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Perspectives

The Biologically Active Leukotrienes
Biosynthesis, Metabolism,
Receptors, Functions, and Pharmacology

Tbiological activity of one major class of leuko-
trienes, originally described as slow reacting substance of ana-
phylaxis (SRS-A)' (1, 2) and now known to be composed of
the sulfidopeptide leukotrienes, 5S-hydroxy-6R-S-glutathionyl-
7,9-trans-I 1, 14-cis-eicosatetraenoic acid (leukotriene C4, LTC4),
5S-hydroxy-6R-S-cysteinylglycyl-7,9-trans- 11, 14-cis-eicosa-
tetraenoic acid (leukotriene D4, LTD4), and 5S-hydroxy-6R-S-
cysteinyl-7,9-trans-1 1, 14-cis-eicosatetraenoic acid (leukotriene
E4, LTE4) (3-7), has been known for over 40 years. The biological
activity and structure of the second major class of leukotrienes,
represented solely by 5S-12R-dihydroxy-6,14-cis-8, I0-trans-
eicosatetraenoic acid (leukotriene B4, LTB4), was recognized
only 5 years ago (8-11). On the basis of the earlier definition
of SRS-A in terms of chromatographic, functional, and chemical
characteristics (12-15), it was possible to generate a similar
material with radiolabeled constituents by ionophore activation
of mouse mastocytoma cells and to achieve a chemical char-
acterization of LTC4 (3). The stereospecific synthesis of both
LTC4 (16) and LTB4 (17) has now permitted the delineation of
the common and separate enzymes in the pathways for bio-
synthesis of LTC4 and LTB4 from arachidonic acid (reviewed

Received for publication I December 1983.
1. Abbreviations used in this paper: 5-HPETE, 5S-hydroperoxy-6-trans-
8,1 1,14-cis-eicosatetraenoic acid; LTA4, 5,6-trans-oxido-7,9-trans- 1 1,14-
cis-eicosatetraenoic acid; LTB4, 5S-12R-dihydroxy-6,14-cis-8, 10-trans-
eicosatetraenoic acid; LTC4, 5S-hydroxy-6R-S-glutathionyl-7,9-trans-
1 1,14-cis-eicosatetraenoic acid; LTD4, 5S-hydroxy-6R-S-cysteinylglycyl-
7,9-trans-I 1,14-cis-eicosatetraenoic acid; LTE4, 5S-hydroxy-6R-S-cys-
teinyl-7,9-trans-1 1, 14-cis-eicosatetraenoic acid; LTB5, 5,12-dihydroxy-
6,8,10,14,17-eicosapentaenoic acid; LTC5, 5-hydroxy-6-S-glutathionyl-
7,9-trans-i 1,14,17-cis-eicosapentaenoic acid; PMN, peripheral blood
polymorphonuclear neutrophilic leukocytes; RP-HPLC, reverse phase-
high performance liquid chromatography; SRS-A, slow reacting substance
of anaphylaxis.
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in 18), the identification of cellular mechanisms for inactivation
of these products (19-23), the appreciation of structure-function
relationships for agonist function (1 1, 24-26), the identification
of receptor heterogeneity (27-30), and the demonstration of
remarkably potent proinflammatory pharmacologic actions in
animals and humans (1 1, 31-43).

This review will not consider the oxidative metabolism of
arachidonic acid by the cyclooxygenase pathway to prostaglan-
dins and thromboxane (reviewed in 44), the lipoxygenation of
arachidonic acid by pathways that do not lead to biologically
active leukotrienes (45, 46), or the putative biologic functions
of the intermediates (47-51) in the 5-lipoxygenase pathway
leading to the formation of LTB4, LTC4, LTD4, and LTE4. As
each cell type responds to membrane perturbation, physiologic
or pathobiologic, by elaborating a characteristic profile of ox-
idative products of arachidonic acid, the consequences of ar-
achidonate release reside in the biochemical machinery of each
cell type and in the receptor class of the surrounding target cells
in the microenvironment.

Biosynthesis, metabolism, and catabolism. After an appro-
priate physiologic transmembrane signal or, under experimental
circumstances, activation with a calcium ionophore, cellular
phospholipases and lipases of distinct pathways cleave arachi-
donic acid from membrane phospholipids, which serve as sub-
strates for a particular oxidative pathway (52, 53). Whereas the
oxidative metabolism of arachidonic acid to cyclooxygenase
pathway products via five or more terminal synthetases with
differential cellular prominence is characteristic of most cell
types, 5-lipoxygenation appears to be less widely distributed.
Further, among the human cell types relevant to a host inflam-
matory response, the generation of leukotrienes, quantitatively
and qualitatively, exhibits remarkable cellular specificity (Table
I). Peripheral blood polymorphonuclear neutrophilic leukocytes
(PMN) generate -50 ng LTB4/106 cells and only one-tenth as
much LTC4 in response to activation with calcium ionophore
A23187, whereas the quantities and ratios are reversed with
normal eosinophils (54). With eosinophils from patients with
hypereosinophilic states, the preferential generation of LTC4
relative to LTB4 is even more dramatic, and the quantities of
the LTC4 per 106 eosinophils can reach 150 ng (54). Both pe-
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Table I. Average Quantitative Generation of Leukotrienes
from Human Cells

Cell type Stimulus LTB4 LTC4 Reference

ng/106 cells ng/l06 cells

Neutrophil A23187 50 7 54

Eosinophil A23 187
Normal donors 6 40 54
Hypereosinophilic 2 70 54

donors

Monocyte A23187 70 30 55
Zymosan 10 2

Macrophage A23187 200 10 56, 57
(alveolar) Zymosan 50 ND 57

Opsonized 80 ND 57
zymosan

Mast cell IgE/antigen <4 25 *

ND, not determined.
* S. P. Peters and L. M. Lichtenstein, personal communication.

ripheral blood monocytes in monolayers (55) and adherent or
suspended alveolar macrophages (56, 57) respond to the ion-
ophore with a substantial generation of LTB4 and, for the former,
of LTC4; alveolar macrophages generate LTB4 in amounts rang-
ing from 100 to 400 ng/106 cells and in an average 20-fold
excess, relative to LTC4. Thus, depending upon the cell type
in an inflammatory focus, the potential leukotriene production
can be predominantly LTB4, with implications for endothelial
cell adherence and chemotaxis of additional cells (9, 10, 32),
or LTC4, with marked arteriolar constrictive and venular per-
meability-augmenting effects (7, 31, 32, 36, 43).

Implications about the role of a cell, which are drawn from
profiles of products obtained with ionophore activation, must
be tempered by the limited data available for cells in response
to transmembrane physiologic stimuli. In the case of monocyte
monolayers responding to unopsonized zymosan (55), the
quantities of leukotriene products are reduced to one-third or
less of those elaborated by the calcium ionophore. Similarly,
murine bone marrow-derived mast cells, differentiated in vitro
and presumed to be mucosal-type mast cells, elaborate 20-50
ng LTC4 and 4-8 ng LTB4/106 cells after IgE-dependent acti-
vation, or less than one-half of the leukotrienes obtained from
the same cells activated with calcium ionophore (58-60). These
murine mast cells generate almost no prostaglandin D2, whereas
that is the predominant product of oxidative metabolism of
arachidonic acid by rat and human connective tissue mast cells
activated by an immunologic mechanism (61).

The definitions of the various enzymes in the 5-lipoxygenase
cascade (Fig. 1) are mainly based upon the knowledge of their

respective substrates and products, and to a much lesser degree
upon biochemical parameters. No mammalian enzyme in the
5-lipoxygenase pathway has been purified to homogeneity in a
functional state. The 5-lipoxygenase converts arachidonic acid
(5,8,11,14-eicosatetraenoic acid) to 5S-hydroperoxy-6-trans-
8,11,14-cis-eicosatetraenoic acid (5-HPETE) (62). 5-lipoxygenase
is a calcium-dependent cytosolic enzyme in cell-free preparations
from RBL- 1 rat basophilic leukemia cells, guinea pig PMN,
and human PMN(63-65), and in the RBL-l preparations it is
considered to manifest catalytic activity only as a calcium-de-
pendent dimer (63). After extraction from guinea pig PMN, its
preferential substrates are arachidonic acid and (5,8,11,14,17-
cis)-eicosapentaenoic acid, which is preferentially present in fish
fatty acid-enriched diets, but not such common fatty acids as
linoleic (9,12-cis-octadecadienoic acid) and linolenic (9,12,15-
cis-octadecatrienoic acid), which lack a 5,6-olefinic bond (64).
The 5-lipoxygenase of human PMNhas the same preferential
substrate profile, with the Michaelis constant for arachidonic
acid _ 12 jiM and maximum velocity 0.5 nmol/min per 107
cells (65).

5-HPETE is converted by a dehydrase to 5,6-trans-oxido-
7,9-trans-1 1, 14-cis-eicosatetraenoic acid, (leukotriene A4, LTA4)
(66) or is hydrolyzed to its alcohol, 5S-hydroxy-6-trans-8, 11,14-
cis-eicosatetraenoic acid. Nonenzymatic hydrolysis of LTA4
generates the biologically inactive isomers of LTB4, 5S, 12R-
and 5S, 12S-dihydroxy-6,8, I 0-trans- 14-cis-eicosatetraenoic acid
(6-trans-LTB4 diastereoisomers) along with small quantities of
5,6-dihydroxy-eicosatetraenoic acids (66). From LTA4, an ep-
oxide hydrolyase generates LTB4, and a glutathione-S-transferase
adducts glutathione to form LTC4. The cytosolic epoxide hy-
drolase of the RBL- 1, a cell that generates the biologically active
leukotrienes, is biochemically uncharacterized (67). Rat liver
has both cytosolic and microsomal epoxide hydrolases, which
differ in antigenic determinants, pH optima, and substrate spec-
ificity (68, 69). One of these converts various cis-epoxides of
arachidonic acid to diols (70) but has not been assessed for
activity on trans-epoxides such as LTA4. The LTA4-glutathione-
S-transferase of the RBL- 1, which generates LTC4, is associated
with a 10,000 g particulate fraction after cell disruption (71).
Rat liver cytosolic and microsomal glutathione-S-transferases
have been shown to be both biochemically and antigenically
distinct from each other, and the microsomal enzyme requires
preincubation with N-ethylmaleimide to achieve maximal cat-
alytic activity (72). Of the purified glutathione-S-transferases,
only the E and g-type cytosolic isoenzymes from rat and human
liver, respectively, demonstrate the capacity to utilize a non-
leukotriene epoxide substrate (72, 73) to form a glutathione
adduct.

The biosynthetic events leading to the generation of LTC4
and LTB4 are generally entirely intracellular. An LTA4 epoxide
hydrolase has been demonstrated as an extracellular enzyme in
blood plasma (74) but the physiological significance is unde-
termined and would depend upon the extracellular generation
or release of LTA4. In contrast, y-glutamyl transpeptidases and
dipeptidases, which convert LTC4 to LTD4 (75, 76) and LTE4
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Figure 1. Biosynthetic pathways of leuko-
triene generation: enzymatic cascade for
the oxidative metabolism of arachidonic
acid. The enzymes of the 5-lipoxygenase
pathway are specifically indicated.
5,6-DHETE, 5,6-dihydroxy-eicosatetrae-
noic acid; 5-HETE, 5S-hydroxy-6-trans-
8,11, 14-cis-eicosatetraenoic acid; HHT,
12-hydroxy-heptadecatrienoic acid;
PGD2, PGE2, PGF2., PGG2, PGH2,
PGI2, prostaglandins D2, E2, F2a, G2,
H2, 12, respectively; TXA2, throm-
boxane A2-

(77-79), respectively, largely include enzymes associated with
cell membranes (75), secreted cellular granules (78), and
plasma (79).

The processing of LTC4 to LTD4 and LTE4 by peptide cleav-
age represents bioconversion from one active mediator to another
and not a catabolic inactivation process. The rapid inactivation
of each of the sulfidopeptide leukotrienes by human PMNstim-
ulated with phorbol myristate acetate occurs extracellularly by
the interaction of released myeloperoxidase, generated H202,
and chloride ion to form hypochlorous acid (HOCI) (20, 21).
The latter compound generates a chlorosulfonium ion inter-
mediate from each sulfidopeptide leukotriene, and subsequently,
the biologically inactive 6-trans-LTB4 diastereoisomers and the
substrate-specific S-diastereoisomeric sulfoxides of LTC4, LTD4,
and LTE4 (Fig. 2). In view of the spasmogenic activity of the
synthetic sulfones (80), these compounds have been sought but
not found during the oxidative inactivation of the sulfidopeptide
leukotrienes (21). The initial observations that eosinophils from
hypereosinophilic donors spontaneously inactivated SRS-A,
whereas peripheral blood neutrophils and monocytes from nor-

mal donors did not (81), is now explicable by the finding that
such "activated" eosinophils spontaneously convert LTC4 to
the 6-trans-LTB4 diastereoisomers and the S-diastereoisomeric
LTC4 sulfoxides through the generation of HOCI (54). The in-
activation of SRS-A by eosinophil arylsulfatase B (82), and ar-

ylsulfatase A and B of other cell types ( 15, 83) is now attributed
to their contamination with dipeptidases, which converted LTD4
to the less spasmogenic LTE4, as assessed on the guinea pig
ileum. Whereas the catabolism of the sulfidopeptide leukotrienes
by endogenously or experimentally activated neutrophils and
eosinophils is extracellular and completely curtailed in the pres-

ence of a scavenger of HOCI, such as L-serine (20, 21, 54), the
inactivation of LTB4 is intracellular in neutrophils (19) and is
not observed with eosinophils or peripheral blood monocytes
in adherent monolayers (54, 55). The neutrophil-dependent in-
tracellular inactivation of LTB4 occurs by w-oxidation (19) and
is not augmented by activation with the calcium ionophore.

Receptors and secondary factors in the integrated response
to leukotrienes. The evidence for cellular receptors for LTB4
and for the sulfidopeptide leukotrienes is derived from studies
of structure-function correlations and radioligand binding. For
LTB4, the specificity of its interaction with human PMNwas

first suggested by its 30- to 300-fold greater chemotactic potency
as compared with naturally occurring isomers (10, 11), 1 2-epi-
6-trans-8-cis-LTB4, derived by sequential 5- and 1 2-lipoxygen-
ation of arachidonic acid (84), and 5S, 12S- and SS, 12R-6-trans-
LTB4. Saturation binding of [3HJLTB4 to human PMNhas
been presented as additional evidence for the existence of specific
receptors (85, 86). In one study, the dissociation constant (Kd)
for the ligand was 1 1-14 nMand the number of specific binding
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Figure 2. Oxidative metabolism of the leukotrienes by human PMN. Sequence for the further metabolism of the leukotriene products of the 5-
lipoxygenase pathway.

sites per cell was 26,000-40,000 (85). In the other study, the
Kd was 270 nMwith 386,000 specific binding sites per cell and
the binding at 40C was irreversible (86). The criteria for a ste-
reospecific receptor for LTB4 on human PMNare not yet ad-
equately delineated.

The structural determinants of LTC4 and LTD4 spasmogenic
functions on nonvascular smooth muscle have been shown to
exist in the presence of the hydrophobic omega region and in
the spatial relationships of the polar region. Although the precise
stereochemistry of the omega region is not essential for modest
nonvascular smooth muscle contractile activity, as indicated by
potencies of the 14,15-dihydro and 9,10,11,12,14,15-hexahydro
analogues of both LTC4 and LTD4 (24), the region cannot be
deleted. C-9, C-12, and C-14-apo-LTD4, respectively lacking 9,
12, and 14 carbons, are completely inactive as spasmogens,
indicating a possible binding function for the hydrophobic omega
region (26) as a requisite for receptor activation by the stereo-
chemically appropriate polar region. Stereochemical require-
ments for spasmogenic activity on the guinea pig ileum and
guinea pig pulmonary parenchymal strip have been identified
by use of synthetic chiral isomers at the three optically active
centers in the natural sulfidopeptide leukotrienes: carbon 5 (C-
5) of the eicosanoid backbone, which bears the hydroxyl; C-6,
to which is conjugated the sulfidopeptide; and the asymmetric
carbon of cysteine in the sulfidopeptide adduct. Diastereoisomers
at C-5 and C-6 of LTD4 and that at C-6 of LTC4 each exhibit

<0.5% of the nonvascular smooth muscle spasmogenic activity
of the corresponding naturally occurring leukotriene (25, 26).
Substitution of D-cysteine for L-cysteine in LTD4 causes only
a modest decrement in potency, and replacement of the glycine
of LTD4 by )- or L-alanine is relatively inconsequential in effect
(25, 26). Thus, the rigorous relationships of function to the
stereochemistry of the C-5 and C-6 polar adducts to the eicos-
anoid backbone are not expressed more distally in the sulfi-
dopeptide chain, indicating that the critical spatial arrangements
exist between the eicosanoid carboxyl and the polar adducts,
as would be the case for true receptors.

Initial functional evidence for heterogeneity of sulfidopeptide
leukotriene receptors is provided by the markedly different molar
ratios of the concentrations of LTC4/LTD4/LTE4 required for
elicitation of identical biologic effects in different tissues (7, 87),
by the biphasic dose-response isometric contraction of guinea
pig lung parenchymal strips to LTD4 but not LTC4, and by the
capacity of FPL55712 to competitively inhibit only the low-
dose phase of the LTD4-mediated contraction (31). The putative
high affinity receptor mediating a LTD4 response that is com-
petitively inhibited by FPL55712 is tentatively designated LT-
RI, whereas the lesser affinity receptor, apparently responding
to LTC4 and high concentrations of LTD4, has been designated
LT-R2. This interpretation is supported by the finding that a
calcium channel blocker (diltiazem) inhibits the high-dose LTD4
contraction presumably via LT-R2 and allows FPL55712 to
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give dose-related inhibition of a full LTD4 dose-response via
LT-RI (88).

Specific [3H]LTC4 binding at 40C to cells of the DDT, MF-
2 smooth muscle line, derived from Syrian hamster ductus def-
erens, was rapid, reversible at equilibrium upon addition of
excess unlabeled homoligand, and demonstrated a single high
affinity site with a Kd of 5 nMand a receptor density of 250,000
sites per cell (27). Whereas myotonically active structural an-
alogues of LTC4 competed effectively for binding of [3H]LTC4,
an inactive analogue, lacking only the free amino group of the
natural leukotriene, did not. The finding that the other natural
biologically active sulfidopeptide leukotrienes, LTD4 and LTE4,
did not compete within 2-3 logs of the homoligand, indicated
that the LTC4 receptor on this nonvascular smooth muscle cell
line is specific for LTC4 and is not a class receptor for the
sulfidopeptide leukotrienes (27). [3H]LTC4 binding to a 15,000
gsediment of homogenized rat lung at 4VChas also demonstrated
a specific LTC4 receptor, with a Kd of 4 nM for LTC4 and low
affinity for LTD4 and LTE4 (28).

A radioligand binding study, which utilizes intact segments
of guinea pig ileum smooth muscle, disrupted ileal smooth mus-
cle cells, and subcellular fractions of these cells (enriched for
mitochondrial membranes and for plasma membranes, respec-
tively), has provided additional evidence for separate primary
receptors for LTC4 and LTD4 (30) in a tissue known to respond
to each natural sulfidopeptide leukotriene (7). Saturation binding
of [3H]LTC4 at 4°C to each of the four preparations was rapid,
reversible with excess unlabeled homoligand after reaching
equilibrium, and revealed a single high affinity receptor site with
an average Kd of 8 nM and low affinity for LTD4 or LTE4.
Plasma membrane fractions of the disrupted guinea pig ileum
smooth muscle also bound incremental inputs of [3H]LTD4,
with specific binding approaching a plateau, indicative of sat-
urable binding sites and a single receptor, with a Kd of 2.2 nM
(30). Since the ratio of Kd values for LTC4 to LTD4 on guinea
pig ileal membrane preparations of -4:1 is comparable with
the molar ratios affecting equal contractile responses on the
intact tissue, it is likely that each agonist is regulating the response
mainly via its unique receptor.

A full understanding of the integrated basis of a tissue re-
sponse to the sulfidopeptide leukotrienes, even in vitro, requires
consideration of at least three variables in addition to the plasma
membrane distributions and nature of specific receptors. These
include: the recruitment of intracellular stored receptors, the
bioconversion of the initial agonist to another subclass, and the
release of arachidonic acid from the responding tissue, so as to
form local agonists or antagonists. The number of LTC4 receptors
on intact ileal segments or the plasma membrane fraction ob-
tained from disrupted ileal cells represents no more than one-
third of the total receptors recognized after subcellular frac-
tionation, on the basis of specific [3H]LTC4 binding (30). Thus,
as has been shown for certain prostaglandin receptors (89), the
majority of LTC4 receptors may reside in an intracellular pool
and be recruited to the plasma membrane during activation.

The effect of ongoing bioconversion of [3H]LTC4 and

[3H]LTD4 on the magnitude and time course of the contractile
response of the guinea pig ileum to each has been determined
by recording the pattern of the contraction and serially quan-
titating the initial agonist and its metabolic products by their
retention times on reverse phase-high performance liquid chro-
matography (RP-HPLC) (90). LTC4 and LTD4 were each shown
to have potent inherent spasmogenic activities, and the activity
of LTC4 was independent of its conversion to LTD4. The spas-
mogenic response to LTD4 was immediate, suggesting an ad-
equate distribution of receptors to the plasma membrane. In
contrast, there was a latent period of 1 min before any response
was evident to LTC4 (90), which could reflect the time required
for recruitment of intracellular receptors to the plasma mem-
brane or for a postreceptor biochemical event.

Pretreatment of guinea pig lung parenchymal strips with
indomethacin (91) or acetylsalicylic acid (92) has been reported
to attenuate their response to limited, but defined, concentrations
of LTC4 or LTD4. However, a very detailed concentration-effect
curve analysis of the contractile response of guinea pig pul-
monary parenchymal strips to synthetic LTB4, LTC4, LTD4,
and LTE4, in the presence and absence of different concentra-
tions of indomethacin and the thromboxane synthetase inhibitor,
clotrimazole, revealed cyclooxygenase products to mediate the
LTB4 effect, while being of minor importance to the contractions
induced by the sulfidopeptide leukotrienes (93).

Pharmacologic actions. The sulfidopeptide leukotrienes LTC4
and LTD4 evoke preferential bronchospastic responses by pe-
ripheral airways vs. central airways after intravenous infusion
in guinea pigs and after administration as aerosols to both guinea
pigs and humans (31, 34, 40, 41, 94). It is not presently possible
to ascribe the preference of a sulfidopeptide leukotriene for
compromise of small as compared with large airways to a specific
biologic effect on smooth muscle, microvasculature, and/or mu-
cus-secreting cells (95, 96), and more than one target tissue may
be involved.

It is particularly intriguing to speculate that the sulfidopeptide
leukotrienes may be critical to the clinical problem of bronchial
asthma, a condition marked by "hyperirritability" of the airways
as defined by impaired pulmonary function in response to in-
halation of pharmacologic agonists and irritants at concentrations
that are inactive in normal individuals (97, 98). When asymp-
tomatic asthmatic subjects with a demonstrated hyperreactivity
to inhaled histamine received LTD4 by aerosol, the average
concentration evoking a 30% decrement in maximal midex-
piratory airflow, measured at 30% of vital capacity (V30), was
similar to that having a comparable action in normal subjects
(41, 42). The molar potency of LTD4 relative to histamine was
2 logs greater in asthmatic subjects and 3.5 logs greater in normal
persons (41, 42). Because hyperresponsiveness to LTD4 inha-
lation was not observed in the asthmatic subjects, LTD4 may
act at a site distinct from that of other agonists and irritants to
compromise air flow, and may, in addition, effect the nonspecific
airway hyperresponsiveness. In view of the recent delineation
of at least two distinct sulfidopeptide leukotriene receptors (27,
28, 30), it is possible that one receptor accounts for the airway

893 The Biologically Active Leukotrienes



"hyperirritability" and another for the direct leukotriene-me-
diated component of bronchoconstriction.

In addition to their actions on nonvascular smooth muscle,
LTC4 and LTD4 effect arteriolar constriction. This action was
originally observed by injecting guinea pigs intradermally with
10-100 pmol of LTC4 and LTD4 and infusing sufficient Coom-
assie Blue dye to pigment all areas of the skin except for those
pretreated with the leukotrienes (31). Subsequently, direct vi-
sualization of blood flow in the hamster cheek pouch, using
intravascular fluorescein, allowed photomicrographic docu-
mentation of the vasoconstrictor response to LTC4 and LTD4
after each had been separately applied topically to the buccal
mucosa (32).

A separate vascular effect mediated by the sulfidopeptide
leukotrienes, that of augmented vasopermeability in response
to LTC4, LTD4, or LTE4, was also observed in guinea pig skin
(7, 31), hamster buccal mucosa (32), and human skin (43).
Human subjects injected intradermally with 1 nmol of LTC4,
LTD4, and LTE4 developed a local wheal at each site, which
lasted >2 h, and an erythematous flare persisting 6-8 h (43).
The combined vascular effects of the sulfidopeptide leukotrienes
have been recognized in rats subjected to a 5-min intravenous
infusion of LTC4. Increased total peripheral resistance, coronary
resistance, and renovascular resistance occurred during the in-
fusion as immediate and direct responses, and augmented veno-
permeability with depletion of plasma volume appeared as a
subsequent response. The combined effects decreased cardiac
output, renal blood flow, and glomerular filtration rate, long
after the LTC4 infusion had been completed (36).

The in vivo actions of LTB4, after intradermal injection in
the rhesus monkey ( 11) and humans (43), promote neutrophil
infiltration of the local tissue sites as assessed by biopsies. In
the human subjects, this response was also recognized by in-
duration and tenderness at the site, most prominent 4-6 h after
injection (43). That the movement of neutrophils into tissues
in response to LTB4 follows their margination was demonstrated
by topical application of the agonist to the hamster cheek pouch
(32). The mechanism of the LTB4-stimulated neutrophil ad-
herence to endothelial cell monolayers in vitro is a selective
effect on the endothelial cells to increase their adherence capacity
for neutrophils (99). This finding is consistent with the selective
adherence of neutrophils in vivo to venules within the area of
tissue injury (100).

Pharmacotherapeutic intervention. The rationale for seeking
pharmacotherapeutic agents to limit leukotriene biosynthesis
and/or end-organ effects is based upon the potent proinflam-
matory actions of these compounds in pharmacologic studies
of normal humans, the demonstrated in vitro capacities of certain
human cells and tissues to generate leukotrienes in response to
selected agonists (Table I), the recovery and measurement of
leukotrienes in complex biological fluids associated with certain
disease states, and the knowledge that nonsteroidal antiinflam-
matory drugs have substantial efficacy, but modify only one of
the two major routes of the oxidative metabolism of arachidonic
acid (101). Sulfidopeptide leukotrienes, characterized only as

SRS-A, were identified in the sputum of allergic asthmatics by
bioassay ( 102), in the sputum of cystic fibrosis patients by bioas-
say after RP-HPLC (103), and in bronchial lavage fluids obtained
from infants with primary pulmonary hypertension by retention
time after resolution by RP-HPLC (104). LTB4 was first ten-
tatively identified in inflammatory synovial fluids of patients
with rheumatoid arthritis by ultraviolet absorbance after RP-
HPLC(105) and was later quantitated in rheumatoid and gouty
synovial fluids by bioassay after RP-HPLC (106, 107).

Three approaches to pharmacotherapy have already been
initiated: pharmacologic inhibition of specific synthetic enzymes,
dietary provision of alternative substrates, and chemical receptor
antagonists.

Inhibitors for several of the biosynthetic enzymes in the 5-
lipoxygenase pathway (Fig. 1) have been synthesized and tested
in both cell-free and cellular systems. Historically, the first rec-
ognized inhibitor of this cascade was diethylcarbamazine, which
prevented the generation of SRS-A in rat peritoneal cavities
prepared with hyperimmune serum and challenged with specific
antigen (108, 109), and in monkey and human lung fragments
activated by IgE-dependent mechanisms (110, 111). More re-
cently, diethylcarbamazine was shown to act as an inhibitor of
the conversion of 5-HPETE to LTA4 by ionophore-activated
murine mastocytoma cells (112) and by IgE-sensitized bone
marrow-derived murine mast cells activated by specific antigens
( 113). The 5,8,11, 14-tetraethylenic derivative of arachidonic acid
and a variety of antioxidants (e.g., BW755c and nordihydro-
guaiaretic acid) have been shown to have inhibitory activities
for the 5-lipoxygenase as well as other monolipoxygenases and
cyclooxygenase, and are not specific (101). In contrast, 5,6-
dehydro-arachidonic acid has been shown to be a specific in-
hibitor of cell-free 5-lipoxygenase prepared from RBL-l cells
(1 14, 115) and to prevent, in a dose-related manner, the antigen-
induced generation of 5S-hydroxy-6-trans-8, 11, 14-cis-eicosa-
tetraenoic acid (5-HETE), LTC4, and LTB4 from murine bone
marrow-derived mast cells under conditions that do not influence
secretion of granule constituents (113). That secretion is not
necessarily linked to 5-lipoxygenase pathway function, suggests
that their apparent dependence in other studies (1 16) may have
been due to the use of nonspecific inhibitors. The conversion
of LTA4 to LTC4 by glutathione-S-transferase is inhibited by a
prostacycline analogue, 6,9-deepoxy-6,9-phenylimino-A6'8-
prostaglandin I, (U-60,257), in ionophore-activated rat mono-
nuclear cells (1 17), and this effect is selective in murine bone
marrow-derived mast cells activated by an IgE-dependent
mechanism (1 13).

A second mechanism for exerting control over the 5-lipox-
ygenase pathway products is by providing alternative substrates
in the membrane phospholipids, thereby yielding products with
less total proinflammatory activity. Eicosapentaenoic acid, in-
corporated into membrane lipids of human platelets and rat
synovial cells, is a poor substrate for the cyclooxygenase pathway
and may, in addition, inhibit the generation of cyclooxygenase
products from arachidonic acid (118, 119). Murine mastocytoma
cells, grown in the peritoneal cavities of mice fed an eicosa-
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pentaenoic acid-enriched diet and then stimulated in vitro with
calcium ionophore, generated LTB4 and LTB5 (5,12-dihydroxy-
6,8,10,14,17-eicosapentaenoic acid), in preference to LTC4 and
LTC5 (5-hydroxy-6-S-glutathionyl-7,9-trans- I 1,14,1 7-cis-eico-
sapentaenoic acid) (120). The 5-lipoxygenase products generated
by immune complexes in peritoneal cavities of rats fed an ei-
cosapentaenoic acid (fish fatty acid)-enriched diet also prefer-
entially included LTB5/LTB4 relative to LTC5/LTC4 (121). Ad-
ditionally, although LTC5 has comparable spasmogenic activity
to LTC4 in contracting the guinea pig ileum and pulmonary
parenchymal strips (121), LTB5 is one-tenth as potent and is a
partial agonist relative to LTB4 as a chemotactic or aggregating
agent for human PMN(122).

A third approach involves antagonism of leukotrienes at the
receptor level. The capacity of FPL55712 to inhibit antigen-
induced anaphylaxis in monkeys (123) and to abrogate the car-
diovascular and renal abnormalities resulting from intravenous
administration of LTC4 to rats (36) exemplifies this approach.
The agent is generally active only at relatively high concentrations
and presumably acts only at LT-RI; it can thus be considered
as a feasibility prototype for design of new compounds.

Concluding comments. The oxidative metabolism of ara-
chidonic acid in response to cell perturbation, physiologic or
pathobiologic, provides the microenvironment with a unique
array of membrane-derived lipid mediators of remarkable po-
tency. The only points of regulation that are well recognized at
present relate to the selective biochemical machinery of each
cell type and the distribution of class- and subclass-specific leu-
kotriene receptors among and within target cells. It is likely,
however, that another major control point will be recognized
when receptor-specific stimuli are used to activate cells for leu-
kotriene biosynthesis. For example, in adherent human mono-
cytes, phagocytosis of unopsonized zymosan releases both LTC4
and LTB4, whereas comparable numbers of monocytes that are
ingesting particles via an Fc-IgG receptor generate one-tenth
the quantity of each leukotriene (55). Whether receptor-mediated
regulation of oxidative metabolism of arachidonic acid relates
to the distribution and action of membrane phospholipases and
lipases or to presentation of phospholipid substrate(s) or both
is not known. It is necessary to restudy each responding cell
type, using discrete stimuli for transmembrane activation, rather
than the nonspecific agonist, calcium ionophore A23187, and
additionally to carry out simultaneous assessment of product
bioconversion and catabolism. Additionally, the specificities of
sulfidopeptide leukotriene receptors on vascular endothelium
and smooth muscle, as well as nonvascular smooth muscle,
need to be delineated since it seems logical that the blood vessels,
rather than the circulating leukocytes, are the critical targets
early in inflammation (99, 100). Further characterization of the
class- and subclass-selective leukotriene receptors and their cel-
lular and subcellular distribution (27, 30) should lead to clar-
ification of the differences in functions mediated by each and
to biochemical assessment of the mechanisms that mediate
postreceptor functional responses. Finally, it will be crucial to
develop new pharmacological agents, both to assess putative

relationships between the 5-lipoxygenase pathway and cellular
functions, such as secretion, and to provide clinical probes that
may clarify the true roles of the leukotrienes in health and
disease.

Acknowledgments

This work was supported by grants AI-07722, AI-10356, AI-20081, HL-
17382, and RR-05669 from the National Institutes of Health and a
grant from the Lillia Babbitt Hyde Foundation.

References

1. Kellaway, C. H., and W. R. Trethewie. 1940. Q. J. Exp. Physiol.
Cogn. Med. Sci. 30:121-145.

2. Brocklehurst, W. E. 1953. J. Physiol. (Lond.). 129:16P-17P.
3. Murphy, R. C., S. Hammarstrom, and B. Samuelsson. 1979. Proc.

Natl. Acad. Sci. USA. 76:4275-4279.
4. Lewis, R. A., K. F. Austen, J. M. Drazen, D. A. Clark, and

E. J. Corey. 1980. Proc. Natl. Acad. Sci. USA. 78:3195-3198.
5. Morris, H. R., G. W. Taylor, P. J. Piper, and J. R. Tippins. 1980.

Nature (Lond.). 285:204-205.
6. Orning, L., S. Hammarstrom, and B. Samuelsson. 1980. Proc.

Natl. Acad. Sci. USA. 77:2014-2017.
7. Lewis, R. A., J. M. Drazen, K. F. Austen, D. A. Clark, and

E. J. Corey. 1980. Biochem. Biophys. Res. Commun. 96:271-277.
8. Borgeat, P., and B. Samuelsson. 1979. J. Biol. Chem. 254:2643-

2646.
9. Goetzl, E. J., and W. C. Pickett. 1980. J. Immunol. 125:1789-

1791.
10. Ford-Hutchinson, A. W., M. A. Bray, M. V. Doig, M. E. Shipley,

and M. J. H. Smith. 1980. Nature (Lond.). 286:264-265.
11. Lewis, R. A., E. J. Goetzl, J. M. Drazen, N. A. Soter, K. F.

Austen, and E. J. Corey. 1981. J. Exp. Med. 154:1125-1133.
12. Brocklehurst, W. E. 1962. Prog. Allergy. 6:539-558.
13. Strandberg, K., and B. Uvnas. 1971. Acta Physiol. Scand. 82:358-

374.
14. Orange, R. P., R. C. Murphy, M. L. Karnovsky, and K. F.

Austen. 1973. J. Immunol. 110:760-770.
15. Orange, R. P., R. C. Murphy, and K F. Austen. 1974. J. Immunol.

113:316-322.
16. Corey, E. J., D. A. Clark, G. Goto, A. Marfat, C. Mioskowski,

B. Samuelsson, and S. Hammarstrom. 1980. J. Am. Chem. Soc.
108:1436-1439, 3663.

17. Corey, E. J., A. Marfat, G. Goto, and F. Brion. 1980. J. Am.
Chem. Soc. 102:7984-7985.

18. Samuelsson, B. 1983. Science (Wash. DC). 20:568-575.
19. Hansson, C., J.-A. Lindgren, S.-E. Dahlen, P. Hedqvist, and B.

Samuelsson. 1981. FEBS(Fed. Eur. Biochem. Soc.) Lett. 130:107-112.
20. Lee, C. W., R. A. Lewis, E. J. Corey, A. Barton, H. Oh, A. I.

Tauber, and K. F. Austen. 1982. Proc. Natl. Acad. Sci. USA. 79:4166-
4170.

21. Lee, C. W., R. A. Lewis, A. I. Tauber, M. M. Mehrotra, E. J.
Corey, and K. F. Austen. 1983. J. Biol. Chem. 258:15004-15010.

22. Henderson, W. R., A. Jorg, and S. J. Klebanoff. 1982. J. Immunol.
128:2609-2613.

23. Goetzl, E. J. 1982. Biochem. Biophys. Res. Commun. 106:270-
275.

24. Drazen, J. M., R. A. Lewis, K. F. Austen, M. Toda, F. Brion,
A. Marfat, and E. J. Corey. 1981. Proc. Natl. Acad. Sci. USA. 78:3195-
3195.

895 The Biologically Active Leukotrienes



25. Lewis, R. A., J. M. Drazen, K. F. Austen, M. Toda, F. Brion,
A. Marfat, and E. J. Corey. 1981. Proc. NatL Acad. Sci. USA. 78:4579-
4583.

26. Lewis, R. A., C. W. Lee, L. Levine, R. A. Morgan, J. W. Weiss,
J. M. Drazen, H. Oh, D. Hoover, E. J. Corey, and K. F. Austen. 1983.
In Advances in Prostaglandin, Thromboxane, and Leukotriene Research.
B. Samuelsson, R. Paoletti, and P. Ramwell, editors. Raven Press, New
York. 11:15-26.

27. Krilis, S., R. A. Lewis, E. J. Corey, and K. F. Austen. 1983. J.
Clin. Invest. 72:1516-1519.

28. Pong, S.-S., R. N. DeHaven, F. A. Kuehl, Jr., and R. W. Egan.
1983. J. Biol. Chem. 258:9616-9619.

29. Bruns, R. F., W. J. Thomsen, and T. A. Pugsley. 1983. Life Sci.
33:645-654.

30. Krilis, S., R. A. Lewis, and K. F. Austen. 1984. In Icosanoids
and Ion Transport. Raven Press, NewYork. In press.

31. Drazen, J. M., K. F. Austen, R. A. Lewis, D. A. Clark, G. Goto,
A. Marfat, and E. J. Corey. 1980. Proc. NatL. Acad. Sci. USA. 77:4354-
4358.

32. Dahlen, S.-E., J. Bjork, P. Hedqvist, K.-E. Arfors, S. Hammar-
strom, J.-A. Lindgren, and B. Samuelsson. 1981. Proc. NatL Acad. Sci.
USA. 78:3887-389 1.

33. Drazen, J. M., C. S. Venugopalan, K. F. Austen, F. Brion, and
E. J. Corey. 1982. Am. Rev. Respir. Dis. 125:290-294.

34. Leitch, A. G., E. J. Corey, K. F. Austen, and J. M. Drazen.
1983. Am. Rev. Respir. Dis. 128:639-643.

35. Pfeffer, M. A., J. M. Pfeffer, R. A. Lewis, E. Braunwald, E. J.
Corey, and K. F. Austen. 1983. Am. J. PhysioL. 244:H628-H633.

36. Badr, K. F., C. Bayliss, J. M. Pfeffer, M. A. Pfeffer, R. J. Soberman,
R. A. Lewis, K. F. Austen, E. J. Corey, and B. M. Brenner. 1984. Circ.
Res. In press.

37. Michelassi, F., L. Landa, R. D. Hill, E. Lowenstein, W. D.
Watkins, A. J. Petkau, and W. M. Zapol. 1982. Science (Wash. DC).
217:841-843.

38. Smedegfrd, G., P. Hedqvist, S.-E. Dahlen, B. Revenils, S. Ham-
marstrom, and B. Samuelsson. 1982. Nature (Lond.). 295:327-329.

39. Holroyde, M. C., R. E. C. Altounyan, M. Cole, M. Dixion, and
E. V. Elliott. 1981. Lancet. 11:17-18.

40. Weiss, J. W., J. M. Drazen, N. Coles, E. R. McFadden, Jr.,
P. F. Weller, E. J. Corey, R. A. Lewis, and K. F. Austen. 1982. Science
(Wash. DC). 216:196-198.

41. Weiss, J. W., J. M. Drazen, E. R. McFadden, Jr., P. F. Weller,
E. J. Corey, R. A. Lewis, and K. F. Austen. 1983. J. Am. Med. Assoc.
249:2814-2817.

42. Griffin, M., J. W. Weiss, A. G. Leitch, E. R. McFadden, Jr.,
E. J. Corey, K. F. Austen, and J. M. Drazen. 1983. N. Engl. J. Med.
308:436-439.

43. Soter, N. A., R. A. Lewis, E. J. Corey, and K. F. Austen. 1983.
J. Invest. Dermatol. 80:115-119.

44. Samuelsson, B., E. Goldyne, E. Granstrom, M. Hamberg,
S. Hammarstrom, and C. Malmsten. 1978. Ann. Rev. Biochem. 47:997-
1029.

45. Hamberg, M., and B. Samuelsson. 1974. Proc. NatL. Acad. Sci.
USA. 71:3400-3404.

46. Maas, R. L., J. Turk, J. A. Oates, and A. R. Brash. 1982. J.
Biol. Chem. 257:7056-7067.

47. Goetzl, E. J., and F. F. Sun. 1979. J. Exp. Med. 150:406-411.
48. Naccache, P. H., R. I. Sha'afi, P. Borgeat, and E. J. Goetzl. 1981.

J. Clin. Invest. 67:1584-1587.
49. Stenson, W. F., and C. W. Parker. 1980. J. Immunol. 124:2100-

2104.

50. Peters, S. P., A. Kagey-Sobotka, D. W. MacGlashan, Jr., M. I.
Siegel, and L. M. Lichtenstein. 1982. J. Immunol. 129:797-803.

51. Claesson, H.-E. 1982. FEBS (Fed. Eur. Biochem. Soc.) Lett.
139:305-308.

52. McKean, M. L., J. B. Smith, and M. J. Silver. 1981. J. Biol.
Chem. 256:1522-1524.

53. Bell, R. L., D. A. Kennerly, N. Stanford, and P. W. Majerus.
1979. Proc. Natl. Acad. Sci. USA. 76:3238-3241.

54. Weller, P. F., C. W. Lee, D. W. Foster, E. J. Corey, K. F. Austen,
and R. A. Lewis. 1983. Proc. Natl. Acad. Sci. USA. 80:7626-7630.

55. Williams, J. D., J. K. Czop, and K. F. Austen. 1984. J. Immunol.
In press.

56. Fels, A. 0. S., N. A. Pawlowski, E. B. Cramer, T. K. C. King,
Z. A. Cohn, and W. A. Scott. 1982. Proc. Nati. Acad. Sci. USA. 79:7866-
7870.

57. Godard, P., M. Damon, F. B. Michel, E. J. Corey, K. F. Austen,
and R. A. Lewis. 1983. Clin. Res. 31:548A. (Abstr.)

58. Razin, E., J.-M. Mencia-Huerta, R. A. Lewis, E. J. Corey, and
K. F. Austen. 1982. Proc. Natl. Acad. Sci. USA. 79:4665-4667.

59. Razin, E., J.-M. Mencia-Huerta, R. L. Stevens, R. A. Lewis,
F.-T. Liu, E. J. Corey, and K. F. Austen. 1983. J. Exp. Med. 157:189-
201.

60. Mencia-Huerta, J.-M., E. Razin, E. W. Ringel, E. J. Corey,
D. Hoover, K. F. Austen, and R. A. Lewis. 1983. J. Immunol. 120:1885-
1890.

61. Lewis, R. A., N. A. Soter, P. T. Diamond, K. F. Austen, J. A.
Oates, and L. J. Roberts II. 1982. J. Immunol. 129:1627-1631.

62. Borgeat, P., M. Hamberg, and B. Samuelsson. 1976. J. Biol.
Chem. 251:7816-7820. Correction. 1977. 252:8772.

63. Parker, C. W., and S. Aykent. 1982. Biochem. Biophys. Res.
Commun. 109:1011-1016.

64. Ochi, K., T. Yoshimoto, S. Yamamoto, K. Taniguchi, and
T. Miyamoto. 1983. J. Biol. Chem. 258:5754-5758.

65. Soberman, R. J., R. A. Lewis, E. J. Corey, and K. F. Austen.
1984. Fed. Proc. (Abstr.) In press.

66. RAdmark, O., C. Malmsten, B. Samuelsson, G. Goto, A. Marfat,
and E. J. Corey. 1980. J. Biol. Chem. 255:11828-11831.

67. Maycock, A. L., M. S. Anderson, D. M. DeSousa, and F. A.
Kuehl, Jr. 1982. J. Biol. Chem. 257:13911-13914.

68. Gill, S. S., and B. D. Hammock. 1979. Biochem. Biophys. Res.
Commun. 89:965-971.

69. Guenthner, J. M., B. D. Hammock, V. Vogel, and F. Oesch.
1981. J. Biol. Chem. 256:3163-3166.

70. Oliw, E. M., F. P. Guengerich, and J. A. Oates. 1982. J. Biol.
Chem. 257:3771-3779.

71. Jakschik, B. A., T. Harper, and R. C. Murphy. 1982. J. Biol.
Chem. 257:5346-5349.

72. Morgenstern, R., L. Guthenberg, and J. W. DePierre. 1982. Eur.
J. Biochem. 128:243-248.

73. Warholm, M., L. Guthenberg, and B. Mannervik. 1983. Bio-
chemistry. 22:3610-3617.

74. Fitzpatrick, R., J. Haeggstrom, E. Granstrom, and B. Samuelsson.
1983. Proc. Natl. Acad. Sci. USA. 80:5425-5429.

75. Anderson, M. E., R. D. Allison, and A. Meister. 1982. Proc.
Natl. Acad. Sci. USA. 79:1088-1091.

76. Orning, L., and S. Hammarstrom. 1982. Biochem. Biophys. Res.
Commun. 106:1304-1309.

77. Bernstrom, K., and S. Hammarstrom. 1981. J. Biol. Chem.
256:9579-9582.

78. Lee, C. W., R. A. Lewis, E. J. Corey, and K. F. Austen. 1983.
Immunology. 48:27-35.

896 R. A. Lewis and K F. Austen



79. Parker, C. W., D. Koch, M. M. Huber, and S. F. Falkenhein.
1980. Biochem. Biophys. Res. Commun. 97:1038-1046.

80. Jones, T., P. Masson, R. Hamel, G. Brunet, G. Holmes,
Y. Girard, M. Larue, and J. Rokach. 1982. Prostaglandins. 24:279-
291.

81. Wasserman, S. I., E. J. Goetzl, and K. F. Austen. 1975. J. Allergy
Clin. Immunol. 55:72a. (Abstr.)

82. Wasserman, S. I., E. J. Goetzl, and K. F. Austen. 1975. J. Im-
munol. 114:645-649.

83. Wasserman, S. I., and K. F. Austen. 1977. J. Biol. Chem.
252:7074-7080.

84. Borgeat, P., S. Picard, P. Vallrand, and P. Sirois. 1981. Pros-
taglandins Med. 6:557-570.

85. Goldman, D. W., and E. J. Goetzl. 1982. J. Immunol. 129:1600-
1604.

86. Kreisle, R. A., and C. W. Parker. 1983. J. Exp. Med. 157:628-
641.

87. Burke, J. A., R. Levi, Z.-G. Guo, and E. J. Corey. 1982. J.
Pharm. Exp. Ther. 221:235-241.

88. Drazen, J. M., and C. Fanta. 1984. Fed. Proc. (Abstr.) In press.
89. Rao, V. C., and S. B. Mitra. 1982. In Methods in Enzymology.

W. E. M. Lands, and W. L. Smith, editors. Academic Press, Inc., New
York. 86:192-202.

90. Krilis, S., R. A. Lewis, E. J. Corey, and K. F. Austen. 1983. J.
Clin. Invest. 71:909-915.

91. Piper, P. J., and M. N. Samhoun. 1981. Prostaglandins. 21:793-
803.

92. Vargaftig, B. B., J. Lefort, and R. C. Murphy. 1981. Eur. J.
Pharmacol. 72:417-418.

93. Austen, K. F., E. J. Corey, J. M. Drazen, and A. G. Leitch.
1983. Br. J. Pharmacol. 80:47-53.

94. Drazen, J. M., and K. F. Austen. 1974. J. Clin. Invest. 53:1679-
1685.

95. Shelhamer, J. H., Z. Marom, F. Sun, M. K. Bach, and
M. Kaliner. 1982. Chest. 81:36S-37S.

96. Coles, S. J., Neill, K. H., Reid, L. M., Austen, K. F., Y. Nii,
E. J. Corey, and R. A. Lewis. 1983. Prostaglandins. 25:155-170.

97. Townley, R. G., M. Dennis, and I. H. Itkin. 1965. J. Allergy.
36:121-137.

98. Boushey, H. A., M. J. Holtzman, J. R. Sheller, and J. A. Nadel.
1980. Am. Rev. Respir. Dis. 121:389-413.

99. Hoover, R. L., M. L. Karnovsky, K. F. Austen, E. J. Corey, and
R. A. Lewis. 1984. Proc. Nati. Acad. Sci. USA. In press.

100. Allison, F. A., M. R. Smith, and B. Wood. 1955. J. Exp. Med.
102:655-668.

101. Higgs, G. A., and R. J. Flower. 1981. In SRS-A and Leukotrienes.

P. J. Piper, editor. Research Studies Press, Letchworth, United Kingdom.
197-207.

102. Turnbull, L. S., L. W. Turnbull, A. G. Leitch, J. W. Crofton,
and A. B. Kay. 1977. Lancet. 11:526-529.

103. Cromwell, O., M. J. Walport, H. R. Morris, G. W. Taylor,
M. E. Hodson, J. Batten, and A. B. Kay. 1981. Lancet. II:164-165.

104. Stenmark, K. R., S. L. James, N. F. Voelkel, W. H. Toews,
J. T. Reeves, and R. C. Murphy. 1983. N. Engl. J. Med. 309:77-80.

105. Klickstein, L. B., C. Shapleigh, and E. J. Goetzl. 1980. J. Clin.
Invest. 66:1166-1170.

106. Davidson, E. M., S. A. Rae, and M. J. H. Smith. 1982. J.
Pharm. Pharnacol. 34:410.

107. Rae, S. A., E. M. Davidson, and M. J. H. Smith. 1982. Lancet.
11:1122-1123.

108. Orange, R. P., M. D. Valentine, and K. F. Austen. 1968. Proc.
Soc. Exp. Biol. Med. 127:127-132.

109. Orange, R. P., and K. F. Austen. 1968. Proc. Soc. Exp. Biol.
Med. 129:836-841.

110. Ishizaka, T., K. Ishizaka, R. P. Orange, and K. F. Austen.
1971. J. Immunol. 106:1267-1273.

111. Orange, R. P., W. G. Austen, and K. F. Austen. 1971. J. Exp.
Med. 134:136S-148S.

112. Mathews, W. R., and R. C. Murphy. 1982. Biochem. Pharmacol.
31:2129-2132.

113. Razin, E. R., R. A. Lewis, E. J. Corey, and K. F. Austen. 1984.
Fed. Proc. (Abstr.) In press.

114. Corey, E. J., and J. E. Munroe. 1982. J. Am. Chem. Soc.
104:1752-1754.

115. Sok, D.-E., C.-Q. Han, J.-K. Pai, and C. J. Sih. 1982. Biochem.
Biophys. Res. Commun. 107:101-108.

116. Marone, G., A. Kagey-Sobotka, and L. M. Lichtenstein. 1979.
J. Immunol. 123:1669-1677.

117. Bach, M. K., J. R. Brashler, H. W. Smith, F. A. Fitzpatrick,
F. F. Sun, and J. C. McGuire. 1982. Prostaglandins. 23:759-771.

118. Whitaker, M. O., A. Wychi, F. Fitzpatrick, H. Sprecher, and
P. Needleman. 1979. Proc. Nati. Acad. Sci. USA. 76:5919-5923.

119. Prickett, J. D., D. E. Trentham, and D. R. Robinson. 1984. J.
Immunol. In press.

120. Murphy, R. C., W. C. Pickett, B. R. Culp, and W. E. M. Lands.
1981. Prostaglandins. 22:613-622.

121. Leitch, A. G., T. H. Lee, J. D. Prickett, D. R. Robinson, E. J.
Corey, J. M. Drazen, K. F. Austen, and R. A. Lewis. 1984. J. Immunol.
In press.

122. Lee, T. H., J.-M. Mencia-Huerta, C. Shih, E. J. Corey, R. A.
Lewis, and K. F. Austen. 1984. J. Biol. Chem. In press.

123. Pavek, K. 1977. Acta Anesthesiol. Scand. 21:293-307.

897 The Biologically Active Leukotrienes


