group also reported that the 15-HETE was
even more potent as an inhibitor of the C-12 lipoxy-
genase (50% inhibition at 0.34 uM) [31]. Thus, our
finding of the stimulatory effect of 12-HPETE on
the activity of the C-5 lipoxygenase brings additional
support to the hypothetical role of 15-HETE in the
regulation of the synthesis of LTs. The biological
significance of the 58,12S-DiHETE remains unclear;
so far it might be regarded as a product reflecting
the stimulatory interaction of 12-HPETE with the
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C-5 lipoxygenase. Figure 5 illustrates the various
interactions that may take place between lipoxygen-
ases and directly affect the synthesis of LTs.

It is noteworthy that these findings also suggest
an attractive hypothesis for the long elusive bio-
logical significance of the platelet lipoxygenase.

Several other hypotheses emerge from the data
summarized above. The stimulatory effect of platelet
oxidative metabolism on the synthesis of LTs pro-
vides a biochemical basis for the role of platelets in
the initiation or potentiation of inflammatory and
allergic reactions and supports the concept of the
possible involvement of platelet-leukocyte interac-
tions in some pathophysiological states. In this
regard, one may speculate that, in aspirin-sensitive
asthmatics, the administration of the drug causes an
increased release of 12-HPETE either by altering
the balance between the transformations of arachi-
donic through the cyclooxygenase and the lipoxy-
genase (in favor of the last one) as shown in vitro
[41] or by partial inhibition of the fatty acid hydro-
peroxide peroxidase associated with the platelet
cytosolic C-12 lipoxygenase [42]; the 12-HPETE
released might, in turn, activate the C-5 lipoxygenase
of circulating leukocytes or lung macrophages with
subsequent release of bronchoconstricting LTs.

In addition, it seems possible that the effect of
12-HPETE on LT synthesis is relevant to the pos-
tulated role of oxygen-centred radicals in inflam-
mation [43]. Indeed, although the mechanism of
action of 12-HPETE is presently unclear, the data
available leave no doubt of the importance of the
hydroperoxy group (12-HETE is completely inac-
tive). It is thus conceivable that oxygen-centered
radicals generated upon reduction of 12-HPETE by
leukocyte (or platelet) peroxidases may account for
the activation of the C-5 lipoxygenase and increased
formation of LTs. This would constitute one out of
many explanations for the anti-inflammatory proper-
ties of superoxide dismutase [44] and of radical scav-
engers [45] in some animal models.

Finally, the data summarized in this paper may
also bring some light on the controversy concerning
the effect of ETYA on the C-5 lipoxygenase. It was
reported that ETYA does not block but rather
increases the formation of 5-HETE and LTB, in

rabbit peritoneal PMNL incubated with arachidonic
acid [2, 32], and similar results have been obtained
using humar or porcine blood leukocytes stimulated
with the ionophore A23187 [37]; thus, in systems
where the C-5 lipoxygenase is active (rabbit peri-
toneal PMNL), or has been activated (ionophore-
treated human blood PMNL), ETYA does not
inhibit the formation of C-5 lipoxygenase products.
However, ETYA completely inhibits the production
of C-5 lipoxygenase metabolites generated upon
addition of arachidonic acid to suspensions of human
blood leukocytes contaminated with platelets (data
not shown); in this case it seems likely that the
inhibition of the synthesis of the C-5 lipoxygenase
products by ETYA does not reflect a direct inhibition
of the enzyme but rather the blockade of the syn-
thesis of the stimulatory 12-HPETE by the platelets.
The numerous reports that SRS-A (LTC,, D., E.)
release was inhibited by ETYA [27, 46, 47] could
probably be explained by the inhibition of the glu-
tathione transferase involved in the transformation
of LTA, into LTC, [48] rather than by a direct effect
on the C-5 lipoxygenase. This newly reported effect
of polyacetylenic acids on LTA4 metabolism, as well
as the inhibitory effect of ETYA on the synthesis of
15-HETE [23], may account for the stimulatory
effect of ETYA on S-HETE and LTB, formation
observed in some systems [2, 32, 37]. It is also note-
worthy that LTB, and 5S,12S-DiHETE comigrate
in some chromatographic systems [36], which might
have led to erroneous conclusions concerning the
action of ETYA or LTB, formation (the synthesis
of the 55,12S-DiHETE is inhibited by ETYA).

These new observations of lipoxygenase interac-
tions certainly suggest explanations to controversial
data and raise new hypotheses on the biochemical
mechanisms involved in allergy and inflammation.
Further studies are required to establish the bio-
logical importance of the inhibitory and stimulatory
effects of hydroxy and hydroperoxy fatty acids in LT
synthesis.
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